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Abstract

The only glaciers existing now in the Iberian Peninsula are small features located in the Pyrenees, though their
number and extension has undergone significant changes over the Late Quaternary. The wide range of glacial
landforms and deposits distributed across different Iberian ranges suggests the occurrence of several past stages
with larger glacial systems. The objective of this research is to summarize the current knowledge on the spatial
and temporal patterns of glacial activity in the Iberian mountains during the Late Quaternary. To this purpose,
the chronological framework was divided in six periods: glaciations prior to the Last Glacial Cycle (Middle
Pleistocene), Last Glacial Cycle (Late Pleistocene), Termination-1, Holocene, Little Ice Age (LIA) and
present-day. The data were geographically divided considering the mountain systems where glacial evidence
exists: Pyrenees, Cantabrian Range, NW ranges, Central Range, Iberian Range and Sierra Nevada. During cold
Quaternary stages, ice accumulated in the head valleys of these mountain ranges and glaciers flowed down-
valleys. In all cases, glaciers remained confined within the mountain systems and did not reach the surrounding
lowlands. Depending on the combination of temperatures and moisture conditions, more or less ice was stored.
In some ranges, there is evidence of Middle Pleistocene glaciations, one potentially correlating with marine
isotope stage (MIS) 12 and another correlating with MIS 6 with glaciation dated to ca. 130-170 ka. However,
most of the glacial records correspond to the Last Glacial Cycle and subsequent Termination. The maximum
glacial expansion of this last Pleistocene glaciation stage occurred well before the global Last Glacial
Maximum (LGM) between 30 and 60 ka in the Cantabrian Mountains and Pyrenees, at ca. 30 ka in Sierra
Nevada and NW ranges, and (almost) synchronously to the LGM in the Central Range and Iberian Range. A
massive glacial retreat occurred in all ranges at 19-20 ka, but the long-term deglaciation process was
interrupted by cold stages, such as the Oldest and Younger Dryas, which favoured glacial expansion in the
highest mountains. Temperature increase recorded during the Holocene conditioned the melting of glaciers,
which only reappeared in the highest massifs during the coldest stages, such as the LIA. However, post-LIA
warming led to glacier disappearance in the Cantabrian Mountains, Sierra Nevada and most massifs of the
Pyrenees, together with an accelerated shrinking of the small glaciers still existing in this range at elevations
near 3000 m.

Key words: Iberian Peninsula, glaciation, Last Glacial Maximum, Termination-1, Holocene, Little Ice Age.
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Abstract

The only glaciers existing now in the Iberian Peninsula are small features located in the Pyrenees, though their
number and extension has undergone significant changes over the Late Quaternary. The wide range of glacial
landforms and deposits distributed across different Iberian ranges suggests the occurrence of several past stages
with larger glacial systems. The objective of this research is to summarize the current knowledge on the spatial
and temporal patterns of glacial activity in the Iberian mountains during the Late Quaternary. To this purpose,
the chronological framework was divided in six periods: glaciations prior to the Last Glacial Cycle (Middle
Pleistocene), Last Glacial Cycle (Late Pleistocene), Termination-1, Holocene, Little Ice Age (LIA) and
present-day. The data were geographically divided considering the mountain systems where glacial evidence
exists: Pyrenees, Cantabrian Range, NW ranges, Central Range, Iberian Range and Sierra Nevada. During cold
Quaternary stages, ice accumulated in the head valleys of these mountain ranges and glaciers flowed down-
valleys. In all cases, glaciers remained confined within the mountain systems and did not reach the surrounding
lowlands. Depending on the combination of temperatures and moisture conditions, more or less ice was stored.
In some ranges, there is evidence of Middle Pleistocene glaciations, one potentially correlating with marine
isotope stage (MIS) 12 and another correlating with MIS 6 with glaciation dated to ca. 130-170 ka. However,
most of the glacial records correspond to the Last Glacial Cycle and subsequent Termination. The maximum
glacial expansion of this last Pleistocene glaciation stage occurred well before the global Last Glacial
Maximum (LGM) between 30 and 60 ka in the Cantabrian Mountains and Pyrenees, at ca. 30 ka in Sierra
Nevada and NW ranges, and (almost) synchronously to the LGM in the Central Range and Iberian Range. A
massive glacial retreat occurred in all ranges at 19-20 ka, but the long-term deglaciation process was
interrupted by cold stages, such as the Oldest and Younger Dryas, which favoured glacial expansion in the
highest mountains. Temperature increase recorded during the Holocene conditioned the melting of glaciers,
which only reappeared in the highest massifs during the coldest stages, such as the LIA. However, post-LIA
warming led to glacier disappearance in the Cantabrian Mountains, Sierra Nevada and most massifs of the
Pyrenees, together with an accelerated shrinking of the small glaciers still existing in this range at elevations
near 3000 m.
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1- Introduction

The landscape of the highest Iberian mountain ranges has been intensely shaped by both Quaternary glaciations
and postglacial periglacial processes prevailing during interglacial periods (Oliva et al., 2016). Until the mid-
19th century, the biblical Great Flood theory was widely accepted to explain the existence of glacial deposits
and landforms in mountain areas around the world (Ehlers et al., 2016). The first notes including a scientific
perspective were carried out in the Alps by Agassiz (1840), who described the impact on Alpine landscapes of
large glaciers flowing down-valleys during ancient ice ages. Taking into account these observations, early
scientists from Central Europe (biologists, geologists, geographers, etc.) — who had previously conducted
research in the Alps — exported their knowledge to southern European ranges, such as Iberian mountains (i.e.
Boissier, 1839), describing similar geomorphological features and processes to those observed in their home
countries (Gomez-Ortiz et al., 2018). The visits of Albrecht Penck — a geomorphologist with a long previous
field experience on the study of glacial features in the Alps — to various Iberian ranges allowed the
identification of the size and distribution of past glaciers, for the very first time, as well as the existence of
geomorphic features of several glacial cycles (see, for example, Penck, 1883). In a parallel way, the Quaternary
scientist Hugo Obermaier (1877-1946) promoted the study of Iberian glaciations from the beginning of the
20th century.

In the Iberian Peninsula, early reports on the role of glaciers shaping the high lands focused on the still glaciated
massifs at the end of the Little Ice Age (LIA), namely the Pyrenees (see Gonzalez-Trueba et al., 2008),
Cantabrian Mountains (see Gonzalez-Trueba, 2006, 2007) and Sierra Nevada (see Gomez-Ortiz et al., 2006,
2009). The first texts were accompanied by geographical sketches, paintings and photographs of those glaciers
(e.g. Bide, 1893; Schrader, 1895; Briet, 1902), together with accurate descriptions of their topographical
characteristics, elevations and dimensions. Although some researchers described cold-climate
geomorphological features in the main massifs over the first half of the 20th century (Panzer, 1926; Garcia-
Sainz, 1935; Dresch, 1937; Nussbaum, 1956), the turning point for glacial and periglacial research in the
Iberian Peninsula was the organization of the International Union for Quaternary Research (INQUA) meeting
in Barcelona-Madrid in 1957 (Gomez-Ortiz and Palacios, 1995; Gomez-Ortiz and Vieira, 2006). This
conference was a major boost for research on past and present glacial and periglacial processes, favouring
networking and promoting internationalization, which resulted in the publication of key studies over the next
decades (Barrére, 1963; Messerli, 1967; Serrat, 1977; Garcia-Ruiz, 1979; Pérez-Alberti, 1979; Gémez-Ortiz,
1980; Vilaplana, 1983; Bru, 1985; Ortigosa, 1986). Most of these works included new advances on the
monitoring of geomorphic processes, sedimentological analysis of glacial and periglacial deposits as well as
new observations in unexplored areas that opened new perspectives on the impact of Quaternary climate
variability on Iberian mountain landscapes. For some ranges, some authors even proposed the existence several
glacial stages based on the existence of landforms and processes left by past glaciers, such as in the Pyrenees
where three glacial cycles were described (Penck, 1883).

The relative chronological reconstruction of glacial stages proposed in some of these studies was progressively
complemented with the implementation of absolute dating techniques — namely radiocarbon dating — that
allowed placing in time environmental events, and therefore providing ages for past glacial activity. The first
works including radiocarbon ages were based on organic remnants trapped within glacial sediments that
provided evidence on glacial advances occurred during the Last Glacial Cycle (Late Pleistocene) until ca. 40
ka cal BP. This technique was subsequently complemented with the use of Optically Stimulated Luminescence
(OSL) dating on fluvio-glacial sediments in the late 1990s and early 2000s, which allowed expanding the
chronology until ca. 80-90 ka BP (Garcia-Ruiz et al., 2010). However, the use of these two dating methods
generated a deep discussion on the chronology of the local Maximum Ice Extent (MIE) of the Last Glacial
Cycle in the Iberian mountains (Pérez-Alberti et al., 2004; Hughes et al., 2006a; Hughes and Woodward, 2008;
Garcia-Ruiz et al., 2010), which was even more intense when the use of surface exposure dating using Cosmic-
Ray Exposure (CRE) dating became widespread (Pallas et al., 2006; Garcia-Ruiz et al., 2010; Palacios et al.,
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2011, 2018). The global Last Glacial Maximum is defined as the interval 26.5-20/19 ka (Clark et al., 2009) or
27.5-23.3 ka (Hughes and Gibbard, 2015), with both these overlapping definitions falling within marine
isoptope stage (MIS) 2. Whereas chronologies based on '*C and OSL suggested a local MIE predating the
global LGM in most ranges (Garcia-Ruiz et al., 2003, 2012; Lewis et al., 2009; Ruiz-Fernandez et al., 2016;
Serrano et al., 2013, 2015, 2017), CRE dates approached the age of the MIE in the Pyrenees and Central Range
mountains closer to the LGM timing (Pallas et al., 2006; Palacios et al., 2011, 2012a,b, 2015; Dominguez-
Villar et al., 2013) but confirmed a MIE older than the LGM in the NW ranges (Rodriguez-Rodriguez et al.,
2011, 2014), Cantabrian Mountains (Rodriguez-Rodriguez et al., 2015, 2016) and Sierra Nevada (Gomez-
Ortizetal.,2012a, 2015; Palacios et al., 2016). Recent advances on surface exposure dating have also favoured
the chronological reconstruction of older and younger glaciations in some mountain ranges (Garcia-Ruiz et al.,
2014, 2016; Palacios et al., 2017a, b, 2018), which is crucial to better understand Quaternary climate variability
in southern Europe.

With this large increase in the number of studies focusing on past glaciations in the Iberian Peninsula, the
objective of this work is to review the different glacial stages occurred in the Iberian mountains from a spatio-
temporal perspective. We have reviewed all available dates ('*C, OSL, U-Th series, 2!°Pb, and historical
sources), as well as unified the criteria used from several authors in different massifs including the last
advances on the production rate of CRE (namely °Be, 3°Cl and 2'Ne) with the purpose of giving answer to the
following questions:
- What sort of geomorphic evidence is there from glaciations occurred prior to the Last Glacial Cycle in
the Iberian Peninsula?
- What is the exact timing of the local MIE in the different Iberian mountain ranges?
- What do we know about the chronology and the impact of glacial stages following the post-LGM massive
deglaciation on the current landscape of these massifs?
- Are these glacial advances and retreats synchronous to patterns occurred in other high mountain ranges
from Europe and northern Africa?
- What is the main factor (temperature vs moisture) controlling the major glacial expansion and subsequent
advances and retreats in the Iberian Peninsula?
- Are results from the different dating methods used until now comparable?
- What are the temporal and spatial gaps on our current understanding of Late Quaternary glacial processes
in the Iberian Peninsula?

N
)

Study area

Extending over an area of 582,925 km?, the Iberian Peninsula is located in the SW corner of Europe between
latitude 43° 47' N and 36° 01’ N and longitude 9° 30 W and 3° 19’. Mountain ranges in the Iberian Peninsula
are generally aligned W-E and distributed in the periphery, separating the relatively flat areas of the central
part of the peninsula from the surrounding coastal fringes. This rough topography, together with the differing
influences affecting the Iberian Peninsula, such as the maritime (Atlantic/Mediterranean), climatic (subtropical
high pressure belt/mid-latitude westerlies) and biomes (Europe/Africa), result in the variety of landscapes
existing across Iberia (Oliva et al., 2018).

The Iberian Peninsula includes six mountain ranges with peaks above 2000 m a.s.l.: the Pyrenees, the
Cantabrian Mountains, the NW ranges, the Central Range, the Iberian Range and the Betic Range. Glacial
landscape features are widespread in these mountains, though evidence of Quaternary glacial activity is also
found in other mountains at lower altitudes, particularly in the NW corner (Figure 1).

Figure 1



178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236

Iberian climate is highly variable and affected by continental and maritime air masses from distinct origins.
The complex terrain determines the existence of a wide range of microclimatic regimes across the Iberian
Peninsula and within the individual mountain systems. Whereas precipitation is mostly concentrated between
October and May brought by the mid-latitude cyclones associated to the prevailing zonal circulation, the
summer is generally a dry season due to the influence of the Azores anticyclone (Trigo et al., 2004).
Consequently, precipitation in the Iberian Peninsula decreases generally from N to S and from W to E, with
values over 2000-2500 mm in Atlantic-influenced ranges and minima of 600-900 mm in the Sierra Nevada.
Mean annual air temperatures (MAAT) follow an opposite pattern, increasing towards the S and the E. The
regional 0 °C isotherm is placed at ca. 2400-2500 m in the Cantabrian Mountains (Mufioz, 1982), ca. 2950 m
in the Pyrenees (Chueca et al., 2005) and at 3400 m in the Sierra Nevada (Oliva et al., 2016b).

The highest lands of these mountain ranges have been intensely shaped by glacial processes during the
Quaternary, as well as by postglacial environmental dynamics, namely by periglacial, slope and alluvial
processes and shallow- and deep-seated landslides (Oliva et al., 2016a). Quaternary cold stages (glacial)
favoured the development of glaciers filling the valley heads and flowing down-slope. The combination of
temperatures and moisture conditions controlled the elevation shifts of the Equilibrium Line Altitude (ELA),
and therefore the ice volume stored in the Iberian mountains and the length of the glaciers. Apart from climate
conditions prevailing in the North Atlantic region, the latitude as well as the geographical influence of sea
surface water temperatures (cool Atlantic Ocean vs warm Mediterranean Sea) determined the spatial
distribution of the glaciated domain in the Iberian ranges during Quaternary glacial stages, generally increasing
towards the S and E (Pérez-Alberti et al., 2004). Ice-free areas located above the ELA and below the glaciated
environments were affected by very active periglacial processes, with the formation of permafrost landforms
and seasonal frost features that are inactive under present-day climate regime (Oliva et al., 2016a). Quaternary
warm periods (interglacial) promoted the migration of the periglacial belt to higher areas, and cryonival
dynamics reshaped the formerly glaciated environments. This is what is occurred in the present-day
interglacial, the Holocene, and very small remnants of Quaternary glaciers currently exist only in the Pyrenees
and the highest massifs are affected by periglacial activity.

3- Methodology

This paper presents a thorough review of all existing scientific literature on glacial processes in the Iberian
mountains, including research papers published in international peer-reviewed journals, book chapters and
conference proceedings, theses and books as well as other regional publications published in local languages.

With the purpose of better understanding the spatial and temporal patterns of glacial activity in the Iberian
Peninsula, chronological and geomorphological data were compiled and divided considering the different
mountain ranges: Pyrenees, Cantabrian Mountains, NW ranges, Central Range, Iberian Range and Betic Range
(i.e. Sierra Nevada). In addition, for each study area, data are organized based on six main periods: glaciations
prior to the Last Glacial Cycle (Middle Pleistocene), Last Glacial Cycle (Late Pleistocene), Termination-1,
Holocene, LIA and present-day. In this paper these intervals are informally defined and are not intended to
indicate or replace any existing formal stratigraphical basis, as the intervals sometimes represent transitions
between major climatic changes.

Several definitions can be used to define the Last Glacial Cycle (Hughes and Gibbard, 2018). In this paper, the
Last Glacial Cycle is defined by the marine isotopic stage boundaries and includes MIS 5d-2 starting at the
end of Eemian period, at 115 ka (Dahl-Jensen et al., 2013). The onset of global climate changes leading to
Termination-1 (which marks the boundary between the Late Pleistocene and the Holocene; Hughes and
Gibbard, 2018) started at 19-20 ka when a widespread glacial retreat is detected across the Northern
Hemisphere (Clark et al., 2009). This includes several cold and warm stages until the Holocene, namely: the
Oldest Dryas (OD; 17.5-14.7 ka, stadial GS-2.1a), Belling-Allerad (BA; 14.7-12.9 ka, interstadial GI-1) and
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Younger Dryas (YD; 12.9-11.7 ka, stadial GS1). All of these intervals correspond to the classical Late-glacial
in northwest Europe (Mangerud, 1974). Following Walker et al. (2012), the Holocene is subdivided in the
Early (11.7-8.2 ka BP), Middle (8.2-4.2 ka) and Late Holocene (since 4.2 ka BP), which includes the LIA that
in the Iberian Peninsula extends from 1300 to 1850 (Oliva et al., 2018). Finally, we also include a description
on present-day geomorphological processes to better frame post-LIA environmental dynamics.

Table 1
Figure 2

The different glacial phases have been inferred using different dating methods, including 351 (3*Cl, '°Be and
2INe) CRE dates, 68 “C, 43 OSL and 9 other (such as U-Th series, 2!°Pb, and historical sources). Their
distribution considering the diverse time periods and mountain ranges is summarized in Table 1 and Figure 2.
All C radiocarbon dates have been calibrated using the CALIB 7.1 program. Also, in this study, CRE ages
have been re-calculated for those samples from which enough information is available so that a new re-
assessment can be done. In the cases where required data is not available for recalculation, the original
published age is indicated (Supplementary material). The 3*Cl CRE ages have been recalculated applying the
same parameters aiming to achieve comparable results, so the following 3°Cl production rates have been
implemented: 42.2 + 4.8 atoms *°Cl (g Ca)! yr! from Ca spallation (Schimmelpfennig et al., 2011), 148.1
7.8 atoms 3Cl (g K)! yr! from K spallation (Schimmelpfennig et al., 2014), 13 + 3 atoms 3°CI (g Ti)! yr'!
from Ti spallation (Fink et al., 2002) and 1.9 atoms 3°C1 (g Fe)-! yr! from Fe spallation (Stone et al., 2005). A
value of 696 + 185 neutrons (g air)! yr'! was applied as the production rate of the epithermal neutrons from
fast neutrons in the land/atmosphere interface (Marrero et al., 2016). Scaling factors for nucleonic and mounic
production were recalculated following the formulae in Stone (2000). On the other hand, '°Be CRE ages have
been recalculated by using the “CREp” (Cosmic Ray Exposure Program) online calculator (Martin et al., 2017;
http://crep.crpg.cnrs-nancy.fr/#/). With the aim of unify the exposure age calculation for all samples, we have
applied the LSD (Lifton-Dunai-Sato) scaling scheme (Lifton et al., 2014), the ERA40 atmospheric model
(Uppala et al., 2005) and the geomagnetic database based on the LSD Framework (Lifton et al., 2014).
Applying the aforementioned parameters implies, in turn, a SLHL (Sea-Level High-Latitude) '°Be production
rate from Be spallation of 3.99 + 0.22 atoms g yr''.

