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A B S T R A C T   

In an effort to understand how alpine environments from the western Mediterranean region responded to climate 
variations since the last glacial-interglacial transition, a detailed chronological control and sedimentological 
analysis, supported by magnetic susceptibility, total organic carbon and C/N data, were carried out on the 
sedimentary record of Laguna Seca (LS). This is a latitudinal and altitudinally (2259 masl) key alpine wetland site 
located in the easternmost area of the Sierra Nevada, southern Iberian Peninsula, where sediments accumulated 
during Heinrich Stadial 1, Bølling-Allerød (B-A) and the Younger Dryas (YD) - previously unrecorded in alpine 
Sierra Nevada. Climate controlled sedimentation in LS and three coarse-grained and one fine-grained facies 
association are differentiated, which help us decipher the paleoenvironmental evolution of LS: (1) subaerial 
cohesionless debris flows during a paraglacial stage; (2) till or nival diamicton during a small glacier/nivation 
hollow stage; (3) massive mudstone by suspension settling of clays into standing water during a lacustrine stage; 
and (4) frost-shattering breccia deposited inside the lacustrine stage, probably during the YD, and linked to a 
periglacial substage. The development of a previously existing small glacial cirque during the Last Glacial 
Maximum (LGM) in the LS basin at an elevation between 2500 and 2300 m could be supported by the important 
availability of slope sediments glacially-conditioned such as debris flows, reworked by paraglacial slope pro-
cesses during the first deglaciation stages, confirming previous studies of landforms in the catchment area and 
the LGM-Equilibrium Line Altitude estimation above 2400 masl in Sierra Nevada. Mean sediment accumulation 
rates in the LS sedimentary units (4.21 and 0.28 mm/yr during the paraglacial - small glacier/nivation stage and 
the lacustrine stage, respectively) confirm that geomorphic activity accelerated just after glaciers retreated due to 
a slope adjustment and high availability of glacially conditioned sediments. An abrupt change in paleoenvir-
onmental and paleoclimatic conditions occurred in LS at ~ 15.7 cal kyr BP. This change was probably due to an 
increase in temperature and precipitation in the western Mediterranean region during the B-A. At LS, this 
resulted in significant ice-melt, forming a deep-water lake in LS with important organic matter contribution until 
the end of the Early Holocene (except in the YD when the lake level probably dropped), but elsewhere a general 
glacier recession in the Sierra Nevada and an expansion of the Mediterranean forest in the southern Iberian 
Peninsula. Finally, the general long-term aridification that occurred during the Middle Holocene until the present 
in the western Mediterranean region triggered an important environmental change transforming LS into an 
ephemeral wetland with an increase in aquatic productivity.  
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1. Introduction 

Sharp environmental changes, called Terminations, mark the end of 
the glacial episodes and the transition toward interglacial conditions as 
revealed by oxygen isotope profiles both from ocean and terrestrial re-
cords (Cheng et al., 2009). Those abrupt ends of glacial episodes are 
generally lacking or poorly recorded and/or preserved in continental 
records from mid-latitudes (i.e., Mediterranean region) due to reduced 
sedimentation rate (i.e., speleothem growth, McDermott, 2004), inci-
sion of alluvial sediments or low lake levels (PMIP Global Lake Status 
Database). 

Glacial sedimentology has played a secondary role in the recon-
struction of Quaternary glacial environments (in contrast to glacial 
geomorphology, Bennett and Glasser, 2009; Benn and Evans, 2010) due 
to the difficulty in identifying glacially-derived diamicton from other 
origins in strongly seasonal climates (McCaroll et al., 2001; Benn and 
Evans, 2010; Hambrey and Glasser, 2012). Sedimentary features, such 
as fabric, texture, grain-size and sorting, and other, represent lithologic 
evidence that helps reconstruct palaeoenvironments when the rela-
tionship between climate and sediments is well understood. However, 
sedimentary records in alpine glacial environments are difficult to 
interpret as fluvial, lacustrine and mass-flow processes operate before, 
during and after the dominantly-glacial environmental stage. Refine-
ment of the sedimentary facies models in alpine settings is needed to 
recognize, from within cores, the high variability of sediments corre-
sponding to different environments (glacial, paraglacial and/or peri-
glacial) that occurred during the glacial terminations in glaciated 
mountains. 

In many low-elevation and/or low-latitude mountain ranges where 
large-scale glaciation is lacking or marginal, isolated glaciers occurred in 
relict cirques within favorable topographic settings (Sanders et al., 
2013). As cirque glaciers or nivation hollows are the first and the last 
forms to exist during a glacial cycle, these have been used as highly 
sensitive paleoclimate indicators (i.e., to reconstruct paleo-Equilibrium 
Line Altitude (ELA)) (Barr and Spagnolo, 2015; Knazková et al., 2021). 
Incised cirque-like forms represent high-altitude areas where paraglacial 
sediment is partly trapped. Therefore, the sedimentary successions in 
those glacial or nival small mountain sinks provide a relatively more 
continuous record than other glacial settings such as glacier valleys, 
which represent sediment transferring systems but not preferential 
accumulation settings, as revealed by non-continuous cosmogenic 
chronology of glacial-periglacial valley landforms (Gómez-Ortiz et al., 
2012). Small glaciers, long-lived snow-patches in relict glacier cirques or 
nivation hollows have been shown to be highly sensitive to past short- 
term climate change (Brown et al., 2010). 

Although there are evidences of Laurentide and Scandinavian ice 
recession at ~ 20 cal kyr BP, deglaciation in the northern Hemisphere 
commenced at ~ 19 cal kyr BP (Clark et al., 2009; Denton et al., 2010). 
In the Mediterranean fringe, glacier recession also started after the Last 
Glacial Maximum (LGM), and intensified after ~ 15 cal kyr BP (Palacios 
et al., 2016; Rolland et al., 2020). Between these dates some Mediter-
ranean mountain ranges registered a glacier re-advance, as is the case of 
the Sierra Nevada; however, these glaciers massively melted at ~ 15 cal 
kyr BP (Palacios et al., 2016), allowing the development of alpine 
wetlands (Castillo Martín, 2009). Glaciers only reappeared in this area 
during the coldest periods such as Heinrich Stadial 1 (HS1) and the 
Younger Dryas (YD) (García-Ruiz et al., 2016; Hughes and Woodward, 
2017; Palacios et al., 2017; Ribolini et al., 2018; Palma et al., 2017; 
Oliva et al., 2014; Palacios et al., 2016). The Sierra Nevada wetlands are 
highly sensitive areas to climate change and their sediments accurately 
record its footprint, preserving a high-quality signal of past natural en-
vironments (García-Alix et al., 2017, 2018). However, previous studies 
on sedimentary records from the alpine Sierra Nevada showed that 
wetland formation in glacier cirque areas occurred in the YD-Early 
Holocene transition and a record of sedimentation older than that was 
yet to be found (Anderson et al., 2011; Jiménez-Moreno and Anderson, 

2012; García-Alix et al., 2012, 2017, 2018; Jiménez-Espejo et al., 2014; 
Jiménez-Moreno et al., 2013, 2020; Ramos-Román et al., 2016; Mesa- 
Fernández et al., 2018; Manzano et al., 2019; Toney et al., 2020; López- 
Avilés et al., 2021). This is probably due to glacial erosion, which 
occurred during the YD at the high elevation glacial cirque areas 
(Anderson et al., 2011; Palacios et al., 2020). Longer and older sedi-
mentary sequences than the Holocene potentially occur in sedimentary 
basins in Sierra Nevada at lower elevations, below the erosive action of 
alpine glaciers. Searching for a record longer than the Holocene in Sierra 
Nevada, which would register environmental changes during the last 
deglaciation, has been a goal of our research team for some time. 

In this study we analyzed the longest and oldest sedimentary record 
retrieved, until now, in the alpine Sierra Nevada. The Laguna Seca (LS) 
record covers the last ~ 18 cal kyr BP and is located in the easternmost 
area of the Sierra Nevada. Here we focus on the chronological control 
and sedimentological analysis supported by magnetic susceptibility 
(MS), total organic carbon (TOC) and carbon/nitrogen (C/N) data with 
the main goal of understanding how alpine environments in Sierra 
Nevada and the western Mediterranean region responded to climate 
variations from the last glacial-interglacial transition. 

2. Background 

2.1. Sierra Nevada 

Sierra Nevada is the highest mountain range in southwestern Europe. 
It is characterized by an east–west orientation, ~80 km long, a width 
between 15 and 40 km, and includes the Mulhacén and Veleta peaks, 
which are the highest peaks of the Iberian Peninsula with 3478 and 3398 
masl, respectively (Fig. 1a, b). The present geomorphological landscape 
of Sierra Nevada is consequence of oscillations in the climate conditions 
that shaped the highest sectors of this massif through glacial and peri-
glacial morphodynamics during the Quaternary (Oliva et al., 2014, 
2016). Glacial erosion during the cold stages of the Last Glaciation and 
YD generated numerous cirque depressions above 2600 masl where 
small lakes and waterlogged areas with abundant vegetation (peatlands, 
locally known as borreguiles) subsequently developed (Castillo Martín, 
2009). 

2.2. Climate 

Climate in the study area is Mediterranean with mild winters and hot 
and dry summers (Agencia Estatal de Meteorología, 2021). Several pa-
rameters such as precipitation, temperature and wind speed-direction 
were monitored between 2008 and 2016 at a weather station ~ 3.5 
km from Laguna Seca. Mean annual precipitation is around 581 mm/yr. 
The driest month is July with 2 mm and the most humid month is March 
with 114 mm of rainfall. Mean annual temperature is 6.3 ± 0.5 ◦C. 
February is the coldest month (-1.2 ± 1.7 ◦C) and July the warmest one 
(16.8 ± 1.2 ◦C). Mean annual speed and direction of the winds are 6.5 
m/s and 245◦, respectively (Organismo Autónomo Parques Nacionales, 
2021). 

