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ABSTRACT

The area of Prados del Cervunal (PC) is an intra-morainic topographic depression located at 1800 m asl in
the divide or interfluve between Garganta de Gredos and Garganta del Pinar valleys (Central Gredos;
Iberian Central System, ICS). Both valleys, along with the adjacent Hoya Nevada, were occupied by
glaciers during the Upper Pleistocene, leading to the development of the Prados del Cervunal moraine
complexes studied in this work. Using cartographic methods and morphostratigraphic analysis, the three
main glacial formations established in the Regional Chrono-Evolutionary Pattern for the ICS, Peripheral
Deposits (PD), Principal Moraine (PM) and Internal Deposits (ID), have been identified and mapped in
this area. The chronology of these formations has been implemented by Cosmic Ray Exposure (CRE)
techniques using '°Be (new data) and 25Cl (previous data, recalculated in this work) in samples from
morainic boulders. With these data, the following chrono-evolutionary sequence has been established:
(stage 1) local-Maximum Ice Extent (MIE), dated in 25.0 + 1.4 ka and corresponding to the maximum age
obtained in these paleoglaciers; (stage 2) period of oscillations around the MIE, corresponding to the
development of the PD Formation between ~25 ka and ~21 ka; (stage 3) period of readvance and sta-
bilisation, dated after ~21 ka (average age obtained for the PD moraines attached to PM moraines) and
previous to ~18 (minimum age obtained for a main crest of the PM formation); and (stage 4) onset of
deglaciation dated around to ~18 ka (average of ages obtained for the first main crest of the ID forma-
tion). During the stages of maximum ice expansion, these three glaciers formed an Ice field whose
tongues were interconnected on the PC flat by an ice transfluence system (stages 1 and 2, Plateau Glacier
Period). In later stages, the ice masses were partitioned, giving rise to valley glaciers and large moraines
forming morainic complexes like those of PC (stages 2, 3 and 4, Valley Glaciers Period). The local MIE and
onset of deglaciation stages in this area show a good fit with the ages stablished to global level for the
global Last Glacial Maximum (LGM) and the onset of the Last Glacial Termination (Termination I). They
also show good correlation at local (with other areas of the ICS), peninsular (with other Iberian moun-
tains) and continental (some areas of the Alps and mountains of Central Europe) level. Finally, this
evolutionary sequence and its correlations allowed us to adjust and validate some units of the Regional
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Chrono-Evolutionary Pattern model and propose the Gredos-Pinar-Cabeza Nevada glacial system as
benchmark for the glaciation of Marine Isotope Stage (MIS) 2 in the Iberian Peninsula.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The complex evolution of European glaciers at the end of the
Last Glacial Cycle (LGC), with the culmination of the maximum
glacial expansion, the onset of deglaciation, and the abrupt changes
in climate leading up to the Holocene, is becoming increasingly well
known for many of the European mountain massifs (Palacios et al.,
2022). This is the case, for example, for the Alps (Ivy-Ochs, 2015;
Ivy-Ochs et al., 2022, 2023) and the Tatra Mountains (Makos et al.,
2018; Zasadni et al., 2022), and also for the Mediterranean moun-
tains, such as those of the Anatolian Peninsula (Sarikaya and Ciner,
2017; Akgar, 2022, 2023), the Balkans (Hughes et al., 2022a, 2023)
the Apennines (Ribolini et al., 2022a, 2023) and the Iberian
Peninsula (Turu et al., 2018; Oliva et al., 2019, 2022a, 2022b, 2023;
Delmas et al., 2022, 2023). Most of controlling factors involved in
glacier variations are already identified and rise challenging ques-
tions about the mechanisms responsible for natural climate vari-
ability in the past (Shakun et al., 2015). Outstanding drivers of these
changes are: (1) the degree of insolation in the mid-latitudes of the
Northern Hemisphere (Maslin, 2016); (2) the contribution of CO; in
the atmosphere (Shakun et al., 2012); (3) sudden changes in air
temperature (Rasmussen et al., 2014); (4) the isostatic rebound by
the disappearing of glaciers (Gildor et al., 2014) and the relative sea
level rising during and after the deglaciation (Lambeck et al., 2014);
(5) changes in the sea ice extent (Bereiter et al., 2018) and variations
in sea temperature (Sanchez-Goni et al.,, 2008), partly due to
meltwater discharges; (6) the evolution of the large ice sheets
themselves, whose collapse open up large marine sectors as sour-
ces of moisture (Gildor et al., 2014); (7) and, finally, changes in the
intensity of the Atlantic Meridional Overturning Circulation, that
amplify the response of the driven mechanism (Starr et al., 2021).
All these mechanisms might lead to modifications in the general
atmospheric circulation (e.g., the cooling of the North Atlantic
eventually weakens the Asian monsoon; Cheng et al., 2016) and
causes the prevailing westerly winds and the Intertropical
Convergence Zone, to migrate southwards (Toucanne et al., 2022)
changing the proportion of dust in the atmosphere (Ellis and
Palmer, 2016). The latter can be amplified by widespread volcanic
activity and the emission of ash into the atmosphere (Turu et al.,
2021). To discriminate between all these mechanisms and to
establish the degree of involvement of each of them in recent
environmental changes, the data provided by glacial variations
dated using high-precision chronologies are essential.

1.1. The mediterranean region

In this context, the glacial evolution of the Mediterranean
mountains acquires a particular relevance, as they are located on
the southern edge of the temperate region of the northern hemi-
sphere (Allard et al., 2021), especially if we consider that many of
the climatic changes that occur during deglaciation are inverse in
each hemisphere, a behaviour that is still poorly explained (Barker
et al., 2009; Svensson et al., 2020). Precisely, the substantial prog-
ress in the knowledge of Mediterranean glacial evolution shows
significant age offsets that do not allow linking the atmospheric
circulation with the chronology of the early deglaciation (Turu,
2023).

The maximum extent of glaciers in the Mediterranean region, at
least with current knowledge, seems to follow distinct patterns
(Turu, 2023). Some are coeval with the LGM (according to Clark
et al., 2009, 26.5 ka to 19 to 20 ka; or Hughes, 2022, 29—19 ka),
such as several of the Iberian mountains (Oliva et al., 2019, 2022b),
the Apennines (Ribolini et al., 2022a) and the Anatolian peninsula
(Akcar, 2022). This maximum extension was synchronous with the
last minimum sea level (Lambeck et al., 2014), the lowest propor-
tion of CO, in the atmosphere (Shakun et al., 2012) and cold and
arid climatic conditions in the Mediterranean basin (Fletcher and
Sanchez-Goni, 2008). However, the maximum ice extent took
place during MIS 5d in the central Pyrenees (Delmas et al., 2022;
Turu, 2023) and during MIS 3 in the Balkans (Hughes et al., 2022a),
when the European ice sheets were much smaller than during the
LGM (Batchelor et al., 2019). Paleoclimatic approaches reveal that
the LGM period was much more unstable than previously thought
and, similarly, the atmospheric circulation changed drastically
(Toucanne et al., 2022). In fact, alternating periods when the at-
mospheric Polar Front and associated jet stream were displaced as
far south as 37° N and periods when they were displaced further
north reaching 41° N. Although it is not yet clear how these dy-
namics influenced the evolution of the Mediterranean glaciers, as
we only know the effects over the western European mountain
ranges (Turu, 2023).

1.2. The inner Iberia MIS 2 glaciation

The Iberian Central System (ICS) is located in the central part of
Iberian Peninsula, affected by the climatic conditions of the Medi-
terranean basin to the east and the Atlantic to the west. It consti-
tutes a larger E-W (450 km) climatic, environmental and
geographic barrier (Gonzalez-Sampériz et al., 2010; Abel-Schaad
et al., 2014; Wolf et al., 2021; Antunes et al., 2021), strongly influ-
enced by the North Atlantic Oscillation, that controls the snowfall
distribution (Voelker et al., 2009; Lopez-Moreno et al., 2011; Durdn
et al.,, 2013; Naughton et al., 2016; Beghin et al., 2016; Sanchez-
Lopez et al.,, 2016; Alonso-Gonzdlez et al., 2020). The ICS highest
altitude is reached in the Sierra de Gredos, where significant gla-
ciers were emplaced during Pleistocene glaciations. Previous works
using CRE methods allowed the identification of three main stages
of moraine formation, all of them occurring during the MIS 2 and or
transition MIS 3-MIS 2 (Palacios et al., 2011, 2012a; Carrasco et al.,
2013a, 2015, 2022a; Dominguez-Villar et al., 2013; Pedraza et al,,
2013).

Regarding the paleoclimatic implications and completing the
data provided by Penck (1894), Obermaier and Carandell (1915)
calculated the snowline altitude for the glacial maximum (located
on 1800—1900 m asl) and present periods (located on 3000—3100)
that correlate well with data obtained in modern studies (Pedraza
et al.,, 2013; Carrasco et al., 2022a). Recently, van der Knaap and
van Leeuwen (1997), Carrasco et al. (2018), Turu et al. (2018),
Lopez-Saez et al. (2020) and Herndndez et al. (2023), used lake and
peat cores to study the paleoclimatic evolution of the ICS Late- and
Post-glacial periods (MIS 2-MIS 1).

The morainic complex of PC is located between the two most
significant glaciated areas of Gredos mountains, the so-called
Garganta de Gredos and Garganta del Pinar valleys. The complex
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is enclosed between lateral moraines, where all the glacial phases
are well preserved. In addition, geophysical surveys have been
carried out that allow us to interpret the existing relationship
among subsurface geometry, surficial morphology and glacial
evolution. More specifically, the identification in the subsoil of PC of
partially buried moraines and a preglacial topography that condi-
tioned its layout (Granja-Bruna et al., 2021), are necessary to
explain the contribution of non-climatic factors in the dynamics of
glaciers and, in this specific case, in those of the western Mediter-
ranean region during the LGM and the initial stage of Termination I.

1.3. Rationale

To know the glacial evolution reflected in the PC, it is necessary
to establish the morphostratigraphic succession and chronology of
these morainic complexes. To achieve this, the following work
sequence has been implemented: (1) basing the CRE sampling
strategy on a detailed mapping of these morainic complexes,
integrating surface and subsurface data and determining the mor-
phostratigraphic succession; (2) using '°Be-CRE dating on the
samples from the main moraines of the PC; (3) updating the pre-
vious chronological data from adjacent areas where 3CI-CRE was
applied (Palacios et al., 2011, 2012a), to improve the accuracy of the
chronology of the main stages of the last glaciation; (4) obtaining
the evolutionary sequence of these glaciers from their local MIE to
the onset of the Termination I and integrating it in the context of
the Regional Chrono-Evolutionary Pattern of the ICS (Pedraza et al.,
2011, 2013); (5) correlating the glacial phases across the ICS and
other mountain ranges at regional and continental scale, showing a
MIS 2 glaciation type within the western Europe.

