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Javier Pedraza e, Reyes Luelmo-Lautenschlaeger c,f, Sebastián Pérez-Díaz g, 
Anna Echeverria-Moreno b, Jaime Frigola h, Francisca Alba-Sánchez i, Jesús Sánchez-Vizcaíno b, 
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A B S T R A C T   

The Iberian Central System (ICS) is a clue region to reveal Mediterranean/Atlantic inferences over Iberia. We 
present a multidisciplinary study from western Spain conducted in the Navamuño depression (ND), covering the 
last 16.8 ka (cal BP). A reconstruction of the palaeotemperature from the resulting geochemical data highlights 
four cold and dry intervals, namely, the Oldest Dryas, Older Dryas, Intra-Allerød Cold Period (IACP), and the 
Younger Dryas, along with warmer intervals: the Bølling (14.7–14 ka) and the Allerød (12.9–12.6 ka); however, 
the Greenland Interstadial GI-1c (13.4–13.1 ka) is barely distinguishable in the ND. Despite the shortage of 
biomass to sustain fire, the earliest charcoals are from ~14.4–13.8 ka. Evidence of ash/dust events overprinting 
the geochemical background starts at ~13.8–12.8 ka. Significant fire activity in the Early Holocene at 
~11.7–10.6 ka affected the ND, matching the westernmost ICS data. This period includes short oceanic spells 
inferred from Cl peaks at ~10.9–10.2 ka and three cold intervals at 11.4, 9.3, and 8.2 ka disrupted the pro-
gressive temperature increase. The Mid-Holocene showed a continuously increasing trend towards an arid 
climate, peaking at 4.2 ka under a pervasive dust influx from North Africa, which has prevailed since almost 
~7.9 ka. A prominent volcanic event at ~6.8–5.8 ka is in Navamuño and Roñanzas (Asturias, N Spain; Gallego 
et al., 2013) identified from heavy metal-rich layer, synchronous with the last known eruption of the Calatrava 
volcanic field (South-Central Spain; Poblete-Piedrabuena et al., 2019). This volcanic eruption could affect many 
other regions half north of Iberia. The pervasive presence of oceanic aerosols in the last three millennia (2.8 ka ~ 
) allowed the formation of a Cl-rich peat layer during the Ibero-Roman humid period ~2.1 ka, before a changing 
around ~0.4 ka toward colder and drier conditions at the Little Ice Age (LIA) period.   
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1. Introduction 

The ‘last termination’ refers to the warm period between the last 
glacial maximum (LGM) and the onset of the Holocene (~11.7 ka cal 
BP). Proxy studies reveal multi-phase deglaciation in SW Europe (Allard 
et al., 2021) and are linked to distant climate teleconnections (Turu, 
2018). A general warming trend is observed during the deglaciation, 
disrupted by some cold and generally arid stadials that affected the 
extent of ice sheets and valley glaciers (Fletcher et al., 2010). Deglaci-
ation studies have primarily focused on moraines or other geo-
morphologically related deposits using absolute dates and trying to fit 
the corresponding climate (Carrasco et al., 2013, 2015a; Vieira et al., 
2021; Allard et al., 2021 and references therein). In contrast to the 
northern Iberia (González-Sampériz et al., 2006; Jalut et al., 2010) in the 
central Iberian mountains, a limited number of long (>11 ka cal BP) and 
continuous terrestrial sedimentary records have been described by van 
der Knaap and van Leeuwen, 1994, 1995, 1997; Connor et al., 2012; 
Turu et al., 2018; López-Sáez et al., 2020). However, significant progress 
in studying glacial phases and peat-based palaeoenvironments has 
allowed the reconstruction of Holocene vegetation dynamics (Morales- 
Molino et al., 2013; López-Sáez et al. 2014, 2020 and references 
therein). However, these studies lacked detailed geochemical analyses. 
In this study, we present the results of palaeoenvironmental research 
based on geochemistry investigating the sedimentary record of Nav-
amuño over the last 16 ka (16339–16800 yr cal BP; Turu et al., 2018). 
The primary purpose of this study was to determine the lenitic- 
catchment history during the deglaciation in the western Iberian Cen-
tral System (ICS) by analysing the geochemical elements and the mag-
netic susceptibility (MS) of the deposits. Previous studies that have 
considered this site (Carrasco et al., 2008, 2013, 2015a, 2015b, 2018; 
Turu et al., 2018; López-Sáez et al., 2020) have shown this sequence to 
be a potentially continuous archive (on a millennial to centennial-scale) 
of the regional hydrological insights over the last 16 millennia. We also 
present an improved, robust chronological model that builds on previ-
ously published data (Turu et al., 2018). In addition, the sequence also 
indicates the pervasive influences of episodic dust and ash comming 
from distant areas. Calcite-rich dust from Asia (Fitzgerald et al., 2015) or 
K/Na-aluminosilicates dust from North Africa thorughly sea-spray 
cloud-processed on the way to Europe (Fitzgerald et al., 2015) 
affected the Navamuño’s geochemical background. Saharan dust (SD) 
particles transported to Europe show a noticeable accumulation of S 
(Dall’Osto et al., 2010) since African particles reacts readily in the 
presence of sulfates (Fitzgerald et al., 2015). Overprinted onto dusty 
episodes (Oppenheimer, 2003), particles from volcanic eruptions may 
also exist in this region. Notably, only a few Iberian continental records 
have focused on this aspect, and our study aims to fill this gap. 

2. Study area 

Located in the Sierra de Béjar (Western Iberia), the Navamuño 
depression (ND) consists of a pseudo-endorheic (~30 ha) intra- 
mountain graben that overlies a granitic bedrock from the western 
sector of the Sierra de Gredos mountain range (ICS). The continental 
environment (Köppen-Geiger Climate Classification Dsb and DsC; 
AEMET & IPMA, 2011) strongly influenced the area; however, drought 
generally occurs during the summer as in many Mediterranean climate 
areas, with intense rainfall occurring in autumn and winter. The region 
is influenced by the southwestern Atlantic depression and is dominated 
by synoptic anticyclones under the Azores High. The average annual 
rainfall on the Béjar Mountains ranges between 800 mm and 1000 mm, 
with higher precipitation at the summits (~2000 mm). The mean annual 
temperature is 9.5 ◦C (Durán et al., 2013), and the temperature oscillates 
between − 4 ◦C and 3 ◦C in winter and varies between 22 ◦C and 32 ◦C in 
summer. 

Recent studies (Carrasco et al., 2018) have shown that ND had a 
complex evolutionary history associated with former glacial processes 

(Turu et al., 2018; Carrasco et al., 2018) markedly affected the current 
morphology and sedimentary infill. 

The depressions in the area formed mainly during the early stages of 
the ICS due to the tectonic reactivation of an intraplate mountain during 
the Miocene (Pedraza, 1994; de Vicente et al., 2011). The subsidence of 
some of these basins ceased in the Quaternary. However, the ND 
continued to subside with more significant infill than in other basins of 
the ICS, which were mainly associated with the Cuerpo de Hombre (CH) 
glacier (Fig. 1; Turu et al., 2018; Carrasco et al., 2018). The following 
three essential elements define the morphology of the ND.  

A. Structural granite slopes form the northern, southern, and western 
boundaries of the depression.  

B. The border moraine of the Cuerpo de Hombre (CH) glacier forms the 
eastern boundary of the depression, denoted as ‘the principal 
moraine’ by Pedraza et al. (2013).  

C. The current meadows on the bottom plain (Fig. 1) were originally 
generated as moraine-dammed ponds. 

3. Rationale 

Mid-latitude palaeoenvironmental and palaeohydrological re-
constructions at the millennial scale are crucial for understanding the 
Western Mediterranean climate-sensitive environmental evolution, 
which has been subjected to permanent climate connections between 
the high and low latitudes (Morellón et al., 2009; Fletcher et al., 2010). 
However, the availability of continuous high-resolution archives is 
limited and often includes insufficient dates and inherent uncertainties 
(Zielhofer et al., 2017a). 

The core from Navamuño provides a continental record of the entire 
Late Glacial–Holocene period in the ICS (López-Sáez et al., 2014; Turu 
et al., 2018). A complete geochemical study has allowed us to under-
stand the local and extra-basin sedimentary influx and compare the re-
sults with those of other sites in Iberia. Evidence of volcanic and dust 
influx, which was identified from geochemical data, can be found in 
Roñanzas (Fig. 1; Asturias, northern Spain), in Lake Redon (Fig. 1; 
Central Pyrenees) and some indices in Villarquemado (Fig. 1; Iberian 
Range). This study investigated the following aspects:  

1) Are the geochemical data sufficient to be able to reconstruct the 
Holocene palaeoclimate in Navamuño?  

2) When was Navamuño under the influence of global atmospheric 
episodes?  

3) How does the oceanic climate influence Navamuño and when? 

4. Materials and methods 

Sediment geochemistry, environmental magnetism, and a range of 
sedimentological properties provide compelling information about the 
factors and processes within watersheds characterised by lenitic eco-
systems such as lakes and endorheic basins. These factors and processes 
include the strength of sediment fluxes, the rate at which atmospheric 
dust is deposited, fires, climate variability, and depositional processes 
that ultimately control sediment accumulation patterns and biogeo-
chemical characteristics (Koinig et al., 2003; Kylander et al., 2011; 
Magny et al., 2013). 

4.1. Sedimentology, bulk geochemical composition, and statistical 
analysis 

Field descriptions of the materials and MS measurements (Turu et al., 
2018) were initially used to investigate the nature of the sediments 
(Fig. 2). The cores were split into two, and one half was hermetically 
sealed at a constant temperature at the Department of Geodynamics, 
Stratigraphy, and Palaeontology in the Complutense University of 
Madrid for future study. The other half was transferred to the CORELAB 
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laboratory at the University of Barcelona to acquire high-resolution 
images and luminosity using a colour line scan camera on an Avaatech 
XRF (X-ray Fluorescence) core scanner. These samples were also ana-
lysed using an XRF core scanner for semi-quantitative determination 
(Richter et al., 2006; Croudace et al., 2019) of the abundances of the 
chemical elements determined by counts (CTS; Fig. 3). Two read-time 
spectrums of intensity and voltage were obtained by a centimetric (1 
cm) measurement sequence of 10-s reading-time using 0.6 mA at 10 kV 
AC to detect the low atomic weight elements (Al to Co), and 40-s 
reading-time sequence using 1.3 mA at 30 kV AC with a Pd filter, to 
measure higher atomic weighted elements (Ni and Pb). 

Palaeoenvironmental interpretations were made using the raw data 
obtained from the XRF analysis while avoiding the use of scale effects 
should preferably be avoided and average values obtained from centred 
distributions (Eriksson et al., 1999). The relative elemental ratios were 
normalised for the average values of the entire core divided by the 
standard deviation (Z-score). These data were used for principal 
component analysis (PCA) to study the variance–covariance (Hammer 
et al., 2001) by using PAST software (v.3). Treating the data in this 
manner (727 samples) allowed us to obtain groups of representative 
elements that follow similar tendencies (Figs. 4 and 5). After selecting 
the palaeoenvironmental and statistically significant elements, we ob-
tained the Spearman’s rank correlation coefficient used for the statistical 
analysis (Table 3). 

The results of PCA (component 1; Figs. 4–6) support the idea that Al, 
Ti, Fe, Zr, Rb, Si, and K have a common origin, probably related to 
weathering of silicates (clays and quartz) in the occurrence of secondary 
minerals (Morellón et al., 2009; Oliva-Urcía et al., 2018); indicating the 
highest loadings of K and Si in the two-phase component of higher 
sedimentary loads (López-Merino et al., 2010; Haliuc et al., 2017; Oliva- 
Urcía et al., 2018). Notably, Fe and Mn, mainly influenced by redox 

conditions, are considered principal components (Figs. 4–5). The pres-
ence of Fe in many primary and secondary minerals (e.g. oxides and 
hydroxides), apart from silicates (Mackereth, 1966; Schaller et al., 
1997), suggests that it is prevalent. Variations in PC1 may reflect 
changes in the mineral assemblages. At the same time, the positive di-
rection of PC2 suggests a detrital input, which may be related to the 
processes that affect the catchment, such as runoff regime, active tec-
tonics (Carrasco et al., 2018), vegetation cover, soil changes (Haliuc 
et al., 2017), and dust/ash rain events (Le Roux et al., 2012; Gallego 
et al., 2013). 

The ratio of chemical elements was used to interpret the sedimentary 
environment (geological condition) or the climatic conditions under 
which it formed (environmental conditions) (Calvert and Pedersen, 
2007). The Al/Ti ratio characterises terrigenous components over time 
in both non-carbonated lake-like systems (López et al., 2006; Schröder 
et al., 2018) or in karstified lake-like systems (Hôbig et al., 2012). 
Therefore, in the ND, Al+3 can be used as an efficient tracer of extreme 
acidic media (pH < 4), and Ti can be used as an efficient tracer of energy 
transportation because of its high density (Turu and Bordonau, 2013). 
The Ti indicates that mechanical erosive processes took place in the 
basin (Höbig et al., 2012). It may derive from the physical erosion of Ti- 
bearing rocks (Cohen, 2003) because minerals containing Ti are insen-
sitive to dissolution (Demory et al., 2005). However, other sources for Ti 
is not discarded and is discussed further down on the text. The redox- 
sensitive minerals containing manganese (Mn) and iron (Fe) can react 
to geochemical changes in the depositional environment; therefore, the 
Mn/Fe ratio is considered as a proxy for former redox conditions (Koinig 
et al., 2003). The Mn is highly insoluble under oxygenated conditions; 
hence elevated Mn/Fe ratios depict an oxygen-rich environment, 
whereas low Mn/Fe ratios reflect a more anoxic environment at the 
water/sediment interface. 