2.3. Laguna Seca wetland 

LS (37◦05′53′’N, 2◦58′05′’W) is a small endorheic alpine depression 
situated at 2259 masl in the eastern side of the Sierra Nevada (Fig. 1b, c, 
d). At present, LS is covered with ice and snow in winter. According to 
the wind pattern, the LS basin lies to leeward, preventing snow deflation 
and favoring its accumulation by redepositing it from the windward 
faces (southwest face of the Chullo peak). During spring and early 
summer, the water table is shallow and can reach a maximum level of ~ 
0.5 m, but LS dries up in late summer (Fig. 1e). The catchment area 
covers ~ 58.8 ha and ranges in elevation from 2259 to 2540 masl 
(Fig. 1c). The basin catchment area is characterized by low-degree 
metamorphic mica schists of the Nevado Filábride complex (Martín 
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Fig. 1. (a) Location of the Sierra Nevada, southeastern Iberian Peninsula, western Mediterranean region (b) Laguna Seca (this study) location within Sierra Nevada, 
BdlV (Borreguiles de la Virgen; Jiménez-Moreno and Anderson, 2012), LdRS (Laguna de Río Seco; Anderson et al., 2011) and the Padul wetland (Camuera et al., 
2018) (c) LS catchment area with the three sedimentary records obtained (red points). Also, wind rose showing mean monthly distributed wind direction and wind 
speed values. Red arrow indicates the predominant wind direction (d) Topographical profile, to scale, in a southwest-east (SW-E) direction (e) SW-E panoramic view 
of LS, September of 2019 (Lagunas de Sierra Nevada, 2021). Picture sources: a, b and c) Google Earth; e) Raquel Monterrubio Sanz. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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Martín et al., 2010). According to Simón et al. (2000), the main land-
forms in LS basin are 1) a glacial cirque situated at 2370 masl in the 
western slope, originated by undated cold episodes, and 2) a gelifluction 
flow and gelifraction lobes located in the western and southeastern 
slopes, respectively, originated by a relatively recent cold episode 
(Fig. 2). The soil development is scarce with tundra-type crior-
omediterranean vegetation (Valle, 2003). This alpine lake is at present- 
day located right above treeline, with oromediterranean vegetation, 
mostly characterized by Pinus sylvestris, P. nigra, Juniperus spp. and with 
shrubs of the Fabaceae, Cistaceae and Brassicaceae families, among 
others, growing at lower elevations. 

3. Material and methods 

3.1. LS site core drilling 

Three sediment cores, LS-01, LS-02 and LS-03, with lengths of 14.1, 
9.6 and 8.1 m, respectively, were recovered in September 2014 from the 
depocentre area of LS (Fig. 1c, d and 2). LS-01 and LS-02 were taken 
with an approximate distance of 5 m, with LS-02 in a slightly more 
proximal (west) position to reconstruct the lateral variation in the 
sediment architecture. LS-03 was taken 50 m further to the east, in a 
more distal position, to assess the lateral consistency of the stratigraphic 
succession. Cores were collected with a Rolatec RL-48-L drilling ma-
chine equipped with a percussion corer from the Scientific Instrumen-
tation Center of the University of Granada (CIC-UGR). Sedimentary 
cores were transported to the University of Granada and stored in a 
refrigerated room at 4 ◦C. 

3.2. Chronology 

The chronology of the LS sedimentary record is based on nine 
Accelerator Mass Spectometry (AMS) radiocarbon and four optically 
stimulated luminescence (OSL) dates from the LS-01 sediment core. 
Radiocarbon dates were obtained from bulk sediment samples in the 
uppermost 4.38 m of the core. All the bulk samples (except Poz-72964, 
Poz-72965, Poz-72966 and Poz-72967) were pre-treated with hydro-
chloric acid (HCl) and hydrofluoric acid (HF) to remove carbonates and 
silicates, thus concentrating the organic matter. Radiocarbon dates were 
converted into calendar years before present (cal yr BP) using the 
IntCal20.14c curve (Reimer et al., 2020) by means of Calib 8.2html 
software (Stuiver et al., 2021). OSL dates were obtained in the last 9.27 

m of the core (Table 1). A Bayesian age-depth model for LS-01 was 
developed using 14C and OSL data and the R modeling package “R-Bacon 
(v. 2.5.1 - February 2021)” (Blaauw and Christen, 2011). The best age 
model was obtained using 182 sections with 7.75 cm. A prior accumu-
lation rate as a gamma distribution with shape 2.1 and mean 35 (yr/cm) 
were set for the uppermost 4.48 m of the core. Sedimentation rates 
abruptly changed at 4.48 m and the prior mean accumulation rate was 
set to 2.4 (yr/cm) from that point to the bottom of the core. A model 
memory as a beta distribution with strength 50 and mean 0.3 were set 
for the accumulation variability (Fig. 3). 

3.2.1. OSL sample preparation 
Samples for OSL dating were opened under subdued red light in the 

luminescence laboratory of the University of A Coruña. Coarse grains 
(90–180 µm diameter) were sieved, dried and treated with HCl and 
hydrogen peroxide (H2O2) to remove carbonates and organic matter, 
respectively. Feldspar and heavy minerals were removed by density 
separation, using sodium polytungstate solutions of 2.58 g cm− 3 and 
2.68 g cm− 3 specific gravity. The obtained quartz grains (between 2.58 
g cm− 3 and 2.68 g cm− 3) were etched in HF to remove any remaining 
feldspars and to etch the surface of quartz grains. Later, a final HCl 
washing was applied to remove any remaining soluble fluorides. The 
obtained quartz grains were checked with infrared (IR) stimulation to 
ensure that feldspars were absent. Quartz grains were mounted on small 
multi-grain aliquots of 20 ± 2 grains (1 mm diameter). 

3.2.2. OSL measurements and dose rates estimation 
An automated Risø DA-15 TL/OSL reader system was used for 

measurements. The reader is equipped with blue (470 ± 30 nm) light- 
emitting diodes (LEDs) and a 9235QA photomultiplier tube (PMT) to 
record signals. An optical 6 mm-thick Hoya U-340 filter was placed 
between the aliquots and the PMT to measure the 340 ± 80 nm emission 
(UV). Laboratory doses were given using a 90Sr/90Y beta source mounted 
on the reader emitting a 0.100 ± 0.003 Gy s− 1 dose. The blue-OSL (BL- 
OSL) single-aliquot regenerative dose (SAR) protocol (Murray and 
Wintle, 2000, 2003) was used to estimate the equivalent doses (Des). The 
multi-grain aliquots were stimulated for 40 s at 125 ◦C, using the first 
0.4 s to measure OSL and the last 4 s for background subtraction. Preheat 
tests were previously performed for all samples being a preheat tem-
perature of 200 ◦C chosen. Dose recovery tests were also performed on 
bleached aliquots (200 s BL-OSL bleaching twice at room temperature 
separated by a pause of 10,000 s) after irradiation with beta doses 

Fig. 2. Geomorphologic features of the LS catchment area (Modified from Simón et al., 2000) with the three sedimentary records obtained (red points). (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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similar to the assessed Des (Murray and Wintle, 2003). The dose-rates 
(Drs) were assessed after estimating 40K and 238U, 235U and 232Th 
decay chain activities using Low Background Gamma Spectrometry on 
bulk samples (Table 2). Samples were samples in sealed flask during 30 
days for Rn equilibration and later measured in a coaxial Camberra 
XTRA gamma detector (Ge Intrinsic) model GR6022 within a 10 cm- 
thick lead shield. Conversion factors of Guerin et al. (2011) were used to 
assess the Drs. The alpha contribution was neglected and the beta dose- 
rate corrected (Brennan et al., 2003) due to HF etching of quartz grains. 
The water content and saturation of samples were assessed in the lab-
oratory and the average water content was assessed considering that 
samples were saturated most of the burial time. The cosmic dose rates 
were calculated according to Prescott and Hutton (1994) (Table 2). 

3.3. Lithology 

The three sediment cores were split longitudinally and described 

thoroughly in the laboratory with respect to sedimentary facies char-
acteristics. Facies and facies associations were distinguished according 
to standard sedimentary features (colour, texture-grain size, clast- 
roundness and clast-sphericity, clast fabric, long axis dipping) (Fig. 4). 
The grain size was obtained from the average size of ten randomly 
selected grains and the roundness according to Powers (1953). The 
facies classification and codes are modified from Miall (1978). The 
spatial distribution of the cores in LS allowed the development of a two- 
dimensional schematic model showing the lateral changes in lithofacies 
and thickness of the different stratigraphic units (Fig. 5). 

3.4. Magnetic susceptibility 

MS was measured for all of cores with a Bartington MS2E meter in 
international system of units (SI × 10-4) every 0.5 cm (Fig. 5). The 
measuring time period was 10 s. MS is commonly used in lacustrine 
deposits and has also been used in the differentiation and stratigraphic 
correlation of sedimentary facies in glacial tills (Vonder-Haar and 
Hilton-Johnson, 1973). A synthetic MS reconstruction for the LS sedi-
mentary record was also generated by averaging the MS Z-scores (x- 
mean/σ) of the three cores (LS-01, LS-02 and LS-03) at 0.5 cm in-
crements in order to characterize and synthesize the different facies and 
units, and thus to facilitate the comparison of this variable with other 
local and regional proxies (Fig. 5). 

3.5. Organic geochemistry 

A total of 198 samples were taken from the LS-01 core for CHNS 
analyses with a sampling interval of ~ 5 cm. One cubic centimeter of 
each sample was decalcified overnight with HCl 1 N, and rinsed several 
times with MilliQ water until a neutral pH. About 5 mg of the decalcified 
sample was encapsulated in tin capsules and analysed by means of a 
CHNS Elemental Analyzer Thermo Scientific Flash 2000 at the CIC-UGR. 
Helium was used as gas carrier and the flash combustion was produced 
at 1000 ◦C. The equipment was calibrated every day using a certified 
sulfanilamide standard and the precision of the measurements was 
better than ± 0.1 %. Atomic C/N ratio was calculated from the division 
of total carbon and nitrogen yielded by the elemental analyzer by their 
respective atomic weights. % TOC was calculated from the percentage of 
carbon recalculated by the weight of the sample before and after 
decalcification (Fig. 5). 

4. Results 

4.1. Chronology 

4.1.1. AMS radiocarbon dating 
Sixteen radiocarbon dates from organic matter were obtained to 

build the age-depth model of LS-01 core. To assess the reliability and 
accuracy of the dates, two criteria have been considered: the strati-
graphic location and the origin of organic matter. 

