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ABSTRACT

The multiproxy study (sedimentology, geochemistry and diatoms) of sediment cores from
Sanabria Lake (42°07°30”" N, 06°43°00°” W, 1000 m a.s.l.) together with a robust **C
chronology provides the first high-resolution and continuous sedimentary record in the region,
extending back the last 26 ka. The development of a proglacial lake before 26 cal ka BP
demonstrates the onset of deglaciation before the global Last Glacial Maximum, similarly to
other alpine glaciers in southern European mountains. Rapid deglaciation occurred at the

beginning of the Greenland Interstadial GI-1e (Bglling, 14.6 cal ka BP). Following a short-
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lived episode of glacier re-advance (14.4-14.2 cal ka BP, GI-1d), a climatic improvement at
13.9 cal ka BP suggests the glaciers retreated from the lake basin during the Gl-1c. Another
glacier reactivation phase occurred between ca. 13.0-12.4 ka, starting earlier than the onset of
GS-1 (Younger Dryas). Rapid deglaciation during the Early Holocene (11.7 to 10.1 cal ka BP)
was followed by a period of higher river discharge (10.1 to 8.2 cal ka BP). After 8.2 ka, the
Holocene is characterized by a general decreasing trend in humidity, punctuated by the driest
phase during the Mid Holocene (ca. 6.8-4.8), a wetter interval between 4.8 and 3.3 cal ka BP,
and a relatively decline of rainfall since then till present, with a minor increase in humidity

during some phases (ca 1670-1760) of the Little Ice Age.

Discrete silt layers intercalated in the organic-rich Holocene deposits reflect large flooding
events of the Tera River (ca 10.1, 8.4, 7.5, 6.2, 5.7-5.6, 4.6, 4.2, 3.7, 3.3, 3.1, 2.7, 2.5 and 2.0
cal ka BP). Their synchronicity with a number of cold and humid events described in the
Atlantic demonstrates a strong control of NW Iberian climate by North Atlantic dynamics at
centennial-millennial scale. Comparison with Western Mediterranean records points to similar
regional dynamics during the Holocene, although modulated in the NW Iberian Peninsula by

the stronger Atlantic influence.

1. INTRODUCTION

Climate in midlatitude regions of the western northern Atlantic seaboard and Europe is greatly
influenced by high latitude (North Atlantic and Arctic oceans) dynamics (Hurrell, 1995;
Cohen and Barlow, 2005) but tropical and subtropical processes have also played a significant
role during the last glacial cycle (Fletcher and Sanchez-Goifii, 2008; Spét et al., 2010). In mid
latitudes, the timing and dynamics of climate changes during the Last Glacial cycle have not
yet been completely resolved to evaluate the effect of low versus high latitude forcings

(Menviel et al., 2014). The Iberian Peninsula (IP) has proven to be a sensitive region to short-



lived climatic shifts during the Last Glacial cycle and the Holocene, due to its location at
geographic and atmospheric boundaries (Moreno et al., 2012a). Some high-resolution
multiproxy analyses for the Lateglacial and Early Holocene (15.6-10.5 cal ka BP) from NW
Spain (Mufioz Sobrino et al., 2013) have recently demonstrated that abrupt changes are
coherent with the Greenland record and the INTIMATE stratigraphy (Lowe et al., 2008).
These new records add to previous evidences of a strong control of western Iberian climate by
North Atlantic dynamics during last millennia provided by marine records from the Iberian
margin (e.g. de Abreu et al., 2003; Bernardez et al., 2008; Rodrigues et al., 2010; Mufioz
Sobrino et al., 2012) and continental records (mostly pollen and secondarily, diatom,

biomarkers, and recently some speleothems) (see Fig. 1, with location and key references).

Available records in the western Mediterranean show a large regional variability (Carrion et
al., 2010; Magny et al., 2013a, b) during deglaciation and the Holocene, likely a result of
latitudinal gradients, the complex topography, and the interplay of Atlantic and Mediterranean
influences. Although abrupt climate changes have been clearly identified during the Late
Glacial (Fletcher and Sanchez-Gofii, 2008; Combourieu Nebout, et al., 2009) and Holocene
(Mayewski et al., 2004; Wanner et al., 2008), the regional and temporal patterns and the
underlying mechanisms of this variability remain unclear. New well-dated and multiproxy
records from key regions located in sensitive climate transects are needed to solve the links
between mid-latitude and northern climate dynamics, the peculiarities of last deglaciation and

Holocene in southern latitudes, and the timing and extent of the abrupt climate changes.

Since winter atmospheric circulation variability in Western Europe is greatly associated with
the North Atlantic Oscillation (NAO) (Hurrell, 1995), a NAO-like mechanism operating a
centennial and even millennial scales has been proposed to explain past climate patterns,

particularly during the Holocene (Nesje et al., 2001; Magny et al., 2013b; Simonneau et al.,



2013a). However, modern climate studies (Lorenzo et al., 2008; Trigo et al., 2008; Gonzélez-
Villanueva et al., 2013; Jerez and Trigo, 2013; Comas-Bru and McDermott, 2014) have shown
that other atmospheric modes such as Scandinavian Pattern (SCA), the Eastern Atlantic (EA)
and the Eastern Atlantic/Western Russia (EA/WR) and one hemispheric mode (North
Hemisphere Annular Mode - NAM) explain some of the observed variability of the main
synoptic weather types on Iberia and the Galicia sector (NW IP). In order to test these
hypotheses, data from regions particularly sensitive to the NAO as the NW Iberian Peninsula

are critical.

In spite of the relatively large number of terrestrial and marine records, our knowledge of the
timing and dynamics of deglaciation in NW lIberia, the Holocene climate, and the correlation
with global climate variability, is still fragmented mostly due to the scarcity of robust and
highly-resolved chronologies. This paper contributes to solve the timing and dynamics of
deglaciation and Holocene in NW Iberia with a new set of cores spanning the last 26 ka.
Sanabria Lake (NW Spain) is a key site for developing long paleoclimate reconstructions
because of its location in a transition zone between the Atlantic and Mediterranean bioclimatic
regions (Luque, 2003; Rivas-Martinez et al., 2003; Mufioz Sobrino et al., 2004), the strong
influence of North Atlantic dynamics in modern climate (Trigo et al., 2002; 2004), and the
rapid response of some limnological properties to climate (de Hoyos 1996; de Hoyos et al.,

1998; de Hoyos and Comin, 1999; Giralt et al., 2011).

Paleoecological research in the Sanabria region during the last decades has provided a number
of sequences from the highlands (e.g. Laguna La Roya, Allen et al., 1996; Mufioz Sobrino et
al., 2013) and the lowlands (e.g. Laguna de las Sanguijuelas, Mufioz-Sobrino et al., 2004;
Lleguna, Mufioz-Sobrino et al., 2004, which corresponds to Sanabria Marsh, Allen et al.,
1996) and showed millennial and centennial-scale fluctuations in continental vegetation

associated to short-term climatic events since deglaciation. Previous studies on Lake Sanabria



short cores (spanning the last 6 ka) using pollen, diatom and sedimentary proxies (Luque and
Julid, 2002; Luque, 2003; Julia and Luque 2006; Julia et al., 2007), and detailed comparison
of lake and watershed monitoring records with short cores for the most recent period (AD
1959-2005) (Giralt et al., 2011) have demonstrated the interplay of climatic oscillations and
human impact, and revealed a geochemical response of the lacustrine system directly linked to
winter precipitation and NAO dynamics. The occurrence of thin clastic silty layers
intercalated with the dominant organic-rich sediments also provides an opportunity to

investigate the coupled Tera River and Sanabria Lake dynamics during the Holocene.

In this paper we report the results of sedimentological, biological (diatoms) and geochemical
(elemental and isotopic) analyses performed on a set of long Kullenberg cores retrieved from
Sanabria Lake. They provide a continuous and complete sequence for deglaciation and
Holocene dynamics focused on changes in depositional environments and the geochemical
response of the lake. The reconstruction of past climate and environmental variability during
the last 26,000 years is supported by a robust AMS **C chronology and provides the first high-
resolution and continuous sedimentary records in the region extending back the last 26 ka, and
the opportunity to investigate deglaciation and Holocene dynamics in NW Iberia, the impact
of North Atlantic processes at millennial and centennial time-scales, and the potential

synchronicity with Iberian and Western Mediterranean records.
2. SITE DESCRIPTION

Sanabria Lake (42°07°30°"N, 06°43°00°°W, 1000 m a.s.l.) is the largest lake of glacial origin
in the Iberian Peninsula (368 ha) (Figs. 1A and B). Geomorphologic evidences and absolute
dating in Sanabria region (Cowton et al., 2009; Rodriguez-Rodriguez et al., 2011, 2014;
Jiménez-Sanchez et al., 2012) showed evidences of the development of an extensive ice cap in

the highlands of the Trevinca Massif, that covered more than 440 km? during the local



Maximum Ice Extent (MIE), and developed valley glaciers reaching as low as 1000 m. The
lake is located in the Parque Natural Lago de Sanabria (Zamora, NW Iberian Peninsula) in the
eastern foothills of the Segundera Range (2127 m a.s.l.) (Fig. 1C and D). It is behind the main
terminal moraine complex consisting of several lateral moraines more than 6 km long, nine

frontal moraines, and some undifferentiated till deposits (Jiménez-Sanchez et al., 2012).

The catchment area consists of granitic rocks (Ollo de Sapo gneiss and granodiorite
formations), locally covered by Quaternary glacial deposits (Rodriguez-Rodriguez et al.,
2011) (Fig. 1E). Lithic Leptosols and thin umbric Leptosols dominate in the catchment area
while umbric Gleysols predominate in the highlands; soils around the Lake are humid
Cambisols and eutric Fluvisols (Atlas Agroclimatico de Castilla'y Ledn, 2013) (Fig. 1F). The
watershed vegetation shows a clear altitudinal distribution: shrubs and pastures in highplains,
a Quercus pyrenaica woodland with patches of Pinus sylvestris - which at present are
repopulations - Juniperus oxycedrus, Taxus baccata, and llex aquifolium between 1500 and
1700 m a.s.l., and a Quercus ilex forest below 1500 m a.s.l. (Julia et al., 2007). The open
landscapes in the western (Tera River inlet) and northern shorelines (S. Martin de Castafieda)
are associated with managed pastures (Luque, 2003, Julia et al., 2007) (Figs. 1G and H).
Vegetation around the lake consists of Populus nigra, Alnus glutinosa, Fraxinus angustifolia
and Salix spp. (Vega et al., 1992, Luque, 2003, Julia et al., 2007). The littoral zone is
colonized by a well-developed aquatic plant community (mostly limnophytes, helophytes

and amphyphytes) (Julia et al., 2007).

Sanabria Lake is a hydrologically open lake situated in the Tera River exoreic drainage basin
(127.3 km?). The Tera River is the principal inflow and the only natural outflow. It runs
southward from Pefia Trevinca peak (2127 m a.s.l, northern end of the Segundera Range)

through the highland plateau (slope of 3%) and the Tera Canyon (11-20% slope) to the



Ribadelago village (1000 m a.s.l.), where receives the Cardena and Segundera tributaries and
turns east into the Sanabria Lake (Figs. 1C and D). Although, the Tera River is regulated since
1950s by six reservoirs upstream the lake, river flow, water and sediment delivery into the

lake are strongly linked to precipitation (de Hoyos, 1996; Giralt et al., 2011).

The Sanabria region has a continental climate with Atlantic influence and two main bioclimate
variant controlled by altitude and geographic location (Rivas-Martinez et al., 2003). The
highlands with Oromediterranean climate are characterized by higher annual precipitations
(1568 mm), colder mean annual temperature (6°C) and significant snowfall in winter above
1500 m a.s.l. The lowlands are Supramediterranean with relatively lower annual precipitation
(1465 mm) and warmer mean annual temperature (10°C) (36 year meteorological series, Presa
Cardena - 1600 m a.s.l. - and Ribadelago - 1000 m a.s.l. - weather stations; data supplied by
J.C. Vega, from the Laboratorio Limnolégico Lago de Sanabria, JCyL). Most of the
precipitation is related to Atlantic fronts during the winter months (with a relatively high
interannual variability), strongly controlled by the NAO (Trigo et al., 2002, 2004) with
positive averages of the standardized precipitation index (SPI) associated with negative NAO
mode (Vicente-Serrano and Lopez-Moreno, 2008). Other patterns such as EA, EA/WR and
SCA explain some of the climate variabiity in Galicia (NW Iberia) during other seasons

(Lorenzo et al., 2008).