Topographic shielding factor of each '°Be/3Cl sampling site has been re-calculated through the Topographic
Shielding Factor through the “Topographic Shielding Calculator v.2” belonging to the “CRONUSCalc”
Program (Marrero et al., 2016). However, for those samples whose field measurements for topographic
shielding factor calculation are unreliable or unavailable, it has been obtained from the “Point-based Shielding
Model” GIS-tool devised by Li (2018), which implements the method proposed by Balco et al. (2008). It only
requires a Digital Elevation Model, a point shapefile with the location of the samples and the dipping and strike
data stored in two separate fields.

For each mountain range, all the data were summarized in a table including available chronology (if existing),
geomorphic evidence (environments, landforms and processes), main references as well as a figure with
features representative of each of the stages. The different time periods were mapped in GIS environment to
better represent the spatio-temporal patterns of glacial activity in each mountain range.

4- Results
The study of glacial processes in the Iberian Peninsula has been solely focused on mountain ranges, where the

impact of cold-climate geomorphological processes on the landscape is widespread as shown by the existence
of a wide range of landforms and deposits described below.
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4.1. The Pyrenees

Quaternary glaciations left a deep imprint on the relief of the Pyrenees because of the large extent of glaciers,
with ice tongues exceeding 30—50 km long and 400 m thick, and even reaching up to 800 m in the overdeepened
basin of Benasque in the Esera valley (Bordonau, 1992) as well as in the upper Garonne valley (Fernandes et
al., 2017). Altitude and latitude played a major role to explain the size and geomorphological features of
glaciers in the Pyrenees: Thus, altitude exceeds 2500 m in the main divides from the headwater of the Anso
valley eastwards, and frequently surpasses 3000 m between the headwaters of the Géllego valley and the
Noguera Ribagorcana valley (Aneto, 3404 m; Posets, 3375 m; Monte Perdido: 3355 m). Besides, The Pyrenees
are, together with the Cantabrian Mountains and the NW ranges, those located at higher latitudes in the Iberian
Peninsula, resulting in a relatively low position of the 0 °C isotherm and the ELA during the coldest periods.
Here, more than in any other Mediterranean mountains, a large variety of well-developed landforms and
deposits can be found: glacial cirques, U-shaped valleys (like, for instance, those of the Aragon Subordan,
Estarran, Aragon, Gallego, Ara, Cinca, Cinqueta, Esera, Noguera Ribagorcana and Noguera Pallaresa valleys),
verrous or rocky thresholds, hanging-tributary valleys (like the Ip valley, a tributary of the Aragon valley; the
Arazas valley, a tributary of the Ara valley; and most of glacial tributaries of the Esera paleoglacier), glacio-
lacustrine deposits in ice/moraine-dammed lakes (many examples, particularly the Linas de Broto paleolake
dammed by a lateral moraine of the Ara glacier; Sancho et al., 2018), glacial transfluences, erratic blocks,
glacial-origin lakes, roches moutonnées and proglacial plains (e.g. that located at the front of the Senegiié
moraine, in the Gallego valley), as well as lateral and frontal moraines (like those of the Villanta-Castiello de
Jaca basin in the Aragon valley, the Senegii¢ moraine in the Gallego valley, the Sant Antoni moraine in the
Noguera Ribagorcana valley, and the Puigcerda complex at the Cerdanya plain), and flute moraines caused by
surging glaciers (e.g. in the Marboré cirque, Monte Perdido massif: Serrano and Martin-Moreno, 2018). Most
of the main glaciers started from cirques shaped in the paleozoic axis of the Pyrenees (granite, quartzite and
limestone), although relatively big glaciers also started in the Inner Sierras, composed of Mesozoic and
Cenozoic limestone and sandstone (Garcia-Ruiz et al., 2000), affected by the Alpine tectonics. Their thickness
decreased relatively rapid as clearly represented by the declining height of the lateral moraines near their
terminal basins. The outermost moraines are located at approximately 800-900 m, and even less in valleys
descending to the northern slope of the range (i.e. Garone valley glacier) and in some southern valleys (i.e.
Gallego valley glacier).

The Pyrenees include deposits from various glacial cycles. Studies on Pyrenean Quaternary glaciers account
for a long tradition since the last decades of the 19th century, thanks to prestigious foreigner geomorphologists.
This was the case of Penck (1883) and Panzer (1926). The first one visited the Aragén, Gallego and Ara valleys
and raised the question of how many glaciations are represented in the morainic deposits of the Pyrenees; the
second one recognized two glacial cycles in the terminal glacial basin of Castiello de Jaca-Villanua, Aragéon
River valley, which were then attributed to Riss and Wiirm — following the Alpine terminology proposed by
Penck (1883) — according to the connections between the main moraines and the 60 and 20 m fluvial terraces.
The pioneer works of both geomorphologists were the basis for posterior studies focused for decades on: (i)
examining the maximum extent recorded by the main Pyrenean glaciers; and (ii) discussing, in absence of
direct dates, if the morainic deposits corresponded to one or more glacial cycles. Among such studies, the
works of Obermaier (1921), Solé Sabaris (1941, 1951), Llopis-Llad6 (1947), Nussbaum (1949), Barrére
(1963), Gomez-Ortiz (1987), Bordonau (1992), Serrat et al. (1994), Marti-Bono and Garcia-Ruiz (1994),
Chuecaetal. (1998) and Serrano (1998) described the position of the main glacial deposits and tried to establish
a sequence of glacial periods based on the fabric characteristics and location of the deposits, e.g. Glacial
Maximum, Intermediate Stable Stage, Disjunctive Stage and Finiglacial Stage (Martinez de Pison, 1989).
Recent studies carried out during the last two decades have decisively contributed to answer such questions
and to pose new ones related with the age of the maximum extent of Pyrenean glaciers and of the distinct
stages during deglaciation processes. Currently, the main features of the Late Pleistocene Pyrenean glacial
cycle are relatively well known, although new chronological data are needed to establish better correlations
between Pyrenean valleys with the glacial sequences identified in other Iberian and European ranges.
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Table 2
Figure 3

Glaciations prior to the Last Glacial Cycle

The identification of distinct glacial stages in the Spanish Pyrenees was a major objective for many
geomorphologists, although it was a difficult task because of the absence of chronological information. The
best site to discuss this problem was at the end glacial basin of Castiello de Jaca-Villanua, in the Aragon valley
(Figure 3a). There, Panzer (1926) identified six frontal moraines that were subsequently named by Llopis-
Llado (1947) as M1, M2 (the main moraines) and m1, m2, m3 and m4 (the minor moraines) within a distance
of 3 km (Figure 4). The end glacial basin of the Aragon valley is flanked by lateral moraines that show a
progressive decline in height that corresponds to the thinning of the ice tongue. Three lateral moraines appear
in the western margin of the valley and two in the eastern one. Panzer (1926) identified two glacial stages —
that were attributed to the Riss and Wiirm — based on the apparent connection between the two main moraines
and two terrace levels at 60 and 20 m above the present-day stream bed. However, Barrére (1963) concluded
that only one glacial stage is represented in the terminal basin of the Aragén River stating that the outermost
moraine is not really connected with the 60 m terrace, but leans against the terrace, thus rejecting the link
between the two sedimentary bodies. Therefore, all the moraines would correspond to the same glacial stage.

Nevertheless, the dating of M1 and m2 moraines and the 20 and 60 m terraces using OSL techniques provided
a new perspective (Figure 4): (i) Moraine M1 (i.e. the outermost ridge) apparently connects with the 60 m
terrace, giving the impression that they correspond to the same cycle. However, OSL dates indicate that the
terrace is the oldest geomorphological element present in the terminal basin, with an age of 263 + 21 ka; (ii)
M1 yielded an OSL age of 171 + 22 ka (Garcia-Ruiz et al., 2013), confirming, as suggested by Barrere (1963),
that the moraine M1 struck against the pre-existent terrace; (iii) It is noteworthy that the 60 m terrace can also
be associated with a glacial cycle: from the bottom to the uppermost part of the terrace, the sediment clearly
changes from fluvial (28 cm for the median size of the gravels) to fluvio-glacial (median size: 75 cm),
suggesting that initially the glacier front was located some kilometres upstream and advanced progressively
towards the south, causing the increase in the median size of gravels (Hollermann, 1971; Marti-Bono, 1973).

Figure 4

There are other evidences of past glacial cycles, although no dates have been obtained. For instance, in the La
Sia valley (a tributary of the Gallego valley), Fontboté (1948), Marti-Bono (1978) and Serrano (1992) found
erratic granitic blocks located far away from the main valley (approximately, between 6 and 8 km). In the
Noguera Ribagorcana valley, Vilaplana (1983) described a 180 m fluvio-glacial terrace, which cannot
correspond to the last glacial cycle. Besides the dating of high fluvial terraces in the Gallego and Cinca rivers
informs on terrace development at 178 = 21 OSL ka (Lewis et al., 2009), coinciding with the formation of
moraine M1 in the Aragon valley. Evidence of possible older glaciations predating the Last Glacial Cycle have
been also described in valleys of the northern slope of the Pyrenees, such as in the Garonne valley (Andrieu,
1991; Fernandes et al., 2017).

Last Glacial Cycle

An increasing number of dates have been obtained for the Last Glacial Cycle from distinct dating techniques
(*C, OSL, '"Be and 3¢Cl surface exposure ages), suggesting the occurrence of various remarkable glacial
fluctuations (Table 2). Figure 3a shows that the terminal glacial basin of Villanua-Castiello de Jaca in the
Arago6n valley includes the m2 moraine, dated at 51 + 4.5 OSL ka, and the 20 m fluvial terrace that connects
with moraine M1, dated at 68 = 7 OSL ka (Garcia-Ruiz et al., 2013).
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On the right margin of the Gallego valley, the Tramacastilla Lake occupies an over-excavation performed by
the Escarra glacier in a divide that was a diffluence pass towards the Lana Mayor valley glacier. Once the
glacier retreated, the basin was occupied by the lake and sediments started accumulating. This glacio-lacustrine
sequence was studied by Montserrat (1992), who dated the organic matter incorporated into the sediment at
29,400 £ 600 '“C cal yr BP. This led to deduce for the first time in the Spanish Pyrenees that the MIE must
have occurred before the LGM. This asynchroneity more or less coincided with other dates obtained in the
glacio-lacustrine sequence of Biscaye, close to Lourdes, French Pyrenees, dated at before 38,000 '“C cal yr BP
(Mardones and Jalut, 1983), similarly to the timing inferred in other places in the Northern Pyrenees (Andricu
et al., 1988). Interestingly, two lateral moraines are located at least 100 m above the Tramacastilla Lake
(Garcia-Ruiz et al., 2003), thus suggesting that the MIE in the Gallego valley occurred much earlier than the
LGM. The paper from Garcia-Ruiz et al. (2003) also recognized the presence of laminated lacustrine clays in
a small lake located just at the north of the Tramacastilla Lake, and it was dated at 20,600 = 170 '4C cal yr BP,
suggesting that the glacier front was located farther upstream. A confirmation of this research was made by
Gonzalez-Sampériz (2006) in the El Portalet peatbog sequence, Géallego valley, just close to the Spanish-
French border, at 1802 m. The base of the sedimentary sequence was dated at 32,183-33,773 4C cal yr BP
and 30 cm above at 28,717-29,559 4C cal yr BP, announcing that the Gallego valley was deglaciated even at
the headwater, approximately 10,000 years before the LGM. Curiously, the sequence shows a hiatus during
the LGM, suggesting that the glacier was temporarily reconstructed during the coldest period of the LGM.

A stronger evidence of an earlier MIE in the Pyrenees was presented by Lewis et al. (2009) for the Gallego
and Cinca valleys. In the terminal basin of the Gallego valley (Senegii¢-Sabifidnigo basin), the outermost
moraine (Aurin) was dated at 85 = 5 OSL ka, and the big moraine of Senegii¢, located 1 km upstream, at 36 +
3 OSL ka, although this latter date has been recently questioned and considered as a minimum date, probably
of approximately 51 ka (Guerrero et al., 2018). Such landslide-dam paleolakes imply that the age of the
Senegii¢ moraine must be older than the paleolakes. In any case, the Gallego glacier shows the presence of
well-developed lateral moraines that indicate the occurrence of three distinct stages around the maximum, like
in other Pyrenean valleys, particularly the Aragoén and the Esera valleys (Martinez de Pison, 1989; Serrano,
1991; Garcia-Ruiz et al., 1992, 2013), although no deposits from the LGM have been found yet. A confirmation
of an early deglaciation in the Upper Gallego valley was the development of lakes upstream landslides that
occurred as early as 41.5 £ 3.9 OSL ka, whereas other glacial branches in the headwater of the Gallego glacier
were still active (Aguas Limpias and Caldarés valleys) due to the much higher height of divides and cirques
(Guerrero et al., 2018).

In the Cinca valley, Lewis et al. (2009) obtained three dates from glacial deposits in the terminal area of the
valley, with a weighted mean age of 64 £ 11 OSL ka, which is similar to the age of a correlated fluvial terrace
(61 + 4 OSL ka), interpreted as a glacial outwash. Other sample reported a date of 46 = 4 OSL ka, which was
interpreted as pertaining to a later glacial fluctuation. Other fluvial terraces of the Cinca River were dated at
approximately 47 = 4 and 45 + 3 OSL ka.

Between the Gallego and the Cinca rivers, some glacial-related deposits from the Ara valley were also dated,
particularly the main lateral moraine and the associated 55 m thick glacio-lacustrine deposit in the tributary
valley of Sorrosal. Sancho et al. (2018) dated the lateral moraine of the Ara valley at 49 + 8 OSL ka, whereas
sediments of the paleolake provided ages at 55 = 9 and 49 = 11 OSL ka for the middle and upper parts,
respectively. The glacio-lacustrine deposit in the Sorrosal valley (also called the Linés de Broto deposit) is the
largest one in the Pyrenees, and shows the occurrence of a variety of sedimentary processes with significant
fluctuations of the water depth, causing dramatic changes in the sedimentary facies (Serrat et al., 1983; Sancho
et al., 2018).

The occurrence of a cold period in the Central-Western Pyrenees during the global LGM has been indirectly
detected. For instance, loess deposits and stratified screes in the Cinca valley at approximately 20 + 3 OSL ka
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(Lewis etal., 2009) and 22,800 + 200 '“C cal yr BP (Garcia-Ruiz et al., 2001a), respectively, indicate extremely
cold conditions during the global LGM. Also, Garcia-Ruiz et al. (2001b, 2003) and Garcia-Ruiz and Marti-
Bono (2011) interpreted a glacial re-advance represented in lateral moraines in the Escarra valley (Gallego
valley) and Aragén Subordan valley, located some kilometres upstream of the MIE. Unfortunately, such lateral
moraines have not been yet dated.

In the Central-Eastern Pyrenees, studies based on '’Be exposure ages have contributed to very much improve
the knowledge on the global and local maximum ice extent. Pallas et al. (2006) and Rodés et al. (2008)
indicated that the MIE in the Upper Noguera Ribagorgana valley coincided with the global LGM, i.e. ca. 21 +
4.4 'Be ka, and a similar sequence was found at La Cerdanya by Palacios et al. (2015a). This date coincided
with that obtained by Delmas et al. (2008) from the Tét valley in the Eastern French Pyrenees, confirming a
LGM (Marine Isotope Stage; MIS-2) re-advance between 21.4 + 3.7 and 24.9 + 4.4 '°Be ka, although the MIE
occurred during MIS-3 between 51.1 £ 5.0 and 42.6 + 4.1 '°Be ka (Tomkins et al., 2018). In the same way,
Pallas et al. (2010) dated the occurrence of a MIE at a minimum of 49.2 + 1.3 1°Be ka and an almost similar
advance during the global LGM at 21.3 + 0.6 '°Be ka in the small Malniu basin, located in the Querol valley.
It is noteworthy that Andrés et al. (2018) dated 8 new 3°Cl samples from the Malniu-Guils complex and
recalculated the dates obtained from three nearby valleys (Aranser, La Llosa and Duran). The results obtained
did not lead to consistent conclusions in relation to the age of the MIE in the Eastern Pyrenees, with ages of
the main lateral moraines reporting approximately 20-21 36Cl ka. By contrast, Delmas et al. (2011) and Delmas
(2015) concluded that the MIE occurred in the Ariege valley (French Eastern Pyrenees) much earlier than the
global LGM, with ice advances at 79.9 + 14.3 and 35.3 + 8.6 '°Be ka, whereas moraines of the global LGM,
dated at 22.8 '°Be ka are located less than 100 m upstream the MIE. Turu et al. (2016) obtained similar dates
in an ice-dammed paleolake of Andorra.

The recent effort made to date distinct glacial-related deposits (glacio-lacustrine sediments, fluvial terraces
and moraines) as well as moraines, erratic boulders and polished surfaces confirm the complexity of
chronologies during the last glacial cycle. It is increasingly accepted that the MIE in the Pyrenees occurred
much before the global LGM, like in other mountains in northern Iberian Peninsula, although dating with
several other procedures would be necessary in order to establish clear stages. Now, we find various scattered
dates that can be grouped with difficulties. The clearest periods of glacial advance occurred (i) between 50 and
70 ka (MIS-4), as suggested by dates in the Aragéon, Ara, Cinca and Ariége valleys of the Central Pyrenees
and in the Tét valley; (ii) between 30 and 40 ka (MIS-3) in some minor valleys of the Eastern Pyrenees; and
(ii1) between 22 and 19 ka (MIS-2), coinciding with the global LGM, including many dates in the Eastern
Pyrenees, where the MIE and the global LGM almost coincided in extent. Surprisingly, the occurrence of the
global LGM in the Central Pyrenees has not been clearly detected, except for some indirect evidence, although
a relatively minor advance for the global LGM has been suggested for the Central Pyrenees. The reason for
this unbalance is not well known, although the distinct climatic influences that affected both areas of the
Pyrenees should be the most logical explanation. Other glacial-related sediments have been '*C and AMS dated
at approximately 30 ka (MIS-3), although they can be older given the limitations of radiocarbon techniques to
date older deposits.