Fig. 1. Location of Navamuño within the western Iberian Central System (A); geomorphological scheme of the Navamuño depression or Nava and the cored zone is 
indicated (B); general view of the Nava from the southwest (C). 
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The deposit’s host minerals can be identified based on the grain size 
and subsequent particle size sorting within the sediments (Koinig et al., 
2003; Haliuc et al., 2017). Ti, Rb, and K are often associated with 
mineral assemblages, while Zr and Si are linked to fractions containing 
coarser particle-size of silt and sandy fractions (Kylander et al., 2011). 
Increases in LOI (bulk organic matter content) and the lithogenic 
element-assemblages are inversely correlated in the ND, inferred from 
principal components PC1 and PC2 (Fig. 6). 

4.2. Core sampling, accelerator mass spectrometry dating, age-depth 
model, and probability of events 

The basin infill architecture was firmly established using the 
sequential stratigraphy method (Catuneanu, 2006; Turu et al., 2007; 
Turu et al., 2017, 2018) to the geophysical data produced in the ND 
(Carrasco et al., 2018). Currently, the hydrological dynamics in this 
region correspond to those of a bogland. Turu et al. (2018) performed 
the facies analysis, sampling, dates, MS, LOI, and charcoal counting in 
sediments from a borehole extracted from the middle of the northern 
sector of the ND in 2015. The ages of the samples (from dating analysis) 
(Table 1) were obtained from the Beta Analytic Inc. (Miami, USA) 
accelerator mass spectrometry (AMS) facility. Results were provided as 
calibrated ages according to the INTCAL13 curve (Reimer et al., 2013). 

The samples used for AMS analysis were mainly from palaeosoils 
embedded within sandy layers (Turu et al., 2018). Beneath these layers, 
silty-clay sediments extend to the deepest part of the borehole. López- 
Sáez et al. (2020) performed the Late Glacial palynology of the core, 
although pollen analysis from the fibric-rich units (following the Van 
Post criteria) of the middle and upper Holocene remains unpublished. 
Considering the chronological uncertainties (Blaauw et al., 2007), a 
refined age-depth model was applied using the Clam 2.2 software 
(Blaauw, 2010), based on the R Foundation for statistical computing 
application package (Fig. 2) for the Holocene (Turu et al., 2018) and the 
Upper Pleistocene strata (López-Sáez et al., 2020). 

Major stratigraphic boundaries (Fig. 3) and probabilities (Turu et al., 
2018) for the middle and lower part of the Holocene are shown in Fig. 3 
(and Supplementary Appendix A1). The Bacon R v2.2 software (Blaauw 
et al., 2010) estimates the event probabilities by detecting specific proxy 
features such as the rising values of a proxy or its decrease. Event 
probabilities (or the probability of an event) were calculated over spe-
cific periods (see Supplementary Appendix A1). Also, comparisons of 
sedimentary rates (Fig. 2) from those from the ICS are available (see 
Supplementary Appendix A2) and typically range from 0.43 mm/yr – 
0.23 mm/yr. 

Fig. 2. Simplified lithostratigraphy and age model. Samples providing the AMS and calibrated 14C ages (blue points) are listed in Table 1. The model (smooth spline 
0.2, black line) considers the 2σ-confidence range of calibrated ages (grey areas). Sediment accumulation rates (mm yr− 1) are shown between individual radiocarbon 
ages. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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4.3. Loss-on-ignition, magnetic susceptibility, sedimentary macro- 
charcoal analysis and sedimentary rates 

The weight lost from samples that were obtained from organic-rich 
layers upon ignition is a valuable technique for identifying the palae-
ovegetation production based on the sample remains (Pèlachs et al., 
2011; Turu et al., 2018). Because the presence of moisture would pro-
duce a relative result, the sample must be dried firstly. Thus, the samples 

were heated to 105 ◦C in a ventilated oven and weighed. The samples 
were again heated to 550 ◦C to combust all the organic matter in the 
samples and weighed again. The difference between these weights is the 
LOI, expressed as a percentage (Heiri et al., 2001). 

Measuring the MS of both rocks and sediments is helpful because it 
provides mineralogical information (Thompson and Oldfield, 1986). In 
the case of sediments, MS can provide information regarding their place 
of origin. MS can also provide information on diamagnetic properties of 

Fig. 3. Geochemical stratigraphy of the most significant chemical elements of Navamuño core plotted against age (cal BP). Arrows show switching behaviours or 
trends of elements. Coloured numbers are ages in ka cal BP, for heavy metals significance (in green), phosphorous (in red), chlorine (in blue) or Al and Ca-rich 
silicates (in brown). Brown letters are from Saharan dust (SD) or Non-Saharan dust (NSD) influx (see main text). Colour lines are unconformities (US: unconfor-
mity surface), stratigraphical surfaces (SB, surface boundary), facies assemblages (TS, transgressive surface; bsfr: the basal surface of forced regression; mfs: 
maximum flooding surface). To the right of the figure corresponds to the probability of an event peaking at 7.3, 5.8, 4.9, 1.2 ka cal BP, mentioned in the main text. 
Also computed palaeotemperatures plotted as blue dots, overprinted (red dots) data from López-Sáez et al. (2020). To the left of the figure: climate events mentioned 
in the main text. Portions of low resolution within the core were removed, indicated as a gap (only in the Cu column to facilitate the lecture of the figure). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Loadings of the analyzed geochemical elements on the Principal Components obtained by PCA analysis.  
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Fig. 5. PCA double plot of vectors (red) represents geochemical elements and samples (grey circles) on the first two principal component axes. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Selected geochemical ratios, LOI, magnetic susceptibility (MS), macro-charcoals and principal components derived from PCA analysis of Navamuño record, 
and δ18 O record from NGRIP record (Rasmussen et al., 2008, 2014) plotted against age (cal BP). Colour shading corresponds to climatic events mentioned in the 
text: YD (Younger Dryas), IRHP (Ibero-Roman Humid Period), EMCE (Early Medieval Cold Episode), LMWE (Late Medieval Warm Episode), LIA (Little Ice Age). The 
figure also shows LOI (1 to 2; >20%) and MS (1 to 4; >0.2SI units) peaks. Coloured numbers are ages in ka cal BP, for significant Cu (in green), charcoals (in red), 
chlorine (in blue) or Al and Ca-rich silicates (in brown). Brown letters are from Saharan dust (SD) or Non-Saharan dust (NSD) influx; see main text. Arrows show 
switching PCA behaviours or trends. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
AMS and calibrated 14C ages for the core sequence from Navamuño, western Iberian Central System, Spain.  

Lab code Depth (cm) Material dated δ13C (‰) 14C Age BP Calibrated range (cal BP) Median probability (cal BP) 

ß-409998 111 Sedge seeds − 26.8 450 ± 30 535–472 509 
ß-409997 159 Bulk − 25.7 990 ± 30 961–798 913 
ß-409999 475 Sedge seeds − 26.8 5500 ± 30 6395–6217 6298 
ß-410000 700 Sedge seeds − 25.9 9450 ± 30 10754–10587 10686 
ß-410001 785 Sedge seeds − 27.9 9530 ± 30 11072–10707 10868 
ß-410003 1330 Bulk − 26.9 9980 ± 40 11619–11264 11426 
ß-410004 1550 Sedge seeds − 29.3 11920 ± 40 13942–13568 13744 
ß-412870 1600 Bulk − 25.5 13720 ± 40 16800–16339 16561  
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palaeosoils, their ferromagnetic properties of weathered products, car-
bonate and iron leaching, ash horizons and charred matter that results 
from burning events. MS also informs about paramagnetic products 
originating from anthropogenic activity (ore prospecting, mining, 
burnings, pavements, and paths). The use of MS data with apophyte 
allows human-induced impacts to be distinguished against natural 
processes. Unfortunately, apophytes are not available since the paly-
nology of the Holocene remains unpublished. The relative simplicity and 
usefulness of MS measurements have led to its widespread use. The ND 
samples were subjected to MS measurement (Turu et al., 2018) using a 
passband of 3 ± 0.5 cm and an overlap of 6 ± 1 cm, using an SM-20 
device from GF Instruments (Czech Republic) (Fig. 6). 

Macro-charcoal counting provides valid results in palae-
oenvironmental studies (Bal et al., 2011), and it has been applied in the 
ND by Turu et al. (2018). Sampling followed steps of 1 cm intervals 
alternating the material for the macro-charcoal counting (Turu et al., 
2018) and pollen identification, and the last was performed by López- 
Sáez et al. (2020) for the oldest part of the sequence. After sieving with a 
0.15-mm mesh, macro-charcoal counting was performed every 0.0625 
mm2 (over a total area of 6.25 mm2). We used 1-g samples to minimise 
the effect of suing samples of different densities (Carcaillet et al., 2007). 
The samples were pre-treated with KOH as a flocculant and 15 % NaCl to 
dissolve any organic material (Finsinger et al., 2014). The results from 
macro-charcoal counting are in mm2/g (Fig. 6) given. 

4.4. Phosphorus content as a proxy 

P content is a climate proxy for glaciated areas (Kjær et al., 2015) and 
is primarily linked to glacier fluctuations in cold periods (Hodson, 
2008). The P content in related soils and sediments was high during the 
LGM, as in other cold periods, while it was ten times lower in the warmer 
periods of the last glacial cycle (Kjær et al., 2015). Since P concentra-
tions are negatively correlated with temperature, in the same manner as 
deuterium excess (δD) and δ18O (Kjær et al., 2015), it can be used as a 
palaeothermometer when calibrated in situ. We, therefore, used the 
palaeotemperatures obtained by López-Sáez et al. (2020) from the Late 
Glacial period for calibration (Supplementary Appendix A3). In the core, 
P determinations from comparable samples in density or compaction are 
suited. The P-computed palaeotemperatures were found to fit these in-
dependent data (Fig. 3). Tentatively, its projection onto the Holocene 
can therefore transduce the geochemistry data into a quantitative 
palaeoclimate proxy (Fig. 3). 

5. Results 

The analysed core spans the last ~15.6 ka cal BP years (Table 1). The 
lowest part of the core between ~16.8–15.6 ka cal BP was sacriffied for 
AMS dates and geomechanical testing (Turu et al., 2018). The radio-
carbon dates follow the stratigraphic order (Table 1) without any sig-
nificant hiatus. From these data, we could produce and an age-depth 
model (Fig. 2). The bulk δ13C values in the analysed samples mainly 
range from − 25.5 ‰ to − 29.3 ‰ (Table 1), indicating the presence of 
terrestrial C3-type plants (Deines, 1980); no ageing effect was observed 
(Turney et al., 2000), and the samples come from different organic 
sources (Table 1). A low sedimentation rate (~0.23–0.76 mm/yr) is 
between 1586 cm (bottom of the core) and 1330 cm depth, while higher 
values (~14.89 mm/yr) are achieved between 1330 cm and 785 cm. The 
sedimentation rate then stabilises (~2.19 mm/yr) between 785 cm and 
707 cm (Fig. 2) and remains relatively constant (0.53–0.58 mm/yr) 
between 700 cm and 159 cm, increasing exponentially (1.10–1.89 mm/ 
yr) towards the top of the core (Fig. 2). Nevertheless, the upper and 
lower boundaries range from 0.13 mm/yr to 1.23 mm/yr in the ICS (see 
Supplementary Appendix A2). Rapid changes in the sedimentary rate, 
such as those between 1330 cm and 785 cm, corresponding to a period of 
disturbance (Ko≥aczek et al., 2018) that occurred between the strati-
graphic boundaries (Carrasco et al., 2018) and hiatuses (Turu et al., 

2018). All anthropogenically disturbed zone (Fia≥kiewicz-Kozie≥ et al., 
2015) are restrained to the upper 0.5 m of the core. Nevertheless, the 
aforementioned model follows a continuous curve without any signifi-
cant hiatus. 

The sedimentary profile of the Navamuño sequence (Turu et al., 
2018) shows many fine grain-size facies (clay, clayey silt, silty clay, silt, 
silty sand, peat) and textures, including sands with gravels and pebbles 
(753–605 cm and 593–558 cm). A remarkable stratum covering almost 
5 m is composed exclusively of coarse sands between 1330 cm and 803 
cm, representing a short period in the ND sequence. A simplified stra-
tigraphy of the sequence is presented in Table 2 and shown in Fig. 2. 