2. Geographical and geological setting
2.1. Regional context

The Cervunal Meadows (Prados del Cervunal, PC) can be clas-
sified as a depressional seasonal meadow (Weixelman et al., 2011)
originated by an intra-morainic topographic depression and
located at 1800 m asl (average altitude) in the interfluve of the
Garganta de Gredos (Gredos Gorge) and Garganta del Pinar (Pinar
Gorge) paleoglaciers (Lopez-Saez et al., 2023). Both valleys show a
U-shape morphology upstream from their confluence with the
river Tormes, located in the central sector of the Sierra de Gredos
(ICS). This area also hosts the highest peak of the Gredos range, the
so-called Pico Almanzor with 2591 m asl (Fig. 1). During the upper
Pleistocene, these gorges were occupied by ice, forming two of the
main valley glaciers of the ICS (see Oliva et al., 2019; Carrasco et al.,
2022a). These paleoglaciers contributed to the development of a
large ice field in the region and a notable interconnected middle
morainic complex, including paleolakes dammed within inter-
ridge depressions (Pedraza et al., 2011, 2013; Carrasco et al.,
2020; Granja-Bruna et al., 2021) (Fig. 2).

The lithologies of the PC bedrock area are porfidic or no porfidic
biotitic granitoids (i.e., monzogranites, granodiorites) and, locally,
with scattered enclaves of metamorphic rocks (GEODE, 2004). The
Upper Pleistocene and Holocene sedimentary cover is mainly rep-
resented by glacial, periglacial and slope deposits, with minor
lacustrine and fluvial deposits (Pedraza and Ferndandez, 1981;
Munoz et al.,, 1995; Marcos, 2000; Garcia-Sancho et al., 2001;
Carrasco et al.,, 2020, 2022a). According to the analysis of fault
populations mapped in the ICS and other geostructural indicators,
tectonic control on the fluvial, periglacial, and glacial processes has
been remarkable in this area during the Quaternary (Martinez de
Piséon and Munoz-Jiménez, 1972; Carrasco, 1997; Pedraza and
Carrasco, 2006; de Vicente et al., 2018).
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The Sierra de Gredos shows a Mediterranean mountain-type
climate, strongly influenced by its continentality (Koppen-Geiger
Climate Classification Dsb and DsC; AEMET/IPMA, 2011; Duran
et al., 2013). In the upper PC area, around 2200 m asl, the mean
annual temperatures range from 15.0 to 2.5 °C, with a summer
maximum of 27.5 °C and a winter minimum of —5.0 °C. The mean
amount of days/year having temperatures below 0 °C is 100—120.
Total annual rainfall oscillates between 1400 and 1800 mm with
common snow falls between November and May. The valleys are
located within an intermediate topographic-ecologic level (Oro-
mediterranean; from 1700 to 1900 m asl) with residual forests of
Scots pine (Pinus sylvestris), mountain scrubs (Cytisus oromedi-
terraneus) and meadows (Nardus stricta), such as those confined in
the PC area. At the bottom of the valleys, the precipitation decreases
to 800 mm, and the duration of the snow cover does not exceed
two-three months while the dry season (from July to September) is
markedly longer in time (Moreno-Arriba, 2010; AEMET/IPMA,
2011).

2.2. Glacial geomorphology and chronology: previous work and
approach in this study

Although the first scientific references to the glacial morphology
of the Sierra de Gredos date from the end of the 19th century,
systematic studies began in the 20th century (between 1917 and
1939; see Pedraza and Carrasco, 2006 and their references). These
data and those obtained through subsequent and more precise
works (Martinez de Pisén and Munoz-Jiménez, 1972; Pedraza and
Fernandez, 1981; Acaso, 1983; Palacios et al., 2011, 2012a; Pedraza
et al., 2013; Carrasco et al., 2020, 2022a), allow to summarize
that: (1) during the stage of Maximum Ice Extent in the Sierra de
Gredos massif, a system of coalescent ice field type glaciers was
formed; (2) this system later evolved into valley glaciers located on
the northern slope and, locally on both sides, slope glaciers; (3) the
maximum elevation of a single glacial cirque when evolved into
valley/slope glacier in this area was 2550 m asl, the glacier with the
maximum distance was 10.5 km and the minimum height of a
glacier front was 1210 m asl (Carrasco et al., 2011a, 2022a).

According to previous studies (see Rubio et al., 1992; Carrasco
et al., 2011b, 2015), the glacial deposits are diamictons mostly
composed of cobbles, pebbles, and boulders of granite and mig-
matite lithology within a scant matrix. The greatest volume of these
deposits is located on the valley sides forming lateral moraines with
well-defined crest-shaped ridges. The deposits at the bottom of the
valley are discontinuous because of some bedrock exposures. We
distinguish: (1) a vertical accretion sequence of tills (subglacial
lodgement and melt-out tills) which form the flat topography of the
valley and (2) surficial debris accumulations forming morainic
ridges (arcuate or crescentic ridges across the valley) or erratic
boulders corresponding to ablation processes. Recent studies have
described a third sedimentary unit at the bottom of the valleys and
depressions, named “basal complex formation” (Carrasco et al.,
2020): “plain with hydromorphic soils and grassland develop-
ment, which represent the result of a complex sedimentary filling
in which sequences of tills, fluvioglacial and lacustrine deposits
may appear”.

The first numerical chronology of the glacial stages in the Sierra
de Gredos was based on 36CI-CRE (Palacios et al., 2007, 2011, 2012a)
and '°Be-CRE (Dominguez-Villar et al., 2013). These chronological
data have recently been reviewed, considering the most accurate
production rate for the Iberian Peninsula (Oliva et al., 2019). The
results indicated that Gredos and Pinar glaciers reached their
outermost glacial limit at ~26 and ~24 ka, respectively, coeval with
the global LGM (Mix et al., 2001; Clark et al., 2009; Hughes and
Gibbard, 2015; Hughes, 2022). The data from samples of minor
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Drainage basin of the Gredos river
Sierra de Gredos Regional Park

Fig. 1. Location of the study area in the context of the Sierra de Gredos. 1) Hoya Nevada valley, 2) Prados del Cervunal (PC), 3) Garganta del Pinar valley, 4) Garganta de Gredos valley,
5) Garganta de Las Pozas-Prado Puerto valleys, 6) Garganta de Bohoyo valley, 7) Garganta de los Caballeros valley, 8) Garganta de la Serra valley, 9) Garganta del Duque-Trampal
valleys, 10) Garganta de Cuerpo de Hombre valley-head, a) Sierra de Gredos mountains, b) Sierra de Guadarrama mountains, c) Serra da Estrela mountains, d) Cordillera Cantabrica-

Picos de Europa-Macizo de Trevinca mountains, e) Pirineos mountain.

Prados delCeryunal (PC)

Cugtda del Cervunal

Fig. 2. 3D reconstruction based on the combination of 5 m-resolution LiDAR data and aerial orthophotography (www.ign.es) of the Alto Gredos massif showing a panoramic view of
the glacial cirques and valleys of the Gredos and Pinar gorges from the north (at the bottom of the image) to the south (at the top of the image).

moraine ridges close to the outermost limit and polished bedrock
located upstream mark three post-maximum stages: (1) stabilisa-
tion before deglaciation at a minimum age of ~20 ka; (2) the
beginning of the local deglaciation at a maximum age of ~17 ka; and
finally (3), complete disappearing of the glacier at a minimum age
of ~10 ka.

In the most recent works (Oliva et al., 2019; Carrasco et al., 2020,
2022a), these chronologies have been integrated into the context of
the Regional Chrono-Evolutionary Pattern applied to ICS glaciers
(Pedraza et al., 2011, 2013), which allowed establishing chrono-
logical and environmental correlations, both at local, regional, and
global scales (Carrasco et al., 2015, 2018; Turu et al., 2018, 2021;

Oliva et al., 2019; Lopez-Sédez et al., 2020). The main geomorpho-
logical unit used as reference to stablish the morphostratigraphic
succession in the ICS was the largest lateral or border moraines
complexes called “principal moraine (PM)” formation (Pedraza
et al., 2011, 2013). The PM was chosen as the best-preserved
moraine morphology and the largest dimensions and from early
research has been well identified in all paleoglaciers in the ICS. The
PM is a closely nested morainic complex or polygenic formation
elaborated in several evolutionary stages (Pedraza et al., 2011, 2013;
Palacios et al., 2012b). The PM marks a readvance followed by a
major stabilisation and, finally, the onset of the deglaciation
(Carrasco et al., 2015). The deposits located in the outer position of
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the glacial valley limited by PM formation (minor moraines and
scattered boulders) are referred to as “peripheral deposits” (PD)
formation. The deposits found in the inner of the glacial valley
limited by PM formation (recessional moraines and scattered
boulders) are referred as “internal deposits” (ID) formation. The
geomorphological and genetic relations of these three formations
present minor variations between the different paleoglaciers and
its evolutionary significance has been shown to be generalizable to
the entire Spanish-ICS (Pedraza et al., 2011, 2013; Carrasco et al.,
2015, 2022a, 2022b; Turu et al., 2018; Oliva et al., 2019; Lopez-
Sdez et al., 2020). They represent: 1) the PD formation, corre-
sponds to local MIE, subsequent oscillations, and a limited retreat;
2) the PM formation, corresponds to the mayor readvance and
stabilisation and is the limit between de stages of glaciation and
deglaciation; 3) the ID formation, corresponds to deglaciation
stages.

3. Methodology
3.1. Glacial Geomorphology

Arevision of the Geomorphological Map of the Gredos and Pinar
gorges by Carrasco et al. (2020) has been carried out, incorporating
subsurface data obtained through geophysical and direct borehole
investigations in PC (Granja-Bruna et al., 2021). These data have
allowed specifying the limits of the maximum ice extent in each
palaeoglacier, the different moraine complexes and the indicators
of the relationships-interconnections between glaciers during their
evolutionary stages. This cartographic revision has been carried out
following the same procedures that are used for Carrasco et al.
(2020), that is: using ArcGIS 10.4 software and 3D images from
the IBERPIX viewer (IGN-IBERPIX); making the map through a
previous photointerpretation (carried out with panchromatic ste-
reo photos) and field checking (Smith et al., 2006; Chandler et al.,
2018; Campos et al., 2018; Soteres et al., 2020; Leontaritis, 2021;
Leontaritis et al., 2022); and using the classical structure of the
legend for geomorphological maps (landform/deposit-process-age
represented by symbols and colors patterns; Demek, 1972) and the
most standardised symbols (FGDC, 2006). “This rigorous carto-
graphic approach has provided: (1) a clear establishment of the
morphostratigraphic succession; (2) improving the basis for the
sampling strategy underpinning the chronological analyses, and (3)
a robust understanding of the glacial evolutionary sequence and
providing confidence in the correlations with other areas”.