Termination-1

The glacial history leading up to Termination-1 in the Pyrenees is very well known thanks to recent studies in
the Central and Eastern sectors of the range using '’Be and *°Cl surface exposure ages (Pallas et al., 2010;
Palacios et al., 2015a, 2015b, 2016, 2017; Andrés et al., 2018), on both the north- and south-facing slopes of
the Central and Eastern Pyrenees, and '*C dating of glacio-lacustrine sequences (Gonzalez-Sampériz et al.,
2006, 2017) in the headwater of the Gallego valley.

Following the global LGM, the deglaciation was very rapid and intense, almost causing the total disappearance
of the glaciers at the beginning of a new cold period, the OD (Palacios et al., 2016). In the El Portalet peatbog,
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the OD has been identified as an arid period, with expansion of cold steppe vegetation (Gonzalez-Sampériz et
al., 2006). Also in the Gallego valley, the glaciers were affected by a relatively remarkable re-advance with
ice tongues of several kilometres in length, although the main glacier tongues in the headwater remained
disconnected (Palacios et al., 2017a). Their maximum extent occurred at approximately 18.6-16.5 °Be ka, as
dated in a lateral moraine in the Caldarés valley, a main tributary of the Gallego valley, evidencing the
development of a glacial tongue exceeding 12 km in length. This was followed by a retreat and new recoveries,
with the last occurring by 15.5 3¢Cl ka (Palacios et al., 2015b; 2016) in the Piniecho and other neighbouring
cirques. In the Maladeta massif — the highest one in the Pyrenees —, the Aigualluts moraines were deposited
during the OD (16.2 + 1.1 and 14.8 + 1.4 '°Be ka) (Crest et al., 2017). In the Noguera Ribagor¢ana valley
moraines from the OD were identified at a distance of more than 10 km from the headwater (Pallas et al.,
20006). Afterwards, the retreat of the glaciers was very rapid so that they were confined to the cirques and most
of them disappeared during the BA interstadial. Crest et al. (2017) noted that at 14.3 + 0.5 '°Be ka the glaciers
from distinct cirques in the Maladeta massif were already disconnected, showing the warming effect at the
beginning of the BA interstadial.

In the Eastern Pyrenees, the OD is well represented in the Carlit massif, where some moraines were dated at
15 °Be ka (Delmas et al., 2008). In the case of La Cerdanya, Pallas et al. (2010) dated the outermost morainic
arcs at 24 ''Be ka and the innermost ones at 15.5 '°Be ka, coinciding with one of the advances recorded during
the OD. Palacios et al. (2015a) dated several moraines in La Cerdanya as belonging to the OD (16-17 ka and
15.5 3°Cl ka), at a short distance from the global LGM moraines. Clear re-advances during the OD were also
detected by Tomkins et al. (2017) in the Eastern Pyrenees, particularly in the Tét valley with average values
at 16.1 £ 0.5 ''Be ka.

Remarkably, many rock glaciers developed in the Central Pyrenees at the end of the OD, coinciding with the
moment at which the cirque walls were deglaciated and affected by frequent rockfalls. The fronts of these rock
glaciers were already inactive by approximately 14 ka, although their main bodies conserved internal ice and
remained active until the Early to Mid-Holocene (Palacios et al., 2016), as also observed in some rock glaciers
of La Cerdanya in the Eastern Pyrenees (Palacios et al., 2015a).

The BA interstadial finished abruptly with a rapid and intense cooling during the YD. This cooling coincided
with a strongly arid period, such that glacier expansion was possible although very limited in extent. For this
reason, glaciers during the YD were restricted to the cirques, with the exception of the highest mountains,
where it was possible the development of short glacial tongues of more than 3 km in length (Garcia-Ruiz et
al., 2016a, 2016b). This was the case for the Azules Lakes valley, in the Panticosa massif (Serrano and Agudo,
1988). Also, several moraines in the Mulleres valley (a tributary of the Noguera Ribagor¢ana valley) have been
dated at between 10.4 + 1.0 and 10.1 + 0.1 '°Be ka, indicating the occurrence of a 3.5 km ice tongue (Pallas et
al., 2006; Delmas, 2015). Various glacial deposits in the Piniecho cirque, Panticosa massif, have been dated
between 13.5 + 1.9 and 11.7 £ 1.7 'Be ka, confirming the occurrence of distinct glacier fluctuations during
the YD (Palacios et al., 2015b). Like in the case of the OD, some permafrost-related landforms, such as rock
glaciers and protalus lobes, developed at the end of the YD (Fernandes et al., 2018), as was the case for the
Brazato rock glacier, whose activity extended until the Holocene Thermal Optimum at 6.5 + 0.4 3¢Cl ka
(Palacios et al., 2017). The presence of several polished bedrocks at the front of the Brazato rock glacier, dated
between 13.4 + 0.8 and 10.4 + 0.8 3°Cl ka (Palacios et al., 2017; recalculated at 14.5+ 1.2 and 11.4 £+ 0.8 3°Cl
ka) confirms the presence of small ice tongues surpassing the limits of the cirque. Also, the Aguas Limpias
valley, a major tributary in the headwater of the Gallego valley, shows the presence of many polished rocky
thresholds dated at 12.3 £ 1.6, 11.7 + 1.7, 10.2 £ 0.7 and 8.7 £ 0.6 3°Cl ka (Palacios et al., 2017), revealing the
progressive retreat of the glacier front towards the cirque headwalls. These authors include the dating of a high
number of polished bedrocks that indicate the regression of the cirque glaciers at the beginning of the
Holocene. In the Maladeta massif, one of the lateral moraines of the so-called Renclusa system has been dated
at 12.1£0.4 ''Be ka (Crest et al., 2017). In the Eastern Pyrenees, the Querol valley, Eastern Pyrenees, has also
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a large variety of morainic deposits, some of them dated at 11.8 + 0.6 '°Be ka, as well as polished bedrocks
dated at 11.8 = 1.2 19Be ka (Pallas et al., 2010) and, consequently attributed to the YD. However, no evidence
of YD glaciers was found by Andrés et al. (2018) in four areas of the SE Pyrenees.

Holocene

As commented previously, many of the rock glaciers that developed in the Pyrenees at the end of the OD and
YD survived until the Early to Mid-Holocene, holding up rests of buried glacial ice and removing the blocks
until their definitive emplacement. Outside the LIA moraines, the only place where Holocene glacial deposits
have been identified is the Marboré cirque, in the northern face of the Monte Perdido massif, where a moraine
has been dated at 5.1 £+ 0.1 3°Cl ka (Garcia-Ruiz et al., 2014), recalculated at 6.9 + 0.8 3°Cl ka, most likely
suggesting a final stabilization in the retreat since the YD. The presence of moraines of Mid-Holocene age has
been also detected in the northern Pyrenean versant, where moraines of the Troumouse cirque have revealed
glacial activity between 5190 + 90 and 4654 + 60 '“C cal yr BP (Gellatly et al., 1992). It is also probable that
the large moraine parallel to the northern Monte Perdido massif corresponds to the addition of LIA materials
to those from the Holocene. It would be the same process that indicated by Crest et al. (2017) for the Maladeta
massif. These authors stress that “the absence of moraine accumulations between the innermost Renclusa and
the LIA moraines strongly suggests that the historical LIA ice front is indistinguishable from any earlier
maximum Holocene ice fronts...The voluminous ablation till deposits contained in the LIA moraine can be
ascribed to an unspecified number of Holocene glacial readvances” (p. 70), as also pointed out by Matthews
(2013) in the Alps and Norway. Similarly, a large number of surface exposure dates for Neoglacial moraines
has been reported for the Alps suggesting the existence of polygenic moraines formed during successive glacial
advances (Ivy-Ochs et al., 2009), which could be also the case of the Pyrenees and other Iberian mountains.

Little Ice Age

The LIA has been considered, in general, as the main glacial advance in the Pyrenees since, at least, the
beginning of the Holocene (Oliva et al., 2018). Following the warm Medieval Climatic Anomaly, climate
conditions started being progressively colder during the 14th and 15th centuries, affecting many cirques (up to
111, according to Gonzalez-Trueba et al., 2008) where small glaciers began to develop. These new glaciers
were, in general, restricted to the cirques and even only to a small part of the cirques, where constructed big
moraines, mainly composed of coarse material and identified by the absence of plant cover, the acute crest,
and the steep slopes in both versants. The most relevant LIA glaciers in the Pyrenees occurred in those massifs
peaking at more than 3000 m (e.g. Infiernos, Monte Perdido, Posets, Perdiguero, Maladeta and Besiberri) in
the southern face of the range. Interestingly, some of the LIA glaciers reveal the occurrence of various
fluctuations, with the presence of a sequence of moraines, such those in the northern face of the Tendefiera
Peak (Lopez-Moreno, 2000), Monte Perdido (Garcia-Ruiz et al., 2014), and the Aneto-Maladeta peaks
(Gonzalez-Trueba et al., 2005). Although there are no direct dates from the LIA moraines, the maximum extent
of the glaciers has been traditionally correlated with the Maunder Minimum, during the last decades of the
17th century. A significant glacial expansion is also attributed to the Dalton Minimum, during the first third
of the 19th century. In many of the Pyrenean cirques, Serrano and Martin-Moreno (2018) found evidence of
the last LIA stage in the Pyrenees, characterized by the development of surging glaciers and flute moraines,
particularly in the Marboré¢ cirque. By 1850, the LIA glaciers occupied 2060 ha, including the French versant
(Reng, 2013). After 1850-1860 the glaciers started a slow retreat that became progressively more rapid during
the 20th century, so that they occupied 321 ha by 2008 and 242 ha by 2016 (Rico et al., 2017).

Present-day

René (2013) estimated that there were 52 glaciers in the Pyrenees 1850. By 1984 they were 39 (Arenillas Parra
et al., 2008) and by 2016 the number decreased to only 19 (Rico et al., 2017). All of the remaining glaciers
have suffered a strong reduction in extent and volume. At present the area covered with glaciers is 242 ha,
with the Aneto glacier (56.1 ha) as the largest ice mass, followed by the Monte Perdido glacier (37.8 ha), the
Ossoue glacier (37.2 ha) and the Maladeta glacier (29.4 ha) (Rico et al., 2017). The rest of Pyrenean glaciers
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have less than 10 ha and face a severe risk of melting in the next decade under the current climatic regime,
given the negative trend in winter snow accumulation (Lopez-Moreno et al., 2005). All of them are sheltered
on shady, north-face exposures, well protected by the cirque walls and partially covered with debris. Even the
largest glaciers, like the Monte Perdido glacier, are affected by intense thinning and spatial shrinkage, with
reduction even in years that could be considered as relatively favourable (Lopez-Moreno et al., 2016).

4.2 Cantabrian Mountains

Geologically considered the western extension of the Pyrenees (Alonso et al., 1996), this mountain range is
disposed parallel to the Cantabrian Coast for about 400 km, showing a general W-E strike and reaching a top
elevation of 2648 m (Torrecerredo; Central Massif of the Picos de Europa). Bedrock geology in the central
and eastern sectors of the Cantabrian Mountains mostly corresponds to alternating carbonate and detrital
sedimentary rocks of both Paleozoic (the highest massifs) and Mesozoic age (easternmost massifs like Pas
Mountains and Castro Valnera), with some exceptional outcrops of Paleozoic igneous rocks (e.g. Fuentes
Carrionas). In contrast, the westernmost end of the range corresponds to metamorphic rocks of Proterozoic
and Paleozoic age (e.g. Ibias and Sil valleys).

The divide of the Cantabrian Mountains is placed just 27—70 km inland from the Cantabrian Sea, conditioning
greater incision of the drainage network in the northern slope of the range, where rivers flow directly to sea
level, than in the southern slope where they flow towards the Duero basin (deepest area located ca. 160 km to
the South at 630 m altitude). On the other hand, due to its distribution parallel to the Cantabrian Sea, the
Cantabrian Mountains act as a moisture barrier for incoming humid winds from the Atlantic Ocean (Felicisimo,
1992), resulting in higher precipitation in the northern slope that strongly decreases towards the Duero basin.
The strong maritime influence of local climate favored the development of extensive mountain glaciation
during the Pleistocene, reaching remarkably low elevations compared to other Iberian mountain settings.

Table 3
Figure 5

Glaciations prior to the Last Glacial Cycle

The idea that, at least, two glaciations contributed to shape the glacial record of broad areas of the Cantabrian
Mountains was embraced in the early 19th century (Hernandez-Pacheco, 1914). Subsequently, Hernandez-
Pacheco (1944) ascribed the three sets of moraines preserved at altitudes of 1385—1645 m in Pefia Labra and
Sierra de Hijar to the Mindel, Riss and Wiirm glaciations, whereas Lotze (1962) interpreted the two moraine
systems existing in the Pas Mountains as deposited during the Riss and Wiirm glaciations. Probably, the most
controverted evidence is the heavily cemented breccia deposits (locally named gonfolitas) described by
Obermaier (1914) in the Picos de Europa (Table 3). Based on the cross-cut relationships between cemented
breccia deposits and glacial evidence, Obermaier (1914) ascribed the sedimentation of these deposits to the
Riss-Wiirm interglacial and proposed the existence of at least two glaciations arguing that breccia deposits
appear buried by the Last Glacial Cycle moraines in the Duje valley and, at the same time, fossilize an ancient
glacial polished surface. Although some authors cast serious doubts on the glacial origin of the surface
preserved below the cemented breccia (e.g. Castafion and Frochoso, 1992), a recent study supports
Obermaier’s interpretation and sustains the existence of a Middle Pleistocene glaciation (coevally with MIS-
12) based on U/Th analysis of two samples from the calcareous cement, whose precipitation started at a
minimum age of 394 ka (Villa et al., 2013).

Evidence of highly weathered till deposits has been reported at an altitude of 980 m in Somiedo (Menéndez-
Duarte and Marquinez, 1996) and 890 m in the Sil valley (Garcia de Celis and Martinez-Fernandez, 2002),
suggesting their possible linkage to former glaciations. However, up to date only a few numerical '’Be CRE
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ages from erratic and moraine boulders from the terminal zone of the Porma paleoglacier provided results of
173-131 ka that suggest glacial activity during MIS 6 (Rodriguez-Rodriguez et al., 2016).

Last Glacial Cycle

During the MIE of the last glacial cycle, glaciers covered a total surface extent of about 2240 km?, showing
remarkable asymmetry on glacier distribution between both sides of the range (Rodriguez-Rodriguez et al.,
2015). The combination of pre-glacial topography, distance to the sea, and climate most likely controlled the
distribution of glaciers, whose longest glacier tongues were shorter in the steeper northern slope (<15 km)
compared to the gentler southern one of the range (15 to 51 km) (Serrano et al., 2017). In the central Cantabrian
Mountains, where broad land areas are above 2000 m asl, some extensive ice fields formed close to the N-S
divide showing asymmetric development towards the southern slope of the range, with the exception of Picos
de Europa and Pas Mountains. Occasionally, outlet glaciers were thick enough to fulfill the valleys and
overflowed towards adjacent tributaries (Figure 5), forming interconnected systems of valley glaciers or
transection glaciers (e.g. the Porma paleoglacier; Rodriguez-Rodriguez et al., 2016). The front of the longest
glaciers reached minimum elevations that were generally lower in the northern slope of the range (most
frequently between 800 and 1200 m altitude, locally down to 400—500 m) compared to the southern one (1100—
1250 m, locally down to 725-905 m). Regional paleoELA varied from ca. 1000 to 2000 m during the MIE,
showing a distribution pattern similar to the present-day winter precipitation and summer temperature (Santos-
Gonzalez et al., 2013). The lowest ELA values were recorded towards the eastern and western ends of the
range (ca. 1000 m), while it remained at ca. 1500 and 1600 m in the Central Cantabrian Mountains divide. The
highest ELA values (> 1750 m) were recorded further inland, in Pefia Prieta Massif (Pellitero, 2013).

Regarding the timing of glacial stages, the application of radiocarbon in glacio-lacustrine environments,
deposited synchronously or subsequently to the MIE moraines, provided minimum ages in the range 45-35
14C cal ka BP for the Western and Central massifs of Picos de Europa (Jiménez-Sanchez and Farias, 2002;
Moreno et al., 2010; Serrano et al., 2012; Nieuwendam et al., 2015; Ruiz-Fernandez et al., 2016), > 44-35 14C
cal ka BP in Somiedo-Laciana (Jalut et al., 2010), > 33.5 4C cal ka BP in the Redes Natural Park (Jiménez-
Sanchez and Farias, 2002), and > 30 cal ka BP in the Pas Mountains (Serrano et al., 2013). In the Cares valley,
at least two fluvial terraces were deposited at 41.1-42.4 *C cal ka BP (+8-10 m) and >48 ka (+20-22 m)
coevally with glacier occupation in the Picos de Europa (Ruiz-Fernandez and Poblete-Piedrabuena, 2011). The
OSL analysis performed in supraglacial tills from Vega del Naranco moraine complex, in Fuentes Carrionas
Massif, provides a reference age of ca. 36 ka for the local MIE and involves younger ages for the six moraine
ridges preserved upvalleys (Serrano et al., 2013). Similarly, the second outermost ridge of the Branagallones
lateral moraine complex, in the Redes Natural Park, yielded an OSL age of ca. 24 ka for a glacier re-advance
of similar extent than the previous MIE (Jiménez-Sanchez et al., 2013). Numerical ages obtained in the Porma
valley using a combination of '°’Be CRE, OSL and '“C have provided the most complete record up to date of
past glaciations in the Cantabrian Mountains (Rodriguez-Rodriguez et al., 2016, 2018a). Results suggest
continuous glacial occupation of the valley during the Last Glacial Cycle, recording at least three major glacial
stages at ca. 110 ka (MIS-5d), ca. 56 ka (MIS-3); and 33-24 ka (MIS-2) for which the glacier front reached
minimum elevations of 1110-1130 m. The OSL analysis performed on till samples in the northern slope of
Pas Mountains also suggest glacial occupation from 78.5 to 40 ka in the Ason valley and 45-41.6 ka in the
Gandara valley (Frochoso et al., 2013). The glacial re-advances recorded in some Cantabrian valleys such as
the Porma, Monasterio or Vega del Naranco are synchronous with the global LGM.

Termination-1

The minimum '“Be CRE ages obtained from lateral moraines in the Porma catchment place the onset of the
last Termination at ca. 22-20 ka (Rodriguez-Rodriguez et al., 2018a), and both '’Be CRE and '“C dating
suggest considerably glacier thinning by ca. 18—17.5 ka (Rodriguez-Rodriguez et al., 2016, 2018a). Ruiz-
Fernandez et al (2016) showed evidence of intense periglacial conditions with thinner glaciers between 22.5
and 18.7 *C cal ka BP in the Western Massif of Picos de Europa. The sequence of recessional moraines dated
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in the Monasterio valley provides consistent evidence for deglaciation in the opposite mountain slope
(Rodriguez-Rodriguez et al., 2017), suggesting glacier front stagnations and/or minor re-advances at ca. 19,
17.5 and 14.6 '°Be ka, for which the glacier front was located at altitudes between 1150 and 1540 m.