The stratigraphic criterion is based on the coherence between ages 
and depths in the cores. Among the sixteen radiocarbon dates analyzed 
in stratigraphic order, seven showed seemingly excessive old ages, 
which could be due to redeposition of old organic matter. Four of these 
anomalous samples (Poz-samples) were not treated by means of HCl and 
HF to remove carbonate and siliciclastic material, and thus, the con-
centration of organic matter was lower than in the other samples. The 
disagreement between two samples taken at the same depth, 300 cm, 
Poz-72963 (pre-treated and rich in algae) and Poz-72964 (bulk sediment 
without pre-treatment) would suggest that bulk sediment samples 
without previous treatment exhibited no reliable 14C ages (Table 1). The 
other three samples that show anomalous ages (Beta-544146, Beta- 
544147 and Beta-544148) were pre-treated with HCl and HF but were 
discarded for showing stratigraphically incoherent 14C ages. The nine 
remaining samples showed stratigraphically coherent 14C ages. 

Table 1 
Age data for LS-01. Radiometric ages were calibrated using IntCal20.14c curve 
(Reimer et al., 2020) with Calib 8.2 (http://calib.org/calib/). OSL dates are 
marked with asterisk. In italic font, radiocarbon dates rejected. Acronyms: TBS; 
pre-treated bulk sediment with HCl and HF, BS; bulk sediment.  

Laboratory 
code  Material  

Depth (m) Dating 
method 

Age 
14C yr 
BP ± 
1σ 

OSL* 

Calibrated 
age  

(cal yr BP)  
2σ range 

Reference 
Age  

0 Present  − 65 

Beta-544146 TBS 0.37 14C 11070 
± 30 

12910–13088 

Beta-452041 TBS 0.60 14C 1690 ±
30 

1528–1695 

Beta-544147 TBS 0.83 14C 15960 
± 40 

19129–19425 

Beta-452042 TBS 1.20 14C 3880 ±
30 

4160–4414 

Beta-452043 TBS 1.80 14C 5050 ±
30 

5720–5903 

Beta-458581 TBS 2.26 14C 6620 ±
40 

7431–7570 

Beta-458581 TBS 2.72 14C 7200 ±
30 

7939–8158 

Beta-458583 TBS 2.94 14C 7380 ±
30 

8037–8324 

Poz-72963 Algae 3.00 14C 8920 ±
50 

9821–10219 

Poz-72964 BS 3.00 14C 11580 
± 60 

13317–13580 

Beta-458584 TBS 3.21 14C 9370 ±
30 

10505–10686 

Poz-72965 BS 3.60 14C 30900 
± 400 

34541–36090 

Beta-544148 TBS 3.81 14C 23860 
± 100 

27748–28288 

Beta-544149 TBS 4.38 14C 13050 
± 40 

15474–15795 

OSL-LS- 
Dr.09  

4.83–5.02 OSL 11400 
± 800*  

Poz-72966 BS 5.40 14C 37200 
± 800 

40679–42578 

OSL-LS- 
Dr.14  

8.03–8.17 OSL 13400 
±

1300*  
Poz-72967 BS 9.00 14C 33800 

± 600 
36956–40089 

OSL-LS- 
Dr.21  

12.29–12.39 OSL 12600 
±

1000*  
OSL-LS- 

Dr.24  
13.89–14.01 OSL 13600 

±

1400*   
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Furthermore, radiocarbon dating of organic matter can provide 
biased and overestimated ages in lake sediments, depending on its origin 
(Meyers, 1994) and the nature of the catchment rocks (Philippsen, 
2013). If the organic matter is autochthonous (algae or lacustrine/ 
catchment plants), the obtained date is usually reliable, as such matter 
was produced in situ simultaneously with the sedimentation process 
(Meyers, 1994). However, when the organic matter is allochthonous (i. 
e., it comes from soil erosion) it does not necessarily have to be coeval 
with the sedimentation process, so it can provide older ages. We believe 
that this is the case with the radiocarbon dates that showed too old ages. 

Another variable that has to be considered in freshwater systems is the 
potential reservoir effect on autochthonous organic matter (e.g., Phil-
ippsen, 2013). In lacustrine sediments this is usually related to the 
presence of older carbonate rocks in the catchment basin that could 
contribute to the dissolved organic carbon (DIC) pool of lake waters, 
modifying the 14C signal of freshwater organism (Philippsen, 2013). 
Since the catchment basin of Laguna Seca consists of low-degree meta-
morphic mica schists, the potential reservoir effect on the autochtho-
nous organic matter of the lake is negligible. 

The radiocarbon dates provided ages starting at ~ 15.6 cal kyr BP for 

Fig. 3. Profile of LS-01 sedimentary record. From left to right: core photography, core lithofacies sketch, sedimentary facies (see text for facies description), 
stratigraphic units (U1-U3), magnetic susceptibility (SI units) and bayesian age-depth model including the sediment accumulation rates (mm/yr). In the age model, 
dark blue shaded areas represent calibrated 14C dates and their uncertainties. Outer dotted lines indicate 95% confidence intervals being the central dotted red line 
the weighted median age. Horizontal dotted line indicates the break in the sedimentation rate. Light blue shaded areas represent OSL dates and their uncertainties. 
Parameters of age model: (a) prior and posterior distribution of the accumulation rate (green and grey lines respectively) (b) prior and posterior distribution of the 
model memory (green and grey lines respectively) and (c) log distribution of the Markov Chain Monte Carlo (MCMC) model iterations. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 2. 
Parameters for dose-rate assessment: water content (%W), activity concentration of radionuclides (40K, 232Th, 238U and 226Ra) and estimated beta (Drβ), gamma (Drγ) 
and cosmic (Drc) dose-rates. The activity concentration of radionuclides is expressed in becquerel/kilogram (Bq/kg). The estimated beta, gamma and cosmic dose-rates 
are expressed in gray/kiloyear (Gy/kyr).  

Sample W (%) 40K (Bq/kg) 232Th (Bq/kg) 238U (Bq/kg) 226Ra (Bq/kg) Drβ (Gy/kyr) Drγ (Gy/kyr) Drc (Gy/kyr) 

OSL-LS-Dr.09 30 ± 3 769 ± 27 74.3 ± 1.5 48.3 ± 2.5 40.8 ± 9.1 1.71 ± 0.09 1.24 ± 0.07 0.17 ± 0.02 
OSL-LS-Dr.14 30 ± 5 687 ± 23 55.7 ± 2.7 37.8 ± 8.2 38.5 ± 10.7 1.55 ± 0.11 1.13 ± 0.09 0.12 ± 0.01 
OSL-LS-Dr.21 35 ± 5 851 ± 30 43.2 ± 5.5 32.7 ± 7.8 38.5 ± 10.7 1.68 ± 0.12 1.06 ± 0.10 0.08 ± 0.01 
OSL-LS-Dr.24 33 ± 3 573 ± 22 53.8 ± 1.2 30.3 ± 7.0 39.3 ± 4.7 1.30 ± 0.06 0.97 ± 0.05 0.07 ± 0.01  
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the uppermost 4.38 m of the LS-01 sedimentary record (Table 1; Fig. 3). 

4.1.2. Dose-rate estimates and OSL ages 
The gamma spectrometry of the samples showed 235U activity con-

centrations below detection limits, and variable activity concentrations 
for 40K, and 238U and 232Th decay chains (Table 2). No disequilibrium 
was observed in the 238U and 232Th decay chains. The estimated water 
content was near saturation for all samples. The obtained Drs range from 
2.34 ± 0.08 Gy kyr− 1 to 3.13 ± 0.12 Gy kyr− 1 (Table 3). A 200 ◦C 
preheat was chosen for the BL-OSL SAR after preheat tests. Quartz grains 

showed dim signals, providing the Des of individual aliquots with high 
standard deviations and poor recycling ratios, being rejected between 40 
% and 60 % of the measured aliquots. The resulting De distributions 
provided non-skewed dispersions with low kurtosis. The Central Age 
Model (CAM; Galbraith et al., 1999) was used to assess the Des. The 
overdispersion of the CAM provided values from 21.6 ± 6.2 % to 45.8 ±
8.0 % (Table 3). This high overdispersion seems to be caused by the 
internal quartz sensitivity, as observed from the recorded dim signals. 
Indeed, the dose recovery tests provided ratios between 0.9 and 1.1 but 
high overdispersion values, between 14.3 ± 7.6 % and 24.9 ± 9.9 
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(Table 3). Such values are unusual in recovery dose experiments (Gal-
braith and Roberts, 2012) and support the hypothesis of the poor in-
ternal quartz sensitivity as the cause of the high overdispersion. In 
addition, we cannot discard beta microdosimetry as a possible cause of 
such overdispersion, since the OSL samples correspond to heterogeneous 
sedimentary facies (Figs. 3 and 5). Such heterogeneity can also have 
effects on the estimated gamma dose rate (Nathan et al., 2003) causing 
slight deviations in the resulting ages of some of the samples. No evi-
dence of partial bleaching is observed either in OSL signals, aliquot De 
distributions or stratigraphical incoherence of ages. Thus, the CAM 
seems to provide reliable ages, that are between 11.4 ± 0.8 kyr to 13.6 
± 1.4 kyr (Table 3). 

4.1.3. Bayesian age-depth model and sediment accumulation rates (SARs) 
The best combination of AMS radiocarbon and OSL dating were used 

to build a bayesian age-depth model for the LS sedimentary record 
(Fig. 3). OSL dating was used between 4.48 m and the bottom of the LS- 
01 core since there was not enough organic matter for AMS radiocarbon 
dating. The facies dated with OSL correspond to heterogeneous deposits 
(see section 4.2; Figs. 3 and 5). Heterogeneity in the sediment generates, 
on the one hand, variations in sediment beta-microdosimetry (Mayya 

et al., 2006), which affects the dispersion of OSL ages. On the other 
hand, it affects the estimation of the gamma dose rate (Nathan et al., 
2003), since the radiation rate is obtained from a portion of the sediment 
in the core and cannot be measured in situ. The gamma dose rate 
affecting the quartz comes from the U, Th and K radioisotope content in 
a radius of about 25 cm around the quartz analyzed. Therefore, it is 
possible that the gamma dose has been slightly underestimated or 
overestimated, giving rise to very high uncertainty in the OSL dates 
compared to the 14C results in LS. This is the reason why we are more 
confident in the radiocarbon age data to build the age model. However, 
the obtained OSL ages are statistically consistent among them and they 
point towards fast depositional (age-range overlapping) events giving 
rise to about 9.6 m of coarse sediments in less than 2.5 kyr. The high 
statistical errors due to the above-mentioned low sensitivity of the OSL 
signal in the studied sediments, fit with the proposed bayesian age-depth 
model providing an extrapolated age of ~ 18 cal kyr BP for the bottom of 
the LS-01 core (Fig. 3). 