3.2. Surface exposure dating (CRE)

3.2.1. Sampling

The sampling strategy aimed to obtainquantitative data on the
age of boundary or transit indicators, with the outermost erratic
boulders (Local Maximum Ice Extent indicators) and moraines
crests (stage transit indicators) being the priority sampling targets.

In this study 22 new samples were collected for numerical
exposure dating using °Be in quartz from granitic boulders on
moraines of the PC. These data are compared with further 10 6Cl-
CRE ages previously obtained on boulders of these same moraine
systems hosted in the Garganta de Gredos and Garganta del Pinar
paleoglaciers (Palacios et al., 2011, 2012a) (Fig. 3A). To avoid till-
shielded surfaces and to minimise the effect of potential boulder
rotation, we sampled at least three large stable boulders on top of
the crest from each moraine, with volumes larger than 6 m’
(Dortch et al., 2013; Carrasco et al., 2015) (Fig. 3B1 to 3B4). We took
the samples from flat surfaces and away from highly weathered
areas, edges, joints, and cracks (Akcar et al., 2011; Stroeven et al.,
2011). The samples were collected using a chisel and a hammer
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from the upper surface of the boulders to a depth of up to 4—5 cm. A
GPS recorded the sampling locations, and the dip/orientation of the
sampling surface and the topographic shielding were measured
with a clinometer and a compass.

All samples correspond to granites boulders (porphyritic
monzogranite-granodiorite), from well-preserved surfaces, some-
times showing striations and polishings, and no signs of post-
abandonment modifications, as all the moraines look well pre-
served. In some cases, the inner slopes of the lateral moraines show
linear incisions due to paraglacial processes such as debris flow,
particularly on the ridges of the ID formations (Carrasco et al.,
2011b, 2020; Palacios et al., 2011, 2012a; Munoz-Salinas et al.,
2013). To avoid potential post-depositional displacements of the
boulders, these incision points were ruled out for sampling. As the
moraines are built by boulders and with minimal matrix (Rubio
et al., 1992; Carrasco et al., 2011b), there are no fossilisation prob-
lems and given the altitude at which the samples were taken below
1800 m asl, the effects of snow cover are negligible.

3.2.2. Data processing and exposure age calculation of 1°Be new
samples and previous 3°Cl CRE ages

Exposure ages and uncertainties were calculated using the
“CREp” (Cosmic Ray Exposure Program) online calculator (Martin
et al., 2017; http://crep.crpg.cnrs-nancy.fr/#/). In this work, we
use 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), yielding a SLHL (Sea-Level-High Latitude) '°Be spallation
production rate of 3.99 + 0.22 atoms g~! yr~. To facilitate com-
parison with previous works, Table A1 and A2 (Appendix A) also
shows the age results using the inputs and the time-dependent Lal/
Stone scaling scheme (Lm; Balco et al., 2008). CREP online calcu-
lator produced ages 5 and 7% older with the LSD scaling scheme
than when using Lm. The CREP model offers two types of un-
certainties along with the ages: with and without the error arising
from the production rate (external and internal uncertainties,
respectively). The external uncertainties are indicated in brackets
(Table 1).

The previous ages of >Cl CRE from the Pinar and Gredos valleys
are those initially established by Palacios et al. (2011, 2012a) and
now recalculated according to Oliva et al. (2019) (Table 1). A
comparative analysis of the CRE procedures using °Be and 6Cl,
Palacios et al. (2017) and Andrés et al. (2018) statistically indistin-
guishable and, hence entirely comparable, although the un-
certainties of the 3°Cl ages are much higher than the of °Be ages.

4. Results. Chronology of the moraines sequence in Prados
del Cervunal (PC) area

The morphostratigraphic succession of PC matches with that
general established in the ICS (Pedraza et al., 2013; Carrasco et al.,
2015, 2022a, 2022b; Oliva et al., 2019) (Fig. 3A, 4 and 5). The
arrangement and characteristics of guiding formation, the PM, in
Gredos and Pinar paleoglaciers are very similar. In many sections of
both valleys, the PM is a large, very well-preserved moraine which
is identified in the relief by the continuity and projection of its main
crest, which separates the external domain (PD formations) from
the internal domain (ID formations). However, in other sections of
those same valleys, the deposits sit on the valley side and are
formed only by boulder alignments (boulder trains), often scat-
tered, making it more challenging to structure the different mor-
phostratigraphic formations. This is the remarkable case of the left
lateral moraines in the middle section of the Pinar paleoglacier
(Fig. 6). The chronological data provided by the '°Be-CRE and 3Cl-
CRE samples used in this work are shown in Table 1 and Fig. 4.
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Fig. 3. A) 3D reconstruction based on the combination of 5 m LiDAR data and aerial orthophotography (www.ign.es) showing from south to north the surrounding of the Gredos
and Pinar valleys. The image shows the U-shaped valleys of Gredos and Pinar paleoglaciers, the Principal Moraine formation (PM; dashed line) and the position of four sampled
boulders that appear in the below four images. B) Some examples of sampled boulder: (B1) Sample CV-167 was collected from a boulder on the right-lateral moraine of the Pinar
paleoglacier (PM formation); (B2) Sample CV-158, collected from a boulder located on the minor moraines attached to the PM of the Hoya Nevada paleoglacier (PD formation); (B3)
Sample CV-164, collected from a scattered erratic boulder of the PD formation located in Prados del Cervunal (PC); and (B4) Sample CV-172 was collected from a boulder on the left
minor lateral moraine (PD formation) attached to the PM formation of the Gredos paleoglacier.

4.1. The PC morainic complex: Gredos-Pinar-Hoya Nevada glacial minimum boulder size sampled is 2.2 m3, with boulders up to
system 108 m? and an average of 22.3 m>.

The morphology of PD formation is represented here by a series

In this area, the PM formation is well preserved in these three of scattered erratic boulders (PDa) and minor moraines located on

paleoglaciers, which has facilitated the clear identification of the the eastern slope of the Cuerda del Cervunal (PDb). Minor moraines

internal and external moraine complexes. All moraine ages corre- may be attached to/or partially covered (overlapping processes) by

spond to samples of boulders located on their main crest. The the PMs of the Gredos (PDc), Hoya Nevada (PDd) and Pinar (PDe)
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Geographic and cosmogenic isotopes analytical data sorted Garganta de Gredos, Garganta del Pinar and Hoya Nevada paleoglaciers. AMS standard NIST SRM 4325.1¢ analytical

or internal AMS uncertainties are shown.

Sample Radionuclide Latitude (°N) Longitude (°E) Elevation (masl) ASTER ID 10Be (katoms/g) 10Be age (ka)

CV154 10ge 40.2906 —5.2825 1796 CFIF 288.1+9.2 203 + 0.6 (1.1)
CV155 10ge 40.2885 —5.2844 1843 CFIG 2107 +73 14.7 + 0.5 (0.9)
CV156 10Be 40.2886 —5.2848 1838 CFIH 310.0 + 10.0 211+ 0.6 (1.2)
CV157 10ge 40.2888 —5.2855 1839 CFll 349.0 + 11.0 235+ 0.7 (14)
CV158 10ge 40.2893 —5.2893 1844 CFlJ 331.0+ 120 223 +0.8(1.3)
CV159 10ge 40.2893 —5.2885 1831 CFIK 2732+ 88 189 +0.5(1.1)
CV160 10Be 40.2923 —5.2914 1858 CFIL 2755 +9.0 18.7 + 0.6 (1.1)
CV161 10ge 40.2964 —5.2827 1778 CFIM 314.0 + 10.0 222 +0.7(1.3)
CV162 10ge 40.2908 —5.2864 1805 CFIN 351.0 + 13.0 242 +0.8(1.5)
cvi63 10ge 40.293 —5.2873 1788 CFIO 312.0 + 10.0 219+ 0.6 (1.3)
CV164 10ge 40.2914 —5.2882 1799 CFIP 253.7 + 8.9 18.0 + 0.6 (1.1)
CV165 10ge 40.2900 —5.2892 1823 CFIQ 3142+ 9.7 216 + 0.6 (1.2)
CV166 10Be 40.2929 ~5.2919 1835 CFIR 2575+ 7.3 17.9 + 0.5 (1.0)
cvi67 10ge 40.2913 —5.2922 1864 CFIS 2832 +75 19.1 + 0.5 (1.0)
CV168 10ge 40.2917 —5.2906 1831 CFIT 275.7 + 8.9 19.1 + 0.6 (1.1)
CV169 10Be 40.2917 —5.2897 1822 CFIU 286.7 + 8.2 19.9 + 0.5 (1.1)
CV170 10ge 40.3022 —5.2794 1778 CFIV 357.0 + 10.0 25.0+ 0.6 (1.4)
CV171 10ge 40.3002 -5.2792 1762 CFIW 294.0 + 10.0 211 +0.6(1.2)
CV172 10ge 40.2999 —5.2806 1767 CFIX 314.0 = 10.0 224 +0.7 (1.3)
CVvV173 10ge 40.2969 —5.2827 1776 CFlY 297.1 + 8.2 21.1 £ 0.5 (1.1)
CV174 10ge 40.2933 —5.2842 1786 CFizZ 3352 +94 235 +0.6(1.3)
CV175 10ge 40.2935 —5.2834 1800 CFJA 310.0 + 11.0 21.6 + 0.7 (1.3)

36C1 (katoms/g) 36C1 age (ka)

PINAR 07 36y 40.3190 —5.2915 1595 - 530.8 + 68.6 15.9 + 2.6 (2.9)
PINAR 08 36¢] 40.3157 -5.2929 1627 — 965.7 + 318.8 214 + 8.4 (8.8)
PINAR-09 36¢] 40.3159 —5.2928 1620 — 744.6 + 45.9 238 +2.2(2.9)
PINAR-10 36¢1 40.3163 —5.2922 1612 — 694.6 + 117.9 18.7 +3.9 (4.2)
PINAR-11 361 40.3142 -5.2910 1626 — 621.3 + 101.0 16.8 +3.3(3.7)
PINAR-12 36¢] 40.3147 -5.2910 1622 — 6185 +77.3 149 + 2.5 (2.9)
GREDOS-1 36y 40.3002 —5.2609 1699 - 517.4 + 20.7 245 + 1.8 (2.5)
GREDOS-2 361 40.3009 -5.2621 1650 — 7094 + 31.8 241 + 1.8 (2.3)
GREDOS-3 36¢] 40.3023 —5.2647 1564 - 555.8 + 29.1 228 +1.9(2.3)
GREDOS-4 36¢] 40.3036 —5.2668 1543 — 544.0 + 16.1 228 +1.5(2.1)

paleoglaciers deposits. The exposure ages, according to their loca-
tion concerning the PM formations of the three paleoglaciers, are:
in the PDa formation 21.9 + 1.3 ka and 18.0 + 1.1 ka; the PDb sample
yielded an age of 25.0 + 1.4 ka; in PDc ages range between 23.5 + 1.3
ka and 14.7 + 0.9 ka; the PDd ages range between 24.2 + 1.5 ka and
21.1 + 1.2 ka; and finally, two PDe samples yielded the same age:
19.9 + 1.1 ka.