Sanabria Lake has a maximum length of 3.16 km W to E, along the pre-glacial fluvial valley,
a maximum width of 1.53 km, and a volume of 96 Hm?®; the lake bathymetry shows two over
excavated sub-basins (of 51 —eastern- and 45 m —western- maximum depth) separated by a
ridge 20 m below the water surface (Vega et al., 2005). The lake is warm (4.5-24.8°C water
temperature), oligotrophic and monomictic, thermally stratified from March to November (de

Hoyos, 1996). Its water is slightly acidic (annual average pH=6.2), with low alkalinity



(average 0.045 meq:L™) and low ion content (annual average conductivity is 14.9 uS-cm™) (de
Hoyos and Comin, 1999). Water residence time is about 5-9 months, and the whole column is
oxygenated through the year (de Hoyos, 1996; de Hoyos and Comin, 1999). The
phytoplankton community is composed of Cryptophyta, Chlorophyta, Cyanobacteria; diatoms
(main species Aulacoseira distans, Cyclotella glomerata and Cyclotella stelligera) are less
abundant (around 1% of total algae, Aldasoro et al., 1991, de Hoyos and Comin, 1999; Negro
et al., 2000). Lake productivity and phytoplankton are highly sensitive to the seasonal nutrient
input influenced by rainfall regimes and consequently by the NAO variability (de Hoyos,

1996; Luque and Julia, 2002; Giralt et al., 2011).
3. METHODS

Five sediment cores were retrieved in 2004 using a Kullenberg piston coring equipment and
platform from the Limnological Research Center (LRC), University of Minnesota (USA): two
from the eastern sub-basin (2A, 7.7 m-long and 3A, 8.9 m-long) and three from the western
sub-basin (1A, 5.9 m-long; 1B, 7.4 m-long and 4A, 5.8 m-long) (Figs. 2 and 3). Two
additional Uwitec® short-cores (1M, 39 cm-long and 2M, 64 cm-long) from the eastern sub-
basin were obtained in 2007 to reconstruct the uppermost part of the sequence (Figs. 2 and 3).
Magnetic susceptibility (MS) was measured every 1 cm for all the cores, using a Geotek Multi
Sensor Core Logger (MSCL) at the Limnological Research Center (LRC), University of
Minnesota (USA). The cores were split into two halves and imaged with a DMT Core Scanner
to obtain high-resolution photographs and digital color parameters as Lightness (L*) following
LRC procedures. Sedimentary facies were identified by visual observations including color,

lithology and sedimentary structures (Schnurrenberger et al., 2003).

The longest core (3A, 8.9 m-long) and the short core 2M (64 cm-long), both retrieved in the

deepest eastern sub-basin (Zmax=51 m deep; Fig. 2), were selected for detailed studies. The



cores were sub-sampled for Total Organic Carbon (TOC), Total Nitrogen (TN), 813Corg and
for biogenic silica (BioSi) analysis every 5 cm (core 3A) or every 1 cm (core 2M). TOC was
analyzed with a LECO SC 144DR furnace, and TN was measured using a VARIO MAX CN
elemental analyzer, both at the Instituto Pirenaico de Ecologia (IPE-CSIC), Spain. Inorganic
carbon in these sediments is below detection limit, so Total Carbon measurements actually
represent the Total Organic Carbon. C/N is expressed as atomic ratio. Samples for BioSi were
prepared using approximately 50 mg of dried sediment, which was treated with 5 mL of 1N
HCI and 5 mL of 10 vol H,0, to remove carbonates and organic matter. BioSi was extracted
into a 2M Na,CO3 solution at 85°C for 5 h. Silica was measured photometrically according to
the method of Hansen and Grasshoff (1983) using a continuous flow analyzer AutoAnalyser
Technicon Il analyzer at the Instituto de Investigaciones Marinas (IIM-CSIC), Spain.
Precision of the biogenic silica measurement is evaluated from replicate analyses of surface
samples giving a coefficient of variability (e.g. standard deviation) of +0.2 (Bernardez et al.,
2005). Samples for grain size were taken every 1 cm from short core 2M and treated with
hydrogen peroxide to eliminate organic matter and a dispersant agent prior to measurement
with a LS-13-320 Beckman Coulter Counter at the Departamento de Estratigrafia,

Paleontologia y Geociencias Marinas, Universidad de Barcelona, Spain.

The *C/**C ratios of organic matter were measured at the Laboratorio de Is6topos Estables,
Universidad de Salamanca, Spain, on CO, obtained by combustion on a EuroVector EA3000
elemental analyser coupled on-line to an Isoprime continuous flow mass spectrometer.
Samples of 1-3 g of wet sediment were treated with excess 1IN HCI to remove carbonate,
washed with distilled water and dried at 40°C following Sofer’s (1980) method. Samples were
crushed in an agate mortar to reduce the grain size and homogenize and then weighted and

encapsulated in triplicate in tin capsules. All isotopic analyses were done in triplicate. Results



are expressed as 6 per mil values relative to PDB (Pee Dee Belemnite) standard (Craig, 1957).

The analytical precision is always better than +0.1%o.

X-Ray Fleuorescence data (XRF) (core 3A, 5 mm resolution) were obtained with an ITRAX
core scanner (Croudace et al., 2006) from the Large Lake Observatory (University of
Minnesota, USA). The XRF settings were 45 kV, 30 mA and 30 s exposure time using Mo
and Cr tubes to obtain statistically significant values for K, Ti, Fe, Sr, Si, As, Ca and Mn. The
results are expressed as peak areas. Two intervals of the sediment sequence (63-23 and 220-

160 depth cm) could not be analyzed due to bad preservation of core sediment surface.

Taxonomic identification and quantification of diatoms was carried out in 28 samples in core
3A (every 30 cm approximately between 874 and 59 cm depth) and 18 samples in core 2M
(every 10 cm between 61and 22 cm depth, every 2 cm between 22 and 9 cm depth, and every
1 cm until top of the core). Diatom slides were prepared following standard procedures
(Battarbee et al., 2001). Specimens were mounted in Naphrax and whenever possible at least
300-500 valves were counted in each sample. Valve concentrations per unit weight of
sediment were calculated using DVB (divinylbenzene) microspheres (Battarbee, 1986) and
transformed to diatom fluxes (valves cm™ yr'). When diatom content was lower than 300,
counting continued until reaching at least 1000 microspheres or until the frequency of the taxa
in the sample count stabilizes in relation to the overall size of the sample count (Battarbee et
al., 2001). Taxonomic identifications were made using specialized literature (Lange-Bertalot,

2000-2011; Houk, 2003; Houk et al., 2010).

The chronology for core 2M has been constrained using #*°Pb techniques for the upper 30.5
cm depth at the St. Croix Watershed Reseach Station, Science Museum of Minnesota (USA)
and one *C AMS date at 36.5 cm depth obtained at the Poznan Radiocarbon Laboratory,

Poland and calibrated using the IntCal13 curve (Table 1). The #*°Pb chronology for the core
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was determined by the c.r.s. (constant rate of supply) model, which assumes constant input of
excess “°Pb to the core site, but allows sediment flux to vary. Dating uncertainty increases
substantially in the lowermost intervals, largely because of the high and somewhat variable
values for supported ?°Ph, and exceeds + 20 years for dates older than ca 1900. The age-depth
model for the short core was established using CLAM software and a smooth cubic spline
(type 4) with a smoothing value of 0.3 and 10000 iterations (Blaauw, 2010). The model also
includes as a key horizon the sand-silt layer at 12-20 cm depth deposited during the flash

flood after the Vega de Tera Dam-failure in 1959 AD (Julia et al. 2007; Giralt et al., 2011).

Chronology for the long core 3A is constrained by 13 **C AMS dates on terrestrial macro
remains and bulk organic matter (Table 1), analyzed in the Poznan Radiocarbon Laboratory,
Poland. The dates were calibrated using CALIB program (Stuiver et al., 2005), with the
IntCal13 calibration curve at two sigma probability (Reimer et al., 2013) and the depth-age
model was constructed using a generalized mixed-effect regression function (Heegaard et al.,
2005). Only one date was rejected because it was too old for its stratigraphic location, likely

as a result of reworking of older sediment (Table 1).
4. RESULTS
4.1. Chronology

According to the age model, core 3A spans from 25.6 cal ka BP to 810 cal yr BP (Fig. 4).
Lake sedimentation rate (L.S.R.) is the lowest (L.S.R.=0.14 mm yr™) at the base of the
sequence (ca 26-14 cal ka BP) and increases (L.S.R.=0.21 mm yr™) with the onset of more
organic deposition at 14 ka. The Holocene L.S.R during the Early and Mid-Holocene is 0.47

mm yr™ on average, and increases to 1.20 mm yr™ during the last 3.3 ka (Fig. 4A).
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The chronology of the upper 36.5 cm of the short core 2M is better constrained and spans
between AD 2005 and 1770. The chronology of the lower half (36.5-63.5 cm) has a larger
uncertainty and assuming the same sedimentation rate (1.08 mm yr™) obtained for top subunit
1A in core 3A (AD 1140-686) the base of core 2M has an AD ca 1520 age (Fig. 4B).
Sediment accumulation rates are relatively uniform (between 0.3 and 0.5 g cm? yr?)
excluding the section corresponding to the 1959 dam failure when they spike by two orders of
magnitude. The calculated flux of excess *°Pb to the core site (0.78 pCi cm™ yr') exceeds
expected atmospheric deposition rates for ?°Pb in this region by approximately a factor of
two, indicating significant focusing of sediments to the deepest eastern sub-basin (Zmax=51

m deep) where the core was collected (Fig. 4C).
4.2. Sedimentary facies

Eight sedimentary facies have been defined using sedimentological properties (grain size and
sedimentary structures), lithology, color and lightness, sediment composition (TOC, TN,
BioSi), geochemical composition (XRF data), smear slide observations and magnetic
susceptibility (Table 2 and Figs. 5 and 6). They group in three associations (i) clastic, (ii)

clastic-organic and (iii) organic facies.

Recent sedimentation in Lake Sanabria is controlled by two main factors: i) the sediment input
from the Tera River and ii) the organic productivity in the littoral (mostly macrophytes) and
distal (algal) areas (de Hoyos et al.,1998; Giralt et al., 2011). Statistical approaches such as
factor analysis and principal component analysis (PCA) in short cores (Luque, 2003; Julid and
Luque, 2006; Giralt et al., 2011) revealed that increased terrigenous input to the lake
characterized by higher silicate content and higher values of K, Ti, Si, Fe and Sr occurred
during periods of higher Tera River flow and rainfall. Lacustrine sediments with lower fluvial

influence are more organic—rich and with higher S, P and Mn values (Giralt et al., 2011).
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Sediment composition (mineralogy and organic matter content), physical properties (MS and
L*) and chemical composition characterize the clastic input to the lake (Fig. 6). Higher L*
values coincide with intervals of coarser-grained layers (sandy silts) and facies H,
characterized by higher MS and lower TOC whereas lower L* correspond with organic-rich
facies F. Low MS values occur throughout most of the sequence dominated by organic matter-
rich silts (facies F). Basal coarse facies A and B, fine sand facies E, and intercalated thin
clastic facies Ha show moderate to high MS values. Higher XRF values (Si, K, Fe, Ti) and
elemental ratios (Mn/Fe, Si/Ti, Sr/Ti, Ca/Ti) identify clastic facies. The Mn/Fe ratio is proxy
for syn- and post-depositional redox conditions in the bottom waters and sediment in
lacustrine systems (e.g., Naeher et al., 2013). The Si/Ti ratio reflects the biogenic (diatom
productivity) versus clastic input. In absence of a carbonate catchment area, normalization of
Ca and Sr with Ti informs about silicate weathering and sediment input to the lake (Cohen,

2003).

The three facies associations in core 3A and 2M represent sedimentation in the distal area of
the Lake (eastern sub-basin). The clastic facies (facies A and B, Table 2) are made of sandy
and silty sediments, composed by quartz, micas, feldespars and clay minerals. MS, L*, and
detrital-related elements (K, Ti, see below) show the highest values of the sequence in these
facies. TOC and BioSi contents are the lowest. These facies are similar to proglacial
sediments in lakes from recently deglaciated areas (Nesje et al., 2001; Chapron et al., 2007)
and basal sediment in most Iberian glacial lakes (e.g., small lakes in Sanabria region, Mufioz-
Sobrino et al., 2004, 2005, 2007, 2013; Portalet, Gonzalez-Sampériz et al., 2006; Villaseca,

Jalut et al., 2010; Enol, Moreno et al., 2011).

The clastic-organic facies (facies C, D and E, Table 2) include (i) laminated organic silts

(facies C and D) with lower MS and L*, higher organic and BioSi content, and moderate
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content in detrital-related elements (K, Ti); and (ii) fine sand and silt layers (facies E) with
major amounts of quartz, feldspars and mica, higher MS, L*, K and Ti values and lower
organic and BioSi content. These sediments are interpreted as deposited in a glaciolacustrine
environment with periods of higher clastic delivery (facies E) associated to higher Tera glacier

meltwater input.