Sediment accumulation rates were calculated from the linear inter-
polation of AMS radiocarbon and OSL dates. SAR between the end of the 
core and 4.48 m (~18.0 to 15.7 cal kyr BP) was estimated for 4.21 mm/ 
yr. In the uppermost 4.48 m (15.7 to − 65 cal yr BP) of the core, SARs 
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Table 3 
Data obtained and resulting OSL ages: total dose-rate (Dr), N measured aliquots (accepted/measured) and overdispersion (% Over). The total dose-rate and the ages are 
expressed in gray/kiloyear (Gy/kyr) and kiloyear (kyr).  

Sample Dr (Gy/kyr) N De  

(Gy) 
Over  
(%) 

Skewness Kurtosis Dose recovery Ratio Dose recovery Over (%) Age  
(kyr) 

OSL-LS-Dr.09 3.13 ± 0.12 29/48 35.7 ± 2.2 21.6 ± 6.2 0.20 2.55 0.94 ± 0.07 17.5 ± 7.8 11.4 ± 0.8 
OSL-LS-Dr.14 2.80 ± 0.14 32/62 37.4 ± 3.2 41.5 ± 7.1 − 0.35 2.80 0.90 ± 0.06 14.3 ± 7.6 13.4 ± 1.3 
OSL-LS-Dr.21 2.83 ± 0.15 29/70 33.7 ± 2.8 31.5 ± 7.5 0.38 1.79 0.98 ± 0.08 24.9 ± 9.9 12.6 ± 1.0 
OSL-LS-Dr.24 2.34 ± 0.08 29/54 31.9 ± 3.2 45.8 ± 8.0 0.02 1.56 0.91 ± 0.07 21.5 ± 7.3 13.6 ± 1.4  
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fluctuated between 0.05 and 0.86 mm/yr with a mean value of 0.28 
mm/yr (Fig. 3). 

4.2. Lithology, MS and organic geochemistry 

4.2.1. Facies association and sedimentary features 
Seven lithofacies (Gmg-1, Gmg-2, Gh, Dmc, B, Fm-1, Fm-2) are 

identified in the three stratigraphic records (LS-01, LS-02 and LS-03) 
(Fig. 4). Their stratigraphic distribution in the sediment core profiles 
is shown in Fig. 5. Each lithofacies is interpreted in terms of sedimentary 
processes as they are related to sedimentary transport mechanisms and/ 
or processes of weathering and erosion in the source area. Different 
lithofacies representing analogue sedimentary processes have been 
grouped into four facies associations (FA1, FA2, FA3, FA4). Each facies 
association is related to a sedimentary (sub-)environment controlled by 
autogenic and/or allogenic (dominantly climate changes) factors. These 
sedimentary controls are discussed in section 5. 

Facies association 1 (FA1): Debrites 

This facies association consists of three lithofacies (Gmg-1, Gmg-2, 
Gh). It is located at the lowermost part of the three stratigraphic re-
cords constituting the stratigraphic U1 (Figs. 4 and 5). The synthetic MS 
reconstruction from the mean Z-scores was not fully representative of 
this unit since there was no clear lateral continuity between the different 
facies of this association (Fig. 5). A sharp top surface represented the 
vertical transition between FA1 and the overlying facies association 
(FA2 in all the cores) (Fig. 5). 

Facies Gmg-1. This facies consists of a reddish matrix-supported 
gravel (conglomerate). The matrix was totally composed of sand with 
a coarse grain size between 0.5 and ~ 1 mm. The clasts showed sub- 
angular forms with low sphericity and an average grain size of ~ 1.5 
cm. Inverse grading is observed in the lowest sections. This facies reg-
isters the lowest C/N (mean: 8.96 ± 0.61) in the record, very low TOC 
(mean: 0.5 ± 0.07 %) and high MS (mean: 2.4 × 10-4 ± 1.2 × 10-4) 
values (Fig. 4). 

Interpretation: Facies Gmg-1 could suggest cohesionless debris flows 
dominated by frictional grain interactions (Nemec and Steel, 1984). 

Facies Gmg-2. This facies consists of a coarse-grained reddish matrix- 
supported gravel (conglomerate). The matrix is characterized by sand 
with a very coarse grain size (~2 mm). The clasts exhibited sub-rounded 
forms with low sphericity and an average grain size of ~ 2.2 cm. Inverse 
grading is observed. This facies records the lowest TOC in the record 
(mean: 0.46 ± 0.09 %), very low C/N (mean: 9.06 ± 1.57) and the 
highest MS (mean: 3.4 × 10-4 ± 5 × 10-4) values (Fig. 4). 

Interpretation: Facies Gmg-2 might be related to cohesionless debris 
flows dominated by frictional grain interactions. Inverse grading sug-
gested mass freezing deposition as the driving shear stress drops at the 
slope foot (Sohn et al., 1999). 

Facies Gh. This facies consists of reddish matrix to clast-supported 
gravel (conglomerate) with a crudely horizontally bedded marked by 
preferred subhorizontal clast orientation. The clasts were imbricated 
and showed rounded forms with low sphericity an average grain size of 
~ 1.8 cm. This facies registers very high values of MS with a mean value 
of 2.6 × 10-4 ± 1.4 × 10-4 (Fig. 4). 

Interpretation: The well-developed parallel-to-bedding clast align-
ment and lacking of vertical clast alignment, large floating or protruding 
clasts could suggest incremental aggradation of the debris flows that 
experienced full laminar shear before deposition (Sohn et al., 1999). 
Subhorizontal preferred clast orientation is commonly originated 
parallel-to-flow from strongly sheared laminar flow due to clast in-
teractions and dispersive pressure (Nemec and Steel, 1984). 

Facies association 2 (FA2): Diamicton 

Facies Dmc. This facies is dominated by well-developed stratification 

(banding or zonation) of alternating debris-poor and debris-rich layers 
with poorly-sorted angular clasts embedded in dark grey clay-matrix. It 
is classified as a clast-rich (5–50 %), muddy matrix-supported dia-
micton, following non-genetic of poorly-sorted sediment classification 
from Hambrey and Glasser, (2012). The matrix was characterized by a 
grain size lower than 0.004 mm. The clasts showed an average grain size 
of ~ 1.5 cm and commonly tabular morphology with horizontal a-axis. 
Scattered clasts appeared with a-axis vertically oriented. This facies 
records intermediate TOC (mean: 0.74 ± 0.22 %) and MS (mean: 1.9 ×
10-4 ± 5.6 × 10-5) values. The C/N ratio exhibits very high values (mean: 
13.86 ± 5.13). The synthetic MS reconstruction from the mean Z-scores 
records intermediate values (Figs. 4 and 5). 

Interpretation: The bi-modal (‘pebble clay’-type fabric) with elon-
gated particles subhorizontally aligned is commonly found on the gla-
cigenic deposits (till) and also in nivation sediments (Menzies et al., 
2006). Structureless, unpacked and poorly developed fabric of mostly 
angular clasts is common sedimentary features of supra-glacial tills or 
frost-shattered clasts fallen to nivation hollows (Bennett and Glasser, 
2009). Fine grained matrix would represent the subglacial or sub-
nivation basal melt layer where the supraglacial/supranival clasts were 
dropped and embedded into melting clays during the warmer season. 

Facies association 3 (FA3): Breccia 

Facies B. It consists of chaothic (non-graded), poorly-sorted and 
bimodal grain size (rough-sphericity quartzite pebbles and disc-shape 
schist microgranules) breccias, lacking a fine-grained matrix. The 
clasts informed sub-angular forms with low sphericity and an average 
grain size of ~ 1.4 cm. This facies records very low MS (mean: 7.3 × 10-5 

± 4.3 × 10-5) values (Fig. 4). The synthetic MS reconstruction from the 
mean Z-scores are not fully representative due to facies B is only 
recorded in LS-03 (Fig. 5). 

Interpretation: The angular morphology of clast and the lack of 
matrix supporting them (in contrasting with FA1) suggest this facies is a 
slope-base accumulation of clasts from frost shattering bedrock. 
Different lithology in bedrock (quartzites and schists) controlled the 
heterogeneity of grain size and clast-morphology. This local deposit, not 
registered in cores LS-01 and LS-02, was triggered by a low-efficiency 
transversal transport mechanism. 

Facies association 4 (FA4): Lutites 

Facies Fm-1. This facies consists of a massive grey mudstone with a 
grain size less than 0.004 mm. This facies registers the lowest mean 
values of MS (6.9 × 10-5 ± 2.1 × 10-5) and the highest of TOC (1.53 ±
1.83 %) and C/N (14.92 ± 2.38) of the record. The synthetic MS 
reconstruction from the mean Z-scores also records the lowest values in 
the sedimentary record (Figs. 4 and 5). 

Interpretation: Facies Fm-1 were deposited by suspension settling of 
clays into standing water. 

Facies Fm-2. This facies consists of a massive brown mudstone with a 
grain size less than 0.004 mm. This facies registers very low mean values 
of MS (1 × 10-4 ± 4.4 × 10-5) and C/N (10.84 ± 1.61), and high of TOC 
(1.44 ± 1.8 %). The synthetic MS reconstruction from the mean Z-scores 
records low values (Figs. 4 and 5). 

Interpretation: Facies Fm-2 were deposited by suspension settling of 
clays into standing water. 

4.2.2. Stratigraphic units 
Three stratigraphic units (U1, U2 and U3) in LS cores LS-01, LS-02 

and LS-03 were defined by lithology (colour changes and visible textural 
differences) and MS, TOC and C/N data (Fig. 5). The macroscopic 
distinction of these units was supported by marked changes in MS (mean 
MS values from LS-01, LS-02 and LS-03), TOC and C/N values. TOC and 
C/N data were obtained only for LS-01. 