The high-resolution record of the geochemical elements obtained 
using the XRF core scanner is shown in Fig. 3. Their variations in the 
elemental composition are summarised in four principal components 
(Figs. 4–5), which explain 62.58 % of the total variability. PC1 explains 
33.68 % of the variance (Fig. 6), with Al, Ti, Fe, Zr, and Zn showing high 
positive loadings (>0.3); Nb, Co, Rb, Ca, V, Pb, Mn, P, and Ni have a 
moderately positive loading (>0.2 and < 0.3); K, Cu, Sr, Si, Cl, and S 
show low positive loadings (<0.2), and Cr and Br have low negative 
factor loadings in this component. The high positive loadings of the 
lithogenic elements (Al, Ti, Fe, and Zr) are indicative of the significant 
amount of fine/coarse-grained mineral matter (clay mineral assem-
blages) in the core sediments (Abel-Schaad et al., 2018). While Ti is 
generally associated with fine-grained minerals, Zr is usually associated 
with coarser minerals (Taboada et al., 2006). Thus, the joint appearance 
of these elements indicates the non-selective process by which mineral 
matter reached the ND sediments. However, a similar distant origin for 
these element assemblages is presented in the following sections. Pb and 
Nd were used to identify the source of dust/ash at Etang La Gruère 
(Switzerland) by Le Roux et al. (2012) (Fig. 7a), while Gallego et al. 
(2013) did the same but using V and Hg content at Roñanzas (Asturias, 
Northern Spain) (Fig. 7a). Nevertheless, PC2 captures 13.39 % of the 
total variance, mainly represented by K and Si (>0.4) with very high 
positive loadings. Sr and Al also show high loadings (>0.3 to < 0.4); Rb, 

Table 2 
Simplified stratigraphic description of the Navamuño sequence.  

Depth (cm) Stratigraphic description 

12–1 Light umber-coloured silty sand with abundant plant debris 
50–12 Dark brown silt 
86–50 Dark brown silty clay 
135–86 Light umber-coloured silty sand 
254–135 Dark brown peat with abundant plant debris 
292–254 Dark brown silty sand 
350–292 Dark brown silt with some plant debris 
392–350 Coarse sand 
414–392 Dark brown silt with some plant debris 
435–414 Fine sand with brown/black silt 
442–435 Coarse sand 
456–442 Light umber-coloured silty sand 
465–456 Dark brown sand with plant debris and charred materials 
512–465 Dark brown peat 
525–512 Coarse sand 
531–525 Dark brown silty sand 
558–531 Coarse sand 
593–558 Coarse sand and gravels with pebbles 
605–593 Light umber-coloured silty sand 
753–605 Coarse sand and gravels with pebbles with some plant debris 
758–753 Light umber-coloured silty sand 
803–758 Dark brown silt with some plant debris 
1330–803 Coarse sand 
1400–1330 Medium sand with dark brown silt with macro-charcoals and charred 

materials 
1420–1400 Dark green silty clay 
1495–1420 Dark brown silty clay with some plant debris 
1542–1495 Dark green silty clay 
1576–1542 Dark-greenish/greyish-brown clayey silt 
1581–1576 Greyish clay 
1590–1581 Greenish-grey clay 
1600–1590 Bluish silts and clays  
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Mn, Ca, Nb, Cr, Ti, and S show moderate or low positive loadings (<0.3); 
Zn, V, Zr, Cu, Pb, Fe, and Ni has low negative loadings; and P, Co, and Br 
show moderately negative loadings. Only Cl, associated with the 
Atlantic or anthropogenic sources, shows a high negative loading in this 
compartment. The high positive loadings of some lithogenic elements (K 
and Si) probably represent a detrital pool associated with a sedimentary 
imbalance (Haliuc et al., 2017). PC3 explains 8.9 % of the variance and 
is positively related to Mn and Si (with high loadings), Ni and Zn 
(moderate loadings), and Cr, Br, K, Al, Cu, Fe, and Co (low loadings), 
with Mn and Si showing the highest positive loadings. Thus, the positive 
direction of this PC3 component can probably be associated with coarser 
silt and sand-size fractions (Silva-Sánchez et al., 2016; Haliuc et al., 
2017). Sr shows a very high negative loading (~-0.5), whereas Pb and 
Rb have moderately negative loadings. The elements that indicate 
variation in the organic matter (Ni, Zn, Br, and Cu) show moderate and 
low positive loads in PC3. The only firm positive peak over the entire 
Holocene in PC3 is at 5.8 ka cal BP (Fig. 6). However, because the redox 
behaviour of these elements may be related to their relative proportions, 
the content, nature of the secondary minerals, and changes in element 
mobility are associated only with redox conditions (Turu et al., 2018), 
which cannot be discarded below 14 m depth. Finally, PC4 captures 6.6 
% of the total variance and is represented by very high positive loadings 

of Cl (at 2.8 ka cal BP; Figs. 3 and 6) and high negative loadings of Cu (i. 
e. at 5.8 ka cal BP; Figs. 3 and 6). 

The counts per second (CPS) of the major and trace lithogenic ele-
ments (Al, K, Ca, Ti, Co, Fe, Si, Sr, Nb, Rb, and Zr) show a characteristic 
pattern of variation (Fig. 3), with moderate positive correlations 
observed between almost all of them (Table 3). Al has a moderately 
positive correlation with V, Mn, Fe, and Zn, while Si only shows a pos-
itive correlation with Al and a weak negative correlation with Br. A 
moderate positive correlation with Mn and a weak negative correlation 
with Br were observed for K. Ti has a high positive correlation with the 
majority of the aforecited lithogenic elements, but also a high positive 
correlation (0.78) with Fe and a moderately positive correlation with 
Cu, Zn, and Pb. Similarly, Co shows a high positive correlation with Ni, 
Cu, Zn, and Fe (0.81), whereas Zr has a moderately positive correlation 
with Fe, Ni, Cu, and Zn. Nb shows a moderate correlation with V, Fe, and 
Zn. Likewise, elements related to the organic matter content (P, S, Ni, 
Cu, Zn, and Br) also appeared to be positively correlated (Table 3). Cu 
and Zn show the highest positive correlations (0.78).In contrast, Fe, 
which, as mentioned above, shows a positive correlation with the other 
lithogenic elements (and a very high correlation with Ti and Co), also 
had a very high positive correlation (0.76) with Zn. Finally, Cl and Cr 
were weakly correlated with the other geochemical elements. 

Fig. 7. (A) Black square, the ICS range. Sites 
of reference. 1: Navamuño. 2: Serra da 
Estrela (van der Knaap and van Leeuwen, 
1997). 3: Lagoa de Traversa (Mateus, 1992). 
4: El Refugio (Walczak, et al., 2015). 5: 
Columba volcano (Poblete-Piedrabuena 
et al., 2020). 6: Villarquemado (González- 
Sampériz et al. 2020). 7: Estany Redon 
(Camarero and Catalan, 2012). 8: Bassa Nera 
(Garcés-Pastor et al., 2017). 9: Lake La 
Gruère (Le Roux et al., 2012). 10: La Molina 
(Pérez-Obiol et al., 2016). 11: Roñanzas 
(Gallego et al, 2013), 12: La Mata (Jalut 
et al., 2010), 13: Sanabria. Muñoz-Sobrino 
et al.,(2004), 14: Cova Arcoia (Railsback 
et al., 2011), 15: Lucenza (Santos-Fidalgo 
et al., 2000), 16: Marboré (Oliva-Urcía et al., 
2018), 17: Estanya (Morellón et al., 2009). 
18: Lake Enol (Moreno et al., 2011). 19: 
Laguna Hondera (Mesa-Fernández et al., 

2018). (B) Possible ashes plumes from the Columba volcano (5) and identified areas of probable influence: 1: Navamuño. . 6: Villarquemado. 11: Roñanzas.   

Table 3 
Correlation coefficients (Spearman’s rho) between the most representative XRF data. High positive correlations (rs > 0.75, p < 0.001) are marked in blue; moderate 
positive correlations (rs = 0.51–0.75, p = 0.003) in green; while weak negative correlations (rs = -0.26 to − 0.50, p = 0.05) are in red.  
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The synthetic diagram in Fig. 6 is a plot of the Al/Ti and Mn/Fe 
ratios, LOI, MS, macro-charcoal abundance, four principal components 
derived from PCA, and the δ18O record from the North Greenland Ice 
Core Project (NGRIP) (Rasmussen et al., 2014) plotted against the age 
model from Fig. 2. As approximated by the LOI, the total organic matter 
content in the core of Navamuño showed significant variability 
throughout the sequence (Fig. 6). LOI peaked 12 times (LOI 1 to 12; 
Fig. 6); however, the values were generally low, and its highest average 
content (>20 %) was observed in the upper 47 cm (23–30 %; 145 cal BP 
to the present) and in the sedimentary intervals: 146–107 cm (805–495 
cal BP), 325–315 cm (28 %; 3.2–3.1 ka cal BP), 398 cm (4.7 ka cal BP), 
454 cm (5.9 ka cal BP), 485 cm (maximum 36 % at 6.6 ka cal BP), 
498–495 cm (6.9–6.8 ka cal BP), 705 cm (maximum 37 % at 10.6 ka cal 
BP), 779 cm (10.94 ka cal BP), 1340 cm (11.35 ka cal BP), 1421 cm 
(11.7 ka cal BP), and 1463–1458 cm (12.25–12.1 ka cal BP). The 
observed variability is due to the presence of layers that are rich in 
organic material (mainly plant debris), as described by Turu et al. 
(2018) and observed in the lithology of the core (Table 2). 

Two highly positive MS peaks (>0.6 × 10^3SI units) coincide with 
coarse sandy layers (Fig. 2) at 11.05 ka cal BP (839 cm) and 10.6 ka cal 
BP (705 cm), respectively, while the other peak occurs at ~11.37 ka cal 
BP (1350 cm) and is related to medium sands intermixed with dark 
brown silts (Fig. 6). Finally, a more recent moderate MS peak (>0.2 ×
10^3SI units) at 456 cm (5.9 ka cal BP) corresponds to dark brown sands. 
Noticeably, most of the PCA also peaked at 5.9 ka (Fig. 6). 

Clay, silt, and peat coincide with relatively low MS values. For 
example, two minima in MS occurred at depths of 512–465 cm and 
254–135 cm are related to peat accumulation. 

The positively enriched sets of macro-charcoal particles are shown in 
Fig. 6; a stop abruptly at 11.4 ka cal BP and 10.7 ka cal BP. Such particles 
were practically absent between the Oldest Dryas and the Intra-Allerød 
Cold Period (IACP) (~15.6–12.9 ka cal BP), except for the upper part of 
the Bølling interstadial (~14.3–14.1 ka cal BP) and the lower part of the 
Older Dryas (~13.9–13.8 ka cal BP), when the accumulation of macro- 
charcoal reached 0.2–0.3 mm2/g (Fig. 6). Rapid accumulation of macro- 
charcoal between the Allerød interstadial and the onset of the Holocene 
~12.9–11.3 ka cal BP characterise this period, with peak values 
(1.6–2.2 mm2/g) observed between 11.5 ka cal BP and 11.4 ka cal BP. 
Subsequently, two new maxima were recorded during the Early Holo-
cene at ~10.9 ka cal BP (0.8 mm2/g) and ~10.6 ka cal BP (2.96 mm2/g). 
Macro-charcoals were still present with virtually continuous, relatively 
low values, from ~8.3 ka cal BP to 5.9 ka cal BP, disappearing and 
reaching a new peak (1.3 mm2/g) at ~4.4 ka cal BP. Finally, the highest 
value (6.8 mm2/g) of the whole sequence occurred during the Late 
Holocene at ~3 ka cal BP, although low values characterised this entire 
period. 

6. Interpretation 

Textural differences, rapid sedimentation, proxy peaking, and 
stratigraphic boundaries are all closely related. In addition, strati-
graphical limits are overprinted onto the geochemical data (Fig. 3).  

1) Between 16 ka cal BP and 12 ka cal BP, a surface boundary (SB; 
Fig. 3) separated the sediments with low organic matter content (LOI 
< 10 %; Fig. 4) from those with higher organic matter content (LOI 
> 15 %; Fig. 4). However, this period shows low geochemical 
sensitivity, except for S and P, which increased until 12 ka. During 
this period, the CH glacier receded and stabilised 3 km upwards from 
the ND (moraine ID-M3; Carrasco et al., 2015a). Its influence was 
negligible in the ND shortly thereafter since the glacier had receded 
until the upper valley (moraine ID-M4; Carrasco et al., 2015a).  

2) A profusion of sedimentary changes is observed from 12 ka cal BP to 
10 ka cal BP (Fig. 3), following the transition between the Early 
Holocene and the Upper Pleistocene. Changes such as diastems 
(unconformities, US) and base-level oscillations (maximum flooding 

surface, mfs; transgressive surface, TS) are observed on multiple 
stratigraphical surfaces (Turu et al., 2018). A basal surface of the 
forced regression (bsfr; Catuneanu, 2006; Turu et al., 2018) in the 
palaeolake may have been lowered its water level at this time, which 
is synchronous with the cold and probably arid period at ~11.4 ka 
correlating with the pre-boreal oscillation (PBO) (Björck et al., 
1997). Kobashi et al. (2008) characterised this event (using ice-core 
δ15N measurements) as a gradual cooling over 100–150 years fol-
lowed by abrupt warming of 4 ± 1.5 ºC at 11.270 ka cal BP (Fig. 3).  

