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Abstract

Understanding the environmental response to the last glacial termination in regions

located in transitional climate zones such as the Atlantic Iberian mountains is crucial

to estimate potential changes in regions affected by current glacial melting. We pre-

sent an 8.5 m-long, solid last deglaciation and Holocene chronostratigraphic record

including detailed sediment analysis from Lake Peixão, a pro-glacial lake in the Serra

da Estrela (Central Portugal). The age–depth model relies on a Bayesian approach

that includes 16 AMS 14C dates and 210Pb–137CS measurements, robustly dating the

lake formation at 14.7 ± 0.32 cal. ka BP. This chronological reconstruction shows an

average sedimentation rate of ca. 0.07 cm yr�1 (15 yr cm�1), enabling proxy analyses

at decadal timescales. The sediment sequence is composed of five lithological units:
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(U1) coarse and unsorted fluvioglacial lacustrine deposits; (U2) massive fluvioglacial

lacustrine deposits (863–790 cm below surface [bsf]; 14.7 ± 0.32–13.8 ± 0.12 cal. ka

BP); (U3) water current fluvioglacial lacustrine deposits (790–766 cm bsf; 13.8

± 0.12–12.9 ± 0.29 cal. ka BP); (U4) laminated/banded lacustrine deposits character-

ized by terrigenous deposits from ice-covered lake periods and episodic events of ice

and snow melting (766–752 cm bsf; 12.9 ± 0.29–11.7 ± 0.15 cal. ka BP); and

(U5) massive muddy lacustrine deposits (752–0 cm bsf; 11.7 ± 0.15 cal. ka BP–pre-

sent). The occurrence of U2 to U4 deposits defines the transition from glacial cold

(U1) to net warm postglacial conditions (U5). These climate transitions are marked by

changes in sediments and the presence of very low sedimentation rate periods, pos-

sibly related to the Intra-Allerød Cold Period and the coldest phase of the Younger

Dryas. Our results support the previously proposed timing of the retreat of the Serra

da Estrela glaciers ca. 13.8 ± 0.12 cal. ka BP. The robust chronology of Lake Peixão

highlights the potential of Iberian pro-glacial lakes for dating deglaciation processes

and will lead to unprecedented decadal-to-centennial timescale palaeoclimate recon-

structions in this region since the last glacial–interglacial transition.
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climate change, geochronology, Holocene, Iberian Peninsula, lake sediments, Late Glacial,
palaeoclimate

1 | INTRODUCTION

Glacial lakes are an important component of many mountain environ-

ments, and their evolution can be associated with short- and long-

term climate changes, as these lakes are commonly formed in

response to glacier retreats (Wilson et al., 2018). Thus, sediments

from these lakes preserve valuable information that reveals past

stages in glacier advance–retreat dynamics and in environmental

changes. In particular, and given the current warming scenarios, it is

imperative that the palaeoclimate community assesses the pace and

dynamics of the last deglaciation to better evaluate environmental

responses and strategies to adapt to current climate warming

(IPCC, 2022). The use of different dating techniques on outcropping

glacial deposits has conditioned the understanding of glacial stages in

the Iberian mountains (Oliva et al., 2019, 2021). However, in regions

where glacial records are scarce, such as western Iberia, sedimento-

logical and environmental studies based on well-dated, high-resolution

glacial lake records are key.

The location of the Iberian Peninsula between (i) the Atlantic

Ocean and the Mediterranean Sea; (ii) the polar and subtropical air

masses; and (iii) the tilting of high- and low-pressure systems makes

this region particularly sensitive to environmental changes under both

present and past climate conditions (Lionello, 2012). Therefore, any

insight into past climate variability during transitional periods, such as

the Late Quaternary glacial–interglacial period, is critical to produce

well-informed climate change models. However, data to reconstruct

major climatic shifts during the Late Pleistocene and the Holocene in

western Iberia are still limited (e.g., L�opez-Sáez et al., 2020; Muñoz

Sobrino et al., 2013; Sánchez-L�opez et al., 2016); in particular, there is

still a lack of coherent understanding of climatic change patterns in

the Iberian Central Range (ICR) during the last glacial–interglacial

transition.

Extremely well-preserved glacial landforms and deposits can be

found in the Serra da Estrela, a mountain range of the western and

moister sector of the ICR. However, these sites are chronologically

poorly defined (Vieira et al., 2021). A recent study by Vieira et al.