In the PM formation of each of the paleoglaciers the results
obtained are: (1) in the left lateral PM of the Gredos valley (i.e.,
eastern boundary of PC), the samples yielded a range exposure ages
of 21.6 + 1.3 ka and 21.1 + 1.2 ka; (2) in the right lateral PM of the
Pinar valley (i.e., western limit of PC), the samples yielded a range
exposure ages of 19.1 + 1.0 ka and 18.7 + 1.1 ka; and (3) in the PM of
Hoya Nevada (i.e., southern limit of PC), sample yielded an age of
18.9 + 1.1. ka.

In the first recessional moraines attached to the inner slope of
the PM and corresponding to the ID formation, the results obtained
are: (1) in the left lateral slope of Gredos valley (i.e., eastern
boundary of PC), sample yielded an age of 20.3 + 1.1 ka; and (2) in
the right lateral slope of the Pinar valley (i.e., western limit of PC),
the sample yielded an age of 17.9 + 1.0 ka.

4.2. Left lateral moraines of the Garganta del Pinar valley: NW
sector

36C] data from Palacios et al. (2012a) have been revised and
recalculated using CREP, as in Oliva et al. (2019). The samples were
collected at the northwestern sector of this valley in a well-defined
system of boulder alignments (boulder trains) covering several
evolutionary stages. Based on the detailed mapping of Carrasco
et al. (2020), the present work has determined the

morphostratigraphic succession of these alignments according to
the sequence and terminology proposed in the Regional Chrono-
Evolutionary Pattern for the ICS glaciers.

In the PD boulder alignments (PDe), three samples were re-
ported by prior works, and the ages range between 23.8 + 2.9 ka
and 15.9 + 2.9 ka. The PM boulder alignment sample yielded an age
of 18.7 + 4.2 ka. Finally, the ID boulder alignments the sample
yielded an age of 16.8 + 3.7 ka and 14.9 + 2.9 ka.

4.3. Right lateral moraines of the Garganta de Gredos valley: SE
sector

As in the previous area, available prior 36Cl dates (Palacios et al.,
2011), were revised and recalculated with CREP. In this area,
sampled boulders from several well-defined moraine arcs formed
by glacier disfluency. The morphostratigraphic succession of these
arcs has been determined, identifying first the PM and its main
crest. With this reference, the PD and ID formations were later
determined.

The outermost dispersed erratic boulders (PDa) sample yielded
an age of 24.5 + 2.5 ka and the minor moraine attached to the PM
(PDc) sample yielded an age of 24.1 + 2.3 ka. Finally, the samples
collected in the ID Formation yielded ages of 22.8 + 2.3 ka and
22.8 + 2.1 ka.

5. Discussion
5.1. The geometry of the Gredos-Pinar-Hoya Nevada glacial system

In the PC area, only the two largest lateral moraines (PM or
border moraines, Fig. 5) of the Gredos and Pinar glaciers that define



RM. Carrasco, V. Turu, RL. Soteres et al.

|
3
8
8
S

ETRS89.

Elf

L

TM, Zone 30 N. D.

- Projection: U
R/dge

o
— 4464000

N

2N

N\
S
ST ‘»’s\\\

Quaternary Science Reviews 312 (2023) 108169

NS

[oRep0s-4] 226 + 2.1,

il

Moraines and Boulders

Peripheral Deposits
formation (PD):

[IPDa
[ PDb
I PDc
B Principal Moraine formation (PM)
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Fig. 4. Map of the morainic systems of the Gredos, Pinar, and Hoya Nevada paleoglaciers. The colors correspond to the morphostratigraphic formations identified in this area
according to the sequence established in the Regional Chrono-Evolutionary Pattern for the ICS. In the boxes, are indicated the sample reference and the numerical values corre-

sponding to the ages resulting from the CRE calculations.

the eastern and western limits of the depression were traditionally
identified and considered the MIE of these glaciers (Obermaier and
Carandell, 1916). Decades later, in the MAGNA Geological Map
(Pedraza and Fernandez, 1981), the small slope glacier of Hoya
Nevada and their moraine complexes were mapped for the first
time, although the scheme of the two large moraines (PM

moraines) as the outermost deposits and indicators of the MIE in
this area was maintained (Fig. 5). More recent work (Palacios et al.,
2011, 2012a; Pedraza et al., 2011, 2013; Carrasco et al., 2020, 2022a)
identified new glacial deposits in PC located in the outer zones of
the two large moraines which, accordingly, are no longer consid-
ered as the indicators of the MIE. In this context, the Gredos-Pinar-
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Fig. 5. Aerial view from south (at the bottom of the image) to the north (at the top of the image) of the Prados del Cervunal (PC) morainic complex. The dashed white lines represent
morainic crests of the Peripheral Deposits formation (PD); the continuous white lines represent morainic crests of the Principal Moraine formation (PM); and the dotted white lines

represent the outermost morainic crests of the Internal Deposits formation (ID).

Portilla de Maria
Olalla

Cabeza Nevada
] 2426 m
El Cervunal

Fig. 6. Minor ridges of boulders (boulder trains) attached to the valley side forming the left lateral moraines in a sector of the Garganta del Pinar paleoglacier (A and B). This
morphology, conditioned by the supplies of debris and the local topography, contrasts sharply with that of moraines well defined by large accumulations of materials forming

mounds or larger ridges that stand out from the flat topography (see Fig. 5).

Hoya Nevada glacial system was catalogued with an integrated
morphostratigraphic succession in the context of the Regional
Chrono-Evolutionary Pattern, exhibiting well differentiated PD, PM,
and ID moraine formations. However, all these works still consider
that these glaciers were autonomous, with their tongues discon-
nected throughout their evolutionary sequence (Figs. 4 and 5).
According to the new indicators obtained in this study, the
previous interpretation of the glacial morphology of PC must be
modified. On the one hand, a system of scattered erratic boulders
from the Garganta del Pinar paleoglacier indicates that there was
an ice overbank system which penetrated into the PC domain
connecting directly with the Hoya Nevada paleoglacier. On the
other hand, studies using geophysical and borehole methods
(Granja-Bruna et al., 2021), identified a buried moraine in total
continuity with the surface expression of the limit between the
Garganta de Gredos-Hoya Nevada glacial system (Carrasco et al.,
2020). Moreover, the data provided by the chronology (Table 1,
Fig. 4) supports the interpretation of Granja-Bruna et al. (2021) that
this moraine was the central one separating the Pinar and Gredos
paleoglaciers in their initial evolutionary stages. This implies the

existence of a large ice field connecting the three glaciers with
remarkable topographic and structural control due to the preglacial
valleys, divides, and hills. During the retreat of the glaciers after the
MIE, the ice masses were progressively reduced in size, becoming
compartmentalised and giving rise to autonomous glaciers causing
the progressive nesting of the tongues in the valleys and, finally,
restricted to the headwalls or cirques. The evolution of glacial
features from a plateau-type to a cirque-type glacier, agree with
previous descriptions of the ICS paleoglaciers (Carrasco, 1997;
Carrasco et al., 2013a, 2015, 2016, 2022a; Pedraza et al., 2013).
Similar sequences have also been described in other mountains in
the Iberian Peninsula, such as the Trevinca Massif (Cowton et al.,
2009) and the Cordillera Cantabrica and Picos de Europa ranges
(Serrano et al., 2012, 2013a). In the PC area, this sequence can be
described according to: (1) Plateau Glacier period with the three
interconnected glaciers forming a large ice field in the Central
Gredos area, from the inception and build-up of the glaciers to start
of post-MIE major readvance (Fig. 7A, Table 2; from about 25 ka to
21 ka); (2) Valley Glaciers period, shows their maximum develop-
ment during the stage of readvance post-MIE and, therefore, is
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Fig. 7. Geomorphological interpretation of evolutionary sequence of the ice masses of the Gredos-Pinar-Hoya Nevada glacial system in Prados del Cervunal (PC) area, based on the
mapping of the moraines during different evolutionary stages and according to the morphostratigraphic succession. For such purposes, we used data from the surface morphology,
the geometry of the subsurface from geophysics and the chronology of the moraines from '°Be-CRE. The references to stages and geometry of the head of the glaciers (beyond the
study area of the PC) were based on data from previous work (Pedraza et al., 2013; Carrasco et al., 2022a). A) General view of the Alto Gredos ice field during the local MIE stage. B)
Evolutionary sequence of ice masses of this glacial system, from the MIE stage to onset of the deglaciation period (see Table 2). B1 to B3, Plateau Glacier period (from about 25 ka to
21 ka): (B1) local MIE stage, the total interconnection between the three glaciers at the head and ice transfluence from the Pinar valley to the Gredos valley, connecting the three
glacial tongues; (B2 and B3) post-MIE minor retreat stage, beginning of the disconnection of the tongues between the three valleys giving rise to scattered erratic boulders and
minor moraines of the PD formation. B4 to B6, Valley Glaciers period (from about 21 ka to 17 ka): (B4 and B5) ending of the post-MIE retreat stage with the total disconnection of ice
on the valleys and, progressively, on the plateau; (B6) change of trend, readvance and stabilisation of the glaciers originating the moraines corresponding to PM formation already
characteristic of well-defined individualized glacial valleys. The arrows indicate the ice-flow: dark blue, ice flow in each individualized valley; and light blue, transfluence of the ice.

coeval with the PM moraines which acts as true border moraines of
the three independent valleys (Fig. 7B and Table 2; from about 21 ka
to 17 ka); and (3) Cirque Glaciers Stage, no analysed in this paper,
which are the residual glaciers that mark the final retreat of the ice
(after about 17 ka).