The organic-rich facies (facies F, G and H) occur as (i) massive fine organic-rich silts and
oozes (facies F) characterized by higher TOC and BioSi values, and lower MS (average 6 SI)
L*, K, Ti, and finer grain size, (ii) laminated to banded silts layers (facies G) with variable
TOC and BioSi content, and higher MS, L* and K, Ti values, (iii) coarser sandy layer (facies
H) characterized by higher MS, L*, K, Ti and grain size values, and lower TOC and BioSi
content. The intercalated facies Ha are singled out by their relatively higher values in Si, K, Fe
and Ti. Facies F represents deposition in the distal, deep areas of lake Sanabria, dominated by
organic processes. Facies G represent periods with higher fluvial influence, although still
dominated by organic deposition. Facies H are interpreted as fine silts deposited in the distal
areas of the lake during flood events of the Tera River. Facies G and Ha are similar to
inorganic-rich sandy layers (Munsell color: 7.5YR, mean grain size=30um, higher Sr, Ti, K,
Al and lower Loss on Ignition-LOI, TOC, TN, P, S and Mn) described by Luque (2003) and
Julia and Luque (2006) in Sanabria cores. The AD 1959 event layer has been identified in all
short cores as a coarsening upward sequence (facies Hb) (Luque and Julia, 2002; Luque,
2003; Julid and Luque 2006; Giralt et al., 2011). Its geochemical composition with higher
content of Ca, Na and Ni than previous Ha facies has been related to the presence of dam

material (concrete) (Luque and Julia, 2002; Luque, 2003; Julid and Luque 2006).

4.3. The Sedimentary sequence
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The Sanabria sequence has been divided into three sedimentary units according to
sedimentary facies, magnetic susceptibility, lightness and geochemical composition (XRF)
(Figs 5, 6 and 7). The cores from the two sub-basins have been correlated using sedimentary

facies, the occurrence of key distinctive layers and magnetic susceptibility profiles (Fig. 3):

Unit 3 (890-729 cm depth, 25.5-13.9 cal ka BP) is made of light grey sand and silt layers
(facies A and B) with the highest MS (15-28x107 SI), K (from 8300 to 16300 peak area), Ti
(from 4144 to 7070 peak area) and L* (51-87) and the lowest TOC (<0.3%), TN (<0.06%)
and BioSi (<0.9%) contents of the whole sequence. This unit shows a wide range of §"°Cr

values (-22.4 to -14.7%o).

Unit 2 (729-670 cm depth, 13.9-11.2 cal ka BP) is composed of the organic—clastic facies

association (facies C, D and E):

Subunit 2C (729-713 cm depth, 13.9-13.0 cal ka BP) is made up of organic dark gray silts
(facies C), and is characterized by a small increase in organic content (TOC=2.4%; TN=0.6%,
CIN=9.8, 8*°C o1y =-26.0%0, Bi0Si=2.5%) and low MS (8.1-12.0x10”° SI) and L* (22.0-41.7). K
and Ti values are relatively high (K=4551-5759 peak area; Ti=3187-4551 peak area) and

decrease upwards.

Subunit 2B (713-701 cm depth, 13.0-12.4 cal ka BP) is a fining upward sequence of gray sand
and sandy silt (facies E) with higher MS (8.8-12.3x10 SI) and L* (11.7-60.1). The onset is
marked by peaks of K (9709 peak area) and Ti (4989 peak area) at 713 cm (13.0 cal ka BP),
associated to clastic facies E. The organic content is variable, with lower values in the sand
facies (TOC=3.0%; TN=0.3%; BioSi=1.7%) and higher in the fine silts layers (TOC=7.3%;
TN=0.6%; BioSi=3.5%). "°Cry and C/N values vary in a narrow range from -26.5 to -26.1%o

and from 13.0 to 13.9 respectively.
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Subunit 2A (701-670 cm depth, 12.4-11.2 cal ka BP) is composed by organic-rich silts (facies
D). Lower organic matter content (TOC=4.0, TN=0.5, C/N=8.3; 813C0rg:-27.1%o) and higher
BioSi values (9.8%) occurred at the onset of the subunit (701-688 cm; 12.4-11.8 cal ka BP).
Organic-related parameters increased towards the top (TOC=5.3, TN=0.6, C/N=10.4;
813Corg:-26.8%o). Subunit 2A has a distinctive geochemical signature with the lowest K (from
1500 to 2000 peak area) and Ti (from 900 to 1200 peak area) values and the highest As (from
3400 to 8000 peak area). The Si/Ti and Ca/Ti ratios are higher and the Sr/Ti lower than in

other units.

Unit 1 (670-0 cm, 11.2-0.81 cal ka BP) is made of organic facies (facies F) with intercalated
clastic layers (facies G and Ha). Subunit 1E and 1C are dominated by deposition of facies G
and show higher frequency of facies Ha. Subunits 1D and 1B are composed of organic-rich
facies F with some clastic facies Ha. Finally, subunit 1A is also composed of facies F but with
higher MS values. The geochemistry of the Holocene sediments (unit 1) is controlled by the
characteristics of dominant organic-rich facies F. The intercalated facies Ha are singled out by

their relatively higher values in Si, K, Fe and Ti.

Subunit 1E (670-511 cm, 11.2-6.8 cal ka BP) starts with several sandy silt layers at the base
(facies Ha and G) (670-573 cm; 11.1-8.2 cal ka BP) grading to more organic—rich fine silts
(facies G) towards the top with some intercalated clastic layers (facies Ha) at 643 cm (10.1 cal
ka BP) and at 543 cm (7.5 cal ka BP). The subunit has high K (1700-9100 peak area), As
(1200-5300 peak area) and Sr/Ti ratio and lower Mn/Fe. The organic content shows an
increasing trend (TOC between 2.6 and 11.6%, TN between 0.3-0.9%; C/N between 11.7
and14.9). 8'°Cy, varies between -26.2 and -27.1%o. BioSi is higher at the base (670-643 cm,

11.1-10.1 cal ka BP) and declines upward (8.3-3.8%).
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Subunit 1D (511-417 cm, 6.8-4.8 cal ka BP) is dominated by the sedimentation of organic-
rich silts (facies F) with low MS (4.1-5.5x10 SI) and L* (1.6-7.1) values, with fewer coarser
clastics (facies Ha), higher Si/Ti ratio but lower Sr/Ti. Organic content shows an increasing
trend (TOC=8.9-12.8, TN=0.8-1.0%). C/N and 813Corg remain stable (C/N=14.1-14.5; 813C0rg=

-26.8%o).

Subunit 1C (417-309 cm, 4.8-3.3 cal ka BP) is composed of laminated to banded silts (facies
G) and a basal sandy layer (facies Ha). It is characterized by higher MS (average 5.1x107 SI),
L* (average value 4.5), K (1500-4500 peak area), Ti (1136-4190 peak area) and Sr/Ti ratios

and lower As (517-1500 peak area).

Subunit 1B (309-50 cm, 3.3-1.26 cal ka BP) is dominated by organic-rich facies F (TOC=5.0-
11.7%; TN=0.4-0.9%, C/N=17.1-13.4, 8'3Cy=-27.8 to -26.4%0) and coarser clastic facies Ha,
and characterized by an upward increasing trend of MS (5.1-10.4x10” SI) and L* (4.2-19.2),

higher Mn/Fe and lower Sr/Ti and Si/Ti ratios.

Finally, subunit 1A (50-0 cm depth, 1259-817 cal yr BP in core 3A and 63.5 to 0 cm depth,
AD 1522-2007 in core 2A) is mostly composed of facies F, with few G and H levels. The
subunit has generally higher organic content (TOC=9.2-12.5%; TN=0.7-1%; C/N=13.8-15.3;
8"Corg=-27.9 t0 -26.2%0), higher MS values (7.0-13.2x10” SI) and relatively higher K (1060-
2700 peak area) and Ti (1400-2600 peak area) (Figs. 6 and 7). The AD 1959 event layer,
identified in all short cores, corresponds to a coarsening upward sequence (Facies Hb) with
the lowest organic content (TOC=5.3%; TN=0.4%; C/N=15.1). After AD 1959 the
sedimentation comprises organic-rich silts and silty layers (facies F and G) with higher
organic content (TOC=7.4%; TN=0.7%; C/N=14.4; BioSi=1.9%; 813C0rg: -27.2%0), lower
mean grain size (mean value is 28.1 um), a decrease in lithogenic elements (K, Si, Ti, Sr, Ca,)

(Fig. 7), and an increase in S, Mn and P (Giralt et al., 2011).
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4.4. Diatoms

-1y

Diatom concentration varies from 1.5x10° to 57.7x10° “valves.gr™” in long core 3A and

between 0.1x10° and 4.2x10° “valves.gr”

in short core 2M (Fig. 8). The most abundant
species are Aulacoseira subborealis and Tabellaria flocculosa var. linearis for core 3A, and A.
subborealis and Cyclotella stelligera for core 2M. Diatom concentration and BioSi content

show parallel trends in both the long (Fig. 8) and short (Fig. 7) cores.

In long core 3A, diatoms are absent in Unit 3 and scarce in subunits 2B and 2C, dominated by
Aulacoseira valida (40%) (Fig.8). Diatom preservation was also relatively poor, and many
specimens were affected by fragmentation and/or dissolution. Nevertheless, the most
representative taxa could be identified reliably while for most of the other taxa, easily
identifiable areas remained relatively well preserved, and hence preservation did not interfere
with counting accuracy. The largest increase in diatom concentration occurred during subunit
2A associated to high biogenic silica content and dominance of planktonic A. subborealis
(85%). Subunits 1E and 1D show a general decreasing trend of A. subborealis (from 85 to
10%) at the time that tychoplanktonic (T. flocculosa var. linearis) and benthic Surirella
angusta varieties become more frequent. At the top of subunit 1D A. subborealis proportions
increase again up to 60 %. Subunit 1C is characterized by an increase in T. flocculosa var.
linearis (up to 60%) and the lowest values of A. subborealis (ca. 2%). After the onset of
subunit 1B A. subborealis increases again and dominates till the top of the core, punctuated by

two short periods with higher percentages of benthic Fragilaria arcus.

The diatom assemblage in core 2M is dominated by A. subborealis (60%), Achnanthidium
minutissimum (10%) and F. arcus (10%) during the period AD 1520-1959. The AD 1959
event shows a unique signature: a decrease in the percentage of A. subborealis (20%), the first

occurrence of Cyclotella meneghiniana (10%) and C. stelligera (20%), and maximum values
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of benthic F. arcus (30%). Diatom concentration decreased after the 1959 event and the
assemblages have since been dominated by fluctuations between A. subborealis and C.
stelligera. Benthic diatoms such as F. arcus decreased ca. 5%, while Fragilaria capucina,

Pinnularia subcapitata and Staurosira construens increased (Fig. 7).
5. Discussion

The sedimentological, geochemical and biological Sanabria dataset constrained by the robust
1C age model provides the first multiproxy-based reconstruction of the timing and dynamics
of the last deglaciation and the Holocene climate variability in the NW Iberian Peninsula. To
describe this evolution and to evaluate the correlation with other local, regional and global

records we have divided the Sanabria record in several stages.
5.1. An early onset of deglaciation: a proglacial stage (25.6-14.6 cal ka BP)

Sanabria Lake (1000 m a.s.l) formed in the inner side of the Sanabria moraine complex (at the
end of the Tera Valley) occupying a 3.5 km? basin deepened by the glaciers. Sedimentological
features of basal sediment (unit 3) point to a proglacial depositional setting. Deposition of
massive silts with sand pockets (facies A and B, Table 2) would suggest that at least the
eastern Sanabria Lake sub-basin was already free of glacial ice before 26 cal ka BP, although
the lake dynamics were still controlled by melting glaciers in the watershed (Figs. 5 and 6).
The possibility of a subglacier lake underneath the Tera glacier in the eastern sub-basin seems
unlikely considering the relatively small depth of the sub-basin, and the presence of oxidized
layers and pockets in the sediments pointing to well oxygenated waters. The basal age of ca.
26 cal ka BP indicates that the maximum extension of the Tera valley glacier occurred well
before the global Last Glacial Maximum (LGM), centered at 21 ka cal BP (Ehlers and
Gibbard, 2007). This chronology is in agreement with ages for the regional Maximum Ice

Extent (MIE) in the Trevinca Massif and the Cantabrian Range (Jiménez-Sanchez and Farias,
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2002; Moreno et al., 2010a; Jalut et al., 2010; Jiménez-Sanchez et al., 2012; Rodriguez-
Rodriguez et al., 2011, 2014), the Gredos Range in the Central Range (Dominguez-Villar et
al., 2013) and the Pyrenees (Garcia-Ruiz et al., 2013), and support a MIE in Iberian
Mountains earlier than the global LGM. Based on geomorphological evidence, during the two
local MIE (> 33 ka and during the LGM of MIS 2) the Tera glacier front descended to 940 m,
reaching 6.8 km in length and 2.9 km in width; and progressively was reduced, receding about
2.8 km in length and almost 2 km in width, covering only the western sub-basin around 25.6
ka BP (Rodriguez-Rodriguez et al., 2011). Ten episodes of glacier front retreat and
stabilization took place after the local Maximum Ice Extent (Rodriguez-Rodriguez et al.,
2011) and had been recently dated between 19.2 and 15.4 1°Be ka (Rodriguez-Rodriguez et al.,
2014). A nearby core (SAN08-SM1) retrieved from an ice-dammed deposit formed behind the
MIE lateral moraine at San Martin de Castafieda (1250 m a.s.l.) (Fig. 1C) encountered
laminated to banded fine sands and silts with some intercalated gravel layers, also interpreted
as glaciolacustrine sediments, between ca 21.8 and 10.5 cal ka BP (Rodriguez-Rodriguez et
al., 2011). Although this core did not reach the bottom of the San Martin de Castaiieda
marginal deposit, the AMS **C basal date (21,833+358 cal yr BP) demonstrates that the Tera
glacier’s lateral moraine had effectively blocked the creek at least by 22 ka BP (Jiménez-
Sanchez et al., 2012). The Lleguna site, a small lake in the Sanabria lowlands (1050 m a.s.l,
Fig. 1C), also contains a basal section of laminated clastic sediments (zonation LLE-1, from
19.1 to 18.4 cal ka BP), likely generated by melting ice (Mufioz-Sobrino et al., 2004, 2007).
No laminated sediments have been identified in the sequence of Laguna de las Sanguijuelas, a
small lake situated in a morainal depression northwest of Sanabria Lake (1080 m a.s.l.) (Fig.