3) Sets of the macro-charcoals increases before peaking at 8.0, 6.0, 4.5, 
and 3.0 ka cal BP (Fig. 6). P concentrations experienced rhythmic 
increases between 8.2 ka cal BP and 2.0 ka cal BP with pulses 
observed at 8.2–8.0, 8.0–7.3, 5.8–4.7, 4.7–4.0, 4.0–3.0, and 3.0–2.0 
ka cal BP (the last of which was the final strong pulse) (Fig. 3).  

4) Two hundred years of significant dust events occurred after the cold 
event at 8.2 ka cal B (Le Roux et al., 2012; Rodrigo-Gámiz et al., 
2011), affecting Europe and North Africa. Le Roux et al. (2012) also 
indicated a change in the dust regime at 7 ka and 5 ka cal BP (from 
Sahara), which stabilised after 5 ka cal BP (Fig. 3) and changed at 2 
ka cal BP. 

5) The African Humid Period decline (Rodrigo-Gámiz et al., 2011) co-
incides with a high probability of an event at 7.3 ka cal BP surfaced, 
when V, Zr, Ti, Al, and Mn peaked (Fig. 3) and where lithogenic Hg, 
Zn, and Pb peaked in North Spain (Fig. 7 from Gallego et al., 2013). 
The moderate correlation between Ti and V (Table 3) should be 
related to fluctuations in the deposition of atmospheric dust 
(Rodrigo-Gámiz et al., 2011; Mesa-Fernández et al., 2018), both of 
which show a similar pattern throughout the recovered sequence 
(Fig. 3). The event probability at 7.3 ka cal BP also matches within a 
dusty period of unknown origin (7.4–7.2 ka cal BP; Le Roux et al., 
2012), affecting Western Europe and led to a progressive reduction 
in the amount of tree pollen present in the region. The Al/Ti ratio 
increased during several periods (e.g. 12.8–11.1, 10.2, 9.4, 8.2, 7.3, 
and 6.6 ka cal BP), corresponding with incoming dust (Zielhofer 
et al., 2017b).  

6) A sharp distinguishable peak at 5.8 ka cal BP indicates a Cu-rich layer 
(Fig. 3), too early for ore mining activities. However, Hg-rich se-
quences have already been identified in Roñanzas (Fig. 7a; Gallego 
et al., 2013). These authors associated this Hg peak with volcanic 
dust.  

7) The probability of an event is high at 4.9 ka cal BP when PC2 shifts 
(Fig. 6). The high relative P values and S peaks (Fig. 3) suggest extra- 
basin influxes, which was probably in the form of dust from North 
Africa (Fitzgerald et al., 2015; Camarero, 2017), as it is the case for 
Sierra Nevada (Mesa-Fernández et al., 2018). Nowadays, a higher 
frequency of positive North Atlantic Oscillation (NAO) values in its 
half-period correlates with frequent dusty episodes, carrying P from 
Northern Africa to Iberia (Camarero and Catalan, 2012; Lake Redon, 
Fig. 7a). These authors demonstrated a good correlation between P 
deposition and the NAO index in mountain lakes from the high 
Pyrenees (Camarero, 2017). Vannière et al. (2011) invoked a NAO- 
like climate modulation during the Holocene in Western Europe, 
embracing the ND, and Rodrigo-Gámiz et al. (2011) report pre-
dominant positive NAO index when SD exportation intensifies.  

8) A final Cl pulse is observed between 2.8 ka cal BP and 2.0 ka cal BP, 
characterised by its strength, while P shows an increase at 2.8 ka cal 
BP (Fig. 3). Batting behaviour was observed for Cl, that is, slightly 
upward decreasing pulses between 7.3 ka cal BP and 2.8 ka cal BP 
(Fig. 3). Oceans provide the largest source of atmospheric Cl to 
terrestrial ecosystems (Keppler et al., 2004); thus, once Cl is captured 
from organic matter, it can be found in deposits following precipi-
tation or on the sedimentary bed when transport ceased.  

9) The event probability is high at 1.2 ka cal BP (Fig. 3) and may be 
associated with Bond event 1; however, this event could also result 
from anthropogenic activities. 
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7. Discussion 

7.1. Deglaciation: Oldest Dryas stadial (~15.6–14.7 ka cal BP) 

The oldest dated sample from the bottom of the core at a depth of 
1600 cm (Table 1; ~16.56 ka cal BP; Turu et al., 2018) corresponds to 
phases in which the CH palaeoglacier retreated (Carrasco et al., 2013, 
2015a), and the sediments deposited between 1600 cm and 1562 cm are 
synchronous with the onset of the Oldest Dryas (Greenland Stadial 2a/ 
GS-2a). A maximum flooding surface (msf, Fig. 3; Turu et al., 2018) 
reveals the transition between the moist to dry bi-phase hydroclimate 
reorganisation after the iceberg discharges of Heinrich Event 1 and to 
characterise the Oldest Dryas (Pérez-Mejías et al., 2021). The so-called 
Mystery Interval (Denton et al., 2005; 2006; Williams et al., 2012) 
was initially identified in other Iberian ranges ~16.56–14.7 ka cal BP 
(Jalut et al., 2010; Domínguez-Villar et al., 2013; Palacios et al., 2016). 
This period has also been recorded in marine pollen sequences around 
the Iberian Peninsula as a cold and dry interval (Naughton et al., 2007, 
2019; Fletcher et al., 2010. The ND shows the lowest sedimentation rate 
(0.23 mm/yr) in the Oldest Dryas (Fig. 2). These data are consistent with 
the low MS values (Fig. 6) and fine-grained deposits (greenish to greyish 
clay and clayey silt; Fig. 2; Table 2) observed in the ND. The non- 
laminated clays at the bottom of the core originated from a glaciola-
custrine environment in an amictic lake (Turu et al., 2018), similarly to 
those described in other glacial lakes of the Pyrenees and the Cantabrian 
Mountains (González-Sampériz et al., 2006; Jalut et al., 2010; Oliva- 
Urcía et al., 2018; Turu et al., 2018), and Serra da Estrela (van der Knaap 
and van Leeuwen, 1997). Analyses of northern Iberian inland lakes also 
show a similar climate pattern; with the Oldest Dryas corresponding to 
an arid and cold period (Morellón et al., 2009; González-Sampériz et al., 
2010; Ruiz-Fernández et al., 2016); however, the ND reveals that the 
climate was more complex during this stadial. 

PC1 (positive side; Fig. 5) reflects the changes between an 
allochthonous to autochthonous sedimentation supply (Fig. 6), likewise 
a high Al/Ti ratio (Höbig et al., 2012; Schröder et al., 2018) and the 
latter by various indicators as low MS values or low amounts of Al, Ti, K, 
Ca, Co, Nb, Si, Fe, Rb, and Zr (see Figs. 3, 4, and 6). Therefore, the 
relatively high water levels and the abundance of lithogenic elements 
such as Fe or Ti at the Oldest Dryas coincided with an intense soil erosion 
during deglaciation, with low Mn/Fe ratios (Martín-Puertas et al., 
2011). Series of lithogenic elements, including Ti, K, Rb, and Zr, are 
commonly considered indicators of watershed erosion (Koinig et al., 
2003). The high correlation (0.68) between K and Si (Table 3) in the ND 
suggests that Si mainly comes from K-Aluminosolicates, also related to 
PC2 (Figs. 4 and 5) (Haliuc et al., 2017), with relatively high values 
during the Oldest Dryas (Fig. 6). 

These studies infer that a sharp decrease in the mean annual air 
temperature reducing the yearly precipitation to half of its current 
value. In addition, the lower organic productivity in the palaeolake (LOI 
content, Fig. 6) is attributed to the cold conditions in the Pyrenees 
during this period (González-Sampériz et al., 2006; Pèlachs et al., 2011). 

7.2. A complex Bølling/Allerød interstadial (~14.7–12.6 ka cal BP) 

7.2.1. Sedimentary record 
The ND base level remains relatively shallow and stable during this 

period and prevails until 12.6 ka cal BP. Hydromorphic soils are 
described by Turu et al. (2018), indicating dominant dark-grey-brown 
clayey silt and dark green–brown silty clay between 1562 cm and 
1485 cm (Fig. 2; Table 2). There is a significant decrease in PC1 values 
and lithogenic elements (e.g. Al, K, and Zr), parallel to the PC3 increase 
(S, P, Ni, and Zn), between 1562 cm and 1542 cm, as a result of an in-
crease in the water table level (Turu et al., 2018) during the Bølling sub- 
interstadial period (Greenland Interstadial GI-1e; ~14.7–14 ka cal BP) 
(Figs. 3 and 6). At that time, the NGRIP Greenland core (Fig. 6) shows an 
abrupt increase in the δ18O values (Rasmussen et al., 2014), indicating 

global wetter and warmer conditions. An increase in organic produc-
tivity is accompanied by an LOI (>10 %) rise and a temperature increase 
(Fig. 6) in parallel to rainfall (López-Sáez et al. 2020). The pollen data 
indicates that the Béjar area was a refuge for temperate vegetation 
during the Bølling oscillation (López-Sáez et al., 2020). 

At the onset of the Older Dryas sub-interstadial (Fig. 2; Table 2), the 
Bølling lacustrine dark-grey-brown clayey silts transitioned, under per-
manent flooding (Turu et al., 2018), into dark green silty clay and low 
Mn/Fe values (Fig. 6). Chromogenic responses (Naeher et al., 2013) 
indicates low redox conditions (Turu et al., 2018) resulting from water 
level fluctuations, mineral inputs (clays and oxides) and poorly 
oxygenated waters (Davison, 1993) in the lake. Discolouration and 
leaching occur in a changing redox environment when chromogenic 
compounds, like Mn and Fe, vary their oxidation state at low redox 
potential (Davison, 1993; Koinig et al., 2003; Haliuc et al., 2017). 

During the Older Dryas (14.0–13.4 cal yr BP; GI-1d; 1543–1520 cm 
depth), high values of Zn (Fig. 3) may indicate anoxic conditions in the 
ND since this element is considered a palaeo-redox indicator (Dean 
et al., 1997). Zn also shows a high positive (0.76) correlation with Fe and 
a moderate correlation (0.64) with Mn (Table 3). The atmospheric 
conditions are attributed to a negative NAO-like index during this period 
(Rodrigo-Gámiz et al., 2011) and weak westerlies over the Gulf of Lion, a 
somewhat unmatching pattern for SD migration northwards. 

During the Greenland Interstadial GI-1c (~13.4–13.1 ka cal BP; 
1520–1515 cm), the geochemical trend shows an increase of Al/Ti ratio, 
PC1 and PC2 and ends in a sharp rising end, also observed in the δ18O 
values of the NGRIP Greenland core (Fig. 6; Rasmussen et al., 2014), 
similarly at the Allerød oscillation (Greenland Interstadial GI-1a; 
~12.9–12.6 ka cal BP; 1500–1485 cm). The Allerød in the ND, the 
Mn/Fe ratio (0.2) increase (Fig. 6), indicating more oxygenated waters 
(Haliuc et al., 2017; Oliva-Urcía et al., 2018) in the ND. 

The complexity of the processes presented in our study, which 
include the first phase of glacial retreat during the Oldest Dryas and a 
later stage of glacial re-advancement during the arid and cold Older 
Dryas in northern Iberia, have rarely been documented (González- 
Sampériz et al., 2006; Morellón et al., 2009; Jalut et al., 2010; Aranbarri 
et al., 2014; Moreno et al., 2014; Palacios et al., 2016; Camuera et al., 
2018, 2019). 

7.2.2. Macro-charcoal particles 
Macro-charcoal particles were present only in the upper part of the 

Bølling sub-interstadial at ~14.3 ka cal BP (0.2 mm2/g, Fig. 6). These 
results indicate a low fire activity in the ND; thus, shortage of biomass to 
sustain fire (López-Sáez et al., 2020), and It may have resulted from the 
cool summers and low winter temperatures (Pèlachs et al., 2011). 

The sedimentation rate also increased (0.33–0.52 mm/yr; Fig. 2), 
probably related to an enhanced erosion of nearby slopes due to a higher 
frequency of palaeofires. The Al/Ti ratio reduction also advocates for 
allochthonous sedimentation in the ND (Fig. 6) in GI-1d, specifically in 
its middle part. The MS also increases around ~13.8 ka cal BP. The fire 
activity in the ND is evidenced by a small macro-charcoals production 
(0.3 mm2/g) at ~13.8 ka cal BP (Fig. 6). Through stadials or cold sub- 
interstadial periods (Daniau et al., 2007), the scarcely available fuel 
may have resulted in the low fire activity around the ND during the 
Older Dryas sub-interstadial. However, charred particles are abundant 
in Serra da Estrela during GI-1d (Connor et al., 2012). Biomass burning 
differences whithin the western ICS suggests a westward modulation 
from the climate regime between ND and Serra da Estrela. Nevertheless, 
in South Iberia macro-charcoals also peak (Carrión, 2002) at GI-1d. 