The unit 1 (U1) constituted the basal unit in cores LS-01 and LS-03 
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with a thickness of 1.4 m and 1.7 m, respectively. This unit was not 
represented in LS-02. The real thickness of U1 is unknown because none 
of the cores reached the bedrock. The U1 was composed of conglomer-
ates and registered the lowest mean values of TOC and C/N (0.47 ± 0.09 
% and 9.04 ± 1.46, respectively) and the highest mean MS (3.1 × 10-4 ±

4.2 × 10-4). The synthetic MS reconstruction from the mean Z-scores 
exhibited the highest values in the sedimentary record. The contact with 
the overlying unit was sharp (Fig. 5). 

The unit 2 (U2) was represented in the three studied cores. The U2 
thickness was 4.1 m in LS-02, 8.2 m in LS-01 and 3.1 m in LS-03. The U2 
is not fully represented in LS-02 due to the shallow depth drilled in this 
location. The U2 was composed of angular clasts embedded in clays and 
registered intermediate values of TOC, MS and synthetic MS recon-
struction from the mean Z-scores. The C/N ratio exhibited the highest 
mean values in the sedimentary record. Values for U2 are the same as the 
ones in FA2, previously detailed in the section 4.2.1. An abrupt change is 
observed in the sedimentation rate between this unit and the overlying 
one, fluctuating from 4.21 to 0.28 mm/yr (Fig. 3). The contact with the 
overlying unit was sharp (Fig. 5). 

The unit 3 (U3) was also represented in the three cores with thickness 
of 5.5 m in LS-02, 4.5 m in LS-01 and 3.3 m in LS-03. This unit was 
principally composed by clays and registered the highest mean values of 
TOC (1.48 ± 1.8 %) and lowest MS (9.1 × 10-5 ± 4.2 × 10-5) of the 
studied sediment cores. The C/N ratio registered intermediate mean 
values (12.46 ± 2.79). The synthetic MS reconstruction from the mean 
Z-scores exhibited the lowest values in the sedimentary record (Fig. 5). 

5. Discussion 

Laguna de Río Seco (LdRS) registers the oldest sedimentary record – 
the last ~ 12.3 cal kyr BP – retrieved from an alpine wetland in the Sierra 
Nevada recovered until now (Anderson et al., 2011; Jiménez Espejo 
et al., 2014; Toney et al., 2020). Therefore, previously there has been a 
lack of information about the paleoenvironmental history of these alpine 
wetlands during the deglaciation. The sedimentological and paleo-
environmental record of Laguna Seca, which covers the last ~ 18.0 cal 
kyr BP, sheds light on this period in the Sierra Nevada and provides 
valuable paleoenvironmental information about the response of these 
alpine wetlands to the regional and global paleoclimatic changes since 
the end of the last glacial cycle. Three main paleoenvironmental stages 
can be identified in the LS setting from the deglaciation to the Holocene: 
(1) a paraglacial stage dominated by mass flows, (2) a small glacier or 
nivation hollow stage and (3) a lacustrine stage between ~ 15.7 cal kyr 
and the present (Figs. 6 and 7). This final stage is interrupted by a 
periglacial substage, probably during the YD. Additionally, the features 
of the first paraglacial stages and previous studies of landforms in LS 
basin would point towards the presence of a previous small glacier cir-
que, lacking till or glacier depositional morphologies, that sculpted the 
head of the basin during the Last Glacial Maximum. 

5.1. Paraglacial stage 

This stage is recorded by debrites (FA1) deposited from cohesionless 
debris flows. Their reddish matrix supports a subaerial setting for these 
mass flow conglomerates (Figs. 4, 5, 6j and 7a). An increase in textural 
maturity in debrites (i.e., decreasing of grain size) from core LS-1 to LS-3 
indicates a west (proximal) to east (distal) flow direction along an axial 
system (SW-E) coming from the eastward slope of Chullo peak (Fig. 1c, 
d and 5). Debrites are not recorded in core LS-2 as this stratigraphic 
horizon is deeper than LS-2 drilled depth (Fig. 5). Proximal to distal 
facies changes in short distances (e.g., from Gmg-lithofacies in LS-1 to 
Gh-lithofacies in LS-3 in a distance of ~ 50 m) indicate rapid changes in 
flow rheology (Fig. 1d and 5) triggered by the pre-debrite topography 
sculpted into the basin bedrock. Slope bedrock lithology (schists and 
quartzite), short distance (above 500 m) of the alluvial system between 
the source area (slope) and the sink (LS cirque/hollow floor), combined 

with the poor grain interactions that occurred into debris flows do not 
justify the relatively high roundness of the debrite clasts (Fig. 1c, d and 
4). The recycling of sediments from previous deposits in the slopes and/ 
or a previous period of high-intensity weathering that affected the 
bedrock in the slopes would explain the activity of debris flows as the 
main slope sediment transport mechanism and the relatively high 
textural maturity of the debrite clasts. 

Slope was presumably the most important topographic factor con-
trolling the flows. In fact, currently an important slope of 9.9◦ is 
observed in the transect SW-E in the LS basin (Fig. 1c and d). However, 
climatic control should also have played an important role not only 
during the debris flow phase but also during the preceding period. A pre- 
debrite glacial period (LGM) could have prepared the slopes (i.e., 
steepened rockwalls) and also generated drift-mantled slopes (i.e., talus 
debris resting against the slope) that could have been reworked by 
debris flows during the subsequent paraglacial period. Sierra Nevada 
registered important glacier advances at the end of the LGM and during 
HS1 that probably reached ~ 2000 masl on the north faces (Palacios 
et al., 2016). Therefore, the LS catchment is located in an optimum 
elevational range (from ~ 2259 to 2540 masl) for glacier activity during 
these periods. 

Debris flow is the main erosional to transport mechanism reworking 
sediment-mantled slopes in recent (and deglaciation period) paraglacial 
settings (Ballantyne et al., 2002). Additionally, high debris-flow activity 
occurs on slopes during intense rainfall periods (high water availability), 
especially after arid periods, when slopes are favored by high soil 
moisture due to snowmelt during deglaciation (Zimmermann and Hae-
berli, 1992; Palacios et al., 1999; Sletten et al., 2003). The glacier ad-
vances registered in Sierra Nevada at ~ 20–19 cal kyr BP were followed 
by a major deglaciation (Oliva et al., 2014; Palacios et al., 2016). This 
intense melting could have triggered the instability processed that gave 
rise to the described debris flows at the bottom of the LS record. This 
glacial regression was also observed in other Iberian locations such as 
the Central Range (Pedraza et al., 2013) and the Pyrenees (Serrano et al., 
2015) suggesting milder (temperate and humid) climate conditions. Low 
values of xerophytes in the Padul wetland before ~ 18.4 cal kyr BP 
(Camuera et al., 2021) and a stable temperature pattern of around 
13.5 ◦C from Alboran Sea (Martrat et al., 2014) could be also coherent 
with a moderate increase in precipitation and temperature in the 
western Mediterranean region at this time (Fig. 6d and c). 

The sedimentation rate for this paraglacial stage in LS was estimated 
in 4.21 mm/yr on the basis of a minimum debrite thickness of ~ 1.5 m 
(drilling did not reach the bedrock), probably deposited in less than ~ 
350 years (Figs. 3 and 5). A combination of factors like sediment 
availability, lack of terrestrial vegetation (deduced from the lowest % 
TOC and C/N values in the record; Fig. 6e and f) and slope instability 
(high detritial input showed by the highest synthetic MS reconstruction 
from the mean Z-scores; Fig. 6g), enhanced the geomorphic activity 
giving rise to high sedimentation rates in these debris-flow-dominated 
paraglacial settings during the initial stages of the deglaciation (Fig. 7a). 

The occurrence of post-LGM paraglacial debrites along with the 
elevational range of glacier development in the Sierra Nevada suggest 
that the potential origin of the present LS basin could have been a relict 
glacial cirque sculpted during the LGM. This hypothesis would agree 
with a previous study that suggested a first and undated cold episode 
that formed a glacial cirque at 2370 masl in the LS catchment (Simón 
et al., 2000; Fig. 2). However, sediment sources (glacially-conditioned 
sediment availability) for paraglacial debris flows could have been drift- 
mantled slopes accumulated in the LS basin until 2540 masl (Fig. 1c). 
The paraglacial term was initially used for ‘a period of rapid environ-
mental adjustment following glacier retreat’ (Benn and Evans, 2010). 
Paraglacial processes (i.e., slope adjustment by slope-failures, till 
reworking by debris flow and so on) occur rapidly from centuries (it is 
observed over the last 200 years in areas with glaciers retreated since the 
LIA, Serrano et al., 2018) to millennia. This timing for paraglacial pro-
cesses fits well with the time lapse (1 to 5 kyr) between the hypothetic 
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Fig. 6. (a) δ18O values of the NGRIP ice core from 
Greenland (North Greenland Ice Core Project Members, 
2004) (b) Summer insolation calculated for 37◦N (Laskar 
et al., 2004) (c) Sea Surface Temperature (SST, ◦C) from 
ODP-976 record of Alboran Sea (Martrat et al., 2014) (d) 
Percentage of xerophytes from Padul-15–05 record (values 
inverted) (Camuera et al., 2019, 2021) (e) Percentage of 
total organic carbon from LS-01 record (dashed line) (f) C/ 
N ratio from LS-01 record (dashed line) (g) Synthetic MS 
reconstruction from the mean Z-scores of magnetic sus-
ceptibility from LS sedimentary record (LS-01, LS-02 and 
LS-03) (dashed line). Smoothed spline function with a 
smooth value of 6.5 was used to facilitate the comparison 
of %TOC, C/N and synthetic MS data with other proxies 
(continuous line of 6e, f and g) (h) Estimated lake level of 
LS (i) Different paleoenvironmental stages registered in LS 
(j) Composite lithology column from LS sedimentary re-
cord (LS-01, LS-02 and LS-03). Grey bars represent cold 
and arid periods (HS1 and YD). Acronyms: LGM; Last 
Maximum Glacial, HS1; Heinrich Stadial 1, B-A; Bølling- 
Allerød, YD; Younger Dryas.   
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glacier till developed in a glacier cirque stage during the LGM (23–19 cal 
kyr BP) and the paraglacial debrite (~18 cal kyr BP) in LS (Fig. 6j). 