1C), with a basal age of ca 18.6 cal ka BP (Mufioz Sobrino et al., 2004, 2007).

Compositional parameters from facies A (Table 2) are indicative of a proglacial lake with low

productivity, and with no significant organic input from a glaciated watershed (Fig. 5). The
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low C/N (C/N<11) ratio suggests that the scarce organic matter in the sediment derives from
phytoplankton (C/N<10). However, the low organic matter content could cause artifacts in the
C/N ratio (Meyers, 2003). Similar characteristics (low TOC, TN and C/N, and higher Slgcorg
and MS) were recorded at the LGM in the central Sierra Nevada (USA) and interpreted as
high detrital input from alpine glaciers in the drainage, due to sparse watershed vegetation,
and high meltwater runoff (Street et al., 2012). The decreasing upward trend in Si, Fe, Ti and
K and also MS values (Fig. 6) and the increasing upward trend in C/N ratio and TOC at the
end of the unit are coherent with diminishing detrital input by the Tera glacier, due to its

progressive retreat and could reflect a more vegetated watershed as deglaciation progresses.

Pollen and chironomid data from nearby sites are also indicative of colder climates and
sparsely vegetated watershed. Pollen records from Lleguna and Laguna de las Sanguijuelas
(Mufoz Sobrino et al., 2004, 2007) indicate cold temperatures and/or drier conditions during
the global LGM, with a steppe vegetation dominated by Gramineae, Artemisia and
Chenopodiaceae, and increased presence of trees and shrubs (Pinus, Betula, Juniperus,
Cistaceae and Leguminosae) during deglaciation, with the onset of regional tree succession
around 16.3-15.1 cal ka BP (Mufioz Sobrino et al., 2004). Higher altitude areas of Sierra
Segundera (>2100 m) could have acted as refuges offering the minimum precipitation
requirements to support pine woods at mid-slope positions during the dry phases of the
Lateglacial (Mufioz Sobrino et al., 2013). In the highlands (Laguna de la Roya, 1608 m a.s.l.,
Fig. 1C) chironomid-inferred summer temperatures were cooler and below 10°C between 15.5
and 14.7 cal ka BP, and the pollen data indicate a catchment covered by heliophilous herbs
and sparse juniper scrub from 15.5 to 14.5 cal ka BP, and the regional presence of pine

woodlands between 15.2 and 14.5 cal ka BP (Mufioz Sobrino et al., 2013).

Three conspicuous episodes are well marked by sedimentological, organic and inorganic

geochemical proxies. Abrupt 813Corg positive excursions from background -24%o to -14.7%o at
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844 cm, -14.8%0 at 804 cm and -15.7%. at 765 cm depth correspond with facies B (Table 2)
(Figs. 5 and 6). The 813Corg values in lacustrine systems respond to the balance between the
terrestrial (allochtonous) and lacustrine (autochthonous) organic matter, the effects of reduced
availability of dissolved CO,atm and changes in organic productivity (Hollander and
MacKenzie, 1991; Meyers, 2003). However, the close correspondence with clastic events and
lower BioSi content (<1%) favors the interpretation of higher 813C0,g values in proglacial
Sanabria Lake as associated to an increase in the supply of allochtonous organic matter and
reduced lake productivity, likely reflecting input from a sparsely-vegetated post-glacial
watershed and cold temperatures. Although age uncertainty is large in Unit 3, according to the
age model, these three distinctive episodes of increased sediment delivery to the lake occurred
at 21.8, 18.7 and 16.0 (Heinrich event 1, HE1) cal ka BP. Local pollen records show some
rapid changes in vegetation during the Lateglacial. For example, variations in Gramineae
percentages in the Sanabria’s lowlands show peaks at ca 19.1 and 18.1 cal ka BP (with
Artemisia <30% and <20%) and ca 16.6 cal ka BP (Lleguna) and ca 16.0 cal ka BP (Laguna

de las Sanguijuelas) (Mufioz Sobrino et al., 2004, 2007).

At a regional scale, several Iberian records show abrupt changes prior to the LGM. In the
north- (de Abreu et al., 2003; Naughton et al., 2007) and south- (Rodrigues et al., 2010)
western Iberian Margin (Fig. 1A), oceanic deep cores recorded colder and more arid climate
conditions between 31 and 23 cal ka BP, particularly during Heinrich events (HE), than during
the LGM. Similarly, paleoclimatic reconstruction from northern Iberia speleothems (Fig. 1B)
(Pindal cave, Moreno et al., 2010b; Eagle cave; Dominguez-Villar et al., 2013) and northern
lacustrine sequences (Estanya Lake, Morellén, et al., 2009; Ayo6 mire, Morales-Molino and
Garcia-Anton, 2013) show drier and colder conditions associated to some HEs. At Enol Lake

(Northern IP), abrupt changes were documented in the sediment cores during the last
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glaciation but age uncertainties precluded the unambiguous adscription to HE (Moreno et al.,

2010a).

In any case, the clear correspondence between 813C0rg, CIN, clastic-related elements and MS
during the excursions in proglacial Sanabria Lake, supports their interpretation as periods of
higher input of coarser material and allochtonous organic matter into the lake, supplied by the
melting waters of Tera glacier. Increased sediment input to the Sanabria proglacial Lake could
reflect higher meltwater discharge from the Tera glacier (increasing melting, receding glacier)
but the occurrence of coarse facies favor closer proximity of the glacier front to the coring site
(glacier advance). Therefore, and in spite of the dating uncertainties, the Sanabria record
demonstrates the occurrence of rapid changes during deglaciation characterized by increased

sediment delivery to the lake associated to glacier dynamics.

5.2. The GI- 1 interstadial (Bglling — Allergd): a glacio-lacustrine stage (14.6-13.0 cal ka

BP).

At the beginning of the Greenland Interstadial 1 (14.6 cal ka BP, onset of the Bglling period)
(Lowe et al., 2008), the glacial influence in Sanabria Lake was still very strong as reflected by
the deposition of siliciclastic silts with low organic content and low BioSi concentrations
(facies A) during Gl-1e (Figs. 5 and 6). Deposition of a coarser clastic layer (facies B) at ca
14.4-14.2 cal ka BP is interpreted as glacier reactivation in the watershed with glacier front
advance in the Sanabria basin. This change in glacier dynamics may correlate with the Gl-1d
event in the Greenland stratigraphy (Lowe et al., 2008). Severe drought affected the
Sanabria’s lowlands during this period as indicated by higher values of Artemisia (Laguna de
la Sanguijuelas, ca 15.6-14.0 cal ka BP); although, in contrast, Pinus peaks to >85% in
Lleguna due to topographic variability (Mufioz Sobrino et al., 2004, 2007). A short cooling

stage was identified by the decline of the tree pollen percentages recorded at Laguna de la
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Roya (Mufioz Sobrino et al., 2013) during the GI-1d event. Speleothems from the Cantabrian
Mountains (Pindal cave, Moreno et al. 2010a) also identified GI-1d event as a cold and dry
period.

A short climatic improvement occurred during the Allered (13.9-13.1 cal yr BP, ca Gl-1c) and
in Sanabria it was marked by a distinctive limnological change with the onset of subunit 2C
and deposition of more organic, dark gray silt (facies C, Table 2), indicative of an increase in
lake bioproductivity (Figs. 5, 6 and 9). The diatom communities were dominated by the
planktonic centric diatom A. valida, more common in low temperature environments (Denys,
1991-1992) (Fig. 8). According to Houk (2003), A. valida is a Nordic-alpine cosmopolitan
species, relatively infrequent, occurring in dystrophic and oligotrophic lakes and pools. The
presence of these heavily silicified Aulacoseira suggests an increase in water turbulence and
silica content, as well as low light conditions (Reynolds, 1984; Kilman et al., 1996). Higher
productivity was also evidenced in the highland’s sequence of Laguna de la Roya by a rise in
total diatom accumulation rates and the increase in planktonic diatoms from 14.7 to ca. 12.7
cal ka BP (Mufioz Sobrino et al., 2013).

The lower content of most detrital-related elements and the higher organic contents also
reflect the retreat of the Tera glacier from the lake basin into the high altitude areas of the
watershed, and the onset of lake sediment dynamics with reduced glacier influence during
Greenland interstadial Gl-1c (Fig. 6). Lower sediment input to the lake is consisten with a
denser vegetation cover and lower soil erosion. Regional pollen sequence in Laguna de las
Sanguijuelas registered a decrease in herbaceous steppe vegetation and an increase in Betula
(<10%) and Quercus robur-type (20%) between ca 14.0-13.6 cla ka BP. However the pollen
sequence of Lleguna refletcs a decline in the values for Pinus pollen (90-40%) and a new
increase in Betula pollen (15%) between ca 14.0-13.4 cal ka BP related to a retreat of

woodlands to the southern valleys as a result of the environmental deterioration leading into
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the Younger Dryas (Mufioz Sobrino et al., 2004, 2007). La Roya sequence shows the
development of pine and oak woodlands from 14.5-12.5 cal ka BP, and two cool stages
characterized by decreases of Pinus and increases in juniper pollen, at ca 13.6-13.3 (Intra-
Allergd Cold Period-1, GI-1c2) and 13.3-12.9 cal ka BP (Intra-Allerad Cold Period-11, GI-1b).
These two short events are also documented by the decrease in chironomid-inferred July
temperatures (Mufioz Sobrino et al., 2013). In the Sanabria sequence, the clastic layer (base of
subunit 2B, ca 13.0 cal ka BP) (Figs. 5, 6 and 9), could reflect a cooler episode and small
glacial advance at the end of GI-1 and during GS-1 (13.0-12.4 cal ka BP, see below),
synchronous with a regressive vegetation cover (a decline in total tree pollen of <10% and an
increase in Gramineae at 13.6-12.8 cal ka BP in Laguna de las Sanguijuelas, Mufioz Sobrino

et al., 2004, 2007) and increased soil erosion.

The sedimentological and geochemical Sanabria record does not show evidences of a cooling
trend along GI-1 as observed in Greenland ice cores and documented in pollen sequences
from other nearby lakes located in the oceanic highlands from NW lIberia (Lagoa de Marinho,
Ramil-Rego et al, 1998; Lagoa de Lucenza, Mufioz Sobrino et al., 2001), and in chironomid
reconstructed temperatures in Laguna La Roya (Mufioz Sobrino et al., 2013). The depositional
and limnological dynamics of Lake Sanabria seem more consistent with a warming trend,
similarly to other sites in northern Spain (Charco da Candieira, van der Knaap and van
Leeuwen, 1997; Pindal cave, Moreno et al, 2010b; Estanya Lake, Morellén et al., 2009). The
different sensitivity of the biological and geochemical proxies to seasonality may be behind
the observed contradictions among records. Other southern western Mediterranean records
show the same warming and increase in humidity during this interval (Genty et al., 2006;
Combourieu Nebout et al., 2009; Rodrigo-Gamiz et al., 2011). A persistent negative “NAO-
like” condition during the Bglling-Allergd period, with southward migration of the Westerlies,

has been postulated to explain the increase in humidity (Rodrigo-Géamiz et al., 2011)
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associated to the re-activation of the North Atlantic Thermohaline circulation and warmer

North Atlantic SST (Sea Surface Temperature) (Martrat et al., 2007; Clark et al., 2012).

5.3. A glacier reactivation at 13.0 cal ka BP (GS-1/ Younger Dryas-YD)

Deposition of a clastic layer (facies E) with lower organic (TOC=3%, and TN=0.3%, C/N=13)
and biogenic silica (2.7%) contents associated to higher K, Si/Ti, Sr/Ti and 813C0rg values (ca -
26%o0) at 13.0 cal ka BP (onset of subunit 2B) is a conspicuous event in Sanabria Lake
deglaciation evolution, and is interpreted as a reactivation of the Tera glacier (Figs. 5, 6 and
9). This glacial re-advance occurred, within age model uncertainties, at the onset of GS-1
(12,850 cal yr BP; Lowe et al., 2008) and would be consistent with other glacier advances in

the Alps (Ivy-Ochs et al., 2009) and Pyrenees (Gonzalez-Sampériz et al., 2006).