(2021) found, by mapping and dating exposed glacial deposits, that

the timing of the last deglaciation of the Serra da Estrela coincided

with the onset of the Bølling–Allerød (B-A) period. This finding is

supported by other studies in the ICR (e.g., García-Ruiz et al., 2016;

Palacios et al., 2012). Additionally, recent regional palaeoclimate

reconstructions from marine and lacustrine sediments show a rapid

Late Glacial to interglacial transition between ca. 26 and 14 cal. ka BP

(e.g., Ausín et al., 2020; Bartolomé et al., 2015; Fletcher et al., 2010;

Jambrina-Enríquez et al., 2014; Wei et al., 2021), suggesting an abrupt

temperature increase coinciding with shorter oscillations to cold con-

ditions, including Heinrich Stadials 1 and 2 and the Younger Dryas

(YD) (see Naughton et al., 2009, 2016 and references therein). Never-

theless, previous works based on lake sediments from Serra da Estrela

(Connor et al., 2012; van der Knaap & van Leeuwen, 1995, 1997),

which focused on detailed Holocene vegetation changes and wildfire

impacts, provide little information for the Late Glacial–interglacial

transition. Thus, a comprehensive chronology of the Serra da Estrela

deglaciation can make a significant contribution to understanding the

palaeoclimate history of this region in alignment with the current

research priorities of the Estrela UNESCO Global Geopark (Vieira &

Woronko, 2022).

Our study has generated a solid chronology for the Lake Peixão

record, a glacial lake in Serra da Estrela, providing a precise and accu-

rate timing of the last deglaciation of this mountain range. Sediment

analysis, absolute radiometric dating methods (210Pb, 137Cs and 14C)

and the analysis of potential sedimentary hiatuses were applied to the

lacustrine sediment stratigraphy, which provides a record of glacier

retreat and subsequent lake formation during the Late Pleistocene. To
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date, Lake Peixão is the best-dated lake sediment record in Serra da

Estrela from a catchment that has not been significantly altered by

the construction of an artificial dam, which is common in this region.

Hence, this record has the potential to provide us with an unadulter-

ated record with multidecadal resolution to study the regional climate

evolution through the Late Glacial–Holocene transition.

2 | GEOLOGICAL CONTEXT AND LAKE
FEATURES

The Serra da Estrela (40�100–40�220N; 7�310–7�370W) is located in

Central Portugal and has an elevation of 1993 m above sea level (asl).

This granitic mountain range is the highest point in mainland Portugal

(Alto da Torre). With an ENE–WSW direction cross-cutting the west-

ern Iberian Peninsula (Figure 1a), its tectonic setting generated a high

relief bound by steep fault scarps on the NW and SE sides (Migo�n &

Vieira, 2014). This mountain range is formed by two plateaus progres-

sively lowering towards the NE, from over 1900 to ca. 1400 m asl.

The plateaus are divided by the deep Zêzere and Alforfa valleys,

which follow a SSW–NNE tectonic lineament. The geological setting

presents (i) Precambrian–Cambrian metasedimentary rocks (schists

and greywackes); (ii) Variscan granitic rocks; and (iii) a Quaternary sed-

imentary cover composed of alluvial and glacial deposits.

One of the very few glacial lakes in Estrela is Lake Peixão

(40�200N; 7�360W; 1677 m asl), which lies at the head of the

Candieira valley, 2.3 km upstream from Lake Charco da Candieira and

the Zêzere glacial valley (Figure 1b). The lake has an area of 0.02 km2,

a maximum depth of ca. 5 m and a catchment area of 0.3 km2, with a

few tiny streams flowing into the lake and a small outflow (Figure 1c).

Lake Peixão is oligotrophic, slightly acidic and monomictic (Boavida &

Gliwicz, 1996).

3 | METHODS

Four sediment cores from Lake Peixão were retrieved in September

2015 using a UWITEC© gravity core recovery system. In addition,

three other long cores were recovered in June 2019 using a

UWITEC© piston coring system from a floating platform

(Figure 1d). All cores were split longitudinally into two halves and

imaged with a high-resolution colour line scan camera. The best-

preserved gravity (PEX15-01C) and piston (PEX19-01) cores,

retrieved from a similar position (less than 5 m apart) in the deepest

zone of the lake (ca. 4 m depth), were chosen for analyses.