The location of the LS cirque in the lee of southwestern prevailing 
winds presumably protected the snow accumulation, limiting deflation 
(Fig. 1c). In addition, this basin was probably a trap for the snow blown 
from the west windward slope. The tendency for mid-latitude cirques to 
face eastward is considered to reflect the glacier growth and survival in 
the lee of westerly winds that dominate at these latitudes (Benn, 1989). 
The cirque floor altitude of 2259 masl in LS or the ratio between cirque 
threshold and cirque headwall altitudes between ~ 2300 and ~ 2500 
masl, respectively, in LS, have been used as a proxy of glacier’s ELAs for 
former periods of glaciations (Principato and Lee, 2014; Mitchell and 
Humphries, 2015). This ELA estimation method is well-fitted when 
glaciers were comparatively small and confined into their cirques 
(Evans, 1999), as occurred in Sierra Nevada just after the LGM when the 
glaciation was marginal (Oliva et al., 2014; Palacios et al, 2016). On the 
basis of the till/nivation deposits preserved in LS, the palaeo-ELA can be 
estimated at above ~ 2400 masl during the LGM (23–19 cal kyr BP), 
which is in accordance to the ELA estimated for Sierra Nevada by at-
mospheric reconstructed modeling (between 2400 and 2600 masl, 
Kuhlemann et al., 2008) and based on geomorphological evidences 
(Oliva et al., 2014). 

5.2. Small glacier or nivation hollow stage 

This stage is represented by facies association FA2 that is interpreted 
as glacially-derived till diamicton or diamicton derived by snowpatch- 
related nivation hollow (Figs. 4, 5, 6j, 7b and c). A combination of 
contemporary periglacial processes could explain the bi-modal dia-
micton in LS: (1) winter frost-shattered of the nivation free bedrock 
scarps and clasts fall into the snowpatch (Fig. 7b) and (2) nivation 
summer melt and a clay layer deposited embedding clasts (Fig. 7c). 
Therefore, this facies deposits occurred most likely due to seasonal 
climate oscillations under a generally cold and arid conditions. The 
clasts were product of frost shattering physical weathering processes, 
hence their angular nature (Fig. 4). The temperature would have 
increased during the warm season producing the snow/ice melting, and 
would generate the remobilization of the shattered material downslope 
to the depocentre of the basin. Evidences of significant run-off in the LS 
basin is deduced by high values of the synthetic MS reconstruction from 
the mean Z-scores (Fig. 6g). Probably, run-off linked to seasonal climate 
oscillations would explain the variability in the contribution and origin 
of the organic matter in this facies. The low %TOC and the important 
variation in the C/N values, which oscillate from 5.3 to 33.5, suggest low 
productivity with a mixture source between terrestrial (C/N values 
above 20 that indicate the predominance of vascular plants; Meyers, 
1994) and microbial (C/N values lower than 10 probably indicate the 
presence of bacteria and/or algae; Tyson, 1995; Meyers, 1994, 2003) 
organic matter (Fig. 6e and f). 

Very cold and arid climate conditions in the western Mediterranean 
between ~ 17.7 and 15.7 cal kyr BP probably led the deposit of the 
diamicton in LS and important environmental changes in other locations 
from this region (Bard et al., 2000; Fletcher and Sánchez-Goñi, 2008; 
Combourieu-Nebout et al., 2009; Carrión et al., 2010; Fletcher et al., 
2010; Moreno et al., 2012). In southern Iberia, the nearby sedimentary 
record from Padul wetland registered a decrease in mesic forest and an 
increase in xerophytes reaching maximum values, suggesting very dry 
conditions (Camuera et al., 2021) (Fig. 6d). In addition, the ODP-976 
record from the Alboran Sea also showed a sharp drop in the sea sur-
face temperature (SST) during this period, reaching the lowest values 
from the last 20 cal kyr BP (Martrat et al., 2014) (Fig. 6c). These climatic 
conditions and environmental changes are also registered in other lo-
cations from the northern Iberian Peninsula such as the Lake Estanya 
where shallow lake levels, saline waters and reduced organic produc-
tivity reached their maximum values between 18 and 14.5 cal kyr BP 
(Morellón et al., 2009). These environmental features in the western 

 L
ac

us
tri

ne
 s

ta
ge

Basement

Basement

Basement

Sm
al

l g
la

ci
er

 o
r n

iv
at

io
n 

ho
llo

w
 s

ta
ge

 

Basement

Basement

Pa
ra

gl
ac

ia
l s

ta
ge

 
(a)

(b)

(c)

(d)

(e)

Fig. 7. Schematic representation of the different paleoenvironmental stages 
from LS with respect to sedimentological features, MS, TOC and C/N data. 
Three principal stages are differentiated: paraglacial stage dominated by mass 
flows, small glacier or nivation hollow stage and lacustrine stage. (a) The 
paraglacial stage is dominated by subaerial cohesionless debris flows. (b, c) The 
small glacier or nivation hollow stage is dominated by glaciogenic deposits (till) 
or nivation sediments. Deposits fluctuate depending on seasonal climate oscil-
lations: (b) winter frost-shattered of the nivation free bedrock scarps and clasts 
fall into the snowpatch or (c) nivation summer melt with clay layer deposition 
and embebed clasts. (d, e) A lacustrine stage dominated by suspension settling 
of clays into standing water in a deep (d) and ephemeral lake (e). 
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Mediterranean region favored a major glacier advance that refilled the 
high-elevation valley bottoms in Sierra Nevada at ~17.5 cal kyr BP 
(Palacios et al., 2016). This fact agrees with the presence of moraines in 
the Iberian Central Range (Andrés y Palacios, 2014; Carrasco et al., 
2015) and in the Pyrenees (Delmas et al., 2008; Pallás et al., 2010; 
Palacios et al., 2015a; Palacios et al., 2015b; Turu et al., 2016) between 
17.5 and 14.5 cal kyr BP, indicating that deglaciation was interrupted by 
cold conditions and glaciers readvanced significantly in many moun-
tains in Iberia. In fact, glaciers also advanced in some areas in northern 
Europe without reaching the previous extension of the LGM (Ivy-Ochs 
et al., 2009; Giraudi, 2015; Ivy-Ochs, 2015; Makos, 2015), as well as 
small glacier cirques in other peri-Mediterranean massifs at similar 
latitude such as the mountains of the Balkans and Greece (Leontaritis 
et al., 2020; Allard et al., 2020). 

5.3. Lacustrine stage (15.7 cal kyr BP - present) 

This stage is represented by FA3 and FA4. Facies association 3 is 
interpreted as frost-shattering breccia deposited in a periglacial sub-
stage, representing a short period during a lacustrine stage (Figs. 4, 5 
and 6j). Facies association 4 are interpreted as suspension settling 
mudstone into standing water during a lacustrine stage (Figs. 4, 5, 6j, 7d 
and e). Two different facies are differentiated in FA4: (1) Facies Fm-1 are 
interpreted as a deep-water lacustrine stage under overall humid con-
ditions and probably linked with an ice-melting caused by an important 
increase of temperatures in Sierra Nevada (Fig. 6h, i, j and 7d) and (2) 
Facies Fm-2 are interpreted as an ephemeral water lacustrine stage 
under an overall long-term aridification trend (Fig. 6h, i, j and 7e). Both 
mudstone facies are characterized in general terms by high organic 
matter and low detrital content (Fig. 6e and g). 

The grey mudstone facies (Fm-1) presents the highest organic matter 
content (highest %TOC values), with a mixture contribution of terres-
trial vascular plants and aquatic algae (C/N values between 10 and 20, 
with a mean of ≃15; Meyers, 1994), and the lowest detrital content 
(lowest values of the synthetic MS reconstruction from the mean Z- 
scores) from the LS sedimentary record (Figs. 4, 6e, f and g). These 
factors along with the absence of clasts would indicate a warmer and 
more humid climate compared to previous stages. The abrupt facies 
change observed at ~ 15.7 cal kyr BP suggests a major change in the 
paleoclimatic and paleoenvironmental conditions in the Sierra Nevada. 
According to Palacios et al. (2016), the glaciers in Sierra Nevada receded 
and probably disappeared during the Bølling-Allerød (B-A). This rapid 
glacier retreat was also registered in the central Iberian Peninsula 
(Palacios et al., 2011, 2012), in the north-west mountain ranges 
(Fernández-Mosquera et al., 2000; Cowton et al., 2009) and in the 
Pyrenees (González-Sampériz et al., 2006; Pallàs et al., 2006, 2010; 
Delmas et al., 2008; Sancho et al., 2008) between 16 and 15 cal kyr BP. 
The limit between the diamicton (cold/arid conditions) and the grey 
mudstone (warm/humid conditions) of the LS sedimentary record 
agrees in time with an important drop in the xerophyte content observed 
in the Padul wetland pollen record at the beginning of the B-A (~15.7 
cal kyr BP) (Fig. 6d). Camuera et al. (2021) observed an expansion of the 
Mediterranean forest induced by a significant increase in precipitation, 
coeval with an important increase in SST temperatures in the Alboran 
Sea (Martrat et al., 2014) (Fig. 6d and c). This temperature rises in 
southern of Iberian Peninsula was probably controlled, among other 
factors, by a northern Hemisphere summer insolation increase (Laskar 
et al., 2004), that would also have triggered significant ice-melting in 
Sierra Nevada forming a relatively deep-water lake in the LS basin 
(Fig. 6b, c and 7d). 