The summer temperature increased progressively at the Allerød 
warm interval (López-Sáez et al., 2020) alongside the fire frequency. 
Macro-charcoal particles values doubled from 0.12 mm2/g to 0.44 mm2/ 
g (Fig. 6) during the Allerød oscillation ~12.9 –12.6 ka cal BP, and a 
similar pattern is for Serra da Estrela (Connor et al. 2012). The abun-
dance of macro-charcoal, the high values of PC1 and the increasing 
sedimentation rate (0.23–0.91 mm/yr) during the warmer and wetter 
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Bølling and Allerød periods are related to the input of fine grain-sized 
sediment that resulted from enhanced erosion on fragile soils (Figs. 2 
and 6). When warm interstadial episodes and high Al/Ti ratio match 
(Fig. 6), the ND is feeded in terrigenous influx from runoff (Höbig et al., 
2012; Schröder et al., 2018). This interpretation is consistent with other 
Iberian palaeoenvironmental records that show a similar warming 
behaviour and humidity increase during the Bølling, GI-1c and Allerød 
periods (González-Sampériz et al., 2010; Aranbarri et al., 2014; García- 
Alix et al., 2014; Iriarte-Chiapusso et al., 2016; Tarroso et al., 2016; 
Camuera et al., 2018, 2019). 

7.2.3. Palaeoenvironmental inferences 
The Bølling/Allerød interstadial period (Greenland interstadial GI-1) 

has been widely recorded in most inner Iberian sequences, especially in 
high-mountain environments, and is characterised by warmer summer 
temperatures and higher glacier meltwater pulses (Morellón et al., 2009; 
Carrión et al., 2010; Jalut et al., 2010; González-Sampériz et al., 2010; 
Moreno et al., 2014; Camuera et al., 2018). The only known evidence of 
this interstadial in the ICS comes from the palynological records of the 
Charco da Candieira Lake in Serra da Estrela (van der Knaap and van 
Leeuwen, 1997) (Fig. 1) and the corresponding core from Navamuño 
(Turu et al., 2018; López-Sáez et al., 2020). Rapid cold oscillations from 
14 ka cal BP to 13.4 ka cal BP separate the GI-1e (Bølling sub- 
interstadial) from the GI-1c warm episodes (GI-1d; Rasmussen et al., 
2008, 2014). The Older Dryas (GI-1d) may be present as a sharp 
decrease in allochthonous elements, such as Al, Ti, K, Ca, Co, Rb, Si, Sr, 
Fe, Zr (Fig. 3), the PC1 values (Fig. 6), and by an abrupt decrease in the 
δ18O values (Rasmussen et al., 2014). Similar conditions have been 
found by in the northern and southern Iberian territories, mainly in 
mountain environments, including the westernmost ICS (van der Knaap 
and van Leeuwen, 1997). During this period (GI-1d), low LOI production 
is observed, with variable Mn, Ni, and S (Fig. 3) values and a notable 
reduction in the PC2 and PC4 values (Figs. 3 and 6). These data indicate 
a significant decrease in the contribution of terrigenous sediments and 
detrital input, including a substantial reduction in the organic matter 
production within the palaeolake. When comparing episodes, an in-
crease in the PC2 values occurred during the three warm periods (Fig. 6), 
with the latter two were related to fluxes of sediment reaching the ND 
(GI-1c and Allerød). The Bølling sub-interstadial was cooler than the 
Allerød interstadial, as indicated by the weaker development of organic 
matter (LOI, Fig. 6). The latter suggests a warming trend from the 
Bølling to the Allerød, which is archived in both the marine and the 
terrestrial records in the southwestern Mediterranean region and 
southern Europe (Watts et al., 1996; van der Knaap and van Leeuwen, 
1997; Renssen et al., 2010; Yu and Eicher, 2001; Naughton et al., 2007, 
2019; Morellón et al., 2009; Carrión et al., 2010; González-Sampériz 
et al., 2006, 2010; Jalut et al., 2010; Rodrigo-Gámiz et al., 2011; Moreno 
et al., 2014; de Beaulieu et al., 2017; Sadori, 2018). However, a second 
cold and dry period were detected later in the Bølling/Allerød inter-
stadial at ~13.1–12.9 ka cal BP (1515–1500 cm), and it may correspond 
to the so-called IACP (Greenland Interstadial GI-1b, Fig. 6), and resulted 
in a decrease in the δ18O values (Rasmussen et al., 2014). Lithogenic 
elements (Al, Ti, Si, Fe; Fig. 3) decrease in the Older Dryas while increase 
during GI-1c; however, the low resolution of this portion of the core 
makes the interpretation difficult. The PC1 and PC2 values decreased 
alongside the LOI, while the Al/Ti ratio increased during the IACP 
(Figs. 3 and 6). A similar smaller decrease in the Mn/Fe ratio in the IACP 
period is likely to have occurred during the Older Dryas, although 
smaller, suggesting poorly oxygenated water (Davison, 1993; Haliuc 
et al., 2017). Palaeoclimate similarities are prominent for GI-1d and 
IACP in the study area, experiencing dry and cold phases. 

7.2.4. Extra-basin gain 
A geochemical overprint in the sedimentary records of the ND co-

incides with a strong negative peak for PC4 (Fig. 6), MS increases (Fig. 6) 
and peaks from Rb and Zn are at ~13.7 ka cal BP; and this could be the 

effect of the Columba volcano (Fig. 7a) over the ND, in which erupted 
around 13.845 ± 0.268 ka cal BP (Poblete-Piedrabuena et al., 2019). 
Nevertheless, inputs from remote source areas such as volcanic ash or 
dust from Asian deserts dust (Grousset and Biscaye, 2005) overprint the 
local sediments in Western Europe at 12.8 ka cal BP (Le Roux et al., 
2012). The positive trends of P, S, and Ca simultaneously reduced the Al, 
K, and Cl contents in the sediments (Fig. 3), driving a change in the trend 
of PC1, PC2, and PC4 at 12.8 ka cal BP (Fig. 4). Additionally, the inferred 
temperatures and precipitation that the ND pollen data concludes 
(López-Sáez et al., 2020) were at 12.8 ka cal BP in a maximum. Liquid 
droplets formed from dust particles acting as nuclei within clouds 
(Fitzgerald et al., 2015), favouring precipitation and heat transport. Tree 
pollen percentages increased in the ND (López-Sáez et al., 2020) during 
12.9–12.6 ka cal BP, suggesting warm and wet (oceanic) conditions in 
the westernmost ICS (van der Knaap and van Leeuwen, 1997). 

7.3. Climatic variability within the Younger Dryas stadial (~12.6–11.7 
ka cal BP) 

The Greenland Stadial 1 (GS-1) abrupt event, usually referred as to 
the cold and dry YD, occurred at the end of the Late Glacial warming and 
just before the onset of the Holocene (Alley, 2000; García-Ruiz et al., 
2016; Tomasso et al., 2018). According to the age-depth model of the 
Navamuño record (Fig. 2) and the multi-proxy analyses between 1485 
cm and 1420 cm, the YD period is considered to have occurred between 
~12.6 ka cal BP and 11.7 ka cal BP (Figs. 3 and 6). The YD has been 
recorded throughout the Mediterranean and southern Europe by several 
proxies in both continental and marine sites (Muñoz-Sobrino et al., 
2013; Morellón et al., 2009; Carrión et al., 2010; Fletcher et al., 2010; 
González-Sampériz et al., 2010; Jalut et al., 2010; Moreno et al., 2011, 
López-Merino et al., 2012; Aranbarri et al., 2014; Baldini et al., 2015; 
Bartolomé et al., 2015; García-Ruiz et al., 2016; Iriarte-Chiapusso et al., 
2016; Camuera et al., 2018; Tomasso et al., 2018; Naughton et al., 2019; 
López-Sáez et al., 2020). The YD is documented in Greenland ice cores 
(Fig. 6) by low and oscillating δ18O values (Alley, 2000; Rasmussen 
et al., 2014). 

The YD is characterised by a drop of the water level in the ND, as 
indicated by the deposition of dark brown silty clay (Fig. 2; Table 2), 
along with a sharp decrease in the Al/Ti ratio (Fig. 6). During the Early 
YD (~12.6–12 ka cal BP), the Mn/Fe ratio increased (Fig. 6), pointing to 
fresh oxygenated water in the ND (Haliuc et al., 2017). The presence of 
organic matter renders sediment the dark brown colour characteristic of 
marshy related deposits (Turu et al., 2018). This Early YD phase is 
characterised by increasing values of P and S, as well as high values of 
Zr, Ni, and Mn. Br values appear for the first time in this sequence. 
However, Notably, P, Br, S, and Ni are related to organic matter (Koinig 
et al., 2003; Kylander et al., 2011). Furthermore, the presence of Br 
pertains to the processes controlling the enzymatic halogenation of 
organic matter (Van Pee and Unversuch, 2003; Leri and Myneni, 2012) 
or biomass burning (Dai and Chiao, 2019). The continuous presence of 
macro-charcoals, with a peak (1.3 mm2/g) at ~11.9 ka cal BP, along 
with an increase in the sedimentation rate (0.85–1.18 mm/yr) and high 
values of both PC1 and PC2 ~ 12.6–12 ka cal BP (Fig. 6), that are related 
to terrigenous sediment input, indicate enhanced soil erosion. The main 
lithogenic elements involved in this phase are Ca, Zr, Ti, and Sr, while 
Al, K, Rb, and Si generally decreased throughout the YD (Fig. 3). 

A phase of low fuel availability is mainly related to steppe-type 
vegetation (Connor et al., 2012). This match in the ND only for the 
beginning of the YD, that is: sustained organic matter content since the 
Allerød culminating in two LOI peaks (numbers 12 and 11) at 
~12.25–12.1 and 11.7 ka cal BP (respectively) with subsequent in-
creases of charred material (macro-charcoals; Fig. 6). Like the Portu-
guese ICS record (Connor et al., 2012), high macro-charcoal values in 
the ND may refer to local fires mediated by the aridity (Daniau et al., 
2007; López-Sáez et al., 2018a, 2018b) at the end of the Younger Dryas. 
Posteriorly, charred particles increase in Serra da Estrela at ~12–11 ka 
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cal BP (Connor et al., 2012), between the end of the Younger Dryas (YD) 
and the beginning of the Holocene. 

Surface enrichment with Mn with Fe is probably related to the 
vadose oxic conditions during the period ~12.6–12 ka cal BP, which 
provided favourable conditions for forming oxidised and immobile 
forms of the elements (Chesworth et al., 2006). The decreasing values of 
both PC1 (which reflects the relative input of lithogenic versus organic 
sediment) and PC2 (interpreted as from detrital gain) during the Late YD 
(~12–11.7 ka cal BP) (Fig. 6) indicate possible conditions of desiccation, 
subaerial exposure and the establishment of marsh-type vegetation. 
Both principal components point to a relatively deep wetland within 
stable wet and cooler climatic conditions during the second half of the 
YD. Higher PC3 values and a lower Mn/Fe ratio (Fig. 6) also represent 
the possibility of significant water saturation of sediments that formed in 
less-oxygenated water (Davison, 1993). 

In summary, our results suggest higher saturation of the sediments, 
probably from groundwater (Carrasco et al., 2018) during the first phase 
of the YD (~12.6–12 ka cal BP) may reflect enhanced precipitation, 
whereas the following second phase (~12–11.7 ka cal BP) which may be 
due to a more efficient hydrological cycle (López-Sáez et al., 2020); 
however, negatively balanced. 

A transitional biphasic structure is for the YD. A similar palae-
oclimate pattern to that in the ND was also been documented by van der 
Knaap and van Leeuwen (1997) in their study on Serra de Estrella, by 
Aranbarri et al. (2014) and by Wei et al. (2019) in their study on the 
Villarquemado palaeolake (Fig. 1), or at several northern Iberian sites 
(Moreno et al., 2011; Muñoz-Sobrino et al., 2013; Baldini et al., 2015; 
Bartolomé et al., 2015; Iriarte-Chiapusso et al., 2016; García-Ruiz et al., 
2016). For example, the Sanabria lake record (Fig. 7a) includes an initial 
cool and wet phase (~12.9–12.4 ka cal BP) followed by a subsequent 
warm and dry phase (12.4–11.7 ka cal BP) (Muñoz-Sobrino et al., 2004). 
Morellón et al. (2018) pointed out a similar climate structure within the 
YD, perhaps due to a latitudinal-like drifting of palaeoclimatic and 
palaeohydrological conditions affecting the Iberia Peninsula as observed 
by Naughton et al. (2007). 