PEX19-01 is an 8.63 m-long piston core overlapped by PEX15-01C

(1.23 m long) in the uppermost part. Moreover, PEX19-01 has a

twin core (PEX19-02) from the same position and, therefore, the

same sediment composition to support the results and be employed

in future studies. These cores were correlated using three 10 cm-

thick sediment bands as macroscopic marker layers. All the analyses

presented here, apart from the 210Pb and 137Cs dating performed

F I GU R E 1 (a) Location of the study site in the Iberian Peninsula context (red box in the globe). Note that climate domains are indicated.
(b) Location of the lakes Peixão, Charco da Candieira and Alto da Torre in the Serra da Estrela Natural Park. (c) Panoramic view of the glacier

Candieira valley where both lakes Peixão and Charco da Candieira are located. (d) Lake Peixão photography with the Uwitec® platform indicating
the position where the sediment cores were recovered. [Color figure can be viewed at wileyonlinelibrary.com]
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on PEX15-01C, were carried out on core PEX19-01. A detailed sed-

iment description and interpretation were performed by visual

observation assisted by microscopic smear slide data obtained at

every centimetre for the uppermost metre of sediments (overlapped

with PEX15-01C) and at 5–10 cm resolution for the rest of the

record. Mineralogical analyses were conducted by means of powder

X-ray diffraction (XRD) at GEO3BCN-CSIC (Barcelona, Spain). Semi-

quantitative phase analyses of the minerals in the crystalline fraction

were carried out by using the Rietveld method in combination with

the method of Scarlett and Madsen for the quantification of phases

with partially known crystal structures using TOPAS 4.2 software

from Bruker (Scarlett & Madsen, 2006). Total carbon (TC), total

nitrogen (TN) (relative standard deviation, RSD = 5%), δ13C and

δ15N (RSD = 0.05‰) analyses were conducted using a DeltaV

Advantage mass spectrometer, a Conflo IV interphase and a Flash

IRMS EA IsoLink CNS elemental analyser (Thermo Scientific) at

Servizos de Apoio á Investigaci�on from the Universidade da Coruña

(Spain). TC and TN are expressed as percentages with respect to

the total dry weight of the samples. According to the XRD results,

the inorganic carbon fraction was negligible; consequently, TC was

considered equal to the total organic carbon (TOC). The TOC/TN

atomic ratio was calculated for all samples.

As the water–sediment interphase is best preserved in gravity

cores and the compression is irrelevant in these uppermost sediments,

PEX15-01C was dated by analysing 210Pb in 20, 1 cm-thick intervals

by alpha spectrometry and 214Pb and 137Cs in 14 intervals by gamma

spectrometry for the upper 20 cm depth at the St. Croix Watershed

Research Station, Science Museum of Minnesota (USA). The chronol-

ogy for the first 20 cm was determined using the constant rate of the

supply model with dating uncertainty estimated by first-order error

propagation (Appleby, 2001; Binford, 1990). The dating model was

fitted to the 1963 137Cs peak. From PEX19-01, after pretreatment

with acid digestion, a total of 19 samples of pollen concentrated

material (Bennett & Willis, 2001) were radiocarbon dated by AMS at

Laboratoire de Radiochronologie (Université de Laval, Quebec,

Canada) (Table 1 and Supplementary Information). The final chronol-

ogy is a Bayesian age–depth model in Bacon v. 2.5.7 (Blaauw

et al., 2018) and applies the most updated Intcal20 curve for calibra-

tion of the radiocarbon dates (Reimer et al., 2020).

4 | RESULTS

4.1 | Lithological units

From master core PEX19-01, five lithological units are defined

(Figure 2).

4.1.1 | Unit 1 (U1; core bottom–core catcher)

This unit represents the base of the sedimentary sequence shown in

this study. Due to the resistance of the sediment infilling being drilled

at 863 cm, it could not be recovered except for a few materials

trapped in the core catcher, which were of different composition than

the sediments deposited just above (U2). These are whitish unsorted

gravelly coarse sand with angular, pebble-sized clasts, granules and no

organic matter. Based on their textural characteristics and their strati-

graphic context, these materials would correspond to fluvioglacial

deposits that accumulated in front of the glacier.