The breccia facies (FA3) was only registered in the LS-03 record, the 
most distal of the three cores (Figs. 4 and 5). This facies deposit is 
interpreted as an occasional slope-base accumulation of clasts from 
frost-shattering bedrock processes in the southeastern reliefs, linked 
with a periglacial substage that could have been linked to the YD 
(Fig. 1c, 2, 6i and j). Gelifraction lobes have been described at the base of 

the southeastern slope of the LS basin, where the slope is very steep 
(Simón et al., 2000; Fig. 1c, e and 2). These gelifraction lobes flowed into 
the main axial system (SW-E) and, according to Simón et al. (2000), 
could have been linked with an undated last cold episode, periglacial 
rather than glacial, that affected environments and sedimentation in LS. 
The spatial distribution and small-scale of the gelifraction lobes would 
justify the lack of this deposit in the LS-01 and LS-02 cores located 50 m 
further to the west, where lacustrine sediments accumulated instead 
(Fig. 1c, 2, 5 and 6j). Although there is no age control for LS-03 core, the 
chronostratigraphic correlation between LS-01 and LS-03 would allow 
for inferring the approximate age of the breccia deposit between ~ 15.6 
and 10.6 cal kyr BP (Fig. 5). However, since this deposit is strati-
graphically closer to the overlying radiocarbon date at the bottom of 
brown mudstone – Fm-2 – (~10.6 cal kyr BP) in LS-01 core, it could 
coincide in time with the YD (from ~ 12.9 to 11.7 cal kyr BP). Laterally- 
equivalent lacustrine sediments showed a drop in organic matter, 
composed principally by a mix between terrestrial vascular plants and 
aquatic algae, and an increase in detrital content, suggesting cold and 
dry climatic conditions and probably a lowering of the lake level that 
could have ended up with the emersion of core LS-03 after the breccia 
deposition (Fig. 6e, f, g and h). During this period, small glaciers 
developed again in Sierra Nevada but only at high-altitude cirque basins 
with specific orientations (Palacios et al., 2016), as response to the 
global cold and dry atmospheric conditions (see low values of Greenland 
NGRIP δ18O ice record; Fig. 6a). Local pollen studies at lower elevation 
in the Sierra Nevada exhibite relative high content of xerophytes during 
the YD indicating cold and arid conditions (Fig. 6d; Camuera et al., 
2021). An Artemisia-Ephedra pollen signal paralleling a forest depletion 
is also visible during the YD at 225 masl in the eastern Iberia sequence of 
Navarrés (Carrión and van Geel, 1999). At a broader scale, these find-
ings are in tune with an abrupt and pronounced drop in the temperate 
forest signal in the western Mediterranean (Fletcher et al., 2010). Both 
xerophytic development and temperate forest decline were linked to a 
rapid vegetation response to aridity and low temperature in the western 
Mediterranean during the YD (Fletcher et al., 2010; Martrat et al., 2014) 
(Fig. 6c). In addition, the probably lowering lake level of LS at this time 
would be in tune with the behavior of other mid-European lakes that 
during the early and late stages of the YD showed high lake-levels with a 
middle phase of lake-level lowering (Magny, 2001; Magny et al., 2006). 

After the YD and up to ~ 10.6 cal kyr BP, LS registered continuous 
sedimentation of facies Fm-1 in the deepest areas of the basin (repre-
sented in both LS-01 and LS-02 records) with a very high content of 
organic matter from a mix between terrestrial vascular plants and 
aquatic algae (Fig. 6e, f, i and j). However, facies Fm-1 did not overlie 
facies B in core LS-03 (Fig. 5), likely related to an occasional emersion of 
this part of the basin. This would suggest that lake-level would have 
remained low during the YD-Early Holocene transition (Fig. 6h). After 
the YD, glaciers in Sierra Nevada started retreating towards their valley 
heads until they completely disappeared (Palacios et al., 2016). During 
this time, the nearby sedimentary record from Laguna de Río Seco 
registered clays rich in organic matter, with significant Botryococcus 
colonies and steppe vegetation pollen taxa that would probably indicate 
an important input of nutrients and suggesting similar relatively cold 
and dry environmental conditions as LS (Anderson et al., 2011). In fact, 
the facies change from grey to brown mudstone (from Fm-1 to Fm-2) and 
the highest organic matter content (from terrestrial vascular plant 
source) observed in LS during the Early Holocene (~10.6 cal kyr BP; 
Fig. 6e, f and j), coincides in time with the start of decline in steppe and 
occurrence of the more mesic tree and shrub species from Laguna de Río 
Seco (Anderson et al., 2011) suggesting a shift towards more warm and 
humid conditions. Higher lake levels conditions recovered in LS at that 
time. These environmental and climate conditions are also observed in 
other records from the southern of Iberian Peninsula (i.e., in the 
decreasing trend of xerophytes content from the Padul wetland; Fig. 6d) 
and the Alboran Sea (i.e., in the increasing trend of sea surface tem-
perature; Fig. 6c). 
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The brown mudstone facies (Fm-2) presents a decreasing trend in the 
organic matter content, with a transition in the organic matter source 
towards aquatic algae, and an increasing trend in the detrital content 
that can be interpreted as a primary productivity decline and more 
detritic inputs in the LS catchment throughout the Holocene (Fig. 6e, f 
and g). These features indicate a transition from a warm and humid 
climate during the Early Holocene (after 10.6 cal kyr BP) to warm and 
generally arid conditions from the Middle Holocene to the present, 
which would generate a change in the LS water level from a deep-water 
to an ephemeral lake (Fig. 6h, 7d and e). 

During the Early Holocene (between ~ 10.6 and 8.2 cal kyr BP), the 
Fm-2 facies registered the highest values of organic matter, with a 
mixture contribution of terrestrial vascular plants and aquatic algae, and 
the lowest detrital content of the sedimentary record suggesting a deep- 
water lake level in LS and the warmest and wettest conditions of the 
Holocene (Fig. 6e, f, g, h and 7d). The onset of more humid conditions in 
LS started at ~ 10.6 cal kyr BP (Fig. 6e, f and g). These climate condi-
tions modulated the paleoenvironments, principally the accumulation of 
organic matter and regional vegetation, as can be seen in many other 
records from Sierra Nevada such as Laguna de Río Seco (Anderson et al., 
2011) and Padul wetland (Ramos-Román et al., 2018a). 

Between the Middle and Late Holocene (from ~ 8.2 cal kyr BP until 
the present), the Fm-2 facies registered lower organic matter content 
and mostly deriving from aquatic algae (C/N values below 10; Meyers, 
1994), and a significant increasing trend in detrital content in the LS 
catchment (Fig. 6e, f and g), suggesting a general long-term aridification 
trend that has been observed in several records from Sierra Nevada 
(Anderson et al., 2011; Jiménez-Moreno and Anderson, 2012; Ramos- 
Román et al., 2018a; Ramos-Román et al., 2018b; Jiménez-Espejo et al., 
2014) and in other sites from western Mediterranean (Fletcher and 
Sánchez-Goñi, 2008; Combourieu-Nebout et al., 2009; Carrión et al., 
2010; Rodrigo-Gámiz et al., 2011). The gradual environmental change 
towards more regional aridity that became enhanced at around ~ 6 cal 
kyr BP in LS and other records from the Sierra Nevada (Jiménez-Espejo 
et al., 2014; Jiménez-Moreno et al., 2020) agrees in the timing of the 
termination of the African Humid Period at ~ 6 cal kyr BP (deMenocal 
et al., 2000) and the establishment of the current atmospheric dynamics 
in southern Iberia (Toney et al., 2020; García-Alix et al., 2021), indi-
cating synchronicity in the North Atlantic Ocean-atmospheric dynamics 
and orbital forcing with the decrease in summer insolation as main 
climate driver in the western Mediterranean and northern Africa. Under 
this scenario LS evolved from a deep-water into an ephemeral lake with 
important aquatic productivity in the Middle-Late Holocene transition, 
developing late summer desiccation in the last centuries (Fig. 6f, h, 7d 
and e). This aridification trend was most likely related to a reduction in 
winter precipitation due to decreasing summer insolation (Magny et al., 
2012; Fig. 6b), modulating the accumulation of organic matter and 
transforming the vegetation in the Sierra Nevada alpine environments 
with the reduction of forested species. This is observed in nearby sedi-
mentary records such as Laguna de Río Seco (Anderson et al., 2011), 
Borreguiles de la Virgen (BdlV; Jiménez-Moreno and Anderson, 2012) 
and the Padul wetland (Ramos-Román et al., 2018b), and in different 
sites from western Mediterranean area (Carrión, 2002; Carrión et al., 
2010; Fletcher and Sánchez-Goñi, 2008; Jalut et al., 2009; Fletcher 
et al., 2013; Jiménez-Moreno et al., 2015). 

The sedimentary infilling, and thus, the reduction of the accommo-
dation space in the basin, could have been one of the factors that forced 
the Middle-Late Holocene shallowing of LS (Fig. 6h and 7e). Closed lake 
systems in alpine regions with small catchment basins have low poten-
tial for sediment accumulation since the mechanical denudation and 
detrital sedimentation are directly related to drainage/lake area ratio, in 
addition to lithology and climate (Einsele and Hinderer, 1997). 
Depending on these factors, the alpine lakes could become filled up in 
several hundreds or thousands of years (Einsele and Hinderer, 1997). In 
the case of LS, although the catchment area only covers ~ 58.8 ha, the 
reduced area for sediment accumulation gave rise to almost ~ 12 m of 

sedimentary deposits from ~ 18 to ~ 6 cal kyr BP, reducing the potential 
volume of the basin (Fig. 1c, 5 and 7e). However, according to the 
topography, LS lake level could be higher than the current 0.5 m in late 
spring since the outflow of this endoreic basin is located ~ 15 m above 
the present depocentre (Fig. 1c). This would mean that although the 
contribution of the basin infilling to the reduction of the water level was 
significant, the general aridification trend registered from the Middle 
Holocene until the present in the western Mediterranean has been the 
main driver controlling the lake level in LS (Fig. 6e, f, g, h and 7e). 

The last ~ 500 cal yr BP of the LS record, represented by the Fm-2 
facies, are characterized by the highest content of organic matter for 
the entire sedimentary sequence (Fig. 6e). This organic matter content 
and the C/N values suggest a simultaneously significant accumulation of 
algae and terrestrial vascular plants (Fig. 6e and f) that could have been 
anthropically-forced (lake eutrophication and/or soil erosion in the 
catchment). A trend in increasing human activity in the last centuries is 
observed in other surrounding wetland records, such as the Laguna de la 
Mosca (Oliva and Gómez-Ortiz, 2012), Borreguil de la Virgen (García- 
Alix et al., 2017) or Borreguil de los Lavaderos de la Reina (López-Avilés 
et al., 2021). In fact, there are multiple evidences in Sierra Nevada of 
disturbance in the natural distributions of some plant species linked to 
reforestation (Anderson et al., 2011; Jiménez-Moreno and Anderson, 
2012), as well as records of grazing activities or cultivation (Ramos- 
Román et al., 2019) and atmospheric pollution (García-Alix et al., 2017), 
that reveal an important human footprint during the last centuries. 