In the northern slope of Fuentes Carrionas massif, proglacial lacustrine sedimentation occurred at 18.9—18.8
cal ka BP in Vega del Naranco (1540-1550 m altitude) due to valley impoundment by the moraine complex
(Serrano et al., 2013). Westward, the minimum radiocarbon age obtained at the basis of Lago de Valle (also
known as Lago de Ajo, placed at 1566 m altitude) suggests remarkable retreat of NW-oriented valley glaciers
in Somiedo by ca. 17.6-17.1 *C cal ka BP (Allen et al., 1996). Thus, broad areas of the Central Cantabrian
Mountains with top elevations between 1900 and 2100 m, like Monasterio valley in Redes Natural Park or
Lago de Valle in Somiedo, were possibly fully deglaciated after the OD. A phase of glacier tongue
individualization or disjunction with the fronts reaching 1600—1700 m is identified in some massifs, suggesting
an ELA pattern similar to the local MIE, recording minima values of 1310 and 1500 m in the eastern and
western ends of the range and increasing towards the middle part (Serrano et al., 2017).

Besides an advanced retreat of valley glaciers, the Late-glacial was characterized by a progressive replacement
from glacial to periglacial processes with development of large rock glaciers that could possibly be active
intermittently during the Holocene and the LIA (Alonso and Trombotto-Liaudat, 2009). The distribution of
relict rock glaciers shows initiation lines between 1600 and 2000 m and toes reaching minimum elevations of
1500 m (Gomez-Villaretal., 2011). Up to date, the '°Be CRE dating of two rock glacier toes located at altitudes
of 1540 and 1650 m provided reference ages of ca. 16.2—13.6 ka for the stabilization of their lowest ridge
(Rodriguez-Rodriguez et al., 2016, 2017). Paraglacial rock slope instabilities started during the OD, soon after
glacier retreat (ca. 16—15 ka) as indicates preliminary numerical ages from Brafia Creek in the San Isidro
mountain pass area, and continued during the Holocene (Rodriguez-Rodriguez et al., 2018b).

Although the occurrence of a YD re-advance of glaciers has been hypothesized for the highest massifs of the
Cantabrian Mountains, such as the Picos de Europa and Fuentes Carrionas as well as local settings like Pefia
Ubifia, no dating evidence is yet available (Serrano et al., 2013, 2017). In the Central Massif of Picos de
Europa, small glaciers reaching up to 1 km in length developed, leaving a thick debris cover on moraines at
altitudes of 1800-2000 m in shelter areas of glacier cirques, suggesting that the local ELA was at about 2200
m altitude (Serrano et al., 2017). Similarly, moraines preserved in Fuentes Carrionas at altitudes between 1900—
2000 m and 2100-2200 m suggests two stages of glacier stabilization that could correlate with the YD for
which the ELA was set at 2300 and 2350 m, respectively (Pellitero, 2013). However, broad areas of the Central
Cantabrian Mountains where the highest peaks do not exceed 2000-2100 m remained glacier-free during the
YD, possibly because the regional ELA was set at about 2500 m altitude (Serrano et al., 2017).

Little Ice Age
Only six glaciers existed in the highest cirques of Picos de Europa at the end of the LIA, extending over a
surface of 25.5 ha (15.5 ha in the Central Massif and 10 ha in the Western Massif), and always distributed at
the foot of northern walls in sheltered environments snow-fed by avalanches and wind action (

). During the mid-19th century these glaciers reached their maximum extent and
built frontal moraines at 2200-2320 m, and the ELA was located slightly lower in the Western Massif (2252
m) than in the Central Massif (2341 m ).

Present-day

Four ice-patches remains in the Western and Central massifs of Picos de Europa, nested within the LIA
moraines but showing remarkably reduced surface extent compared to the former LIA glaciers (52 to 76%
total surface reduction; Gonzalez-Trueba et al., 2007). The most controverted one is the Jou Negro ice-patch,
the single one that is not fully covered by debris. Although some authors described it as a glacier (Gonzalez-
Suarez and Alonso, 1994; Alonso and Gonzalez, 1998), most authors agree that it cannot be considered a
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glacier because it lacks movement (Frochoso and Castafon, 1995; Gonzalez-Trueba et al., 2005). The
Forcadone buried ice-patch is another remnant of a LIA glacier with permanent negative temperature values
at deeper layers (Ruiz-Fernandez et al., 2017).

4.3 NW ranges

The NW ranges comprise a series of mountain ranges that continue the relief of the Cantabrian Mountains
towards the NW corner of the Iberian Peninsula (longitude between 6°W and 8°W), acquiring W-SW
distribution trends. Bedrock geology mostly corresponds to Palaecozoic metamorphic and igneous rocks. Like
in the Cantabrian Mountains, the distribution of Pleistocene glaciations in the NW ranges of the Iberian
Peninsula was strongly conditioned by both the preglacial landscape topography and the proximity to the
Atlantic Ocean. The NW ranges are generally arranged as smooth, near horizontal topographic highs set at
increasing altitudes inland. Glacial evidence has been extensively documented since the 1910s in the highest
massifs of Trevinca (2128 m), Serra dos Ancares (1998 m) and Manzaneda (1781 m) (Taboada, 1913), but
also in other relatively low mountain settings like Serra do Courel (1654 m), Serra de Xurés-Geréz (1548 m),
Serra do Oribio (1484 m), Montes do Cebreiro (1474 m), and Serra do Xistral (1031 m) (Pérez-Alberti et al.,
2004, 2018).

Glaciations prior to the Last Glacial Cycle

The idea of mountain glaciations occurring prior to the Last Glacial Cycle was initially proposed by
Hernandez-Pacheco (1949, 1957) to explain the glacial record existing in the Manzaneda massif. He ascribed
the lowest moraines to the Riss glaciation — following the Alpine terminology — and estimated the altitude of
the paleoELA in 1428 m. Similarly, Llopis (1957) interpreted the Sanabria Lake moraine complex preserved
in the eastern slope of the Trevinca massif at ca. 1000 m as the result of three superimposed glaciations
(Mindel, Riss and Wiirm). However, absolute ages based on '°’Be CRE dating indicate that the Sanabria Lake
moraine complex was deposited during the Last Glacial Cycle (Rodriguez-Rodriguez et al., 2014), showing
time consistence with OSL analysis of glacio-fluvial sediments from the proglacial site of Pias in the opposite
slope (Pérez-Alberti et al., 2011).

Preliminary CRE dating carried out in the Manzaneda and Xurés-Geréz massifs provided non-conclusive
results to support the occurrence of glaciations before the Last Glacial Cycle (Table 4). Glacial evidence in the
Manzaneda massif is indicative of a mountain ice cap covering a total surface area of 130 km? (Vidal-Romani
and Santos-Fidalgo 1994) drained by glacier outlets up to 7-10 km in length and glacier thickness up to 150-
200 m (Pérez-Alberti et al., 1993). The 2'Ne dating of a single boulder from the Castafieda moraine (1210 m)
yielded an age older than 120 ka, whereas other three landforms sampled just 0.5 km upstream in the Cenza
valley revealed '’Be and ?'Ne ages ascribable to the Last Glacial Cycle (Vidal-Romani et al., 1999, 2015).
Similarly, two 2'Ne analysis from two glacial polished surfaces sampled 4 km downslope in the Vilamea valley
and at the mountain divide in the Serra de Xurés-Geréz yielded surprisingly old age results of 238 ka and 130
ka for the maximum extent of an ice cap of ca. 64 km? surface that was installed on the Xurés-Geréz massif
(Vidal-Romani et al., 1999) and drained to the N by outlet glaciers up to 5-6 km long (Vidal-Romani et al.,
1990). If correct, these 2'Ne ages would imply that glaciers did not grow in mountain environments below
1500 m altitude during the Last Glacial Cycle, which mismatches the chronological results obtained in the
nearby Trevinca massif. Although preliminary numerical ages are still scarce to sustain that glaciations older
than the last glacial Pleistocene cycle occurred, the presence of poorly preserved evidence like big erratic
boulders distributed outside the limits of the lowest moraines in some moraine complexes (e.g. the Sanabria
moraine complex) might probably represent the last evidence remaining from old glaciations (Figure 6).

Table 4

Last Glacial Cycle
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Most authors have interpreted the glacial record preserved in the NW ranges as formed during multiple stages
of the Last Glacial Cycle (Pérez-Alberti et al., 2004). Glacial evidence suggests that mountain glaciers
developed extensively in the highest massifs of the NW Iberian corner (e.g. Pérez-Alberti et al., 1992, 1993,
2002; Vidal-Romani and Santos-Fidalgo, 1994), but also in relatively low mountainous areas (e.g. Valcarcel,
1998, Valcarcel et al., 2002a), being possible to distinguish up to four glacier typologies (Pérez-Alberti et al.,
1993; Pérez-Alberti and Valcarcel, 1998): (i) mountain ice caps drained by outlet glacier; (ii) Alpine glaciers
with coalescent tributaries; (iii) Alpine glaciers composed by a single ice tongue; and (iv) cirque glaciers
displaying incipient ice tongue development (Figure 06).

Up to date, the best studied glacial record in the NW ranges is that located in the Trevinca massif. Glacial
evidence suggests that a mountain ice cap developed across an area of 475 km? drained by several outlet
glaciers radially disposed along the pre-existing fluvial valleys (Rodriguez-Rodriguez et al., 2014). Numerical
reconstructions indicate that the Trevinca ice cap reached an ice thickness up to 200—300 m on the high plateau
(Cowton et al., 2009; Rodriguez-Rodriguez et al., 2014), while the Cepedelo moraines suggest that the Bibei
outlet glacier was up to 500 m thick, being by far the thickest one in the entire NW Iberian corner (Pérez-
Alberti et al., 1993, 2002). The Bibei paleoglacier was also the longest outlet glacier (30 km; SW aspect),
followed by the Tera ice tongue (24 km; SE aspect), which had their glacier fronts at minimum altitudes of
900 to 950 m, respectively (Pérez-Alberti et al., 1993; Rodriguez-Rodriguez et al., 2011). Glacio-fluvial
sediments from the Pias proglacial site, deposited within the margins of the lowest front in the Bibei valley,
have provided minimum ages in the range between 27 and 31 OSL ka for the local MIE of the Last Glacial
Cycle (Pérez-Alberti et al., 2011). Similarly, radiocarbon analysis of pollen concentrates retrieved from the
base of the Sanabria Lake sedimentary record also revealed a minimum age of 25.7-25.9 '*C ka cal BP for the
local MIE (Rodriguez-Rodriguez et al., 2011).

Few chronological data are available for other massifs of the NW ranges, though it is likely to consider that
they followed a similar temporal pattern than that documented in Trevinca. The preglacial topography in other
mountain areas like Serra dos Ancares or Serra do Courel did not favour the formation of ice caps, and Alpine-
type glaciers of different complexity developed instead (Pérez-Alberti et al., 1993; Pérez-Alberti and
Valcarcel, 1998). Valley glaciers featured asymmetric distribution patterns between opposite mountain slopes,
most probably influenced by a combination of controlling factors such as the preglacial landscape topography,
variable topoclimatic conditions and the snowdrift effect of wind (Hernandez-Pachecho, 1957; Pérez-Alberti
etal., 1993; Vidal-Romani et al., 1994; Valcarcel et al., 2009). In Serra dos Ancares, coalescent alpine glaciers
up to 7-13 km long flowed along the SE slope whereas alpine glaciers did not overcome 10 km in length in the
NW slope. However, the glacier fronts reached, in general, lower elevations in the NW slope (700—1000 m)
compared to the SE one (825-920 m), most likely due to differences in the regional slope angle and relief
between both mountain sides (Pérez-Alberti et al., 1992, 1993; Valcarcel et al., 2002b). Glaciers were slightly
shorter in lower ranges like Serra do Courel (Pérez-Alberti, 2018), forming coalescent Alpine glaciers up to
5.5 to 7.8 km long along the Seara (150 m thick; front at 950 m) and Vilarbacu valleys (100 m thick; front at
900 m), while other valleys recorded simple Alpine glacier tongues significantly shorter (1.5 to 3 km; front at
650-950 m). The shortest glaciers of the NW ranges have been documented in Montes do Cebreiro and Serra
do Oribio, where cirque glaciers with incipient glacier tongues up to 0.7-2.5 km long and less than 80 m thick
developed, reaching minimum elevations of 900-1000 m (Pérez-Alberti et al., 1993; Valcarcel et al., 2002a).
The fact that these two massifs do not reach 1500 m altitude, suggests that climate conditions during the Last
Glacial Cycle in the NW ranges allowed sustaining glaciers at extremely low elevations possibly favoured by
remarkable moisture supply from the Atlantic Ocean. Moreover, glacial evidence described in the coastal
ranges of Serra do Xistral and Faro do Avién, distributed at elevations as low as 600—700 m indicating
extremely low ELA conditions (ca. 900 m altitude) during the MIE of the Last Glacial Cycle (Schmizt, 1969;
Pérez-Alberti et al., 1993). An extreme case is detected in the Capelada massif, where moraines formed during
the MIE of the Last Glacial Cycle are located just above present-day sea level (Pérez-Alberti, 2014; Figure
6¢). In contrast, the paleoELA rose progressively inland to 1250—1350 m in Serra do Courel, 1350-1450 m in
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Serra dos Ancares and up to 1500-1600 m altitude in the Trevinca massif (Valcarcel et al., 2002b; Pérez-
Alberti et al., 2004).

Figure 6

Thus, the well-constrained glacial chronology of the Trevinca massif indicates that the MIE of Last Glacial
Cycle probably took place prior to 26—31 ka. Glacier fronts remained stable until 22 ka, as suggests the oldest
UBe ages obtained in the outermost lateral moraine of the Sanabria Lake moraine complex (Rodriguez-
Rodriguez et al., 2014). Radiocarbon analysis of the lowest unit retrieved from the San Martin de Castafieda
kame terrace — deposited outside this lateral moraine — also provided a minimum age of 21.8-22.1 '“C ka cal
BP for the impoundment of the lateral tributary due to moraine build-up (Rodriguez-Rodriguez et al., 2011).

Non-glaciated mountain areas and lower coastal ranges about 600 m were affected by periglaciation, with
sedimentary sequences that alternate colluvium deposits with organic-rich paleosoil intervals indicating
periglacial activity between 33 and 48.7 “C ka cal BP (Butzer, 1967; Brosche, 1982; Costa-Casais et al., 1994,
1996; Cano et al., 1997; Costa-Casais, 2001; Blanco-Chao et al., 2007; Pérez-Alberti et al., 2009; Oliva et al.,
2016). Therefore, the periglacial belt was close to the coastline during the Last Glacial Cycle, supporting the
idea that the glacial record preserved in most mountain areas of the NW ranges corresponds to the Last Glacial
Cycle.

Termination-1

The moraine complex preserved around the Sanabria Lake (1000 m), in the Trevinca massif, is the only one
that has provided detailed numerical age to constrain the timing of the onset of Termination-1 based on °Be
CRE dating of moraine boulders (Rodriguez-Rodriguez et al., 2014). Recalibrated results support that glacier
recession started after 22 '"Be ka and recorded multiple glacier front stagnations with construction of
recessional moraines enclosing the lake until 18.5 '°Be ka (Figure 6b). The basal age of lacustrine sequences
like Laguna de las Sanguijuelas, deposited between two recessional moraines, provided basal radiocarbon ages
of 17.8-18.2 C ka cal BP (Mufoz-Sobrino et al., 2004) that are time consistent with moraine ages.
Radiocarbon ages from the base of Laguna La Roya (15.3—15.6 *C ka cal BP; Allen et al., 1996), located at
ca. 1630 m on top of the Trevinca high plateau, suggests that the lowest sectors of the Segundera highlands
were deglaciated by the time of the OD. Similar conclusions are obtained from Lagoa Grande o das Lamas
Lake (1364 m) in the Manzaneda massif, which basal age of 15.0-15.6 “C ka cal BP indicates that glaciers
also disappeared from the lowest sector of this massif during the OD (Maldonado, 1994), consistently with the
2INe age of 15.4 ka obtained in a drumlin of the Cenza valley (Vidal-Romani et al., 1999); however, the
existence of a drumlin in the area is highly controversial and is not supported by most of the scientific
community. The radiocarbon date obtained from a pollen concentrate at the top of the Sanabria Lake basal
unit, characterized by inorganic massive sand, suggests that the influence of ablation waters discharge from
the glacier disappeared from the eastern sub-basin of the lake around 14.1-14.5 '“C ka cal BP (Rodriguez-
Rodriguez et al., 2011; Jambrina-Enriquez et al., 2014). The basal age of the Lleguna sequence, deposited in
a glacial over-deepening depression located to the South of the Sanabria Lake, also provided a minimum age
of 13.8-14.1 '“C ka cal BP for the time of deglaciation (Mufioz-Sobrino et al., 2004). Thus, numerical ages
from the Sanabria Lake and Lleguna sequence suggests that the recession of the Tera glacier front accelerated
at ca. 14.5 1%C ka cal BP, at the beginning of the BO. A thin inorganic interval inter-bedded in the organic-rich
sequence of Sanabria Lake record has been interpreted as a possible short-lived glacier readvance between
12.1 and 13.1 "C ka cal BP, before the YD (Jambrina-Enriquez et al., 2014). Most moraines preserved at
higher elevations than the Sanabria moraine complex in the Tera valley (1600—1880 m) have not been dated
yet, nor those preserved in other massifs (e.g. at 1200-1800 m in Ancares, 1200—1500 m in Courel and
Manzaneda). In any case, glacier retreat was probably faster in mountain settings with top elevations under
1700 m altitude, as suggests the basal radiocarbon age obtained in Lucenza Lake (1374 m), in Serra do Courel
(20.6-21.4 '“C ka cal BP; Mufioz-Sobrino et al., 2001).
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Present day

Since 12.1 #C ka cal BP (Jambrina-Enriquez et al., 2014), there is neither geomorphic nor sedimentological
evidence of recent glacial activity in the NW ranges. Currently, there is only evidence of active nivation
processes related to long-lying snow patches in some mountain environments, with formation of protalus
ramparts, intense abbrasion of rock surfaces — even forming striations — and mobilization of a large amount of
material down-slope (Carrera-Gomez and Valcarcel, 2018). Based on lichenometric measurements, these
authors also suggest the occurrence of different stages with more intense nivation processes during the LIA in
some NW ranges.