T AB L E 1 Radiocarbon (14C AMS) dates obtained from Lake Peixão. Dates over shaded bands were excluded from the age–depth model and
date with * was considered inconsistent (see text)

Sample reference Lab ID Depth (cm) δ13C (‰)

Measured age 14C

(yr BP)

Median probability

(cal yr BP) 2σ (cal yr AD)

PEX19-01-01-030* UCIAMS-249101/ULA-9899 30 �27.3 1425 ± 15 1326 1300–1346

PEX19-01-01-080 UCIAMS-249102/ULA-9900 80 �26.6 1650 ± 15 1536 1516–1572

PEX19-01-01-118 UCIAMS-249103/ULA-9901 118 �27.5 2015 ± 15 1961 1922–1996

PEX19-01-01-150 UCIAMS-242267/ULA-9486 150 n/a 2545 ± 15 2717 2701–2741

PEX19-01-02-006 UCIAMS-249748/ULA-9908 181 �27.4 2325 ± 15 2346 2335–2353

PEX19-01-02-030 UCIAMS-242271/ULA-9490 205 �26.9 2360 ± 20 2356 2339–2428

PEX19-01-02-160 UCIAMS-242274/ULA-9493 335 �28.8 3670 ± 15 4029 4026–4085

PEX19-01-03-075 UCIAMS-242278/ULA-9496 435 �28.8 5490 ± 15 6293 6277–6308

PEX19-01-03-150 UCIAMS-242273/ULA-9492 510 �28.5 6110 ± 15 6977 6926–7012

PEX19-01-03-163 UCIAMS-242275/ULA-9494 523 �28.6 6345 ± 15 7267 7251–7316

PEX19-01-04-085 UCIAMS-242270/ULA-9489 627 �28.5 8330 ± 20 9358 9278–9441

PEX19-01-04-158 UCIAMS-242269/ULA-9488 703 �27.2 9590 ± 20 10 923 10 768–10 977

PEX19-01-05-015 UCIAMS-242265/ULA-9483 741 �27.6 9790 ± 20 11 218 11 193–11 242

PEX19-01-05-030 UCIAMS-242268/ULA-9487 756 �24.1 10 285 ± 20 11 989 11 929–12 101

PEX19-01-05-037 UCIAMS-242263/ULA-9481 764 �27.6 10 960 ± 20 12 862 12 810–12 910

PEX19-01-05-046 UCIAMS-242266/ULA-9484 773 �28 11 415 ± 25 13 277 13 229–13 345

PEX19-01-05-060 UCIAMS-242264/ULA-9482 788 �26.9 12 035 ± 20 13 911 13 806–14 023

PEX19-01-05-080 UCIAMS-242277/ULA-9495 809 �26.5 12 130 ± 25 14 044 13 995–14 091

PEX19-01-05-115 UCIAMS-242276/ULA-9485 845 �25.2 12 255 ± 25 14 152 14 075–14 249

236 HERNÁNDEZ ET AL.
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4.1.2 | Unit 2 (U2; 863–790 cm bsf)

This is a 73 cm-thick unit composed of massive, white silt and very

poor in lake-origin organic remains, which are mainly made up of small

Aulacoseira Thwaites species. Along with these, fragmented valves of

benthic diatoms such as Pinnularia viridiformis Krammer, Stauroneis

anceps Ehrenberg and Pinnularia subcapitata W. Gregory abound, but

they decrease upwards. Terrestrial plant remains are also frequent.

The organic matter content is the lowest of the record (TOC = 0.9–

3.4% in weight [% wt.]; mean TOC = 2.2% wt.) and is mainly of lacus-

trine origin (TOC/TN = 7.0–10.8; mean = 9.1) (Figure 2). This unit is

the richest in crystalline fraction (mean 78.4%), which is mainly com-

posed of clay minerals. Among the other minerals, the muscovite,

albite and quartz fractions are the most significant. Sediments of this

unit correspond to deposits of glacial flour silty material, primarily

formed by abrasion of bedrock. Once formed close to the lake, the

silty materials arrived at the recently developed lake flowing by low-

energy glacial meltwater stream currents. Because of the lack of strat-

ification and current structures, these fluvioglacial deposits point to

accumulation by decantation of suspended fine material that formed

‘milky’ plumes into the lake during fluvial flows.

4.1.3 | Unit 3 (U3; 790–766 cm bsf)

This unit is 24 cm thick and lies on an erosive surface. It is composed

of light-brown silt with dispersed sand grains. Two water-current

cross-lamination sets are recognized along the unit. It is poor in organic

matter (TOC = 3.4–4.8% wt.; mean 4.2% wt.) (Figure 2); planktonic

diatom taxa increase at the expense of benthic taxa. Aulacoseira

pfaffiana (Reinsch) Krammer increases its relative abundance. Con-

versely, most benthic taxa, such as Pinnularia microstauron (Ehrenberg)

Cleve, decrease. There are scarce terrestrial plant remains. The crystal-

line fraction is lower than that in U2 but is also rich in clay minerals.