7.4. The Pre-Boreal and the Early Holocene (~11.7–10.2 ka cal BP) 

7.4.1. Sedimentary record 
Three MS peaks (numbers 4 to 2) at ~11.37, 11.05, and 10.6 ka cal 

BP (Fig. 6), are associated with a dramatic increase in the particle size. 
These are related to a quasi-single event associated with basin instability 
and subsidence (Carrasco et al., 2018; Turu et al., 2018). The increase in 
the sedimentation rate from 1330 cm to 785 cm during the Late Pre- 
boreal (~11.3–10.95 ka cal BP), which reached average values of 
14.89 mm/yr and peaked at 100 mm/yr to 11.12 ka cal BP (Fig. 2), 
clearly marks a sudden change in the sedimentary regime (Turu et al., 
2018), probably tectonically induced. However, multiple factors may 
have interacted to affect the stability of the ND at 11.4 ka cal BP when 
dark brown silts were deposited over coarse sand at ~11.05 ka cal BP 
(Fig. 2; Table 2), and coinciding with an MS peak (number 3; Fig. 6) 
correlated with Fe (Fig. 3). Rapid changes in the environmental mag-
netic behaviour of the sediments occurred during this period and the 
main MS facies. Therefore, the MS fluctuation likely correlates with the 
changes in the composition of the allochthonous and lithogenic sedi-
ment components, all of which show high values (Fig. 3), overprinted by 
syn- and post-sedimentary redox changes, as suggested by the Mn/Fe 
ratio at ~10.9 ka cal BP (Fig. 6) and the Mn peak (Fig. 3). K, Si, and Sr, 
indicative of detrital input into the basin (Kylander et al., 2011), show a 
strong correlation with the high positive values of PC2 (Figs. 4 and 5) in 
this part of the sequence at ~11.3–10.95 ka cal BP. Still, these values 
declined or fluctuated until the end of the Early Holocene (Fig. 3). 

Three concomitant peaks in the Al/Ti and Mn/Fe ratios were 
observed at ~10.9 ka, 10.2 ka, and 9.8 ka cal BP (Fig. 6), indicating a 
sedimentary environment with relatively well-oxygenated waters 
(Davison, 1993; Schröder et al., 2018). Therefore, geochemical data (Cl) 

pointed to an oceanic influence (Fig. 3) in two of these three periods 
during the Early Holocene in (11–10.9 ka cal BP and 10.2–10.0 ka cal 
BP). 

7.4.2. Loss-on-ignition and macro-charcoal particles 
López-Sáez et al. (2020) explained an increase in rainfall and tem-

perature with three high LOI peaks at ~11.35, 10.94, and 10.6 ka cal BP 
in the ND (numbers 10 to 8; Fig. 6) and belongs to the beginning of the 
Holocene. The peaks coincide with a rapid and constant accumulation of 
macro-charcoal at ~11.5–11.3, 10.9–10.8, and 10.6 ka cal BP. Biomass 
burning resulted in significant macro-charcoal concentrations in the ND 
(Figs. 3 and 6). The cumulative fire activity, evidenced by the charcoal- 
increase in the ND starting at ~11.7 ka cal BP, arrives at its climax 
around ~11.30 ka cal BP, as in Serra da Estrela (Connor et al., 2012). In 
parallel, we found a peak in LOI (11.35 ka cal BP; number 10) and the 
corresponding rise in MS (11.37 ka cal BP; number 4) when a high 
concentration of charred particles occurs (Fig. 6). 

A new charcoal increase in the ND starts after the Pre-Boreal oscil-
lation (PBO) event (~11.4 ka cal BP) and arrives at its maximum at 
~10.70 ka cal BP (Fig. 6). Moreover, a new bromine peak at ~10.6 ka 
cal BP appears to be related to the high LOI percentages or high organic 
matter content (Van Pee and Unversuch, 2003; Leri and Myneni, 2012) 
that result from the burning of biomass (Dai and Chiao, 2019). 
Conversely, in Serra da Estrela, fire activity is found at its minimum 
(Connor et al., 2012). Biomass burning differences within the western 
ICS suggests an eastward modulation from the climate regime between 
Serra da Estrela and the ND. In south Iberia, a single cumulative pulse of 
charred particles began at ~11.5 ka cal BP and culminate at ~10.2 ka 
cal BP (Carrión, 2002). 

Palaeoburning could have eliminated vegetation that protected soils 
in the catchment area from the ND, resulting in increased erosion. 
Notably, the Ericaceae peak and the presence of Plantago, Artemisia, 
Aster-type, and Chenopodiaceae (López-Sáez et al., 2020) suggest envi-
ronmental disturbances at 10.6 ka cal BP. 

7.4.3. Palaeoenvironmental inferences 
During the first interval of the Early Holocene at ~11.7–11.45 ka cal 

BP, the core record (1420–1375 cm) shows a transition from dark green 
silty clay to a mixture of sands and silts of different colour tonalities, 
with a consistently increasing sedimentary rate (1.18–1.47 mm/yr) 
(Fig. 2; Table 2). The Al/Ti and the Mn/Fe ratios decreased, coinciding 
with the LOI, PC1, PC2, and PC4 values, while the MS and PC3 values 
progressively increased (Fig. 6). These trends could indicate a new base- 
level rising after the YD, with moister organic soils comprising coarse 
silts and sand-size fractions from reduced detrital input (Kylander et al., 
2011). A shallow lagoon or, more likely, a floodplain is interpreted to 
exist in the ND at this period because palaeosols’ appearance does not 
favour a permanent lake’s existence (Carrasco et al., 2018). According to 
the age-depth model (Fig. 2), the timing of the marked changes belongs 
to the Early Pre-boreal, when a rapid temperature rises and prevails in 
many European palaeoenvironmental records (Björck et al., 1997; Fisher 
et al., 2002; Peyron et al., 2005; Bos et al., 2007), along with the abrupt 
increase in the δ18O values (Fig. 6) observed in the NGRIP Greenland 
core (Rasmussen et al., 2014). Additionally, most lithogenic elements 
and PC1 values decreased (Figs. 3 and 6), except for Si and Zr, which 
increased (Fig. 3). Zr is commonly associated with silt and coarser 
fractions; its high value, therefore, indicates the deposition of coarser 
grains and may be used as a proxy of the energy of the sedimentary 
process and grain size (Kylander et al., 2011). Moreover, the increase of 
Si is consistent with high base levels (Morellón et al., 2009). The 
decrease in LOI is also compatible with the lower values of most bio-
philic elements (Figs. 3 and 6). The increasing trend in the MS mea-
surements probably reflects fire activity in the ND, which is also evident 
from the substantial increase in macro-charcoals (Fig. 6), related to 
wetter conditions and runoff (Mesa-Fernández et al., 2018). 

In the ND, this event was evident in relatively high water levels (TS, 
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Fig. 3) that coincided with all the principal components (Fig. 6). These 
data concur with the increase in most lithogenic (Al, Ti, K, Ca, Co, Rb, V, 
Cr, and Fe) and biophilic (S, Cu, and Zn) elements, except for Si and Zr 
(Fig. 3). This climate anomaly has been evidenced by numerous pollen 
records throughout Iberia (González-Sampériz et al., 2010; Burjachs 
et al., 2016; Iriarte-Chiapusso et al., 2016), including the western ICS 
(van der Knaap and van Leeuwen, 1997; López-Sáez et al., 2020). The 
following trends suggest a base-level drop and dominant ephemeral 
water conditions, increasing the number of lithogenic elements (espe-
cially of medium sands) and detrital input (Fig. 2; Table 2). These 
resulted from the erosive processes associated with a decrease in the 
base level (US boundary at 11.1 ka cal BP; Fig. 3) and the subsequent 
recurrence of local fires (Koinig et al., 2003; Haliuc et al., 2017). 

LOI values generally declined except for a peak (number 9) at 
~10.94 ka cal BP, which is synchronous with significant macro-charcoal 
concentrations (0.81 mm2/g) and some biophilic elements such as P, S, 
Ni, and Zn (Figs. 3 and 6). Low MS values indicate high organic matter 
content (LOI peak at 10.94 ka cal BP, number 9; Fig. 6). Comparison of 
the MS, LOI and XRF records (Figs. 3 and 6) suggests that the section 
between 1330 cm and 785 cm (Fig. 2) most likely corresponds to a 
change in the geomorphological configuration of the study area. Hy-
dromorphic soils, typical of a marshy environment, predominated dur-
ing the YD and gave way to an alluvial system during this phase of the 
Early Holocene (Turu et al., 2018; López-Sáez et al., 2020). According to 
the geophysical studies carried out by Carrasco et al. (2015b, 2018), 
lateral accretion with a meander-type pattern infilled a portion of the 
ND. Subsequently, the sedimentation rate seemed to decrease from 2.19 
mm/yr (until 10.68 ka cal BP; 700 cm) to 0.53 mm/yr (until 8.2 ka cal 
BP) (Fig. 2), followed by a stepwise decrease in the MS and further 
gradual increase in the values that culminated in a peak at ~10.6 ka cal 
BP (number 2) at a depth of 705 cm, with accordingly high values of 
both LOI (number 8) and macro-charcoals (Fig. 6). Jalut et al. (2000) 
described posterior Pre-boreal arid phases around 10.9–9.7 ka cal BP, 
resulting in climatic variation in Western Iberia. Pinus was not pre-
dominant during the Early Holocene (Serra da Estrela; van der Knaap 
and van Leeuwen, 1995); however, a xerothermic-to-mesothermic oak- 
forest succession resulted from a wetter climate 8 000 years ago in the 
ICS (Pérez-Obiol et al., 2011). 

7.4.4. Extra-basin gain 
The relative Cu peak at 11.4 ka cal BP (Fig. 3) suggests the influx of 

ash, probably from the Calatrava volcanic field (Fig. 7a), which was still 
active (Poblete-Piedrabuena et al., 2019) at the time. 

The highest values of Cl at ~10.9–10.8 ka somewhat recurrent at 
10.2 ka cal BP, the Ca and K peaking and reduction in P and S (Fig. 3) 
suggest brief oceanic spells from the Atlantic embracing the western ICS. 

7.5. The Early Holocene (~9.8–8.2 ka cal BP) 

In general, the XRF data shows that both lithogenic and biophilic 
elements remained relatively stable between ~9.8 ka cal BP and 8.2 ka 
cal BP (Fig. 3). However, two noteworthy events occurred during this 
time. The first one was related to an abrupt climatic event at ~9.3 ka cal 
BP, following which the Al/Ti and Mn/Fe ratios and the PC1-PC3 values 
decreased until 8.2 ka cal BP, while the MS slightly increased (Fig. 6). 
These data coincide with a decrease in all the lithogenic and biophilic 
elements (Fig. 3), suggesting a phase with frequent low-oxygenated 
waters (Davison, 1993). Floodplain replaced the alluvial plain that 
occupied the ND over much of the Pre-Boreal, explaining the abundance 
of silts (Fig. 2; Table 2). The increase in magnitude, frequency of rainfall 
and surface runoff (low Al/Ti ratio) can be interpreted as flooding in the 
ND (Koinig et al., 2003; Kylander et al., 2011). This abrupt climate event 
at ~9.3 ka cal BP, which corresponds to one of the isotopic anomalies 
registered in the Greenland ice cores (Rasmussen et al., 2014; Fig. 6), has 
also been documented in the Iberian records. It was a cold and wet 
period in the northern Peninsula (González-Sampériz et al., 2006; 

Morellón et al., 2009; Iriarte-Chiapusso et al., 2016; Pontevedra-Pombal 
et al., 2019) and a dry period in south Iberia (Jalut et al., 2000; Carrión, 
2002; Naughton et al., 2007, 2019; Carrión et al., 2010; Mesa-Fernández 
et al., 2018) suggesting a latitudinal-like boundary of palaeoclimatic and 
palaeohydrological conditions around 40◦ N. 

The second notable period corresponds to ~8.2 ka cal BP (Alley 
et al., 1997), and is widely documented in the Iberian Peninsula through 
numerous proxies as an arid and cold interval (López-Sáez et al., 2008; 
Morellón et al., 2009; Carrión et al., 2010; Pontevedra-Pombal et al., 
2019). This period is also indicated in the NGRIP Greenland core (Fig. 6) 
by a decrease in δ18O values (Rasmussen et al., 2014). The only refer-
ence to this abrupt event in the ICS comes from several pollen records at 
its westernmost extreme (van der Knaap and van Leeuwen, 1995; López- 
Sáez et al., 2014, 2017). 

A maximum flooding surface (msf, Fig. 3) reveals the transition be-
tween the 9.3 and 8.2 ka cal BP cold periods; however, flooding was 
presumably low as the Mn/Fe ratio increased (Davison, 1993). PC1 and 
PC2 were sharply positive at 9.0 ka cal BP (Fig. 6) using P to compute the 
rise in palaeotemperature (Fig. 3). The PC1 only remained positively 
while the PC2 was negative at 8.4 ka cal BP (Fig. 6), probably related to a 
pronounced dusty and arid period before 8.2 ka cal BP (Le Roux et al., 
2012). A positive peak in Al/Ti (Fig. 6) and the calculated drop in the 
palaeotemperature (Fig. 3) evidence a cold event at 8.2 ka cal BP. A peak 
in the charcoal concentration was observed in the record of Maíllo 
(Fig. 1) at ~8.1–8.0 ka cal BP (Morales-Molino et al., 2013), as well as 
the ND (Fig. 6). These charcoal particles are related to increased fire 
activity at ~8.2 ka cal BP, probably linked to dry climatic conditions 
(Vannière et al., 2011). 