6. Conclusions 

The LS alpine wetland is at a key latitude and altitude in the western 
Mediterranean region, containing a highly sensitive sedimentary 
archive of the paleoenvironmental changes since the last deglaciation. 
The sedimentological, chronological, MS, TOC and C/N datasets ob-
tained from the LS sedimentary record show that:  

1. The core LS-01 is the longest and oldest record retrieved in alpine 
Sierra Nevada areas, covering the last ~ 18 cal kyr BP and providing 
valuable paleoenvironmental and paleoclimatic information of pre-
viously unrecorded climatic periods such as the HS1, B-A or the YD in 
the largest mountain range in southern Iberia.  

2. Four climatically-controlled facies associations, three coarse-grained 
gravel and one fine-grained sedimentary deposit, have been identi-
fied and interpreted in terms of transport mechanisms and paleo-
environments: (1) subaerial cohesionless debris flows during a 
paraglacial stage, (2) till or nival diamicton during a small glacier/ 
nivation hollow stage, (3) massive mudstone by suspension settling 
of clays into standing water during a lacustrine stage from ~ 15.7 cal 
kyr BP to the present and; (4) frost-shattering breccia deposited in-
side the lacustrine stage, only in an area of the wetland, probably 
during the YD and related with a periglacial substage.  

3. Paraglacial slope processes during the first deglaciation stages 
should have been linked to the availability of slope sediments with a 
glacial origin, supporting the development of a previous small glacier 
or cirque glacier (2300–2500 masl) in the LS basin during the LGM, 
and agreeing with the landforms in the catchment basin and con-
firming the LGM-ELA estimation from other external proxies and 
atmospheric circulation models above 2400 masl in Sierra Nevada.  

4. The sedimentation rates obtained in the different climatically- 
controlled sedimentary units (4.21 mm/yr during the paraglacial 
and small glacier/nivation stage and 0.28 mm/yr during the lacus-
trine stage) confirm that the geomorphic activity was accelerated 
just after glaciers retreated in the Sierra Nevada mountain range, due 
to a slope adjustment and high availability of sediments glacially 
conditioned. 

5. An abrupt change in paleoenvironmental and paleoclimatic condi-
tions have been detected at ~ 15.7 cal kyr BP in LS probably related 
to an increase in summer insolation, temperatures and precipitation 
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in the western Mediterranean region. This scenario boosted a sig-
nificant ice-melting and glacier retreat in the Sierra Nevada. This 
high-water availability in the alpine areas of Sierra Nevada is 
compatible with the development of a deep lake with an important 
organic matter contribution (mixture between terrestrial vascular 
plants and aquatic algae) in the LS basin until the end of the Early 
Holocene (except in the YD that probably the lake level was lower). 
The general long-term aridification trend observed from the Middle 
Holocene to the present in the western Mediterranean region trig-
gered the evolution from deep to ephemeral lacustrine conditions 
with an increase of aquatic productivity in the LS basin that ended up 
with the current summer desiccation of the lake.  

6. Significant organic matter sedimentation with both aquatic and 
terrestrial origin could reveal an anthropically-forced shift during 
the last ~ 500 cal yr BP as observed in other surrounding alpine 
wetlands during the last centuries. 
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history of alpine vegetation, fire, and climate from Laguna de Río Seco, Sierra 
Nevada, southern Spain. Quat. Sci. Rev. 30 (13-14), 1615–1629. https://doi.org/ 
10.1016/j.quascirev.2011.03.005. 

Andrés, N., Palacios, D., 2014. Las fases de deglaciación del Sistema Central y su 
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Guérin, G., Mercier, N., Adamiec, G., 2011. Dose-rate conversion factors: update. Anc. TL 
29, 5–8. 

Hambrey, M.J., Glasser, N.F., 2012. Discriminating glacier thermal and dynamic regimes 
in the sedimentary record. Sed. Geol. 251–252, 1–33. https://doi.org/10.1016/j. 
sedgeo.2012.01.008. 

Hughes, P.D., Woodward, J.C., 2017. Quaternary glaciation in the Mediterranean 
mountains: a new synthesis. Geol. Soc. Lond. Spec. Publ. 433 (1), 1–23. 

Ivy-Ochs, S., 2015. Glacier variations in the European Alps at the end of the last 
glaciation. Cuad. Investig. Geogr. 41, 45–65. https://doi.org/10.18172/cig.2750. 

Ivy-Ochs, S., Kerschner, H., Maisch, M., Christl, M., Kubik, P.W., Schlüchter, C., 2009. 
Latest Pleistocene and Holocene glacier variations in the european Alps. Quat. Sci. 
Rev. 28 (21-22), 2137–2149. https://doi.org/10.1016/j.quascirev.2009.03.009. 

Jalut, G., Dedoubat, J.J., Fontugne, M., Otto, T., 2009. Holocene circum-Mediterranean 
vegetation changes: climate forcing and human impact. Quat. Int. 200 (1-2), 4–18. 
https://doi.org/10.1016/j.quaint.2008.03.012. 
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Jiménez-Moreno, G., García-Alix, A., Hernández-Corbalán, M.D., Anderson, R.S., 
Delgado-Huertas, A., 2013. Vegetation, fire, climate and human disturbance history 
in the southwestern Mediterranean area during the late Holocene. Quat. Res. 79 (2), 
110–122. https://doi.org/10.1016/j.yqres.2012.11.008. 
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A. López-Avilés et al.                                                                                                                                                                                                                           

https://doi.org/10.1111/j.1475-4754.1999.tb00987.x
https://doi.org/10.1016/j.quageo.2012.04.020
https://doi.org/10.1016/j.chemgeo.2014.03.001
https://doi.org/10.1038/s41598-017-07854-w
https://doi.org/10.1038/s41598-017-07854-w
https://doi.org/10.1038/sdata.2018.24
https://doi.org/10.1016/j.quascirev.2016.02.022
https://doi.org/10.1016/j.quascirev.2016.02.022
https://doi.org/10.18172/cig.2696
https://doi.org/10.1016/j.geomorph.2012.03.008
https://doi.org/10.1016/j.yqres.2006.02.004
https://doi.org/10.1016/j.yqres.2006.02.004
http://refhub.elsevier.com/S0341-8162(22)00019-4/h0260
http://refhub.elsevier.com/S0341-8162(22)00019-4/h0260
https://doi.org/10.1016/j.sedgeo.2012.01.008
https://doi.org/10.1016/j.sedgeo.2012.01.008
http://refhub.elsevier.com/S0341-8162(22)00019-4/h0270
http://refhub.elsevier.com/S0341-8162(22)00019-4/h0270
https://doi.org/10.18172/cig.2750
https://doi.org/10.1016/j.quascirev.2009.03.009
https://doi.org/10.1016/j.quaint.2008.03.012
https://doi.org/10.1016/j.chemgeo.2014.03.001
https://doi.org/10.1016/j.yqres.2011.09.006
https://doi.org/10.1016/j.yqres.2011.09.006
https://doi.org/10.1016/j.yqres.2012.11.008
https://doi.org/10.1177/0959683614565955
https://doi.org/10.1016/j.quascirev.2020.106468
https://doi.org/10.1016/j.quascirev.2020.106468
http://refhub.elsevier.com/S0341-8162(22)00019-4/h0315
http://refhub.elsevier.com/S0341-8162(22)00019-4/h0315
http://refhub.elsevier.com/S0341-8162(22)00019-4/h0315
https://lagunasdesierranevada.es/buscador-de-fotografias/entry/3381/
https://lagunasdesierranevada.es/buscador-de-fotografias/entry/3381/
https://doi.org/10.1051/0004-6361:20041335
https://doi.org/10.1007/s42990-020-00021-w
https://doi.org/10.1007/s42990-020-00021-w
https://doi.org/10.1016/j.palaeo.2021.110434
https://doi.org/10.1016/j.palaeo.2021.110434
https://doi.org/10.1016/S0921-8181(01)00080-7
https://doi.org/10.1016/j.quascirev.2005.02.005
https://doi.org/10.1016/j.quascirev.2005.02.005
https://doi.org/10.1002/jqs.1543
https://doi.org/10.1002/jqs.1543
https://doi.org/10.18172/cig.2697
https://doi.org/10.1016/j.gloplacha.2019.02.006
http://refhub.elsevier.com/S0341-8162(22)00019-4/h0375
http://refhub.elsevier.com/S0341-8162(22)00019-4/h0375
https://doi.org/10.1016/j.quascirev.2014.06.016
https://doi.org/10.1016/j.quascirev.2014.06.016
https://doi.org/10.1016/j.radmeas.2006.08.004
https://doi.org/10.1002/jqs.640
https://doi.org/10.1016/j.quascirev.2003.06.021
https://doi.org/10.1016/j.quascirev.2003.06.021
https://doi.org/10.1016/j.geomorph.2004.02.017
https://doi.org/10.1016/j.geomorph.2004.02.017
https://doi.org/10.5194/cp-14-1687-2018
https://doi.org/10.1016/0009-2541(94)90059-0
https://doi.org/10.1016/0009-2541(94)90059-0
https://doi.org/10.1016/S0146-6380(02)00168-7
https://doi.org/10.1016/j.quascirev.2009.05.014
https://doi.org/10.1016/j.quascirev.2009.05.014
https://doi.org/10.1016/j.quascirev.2010.06.031
https://doi.org/10.1016/j.quascirev.2010.06.031
https://doi.org/10.1016/S1350-4487(99)00253-X
https://doi.org/10.1016/S1350-4487(99)00253-X
https://doi.org/10.1016/S1350-4487(03)00053-2
https://doi.org/10.1016/S1350-4487(03)00053-2


Catena 211 (2022) 106033

17

dating: Monte Carlo modelling and experimental validation. Radiat. Meas. 37 (4-5), 
305–313. https://doi.org/10.1016/S1350-4487(03)00008-8. 

Nemec, W., Steel, R.J., 1984. Alluvial and coastal conglomerates: their significant 
features and some comments on gravelly mass-flow deposits, in: Koster, E.H., Steel, 
R.J. (Eds.), Sedimentology of Gravels and Conglomerates. Can. Soc. Pet. Geol. 10, 
1–31. 

North Greenland Ice Core Project members., 2004. High resolution record of Northern 
Hemisphere climate extending into the last interglacial period. Nature, 431, 
147–151. https://doi.org/10.1038/nature02805. 
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Oliva, M., Gómez-Ortiz, A., Palacios, D., Salvador-Franch, F., Salvà-Catarineu, M., 2014. 
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