The sandy nature, erosive base and water-current sedimentary struc-

tures of these sediments allow us to interpret them as fluvioglacial

deposits accumulated in the lake by tractive water currents.

4.1.4 | Unit 4 (U4; 766–752 cm bsf)

This unit is 14 cm thick and displays light clayish/dark silty laminations.

Light layers are 2–5 mm thick and are characterized by high contents of

diatom valves (mainly Tabellaria flocculosa [Roth] Kützing) and clay min-

erals. Dark layers are 1–4 mm thick and are composed of organic matter

(mainly aquatic plants, albeit terrestrial plants are also present), cladocera

remains and silty detrital material. Similar laminated sediments have

been seen in glacial settings (e.g., Brauer & Casanova, 2001; Turu

et al., 2018), representing deposits associated with meltwater discharge

which, however, were not previously described in Charco da Candieira

by van der Knaap and van Leeuwen (1997). These rhythmites can have

either a periodic (seasonal melting) or aperiodic (catastrophic melting

events) origin. Further microscopic analysis of these sediments is needed

to identify the nature of these laminations. In general, the organic matter

content in U4 is higher than that in U2 and U3, with TOC values ranging

between 7.6 and 16.7% wt. (mean value 10.7% wt.) and the highest

values of TOC/TN = 10.8–22.2 (mean = 14.4) (Figure 2). The crystalline

fraction is, however, lower than that in previous units, with a mean value

of ca. 70%. This is dominated by muscovite, albite and quartz but with

much lower contents of other clay minerals.

4.1.5 | Unit 5 (U5; 752–0 cm bsf)

This unit is the thickest unit of the record (752 cm thick) and is com-

posed of dark-brown, massive mud with varying amounts of silt and

dispersed sand grains. Very thin sandy horizons are present at

628, 420 and 360 cm of core depth. Sediments are rich in diatoms

F I GU R E 2 (a) Images and
stratigraphic log of the Lake Peixão
sedimentary record. TOC and TOC/TN
values are also shown. (b) Amplification
(red rectangle) of the lowermost section of
the core PEX19-01. The lithological units
are indicated. Core scanner camera image
of the sediments from this section are
shown. Note the position of the low
sedimentation periods (LSPs). See the text
for further details. [Color figure can be
viewed at wileyonlinelibrary.com]
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and have a variable presence of cladocera, thecamoeba and chirono-

mid remains. Aulacoseira pfaffiana is the dominant taxon in terms of

abundance. Benthic diatom taxa are also abundant and dominated by

P. microstauron var. nonfasciata Krammer and Psammothidium

helveticum (Hustedt) Bukhtiyarova & Round (�10%). Other secondary

diatom taxa are Aulacoseira sp, P. subcapitata and Eunotia incisa

W. Smith ex W. Gregory. There is also particulate and amorphous

organic matter, and terrestrial and aquatic plant remains such as char-

coal, phytoliths and fungal spores. This unit has the highest TOC con-

tent of the record, with values from 9.7 to 27% wt. (mean = 20.7%

wt.) corresponding to equivalent values of lakes from a similar context

(e.g., Muñoz Sobrino et al., 2013). The TOC/TN values are lower

(11.7–18.5; mean ca. 15) than in U4, indicating a more in-lake origin

of the organic matter (Figure 2). Sediments of this unit correspond to

shallow lacustrine deposits similar to Lake Peixão’s present-day condi-

tions, with no signs of glacier-related sedimentation.

4.2 | Age–depth modelling and sedimentary rate
changes

The established age–depth model for the Peixão record (PEXChron-

22) provides a robust chronology for the last ca. 14.7 cal. ka BP,

recording the formation of the lake (Figure 3). PEXChron-22 is based

on 16 AMS 14C dates (Table 1) and 137Cs/210Pb profiles (Figure 3)

from the PEX19-01 and PEX15-01C cores, respectively. The chronol-

ogy of the 210Pb-derived interval covers the period from 2015 to

1863 CE. The 137Cs profile shows the 1963 peak at 4 cm depth

(12.68 pCi g�1), which is used as a tie-point and drops to 0 level

values below 12 cm.