7.6. Beginning of the Mid-Holocene (~8.2–5.9 ka cal BP) 

7.6.1. Palaeoenvironmental inferences 
García-Álvarez et al. (2017) reported that the ancient Pinus gr. syl-

vestris forests in Sierra de Gredos included many deciduous Quercus 
during the Early and Mid-Holocene, especially between 1900 and 2000 
m (a.s.l). This period (~8.2–7.6 ka cal BP at 558–531 cm depth; Fig. 2) is 
characterised by coarse sands in the ND, which grade rapidly into dark 
brown silty sands and is followed by coarse sands at ~7.6–7.2 ka cal BP 
(531–512 cm; Fig. 2; Table 2). The first dark brown/black peat level 
appears in the sequence from ~7.2 ka cal BP to 6.1 ka cal BP (512–465 
cm; Fig. 2; Table 2). The pre-peat phase shows similar characteristics to 
those observed in the 8.2 ka cal BP event, with moderately positive Al/Ti 
and Mn/Fe ratios, low LOI and MS, and the sporadic presence in macro- 
charcoals, and lower PC1 values (Fig. 6). These results suggest the for-
mation of Mn oxide (oxidizing conditions) and low water base levels 
with drier and warmer conditions at this time (~7.6–7.2 ka cal), like in 
the Mediterranean area (Jalut et al., 2000) and northern Iberian lakes 
(Jalut et al., 2010; Carrión et al., 2010; Moreno et al., 2011). 

The occurrence of peat, lower Al/Ti and Mn/Fe ratios, and higher 
LOI values (7 and 6, Fig. 6; ~6.9–6.8 ka, and 6.6 ka cal BP, respectively) 
suggest low water renewal rates and anoxic conditions (Davison, 1993; 
Dean et al., 1997) leading to the establishment of a mire after ~7.2 ka 
cal BP (Fig. 6). This peat coincided with a low MS (Fig. 6) and the high 
probability of an event (Fig. 3). At the same time, the PC1 values 
increased, while the PC2, PC3, and PC4 values decreased (Fig. 6). This 
part of the sequence at ~7.2–6.1 ka cal BP is characterised by a slight 
reduction in the detrital input (low PC2 values; Fig. 6), suggesting slope 
stabilisation and soil recovering at the time of the presence of peat-type 
vegetation in the ND (López-Sáez et al. 2020). We interpret this as a 
period of propitious insolation (in summer), under a relatively warm and 
regionally humid period. Peat accumulation in the ND informs about a 
palustrine-like environment (Turu et al., 2018), suggesting episodes of 
shallow water levels (López-Merino et al., 2010, 2011; Magny et al., 
2013; Pontevedra-Pombal et al., 2017, 2019; Camuera et al., 2018). The 
age-depth model of the core (Fig. 2) suggests that these events correlate 
with the so-called Holocene Climate Optimum, a well-known period that 
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was humid and warm in the southwestern Mediterranean (Roberts et al., 
2004; Carrión et al., 2010). Millennial oscillations changed at 7000 cal 
BP in the Early and Mid-Holocene divide (Domínguez-Villar et al., 
2017). Notably, a climatic latitudinal anti-phase during the Holocene 
possibly was modulated by an NAO-like climate mechanism (Vannière 
et al., 2011; Rius et al., 2011). 

The terrigenous input to Navamuño declined between ~5.9 ka cal BP 
and 5.6 ka cal BP along with the values of MS, PC1, PC2, and PC4 and 
was accompanied by an increase in the fine grain-sized fraction (very 
fine sand; Fig. 2; Table 2). This suggests progressive reforestation 
(Figs. 3 and 6). Low Mn/Fe ratio values indicate the presence of a high 
water level, which probably drained along a braided to meandering 
channel system in the ND (Turu et al., 2018). 

Van der Knaap and van Leeuwen (1995) indicate that deforestation 
changed the landscape of the Serra da Estrela (ICS) at around 6–6.3 ka 
cal BP. In Navamuño, the occurrence of sedimentary charcoals at depths 
of 4.5–4.75 m (6.2 ka cal BP; Fig. 6) in an inverse grain-size grading 
layer (coarsening upward trend; Turu et al., 2018) was interpreted as a 
product of human-induced palaeoburnings in studies conducted by 
Riera and Turu (2011). The palaeofires that are inferred from the pollen 
diagram of La Molina peat bog in Puente Viesgo in Cantabria (Fig. 7a) 
are accompanied by continuous sedimentary charcoal records at 6–6.5 
ka cal BP (Pérez-Obiol et al., 2016), which are similar to those observed 
in the core from Navamuño. These results show the importance of 
human-influenced fire activity in the Puente Viesgo region during 
different cultural phases. For Connor et al. (2019), the evidence in-
dicates a first wave of Neolithic burning promoting an increasing in the 
vegetation openness, woodland diversity around settlements between 
7.5 and 5.5 ka cal. BP. 

7.6.2. Extra-basin gains 
Nevertheless, the trend in the principal components varies at 7.5 ka 

cal BP and coincided with the switch of non-Saharan dust (NSD) influx 
(Fig. 6) to more frequent Saharan dust (SD) events (Fig. 6), accordingly 
to Le Roux et al. (2012) conclusions. Geochemically overprinted, Cl, S, 
Cu, and several other metals exert a progressive influence on the 
observed behaviour in PCA (Fig. 6); this occurs at 6.8 ka (PC1), then at 
6.5 ka (PC2), at 6.4 ka (PC3) and finally at 5.8 ka (PC4). MS (Fig. 6; 
number 1) and LOI (number 5) both peaked when the dust supply 
changed from the more light-associated elements (K, Cu, Sr, Si, Cl, S) of 
PC1 to the metals (Zn, V, Zr, Cu, Pb, Fe, Ni) of PC2 and the Ni, Zn, Br, Cu 
associated with PC3 until the prominent Cu peak at 5.8 ka cal BP (Fig. 3) 
is reached. High V and Hg concentrations were observed in Roñanzas 
(Fig. 7b), offering evidence of volcanic activity starting at 6.8 ka cal BP, 
which culminates at 5.7 ka cal BP, when the probability of an event in 
Navamuño was at a maximum (Fig. 3). In Villarquemado (Fig. 7a), an 
MS peak is observed around ~6 ka cal BP, also a decrease in Ca, Sr, while 
the Zr trend changes (González-Sampériz et al., 2020; Supplementary 
Appendix A4). In Marboré lake (Oliva-Urcía et al., 2018; Supplementary 
Appendix A4) and in the Enol lake (Moreno et al., 2011; Supplementary 
Appendix A4), an MS peak also occurs around ~6 ka cal BP. The 
geographical position of Navamuño, Enol and Roñanzas match with an 
N-S direction origin for the ash influx; besides, the geographical position 
of Marboré and Villarquemado is a NE-SW direction (also Estaña; 
Morellón et al., 2012; Supplementary Appendix A4). Both directions 
point to the Calatreva volcanic field. However, Poblete-Piedrabuena 
et al. (2019) identified volcanic activity in the Columba volcano in 
Granátula de Calatrava (Castilla-La Mancha, Fig. 7b), just before 6.27 ±
0.438 ka using OSL (Optically Stimulated Light). For Roñanzas, only 
favourable atmospheric patterns could be under the Columba Volcano 
influx. Based on the current synoptic situations over Iberia (Petisco de 
Lara, 1996), over ~50 cases, occurrence 7.2 %, 2 %, and 12.5 % ash 
dissemination in Navamuño, Roñanzas/Enol, and Villarquemado/ 
Marboré, respectively, can be attributed to the Calatrava volcanic field. 

7.7. The Mid-Holocene ending (~5.9–4.2 ka cal BP) 

At around 5.6–5.5 ka cal BP, the Al/Ti and Mn/Fe ratios increased 
again, while the MS, LOI, and PC1 values sharply decreased (Fig. 6), 
probably owing to a change in the sedimentation dynamics and the 
deposition of a layer of coarse sand (442–435 cm; Fig. 2; Table 2). 
Coinciding with Bond event 4 (Bond et al., 1997, 2001) and the estab-
lishment of drier conditions across the Mediterranean (Jalut et al., 
2000), many palaeoclimate records show changes in the seasonality of 
precipitation around ~5.5 ka cal BP, mainly associated with a decrease 
in insolation maxima and a reorganisation of the atmospheric circula-
tion (Jalut et al., 2010; Magny et al., 2013; Zielhofer et al., 2017b). The 
aforecited layer between 442 and 435 cm results from this palae-
oenvironment change in the ND. Notably, the values of lithogenic ele-
ments (Ti, K, Ca, Co, Rb, Zr) present within the core decrease until ~5.3 
ka cal BP (Fig. 3), indicating drier conditions (Kylander et al., 2011). 
Special arid conditions in the NW Iberian Peninsula 5126 years ago (U/ 
Th age series) (Cova Arcoia, Fig. 7a) are inferred from the ESP05 sta-
lagmite (Railsback et al., 2011). Based on speleothem data (El Refugio 
cave, Fig. 7a), the Mid-Holocene aridity (Jalut et al., 2000) preceded the 
onset of the Mediterranean climate at 5.3 ka BP in southern Iberia 
(Walczak et al. 2015). From ~5.5 to 4.3 ka cal BP (414–392 cm), the 
probability of an event was high at 4.9 ka cal BP (Fig. 3), and the 
sedimentary system appears to have stabilised, with decreasing Al/Ti 
and Mn/Fe ratios, suggesting the existence of overbank deposits (black 
silts; Figs. 2 and 6; Table 2) that may come from floodings. A peak in the 
LOI (number 4) could explain the dark tonality of these silts at ~4.9 ka 
cal BP as the dark-brown colour is enhanced by the presence of organic 
matter (Koinig et al., 2003; Kylander et al., 2011). However, S and P 
increased in this period, which coincides with an increase in the dust 
loading from the Sahara between 7 ka cal BP and 4.5 ka cal BP (Rodrigo- 
Gámiz et al., 2011). At the end of this dusty period, burning occurred at 
~4.4 ka cal BP, as inferred from the presence of macro-charcoal in the 
ND (Fig. 6). 

The final part of the Mid-Holocene at ~4.2 ka cal BP is by sands 
characterised and an increase of the sedimentary rate (0.58 mm/yr) 
(Fig. 2; Table 2). Notably, the terrigenous input, LOI, and Al/Ti ratio 
decreased (Fig. 6). Although these changes were subtle and may corre-
late with the arid and cooler climate event of Bond 3 (Bond et al., 1997, 
2001), the consequences are evident in the reconstruction of in the ND at 
around 4.2 ka cal BP, from a sharp LOI decrease (Turu et al., 2018) and a 
reduction in the computed palaeotemperatures (Fig. 3). In the ND, a 
decline in biomass burning is inferred from the absence of macro- 
charcoals (Fig. 6). This event has been recognised as a marked aridifi-
cation phase in the Mediterranean region (Jalut et al., 2000), particu-
larly in the ICS; the consequences of which are reflected in the 
archaeological record detailing the collapse of the Chalcolithic agrarian 
landscape (Fabián et al., 2006; Lillios et al., 2016; Blanco-González 
et al., 2018). Despite being a very arid event, the XRF data do not change 
in the Mn/Fe ratio (Fig. 6), suggesting forming a permanent broad 
floodplain in the ND. 

The climatic influence of the North Atlantic circulation produced in 
Bassa Nera (Fig. 7a; Central Pyrenees) shifts from deciduous forest to 
coniferous taxa at 4200 cal yr BP, which is linked with flooding between 
4500 cal yr BP and 3900 cal yr BP (Garcés-Pastor et al., 2017). A fall in 
pine population is observed at 4707 ± 136 cal yr BP at Lagoa Traversa 
(Fig. 7a) and in SW Portugal (Mateus, 1992). In Lucenza (Fig. 7a; Sierra 
de Courel, NW Iberia; Santos-Fidalgo et al., 2000), human activity starts 
at 4622 ± 200 cal yr BP, and falls in pine taxa occurs later, at around 
2203 ± 154 cal yr BP. Human activity is evident at La Mata (Fig. 7a) 
around 3961 ± 136 cal yr BP, but some indicators have been observed as 
early as 4500 cal yr BP (Jalut pers. comm.). 

7.8. The Late-Holocene (~4.2 ka cal BP to present) 

Pérez-Obiol et al. (2011) emphasised the absolute predominance of 
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Scots pine forests in Sierra de Guadarrama (central-eastern ICS) since 
the early Mid-Holocene period. Human activity has been recognised in 
Sierra de Béjar since 4 ka cal BP (Atienza, 1993; Rubiales et al., 2007), 
indicating the likelihood of palaeoburning. At the same time, a drastic 
fall in arboreal pollen occurred at 4142–4104 cal yr BP in Sierra de 
Guadarrama (Franco-Múgica et al., 1998), which is probably due to an 
increase in the aridity under strong continental climatic conditions 
(Franco-Múgica et al., 1998). The spread of human activity from the 
valleys to the high mountains originated in the agrarian Chalcolithic 
landscape (López-Sáez et al., 2014). The meagre sedimentation rates in 
La Mata (SW Cantabrian mountains; Jalut et al., 2010) ended at 3900 
cal yr BP, suggesting a limited water supply and possible hiatus. 