5.2. Chrono-sequence and correlations

The 36CI-CRE and '°Be-CRE dates show a remarkable agreement
in all cases, which allows for their combined use as already high-
lighted in other works (Palacios et al., 2017; Andrés et al., 2018).
From this chronological data and the provided by the morphos-
tratigraphic succession, properly correlated locally, can be applied
to the whole Sierra de Gredos, allowing a high-resolution sequence
for the glaciation stages in these areas. Finally, regional, and general
correlations are included using the most significant and up-to-date
data (Table 2, Fig. 8).

5.2.1. The Local Maximum Ice Extent (MIE) of Prados del Cervunal
morainic complex. Inception and build-up of the Gredos-Pinar-Hoya
Nevada glacial system

Several prior papers have reported the LGC-MIEs of many ICS
glaciers (e.g., Carrasco, 1997; Pedraza et al., 2011, 2013; Palacios
et al,, 2011, 2012a, 2012c; Dominguez-Villar et al., 2013; Carrasco

10

et al., 2015, 2016, 2022a, 2022b; Oliva et al., 2019) and even the
glacial activity of a prior LGC glaciations (Vieira et al., 2021). These
glacial chronologies have been obtained from samples of erratic
boulders far from the axial zone of the valleys, and which are
frequently associated with other boulders originated by slope
processes, periglacial processes and even exhumation processes of
the granitic alteration mantle. Due to these uncertainties, the
mapping of the morphostratigraphic formations is a reference base,
as it allows the reconstruction of the outline of some glacial mor-
phologies that were poorly marked in the topography or that have
been masked by other subsequent processes.

In the case of the PC, the local MIE is 25.0 + 1.4 ka and has been
obtained in a well-catalogued boulder assigned to the PD formation
of the glacial deposits of the left lateral margin of the Garganta de
Gredos paleoglacier (Fig. 3A and 4). Regarding other ages obtained
in this same PD formation, the PC local MIE is coeval with the
maximum age recorded on the right slope of the Gredos paleo-
glacier (24.5 + 2.5 ka; Palacios et al.,, 2011; Oliva et al., 2019) and,
considering the margin of uncertainty in the dating, it is coeval
with the maximum age recorded on the left slope of the Garganta
del Pinar paleoglaciers as well (23.8 + 2.9 ka; Palacios et al., 2012a;
Oliva et al., 2019).

All these ages indicate that the two largest paleoglaciers of the
Central Sierra de Gredos present a local MIE occurring within MIS 2
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Table 2

Chrono-evolutionary sequence and correlations of the Gredos- Pinar-Cabeza Nevada glacial system based on the chronological data available from'°Be and?5CI-CRE and according to the Regional Chrono-evolutionary Pattern.

MORPHO-STRATIGRAPHIC FORMATION

Peripheral Deposits (PD):
B (scattered boulders) and M
(minor moraines)

Principal Moraine (PM) Internal Deposits (ID)

GLACIAL MORPHOLOGY PLATEAU GLACIER PERIOD VALLEY GLACIER PERIOD
AGE (KY BP) GP valley left 238+29 214+838 187 +4.2 16.8 + 3.7
LOCATION 159+29° 149 + 29
GP valley right. PCMC 242 +15 235+14 180+1.1 191 +1.0 179+ 1.0
191 +11 187 +1.1
199+ 1.1
219+13
216+ 1.2
HN valley. PCMC - o 223+13 189=x1.1
GG valley left. PCMC 250+14 235+13 211 +£1.2 203+ 1.1
224+13 216 +13
222+ 13
211 £ 1.2
211+ 1.1
147 £ 09"
GG valley right 245+25 241+23 — 22.8 +2.1°
228 +23°
LOCAL PERIOD Maximum/ Post-MIE oscillations Readvance and mayor stabilisation and The first stages of deglaciation
MIE and limited retreat started of deglaciation
REFERENCE AGE (Fig. 8; Appendix A3) 25-23 ka 25-21 ka 21-19 ka 19-17 ka

SOME
CORRELATIONS
USED IN THIS
WORK

Global event

Greenland chronology
(Rasmussen et al.,
2014)

Local (ICS)

Regional (Iberian
Peninsula)

Continental (Europe)

LGM/glaciation (Mix et al., 2001; Clark et al., 2009; Hughes and Gibbard, 2015;

Hughes, 2022)

GS-3 GS-3; GI-2.2; GI-2.1;
GS-2.1c; GS-2.1b

Post-LGM/Deglaciation (Clark et al., 2009, 2012; Denton et al., 2010)

GS-2.1b GS-2.1b; GS-2.1a

Sierra de Béjar (Carrasco et al., 2015, 2022a; Oliva et al., 2019); Sierra de Guadarrama (Palacios et al., 2012c; Carrasco et al., 2016, 2022b; Oliva et al., 2019); Eastern Sierra de
Gredos (Alcala-Reygosa et al., 2019)
South-central Pyrenees (Pallas Sanabria Lake (Rodriguez-Rodriguez et al., 2014); Cordillera Cantdbrica (Serrano et al., 2015);

et al.,, 2006); Eastern Pyrenees Cordillera Cantdbrica (Frochoso et al.,, 2013); Pyrenees (most general age; Delmas, 2015; Delmas et al., 2023); Iberian Mountains
(Delmas et al., 2008) Picos de Europa (Ruiz-Fernandez et al., 2016) (most general age; Oliva et al., 2019, 2023)

Tatra Mountains (Makos et al., 2014; Makos, 2015; Engel et al.,, 2015); Bohemia Forest (Mentlik et al., 2013); The Ticino-Toce glacier system (Alps, Kamleitner et al., 2022);
The Southwestern Massif Central (France, Ancrenaz et al., 2022)
Eurasian Ice Sheet in SE England (Baykal et al., 2022) Alps (most general age; Ivy-Ochs, 2015; Ivy-Ochs et al., 2023); High Alps (Wirsig et al.,
2016); Europa (most general age; Palacios and Garcia Ruiz, 2015; Palacios et al., 2023)
The northern Alpine foreland: Gerzensee Lake record (Switzerland)" (van Raden et al., 2013)
Rhine and Reuss glacier systems

(Kamleitner et al., 2023)

LGM: Global Last Glacial Maximum period; MIE: Local Glacial Maximum or Maximum Ice Extent; PCMC- Prados del Cervunal Morainic Complexe; GP-Garganta del Pinar paleoglacier; GG-Garganta de Gredos paleoglacier; HN-
Hoya Nevada paleoglacier.

2 Samples that present discrepancy with the morphostratigraphic sequence defined in this work, due to possible distortions in the dating by “post-glacial toppling of the boulder or erosion of its surface” (see, Palacios et al.,

2011, 2012a).

> samples that present discrepancy with the morphostratigraphic sequence defined in this work, due to possible distortions in the dating by “post-glacial toppling of the boulder or erosion of its surface”.
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Fig. 8. Gaussian distributions corresponding to cosmogenic exposure ages and internal
uncertainties grouped by the position of the samples in the moraine sequence (PD, PM,
and ID). Sums of all distributions in the same group are depicted by a thick dark grey
line. Below each distribution is shown the Gaussian age corresponding to each unit:
PD: 23.1 + 1.8 (2.1) ka; PM: 19.8 + 1.6 (1.6) ka; ID: 17.5 + 2.3 (2.5) ka. See appendix A3
for details.

and coincident with the upper limit of the “Interval, period or time
window” (Lambeck et al., 2010; Carrasco et al., 2015; Reber et al.,
2022) considered as the global LGM (Mix et al., 2001; Clark et al.,
2009; Hughes and Gibbard, 2015; Hughes, 2022). This agrees
with data obtained in other ICS sectors, such as the Cuerpo de
Hombre Valley (Sierra de Béjar, 40 km west of PC; Carrasco et al.,
2015; Oliva et al., 2019) and the Los Pelados-El Nevero Massif (Si-
erra de Guadarrama, 154 km northeast of PC; Carrasco et al., 2016;
2022b). However, in other valleys of the ICS there are paleoglaciers
with local MIEs occurring in the early MIS 2 or at the end of MIS 3,
resulting ages between 31—27 ka. This is the case of the paleo-
glaciers Las Pozas-Prado Puerto and Garganta de Bohoyo (which
were part of the Central Gredos ice field), Los Caballeros and La
Serra (28 km west-southwest of PC) and the Duque-Trampal system
(35 km west of PC); all of them in the Sierra de Gredos (Dominguez-
Villar et al., 2013; Oliva et al., 2019). This also occurs in the paleo-
glaciers of La Mujer Muerta and Penalara (117 km and 130 km
northeast of PC, respectively) in the Sierra de Gudarrama (Bullon,
2016; Palacios et al., 2012c; Oliva et al., 2019). Finally, the PC local
MIE data obtained in this work are also asynchronous with those
obtained in the westernmost sector of ICS, the Serra da Estrela
(200 km west of PC), where the MIE-Local of the LGC has been
assigned to MIS 3 and another one pre-LGC corresponding to MIS 6
(Vieira et al., 2001, 2021; Vieira and Woronko, 2022) (see, Fig. 1).
The existence of evolutionary mismatches or asynchronicities in
glaciers fluctuations, is a fact analysed for years and supports the
consideration of controlling factors to various levels of action and
the refinement of dating procedures (Seret et al., 1990; Clapperton,
1993, 1995; Gillespie and Molnar, 1995; Giraudi and Frezzotti, 1997;
Florineth and Schliichter, 2000). It is well documented that the
main evolutionary stages corresponding to the LGC (i.e., local MIEs,
onset of deglaciation, stadial-interstadial sequences, etc.), do not
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occur simultaneously in all regions (Ono et al., 2004; Thackray et al.,
2008; Patton et al., 2013; Vasskog et al., 2015; Davies et al., 2018;
Clark et al., 2022; Palacios et al., 2022, 2023), nor in all parts of the
same region or mountain massif (Garcia-Ruiz et al., 2003; Hughes
et al.,, 2006a, 2006b; Ivy-Ochs et al., 2008; Larsen et al., 2009;
Houmark-Nielsen, 2010; Bose et al., 2012; Dominguez-Villar et al.,
2013; Dyke et al., 2014; Hughes and Woodward, 2017; Oliva et al.,
2019, 2022a, 2022b; Allard, 2022; Ribolini et al., 2022b).