The AMS 14C date at 150 cm resulted in a reversal, likely due to

the incorporation of removed older organic matter, whereas the sam-

ple at 180 cm was discarded for overlapping the sample at 205 cm,

which is more congruent with the sedimentation rates (SRs) of U4

(Table 1; Figure 3). The radiocarbon sample at 30 cm was initially

included in the age–depth model, but the MCMC iteration of the

Bayesian model considered it inconsistent with the other radiocarbon

dates (Table 1; Figure 3) and 210Pb and 137Cs measurements. Follow-

ing the approaches outlined in Blaauw and Christen (2011), the prior

accumulation rates for PEXChron-22 were estimated to be

20 yr cm�1 for the entire core to avoid perturbations in the model,

whereas the accumulation shape was set to 1.5. The accumulation

shape controls how much influence the accumulation rate will have

on the model, and with a value of 1.5, the model has a fair amount of

freedom to adapt rates to what the data suggest. The step size was

set to 6 cm, which is one point more than the default for lakes, but

F I GU R E 3 (a) Bayesian age–depth model constructed with the age–depth modelling software Bacon 2.3 (Blaauw & Christen, 2011). Dashed
lines indicate the position of the gaps (see text). The uppermost four plots: (left) stability of the model; (middle-left) prior (line) and posterior
(filled) distributions of accumulation mean; (middle-right) prior (line) and posterior (filled) distributions of memory properties; and (right) maximum
prior (line) and actual posterior (filled) duration distribution of the hiatuses. (b) 210Pb and 137Cs profiles for the uppermost section of the lake
sediments (see text for details). (c) Plot of the accumulation rate (yr cm�1) values through the entire record for the PEXChron22 age–depth
model. Dashed lines indicate median (blue), mean (red) and 95% confidence interval (grey). [Color figure can be viewed at wileyonlinelibrary.com]
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we obtained 142 sections, which is a fair number for a ca. 8.5 m-long

record (Blaauw & Christen, 2011). Moreover, PEXChron-22 required

the addition of two hiatuses or very low sedimentation periods

(LSP1 = 773 cm and LSP2 = 756 cm) to produce a coherent age–

depth model for the sediment description. The physical nature of

these LSPs is explored in Section 5.2. The resulting age–depth model

is shown in Figure 3, along with plots that describe (i) the stability of

the model (log objective vs. iteration); (ii) the prior (entered by the

user) and posterior (resulting) accumulation rate; and (iii) the prior and

posterior memory properties.

SRs (mm yr�1) were estimated based on the Bayesian model

for each centimetre. Mechanical compaction due to coring, as esti-

mated by subtracting the thickness of sediments recovered from

the absolute depth drilled in each core, yielded values ranging from

1 to 7%, which have been considered for the thickness determina-

tion of the master core (PEX19-01). The SRs through the sedimen-

tary record (Figure 3) vary between 0.1 and 1.7 mm yr�1 (mean

0.68 mm yr�1; 15 yr cm�1). The entire record covers the last 14.7

± 0.32 cal. ka BP and the confidence interval for PEXChron-22

ranges between 4 and 317 years. The mean values of the SRs

were 0.7 mm yr�1 (U2), 0.5 mm yr�1 (U3), 0.4 mm yr�1 (U4) and

0.8 mm yr�1 (U5).

5 | SIGNIFICANCE OF CHANGES IN
SEDIMENTATION RATE AND
RECONSTRUCTION OF THE TIMING OF THE
DEGLACIATION

5.1 | Long-term evolution of Lake Peixão since the
Late Glacial

Fluvial deposits forming U1–U2 and dated at 14.7 ± 0.32 cal. ka BP

might indicate the initial stage of Candieira glacier retreat and the for-

mation of the pro-glacial lake coinciding with the B-A warming

(Figure 4). U3 represents fluvioglacial deposits accumulated during the

second half (13.8 ± 0.12–12.9 ± 0.29 cal. ka BP) of the regionally rec-

ognized wettest period of the B-A (Naughton et al., 2016). These silty

water-current fluvioglacial deposits are commonly deposited in

proglacial lakes during glacier retreatment. Under these conditions, a

series of melt-water channels may often have been developed during

retreat as water escaping along the ice–lake contact margin during

early lake formation (e.g., Fisher & Whitman, 1999). Laminations in U4

(12.9 ± 0.29–11.7 ± 0.15 cal. ka BP) correspond to sedimentation dur-

ing the YD climate fluctuation (e.g., Naughton et al., 2022). These lam-

inated/banded deposits might suggest either (i) episodes of meltwater

discharge (dark layers) interrupting lake sedimentation (light layers) or

(ii) sedimentation associated with a strong seasonality likely related to

winter ice cover. In any case, the presence of this lamination, not

described in previous works, indicates ice cover of the lake or snow

accumulation in the catchment area (Figure 4) and a colder climate

during the YD period than during the B-A period. U5 (11.7

± 0.15 cal. ka BP–present) comprises the current interglacial period

(i.e., the Holocene). The organic origin of the sediments indicates a

clear change to shallow and mainly in-lake lacustrine muddy sedi-

ments (Figures 2 and 4b). The beginning of the deposition of these

sediments and the thickness of U5 clearly indicate climate change

after the YD towards more persistent warmer interglacial conditions

(e.g., Mayewski et al., 2004).