4.4 Central Range

The Central Range, running SW-NE between parallels 40—41°N, divides in part the Iberian Peninsula
approximately in the center. This mountain range is composed of a series of sierras, which are in fact tectonic
blocks, formed mostly by crystalline Paleozoic and Precambrian rocks, arranged longitudinally along the axis
of the range and separated by large fractures and grabens. At present, there are no active glaciers in the Central
Range, but most of its sierras conserve glacial landforms on their summits, which become more significant
depending on how far west they are located, and therefore how close they are to the influence of the humid
Atlantic air masses. At the western end of the range, the Serra da Estrela (Pico Torre, 1993 m) has glacial
valleys more than 13 km long. At the central part, the Sierra de Gredos (Pico Almanzor, 2591 m) and Sierra
de Béjar (Pico Calvitero, 2399 m) include also glacial valleys more than 14 km long. The Sierra de Guadarrama
(Pico Penalara, 2428 m) and Sierra de Ayllon (Pico Lobo, 2274 m) at the eastern end of the range, have only
glacial cirques less than 2 km long.

Glaciations prior to the Last Glacial Cycle

In the Central Range, the existence of glacial landforms predating the Last Glacial Cycle was proposed for the
Laguna Cirque, Sierra de Guadarrama, under the eastern face of Pico Pefialara (Table 5), where there are small
maximum advance moraine ridges formed in the Riss glaciation, following the Alpine terminology (Penck,
1883). This relative chronology was accepted later by several other researchers (Fernandez Navarro, 1915;
Obermaier and Carandell 1917, and others) until the mid-20th century, when these moraines were assigned to
the Wiirm, although no dates were provided (Butzer and Franzle, 1959). In the early 21st century, CRE dating
methods were applied to these moraines (Palacios et al., 2012a), obtaining results that show that they formed
during the last glacial cycle, synchronous with or slightly earlier than the LGM. This chronology was
confirmed in subsequent studies also in the Sierra de Guadarrama that also used CRE dates, both in the
moraines of the Laguna Cirque (Dominguez-Villar et al., 2013) and in the Pelados-El Nevero massif (Carrasco
etal., 2016). By contrast, in the Sierra de Gredos and nearby mountains similar evidence of glacial landforms
that may have originated during previous glaciations has never been found (Schmieder, 1915; Huget del Villar,
1915, 1917; Obermaier and Carandell, 1916; Vidal Box, 1936; Martinez de Pison and Mufioz, 1972; Pedraza
and Fernandez, 1981), and this has been confirmed by more recent studies (Palacios et al., 2011, 2012b;
Pedraza et al., 2013; Carrasco et al., 2013, 2015; Dominguez-Villar et al., 2013). The same also occurs in the
Serra da Estrela, from the earliest studies of relative chronology (Lautensach, 1929; 1932; Daveau, 1971;
Daveau et al., 1997) to the most recent using TL absolute dating techniques (Vieira et al., 2001; Vieira, 2004,
2008); however, ongoing studies have revealed MIS 6 ages for the most external lateral moraines using CRE
techniques (Vieira, Palacios and Lorenzo, unpublished data).

Table 5
Last Glacial Cycle

Our current knowledge of the glacial evolution of the Central Range limits the chronology of the glacial
landforms to the last Quaternary glacial cycle, and specifically, to its last phases, with the MIE occurring
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slightly prior to the LGM and important advance and retreat stages during Termination I, but with no
geomorphic evidence of Neoglacial ice expansion.

As mentioned above, the distribution and typology of glacial landforms in the Central Range change
significantly from the W to the E. In the eastern Sierras de Aylléon and Guadarrama only small cirques are
preserved, mostly to leeward of winds bringing the westerly storms (Hernandez-Pacheco, 1930) and in most
cases there is only a single moraine ridge, or at most two. These small glaciers formed under summits at
altitudes higher than 2100 m and their fronts reach elevations of ca. 1800 m. The paleoELA for the Sierra de
Guadarrama was estimated at 1900-2000 m (Sanz-Herraiz, 1988). The largest of these cirques is the Laguna
cirque in the Pefialara massif, which is approximately 1.8 km long. In this cirque, small moraine ridges — which
were considered older than the last glacial cycle (Fernandez Navarro, 1915; Obermaier and Carandell 1917) —
are located in front of a large complex frontal moraine. CRE dating using 3°Cl revealed the ages of these small
moraines of the maximum advance ranging from 29-31 ka for a boulder on a northern side of the ridge to
1622 ka for various boulders on a southern slope (Palacios et al., 2012a). In parallel, the main moraine system
composed of several ridges superimposed on the front and aggregated into only one on the laterals yielded
ages ranging from 16 to 27 ka. Consequently, these data suggest that the local MIE in this massif preceded the
LGM by several thousand years, when the front was relatively stable, with subsequent minor advances and
retreats resulting in a large polygenic moraine. The magnitude of this moraine was such that large snow patches
developed on its fronts to leeward of the westerly winds, displacing boulders which then formed what seem to
be small maximum advance ridges. This process may explain why the same ages are found in the main moraine
as well as in the small ridges outside the glaciated environment (Palacios et al., 2012a). In the same Penalara
massif, CRE dating also confirmed a LGM age of 26 3*Cl ka for the main moraine of the Pepe Hernando cirque
(Palacios et al., 2012a).

The chronological framework for Pefialara massif coincides with CRE °Be dates in other small Guadarrama
cirques, such as in the Los Pelados-El Nevero massif, 16 km NE of the Pefialara massif (Dominguez-Villar et
al., 2013; Carrasco et al., 2016). Other glacial landforms existing in Guadarrama cirques are possibly
synchronous to those of Pefalara massif based on their similar morphology and degree of preservation, though
no chronological data are available to date (Fernandez Navarro, 1915; Obermaier and Carandell, 1917, Frianzle,
1959; Sanz-Herraiz, 1988; among others).

A block field located on the Pefialara summit has been CRE dated at 80 3°Cl ka, which confirms that in most
of the eastern sierras of the Central Range the summits were ice-free during the local MIE (Palacios et al.,
2012a). A small plateau glacier with some ice-free summits has only been described in the Pelados-el Nevero
massif, a very small area in these mountains. The age of these nunataks protruding the glacial ice ranged from
33.5t0 59.7 1°Be ka, which is slightly younger than those obtained on the summit of Pefialara, but they confirm
that these surfaces were ice-free during the MIE (Carrasco et al., 2016). On the north face of the Pico Mujer
Muerta, also in the Sierra de Guadarrama, some sedimentary formations have been classified as alluvial fans
formed during the paraglacial stage and dated at 30-35 OSL ka (Bullon, 2016).

Contrary to what occurs in the eastern sierras of the Central Range, the central Sierras de Gredos and Béjar
were covered by ice caps with a larger extension to the N and E, and with a few short tongues descending to
the S (Pedraza et al., 2013, Carrasco et al., 2013). These authors synthesized the geomorphological evolution
that is common to most glaciated valleys in these central sierras of the Central Range, where a large moraine
was formed. But in many cases, in sectors further from the sides or front of the main moraine, there are isolated
glacial boulders or small moraine ridges (Figure 7a). These deposits were dated by CRE methods using °Be
isotope, and as in Pefialara, the ages obtained resulted in a glacial stage that occurred several thousand years
before the LGM (26-31 ka) (Dominguez-Villar et al., 2013, Carrasco et al., 2013, 2015). This period of
maximum ice extent would have coincided with a wet, cold phase, as shown by the U-Th speleotheme dating
in a cave in the southern foothills of the Sierra de Gredos (Dominguez-Villar et al., 2013).
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Figure 7

There have been several atempts to constrain the age of the main moraine in some valleys in Gredos and Béjar,
which must have formed during several stages of advance and stabilization. The largest glaciers (ca. 14 km
long) formed in the highest northern valleys of the Sierra de Gredos and reached elevations down to 1400 m,
with the ELA estimated at 1830 m (Palacios et al., 2011). In the Gredos valley, under the north face of the Pico
Almanzor, some boulders of the main moraine system were dated in areas just where the valley widens and
the slope gradient decreases. This moraine, which was a single lateral polygenic ridge, divides in this sector to
form several very stable ridges. CRE dating using °Cl isotope reported ages of 20-26 ka for these boulders,
suggesting a LGM age (Palacios et al., 2011). In the nearby Pinar valley, the same dating method applied to
several boulders of the main moraine system showed very similar results, with ages ranging from 19 to 24 ka
(Palacios et al., 2012b).

The Sierra de Béjar was covered by an ice cap of 57 km?, with the glacier tongues (max. length 8 km)
descending to around 1200 m, and a mean ELA of 2010 m (Carrasco et al., 2013). Boulders from moraine
formations in the Duque, Trampal, Endrinal and Cuerpo de Hombre valleys dated by CRE using isotope '’Be
yielded ages from 19 to 27 ka (Carrasco et al., 2013, 2015), very similar to those of Gredos. The largest ice
cap of the Central Range was located in its western fringe, the Serra da Estrela, encompassing a surface of 66
km? and a thickness of 340 m in some valleys. At that time, the ELA was placed at 1640 m (Vieira, 2004,
2008). Only few data on glacial landforms are available; some fluvio-glacial deposits were dated through OSL
at 30-35 ka (Vieira et al., 2001) and a preliminary approach using CRE dating by the 3*Cl isotope on boulders
of the large moraine complexes yielded ages around 21-26 ka, very similar to the rest of the Central Range
(Palacios et al., 2012c).

In the Serra da Estrela, the largest moraines were dated at 31-26 3°Cl ka, with a sequence of internal moraine
ridges indicative of several minor advances and retreats until 18—16 3¢Cl ka (Vieira and Palacios, 2010; Vieira,
Palacios and Lorenzo, unpublished data).

In summary, the available data suggest that the maximum ice extent occurred slightly before the LGM, at 27—
35 ka, although it was a short glacial advance that left only minor landforms. The LGM advance was very
significant and lasted for thousands of years, with small advances and retreats, which led to the development
of a large polygenic moraine in each valley.

Termination-1

In the Penalara massif, moraines that may have formed during the OD are spatially close to those of the LGM,
with ages of 16—17 3¢Cl ka. Some of these areas were affected by intense paraglacial dynamics that triggered
the development of rock glaciers, though they stabilized shortly after their formation at around 15 3¢Cl ka
(Palacios et al., 2012a). Something similar occurred in the Gredos valley where polished surfaces located
behind the main moraines have been dated at around 16 ka 3°Cl. In the Pinar valley and in Pefialara, moraines
of 16-17 3¢Cl ka are located next to those of the LGM features. Similarly, in the Cuerpo de Hombre valley,
moraines dated at 15-17 “Be ka are very close to the LGM. This evidence highlights the occurrence of
important glacial advances in the Central Range during the OD, with slightly smaller glaciers than during the
LGM and even, in come cases, next to them (Palacios et al., 2017). In the Serra da Estrela, a polished threshold
near the summit shows that the ice cap disappeared at 15 3°Cl ka (Vieira and Palacios, 2010; Palacios et al.,
2012c). Only recently, some data are indicative of small glacial advances during the YD in the Cuerpo de
Hombre valley, with moraines dated at 11-13 °Be ka (Carrasco et al., 2015).

In conclusion, the deglaciation of the Central Range seems to have followed a similar pattern to that detected
in other European mountains, with a major advance during the OD that favoured the expansion of glaciers
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until almost the LGM moraines or until a few hundred meters from them (Palacios et al., 2017). The recent
dating of a moraine of the YD in the Sierra de Béjar may suggest that the YD also promoted glacial expansion
in the Central Range, though few dates are already available for this period in contrast to in other Iberian
mountains where YD moraines are widespread (Garcia-Ruiz et al., 2016).

Holocene

Three CRE datings reveal the definitive disappearance of glaciers in the Central Range during the Early
Holocene. A polished bedrock surface below the summit of Pefalara indicates an approximate age of 11 3°Cl
ka (Palacios et al., 2012a). At the head of the Pinar valley, the dating of a abraded surface also yielded an age
between 10 and 11 3°Cl ka (Palacios et al., 2012b). In the Cuerpo de Hombre valley, the moraine located under
the headwall yielded a minimum age of 11 '°Be ka (Carrasco et al., 2015).

Although there is still much to research, the available data seem to indicate that the glaciers of the Central
Range disappeared definitively in the transition between the Pleistocene and the Holocene, or in the onset of
the Holocene.

LIA

There is no geomorphic evidence of subsequent formation of glaciers, neither during the Neoglacial period nor
during the LIA. There is only one protalus rampart located in the Gredos cirque that was dated by lichenometry
and showed its development during the LIA (Garcia-Sancho et al., 2001), although there might be other similar
landforms in other Central Range cirques.

Present day
Current cold-climate geomorphological processes in the Central Range are only limited to the erosive activity
of long-term snow patches, particularly during colder periods, such as the late 1960s and early 1970s (Palacios
et al., 2003).

4.5 lberian Range

The Iberian Range limits the Central Iberian plateau by its N and NE sides. This range, extended in NW-SE
disposition along 500 km, is composed both by basement fragments and sectors of sedimentary cover with
variable thickness. From N to S and W to E the main ranges are: Sierra de la Demanda (San Lorenzo, 2271
m), Sierra de Neila (Campifia, 2049 m), Picos de Urbion (Urbidn, 2228 m), Sierra Cebollera (La Mesa, 2168
m) and Sierra del Moncayo (Moncayo Peak, 2314 m). The first approach to the Iberian Range glaciers
corresponded to Carandell and Gomez de Llarena (1918), mainly focused on the Sierra de Urbion, which was
also studied in detail by Thornes (1968). The Sierra de la Demanda was analyzed by Garcia-Ruiz (1979),
Antén-Burgos (1985), Arnaez-Vadillo (1987), Arnaez-Vadillo and Garcia-Ruiz (1990) and recently,
Fernandez-Fernandez et al. (2017), whereas the Sierra Cebollera was studied by Ortigosa (1985, 1986), Sanz
Pérez and Pellicer (1994) and Garcia-Ruiz et al. (2007), who published a geomorphologic map of the Sierra
Cebollera. A brief description of the geomorphology of the Sierra de Neila was performed by Ortega and
Centeno (1987). The Sierra del Moncayo has been the object of detailed studies by Martinez de Pison and
Arenillas (1976) and Pellicer (1984). Besides, Garcia-Ruiz et al. (1998) synthesized the available information
on glacial landforms and deposits in the Iberian Range.

Table 6

Glacier snouts reached 1650 m during the MIE in the Sierra de la Demanda, similarly to the Sierra del
Moncayo, where glaciers remained confined in three cirques of steep slopes. By contrast, glaciers in the Neila,
Urbion and Cebollera massifs were hosted in larger cirques favoured by the structural setting shaped by the
main divide formed by a cuesta scarp with low-dip strata (Ortigosa, 1986). The best examples of glacial valleys
in the Iberian Range are found in these ranges, with well-developed glacial troughs that can reach 6-km long
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in the Urbion valley, and over 3-km long in the NE cirque of La Mesa de Cebollera Peak. The Urbion valley
encompasses the glacial deposits at elevations of ca. 1270 m, and even lateral obturation deposits at the
confluence with tributary ravines (Garcia-Ruiz et al., 1998).

CRE dating techniques, through °Be, have only been applied in the Sierra de la Demanda, in the westernmost
cirque of the Mencilla Peak and in the SE cirque of the San Lorenzo peak (Fernandez-Fernandez et al., 2017).

Figure 8

Glaciations prior to the Last Glacial Cycle

Lotze (1962) attributed the glacial morphologies existing in the Sierra de la Demanda to the Riss glaciation
but did not provide any absolute date. Nonetheless, the hypothesis of glacial landforms being originated in a
previous glaciation in Sierra de la Demanda was rejected by Garcia-Ruiz (1979) in favor of the Wiirm
glaciation as the only glacial stage including different climatic oscillations. The author defended this origin
based on their fresh morphology, with scarcely developed landforms and absence of postglacial regressive
erosion, together with the similar grain size and composition of the moraines as well as the short distance
between them. The best example of this fact was found in the westernmost cirque of the Mencilla Peak (Garcia-
Ruiz, 1979), although the author did not dismiss the possibility that the outermost moraine in the SE San
Lorenzo cirque could have formed during a previous glaciation as suggested by the existence of
undifferentiated till distributed across the slope as well as the presence of a soil layer on the surface. Based on
the similar gran size of the frontal moraines, Thornes (1968) also attributed the glacial features existing in
Urbion to the Wiirm glaciation. In fact, the existence of older moraines in the SE cirque of the San Lorenzo
peak cannot be discarded due to the presence of erratic boulders outside the outermost moraine (Fernandez-
Fernandez et al., 2017).

Last Glacial Cycle

The outermost moraine of the Mencilla cirque, Sierra de la Demanda, could not be dated due to the fact that
intense weathering has resulted in the inexistence of suitable boulders for CRE dating. In the case of the SE
San Lorenzo cirque, the outermost moraine yielded a minimum age of 18.1 + 2.3 '°Be ka (Table 6). Although
the intermediate moraine could not be dated, considering the Late Pleistocene chronology of neighbouring
glaciated areas, the relative position of the moraines within the cirque and the partial overlapping of the age of
the outermost and the innermost (16.8 + 1.4 '°Be ka) moraines, it could be argued that the intermediate moraine
could have been formed during the LGM (Figure 8). Thus, the outermost moraine might have been deposited
during a previous glacial expansion (Fernandez-Fernandez et al., 2017). Glaciers hardly reached 1 km long
during their maximum extent, and their ELAs descended to 1480 m in the Mencilla peak cirques and to 1671
m in the SE cirque of the San Lorenzo peak.

The different massifs of the Iberian Range include abundant examples of moraine systems, sometimes up to
three frontal moraines suggesting different stages of advance and retreat. Some of these moraines can be of
great size, with large boulder accumulations resulting from the intense network of fractures affecting the cirque
headwalls. Apart from those existing in the Sierra de la Demanda, there are also several good moraine
complexes, such as in the Laguna Negra valley (Sierra de Urbién), in the NE valley of La Mesa de Cebollera
(Sierra de Cebollera) and in the Morca and San Miguel cirques in the Sierra del Moncayo (Martinez de Pison
and Arenillas Parra, 1976; Pellicer, 1984). A well-developed moraine arc has been recently identified close to
Orihuela del Tremedal, Albarracin Massif, in the SE limit of the Iberian Range, dominated by a quartzitic crest
at 1920 m. This deposit has not been yet dated, although it most likely represents the maximum extent of a
small, isolated glacier in a relatively low and southern massif (Gonzalez-Sampériz et al., 2006-2007).