When these evolutionary asynchronicities occur between
different sectors of large ice masses or a mountain range, regional
climatic variables can be established as the leading cause of these
evolutionary differences. This is the study case described in the
Scandinavian, British and Irish Ice Sheets for the LGM and some
stages of the Late Glacial (Bose et al.,, 2012). Also, in the Western
Alps for the differences between the northern and southern MIEs
(Gribenski et al., 2021; Ribolini et al., 2022b). In contrast, in the
Pyrenees such mismatches were detected between closely spaced
paleoglaciers (see Garcia-Ruiz et al., 2003; Jalut et al., 2010; Calvet
et al., 2011; Jiménez-Sanchez et al., 2013; Delmas, 2015; Delmas
et al, 2022; Garcia-Ruiz and Serrano, 2022) and was initially
thought that to flaws in the dating/correlation procedures were the
main causes of this asynchronicity (see Pallas et al., 2006; Hughes
and Woodward, 2008; Garcia-Ruiz et al., 2010). However, after
the application of multi-dating procedures and the refinement
dating techniques, especially minimizing sampling bias and ho-
mogenisation of the CRE production rates applied, significant
evolutionary gaps are still detected (Oliva et al., 2019, 2022a). In this
regard, the data obtained in PC and, in general, in ICS, can be
illustrative of the different approaches to this topic of
asynchronicities.

The chronologies obtained in the ICS show remarkable asyn-
chrony in the ages corresponding to the MIEs, being more homo-
geneous in the rest of the evolutionary stages (Oliva et al., 2019;
Carrasco et al.,, 2022a, 2022b). Many of the MIE chronologies have
been obtained by applying CRE techniques on isolated blocks of the
PD formation, which implies some randomness in the identifica-
tion/selection of samples. Therefore, when establishing causes of
asynchronicities, this methodological factor cannot be ruled out. On
the other hand, we must also work with the hypothesis according
to which the chronological discrepancies may be due to differential
behaviour of the controlling factors, e.g., the identification of a pre-
LGC glaciation (Rissian, Alps; Saalian, northern Europe) only in
Serra da Estrela, or the MIEs dated as MIS 3 and MIS 2 in the
palaeoglaciers that were part of the same glacial system.

Regarding the first, and due to its differential climatic behaviour,
a pre-LGC glaciation more extensive in the Serra da Estrela than in
the rest of the ICS cannot be ruled out. This situation can be asso-
ciated with the environmental variations in the ICS at the regional
level, depending on the location of the mountain massifs (Turu,
2023) and their oceanic influence, maximum in Serra da Estrela
(Vieira, 2008) and minimum in the Guadarrama and Somosierra
mountain ranges (Carrasco et al., 2022b).

Related to the second, the temporal discrepancies detected even
in neighbouring valleys, without ruling out potential dating flaws,
the climate could partly explain the asynchronies in the ICS and
other factors must be sought to explain these processes. Topog-
raphy (pre-glacial morphology) and aspect can lead to differential
mass balance by snow and ice avalanches, ice transfluences and
snowdrifts. In several mountains areas, these processes and those
due to topographic disconnections, have been described as
responsible of differential evolution of glaciers, with notable con-
trasts in the development and flow of ice depending on their spe-
cific location within the same massif (Evans, 1977; Pratt-Sitaula
et al., 2011; Yalcin, 2019; Pedraza et al., 2019; Boston and Lukas,
2019; Davies et al., 2022; Kaushik et al., 2022; Khandsuren et al.,
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2022) which have proved very efficient in differential glaciers
development (Mitchell, 1996; Purves et al., 1999; Coleman et al.,
2009; Mindrescu et al., 2010; Radbourne, 2015; Monegato et al.,
2022). Regarding the latter, topography and aspect are the most
likely controlling factors to explain the asynchronicities in the
Bohoyo, Las Pozas-Prado Puerto and Gredos-Pinar-Hoya Nevada
glaciers systems. During the inception and build-up of the local
MIE, ice accumulation in these glaciers occurred on a connected
system forming an ice field that had the cirques of the Gredos and
Pinar paleoglaciers as its axial zone (Pedraza et al., 2013; Carrasco
et al,, 2020, 2022a). However, the resulting ages for the MIEs of
these three glaciers show some dispersion, although they are
concentrated in two groups, Bohoyo and Las Pozas-Prado Puerto
corresponding to MIS 3-MiS 2 transition (see Carrasco et al., 2022a)
and the Gredos-Pinar-Hoya Nevada, analysed here, to MIS 2.

5.2.2. The pre-MIS 2 MIEs in the ICS

The markers of the MIEs-LGC and of glaciations prior to the last
one (pre-LGC), are boulders that rarely appear associated with well-
defined glacial landforms, so there is a certain random component
in the sampling, and we cannot be sure that we have sampled the
oldest erratic boulders. However, the homogeneity of the chrono-
logical dataset obtained in Central Gredos consolidates these gla-
ciers as a reference for the MIS 2 glaciation in Iberia (Turu, 2023).
The presence of a local MIE boulder dated at 31.9 + 2.3 ka (MIS 3) in
the adjacent valley of the Garganta de Bohoyo (Dominguez-Villar
et al., 2013; Oliva et al., 2019) can be explained, by local topo-
graphic and microclimatic factors. Probably the plateau where the
Bohoyo glacier belongs, a topographic-like control caused signifi-
cant mismatches in the closer valley glaciers (Pratt-Sitaula et al.,
2011; Kaushik et al., 2022), producing polythermal valley glacier
having cold-ice above the ELA (Turu, 2023). These same factors can
be considered to explain the small-time lags observed between the
Gredos and El Pinar palaeoglaciers in the MIEs. On the other hand,
considering the uncertainty factor in the chronology and the
localised ages in the MIS 3-MIS 2 transition, all data support the
development of large valley glaciers during MIS 2.

The lack of indicators of pre-LGC in the study area, it must be
interpreted with great caution. As recent studies show in Serra da
Estrela (Vieira et al., 2021), it is not ruled out that in the PD for-
mations of this and other areas of the ICS (Spanish sector), there are
some scattered boulders that can provide ages corresponding to
earlier stages than those obtained so far (MIS 2-MIS 3). In fact, the
hypothesis on the absence of pre-LGC glacier activity in the ICS
never had much consistency. This is due to the presence of char-
acteristic indicators of cold climate processes (slope deposits and
soils) detected in the Spanish Central Plateau and ICS tentatively
assigned to the penultimate glaciation (Rissian, Alps; Saalian,
northern Europe; MIS 6) and those corresponding to the environ-
mental changes occurred in the way to the Last Interglacial
(Eemian; MIS 5e) (Butzer and Franzle, 1959; Vaudour, 1979;
Gonzalez-Martin and Pellicer-Corellano, 1988; Blain et al., 2017,
Gil-Garcia et al., 2019). In this context and given that the ICS is not a
tectonically active area, where significant changes in topography
during the Middle and Upper Pleistocene can be hypothesised (de
Vicente et al., 2018), the best-founded explanation considers cli-
matic and morphological constraints as limiting factors for the
development of pre-LGC glaciation. In contrast to the Portuguese
sector of the ICS (Serra da Estrela), the Spanish sectors (Sierras de
Béjar, Gredos, Guadarrama and Somosierra) has a continental
environment with a clear West-East climatic gradient marked both
in the ELAs (Oliva et al., 2019) and in the ecological characteristics
(Rubiales et al., 2010; Lopez-Saez et al., 2015; Garcia-Antén et al.,
2021; Liu et al., 2023). For this reason, moisture-laden Atlantic
weather fronts arrive very weakened to the Spanish ICS (lesser
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content of humidity) and other factors such as altitude and terrain
morphology contribute to the development of the snow cover and,
therefore, of glaciers compensating for the lack of precipitation. The
altitudinal factor was favourable in most of the sectors of the
Spanish ICS, since their summits are 300—500 m higher than the
maximum altitude of the Serra da Estrela (Torre, 1993 m asl). As for
the terrain morphology factor, as explicitly pointed out in several
works (Vidal-Box, 1948; Martinez de Pisén and Munoz-Jiménez,
1972; Sanz-Donaire, 1979; Martinez de Pison and Palacios, 1997;
Pedraza and Carrasco, 2006; Pedraza et al., 2019; Carrasco et al.,
2022a, 2022b), numerous geomorphological indicators allow us
to establish that the presence of pre-glacial valleys and fluvial
catchments determined the development of glaciers in the Spanish
ICS. As the sedimentary sequences show, one of the most critical
stages for the consolidation of the modern drainage network in the
fluvial basins of the Iberian plateau (Meseta) happened during the
last interglacial (Eemian; MIS 5e) (Santisteban and Schulte, 2007;
Pérez-Gonzalez et al., 2008; Silva et al., 2012, 2017).

Therefore, considering the pre-LGC glacial cycle(s) as less
extensive than the LGC due to non-climatic factors, i.e., the absence
of suitable morphologies that would allow continuous for stabilised
snow accumulations and, in turn, foster the development of large
ice masses, may a consistent working hypothesis. Although derived
from a lower-order local or regional context, this hypothesis sup-
ports the global ideas expressed in some works that consider
Quaternary glacial processes to have a discontinuous evolution,
sometimes controlled by their own dynamics (Hughes et al., 2020;
Spagnolo et al., 2022).

5.2.3. The stages of transition post-MIE-Major readvance

The stages of transition post-MIE-onset of the readvance and
formation of the PM moraine is defined by the first glacial retreats
in the context of the LGM (first stage of the LGM period in this area).
These are a series of oscillations around the maximum, but with a
limited overall balance of retreat, originating boulder fields and
minor recessional moraines that form the PD formation, whose
chronology ranges from 25—23 ka (MIEs obtained in the outermost
deposits of the formation) to 19—17 ka (ages obtained on the main
crest of the PM formation).

The PM-marked stages of readvance-stabilisation correspond to
a second maximum in these glaciers, which is also integrated
within the LGM period (second stage of the LGM period in this area)
and which is prior to the stages of deglaciation. This evolutionary
sequence agrees well with the data obtained in several areas of the
European continent, the Scandinavian ice cap or Greenland, which
mark a series of retreat-readvance pulses within the LGM (Lambeck
et al,, 2010; Rasmussen et al., 2014; Hughes, 2022; Hughes et al.,
2016, 2022b; Sinnl et al., 2022). In the case of PC, these are low
magnitude oscillations similar, for example, to those detected in
other sectors of the ICS, the Pyrenees, the Alps or Bohemia and have
been described as “minor oscillations that kept the glacier front for
several thousand years (LGM period or window) very close to its
MIE or, where appropriate, LGM position” (Mentlik et al., 2013;
Carrasco et al., 2015, 2016; Ivy-Ochs, 2015; Palacios et al., 2015;
Oliva et al., 2019; Reade et al., 2020; Kamleitner et al., 2022, 2023).