5.2 | Low sedimentation periods significance

The LSPs (LSP1 and LSP2) detected from the chronostratigraphic

analysis (i.e., detailed facies analysis and sedimentation rate evalua-

tion) have a duration of hundreds of years, corresponding to well-

known cold periods.

LSP1 from 13.2 ± 0.18 to 12.9 ± 0.21 cal. ka BP (ca. 0.3 ka) coin-

cides with a smooth erosive surface with tilted layers below this sur-

face and sub-horizontal or only slightly tilted layers above it

(Figure 3b). This surface concurs with the Intra-Allerød Cold Period

(IACP; Yu & Eicher, 2001), conditioning the drop in the SR. Moreover,

despite the intra-B-A cold stage indicated for a recessional moraine in

Serra de Bejar (Older Dryas, GI.1e; Carrasco et al., 2015), the absence

of moraines in Serra da Estrela (Vieira, 2008; Vieira et al., 2021) points

to a continuous recession of the glaciers during the B-A in the ICR

F I G U R E 4 (a) Perspective of the modelled Serra da Estrela
plateau icefield and valley glaciers during the maximum ice extension.
View from the south, with 50 m interval contours represented over
the glacier surface. Note the position of: AT, Alto da Torre (1993 m
asl); S, Salgadeiras (1851 m asl); LP, Lake Peixão (1677 m asl); CC,
Lake Charco da Candieira (1409 m asl). Adapted from Vieira (2008).
(b) Deglaciation history of the Candieira valley during the Late
Glacial–Holocene transition and the contribution of Lake Peixão. The
deposition timing of each recognized sedimentary unit from the Lake
Peixão record is also indicated. Note the position of Lake Peixão and
Charco da Candieira. The vertical scale is magnified 2�. [Color figure
can be viewed at wileyonlinelibrary.com]
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with similar altitudes (García-Ruiz et al., 2016; Palacios et al., 2012).

Thus, we advocate for a cold rapid event within the warm and moist

Allerød context as the most likely cause of LSP1.

LSP2 from 12.7 ± 0.07 to 11.9 ± 0.09 cal. ka BP (ca. 0.8 ka) coin-

cides with the coldest part of the YD cold event (U4; Naughton

et al., 2019, 2022). These cold conditions led to a longer duration of

ice and snow cover in the lake and its catchment, leading to a

decrease in high-energy runoff episodes. This provoked very low or

no deposition conditions due to the absence of terrigenous inputs and

diminished lake productivity, resulting in a paraconformity (Figure 2).

Elsewhere in the ICR (e.g., Sierras de Gredos and Bejar), during the

YD, glacier remnants, snow patches and glacial cirques were present

(Carrasco et al., 2015; Oliva et al., 2019; Palacios et al., 2012), which

would indicate colder regional conditions supporting our interpreta-

tion of LSP2 during the deposition of U4.

5.3 | Deglaciation timing in the western Iberian
mountains

The total disappearance of glaciers in Serra da Estrela was dated using
36Cl at approximately 14.2 ± 1.5 cal. ka BP at 1851 m asl (Vieira

et al., 2021); however, and despite the consensus of a rapid deglacia-

tion due to a sudden increase in the temperatures during the first half

of the B-A period (e.g., L�opez-Sáez et al., 2020), and assuming the

errors of the dated moraines, the glacier retreat seems to have begun

earlier in lower valleys (U1, Figure 4). Lake Charco da Candieira, which

is 1410 m asl (Figure 1), began to accumulate organic sediments at

approximately 14.8 cal. ka BP (Figure 4; van der Knaap & van

Leeuwen, 1997), whereas Lake Peixao (1677 m asl) fluvioglacial sedi-

ments (U2) began their deposition at 14.7 ± 0.32 cal. ka BP (Figure 4).