Termination-1
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As in other Iberian mountain areas, the sequence of deglaciation at the end of the LGM is not properly
constrained (Table 6). The only reference comes from the Sierra de Neila, where the '“C dating of lacustrine
sediments of the Laguna Grande suggests that the end of the MIE of the San Salvador glacier and the onset of
glacial retreat started at 21 '“C ka cal BP, thus at the end of the LGM (Vegas, 2007a, 2007b). The maximum
glacial advance was also prior to the LGM in the nearby Laguna del Hornillo (Sierra de Urbidn), at 31.3 '4C
ka cal BP (Vegas, 2006).

In the Mencilla and San Lorenzo cirques a similar number of moraines has been found, which may be indicative
of a simultaneous deposition in both areas, or at least, similar response to the climatic fluctuations (Fernandez-
Fernandez et al., 2017). Here, although several attempts to date these moraines systems have been done, the
abovementioned issues made also difficult to constrain the chronology of events leading up to Termination-1.
The innermost moraine of the San Lorenzo cirque was the only ridge dated with accuracy, with a mean age of
16.8 + 1.4 °Be ka; it thus corresponds to a glacial readvance occurred during the OD (Table 6). Although the
inner moraines of the other Mencilla cirques could not be dated, they might have been deposited
simultaneously.

In the Mencilla and San Lorenzo cirques, 2-m-thick loose accumulations of boulders, with longitudinal ridges
and furrows and collapse depressions, have been identified as fossil debris-covered glaciers (Fernandez-
Fernandez et al., 2017) rather than rock glaciers as they had been previously classified (Garcia-Ruiz et al.,
1998). These accumulations appear at similar relative positions within the cirques, between the intermediate
and innermost moraines. This fact demonstrates that the debris-covered glacier in the SE San Lorenzo cirque
developed prior to the OD, probably during the deglaciation initiated at the end of the LGM. The context of
formation would correspond to a residual small-sized glacier nested at the bottom of the cirque, over which
large volumes of rocks fell from the ice-free headwalls (Fernandez-Fernandez et al., 2017). Consequently, the
debris mantle protected and isolated the underlying ice, reducing and delaying its melting. The ages of two
boulders sampled from the debris mantle at the SE San Lorenzo cirque (around 16.4 and 15.8 '°Be ka) indicated
that melting started earlier than in the westernmost cirque of the Mencilla cirque due to the higher solar
radiation received in a SE aspect (Fernandez-Fernandez et al., 2017). Lake sediments from the Laguna Grande
(Sierra de Neila) evidenced a massive retreat of the San Salvador glacier during the Bolling sub-interestadial
at 14.0-13.8 C ka cal BP and the reactivation of the glacial and periglacial processes in the higher areas of
the catchment at 13.4—-13.1 *C ka cal BP (Vegas, 2007a, 2007b). Glaciers in Sierra de Neila disappeared
between 13.1 and 12.5 '“C ka cal BP, when no evidence of glacial activity was detected in the lacustrine
sediments from Laguna Grande (Vegas, 2007a, 2007b).

Although glacial activity during the YD has not been found yet in these areas, Garcia-Ruiz et al. (2016)
suggested a Late-glacial origin for the uppermost moraine of the easternmost cirque of the Mencilla Peak,
based on its fresh appearance, i.e. acute crest, and the absence of soil development and vegetation.

Holocene

Four '°Be ages from the debris mantle distributed in the cirque floor of San Lorenzo, ranging from 16.4 + 1.7
ka to 8.9 £ 0.8 ka (Supplementary material), indicate that the ice of the debris-covered glacier gradually melted
out until it completely disappeared at 8.9 ka (Fernandez-Fernandez et al., 2017). The ages obtained at the
westernmost Mencilla cirque are less scattered, clustering at 8.2-5.9 '"'Be ka. This indicates a longer
persistence of the debris-covered ice until well the Mid-Holocene, favoured by the NNE aspect of the cirque,
and a sudden and faster melting during the Holocene Thermal Optimum, when the climate was warm enough
to counterbalance the protecting and isolating effect of the debris mantle (Fernandez-Fernandez et al., 2017).
The intermediate moraine enclosing the debris mantle of the westernmost cirque of Mencilla reported ages of
6.6-6.2 'Be ka, which shows evidence of a late stabilization of the moraine together with the debris-mantle
rather than the age of sedimentation (Fernandez-Fernandez et al., 2017). It is likely that in other massifs of the



1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392
1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416

Iberian Range, a similar calendar for the final disappearance of the remnants of Late Pleistocene glaciers
existed in sheltered northern slopes, at the foot of steep headwalls in the highest cirques.

4.6 Betic Range

Within the Betic Range, the Sierra Nevada is the only massif that encompassed glaciers during the Last Glacial
Cycle as well as during most of the deglaciation process until the second half of the 20th century, when the
LIA remnants of the large Quaternary glaciers finally melted away. Depending on the combination of cold and
moisture conditions, glaciers in the Sierra Nevada concentrated more or less ice. By contrast, other Betic
massifs, namely Sierra de Gador (Sermet, 1942), may have encompassed small glaciers during periods of
maximum ice accumulation during the Last Glacial Cycle, but they must have melted away soon after
temperatures start rising at 19-20 ka (Clark et al., 2009).

Sierra Nevada includes the highest summits in the Iberian Peninsula, with several peaks above 3000 m in its
westernmost fringe (Mulhacén, 3478 m; Veleta, 3398 m; Alcazaba, 3371 m), which is mainly composed of
micaschists. The configuration of the landscape of the high lands in the Sierra Nevada conditioned the
geography of the glaciated environment, with glaciers confined within the valleys and few convergence of
tongues or transfluence between cirques, but never reaching the lowlands (Gomez-Ortiz, 2002). Besides, the
location of the massif between two oceans (the “cool” Atlantic vs the “warm” Mediterranean) conditioned the
geography of paleoglaciers and the distribution of moraine complexes.

Table 7

Glaciations prior to the Last Glacial Cycle

In the 1960s and 1970s, some authors proposed the existence of large glaciations in the Sierra Nevada that
occurred prior to the last Pleistocene glacial cycle, with glaciers flowing down-valleys until elevations of ca.
1100 to 1600 m (Hempel, 1960; Messerli, 1965; Lhenaff, 1977; Sanchez-Gomez, 1990). These observations
were made based on geomorphic evidence, namely eroded moraines and glacio-fluvial sediments located
several hundreds of meters downslope the glaciated environments of the Last Glacial Cycle (Gomez-Ortiz and
Pérez-Gonzalez, 2001). Recently, new datings have confirmed these observations, yielding CRE ages of ca.
130-135 °Be ka for the outermost moraines at 2160-2260 m at the Naute valley (Palacios et al, 2019) (Figure
9a). In addition, new observational data suggest other potential sites for reconstructing the extent and
chronology of glaciers during the “Riss” glaciation, such as the erratic boulders distributed in the southern
gentle slope of the gentle Mulhacén plateau or other low-altitude glacigenic features (i.e. till, dismantled
moraines) in lower parts of some valleys. However, the time passed since that glacial stage, the semi-arid
climate regime with occasional torrential rainfall events together with the intensity of postglacial
environmental dynamics, namely slope processes, make it difficult to infer old glaciations (Gomez-Ortiz et al.,
2013a; Oliva et al, 2014b; Palacios et al., 2016).

Figure 9

Last Glacial Cycle

A recent spatial reconstruction of the MIE of the Last Glacial Cycle based on the limits of the well-defined
outermost moraines generated during this stage has revealed a glaciated environment extending across 105
km? in the western side of the massif (Palma et al., 2017). The chronology of the MIE of the Last Glacial
Cycle shows an asynchronous pattern with respect to other Iberian mountains, with the MIE occurring at ca.
30 3°Cl ka (Gomez-Ortiz et al., 2012a; Palacios et al., 2016). A second maximum glacial expansion occurred
at 1920 ka, with the construction of moraines close to the location of the MIE outermost moraines (Palacios
et al, 2019). This stage has been dated at ca. 19.6 3¢Cl ka (at 1975 m, on the north slope) and ca. 19 3°Cl ka (at
2445 m, on the south slope) (Gomez-Ortiz et al., 2012a). No data on glacial dynamics are yet available from
30 to 20 ka.
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In northern valleys, the paleoELA was placed ca. 100—150 m below than in southern valleys due to greater
continentality, and the influence of warmer temperatures of the Mediterranean Sea conditioned an elevation
difference of ca. 200-300 m of MIE moraines between the W and E in both sides of the massif (Oliva, 2009;
Oliva et al., 2014a). Glaciers flowed down-valleys to elevations slightly below 2000 m on the north-facing
slope of the massif and ca. 2500 m on the south (Gomez-Ortiz et al., 2002). The western valleys exposed to
the maritime Atlantic flows were those encompassing the largest glacial systems, reaching in some cases 89
km, such as the Dilar, Monachil and the Guarnén-Valdeinfierno-Valdecasillas complex. In the case of the
southern slope of the massif, glaciers descended between 3 and 6 km (Poqueira system, Trevélez), with a
maximum of 8 km in the narrow but SW-exposed Lanjaron valley. The lower precipitation, higher
temperatures and lower altitudes of the eastern side of the massif conditioned the absence of well-developed
glaciers, with just a few glacio-nival spots in both sides of the massif.

In the highest lands of the Sierra Nevada, above the ELA, the relatively flat topography of some areas together
with wind action did not favour snow accumulation and subsequent transformation into ice. In these areas,
periglacial activity was very intense with the formation of metric sorted-circles associated to permafrost
conditions (Oliva et al., 2016a; Palma et al., 2017). Besides, the dating of the bedrock of the Veleta peak
resulted in ca. 30 30Cl ka (Gomez-Ortiz et al., 2012a, 2015), suggesting that the highest peaks were ice-free
during the coldest stages of the Last Glacial Cycle, and therefore functioned as nunataks (Oliva et al., 2014a,
b). The periglacial belt also extended below the present-day cryonival environment established at ca. 2650 m,
reaching elevations of 1000—1100 m according to the existence of stratified debris in the lowlands surrounding
the Sierra Nevada (Gomez-Ortiz and Salvador-Franch, 1992).

Termination-1

The temperature increase recorded globally since 19-20 ka (Clark et al., 2009) caused a rapid glacial retreat
in the Sierra Nevada, with glaciers shrinking upslope to the head of the valleys. Glaciers probably (almost?)
disappeared from the massif a few millennia later, though a new cooling recorded during the OD favoured
their expansion at ca. 17 3°Cl ka (Palacios et al., 2016b). The role of topography was crucial for the
development of glaciers during the coldest stages of the deglaciation: the W-E alignment of the massif
conditioned the accumulation of more snow in the western slopes of the valleys due to wind redistribution,
thus favouring the persistence of glaciers in these areas.

During the OD, the volume of glaciers was slightly lower than during the MIE and the ice filled the valley
bottoms but did not reach the heads of the valleys, as occurred in San Juan valley (Palacios et al., 2016a)
(Figure 9c). In other cases, such as in the Hoya de la Mora, OD glaciers deposited debris on the internal side
of the LGM moraine, thus forming polygenic moraine systems. However, the temperature increase registered
at the end of the OD and onset of the BO, at ca. 14.5-153¢Cl ka, favoured a massive deglaciation (Palacios et
al., 2016a).

Following the warm BA stage — when glaciers must have been very small or even absent in the Sierra Nevada
—, the cooling recorded during the YD also promoted the development of small glaciers in cirques shaped on
east-facing slopes. In some cases, these glaciers flowed down-valleys along 2—-3 km, e.g. San Juan valley,
forming longitudinal moraine ridges parallel to the main valley axis (Palacios et al., 2016a). At the end of the
YD, glaciers disappeared from the lowest cirques as well as from most of the highest southern cirques of the
massif, e.g. Rio Seco (Oliva et al., 2011, 2014a), and only persisted in the highest sheltered environments at
the foot of vertical headwalls.

Holocene
In contrast to what happens in other Iberian mountain ranges, in the Sierra Nevada there is geomorphic
evidence of glacial activity during the Holocene. The shrinking YD glaciers distributed in the highest cirques,
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particularly in east-facing slopes, melted away during the Early Holocene at ca. 9-10 3°Cl ka as temperatures
keep rising (Palacios et al., 2016a). At the foot of cirque headwalls, paraglacial activity during this stage
favoured slope activity, with rock falls and landslides covering of debris the remnants of glacial ice (Oliva et
al., 2014a). These frozen ice bodies trapped under the debris cover triggered the formation of several
generations of rock glaciers within the glacial cirques that finally stabilized at ca. 6-7 3°Cl ka (Palade et al.,
2011; Goémez-Ortiz et al., 2012a, 2013b; Palacios et al., 2016a).

There is also sedimentological evidence of the presence of glaciers in the Sierra Nevada during the Late
Holocene, namely inferred through the La Mosca Lake record in the northern Mulhacén cirque. Three stages
with sand deposition and very low organic carbon content suggest the existence of a small glacial spot at the
foot of the northern wall of the Mulhacén peak at ca. 2.8-2.7, 1.4—1.2 '#C ka cal BP and 510-240 “C cal yr
BP (Oliva and Gomez-Ortiz, 2012). In addition, the sequence of several moraine ridges distributed across this
cirque floor above the La Mosca Lake suggests the existence of several other glacial stages during the Holocene
(Oliva et al., 2015).

Little Ice Age

The last of these glacial stages corresponds to the LIA, when the Sierra Nevada’s glaciers were the
southernmost in Europe (Gomez-Ortiz et al., 2001). Historical documents and cirque moraines show evidence
of the presence of glaciers in the highest northern cirques stretching from the Mulhacén to the Veleta peaks
during the LIA (Gomez-Ortiz et al., 2009, 2014, 2018; Oliva and Gomez-Ortiz, 2012). Recently, the first
attempt to date LIA moraines by CRE in the Iberian Peninsula provided new absolute ages for the moraines
existing in the Veleta cirque. CRE '°Be ages suggest that the outermost moraine ridge formed during the early
14th century, whereas the innermost ridge developed during the 17th century (Palacios et al., 2019). These
ages correspond, respectively, to the onset and the coldest climate conditions of the LIA reconstructed for
Iberian mountains (Oliva et al., 2018).

The glacier held in the Mulhacén cirque appeared around 1440 CE and disappeared by 1710 CE, when
temperatures increased from the Maunder Minimum (Oliva and Gémez-Ortiz, 2012; Oliva, 2018). By contrast,
the glacier installed in the Veleta cirque persisted until the mid-20th century (Schulte, 2002; Gomez-Ortiz et
al., 2018). This age difference spanning more than two centuries is explained by the higher elevation of the
valley floor in the Veleta cirque with respect to the Mulhacén cirque (3100 vs 2950 m) as well as its prevailing
aspect determining lower solar radiation (N vs NNW) (Oliva and Gémez-Ortiz, 2012).

Present-day

A temperature increase of 0.93 °C from mid-19th century until the early 21st century led to the disappearance
of LIA glaciers in the Sierra Nevada as well as gradual shrinking of the snow fields in the highest lands (Oliva
and Gomez-Ortiz, 2012). Post-LIA glacial processes are reshaping the sequence of small moraines in the
Mulhacén cirque and the frontal moraine closing the head valleys of the Guarnén Valley at the foot of the
Veleta northern wall through alluvial, slope and periglacial processes. The last traces of LIA glaciers are still
trapped under the debris cover in the Mulhacén and Veleta cirques (Oliva et al., 2014a, 2016b). These frozen
bodies have favoured the development of isolated permafrost patches that led to the formation of permafrost-
derived landforms showing visible signs of degradation by means of collapses and subsidence of the debris
cover. This is the case of the rock glacier existing in the Veleta cirque (Gémez-Ortiz et al., 2001, 2014) as well
as the protalus lobe placed at the foot of the Mulhacén northern wall (Serrano et al., 2018).

5- Discussion
The Quaternary period has been characterized by a long-term gradual decline of temperatures as well as an

amplification of the magnitude of cold and warm cycles (Lisiecki and Raymo, 2005). This resulted in changing
patterns of environmental dynamics prevailing across the Earth’s surface. In mid-latitude mountain
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environments, such as Iberian ranges, the low temperatures during Quaternary cold stages favoured glacial
expansion whereas warm periods promoted periglacial dynamics reshaping the formerly glaciated
environments (Oliva et al., 2016a).

In the Iberian Peninsula, Quaternary glacial processes shaped the highest ranges (reaching up to 3478 m), with
geomorphic evidence of past glaciations also present in relatively mountain ranges (<1000 m) in the far NW
(Figure 6¢). Unlike periglacial dynamics during the Last Glacial Cycle, which was was not only intense
throughout the mountains but also in some Iberian basins (Oliva et al., 2016a), glaciers did not reach the
lowlands and remained always confined within the mountain systems. Nevertheless, wide altitudinal range of
glacial features in the mountains suggests the occurrence of different glacial stages associated with different
climatic conditions. Remarkably, there is also a large elevation range between the lowest glacial deposits of
the MIE across Iberia, with the lowest records in the NW corner located at 600—700 m (Pérez-Alberti et al.,
1993) and MIE moraines in the Sierra Nevada distributed at 1900-2000 m (Gomez-Ortiz et al., 2012a; Palacios
etal., 2016). The spatial distribution of glaciated environments during the Quaternary is explained by the both
latitude effects and well as regional patterns of regional precipitation, which closely match the patterns
observed today, with the wettest and coldest area associated with NW Spain. The similarity between former
glaciers ELAs and modern precipitation isohyets indicates that the drivers of moisture supply were the same
in the Pleistocene as they are today, namely Atlantic westerlies. Patterns of glaciation were affected through
time by shifting positions of the North Atlantic Polar Front which was situated to the west of Iberia during the
Last Glacial Cycle and through Termination I (Ruddimann and McIntyre 1981a, b).

Whereas climate is the main factor driving the type and intensity of cold-climate geomorphological processes
(glacial vs periglacial) in mid-latitude mountains, other factors such as preglacial relief, topography and
lithological conditions determine the degree of preservation of certain landforms as well as the morphometry
of some glacial features. Lithology exerts a clear control on the morphometry of glacial cirques, which are
shaped in all type of bedrocks existing in the Iberian mountains (Ruiz-Fernandez et al., 2009; Garcia-Ruiz et
al. 2000; Delmas et al., 2014; Gomez-Villar et al., 2015) but tend to be larger in granitic substrates (Lopes et
al., 2018), or on the preservation of certain glacial erosional morphologies, such as glacial striations on
limestones, which are scarce due to intense chemical weathering. Topographic constraints — namely elevation,
aspect and slope angle — are crucial elements controlling the extent of glaciations, but also condition the
morphometry (and postglacial preservation) of glacier-derived features. In the Northern Hemisphere, glacial
cirques are significantly larger in northern slopes where ice accumulation is greater (Evans, 2006), though
northern winds during Quaternary glacial stages may have also promoted the transport of snow from the
summit plateaus to S and SE cirques and favoured the enlargement of these landforms (Delmas et al., 2014).
Another factor that needs to be considered in order to interpret the geography of past glaciations is the long
time passed since the oldest glaciations. Intense postglacial erosive processes may have significantly degraded
moraines or removed the sedimentary evidence entirely (Palacios et al., 2019). This may explain the absence
of glacial features corresponding to certain stages in some massifs. Therefore, the data discussed in this paper
cannot account for past glacial periods that are not preserved in the geological record or have not been yet
detected.