5.2.4. Major post-MIE readvance and onset of termination L.
Construction of the principal moraine (PM)

One of the main evolutionary stages for the construction of
glacial morphology in the ICS was the major post-MIE readvance
and stabilisation, represented by the large lateral moraines of the
PM Formation (Pedraza et al., 2011, 2013; Carrasco et al., 2022a,
2022b). These moraines stand out in the relief and delimit the
former glacial valleys, which is why in prior studies were consid-
ered the indicator of the MIE (see Pedraza and Carrasco, 2006 and
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their references) before the identification of more external deposits
(Carrasco, 1997).

Since the introduction of the term “Principal Moraine” (PM;
Pedraza et al,, 2011; 2013), it has been used in different works
without specifying in detail its characteristics and evolutionary
meaning (see Carrasco et al., 2022a, 2022b). Now we can say that it
is a complex and polygenic lateral moraine (Pedraza et al., 2013;
Palacios et al., 2012b), of multiple stacking by overlapping or
attachment processes with previous and subsequent smaller mo-
raines. In PC it appears very well defined and, therefore, we have
been able to provide new data to validate the Regional Chrono-
Evolutionary Pattern model (Figs. 5 and 9). Accordingly, when
analysing the large lateral moraines of the ICS paleoglaciers that are
generically referred to as PM, two different units must be consid-
ered: (1) the topographic physiognomy, which stands out in the
terrain as an elongated mound (ridge) of non-unitary morphology,
presenting several projections or slope breaks accounting for sec-
ondary ridges (Figs. 4 and 5); (2) the morphostratigraphic forma-
tion corresponding to the deposit of an entire evolutionary cycle
indicated by the continuous accumulation of debris and is the one
to be considered as PM in the strict sense (Pedraza et al., 2013;
Carrasco et al., 2015). This second one, the PM (s.s.), has a clear main
crest that represents the culmination of an evolutionary stage and
marks the direction of the ancient glacier on the terrain.

In most paleoglaciers, the PM overlaps and fossilises part of the
previous PD formation which, in general, corresponds to the MIE
evolutionary stage defined by minor moraines and erratic boulders.
On the other hand, some deposits accounting for several reces-
sional moraines of the later ID formation are attached to its inner
flank marking the initial stages of deglaciation. This sequence,
documented for the ICS in general (Pedraza et al., 2011, 2013) and
validated in several subsequent works (Carrasco et al., 2015, 2016,
2022a, 2022b; Oliva et al., 2019), is clearly marked in the PC and is a
model to analyse the overlapping processes performed by the PM
on the PD in the ICS paleoglaciers (Figs. 5 and 9).

Sometimes, the PM is a formation attached to the slope in which
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it only stands out as a larger minor ridge than PD and ID formations
(boulder trains; Fig. 6). Therefore, it is in the areas where the
circum-glacial topography was favourable (saddles, bench, and
shoulders on the slopes of glacier borders and, in general, flat
morphologies), where the PM appears as a large alignment due to
the sequential accumulation of deposits. This remarkable difference
between the morphology of the deposits according to relief fea-
tures are a clear example of the topographic control of moraines, a
phenomenon widely described in many areas for its implications in
making evolutionary and paleoclimatic inferences (Glasser et al.,
2009; Pratt-Sitaula et al., 2011; Barr and Clark, 2012; Barr and
Lovell, 2014; Yalcin, 2019; Lépez-Moreno et al., 2020).

To explain the considerable development of the PM moraine and
related to glacial dynamics, both intrinsic and extrinsic factors must
be considered. The former includes the greater stabilisation of the
glaciers, contributing to the over-accumulation of sediments in the
ice-front and borders. As has been proposed in other areas, changes
in the erosive capacity of the ice should also be considered
(Marquette et al., 2004; Staiger et al., 2005; Ruszkiczay-Riidiger
et al., 2021). Extrinsic factors include overlap and fossilisation
processes, but the most important was the increased debris supply
due to increased wall instability on ice-free relief. This instability
has been described in numerous papers, and which usually refer to
the end of the LGM as one of the stages of enhanced gravitational
processes (Cossart et al., 2008; McColl et al., 2010; Carrasco et al.,
2013b; Panek et al., 2016, 2023; Gramiger et al., 2017; Fernandes
et al., 2020; Delaney and Anderson, 2022; Serra et al., 2022). In
PC and, in general, in the ICS, this stage corresponds to the transi-
tion between the period of plateau glaciers to valley glaciers
(Carrasco et al., 20133, 2015, 2022a, 2022b). Last, the formation of
the PM can be associated with three essential causes: (1) polygenic
processes of overlap-fossilisation-attachment, (2) increased supply
of debris and (3) duration of stabilisation after the readvance.

The above considerations on the characteristics of PM forma-
tion, while implicit in previous work, have not been formally
described in any of them (see, Pedraza et al., 2013; Carrasco et al.,

Circo del Pinar
(Pinar Cirque)

Fig. 9. Photograph of the southern sector of Prados del Cervunal (PC). The upper half of the image shows the slopes of the summit of Alto Gredos Massif. 1) Indicates the saddles of
interconnection between the three paleoglaciers (Gredos-Pinar-Hoya Nevada) during the Plateau Glacier period (see Fig. 7). In the lower half of the image, most of the characteristic
geomorphological elements of this area are visible: 2) PC plain with scattered erratic boulders of the PD formation corresponding to the first post-MIE retreat of the Gredos-Pinar-
Hoya Nevada glacial system; 3) morainic lobes of the PD formation originated by the second post-MIE retreat of the Pinar glacier, already with its individualized valley but still
penetrating into the PC zone; 4) left-lateral moraine of the PM formation corresponding to the Pinar glacier, which originated during the Post-MIE readvance (Valley Glaciers period,
see Fig. 7) and cause the definitively obturation of the transfluence zone between the Pinar and Gredos valleys; 5) moraine system (PD and ID formations) of the Hoya Nevada

paleoglacier already separated from that of Pinar and Gredos; 6) fluvio-paraglacial fan.
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2015, 2022a, 2022b; Oliva et al., 2019). However, in the ICS this
formation has been the fundamental guide to establish the evolu-
tionary context of each paleoglacier and its correlations with prior
studies. In this context of the PM and its evolutionary significance,
the issue of the representativeness of each boulder as an indicator
of the age of the landform (moraines in this case) has been raised in
other areas, either because of post-sedimentary readjustments or
because of its “ridge or slope” position (Putkonen and Swanson,
2003; Tomkins et al., 2021).

It is evident that not all sectors of a moraine have the same
chronology, there are accumulations of debris, and the accretion-
stacking process has a period of development. In the case of the
PM, it is corroborated that each element of these moraines has a
specific evolutionary significance (Figs. 5 and 9): (1) an overlapping
outer ridge marks the limit of the post-MIE readvance and the
beginning of the mayor stabilisation stage (in PC calculated around
21 ka); (2) the deposits on the outer slope of the PM are marking
the stabilisation stage (in PC calculated around from 21 ka to 18 ka);
(3) the main crest marks the end of this evolutionary sequence of
readvancement-stabilisation and the beginning of the retreat or
deglaciation stage (in PC calculated around 18 ka); (4) and, finally,
the secondary ridges present on the inner slope of the MP mark the
initial stages of the definitive retreat of the glacier (in PC calculated
around 19—17 ka).

In short, in the characterisation of the PM as an indicator, it is
necessary to differentiate: (1) the inception and build-up stage,
which corresponds to the period of accumulation of debris due to
the major readvance-stabilisation glacial events; (2) and its sig-
nificance as a polygenic indicator, i.e. a sequence of stages indi-
cating fossilised or overlapping deposits (previous stages of limited
post-MIE retreat) and attached deposits (later stages of generalised
retreat during deglaciation). Therefore, it is necessary to look for
the sector of the main ridge or slope that best represents the change
of trend (retreat to deglaciation - limit of the readvance and
beginning of stabilisation). For this purpose, it is essential to
determine the relationships between the main crest of the PM and
the other morphologies: with the previous ones (PD Formations),
to determine the end of the MIE-oscillations and the beginning of
the readvance-stabilisation stage; and with the subsequent ones
(ID Formations), to determine the end of previous stages and the
onset of deglaciation period.

In order to date the PM unit in this area, ages obtained from the
PD and ID units have been using as limiting maximum and mini-
mum age distributions in the Bayesian approach explained in ap-
pendix A.3. Together with the data form PM samples, an average
PM age of 19.8 + 1.6 ky was obtained (Fig. 8, Table 2).

5.2.5. The PM as principal indicator of MIS 2 events in the ICS

This post-MIE and pre-deglaciation stage of readvance-
stabilisation has been described in numerous mountains of the
Iberian Peninsula and is constrained with ages spanning from ~23
to 17 ka (i.e., MIS 2). The development of these processes has been
variable, with notable differences even between very close areas. In
some areas these readvances have presented a smaller extension
reaching positions within the MIE geomorphological limits
(Bordonau et al., 1993; Jiménez-Sanchez and Farias, 2002; Garcia-
Ruiz et al., 2010; Moreno et al., 2010; Delmas, 2015; Delmas et al.,
2008, 2022; Frochoso et al., 2013; Jiménez-Sanchez et al., 2013;
Gomez-Ortiz et al., 2012, 2015, 2022; Oliva et al., 2019). However, in
other zones even in the same mountain chain, the glaciers reached
positions very similar to the local MIEs and these readvances have
been classified as a quasi-MIE or the second local MIE (Pallas et al.,
2006, 2010; Delmas et al., 2008, 2022; Serrano et al., 2012, 201343,
2013b, 2015, 2022; Rodriguez-Rodriguez et al., 2014, 2015, 2016;
Oliva et al., 2019; Ruiz-Fernandez et al., 2016, 2022). A similar
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evolution to the one described in the Iberian Peninsula has been
found in other European mountain massifs, such as the Northern
and Southern central Alps (Scapozza et al.,, 2014; Ivy-Ochs et al.,
2022; Kamleitner et al., 2022, 2023), Maritime Alps and Apen-
nines (Giraudi, 2015; Federici et al., 2017; Ribolini et al., 2022a,
2022b) or Tatra Mountains where they have also been considered
as a second MIE known as LGM-II (Makos et al., 2014; Makos, 2015;
Engel et al., 2015; Zasadni et al., 2022).