The second half of the B-A period (U3) was previously considered

a warmer and moister period in Serra da Estrela (van der Knaap & van

Leeuwen, 1997), but higher resolution studies in the ICR have identi-

fied a rapid cooling event (IACP; L�opez-Sáez et al., 2020; Muñoz

Sobrino et al., 2013; Turu et al., 2021) during this second half of the

B-A, likely responsible for LSP1 (Section 5.2). This cold period has

already been identified and defined in other regional palaeoclimate

studies in western Iberia. Muñoz Sobrino et al. (2013), based on chi-

ronomid and pollen analyses, defined the La Roya II cold period in

agreement with Greenland Interstadial 1b (Rasmussen et al., 2006).

Moreover, a recent study based on sediments from the Navamuño

depression in the Sierra de Béjar (ICR) documents this cold (and dry)

interval between 13.1 and 12.9 cal. ka BP (Turu et al., 2021). Never-

theless, the older study from the nearby lake Charco da Candieira (van

der Knaap & van Leeuwen, 1997), based only on pollen analysis,

suggested a warmer and moister climate during the Allerød (14–

12.8 cal. ka BP).

The YD period has commonly been divided into different phases

between 12.9 and 11.7 cal. ka BP (e.g., Bartolomé et al., 2015;

Rasmussen et al., 2006). In the ICR in general and in Serra da Estrela

in particular, two main YD phases have been identified (L�opez-Sáez

et al., 2020; van der Knaap & van Leeuwen, 1997). The first phase

(12.9–12.4 cal. ka BP) was characterized by a warm but progressively

colder and wetter climate (van der Knaap & van Leeuwen, 1997) and

the coldest period after 12.4 cal. ka BP, which would have caused

LSP2 in Lake Peixão. Thus, the YD includes the identified LSP2

(Section 5.2) during deposition of the laminated/banded sediments of

U4, which would represent cold and likely wet climate conditions.

Finally, the current interglacial period (i.e., the Holocene; last

11.7 ka) denotes a clear rapid change to persistent warmer climates.

Previous studies (e.g., Connor et al., 2012; van der Knaap & van

Leeuwen, 1995, 1997) have given a broad overview of the Holocene

environmental and climate evolution in Serra da Estrela divided into

five major periods focused on climate and human impacts on vegeta-

tion and wildfires. These authors defined a warm and dry Early Holo-

cene and a moister mid-Holocene with strong human impact masking

climate changes after 5.7 ka BP. In addition, Connor et al. (2012) pro-

vided no clear signal of Holocene aridity, possibly because Serra da

Estrela rarely experiences an intense summer drought, as is otherwise

usual in Mediterranean environments. Despite these reconstructions,

there is a lack of highly resolved palaeoclimate findings on local and

regional settings that we propose to solve with a multiproxy analysis

of Lake Peixão sediments in the future.

6 | SUMMARY AND CONCLUSIONS

The results from Lake Peixão sediments confirm and further constrain

the timing of glacier retreat in the Serra da Estrela (western ICR) and

landscape changes proposed by previous authors (van der Knaap &

van Leeuwen, 1997; Vieira et al., 2021). The establishment of a reli-

able chronology based on radiometric 210Pb, 137Cs and 14C techniques

applied to lake sediments marks the formation of Lake Peixão as the

result of Candieira glacier retreat. Lake Peixão was formed at

ca. 14.7 cal. ka BP and was subject to fluvioglacial dynamics until

13.8 cal. ka BP. Glacier retreat from the Candieira valley led to

fluvioglacial sedimentation in a recently formed lake, where only the

highest points retained permanent snow patches (13.8–12.9 cal. ka

BP). During this retreat, Lake Peixão recorded two episodes of severe

climate conditions lasting 0.3 and 0.8 ka and corresponding to the

IACP (ca. 13 ka BP) and the coldest phase of the YD (ca. 12.4 ka BP),

respectively. Our results show that the latter (YD period) can be

divided into two different phases, a warm to cold and wet phase

between 12.9 and 12.4 cal. ka BP and a very cold phase after

12.4 cal. ka BP. The end of these long periods with snow presence in

the mountains and ice-covered lakes, as a consequence of warmer

postglacial conditions, occurred at 11.7 ± 0.15 cal. ka BP.

Our results showed that stratigraphic analysis in well-dated lake

records is key to reconstructing different glacial stages, com-

plementing other commonly used techniques (e.g., cosmic ray expo-

sure dating). Moreover, the well-dated and highly resolved Lake

Peixão record will enable the first decadal-to-centennial climate

reconstruction of environmental and surface processes through the

last 15 ka. Although detailed analyses of the record for different prox-

ies are needed to reconstruct the decadal-to-centennial climate

changes, this unique record from western Iberia influenced by the

Atlantic climate will enable comparisons to other records, stimulating

new investigations.
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