After sedimentation of this coarse clastic layer, the GS-1 (YD) in the Sanabria sequence
shows a double structure. A first stage (subunit 2B, 12.9 to 12.4 cal ka BP) with deposition of
fine organic silts (facies E, Table 2) with high MS values suggests the glacial influence in the
lake was still significant (Figs. 5, 6 and 9). Diatom assemblages show an increase in A.
subborealis and a decrease in A. valida (Fig. 8). A. subborealis seems to be better adapted to
low-light, turbid environments with good water mixing conditions (Reynolds, 2006; Clegg et
al., 2007). Pollen sequences reveal a complex vegetation pattern: landscape around Laguna de
las Sanguijuelas was characterized by Artemisia—Gramineae before 12.4 cal ka BP, whereas
in Lleguna high percentages (>35%) of Quercus were recorded between 13.2 and 12.0 cal ka
BP (Mufioz Sobrino et al., 2004, 2007), and pine and oak woodlands developed in the
highlands (Laguna de La Roya) before 12.5 cal ka BP (Mufioz Sobrino et al., 2013). The
different composition of synchronous pollen zones is explained by variable impact of factors
like altitude, orientation and rain shadow (Mufioz Sobrino et al., 2004, 2007, 2013). In

particular, in Sanabria, the rain shadow effect in the leeward lowlands is strong, causing
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higher rainfall from the Atlantic fronts in the Sierra Segundera mountains, and drier
conditions and higher temperatures on the eastern slopes (Mufioz Sobrino et al., 2004). Paired
hydrological and palynological oscillations in Lleguna (Mufioz Sobrino et al. 2004, 2007) are
coherent with local vegetation changes associated to higher lake levels between 13.2 and 12.0
cal ka BP followed by a period of decreasing water levels. The sedimentation pattern in
Sanabria sequence also suggests that during this period, melting of snow accumulated on the

highlands may have fed the lake, minimizing seasonal variations.

A second stage (subunit 2A, 12.4-11.7 cal ka BP) with the deposition of facies D (Table 2)
was characterized by a decrease in organic content and MS values and the highest BioSi
content {Figs. 5, 6 and 9), and interpreted as lower glacial influence in the lake. The diatom
concentration, dominated by A. subborealis, reached the highest values in the whole sequence
(Fig. 8) marking the onset of nutrient enrichment in oligotrophic systems (Sabater and
Haworth, 1995). The highest Si/Ti and BioSi values are indicative of the rapid development of
diatoms. Higher concentrations of As and organic matter content (BioSi) suggest more
frequent suboxic conditions in the sediments (Dean, 1993; Bradbury et al., 2004) (Fig. 6). All
these indicators suggest a higher lacustrine phytoplankton contribution to the lake organic
matter budget and increased productivity (Figs. 5 and 8). Contrarily, the total diatom
accumulation rates in the highlands (Laguna de la Roya) decreased during the YD as an effect
of the shortening of the ice-free season (Mufioz Sobrino et al., 2013). Decreases in MS and
clastic-related elements (K, Ti) are consistent with lower run-off and sediment delivery to the
lake (Fig. 6 and 9). These inferences are supported by pollen evidence of tree recovery
(Pinus=70%) between ca 12.4-11.8 cal ka BP in Laguna de las Sanguijuelas, and coincide
with a stage of Pinus maxima (>60%) recorded in Lleguna at 12.0-11.6 cal ka BP (Mufioz

Sobrino et al., 2004, 2007). Laguna de la Roya reveals a more open vegetation at 12.5-11.8 cal
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ka PB, and a 2°C cooling in chironomid-inferred summer temperatures during the GS-1

(Mufoz Sobrino et al., 2013).

Although a general trend towards colder temperatures and aridity has been recorded from
northern Iberia during the YD (Santos et al., 2000; Mufioz Sobrino et al., 2001; Gonzéalez-
Samperiz et al., 2006; Morelldn et al., 2009; Moreno et al., 2010b, 2011; Morales-Molino and
Garcia-Anton, 2014) (Fig. 1B), the double structure of the YD in the Sanabria sequence is
coherent with reconstructions in the southwest (van de Knaap and van Leeuwen, 1997;
Rodrigues et al., 2010) and northwest (Leroy et al., 2000; Bos, 2001; Bakke et al., 2009)
Europe, and with simulation experiments (Isarin et al., 1998, Alley, 2000; Lowe et al., 2008).
Both paleodata and models indicate a cold period during the onset of YD, followed by less
cool conditions, related with latitudinal shifts and intensity of the Westerlies (Bakke et al.,

2009).

5.4. The onset of the Holocene (11.7-10.1 cal ka BP)

The transition to the Holocene (11.7-10.1 cal ka BP) is recorded in the upper 10 cm of
subunit 2A (facies A, Table 2) with slightly increasing organic matter content and higher
values of BioSi, both indicative of higher bioproductivity (Figs. 5 and 6). There are no clear
sedimentological or geochemical evidences of the 11.2 cal ka BP cooling event, identified in
nearby sequences by a decrease in regional woodland cover (Mufioz Sobrino et al., 2004,
2007, 2013). However, deposition of organic silts with more abundant plant remains and
higher MS (facies G, subunit 1E) at about 11.2 cal ka BP underlines the definitive change in
Sanabria lake dynamics towards limited glacial influence in a more forested watershed at that
time (Figs. 5 and 6). Pollen sequences from Lleguna, Laguna de las Sanguijuelas, and
Laguna de la Roya show an increase in tree pollen taxa between 11.8 and 10.2 cal ka BP

(Mufoz Sobrino et al., 2004, 2007, 2013). The higher TOC content, along the C/N atomic
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ratio and 5"*Corg values show that the sediment organic matter is a mixture of lake and land
material, with higher relative proportion of algal organic matter (lower 8*3*Corg and C/N, and
higher BioSi content) in subunit 2A (Lateglacial and the onset of Holocene) and higher
proportions of land-derived organic matter in unit 1 (Holocene) (Fig. 5). The diatom
community is dominated by A. subborealis (although decreasing upcore), with small but
increasing percentages of T. flocculosa var. linearis (Fig. 8). The dominance of A.
subborealis would indicate higher lake-levels (and correspondingly effective moisture, i.e.
higher precipitation, run-off variability and snowmelt), since this species is a common
planktonic diatom associated with relatively high turbulent waters (Riihland and Smol, 2005;
Harris et al., 2006). The small increases in T. flocculosa var. linearis, and other benthic
diatoms as S. angusta, could be related to higher turbulence caused by stronger winds,
mobilizing benthic diatoms into the plankton, rather than to a lake level decrease. Species as
Surirella are heavily silicified diatoms common in littoral sediments, especially epipelic
habitats. The presence of diatoms of different ecological groups (e.g. planktonic, epiphytic,
epipelic...) in the samples of this period would indicate preferential transport, high diversity
of ecological niches or strong seasonality (wet winters and dry summers). In the highlands,
an increase in productivity (Aulacoseira alpigena, 20-60%) from 11.7 to ca 11.5 cal ka BP
followed by a decreasing trend to ca 10.5 cal ka BP (A. alpigena, 60-30%) was recorded in

Laguna de la Roya (Mufioz Sobrino et al., 2013).
5.5. The Early Holocene (10.1-6.8 cal ka BP)

Considering sediment input, two main periods can be differentiated in Sanabria along the
Early Holocene, (1) a first period (10.1-8.2 cal ka BP, subunit 1C) with distinctive coarse-
clastic layers that mark higher sediment input into the lake during large flooding events

(facies Ha, at 10.1 and 8.4), and (2) a second period (8.2-6.8 cal ka BP) with a clear reduction
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in the frequency of clastic layers suggesting less extreme hydrological events, and only one
main coarse-clastic layer at 7.5 cal ka BP (Figs 5 and 6). Lleguna sequence also showed a
first flooded stage at ca 8.4 cal ka BP followed by lower water levels at ca 8.2 cal ka BP and
a later recovery phase. In Laguna de las Sanguijuelas a probable depositional hiatus has been
proposed at this time (Mufioz Sobrino et al., 2004). Negative 813C0rg and positive BioSi
excursions within this period indicate an increase in productivity that occurred after the high
runoff events; a mechanism previously illustrated by a twenty-years monitoring survey in the

lake (Giralt et al., 2011).

This hydrological pattern during the Early Holocene with a first humid stage prior to ca 8 cal
ka BP and decreased precipitation and more stable conditions during the second part is
registered in other continental records in Northern Iberian Peninsula (Quintanar de la Sierra,
Pefalba et al., 1997; Laguna Lucenza and Fraga, Santos et al., 2000; El Portalet, Gonzalez-
Sampeériz et al., 2006; Rofianzas peatbog, Ortiz et al., 2010; Enol Lake, Moreno et al., 2011;
Penido Vello peatbog, Schellekens et al., 2011) (Fig. 1B). Shallow marine core form the NW
Iberian margin (Pena et al., 2010) showed a similar pattern: decreasing trend in "°C values
of benthic foraminifera from 8.2 to 7.3 cal ka BP resulting from increased continental runoff
(more rainfall associated with the presence of the storm tracks over NW lIberia), followed by
positive 8*3C excursions between ca 7.3-6.5 cal ka BP (less rainfall due to a southward shift
in the main position of the storm tracks) (Fig. 9). Interestingly, there is a clear Atlantic versus
Mediterranean variability, with some NE Iberian sequences indicating a late onset of
Holocene humid conditions (Lake Estanya, Morelldn et al., 2009) and even an opposite early
Holocene paleohydrological evolution (e.g. in the central Pyrenees, Basa de la Mora, Pérez-
Sanz et al., 2013). Likely, these dissimilarities are associated to regional variability and
asynchronous responses to the precipitation gradient rather than to uncertainties in the

chronological models. At a more regional scale, phases of increasing humidity around 10.2,
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8.2 and 7.3 ka cal BP have been identified in Lake Saint-Point, France (Magny et al., 2013a),
Lake Accesa, Italy (Magny et al., 2012; 2013b) and Lake Ledro, Italy (Magny et al. 2007,

2013b; Vanniere et al., 2013; Simonneau et al., 2013b) (Figs 1A and B, 9).

Abrupt Early Holocene climate variability has been documented in numerous records in the
North Atlantic region, associated to cooling events caused by abrupt changes in the
atmospheric circulation, and with ice rafted in the North Atlantic (Bond et al., 1997) (Fig. 9).
The Sanabria flooding events at 10.1, 8.4 and 7.5 cal ka BP could tentatively correlate with a
decrease in tree pollen (85-70%, 80-60% and 85-75% respectively) detected in the nearby
Lleguna but no clearly apparent in the Laguna de las Sanguijuelas (Mufioz Sobrino et al.,
2004, 2007), and may correspond to the short 10.2, 8.4 and 7.4 cooling events (Bond et al.,
1997) (Fig. 9). Molecular vegetation markers document a humid stage around 7.6-7.2 cal ka

BP in Rofanzas (Ortiz et al., 2010) and in Penido Vello (Schellekens et al., 2011) peatbogs.

The most prominent of the Early Holocene abrupt events at 8.2 ka BP (Bond event 5) was
caused by changes in ice sheet extent and meltwater releases into the North Atlantic (Alley et
al., 1997; Mayewski et al., 2004). In the context of the IP, the 8.2 ka BP shows large regional
variability in terms of timing and impacts, showing different intensities for various climate-
sensitive locations in NW Iberia. In the Sanabria sequence, this event corresponds to the
deposition of a thin clastic layer and marks the beginning of a climatic deterioration (Fig. 9).
In the nearby Lleguna and Laguna de las Sanguijuelas (Allen et al., 1996; Mufioz Sobrino et
al., 2004, 2007), and in other regional (La Roya, Allen et al., 1996) and extrarregional pollen
sequences (Lucenza, Santos et al., 2000; Mufioz Sobrino et al., 2001) the 8.2 event is
described by a generalized reduction of the total tree pollen, particularly deciduous Quercus.
Pollen evidences from Lagoa de Marinho and Chan do Lamoso (NW lIberia) (Ramil-Rego et

al., 1998), suggest that hydro-hygrophilous vegetation enhanced during a cooler and moister
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8.2 event. In Northeastern IP, this event has been also associated with arid conditions
Gonzalez-Sampériz et al., 2006; Morellon et al., 2009; Moreno et al., 2011), and with a rapid

cooling in the Portuguese Margin (Rodrigues et al., 2009).