The early Late-Holocene (~4.2–3.2 ka cal BP) was a relatively stable 
period in the ND, during which the Al/Ti and Mn/Fe ratios, along with 
the values of MS and most lithogenic and biogenic elements, were low. 
The LOI increased, culminating in a peak at ~3.2–3.1 ka cal BP (28 %; 
number 3; Fig. 6), at 325–315 cm (Fig. 2). Le Roux et al. (2012) indi-
cated the stabilisation of the dust influx over Europe posterior to 5 ka cal 
BP; however, the S peak at 3.2 ka cal BP (Fig. 3) may point to a later 
input of dust reaching the ND, coinciding with higher values of PC2, P, S, 
and Ni (Figs. 3 and 6). Additionally, a rapid transition from coarse to 
dark brown silts occurred between 371 cm and 315 cm (Fig. 2; Table 2). 
These data suggest episodic flooding in the ND, thus, increasing the 
amount of organic matter. Subsequently, macro-charcoal peaks (6.8 
mm2/g) for the whole Navamuño sequence at ~3.0 ka cal BP coincide 
with an increase in the Al/Ti ratio and PC3 values and a decrease in the 
PC1, PC2, and PC4 values (Fig. 6). The values of most lithogenic ele-
ments (Rb, NB, Zr, Sr, and Fe) decreased at ~3.0 ka cal BP (Fig. 3). These 
changes coincide with the last communities of the Late Bronze Age in the 
western Gredos range (López-Sáez et al., 2009, 2014, 2016). 

However, the previous trend abruptly changed at ~2.8 ka cal BP, 
indicated by the decrease in the Al/Ti and Mn/Fe ratios and the LOI 
values, the disappearance of macro-charcoals, and a minimum in PC1, 
PC2, and PC3 (Fig. 6). Only the PC4 shows an increase in Cl, with the 
high values maintained until the end of the sequence (Figs. 3 and 6). Cl is 
a significant atmospheric trace constituent, and at 2.8 ka cal BP starts a 
pervasive oceanic influence in the western ICS carrying Cl-rich aerosol 
from the Atlantic Ocean. A colder period around 2.8 ka cal BP is in the 
ND (Fig. 3), probably associated with the Bond 2 event (Bond et al., 
2001) and at the onset of the Iron Age in the western ICS (López-Sáez 
et al., 2014). PC4 (Figs. 3 and 6) increased at ~2800 cal BP and main-
tained the high values until the end of the sequence. Cl is generally 
present in sediments formed during humid periods or under influx from 
the Atlantic Ocean, such as between the 2.8 ka cal BP event and the 
Ibero-Roman humid period. Wetter conditions facilitated the develop-
ment of productive activities (agriculture and livestock) and resulted in 
an increase in the deforestation of the landscape in the Béjar range 
(Abel-Schaad and López-Sáez, 2013; López-Sáez et al., 2016). Such 
wetter conditions agree with the higher water tables reported during 
this event by other mires in the western ICS, northern Iberian Plateau, 
and northwestern Iberia (Blanco-González and López-Sáez et al., 2013; 
Pontevedra-Pombal et al., 2019). Of the different soil types and sedi-
mentary environments, peat provides the largest terrestrial Cl reservoir 
(Dimmer et al., 2001). Shallow wetlands are a suitable medium for 
forming and storing organically bound Cl (Keppler and Biester, 2003). 
The primary role of peat in the biochemical cycle of Cl results from its 
high storage capacity and the permanent anoxic conditions that pre-
dominate in mires (Pontevedra-Pombal et al., 2017). Therefore, the af-
finity of peat to capture atmospheric Cl explains the high values since 
the inception of peat at ~2100 cal BP (Schofield et al., 2010). Moisture 
decrease in the mire subsequently entails mineralisation of peat and the 
concentration of organically bound Cl due to mass loss. Once formed at 
~2800 cal BP, the amount of Cl remained high in the Navamuño 
sequence, without considerable variation, indicating that organic Cl was 
preserved under these specific redox conditions, rendering dechlorina-
tion relatively slow processes. 

The last three millennia of the geochemical record (~2800 cal BP to 
present) were highly variable, with alternating periods of high and low 
Mn/Fe ratios and high LOI (numbers 2 and 1; Fig. 6). However, a longer 
and smoother dust regime started at 2 ka (Le Roux et al., 2012). 

The first peak in LOI (Fig. 6) coincided with the Little Ice Age (LIA; 
~600–100 cal BP). The probability of an event was high when the levels 
of P peaked at 1.2 ka cal BP (Fig. 3), which occurred during dry phases 
such as the Early Medieval Cold Episode (EMCE; ~1500–1000 cal BP). 
The second LOI peak correlates with a wet phase such as the Ibero- 
Roman humid period (IRHP; ~2800–1500 cal BP). An arid to moist 
shift occurs in the ICS during the Dark Ages Cold Period (McDermott 
et al., 2001) at 0.9 ka cal BP (Sánchez-López et al., 2016). This dry to wet 
shift phase around ~0.9 ka cal BP show decreasing trends in the PC1 and 
PC3 values and increasing trends in the PC2 values, while the wet phases 
show the opposite (Fig. 6); all geochemical elements changed sharply 
(Fig. 3), coinciding with the Late Medieval Warm Episode (LMWE; 
~1000–600 cal BP). These climatic periods during the Middle Ages, 
particularly in the ICS (Blanco-González et al., 2015), are documented in 
the Iberian bibliography (Oliva et al., 2017). It is interesting to note the 
formation of a new peat layer (254–135 cm) during the Ibero-Roman 
humid period ~2100 cal BP (Fig. 2; Table 2), which was active until 
the end of the LMWE that occurred at ~600 cal BP, before disappearing 
because of the cold and arid conditions in the LIA at ~400 cal BP 
(Fig. 3). 

8. Conclusions 

The Navamuño core provides a continental record of the entire Late 
Glacial–Holocene period in western and central Iberia, despite the 
variability in its sedimentary rate. However, the most substantial evi-
dence of palaeoenvironmental change is presented in the sequence 
produced in this study.  

1. The Oldest Dryas (~15.6–14.7 ka cal BP) of the sequence is part 
of the glacial retreat phase of the CH glacier. The ND was an 
amictic lake dammed by the resulting lateral moraine. A 
maximum flooding surface at ~15.6 ka cal BP match with a 
hydroclimate reorganisation after Heinrich Event 1  

2. During cold periods, permanent floods under somewhat oceanic 
climate conditions are observed in the Older Dryas (~14–13.4 ka 
cal BP) and the Intra-Allerød Cold Period (~13.1–12.9 ka cal BP), 
low organic matter productivity and a near absence of fire- 
charred remains.  

3. Instead of warm episodes, LOI progressively increases, such as the 
Bølling (~14.7–14 ka cal BP), alongside fire frequency such as the 
Allerød (~12.9–12.6 ka cal BP) sub-interstadial. However, the GI- 
1c (~13.4–13.1 ka cal BP) is barely recognizable and only when 
comparing episodes, an increase in the principal component 
(PC2) occurred during the three warm periods.  

4. The atmospheric pattern over Iberia entailed remote ash and dust 
sources from the south to move northwards. Ash infux may come 
from the Columba volcano in southcentral Iberia, which erupted 
around 13.8 ka cal BP. We attribute to this eruption the strong 
decrease for PC4 and peaks in Rb and Zn. Nonetheless, enhanced 
the P, S and Ca amounts in the ND starting at 12.8 ka cal BP may 
have a source in the Asian deserts.  

5. During the YD stadial ~12.6–11.7 ka cal BP, organic matter 
production increases parallel to fire activity and desiccation in 
the ND at the end of this stadial. This advocate for a moist/cold to 
dry/warm climate structure for the YD. At the Early Holocene, 
the area transformed into a marshy area subjected to subsidence 
and tectonic instability between ~11.3–10.95 ka cal BP.  

6. At the early Pre-boreal (~11.7–11.3 ka cal BP), significant fire 
activity affected the ND accordingly to the westernmost ICS’s 
data. A relative high Cu peak at 11.4 ka cal BP suggests volcanic 
ash blowing over the ND. During the late Pre-boreal 
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~11.3–10.95 ka cal BP a wide floodplain covering the ND under 
the influence of brief spells from the Atlantic as inferred from Cl 
peaks at ~10.9–10.8 ka cal BP and 10.2 ka cal BP. At the Early 
Holocene, the abrupt climate event at ~9.3 ka cal BP started 
cooler and wetter conditions and frequent flooding activity in the 
ND.  

7. At the early Mid-Holocene, all metals peak at ~9.0–8.4 ka cal BP, 
when a new dusty and arid period prevailed before the cold event 
at 8.2 ka cal BP. Warmer conditions somewhat drier are inferred 
from low water levels at ~7.6–7.2 ka cal BP, the ND transformed 
in a mire.  

8. During the Holocene Climatic Optimum significant variation in 
the principal components occurs at 7.5 ka cal BP, attributed to 
more frequent Saharan dust inputs. Soils may form on the slopes 
around the ND since detrital input is reduced at ~7.2–6.1 ka cal 
BP. Overprinted ash influx from volcanic activity in the south-
central Iberia at 6.27 ± 0.438 ka led to progressive behaviour 
changes in the principal components at 6.7 ka, 6.5 ka, 6.4 ka and 
5.8 ka. 

9. An early human impact at 6.2 ka is suggested from charred re-
mains and inverse grain-size grading in the floodplain sediments. 
Nevertheless, reforestation accompanied by significant water 
levels at ~5.9–5.6 ka cal BP covers the ND along a braided to 
meandering channel system. Drier conditions at ~5.5 ka cal BP 
coincided with the Bond event 4. S and P peaked at ~4.9 ka cal BP 
due to an increase in the dust loading from Sahara until 4.5 ka cal 
BP. P/Cl pulses and macro-charcoal peaks match at 8.0 ka, 5.8, 
4.5, and 3.0 ka cal BP.  

10. At the early Late-Holocene (~4.2–2.8 ka cal BP), a decline in 
biomass advocates for colder and drier climate at ~4.2 ka cal BP. 
The S peak at 3.2 ka was probably the result of a new dust input 
into the ND. The pervasive presence of oceanic aerosols in the last 
three millennia allowed the formation of a Cl-rich peat layer 
during the Ibero-Roman humid period ~2100, before a changing 
around ~400 cal BP toward colder drier conditions at the LIA 
period. 

Geochemically speaking, a decrease in the Cl content suggests a 
reduction in the oceanic influence when P increased, and Al/Ti peaked, 
indicating more frequent dusty episodes from the Sahara and progres-
sive warming that entailed frequent palaeofires. 
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construction of a reliable absolute chronology for the last two millennia in an 
anthropogenically disturbed peat bog: Limitations and advantages of using a radio- 
isotopic proxy and age-depth modelling. Quaternary Geochronology, 25, pp. 83-95. 
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Organoiodine formation during humification in peatlands. Environ. Chem. Lett. 1, 
219–223. https://doi.org/10.1007/s10311-003-0044-5. 

Kjær H. A., Dallmayr R., Gabrieli J., Goto-Azuma K., Hirabayashi M., Svensson A. and 
Vallelonga, P., 2015. Greenland ice cores constrain glacial atmospheric fluxes of 
phosphorus. Journal of Geophysical Research: Atmospheres, 120 (20), 10.810- 
10.822. 

Koinig, K., Shotyk, W., Lotter, A., Ohlendorf, C., 2003. 9000 years of geochemical 
evolution of lithogenic major and trace elements in the sediment of an alpine lake. 
J. Palaeolimnol. 4, 307–320. https://doi.org/10.1023/A:1026080712312. 

Kobashi, T., Severinghaus, J.P., Barnola, J.M., 2008. 4 ± 1.5◦C abrupt warming 11,270 
yr ago identified from trapped air in Greenland ice. Earth Planet. Sci. Lett. 268, 
397–407. 

Ko≥aczek, P., Ga≥ka, M., Lamentowicz, M., Marcisz, K., Kajuka≥o-Drygalska, K., 
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Holocene climate, demography, and cultural dynamics in Iberia: a multi-proxy 
approach. Quat. Sci. Rev. 135, 138–153. https://doi.org/10.1016/j. 
quascirev.2016.01.011. 

López, P., Navarro, E., Marce, R., Ordóñez, J., Caputo, L., Armengol, J., 2006. Elemental 
ratios in sediments as indicators of ecological processes in Spanish reservoirs. 
Limnetica 25, 499–512. 
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on wetlands: a study case from NW Iberia. Quat. Sci. Rev. 30, 2745–2754. https:// 
doi.org/10.1016/j.quascirev.2011.06.004. 
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López-Sáez, J.A., Figueiral, I., Cruz, D., 2017. Palaeoenvironement and vegetation 
dynamics in Serra da Nave (Alto Paiva, Beira Alta, Portugal) during the Late 
Pleistocene and the Holocene. Est. Pré-hist. 17, 11–23. 
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