Consequently, determining the succession of glacial stages and their traces on present-day mountain landscape
requires combining accurate geomorphological observations with a thorough understanding of the different
past and present climate and geographical influences. In order to reconstruct spatio-temporal patterns of past
glaciations, we need to take into account different geographical scales (from macro- to micro-) along with the
diversity of factors influencing environmental dynamics in these mountains (climate, lithology, topography)
operating at both long- and short-term scales. Based on geomorphic evidence and chronological data, we can
distinguish several glacial phases in the Iberian Peninsula during the Late Quaternary (Figure 10):

Figure 10
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5.1 Glaciations prior to the Last Glacial Cycle

The Alpine terminology that was widely accepted by the scientific community until the last decades of the
20th century described four main glacial stages during the Quaternary (Penck and Briickner, 1909). According
to this old literature, the glaciation occurred before the last interglacial (Eemian) was named Riss.
Subsequently, marine sediment cores provided evidence of the several other glacial periods during the
Quaternary and the use of the isotopic nomenclature became widespread (Emiliani, 1955, 1966; Shackleton,
1967). Today, this penultimate glaciation of the Pleistocene epoch corresponds to MIS 6.

In the Iberian Peninsula, the first researcher proposing the existence of glaciations predating the Last Glacial
Cycle was Penck (1883), who suggested three glacial stages in the Pyrenees (Wiirm, Riss and Mindel) based
on the existing glacial deposits. The widespread use of this Alpine chronology pushed scientists to find
geomorphic evidence of these older glaciations in different Iberian massifs, and thus several researchers
suggested the possible existence of older glaciations. Geomorphic evidence came from very eroded moraines,
fluvio-glacial terraces and erratic boulders distributed at very high elevations from the valley floor. This was
proposed for the Pyrenees (Panzer, 1926), Cantabrian Mountains (Hernandez-Pacheco, 1944), NW ranges
(Taboada, 1913), and Sierra Nevada (Messerli, 1965).

However, very few absolute dates are available for MIS 6 that confirm the occurrence of glaciations that took
place before the last Pleistocene glacial cycle. Based on CRE dating using 2'Ne, Vidal-Romani et al., (2015)
reported controversial ages for the maximum glacial advance in two NW massifs at 155 + 30 ka (Serra da
Queixa) and two glacial episodes at 231 = 48 and 135 + 31 ka (Serra do Gerés-Xurés). In the Sierra Nevada,
recent data based on !°Be revealed that the largest glacial advance — slightly greater than that of the LGM —
occurred at ca. 130—135 ka (Palacios et al., 2019). In the Central Pyrenees, a stage of glacial expansion occurred
at ca. 170 ka (Garcia-Ruiz et al., 2013). Therefore, it is likely to consider that most Iberian ranges recorded a
period of glacial expansion between ca. 130 and 170 ka (Figure 11), which may be associated with the Riss
glaciation described by scientists several decades before.

Figure 11

Very low temperatures led to the most extensive glaciation in the Alps that took place before the last
interglacial during MIS 6 (186—127 ka), with a minimum estimated age for the MIE of 155 ka (Ivy-Ochs et
al., 2006). CRE dating reported a range between 126 and 184 '°Be ka for the deposition of large erratic boulders
of Alpine origin in the Swiss Jura Mountains (Graf et al., 2007), with widespread evidence also of the existence
of large glaciers based on OSL dating at ca. 150 ka (Bickel et al., 2015), slightly younger (between 135 and
149 ka; Preusser and Schliichter, 2004) or older (between 153 and 160 ka; Dehnert et al., 2010), depending on
the area. A large number of records indicate also the occurrence of a massive glacial advance during this time
in northern Europe (Bose et al., 2012), such as in the British Isles (Gibbard et al., 2018) and continental Europe
with the Saalian Stage glaciation being the most extensive ever recorded in some places such as the Netherlands
(Laban and van der Meer, 2011). However, in most places an even larger glaciation pre-dates MIS 6 which is
usually correlated with MIS 12 (or 16). The largest glaciation recorded in northern Europe is associated with
Anglian/Elsterian Stage in the British Isles and continental Europe, respectively, whilst the largest glaciation
recorded in Russia/Ukraine occurred in the Donian Stage (MIS 16) (Ehlers et al., 2011). MIS 12 has also been
identified as the most extensive recorded glaciation in the Greek Pindus (Hughes et al., 2006b), Montenegro
(Hughes et al., 2010, 2011), Croatia (Marjanac, 2012). However, in Iberia, the only dating evidence related to
this earlier phase of glaciation comes from the Cantabrian Mountains (Villa et al., 2013) and it is likely that
either MIS 6 glaciations were larger in much of Iberia or that MIS 12 deposits have been largely eroded or
degraded. Even older Early Pleistocene glaciations have been argued for some glacial valleys in the Picos de
Europa based on subterranean speleothem U-series ages (Gale and Hoare, 1997). It is likely that glaciers
formed in Iberia in all Pleistocene cold stages, only that the glacialgeomorphological record is inherently
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fragmentary. For example, in the Italian Appennines evidence for glaciations have been identified in a
proglacial lake basin dating to MIS 14, 12, 10, 8 and 6, in addition to moraines dating to the Last Glacial Cycle
(Giraudi and Giaccio, 2017).

5.2 Chronology of the maximum ice extent of the Last Glacial Cycle

The Last Glacial Cycle corresponds to the period MIS 5d-2 following the Eemian interglacial (MIS 5Se) that
ended at 115 ka (Dahl-Jensen et al., 2013). It was a period with highly variable temperatures alternating
extreme cold stages (stadials; MIS-2, 4) with warmer stages with temperatures almost as high as present-day
(interstadial, MIS-3). As a result of the combined effect of decreased northern summer insolation, lower
tropical Pacific sea surface temperatures as well as low atmospheric CO,, ice accumulated in large ice sheets
of the Northern Hemisphere between 33.0 and 26.5 ka, reaching their maximum position between 26.5 and 19
ka (Clark et al., 2009; Hughes et al., 2016a). This time period constitutes the so-called LGM, though some
authors suggest a slightly older age of 27.5-23.3 ka (Hughes and Gibbard, 2015) based on the global dust
record in polar ice cores. This is the coldest stage of MIS-2 and corresponds to the global LGM, when the
greatest ice volume was stored in land masses, and thus sea level was lower.

In the case of Iberian mountains, radiocarbon dating was the most widespread technique to determine the age
of glacial activity during the Last Glacial Cycle until the implementation of other techniques, such as OSL and
CRE dating. In the late 1990 and early 2000s several authors proposed a MIE of the Last Glacial Cycle
occurring during MIS-4. These studies were based on OSL dating on fluvio-glacial sediments located near the
outermost moraine complexes and suggested that the largest glacial advance had occurred between 50 and 70
ka. This is the case of several valleys in the Central Pyrenees (Garcia-Ruiz et al., 2013) and is time consistent
with the coldest global temperatures of MIS-4 recorded at 65-70 ka (Kindler et al., 2014). Some authors also
suggested that older dates than those reported by “C dating could reveal periods of glacial expansion at that
stage, but the chronological limitations of radiocarbon dating impeded confirming this fact. Consequently,
radiocarbon dating constrained the age of the MIE in most ranges at ca. 40—50 '“C cal ka BP or older than this
age, but without providing approximate dates. It must be taken into account that '“C requires the dating of
organic fragments, but biological particles near glaciated environments must have been scarce during the
deposition of the glacial features where these particles were trapped, namely moraines and till, due to the very
cold climate regime; in addition, the long time passed since their deposition and often the poor degree of
preservation of these deposits makes it difficult to find appropriate samples to be dated. Despite these
limitations, in some mountain environments, such as in most NW massifs, this has been an extensively used
dating approach; here, the available data indicate that very intense periglacial conditions probably associated
to the MIE occurred within the range 33—48 '4C cal ka BP, or even older (Table 4). Similarly, in the Cantabrian
Mountains '“C dates also suggest a MIE of the Last Glacial Cycle occurring between 35 and 45 '“C cal ka BP
(Figure 12).

Figure 12

The accuracy on the reconstruction of glacial oscillations has improved substantially the last decade with the
use of CRE dating. This technique allowed inferring the age directly from glacial records (moraines, erratic
boulders and polished bedrock) and expanding the number of sites from which chronological data are available.
Consequently, we can infer the sequence of environmental events occurred in the Iberian massifs since the
Last Glacial Cycle, which has major implications for paleoclimate reconstructions. In addition, the use of CRE
allows the validation of '*C and OSL dates but has also introduced new uncertainties on the chronology of past
glaciations. In most areas where CRE dating has been applied, age results suggest a MIE occurring during
MIS-2 but show also contrasting temporal and spatial patterns. In some areas, such as in some valleys of the
Eastern Pyrenees (Delmas et al., 2008; Palacios et al., 2015a; Andrés et al, 2018) and Central Range (Palacios
et al., 2012a; Dominguez-Villar et al., 2013; Carrasco et al., 2016), CRE yielded ages for the MIE almost
synchronous to the LGM (Figure 10). In other massifs, glaciers reached their maximum extent several
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millennia before the LGM, at 30-35 ka, such as in the Sierra Nevada at ca. 30 3°Cl ka (Goémez-Ortiz et al.,
2012a; Palacios et al., 2016a) and in the Trevinca massif, NW ranges, at 33 1°Be ka (Rodriguez-Rodriguez et
al., 2011).

In other mid-latitude mountain environments of the European continent, the LGM promoted the most extensive
glaciers of the Last Glacial Cycle, such as in the Alps (Ivy-Ochs et al., 2008; Scapozza et al, 2015; Federici et
al., 2016; Wirsig et al., 2016), Apennine (Giraudi, 2011, 2015), Tatra Mountains (Makos et al., 2014),
Krkonose Mountains (Engel et al., 2014) or Balkan mountain ranges (Hughes et al., 2010; 2011; Kuhlemann
et al., 2013). The LGM coincided with a minima in solar radiation in the northern hemisphere at 24 ka (Alley
et al., 2002). After this, during a period of increasing northern hemisphere insolation a massive and rapid
deglaciation was underway at 19-20 ka both in the large northern ice sheets (Hughes et al., 2016a) and in mid-
latitude mountain environments due to changing orbital forcing patterns (Alley et al., 2002; Clark et al., 2009;
Shakun et al., 2015).

5.3 Glacial advances and retreats during Termination-1

Orbital forcing variations induced changes on the northern summer insolation that resulted in the onset of
Termination-1 at high latitudes and mountain regions at 19-20 ka, as well as an abrupt rise in sea level (Clark
et al., 2009; Shakun et al., 2015). Changing orbital patterns together with large-scale events in the North
Atlantic region induced a number of centennial to millennial-scale climatic fluctuations during the long-term
deglaciation that favoured glacial expansion (Clark et al., 2012). For example, the OD occurred close in time
to a major phase of iceberg rafting during Heinrich Event I (Palacios et al., 2016a) whilst the YD was associated
with major meltwater discharge into the North Atlantic from the Laurentide ice sheet (Renssen et al., 2018).

Greenland ice cores and Laurentine initial retreating point to a temperature increase at ca. 19 ka following the
LGM (Lambeck, et al, 2014), which induced a major deglaciation of the large ice sheets of the Northern
Hemisphere as well as of mountain glaciers that dramatically reduced their dimensions by 17—18 ka (Marks,
2015; Vasskog et al., 2015; Stroeven et al., 2016; Wirsig et al., 2016). The deglaciation was a rapid process in
most Iberian mountains and in only few millennia glaciers were probably confined within the high lands of the
highest massifs. This pattern also occurred in other European mountains, such as in the Alps, where by 18 ka
the Rhine Valley had lost 80% of its ice mass (Ivy-Ochs et al., 2004).

Subsequently, at ca. 17 ka there was a period of significant cooling across the Northern Hemisphere, the OD,
with severe winters and mild summers that resulted in glacial expansion (Denton et al., 2005; Williams et al.,
2012). In the Iberian mountains glaciers expanded again across the valley floors and deposited moraines at ca.
16.8-16.5 ka relatively close to the LGM advance, with a second readvance at 15.5 ka followed by a major
retreat (Figure 13): 1 ka later glaciers were again confined within the limits of the cirques (Palacios et al.,
2017a). This is the case of the Central (Palacios et al., 2015b; 2016b) and Eastern Pyrenees (Palacios et al.,
2015a), Central Range (Palacios et al., 2012c, 2017b) and Sierra Nevada (Palacios et al., 2016a). Evidence of
the OD is widespread in the Alps between 17 and 16 ka (Ivy-Ochs, 2015; Wirsig et al., 2016) as well as in
several other mountain ranges of the Mediterranean region, where glaciers expanded significantly between 17
and 16 ka and formed moraines at only a few km from LGM moraines, such as in the Tatra Mountains (Makos
et al., 2013, 2014), Carpathian Mountains (Reuther et al., 2007) and mountains of Anatolia (Sarikaya et al.,
2008; Zahno et al., 2010; Akgar et al., 2014).

Figure 13

However, the OD was followed by the BO, a period of abrupt warming of ca. 9 °C inferred from Greenland
ice cores (Clark et al., 2012; Buizert et al., 2014), slightly less in western Europe of 3—5 °C (Clark et al., 2012).
This warming was detected in the entire North Atlantic region and led to a major shrinking of Northern
Hemisphere ice sheets (Briner at al., 2014; Marks, 2015; Stroeven et al., 2016) as well as to the disappearance
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of glaciers from Alpine environments or their spatial confinement in the highest cirques from the highest
massifs. In the case of Iberia, during the BA glaciers probably melted away completely or only persisted as
very small features in the Central Pyrenees (Palacios et al., 2017a). Outside the Alps, where glaciers persisted
during the OD due to their much higher altitudes (Ivy-Ochs, 2015), ice volumes shrunk in most Mediterranean
massifs (Palacios et al., 2017a).

Greenland ice cores suggest that the YD was ca. 4.5° £+ 2°C warmer than the OD (Buizert et al., 2014), with
temperatures in western Europe significantly lower (5—10 °C) than those prevailing during the BA (Clark et
al., 2012). The cooling across Europe was more remarkable in northern (4—5 °C) than in southern latitudes
(2-3 °C) (Moreno et al, 2014; Heiri et al., 2015). This cold stage has been reported in many Iberian records
associated with cold and dry conditions that resulted in hydrological changes in lakes and rivers with the
development of fluvial terraces, reduction of speleothems growth, soil development in high cirques, forest
decline, etc. (Fletcher et al. 2010; Moreno, 2014; Garcia-Ruiz et al., 2014; Oliva et al., 2014a). Some terrestrial
records in the Iberian Peninsula suggest a temperature decrease of 2.5 °C with respect to the BA period (Iriarte-
Chiapusso et al, 2017), a trend that was even higher than 4-5 °C in sea surface temperatures in SE Iberia
(Cacho et al., 2002) and Portuguese coast (Rodrigues et al., 2010), with values similar or lower than during
the LGM. Despite the prevailing aridity in the Iberian Peninsula (Naughton et al., 2015), the intense cold
allowed the development of small glaciers in the Pyrenees (Garcia-Ruiz et al., 2014), Central Range (Carrasco
et al., 2015) and Sierra Nevada (Gomez-Ortiz et al., 2012a; Palacios et al., 2016a), and probably in the
Cantabrian Mountains (Figure 14). Ice tongues during this stage were short and exceeded only the limits of
the glacial cirques in a few km. YD glaciers are recorded elsewhere in European mountains, such as the Alps
where two moraine systems developed between 13.5 and 12 ka (Ivy-Ochs, 2015) or Tatra Mountains where
moraines date to 12.5 ka (Makos et al., 2013). In other mountains of the Mediterranean region moraines of
similar ages to those dated in the Iberian Peninsula have been reported; this is the case in the Italian Apennines
where radiocarbon ages from an ice-marginal lake basin suggests a YD age (Giraudi and Frezzotti, 1992;
Giraudi, 2015), the Moroccan High Atlas where moraines have yielded an average CRE age of 12.2 + 1.6 ka
(Hughes et al., 2011) and Anatolia where moraines date to between 11.5 + 0.8 and 13.0 + 0.8 '°Be ka in the
Kagkar Mountain range (Akgar et al., 2007) and around 11.5 + 1.0 and 13.3 = 1.1 '“Be ka in the Uludag
Mountain (Zahno et al., 2010). Whilst glaciers were present in many of the mountains of Iberia and the wider
Mediterranean during the YD, it is unclear whether the YD was a phase of significant glacier expansion or
simply a phase of glacier stabilisation in a period of overall glacier retreat during Termination I. Evidence from
further north along the NE Atlantic margin in the British Isles now suggests that the YD glaciers may have
been smaller than those during the preceding BA (Bromley et al., 2018) indicating a period of overall glacier
recession from the OD through the BA to the YD. As noted above, in Iberia the climate conditions were less
favourable for glaciers in the YD compared with earlier OD and glaciers are likely to have stabilised as a result
of the large depression in temperatures between the BA and YD despite the latter being a very dry. How widely
this climatic scenario can be applied is open to debate and further research is needed to understand the glacier
fluctuations across the Mediterranean mountains close to Termination I.

Figure 14

5.4 Holocene glacial stages in the Iberian highest ranges

Following the YD, temperatures increased substantially on the order of ca. 10 °C in Greenland and 4 °C in
western Europe (Clark et al., 2012), which led to a migration of cold-climate processes to higher elevations in
the entire North Atlantic region. The Holocene Thermal Optimum was a period of higher temperatures
associated with the local orbitally forced summer insolation maximum in the Northern Hemisphere lasting
from 11 to 5 ka (Renssen et al., 2018). Consequently, glaciers developed during the YD gradually shrunk and
many finally disappeared during the Early Holocene, such as the large Pleistocene ice sheets existing in North
America (Stokes et al., 2017) and Fennoscandia (Stroeven et al., 2016). In the case of Iberian glaciers, they
only persisted during the Early Holocene as features of reduced dimensions in the highest mountain ranges,
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namely in the Central Pyrenees (Palacios et al., 2017a; Tomkins et al., 2018), Central Range (Palacios et al.,
2012a, 201b; Carrasco et al., 2015) and Sierra Nevada (Palacios et al., 2016a). As temperatures kept rising,
their disappearance favoured paraglacial activity and the development of permafrost-related features, such as
rock glaciers, which became inactive soon after their formation (Oliva et al., 2016a; Palacios et al., 2016b;
Andrés et al., 2018). The temperature increase recorded during the Early Holocene in other Alpine regions of
the European continent also led to significant glacial retreat, such as in the Alps (Ivy-Ochs et al., 2009;
Scapozza et al, 2015; Federici et al., 2016).