5.6. The Mid Holocene (6.8 — 4.8 cal ka BP)

The Mid Holocene in the Sanabria record (subunit 1D, 6.8-4.8 cal ka BP) is characterized by
sedimentation of organic rich silts with relatively high BioSi content, the lowest MS values
(facies F, Table 2) and absence of facies G (Figs. 5 and 6). A. subborealis and T. flocculosa
var. linearis are the most abundant diatom species, but relatively higher abundance of
tychoplanktonic T. flocculosa var. linearis may reflect an expansion of littoral habitats, more
conducive for macrophytes development (Douglas and Smol, 1995; Reavie and Smol, 1997)
(Fig. 8). The abundance of both planktonic and benthic assemblages could indicate relatively
stable conditions favoring benthic diatom blooms, since periods of higher stratification and
stability could decrease the development of Aulacoseira spp. (Rihland and Smol, 2005; Harris
et al., 2006). The diatom assemblages and the chrysophyte cyst to diatom frustules ratio in
Lagoa Grande (Galicia, NW Spain) ca. 6,000 BP have been interpreted as decreased

productivity, cold water and possibly shallower conditions (Leira, 2005).

Sedimentological, palynological and diatom data suggest that the Mid Holocene in NW Iberia
was a warmer period than before, marked by reduced rainfall and lower sediment input into
the lake associated with a denser catchment vegetation cover (Figs. 5, 8 and 9). In the nearby
Lleguna and Laguna de las Sanguijuelas the tree pollen remained high (ca 90%) with mixed
pine/oak formations, and increasing warmth-demanding taxa (Mufioz Sobrino et al., 2004).
Although some sites in northern Iberia show moister mid-Holocene phases — e.g., 7500-4000
cal BP, Puerto de los Tornos peatbog’s pollen sequence (Mufioz Sobrino et al., 2009), most

regional lake records show evidences of increased aridity during the Mid Holocene (Laguna

32



Lucenza and Fraga sequences, Santos et al., 2000; Rofianzas peatbog, Ortiz et al., 2010; Enol
Lake, Moreno et al., 2011). Also, a recent reconstruction of precipitation in NW Iberia derived
from growth rates of 11 stalagmites shows a sharp decrease of precipitation after 6 cal ka BP
(Stoll et al., 2013). The mid-Holocene moisture availability decrease has been explained as
changes in mid latitudes associated to insolation decrease conducive to marked positive NAO-
like mode in western Mediterranean areas, although the detailed mechanisms and
teleconnections remain elusive (Gladstone et al., 2005; Wanner et al., 2008; Magny et al.,

2013b).

Within this relatively arid Mid Holocene, short phases of increased fluvial input were detected
in the Sanabria sequence by mm-thick clastic layers at 6.2 and 5.7-5.6 cal ka BP. Comparable
inundation and recovery phases have been recognized in the nearby Lleguna (Mufioz-Sobrino
et al., 2004). Many regional records show short periods of higher precipitation or hydrological
balance during the Mid Holocene. In the central and eastern Cantabrian Mountains humid
events were recorded by biomarker analyses in Rofianzas peatbog at ca 6.5 cal ka BP and 5.9-
5.2 cal ka BP (Ortiz et al, 2010) and ca 6.1-4.9 BP in Penido Vello peatbog (Schellekens et al.,
2011). Marine data also recorded humid phases ca 6.3 cal ka BP in NW Iberia (Pena et al.,
2010), and at 5.4 cal ka BP in SW Iberia (Rodrigues et al., 2009). A phase of aeolian activity
recorded in the Portuguese coast at 5.6 ka is explained as enhanced Westerlies during
prolonged negative NAO-mode (Costas et al., 2012). At a global scale, short phases of
increasing humidity around 6.2, 5.8-5.3 cal ka BP occurred in some North-central
Mediterranean sites (Lake Saint-Point, France; Magny et al., 2013a) and west central
European (Lake Accesa, Italy; Magny et al. 2013b and Lake Ledro, Italy; Magny et al. 2013b;

Vanniére et al., 2013) regions (Fig. 9).
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Particularly, the 5.7-5.6 Sanabria flood event could be related to the cool event at 5.4 cal ka
BP (Bond Event 4) (Bond et al., 1997) (Fig. 9) and the worldwide cooling event resulted from
complex interactions between changes in orbital forcing, ocean circulation and solar activity

(Magny et al., 2006).
5.7. The Late Holocene (4.8 — 1.5 cal ka BP)

Both sedimentological and geochemical data mark two main periods in Sanabria sequence
along the Late Holocene: (1) A first stage (subunit 1C, 4.8-3.3 cal ka BP) characterized by
higher Ti and K values, a small increase in MS values and more frequent clastic facies G (4.2,
3.7 and 3.3 cal ka BP) and Ha (4.6 cal ka BP) than before, (2) A second stage (subunit 1B, 3.3-
1.5 cal ka BP) characterized by fewer discrete clastic layers (3.1, 2.5, 2.0 and 1.5 cal ka BP)
and facies Ha (2.7 cal ka BP) but with relatively high MS values suggesting increased
sediment delivery to the lake not only during flooding episodes (Figs. 5 and 6). The 813C0rg
positive excursions at 4.6, 3.1 and 2.0 cal ka BP correlate with generally higher C/N values,
lower BioSi concentration, coarser sediments, high Si, K, Fe, Ti contents and high MS values,

suggesting a greater influence of allochthonous organic matter, transported by the Tera River.

Local sequences from Sanabria Lake (Luque, 2003; Julia et al., 2007) show relatively low
percentages of arboreal pollen (42-50%), dominated by Quercus, and higher percentages of
herbaceous pollen (38-45%) and aquatics (17-24%) and abundant Cerealia-type pollen before
ca 1500 cal yr BP. Regional forest retreat in northwest Iberia since ca 4000 cal. BP is due to a
combination of human impact and climatic factors (cold phases) (Mufioz Sobrino et al., 2009).
Anthropogenic impact (e.g. forest burning for pastures or agriculture) has been particularly
intense since 3 cal ka (Allen et al., 1996; Mufioz Sobrino et al., 2001, 2004; Leira and Santos,

2002). The general increase in MS after 3.3 cal ka BP could reflect this intense impact in the
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landscape (Fig. 9). However, the Roman settlement in the area is not clearly translated into

increased sediment delivery to the lake (Fig. 6 and 9).

The Sanabria diatom assemblage was dominated by the planktonic A. subborealis (60%)
except during the 3.8-3.2 cal ka BP interval, when tychoplanktonic flora (T. flocculosa var.
linearis and T. flocculosa var. flocculosa) strongly increased (60% and 10% respectively) and
represents one of the most significant changes in the diatom communities during the Holocene
(Figs. 8 and 9). Although the correspondence between higher tychoplanktonic diatom content
and more clastic layers during this period could suggest increased fluvial activity as
responsible for a higher input of diatoms from benthic environments, we do not find a similar
relationship during other periods of increased clastic input to the lake. So, we favor
limnological changes, such as lowering of lake levels, as responsible for the development of
more benthic habitats. This relatively arid phase in Sanabria could correspond to a drier phase
interpreted in Lagoa Grande (Leira, 2005) and in the Galician shelf (Bernardez et al., 2008;

Pena et al., 2010; Mufioz Sobrino et al., 2012).

Correlation of this short-term Late Holocene climate and environmental variability in
Sanabria with other regional records is not straightforward, likely because of regional
variability and dating uncertainties. Similar increases in humidity during the late Holocene
was interpreted in Rofianzas peatbog (Ortiz et al., 2010) and Enol Lake (Moreno et al., 2011).
However, dry conditions occurred in Galician offshore (NW Spain) up to 3.3 cal ka BP - deep
sites (4.7-3.3 cal ka BP, Gonzalez Alvarez et al., 2005) and shallower sites (4.0-3.4 cal ka BP,
Bernardez et al., 2008) — and were followed by more humid conditions between 3.3 and 1.7
cal ka BP (Diz et al., 2002, Lebreiro et al., 2006; Bernardez et al., 2008). Benthic
foraminiferal stable isotopes in the Ria de Muros (Pena et al., 2010) suggest rapid events of

less rainfall at 3,700-2,900 and at 1,800 cal yr BP. And dinocyst records in Ria de Vigo
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(Mufoz Sobrino et al., 2012) show short cold and dry events at about 4.6-4.3 and 3.8-3.6 cal
ka BP, intercalated with warmer and wetter periods from 4.3 to 3.8 cal ka BP and from 3.6 to

3.2 cal ka BP.

The hydrological variability interpreted from the Sanabria Lake clastic layers (4.6, 4.2, 3.7
3.3,3.1, 2.7, 25, 2.0 and 1.5 cal ka BP) has been also documented by biomarker content in
Penido Vello peatbog (2300 BC, 1505-1260 BC, 1055-960 BC, 640-440 BC, 260-140 BC,
45 BC-15 AD, 135 AD, 190-215 AD, 270-385 AD, Schellekens et al., 2011). At European
scale, the same two Late Holocene hydrological stages have been identified in Lake Ledro
(northern Italy): increase of the mean flood frequency from 4.2 to 3.1 cal ka BP, followed by a
progressive decrease of flood deposits from 3.1 to 1.2 cal. ka BP (Simonneau et al., 2013b).
Phases of increasing humidity, inferred by the predominance of terrestrial organic supply,
occurred at around 4.8, 4.4-3.8, 3.3, 2.7-2.3, 1.7, 1.2 cal ka in North-central Mediterranean
(Lake Saint-Point, France; Magny et al., 2013a; Lake Majeur, France; Simonneau et al.,
2013a) and west central European (Accesa Lake, Italy, Magny et al. 2013b and Ledro lake,
Italy; Magny et al. 2013b, Vanniére et al., 2013, Simonneau et al., 2013b) (Fig. 9). In these
regions, Late Holocene flood events have been attributed to positive synergies between cold

climatic oscillations and human-induced soil destabilization and erosion.

The main clastic layers at 4.6 and 2.7 ka BP in the Sanabria sequence could represent the
Holocene cooling Bond events 3 and 2 (Bond et al., 1997) (Fig. 9). Again, more frequent
NAO negative-like periods have been postulated as the main driver for periods of increased
precipitation in NW Spain (Lebreiro et al., 2006; Bernardez et al., 2008, Mufioz Sobrino et al.,
2012). The 4.6 clastic layer marked a climatic change between a dry Mid Holocene and humid
Late Holocene, and has been considered as the onset of dominant negative NAO-mode and a

southward migration of westerlies, and linked to a non-linear response of the climate system
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to the gradual decrease in insolation in addition to other key seasonal and interhemispherical

changes in insolation (Zhao et al., 2010, Magny et al., 2013b; Vanniere et al., 2103).
5.8. The last 1.5 cal yr BP.

During the last millennium the absence of discrete clastic layers parallels a higher sediment
delivery to the lake as indicated by MS and geochemical indicators (subunit 1A) (Figs. 5, 6
and 9). This diffuse clastic input to the lake could be associated to a combination of climate
and human forcing. Negative 8"*C,r excursions at 1.3 and 1.2 cal ka BP are not associated to
clastic layers, and they are rather more likely due to changes in productivity or trophic state.
The dominance of planktonic diatom A. subborealis is indicative of relatively humid
conditions during the Dark Ages (AD 500-900) (Fig. 8). Julia et al. (2007) interpreted warmer
conditions and higher effective runoff between 440 and 650 AD followed by a period of more
regular rainfall regimen and a decrease in temperatures from 650 to 950 AD. Abundant
cerealia-type pollen marked the foundation of the San Martin de Castafieda Monastery in the
6™ century AD (Julia et al., 2007). Most terrestrial Iberian records show high lake levels
during the Roman Period (AD 0-500) — Dark Ages (AD 500-900) (Morellon et al., 2009; Ortiz
et al., 2010; Schellekens et al., 2011; Corella et al., 2013). However, marine records offshore
Galicia (NW IP) show a dry and cold period between 1.7 and 1.2 cal ka BP, and an increase in
the precipitation since 1.2 cal. ka BP interpreted as dominant NAO negative mode (Bernardez

et al., 2008).