The causes of these minor glacial events during the LGM have
been associated with the predominance of N-NW atmospheric
situations that involved dry and cold weather during MIS 2 exac-
erbated during the Heinrich Events or Stadials (H) (Sarikaya et al.,
2008; Naughton et al., 2009, 2016, 2023; Serrano et al.,, 2012,
2013a; Dominguez-Villar et al., 2013; Ivy-Ochs, 2015; Ludwig et al.,
2018; Rolland et al., 2020; Toucanne et al., 2015, 2022). However,
this is a complex issue where one has to consider: (1) the evolution
of climate and minor variations during the MIS 2 period (Hemming,
2004; Sarikaya et al., 2008; Shakun and Carlson, 2010; Clark et al.,
2012); (2) the existence within the LGM period and H events of
minor stages or pulses in which ice stagnation, retreat or readvance
processes alternate (Lambeck et al., 2010; Wygal and Heidenreich,
2014; Toucanne et al., 2015; Sinnl et al., 2022); (3) the finding
that in the Mediterranean region, H events involved glacial retreat
stages due to climatic aridity (Allard et al., 2021); and (4) the
finding that, at least in the European Alps region, during the LGM
period there were changes in the dry Arctic-style precipitation
regime and “the data provide compelling evidence that the LGM
glacier advance in the Alps was fuelled by intensive snowfall late in
the year, likely sourced from the Mediterranean Sea (Spotl et al.,
2021)".

Concerning to the readvance in this area of the Sierra de Gredos,
according to the ages calculated for the PM and ranging between
~21—-18 ka (Appendix A3, Table 2, Fig. 8) this process could be
associated with the stage defined as pre-H1 (occurring between
20—19 ka; Naughton et al., 2023). Moreover, considering the mean
value of the whole set of ages obtained on main crest of the PM
formation (Table 2), the most probable age of the end of the
readvance is between ~19—18 Kka, i.e., within the H2—H1 transition
stage (occurring between ~24—17 ka; Hemming, 2004).

Another important fact to consider in this stage of
readvancement-stabilisation is the change in the morphology of
the glaciers, whose tongues went on to have large volume but
smaller extent than during the MIE stage. This process, also
observed in the Sierra de Béjar (western sector of the Sierra de
Gredos, ICS; Carrasco et al., 2013a; 2015), has been described in the
Cantabrian Mountains and Picos de Europa and is associated with
the change from more thermal glaciers during the MIE advance
(pre-LGM) to colder ones in the LGM advance stages (Serrano et al.,
2012, 20134, 2015). This discrepancy between ice volume and ice
extent it has also been raised on a regional and global (Peltier et al.,
2021; Doughty et al.,, 2021) level as it has been detected that
“world-wide many glacial systems of different sizes were more
extensive during MIS 4 and MIS 3 than they were during MIS 2,
stage during which they occurred the most recent maximum in
global ice volume”. Doughty et al. (2021), in their model to explain
these processes, suggest that climate is a determining factor in the
configuration of ice masses, but non-climatic factors, including
terrain topography, must also be considered.

In the case of the PC paleoglaciers and the ICS in general, there
are no clear climatic indicators to support an overall increase in ice
volume during the readvance stage compared to the MIE; both
processes occur during MIS 2 and as previously described, the
readvance is in the interval between the H2—H1 stadial. In this
context, the processes of over-deepening in the MIE stage and the
greater supply of debris during the post-MIE retreat (Carrasco et al.,
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2013b), could have consolidated glaciers confined in the valleys
limited by the lateral moraines of the PM formation and condi-
tioned the geometry of the glacier masses, favouring the growth in
volume of the tongues. At different spatiotemporal scale and
basically focused on erosion processes, this type of “own-control”
of glaciers over the configuration of their ice mass, has recently
been proposed to explain the disagreements between the regional
MIE of glaciers in Patagonia and the global minimum of tempera-
tures and maximum volume of ice during the Quaternary Period
(Kaplan et al., 2009).

According to the ages obtained in these deposits, the readvance
and stabilisation process took place after ~21 ka (average of ages
obtained for the ridges of the PD formation attached to outer slopes
of the PM) and before ~ 18 ka (average of ages obtained for the
ridges of the ID formation attached to inner slopes of the PM).
Considering the new data obtained in the main ridge of the PM
Formation, deglaciation in these valleys starts around 19—17 Kka,
similar to the ages previously obtained in these paleoglaciers and
others in the ICS (Carrasco et al., 2022a, 2022b; Hernandez et al.,
2023) and most paleoglaciers of the Iberian Peninsula further
north (Serrano et al., 2015; Rodriguez-Rodriguez et al., 2017, 2018;
Oliva et al., 2019, 2023; Salvador-Franch et al., 2022; Ventura and
Turu, 2022; Garcia-Ruiz and Serrano, 2022; Ruiz-Fernandez et al.,
2022; Santos-Gonzalez et al., 2022; Pérez-Alberti and Valcarcel,
2022). Moreover, it is coincident with that established in most
northern hemisphere paleoglaciers, which place it around 20—19
ka, after the end of the LGM stage and prior to the H1 event (Clark
et al, 2009, 2012, 2022; Denton et al., 2010; Hughes et al., 2013;
Ivy-Ochs, 2015; Reade et al., 2020; Kamleitner et al., 2022, 2023).
These similarities and the one pointed out for the MIE, already
detected also in the western Sierra de Gredos (Cuerpo de Hombre
paleoglacial, Carrasco et al., 2015), reinforce the consideration of
the paleoglaciers analysed in PC as evolutionary referents of the
MIS 2 in the central peninsular.

6. Conclusions

The data obtained by analysing the morphology and chronology
of the PC moraines have allowed us to establish the evolutionary
sequence of the ice masses of the Gredos-Hoya Nevada-El Pinar
glacial system. In contrast to previous interpretations that consid-
ered the three glaciers to have independent tongues, this paper
demonstrates that there was an interconnection between them in
their upper section during the stages prior to the readvance stage
(between approximately 25 and 20 ka). Associated with this
interconnection, several transfluence processes have also been
determined from the Pinar valley to those of Hoya Nevada and
Gredos. This process has been interpreted as a conditioning factor
of the topography (preglacial morphology) in the layout of the
glaciers.

The sequence of the geomorphological formations of PC shows a
good agreement with the ICS model, because the three main
morphostratigraphic formations established in the Regional
Chrono-Evolutionary Pattern (PD, PM, and ID) have been identified
here. In addition, for the first time is presented a clear distinction
between the PM as a unitary morphostratigraphic formation rep-
resenting a specific evolutionary stage and the PM as a compound
or polygenic physiographic unit due to overlapping and adjoining
with the other formations (PD and ID). The origin of the PM is also
associated with the increased supply of debris, due to the increase
in para- and periglacial processes caused by the progressive retreat
of the ice plateau at the head of the glaciers.

The chronological data obtained using '°Be-CRE show a good fit
with those obtained previously using ®CI-CRE. On the one hand,
the results indicate that the glaciation in this area corresponds to

16

Quaternary Science Reviews 312 (2023) 108169

MIS 2, with the MIE (around 25 ka) and a major post-MIE readvance
phase (around 21 to 19 ka), both within the LGM. These stages
correlate well with those established in other sectors of the ICS and
other mountains of the Iberian Peninsula and Central Europe.
However, it differs from the more common sequence in the Medi-
terranean mountains. On the other hand, two of the leading
evolutionary stages of these glaciers have been correlated with
climatic events described in several European mountains (Pyr-
enees, Alps, ICS, Carpathians, Bohemia) and Greenland. This is the
case of “intra-LGM” limited retreats and major-readvance post-MIE
within the inter-HE stages. Therefore, it can be established that
during the glaciation period (between MIE and the onset of the
major readvance stage, about 25 and 21 ka respectively), the gla-
ciers underwent only minor oscillations and their fronts remained
close to their maximum extent or MIE. According to its chrono-
logical position, we consider that the recent model proposed for the
Mediterranean region explains accurately the major readvance
stage, locating the advance pulsations during the inter-HE stages,
not within them.

All these chronological data obtained in PC support the hy-
pothesis that the maximum development of the glaciations in the
ICS corresponds to MIS 2. Many local MIEs are located at this stage
or during the MIS 3-MIS 2 transit, especially the great post-MIE
readvance that originated most of the current glacier
morphology. This hypothesis is also supported by the characteris-
tics of the indicators that mark glacial stages prior to the MIS 2,
which, in general, are scattered erratic boulders or minor marginal
moraines associated with the formations of the MIS 2 stages.
However, so far not identified any pre-MIS 2 morphologically in-
dependent landform (morainic complexes, glaciated valleys, polish
surfaces, etc.) in the ICS.

To establish the separation between the periods of glaciation
and deglaciation and validate the data obtained through the
chronologies, here we followed a morphostratigraphic criterion
using geomorphological features as indicators of trend change,
marking the beginning of evolutionary stage of deglaciation in the
main crest of the PM. This is justified by the recessional nature of
the post-PM moraines, as established in the Regional Chrono-
Evolutionary Pattern. The average age obtained with this criterion
is around 19—17 ka, which fits the proposed global age for the onset
of deglaciation in the Northern Hemisphere.

Finally, the timing and configuration of the ice masses are partly
associated with local topographic factors. The MIE and the onset of
deglaciation occur slightly earlier in the Gredos paleoglacier, which
could be due to the morphological configuration of its accumula-
tion basin. The changes in the configuration of the ice masses
detected during the stage of major readvance and stabilisation (PM
formation) depict a glacier of a large volume but smaller extent
than during the stages of MIE and oscillations post-MIE (PD for-
mation). A similar process has been described in some mountains
and is considered to have an essentially climatic basis. However, we
also suggest the hypothesis of the morphological configuration as a
factor associated with climate. Accordingly, in the stages prior to
the major readvance (represented by the PD formation), the gla-
ciers were more extensive but smaller in volume and with a pre-
dominance of erosive phases that were causing the progressive
nesting of the tongues in the valleys. In the stages of the readvance
and stabilisation (represented by the PM formation), the ice already
appears channelled, and the greater supply of debris allows the
formation of large lateral moraines (border moraines) that limit the
lateral expansion of the tongue but would allow for larger ice ac-
cumulations. The retreat of these ice masses, correspond to the
stages of deglaciation that formed the inner sequence of recessional
moraines during the TI period.
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