Climate variability increased in the North Atlantic region during the Mid and Late Holocene, with temperature
oscillations on the order of + 2 °C (Mayewski et al., 2004). However, there is little evidence of glacial activity
during the Mid and Late Holocene in the Iberian mountains, with glacier occurrence only identified in the
Central Pyrenees and Sierra Nevada. It is likely that some of the moraines systems existing in other massifs of
the Central Pyrenees and Cantabrian Mountains formed during Holocene glacial advances, but no absolute
dates confirm that fact yet. Garcia-Ruiz et al. (2014) dated a glacial advance at 5.1 £ 0.1 3°Cl ka in the Marboré
Cirque as well as another Neoglacial expansion that was followed by a period of glacial shrinking between ca.
3.4 and 2.5 3°Cl ka and another glacial stage at 1.4—1.2 3°Cl ka. Oliva and Gomez Ortiz (2012) found evidence
of the development of glaciers in the Sierra Nevada during Bond events at 2-8-2.7 and 1.4-1.2 '“C cal ka BP.
In both cases, the last stage of glacier expansion during the Holocene recorded in both cirques occurred during
the Dark Ages and the LIA. These two last glacial advances have been also recorded in many mountain regions
and polar environments (Solomina et al., 2016). Yet, as highlighted by Matthews (2013), the chronology of
Neoglacial glacial advances in European mountains is still not properly understood and needs to be reassessed.
However, in some cases, there are no moraine systems between the YD and LIA moraines, which may suggest
that the terminal moraines correspond to polygenic systems that make impossible to differentiate previous
Holocene glacial stages from LIA moraines (Crest et al., 2017), such as in the Alps and Norway (Matthews,
2013) and other mountain regions across the Northern Hemisphere (Solomina et al., 2015).

5.5 The LIA, background of present-day glacial retreat

Climate variability during the Late Holocene includes several warm (e.g. Medieval Climate Anomaly, recent
warming) and cold stages (e.g. Dark Ages, LIA). Precisely, the LIA has been defined as one of the coldest
stages in the Northern Hemisphere of the last 10000 years (Bradley and Jones, 1992). In the Iberian Peninsula,
a recent multi-proxy reconstruction for that period indicates that the onset of colder conditions following the
medieval warm epoch started around 1300 and ended by 1850 (Oliva et al., 2018). The progressive decline of
temperatures during the early 14th century in the Iberian Peninsula favoured the gradual development of
glaciers at the foot of the highest peaks, namely in the Central Pyrenees, Picos de Europa and Sierra Nevada.
The combination of precipitation and temperatures conditioned their dimensions, enlarging during cold and
wet stages and shrinking (and possibly disappearing) during warm and dry phases within the LIA.

During the LIA, the Sierra Nevada and Picos de Europa only encompassed 2 and 6 glaciers, respectively,
whereas 111 glaciers existed in 15 different massifs in the Central Pyrenees. In all cases, glaciers were of
reduced dimensions (several ha) — Aneto glacier was the largest, with a glaciated surface of 236 ha (Gonzalez-
Trueba et al., 2005), and 610 ha for the entire Aneto-Maladeta massif (Rico et al., 2017) —, north exposed at
the foot of steep cirque walls protecting ice and snow melting and favouring its accumulation by wind effect.
Glaciers in the Sierra Nevada and Picos de Europa massifs remained confined within the cirques, whereas in
the Pyrenees there were some small alpine glaciers flowing down-valleys as well as some glaciers in southern
cirques of the highest massifs of this mountain range. The elevation difference between the ELA and the
highest summits as well as the steepness of the cirques conditioned the amount of ice stored in these mountains.
The ELA in the Picos de Europa was located at 2250-2340 m, in the Pyrenees was placed at 2620-2945 m,
and in the Sierra Nevada around 3000-3100 m (Oliva et al., 2018).

However, little is known about when these LIA glaciers started to form, except for Sierra Nevada. There is a
well-established age of formation of the ice mass in the Mulhacén cirque, which was reconstructed based on
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the sediments of La Mosca Lake that revealed its appearance by 1440 and disappearance by 1710, at the end
of the Maunder Minimum cold stage (1645-1715). In the nearby Veleta cirque, a glacier formed during the
early 14th century and readvanced during the 17th century (Palacios et al., 2019). During this time, solar
radiation minimum conditioned MAAT ca. 2 °C below present-day values (Oliva et al., 2018), with glaciers
reaching their maximum volume of the LIA in the Sierra Nevada and the Pyrenees. A significant expansion
was also recorded between 1805 and 1830 following the Dalton Minimum (1790-1820) (Garcia-Ruiz et al.,
2014). A similar timing was also recorded in the Alps, when glaciers expanded during these stages (Zemp et
al., 2015; Zumbuhl et al., 2018), as well as in several other mid-latitude mountain regions across the world
(Solomina et al., 2016). In other Mediterranean massifs glaciers generally reached their maximum advance of
the LIA — and, in some cases, of the Holocene — during the 17th century with a significant expansion also
during the mid-19th century (Hughes, 2014).

5.6 The Pyrenean, last Iberian current glaciers

MAAT have increased by approximately 1 °C since the end of the LIA by 1850, which has conditioned a shift
of cold geomorphological processes to higher elevations, with the complete deglaciation of the Picos de Europa
and Sierra Nevada as well as of most massifs in the Pyrenees (Oliva et al., 2018).

Warmer temperatures determine an ELA above (or very close to) the summits in the Picos de Europa and
Sierra Nevada, therefore impeding glacial development in these massifs. In LIA glaciated environments,
paraglacial processes have supplied abundant debris covering the remnants of those glaciers. In Picos de
Europa, two of the six LIA glaciers are (semi-)permanent snow fields and the other four constitute (exposed
or buried) ice patches (Gonzalez-Trueba, 2005, 2006, 2007; Gonzalez-Trueba et al., 2008; Serrano et al., 2011;
Ruiz-Fernandez et al., 2016, 2017). In the Sierra Nevada, the debris cover distributed inside the LIA moraine
complexes shows evidence of subsidence and collapse, which is related to the degradation of the permafrost
and buried ice masses located beneath them (Gomez-Ortiz et al., 2012b). In the same line, the kinematic
monitoring of a rock glacier existing in the Veleta cirque revealed higher vertical than horizontal displacement
rates, which is also indicative of the degradation of the frozen body existing in its interior (Gomez-Ortiz et al.,
2014, 2018).

In the case of the Pyrenees, the decrease of the glaciated surface from 1850 to present-day almost accounts for
ca. 90% of the LIA area, decreasing from 2060 ha to 321 ha in 2008 (René¢, 2013), and to 244.6 ha in 2016
(Rico etal., 2017). This decrease has not been continuous, with several periods of glacial advance, stabilization
and retreat, as also recorded in several other mid-latitude environments such as the Alps (Zemp et al., 2015).
However, the strong disequilibrium between glaciers and present-day climate conditions has favoured an
accelerated shrinking of the ice volume stored in the still glaciated massifs over the last two decades (Chueca
et al., 2007; Lopez-Moreno et al., 2016). The rate of shrinkage depends on the local topographical setting and
microclimatic conditions, with solar radiation playing the major role on present-day glacier mass balances
(Lopez-Moreno et al., 2006). Some LIA glaciers have originated semi-permanent snow fields or ice patches
whereas in other glaciated cirques during the LIA there is only a thick debris cover resulting from intense post-
LIA paraglacial dynamics (Serrano et al., 2018).

In the Pyrenees, as in other mountains of the Mediterranean region still encompassing small glaciers, only
avalanche-fed glaciers — which are the most resilient to climate change (Hughes, 2018) —, are those more likely
to survive over the next few decades in an area where temperatures will increase more than global average and
precipitation is also expected to decrease (IPCC, 2013).

6- Conclusions
The location of the Iberian Peninsula between the Atlantic Ocean and the Mediterranean Sea, between polar

and subtropical air masses and between the shifting major high and low pressure systems affecting the
peninsula has led to significant changes in climate regimes during the Quaternary period. This strong climate
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sensitivity depicted in the rough Iberian terrain has determined the environmental dynamics prevailing in the
highest mountain ranges, resulting in changing glacial to periglacial regimes following climate oscillations.

The impact of Quaternary glaciers on mid-latitude alpine landscapes has been profusely examined from
different perspectives over the last two centuries. In the Iberian Peninsula, a deep knowledge on the spatial
distribution of glacial features is generally known since the 1970s and 1980s, although the temporal framework
of glacial activity has been a matter of debate until nowadays, when only exist few and very small remnants
of the large glaciers extending across the main mountain systems during the Late Quaternary. The use of
different dating techniques over time has conditioned our understanding of glacial stages in the Iberian
mountains. Despite the need to improve the accuracy of these techniques, as well as to extend it to other
unexplored areas and different glacial records (moraines, polished bedrock and erratic boulders), results show
evidence of different contrasting spatio-temporal patterns for past glaciations resulting from the high
sensitivity of Iberian climate. Today, the Iberian mountains are one of the best examined mid-mountain
environments with regards to its glacial evolution.

Whereas '“C and OSL usually reported older ages for the MIE of the Last Glacial Cycle, CRE data suggest
that it took place almost synchronously to the LGM or slightly before it in most mountain regions. There is
evidence in some ranges of the occurrence of past glaciations prior to the Last Glacial Cycle between ca. 130
and 170 ka, as well as of several phases of advance and retreat within this last glacial Pleistocene cycle.
Following the massive deglaciation of most Iberian ranges around 19-20 ka, the coldest stages recorded until
the Holocene, namely the OD and YD, also promoted the expansion of glaciers. Finally, during the present
interglacial, glaciers have been almost inexistent in the Iberian mountains, only reappearing as small spots
during the coldest periods, such as the LIA. Post-LIA warming favoured the gradual disappearance of those
small glaciers, which only persist nowadays in the highest massifs of the Central Pyrenees undergoing an
accelerated melting process.

However, from a critical perspective, our current understanding of glacial processes in the Iberian Peninsula
during the Quaternary still presents several gaps that need to be addressed by the scientific community in the
near future:

- Glacial chronology for certain periods needs to be improved (e.g. Holocene). Did the 8.2 ka event
promoted glacial expansion in the Iberian Peninsula?

- There is increasing evidence of the occurrence glaciations predating the MIE of the Last Glacial Cycle,
though they have been only detected in the Pyrenees, NW ranges and Sierra Nevada. Is there
geomorphic evidence from these periods also in other ranges?

- Chronological data in some areas (e.g. NW ranges, Iberian Range) are scarce and disconnected both
in space and time.

- There is the need to validate results with other complementary dating techniques. In some areas (e.g.
Iberian Range) the chronology is (almost uniquely) based on one dating method (CRE) and this should
be contrasted with other dating techniques (OSL and '“C).

- The impact of past glaciations has been mostly studied in mountain environments but the connection
with other processes in the lowlands has not been addressed. What is the impact of glacial stages on
other records located down-valley of the glaciated environments (lacustrine, fluvial)?

- Environmental dynamics following the deglaciation have not been examined in detail. What processes
control the geography, intensity and timing of paraglacial response and postglacial periglacial
dynamics in the different Iberian mountain ranges formerly glaciated to a greater or lesser extent?

Chronological data of glacial oscillations are a consequence of climate fluctuations, and therefore should be
incorporated in other paleoclimate data sources to better understand climate variability during the Late
Quaternary in the North Atlantic region, and particularly in southern Europe and the Mediterranean basin, one
of the regions of the global climate system with the greatest climate sensitivity.
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Figure captions

Figure 1. Location of the study sites in the different Iberian mountain ranges examined in this research.
Figure 2. Number and type of absolute dating methods used in each mountain range.

Figure 3. Glacial deposits and landforms from distinct glacial stages in the Pyrenees: (A) Main moraines and the 60 m
fluvioglacial terrace corresponding to stages prior to LGM in the terminal basin of the Aragdn valley glacier (M1 was
dated at 171 OSL ka, and M2 at 68 OSL ka, whereas the fluvioglacial terrace was dated at 263 OSL ka); (B) LGM moraine
at the front of the Malniu-Guils cirque complex, between the Duran valley to the west and the Querol valley to the East,
Cerdanya, Eastern Spanish Pyrenees (the oldest boulders were dated at 23 '°Be ka). The flat surface at the background
culminates in the Puigpedrés Peak (2914 m a.s.l.); (C) The OD moraine, in a tributary of the Acherito valley, headwater
of the Aragén Subordan valley glacier; (D) The YD moraine near the cirque headwall of the Escarra valley, a tributary of
the Gallego valley glacier; (E) Mid-Holocene and LIA moraines in the Marbor¢ cirque, at the foot of the Monte Perdido
peak (3355 m); (F) LIA moraines above the YD complexes in the Maladeta massif.

Figure 4. (A) Geomorphological map with the location of the main fluvial terrace sand moraine systems in the terminal
basin of the Aragon River glacier; (B) Cross profile with the location of the main fluvial and glacial features.

Figure 5. Examples of glacial landforms deposited during the Last Glaciation in the Cantabrian Mountains: (A) Local
MIE central moraine developed between the Enol and Ercina lakes in Lagos de Covadonga, Western Massif of Picos de
Europa; (B) Lateral moraine complex and related kame terrace deposit marking the local MIE and LGM glacial stages in
the Monasterio valley, Redes Natural Park; (C) Erratic boulders deposited during the last deglaciation cold stages on the
Fronftria ice-moulded surface in the Porma valley; (D) Recessional moraine and foremost ridge of a rock glacier deposited
during the OD at the Valdevezon cirque in the Monasterio valley, Redes Natural Park; (E) Moraine possibly formed
during either the YD or the Holocene at the base of Pefia Agujas peak, Sierra de Sentiles; (F) Moraine formed during the
LIA inside the Jou Negro cirque.

Figure 6. Examples of landforms deposited during thein the NW Ranges: (A) Erratic boulders preserved outside the limits
of the moraines of the Last Glaciation in the Tera valley, Trevinca massif; (B) Recessional moraine complex of Sanabria
Lake, deposited during the last deglaciation in the Tera valley, Trevinca massif; (C) Moraine system developed in the
NW slope of Capelada massif and ascribed to periglacial conditions in the coastal areas of Galicia during the Last
Glaciation; (D) As Lamas Lake dammed by recessional moraines dated at ca. 15 ka in Requixo valley, Manzaneda massif;
(F) Protalus ramparts formed during the LIA near Pico Cuifa (1998 m), Ancares massif.

Figure 7. Examples of moraine complexes in the Central Range: (A) Principal moraine and peripheral ridges in the Laguna
cirque, eastern face of Pefialara peak (Sierra de Guadarrama), both from LGM age; (B) LGM, OD and YD moraines in
Cuerpo de Hombre, Sierra de Béjar; (C) Pinar valley in Sierra de Gredos, with peripheral ridges of unknown ages,
principal moraine from the LGM and several ridges from the OD; (D) Deglaciation moraine sequences in La Serra
paleoglacier, La Nava Massif, Sierra de Gredos; (E) LGM, OD; YD and Holocene glacial features in La Galana cirque,
Gredos.

Figure 8. Examples of moraines generated during the different glacial stages in the Iberian range: (A) Overhead view of
the complete moraine sequence in the SE San Lorenzo cirque; (B) Oblique field view of the intermediate moraine in such
cirque (LGM?) enclosing the fossil debris-covered glacier (DCG), and an older moraine corresponding to an earlier stage
(pre-LGM?); (C) Overhead view of the complete moraine sequence in the westernmost Mencilla cirque; (D) Field view
of the loose block accumulations interpreted as a fossil debris-covered glacier in such cirque, and the innermost moraine
(OD?). Aerial orthophotos were obtained from the CNIG/IGN (http://www.ign.es/web/ign/portal).

Figure 9. Examples of moraines generated during the different glacial stages in Sierra Nevada: (A) Moraines predating
the Last Glaciation in Naute valley (dated at 135-140 ka); (B Moraines of the LGM and subsequent glacial advances in
Hoya de la Mora cirque; (C) OD and YD moraines in San Juan valley; (D) Holocene moraine sequence at the foot of the
highest Iberian peak (Mulhacén, 3478 m); LIA moraine ridge including two glacial advances at ca. 1350 and 1700 AD as
revealed by surface exposure dating and historical sources.
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Figure 10. Summary of the chronological framework of glacial phases of the Last Glacial Cycle in Iberian mountains.
Figure 11. Distribution of geomorphic evidence of glacial activity during MIS 6 in Iberian mountain ranges.

Figure 12. For each of the mountain ranges, the figures include the dates of (a) the MIE of the Last Glaciation, (b) the
MIS 4, (c) the MIS 2, and (d) the onset of Termination-1.

Figure 13. Summary of the chronological framework of glacial stages during the Late Pleistocene-Holocene transition in
the Iberian mountains.

Figure 14. For each of the mountain ranges, the figures include the dates of glacial evidence during (a) the OD, (b) the
BO, (¢) the YD, (d) the Holocene, and (d) LIA.
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Age (ka)
@ 147-144
O 144-140
O 140-137
@ 137-133

Date (AD)
@ 1300- 1500
© 1500- 1650
O 1650 - 1750
© 1750 - 1900
@ 1900- 1910

Age (ka)
@ 116-102
© 102-91
O 981-72
© 72-43
@ 43-11




Table 1. Distribution of the different dating methods used to infer the deglaciation in each mountain range.

Phase Pyrenees Cantabrian NW Central Iberian Sierra Total
Mountains ranges Range Range Nevada
Previous 0101410 4101012 3/0/0/0 - - 3/0/0/0| 97071412
glaciations
Las(t:;;c'laec'a' 20/7120/0 29/32/16/019/5/3/042/0/0/0/1/2/0/0 19/5/3/0| 118/46/39/0
Termination-1 | 72/4/1/0  27/16/0/1 9/10/0/025/0/0/0 5/2/0/0 9/10/0/0| 161/23/1/1
Holocene 30/0/0/0  1/1/1013 . 5/0/0/0111/0/0/0.0/0/0/0| 60/4/0/3
LIA - - - - - 3/0/0/2| 37071370
31/15/3/
Total 122/11/25/0161/39/16/6 o 7210/0/017/410/0481410/3| 35117314716

CRE/C14/OSL / other
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