Our set of cores does not contain the complete Medieval Climate Anomaly (MCA) interval
(900-1300 AD). The clastic layers during the 950-850 cal yr BP period (top of the long core)
could be a reflection of increased human pressure in the watershed during the 9"-10"
centuries brought by new settlements in the area (Luque and Julia, 2002; Julia et al., 2007) and

still wet conditions (Fig. 6 and 9). Sanabria short cores (Luque, 2003; Julia et al., 2007) show
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higher lake productivity and a decrease in arboreal pollen percentages during the onset of the
MCA up to until ca 1100 AD. Biomarker content from Penido Vello peatbog reveals a humid
stage at 930-1045 AD followed by drier conditions (AD 1085-1385) (Schellekens et al., 2011).
Most northern continental Iberian records (peatbog and lacustrine archives) show more arid
conditions during the MCA (see Moreno et al., 2012b and reference therein) potentially
associated with more frequent NAO positive phases (Trouet et al., 2009; Moreno et al.,
2012b). In the marine realm, however, the MCA hydrological signature is not unequivocal:
shallow marine records from NW Iberian Margin, Ria de Muros (Lebreiro et al., 2006; Pena et
al., 2010) and the Ria de Vigo (Desprat et al., 2003) show warmer and humid conditions
during AD 800-1300, whereas the Tagus prodelta site (SW Iberian Margin) (Abrantes et al.,
2005; Lebreiro et al., 2006) suggests opposite patterns. Despite of this latitudinal variability,
northwestern Iberian continental records are consistent with a dominant positive NAO mode
during the MCA, and with northward-shifted westerly winds (Moreno et al., 2012b).
Discrepancies in moisture evolution between NW and SW Iberian regions during Medieval
Climate Anomaly - Little Ice Age (MCAJ/LIA) transition have been explained as a reflection
of different geographical location and impact of NAO dynamics (Lebreiro et al., 2006). At
European scale, the transition MCAJ/LIA show a long-term trend from low to high flood
frequency; global forcing factors such as insolation variability could have been a significant
driving force in hydrological dynamics (Vanniére et al., 2013; Simoneau et al., 2013a,b;
Corella et al., 2013). Interestingly, although human impact (e.g deforestation, fires and
farming activities) in the watershed is a main factor generating sediment to be delivered to
Sanabria Lake, and in spite of the intense human activities during medieval times in the
Sanabria watershed, discrete clastic layers associated to floods were more frequent during

Roman and Medieval times than during the LIA.
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The short cores (SANO7-1M and 2M) illustrate a large variability of Sanabria Lake dynamics
from AD ca 1520-2005 (Fig. 7). The first phases of the LIA are characterized in the Sanabria
2M core by deposition of organic-rich silts with relatively high BioSi (5%) but lower diatom
concentration (AD ca 1520-1600) followed by more clastic-rich sediments particularly
between AD ca 1670-1760 (Fig. 7). Within the age-depth model errors, the 2M more clastic
interval correlates with the period of higher siliciclastic input (wet phase), lower arboreal
pollen content and presence of cultivated taxa between ca 1500-1700 AD identified by Luque
(2003), Julida and Luque (2006) and Julid et al. (2007). A. subborealis percentages also
followed a decreasing trend (60-45%) parallel to the increasing values of A. minutissimum (5-
15%) and F. arcus (5-10%). Depleted diatom productivity, as indicated by the decrease in
total and planktonic diatom accumulation rates could suggest a dominance of periphytic
habitats and also a prolonged ice cover of the lake. From AD ca. 1760 till 1950 BioSi, diatom
concentration, TOC and TN values increased. A. subborealis increased (45-60%) whereas F.
arcus decreased (5%) as lake productivity recovered (Fig. 7). Cyclotella stelligera appears for
the first time (0.6%). Similar increasing trends in lake productivity were documented in other
Sanabria cores (Luque and Julia, 2002; Luque, 2003; Julia and Luque, 2006; Julia et al.,
2007). All these indicators point to a climatic improvement consistent with the forest recovery

detected after ca 1600 AD (Julia et al., 2007) (Fig. 7).

In the Iberian Peninsula, the LIA is characterized by general cooling, more humid conditions
and increased frequency of weather extremes, although with large hydrological variability
(Desprat et al., 2003; Abrantes et al. 2005, 2011; Lebreiro et al., 2006, Bernardez et al., 2008;
Moreno et al., 2008; Morelldn et al., 2009; Ortiz et al., 2010; Schellekens et al., 2011; Moreno
et al., 2012b). A bipartition can be also identified in the Pyrenees with a 1600-1800 AD period
characterized by lower temperatures and wetter conditions than earlier (Saz Sanchez 2003,

Corella et al., 2012; Morellén et al., 2011, 2012; Moreno et al., 2012b). At European scale,
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higher frequency of clastic layers (hydrological events) at AD 1500-1850 reveals further
consistency with negative NAO index (wetter conditions) and with solar minima irradiance

(colder climate) (Trouet et al., 2009, Simonneau et al., 2013a).

The prominent clastic, fining-upward layer (facies Hb) and the expansion of C. stelligera,
represents the dam breach deposit caused by the Tera River flash flood after the dam collapsed
in AD 1959 (Fig. 7), previously documented in short cores by Luque and Julia (2002), Luque
(2003), Julia and Lugue (2006) and Giralt et al. (2011). Sanabria Lake experienced a
catastrophic flood during the night of January 9", 1959 when the Vega de Tera Dam (altitude
1503 m a.s.l., 8 km north-west from Ribadelago village) collapsed, causing a flood (>16.000
m*s™, ca. 8 million m* of water), which partially destroyed the village of Ribadelago, killed
172 inhabitants and the water level of the Sanabria Lake raised around 2.3 m (Garcia Diez,
2003). Considering the sedimentological signatures, no similar flooding had occurred in the
lake since the Early Holocene. Interestingly, the Tera Dam collapse in 1959 marked a
significant change in the lake dynamics, but the recovery of the Sanabria Lake system after
the Dam breach was relatively rapid. The upper lake sediments show high TOC content, low
C/N ratio, a negative 613C0rg (from -26 to -28%0) excursion, and higher BioSi concentration,
all indicative of higher contribution of autochthonous OM sources to the carbon budget in the
Lake, lower detrital input, and also an increase in bioproductivity (Fig. 7). Pollen data from
AD 1960 onwards indicate a relatively forested landscape dominated by native deciduous oak
and birch (Julia et al., 2007). A large change occurred in the diatom assemblages with the
appearance of C. stelligera, a decrease in planktonic A. subborealis and an increase of benthic
diatoms (Fragilaria, Pinnularia, Staurosira) after the 1960s (Fig. 7). In temperate lakes,
Aulacoseira species are common in the water column in early spring due to their low light and
high water turbulence requirements (Reynolds 1984, Kilman et al,. 1996), followed by

Cyclotella, Fragilaria and Tabellaria spp. in the spring maximum (Wetzel, 1983). Turbulent
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conditions are important in particular for Aulacoseira because of its rapid sinking rate
resulting from the high silica content (Round et al., 1990). Rise in various Cyclotella taxa
have been linked to climate change throughout lakes in the Canadian arctic (Karst-Riddoch et
al., 2005) as well as in temperate regions (Wolin and Stoermer, 2005). The changes in the
duration of the overturns and summer stratification may have favored the growth of small
Cyclotella species through the increased nutrient availability from the hypolimnion during the
autumn mixing. Thus, changes in water and nutrient input to the lake, and temperature could
be responsible for the observed increased in C. stelligera, paralleled by a relative decrease in
A. subborealis in the 70’s and 80’s. Hydrological changes due to the construction of several
dams in the Tera River could have also been a main factor since they reduce flushing rate,
produce nutrient enrichment and cause deterioration of littoral environments through
drawdown. The limnological impact of dams and hydropower activities in a lacustrine
environment has been documented in Lake Majeur (Pyrenees, France) revealing modifications
in the natural lake sedimentary dynamic of the lake, changes in the trophic state and in the
source of sedimentary organic matter (Simonneau, et al., 2013a). Although Sanabria Lake area
was declared a Natural Park in AD 1978, human impact caused by tourism (sewage and
wastewater) and increased fires in the watershed from the 1990's had likely an impact on
sediment and nutrient delivery to the lake. Nutrient enrichment loading through different
human activities strongly influences the phytoplankton growth (de Hoyos and Comin, 1999)

and provides a plausible explanation for recent changes in §'°C values.

6. CONCLUSIONS

A sedimentological, geochemical and biological study of a set of sediment cores from
Sanabria Lake constrained by a robust **C chronology, provides the first multiproxy-based
reconstruction of the timing and dynamics of the last deglaciation and the Holocene climate

variability in the NW Iberian Peninsula. The timing of main climatic phases is in agreement
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with oscillations described in Greenland ice cores (Rasmussen et al., 2006; Vinther et al.,
2006) and in other marine and terrestrial Western European sequences (Fletcher and Sanchez
Gofii, 2008; Lowe et al., 2008; Combourieu Nebout et al., 2009). The maximum extent of the
Tera glacier occurred before the global LGM, similarly to other alpine glaciers in southern
Europe’s mountains. After a rapid retreat during the Greenland Interstadial GI-1e (Bglling,
14.6 cal ka BP), and a short glacier re-advance (14.4-14.2 cal ka BP, likely corresponding to
Gl-1d), the Tera glacier retreated from the Sanabria Lake Basin at 13.9 cal ka BP during
moister and warmer GI-1c. The warming trend along GI-1 interpreted in Sanabria and other
Iberian records contrasts with the cooling trend documented in Greenland ice cores, and
further illustrates a different behavior during deglaciation in high and intermediate latitudes.
After a final glacier reactivation phase between ca 13.0-12.4 ka, synchronously to the GS-1
(Younger Dryas interval), glaciers disappeared from the Sanabria watershed in the Early

Holocene.

Increasing temperatures and lake bioproductivity occurred at the onset of the Holocene (11.7 -
10.1 cal ka BP), followed by a humid period (10.1-8.2 cal ka BP) with higher sediment
delivery to the lake. The 8.2 to 6.8 cal ka BP period is a transitional stage, with the onset of a
decreasing humidity trend that culminated with a drier Mid Holocene (6.8-4.8 cal ka BP) and
continued during the Late Holocene, although punctuated by a significant humid phase from
4.8 to 3.3 cal ka BP, and a smaller one during the LIA. Episodes of increased river input
detected in Sanabria sediments (10.1, 8.4, 7.5, 6.2, 5.7-5.6, 4.6, 4.2, 3.7, 3.3, 3.1, 2.7, 2.5 and
2.0 cal ka BP) are in agreement with European records at similar latitudes and the RCC (Rapid

Climate Change) intervals (Mayewski et al., 2004).

The Sanabria record demonstrates that hemispheric Holocene cooling events (e.g. 10.2, 8.4

and 7.5-7.0 ka cal BP) correspond in mid-latitudes and the Mediterranean region to humid
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conditions, in response to strengthened Atlantic westerly jet. Although several atmospheric
modes — the Scandinavian Pattern (SCA), the Eastern Atlantic (EA) and the Eastern
Atlantic/Western Russia (EA/WR) the North Hemisphere Annular Mode (NAM) - explain
some of the observed variability of the main synoptic weather types on lIberia, the North
Atlantic Oscillation (NAO) represents the main mode of climate variability in the NW Iberian
Peninsula during winter. Considering that similar climate forcings could have operated during
the Holocene, although at different time-scales, positive NAO mode-like (decrease winter
precipitation) would have prevailed during the mid part of the Holocene (since 8.2, but
particularly between 6.8 and 4.8 cal ka BP) and negative NAO mode-like (maximum
winter precipitation) during the early part of the Holocene (10.1-8.2 cal ka BP) and some

phases of the late Holocene (4.8-3.3 cal ka BP and LIA).
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Figure captions

Fig. 1 A. Location of Sanabria Lake (red star), marine and continental records on the
biogeographic map of Europe (modified from www.globalbioclimatics.org), 1: GISP2
ice core (Grootes et al., 1993; Meese et al., 1997); 2: VM29-191 (Bond et al., 1997); 3)
MDO03-2697 (Naughton et al., 2007); 4. MD99-2331 (Naughton et al., 2007); 5:
CGPLO00-1 (Gonzalez Alvarez et al., 2005); 6: MD9045 (de Abreu et al., 2003); 7:
MD03-2699 (Rodrigues et al., 2010); 8: D13902 and P0287 (Abrantes et al., 2005,
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2011); 9: Lake Saint-Point (Magny et al., 2013a); 10: Lake Ledro (Magny et al., 2013b;
Vannieére et al., 2013; Simonneau et al., 2013a); 11: Lake Accesa (Magny et al., 2013 b).
The rectangle indicates Fig. 1B location. B Map of northern Iberia showing the study
site (red star) and the main paleoecological and paleoclimatic records discussed in the
text. Purple circles correpond to lacustrine records, gray circles to peat bog records,
black triangle to speleothems records, and blue square to shallow marine records.
Continental sequences 1: Lake Sanabria (Luque and Julia, 2002; Luque, 2003; Julia and
Luque 2006; Julia et al., 2007; Giralt et al., 2011); 2: Lleguna (Mufioz Sobrino et al.,
2004) preiviously named Sanabria Marsh (Allen et al., 1996) 3: Laguna de Sanguijuelas
(Mufioz-Sobrino et al., 2004); 4: Ayo6 mire (Morales-Molino and Garcia-Anton, 2014);
5: Laguna Roya (Allen et al., 1996; Mufioz Sobrino et al., 2013); 6: Lagoa de Marinho
(Ramil-Rego et al, 1998); 7: Laguna Lucenza (Santos, 2000; Mufioz Sobrino et al.,
2001; Leira and Santos, 2002); 8: Lagoa Grande (Leira, 2005); 9: Penido Vello peat bog
(Schellekens et al., 2011); 10: Chan do Lamoso (Ramil-Rego et al, 1998); 11: La Mata
(Jalut et al., 2010); 12: Lago Enol (Moreno et al., 2011); 13: Rofianzas peat bog (Ortiz et
al., 2010); 14: Pindal cave (Moreno et al., 2010a; Stoll et al., 2013); 15: Puerto de los
Tornos peatbog (Mufioz-Sobrino et al., 2009); 16: Lake Arreo (Corella et al., 2013); 17:
Quintanar de la Sierra (Pefalba et al., 1997); 18: Portalet (Gonzélez-Samperiz et al.,
2006); 19: Basa de la Mora (Pérez-Sanz et al., 2013); 20: Estanya Lake (Morellén et al.,
2009; 2011); 21: Montcortés (Corella et al., 2012); 22: Lake Majeur-French Pyrenees
(Simonneau et al., 2013a); 23: Taravilla Lake (Moreno et al., 2008) 24: Eagle cave
(Dominguez-Villar et al., 2013); 25: Charco da Candieira (van der Knaap and van
Leeuwen, 1997). The marine cores represented on the map are 26: SMP02-3 (Bernardez
et al., 2008); 27: VIR-18 (Diz et al., 2002; Desprat et al., 2003) and VIR-94 (Mufioz
Sobrino et al., 2012); 28: EUGC-3B (Lebreiro et al., 2006; Pena et al., 2010). The square
indicates Figs. 1C-H location. C: Sanabria Lake basin showing the location of the nearby
records (modified from http://atlas.itacyl.es), D: Map of elevation (modified from
www.idecyl.jcyl.es); E: Geological map (based on Diaz-Montes, 2006); F: Soil map
(http://atlas.itacyl.es); G). Vegetation Biomes in Sanabria drainage basin (based in Ruiz
de la Torre, J. 1996); H: Map of land use (www.ign.es).

Fig. 2. Bathymetric map of Sanabria Lake (modified from Vega et al., 2005), N-S and E-

W depth sections and location of the Kullenberg cores in both sub-basins.

59


http://www.idecyl.jcyl.es/

Fig. 3. Sanabria cores correlation using sedimentary facies and magnetic susceptibility
values: A) Cores 1A and 4A in the western sub-basin. B) Cores 2A and 3A in the eastern sub-
basin. C) Short core 2007-1M from the eastern sub-basin.

Fig. 4. A) Depth- Age model and sedimentation rates for Sanabria SAN04-3A core.
Chronological model based on a mixed effect regression function (Heegaard et al., 2005). B)
Age model for SAN0O7-2M determined by “C (blue) and ?°Pb (green) (constant rate of supply
model) dates. C) Total >°Pb activity obtained by gamma spectrometry in core 2M.

Fig. 5. Core SAN04-3A: AMS *C ages, core image, sedimentary facies and units,
magnetic susceptibility, Lightness, TOC, TN, C/N, biogenic silica, and main depositional
environments.

Fig. 6. Selected elements and geochemical ratios for SAN04-3A core.

Fig. 7. The last 500 years in SANO7-1M and SANOQ7-2M cores: core image, MS (from
core 1M) and sedimentary facies and units, TOC, TN, C/N, §*3Corg, biogenic silica and main
diatom taxa. The grey stripes indicate less organic-rich intervals (1959 AD and 1570-1760
AD)

Fig. 8. Main diatom taxa from SAN04-3A and SANO7-2M cores

Fig. 9. Comparison of the last 14 kyrs in the Sanabria sequence with other records. The
grey bands indicate lower humidity periods. (a) Compilation of data from core SAN04-3A; (b)
hematite stained grains percentage (%HSG) at core VM 29-191 (Bond et al., 1997); (c)
Continuous and 290-year running mean records of the oxygen isotopic profile from the GISP2
ice core (Grootes et al., 1993; Meese et al., 1997); (d) Holocene rapid climate changes from
Mayewski et al. (2004), green stripes indicate rapid climate change (RCC) events; (e) Benthic
foraminifera (Nonion commune) §'3C record from core EUGC-3B (NW Iberia) (Pena et al.,
2010); yellow stripes indicate positive §"3C excursions (less rainfall due to a southward shift

in the main position of the storm tracks); (f) Lake level record of Accesa and Ledro lakes
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(Italy) (Magny et al., 2007, 2012); (g) Planktonic foraminifera (G. Bulloides) 520 from core
MD95-2040 (W lberia) (de Abreu et al., 2003); (h) Summarised pollen diagram from Sanabria

Marsh (Allen et al., 1996) which correspond to Lleguna site (Mufioz Sobrino et al., 2004).
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Table 1.- Radiocarbon (**C AMS) dates obtained from Sanabria Lake cores SAN04-3A-1K and
SANO7-2M. Calibration based on Reimer et al. (2013). The date in italics (Poz-23636) has been
excluded of the age model (see text).

Calibrated Age

Core  Laborator Type of Calendar Age
Core Depth code ’ sayngples “'C-age BP (cal BP) (cal AD/Bg)
(cm) (range 20)
SANO04-3A-1K 14 Po0z-23630 plant remains 1020 + 40 950 £ 51 1000 + 51 AD
54  P0z-20090 plant remains 1330 + 30 1266 + 35 684 + 35 AD
127 Po0z-23631 plant remains 2130 + 100 2118 £ 221 168 + 221 BC
254 P0z-20091 bulk sediment 2985 + 35 3155+ 98 1205 + 98 BC
310 Poz-23634 plantremains 2935+ 30 3076 + 97 1126 + 97 BC
353 P0z-20092 bulk sediment 3645 + 35 3942 + 72 1992 + 72 BC
474 Poz-23635 plantremains 5070 + 40 5820 + 92 3870+ 92 BC
474 Po0z-23673 bulk sediment 5250 + 40 6022 + 99 4072 £+ 99 BC
538 P0z-20093 bulk sediment 6710 =40 7582 + 75 5632 + 75 BC
668 P0z-20094 bulk sediment 9530 + 50 10887 + 204 8937 + 204 BC
707 Poz-23674 bulk sediment 10340 + 50 12194 £ 203 10244 + 203 BC
717 Poz-23675 bulk sediment 11240 + 50 13116 £ 96 11166 + 96BC
728 P0z-20095 plantremains 12330 + 60 14390+ 311 12440+ 311 BC
873 Po0z-23636 plantremains 5140 £ 35 5862 + 69 3912 +69 BC
891 Po0z-12367 bulk sediment 21460+ 140 25760+ 260 23810 + 260 BC
SANO07-2M 36.5 Po0z-22399 plant remains 140+ 30 225 + 56 1730 + 56 AD




Table 2. Main sedimentary facies in Sanabria Lake sequence.

mean grain size=35-58um

Facies Association Composition Depositional
Facies Sedimentological Features Enw(;:)nn dment
Processes)
TOC=0.1-0.3%
TN=0.03-0.06%
Clastic Dm - t_hick mas_sive to s!ightly C/N=3.2-10.8 Proglacial lake
Sediments are'mostly A banded light greenish gray fine to | 8"°C=-22.4/-25.6%o (meltwater
medium silt. Bi0Si=0.9-1.5% fluxes)
composed by quartz, MS=15-27x10" S|
micas, feldspars and clay L*=51-66
minerals. Very low —
organic matter content -Tr(l\)I:CO_ 832000:%0
and high detrital-related . . . i . Proglacial lake
elements (K, Ti). Cm to dm - thick massive sand in | C/N=6.2-14.2 (strong
B lenses and irregular pockets some | §"C=-20.6/-14.7%o
s . .o meltwater
with iron oxides. Bi0Si=0.9-1.2% fluxes)
MS=23-28x10" SI
L*=56-85
TOC=0.7-3.8%
Cm- thick, laminated, dark gray silt | TN=0.08-0.4% Glacio-
with variable organic matter content | C/N=11.4-13.0 lacustrine
C and higher detrital-related elements | 8"Cyq=-24.8/-26.5%o acustrine
. . or (strong glacier
(K, Ti). BioSi=1.2-3% influence)
MS=8-12x10" SI
L*=22-41
Cm to dm thick, faintly laminated, 13—00_3%)_25%
. . . =U.0-U.070 -
very dark grayish brown organic-rich C/N=8.3-11 4 Glacio-
Clastic - organic D silts with abundant plant remains. e ' 26 é/_27 1% lacustrine
Lower detrital-related elements (K, Bios?gg 4_é 8% 700 (lake processes
Ti) and higher As values. MS:4-7;<10:5 S| dominate)
L*=11-18
TOC=3.0-7.3%
Cm- thick fining upward layers | TN=0.3-0.6% Glacio-
composed of grey fine sand (low | C/N=13.0-13.9 lacustrine
E organic matter content and higher 813C0rg:-26.5/-26.1%o (meltwater
detrital-related elements (K, Ti) and | BioSi=2.7-7.5% fluxes and
fine, more organic silts. MS=9-12x107 S| lacustrine)
L*=12-60
TOC=10.5-12.8%
Dm- to up to 1 m thick layers of -(I;/NN_—Oli%T?3 Distal,
massive, dark greyish brown to dark 51C '_27 1}-26 79% lacustrine
F olive brown organic ooze to fine | 2. e = S o o (low fluvial
organic-rich silt, with low detrital- MS=4-6x10° S| input, organic
related elements (K, Ti) L*=3.5 deposition)
mean grain size=15-23um
TOC=7.7-11.1%
TN=0.6-0.8%

Cm-thick layers of laminated to | C/N=12.5-14.5 Distal,

G banded light brown to grey silts with | §"°C g4=-27.8/-26.4%o lacustrine
some plant remains, with variable | BioSi=5-6% (High fluvial
organic and inorganic content. MS=5-10x107 S| input)

L*=5-7
Organic mean grain size=24-27um
TOC=2.6-7.2%
TN=0.3-0.6%
Fining upward layers with sandy | C/N=12-15

L | Dasal sublayer and massive to subtly 8"Corg=-26.7/-26.2%o Distal lacustrine
laminated light grey silt. High | BioSi=4-5% (Turbidite)
detrital-related elements (K, Ti). MS=7-10x10" SI

L*=10-57

mean grain size=25-35um

TOC=2-6%

TN=0.3-0.5% Distal
Coarsening-fining  upward  layer | C/N=14-16 antroph .
composed of grey silts with low | §3C,q=-26.2/-25.7%o0 (‘antrop ogenic

Hb : . . . org flashflood
organic matter and high detrital | BioSi=2-3% 1959 AD-Dam
related elements (K, Ti). MS=30-37x10" S| fai

L*=11-22 ailure)































	Copia de MS-changes accepted
	Within this relatively arid Mid Holocene, short phases of increased fluvial input were detected in the Sanabria sequence by mm-thick clastic layers at 6.2 and 5.7-5.6 cal ka BP. Comparable inundation and recovery phases have been recognized in the nearby Lleguna (Muñoz-Sobrino et al., 2004). Many regional records show short periods of higher precipitation or hydrological balance during the Mid Holocene. In the central and eastern Cantabrian Mountains humid events were recorded by biomarker analyses in Roñanzas peatbog at ca 6.5 cal ka BP and 5.9-5.2 cal ka BP (Ortiz et al, 2010) and ca 6.1-4.9 BP in Penido Vello peatbog (Schellekens et al., 2011). Marine data also recorded humid phases ca 6.3 cal ka BP in NW Iberia (Pena et al., 2010), and at 5.4 cal ka BP in SW Iberia (Rodrigues et al., 2009). A phase of aeolian activity recorded in the Portuguese coast at 5.6 ka is explained as enhanced Westerlies during prolonged negative NAO-mode (Costas et al., 2012). At a global scale, short phases of increasing humidity around 6.2, 5.8–5.3 cal ka BP occurred in some North-central Mediterranean sites (Lake Saint-Point, France; Magny et al., 2013a) and west central European (Lake Accesa, Italy; Magny et al. 2013b and Lake Ledro, Italy; Magny et al. 2013b; Vannière et al., 2013) regions (Fig. 9). 
	Particularly, the 5.7-5.6 Sanabria flood event could be related to the cool event at 5.4 cal ka BP (Bond Event 4) (Bond et al., 1997) (Fig. 9) and the worldwide cooling event resulted from complex interactions between changes in orbital forcing, ocean circulation and solar activity (Magny et al., 2006). 
	5.7. The Late Holocene (4.8 – 1.5 cal ka BP)
	Both sedimentological and geochemical data mark two main periods in Sanabria sequence along the Late Holocene: (1) A first stage (subunit 1C, 4.8-3.3 cal ka BP) characterized by higher Ti and K values, a small increase in MS values and more frequent clastic facies G (4.2, 3.7 and 3.3 cal ka BP) and Ha (4.6 cal ka BP) than before, (2) A second stage (subunit 1B, 3.3-1.5 cal ka BP) characterized by fewer discrete clastic layers (3.1, 2.5, 2.0 and 1.5 cal ka BP) and facies Ha (2.7 cal ka BP) but with relatively high MS values suggesting increased sediment delivery to the lake not only during flooding episodes (Figs. 5 and 6). The (13Corg positive excursions at 4.6, 3.1 and 2.0 cal ka BP correlate with generally higher C/N values, lower BioSi concentration, coarser sediments, high Si, K, Fe, Ti contents and high MS values, suggesting a greater influence of allochthonous organic matter, transported by the Tera River. 
	5.8. The last 1.5 cal yr BP.
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