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ABSTRACT

The multi-proxy analysis of sediment cores recovered in karstic Lake Estanya
(42°02' N, 0°32'E; 670 m a. s. 1., NE Spain), located in the transitional area between the
humid Pyrenees and the semi-arid Central Ebro Basin, provides the first high-resolution,
continuous sedimentary record in the region, extending back the last 21 000 years. The
integration of sedimentary facies, elemental and isotopical geochemistry and biogenic
silica, together with a robust age model based on 17 AMS radiocarbon dates, enables
precise reconstruction of the main hydrological and environmental changes in the region
during the last deglaciation.

Arid conditions, represented by shallow lake levels, predominantly saline waters
and reduced organic productivity occurred throughout the Last Glacial Maximum (21 —
18 cal kyrs BP) and the late glacial, reaching their maximum intensity during the period
18 - 14.5 cal kyrs BP (including Heinrich event 1) and the Younger Dryas (12.9 — 11.6
cal kyrs BP). Less saline conditions characterized the 14.5 - 12.6 cal kyrs BP period,
suggesting higher effective moisture during the Bolling/Allered. The onset of more
humid conditions started at 9.4 cal kyrs, indicating a delayed hydrological response to
the onset of the Holocene which is also documented in several sites of the
Mediterranean Basin. Higher, although fluctuating, Holocene lake levels were
punctuated by a mid Holocene arid period between 4.8 and 4.0 cal kyrs BP. A major
lake-level rise occurred at 1.2 cal kyrs BP, conducive to the establishment of conditions
similar to the present and interrupted by a last major water level drop, occurring around
800 cal yrs BP, which coincides with the Medieval Climate Anomaly.

The main hydrological stages in Lake Estanya are in phase with most Western
Mediterranean and North Atlantic continental and marine records, but our results also

show similarities with other Iberian and northern African reconstructions, emphasizing



peculiarities of palacohydrological evolution of the Iberian Peninsula during the last

deglaciation.



1. INTRODUCTION

North Atlantic responses to global climate change during the last glacial cycle
have been widely documented (e.g., Chapman et al., 2000) although information about
the timing, intensity and effects of these climatic fluctuations in continental areas of
Europe is comparatively more scarce than in marine regions. Reconstructing the
environmental and hydrological response to millennial scale fluctuations of mid-
latitude, climate-sensitive areas, such as the Mediterranean basin, is crucial to
understand climate connections between high and low latitudes (Moreno et al., 2005;
Tzedakis, 2007). Several marine reconstructions have shown strong and synchronous
responses to the west of the Iberian Peninsula (de Abreu et al., 2003; Martrat et al.,
2007; Naughton et al., 2007), in the southwestern Mediterranean Sea (Beaudouin et al.,
2005; Beaudouin et al., 2007; Frigola et al., 2007; Frigola et al., 2008) and the Alboran
Sea (Cacho et al., 2001; Combourieu Nebout et al., 2002; Martrat et al., 2004; Moreno
et al., 2005). Marine-based pollen records have also provided evidence of the rapid
response of terrestrial vegetation to these climate fluctuations during last glacial and
interglacial cycles (Sanchez Goii et al., 1999; Boessenkool et al., 2001; Roucoux et al.,
2001; Sanchez-Goiii et al., 2002; Roucoux et al., 2005; Naughton et al., 2007; Fletcher
and Sanchez Goiii, 2008).

Although long Iberian terrestrial records have generally shown a broadly similar
pattern during late glacial and Holocene times: e.g., Padul Peatbog (Pons and Reille,
1988); Lake Banyoles (Pérez-Obiol and Julia, 1994; Wansard, 1996); Laguna Roya
(Allen et al., 1996); Lake Siles (Carrion, 2002); etc., most of them are pollen-based
reconstructions, lacking the multi-proxy data necessary to reconstruct effective moisture
and hydrological changes precisely, which are particularly significant in the

Mediterranean Basin during deglaciation and the Holocene (Magny and Bégeot, 2004;



Tzedakis, 2007). Furthermore, only a few of the available multidisciplinary studies of
Iberian continental sequences have the robust chronological control necessary to
identify short-term climatic fluctuations: e.g., the new Padul sequence (Ortiz et al.,
2004); El Portalet peatbog (Gonzalez-Sampériz et al., 2006); Lake Redo (Pla and
Catalan, 2005); or Lake Enol (Moreno et al., in press). In addition, most of these sites
are located in mountainous regions of the Iberian Peninsula, and the hydrological
amplitude and the character of environmental change in low-lying areas is still poorly
understood: e.g., the Laguna Medina record (Reed et al., 2001); or Lake Zofiar (Martin-
Puertas et al., 2008).

In spite of the ability of Atmospheric General Circulation Models (AGCMSs) to
simulate large-scale changes, they usually tend to underestimate hydrological
fluctuations (Kohfeld and Harrison, 2000; Jansen et al., 2007). Recent simulation
attempts have failed to reconstruct moisture changes in southern Europe; there is a
significant mismatch between observed patterns (e.g., Global Lake Status Data Base
(GLSDB) (Qin et al., 1998); BIOME project (Prentice and Webb, 1998)) and simulated
climates (Kohfeld and Harrison, 2000). Besides, the hydrological response of the
Western Mediterranean region to global climate fluctuations, such as the Last Glacial
Maximum; the Younger Dryas and the Bolling/Allerad (Greenland stadial 1 (GS-1) and
interstadial 2 (GI-2), respectively, Hoek et al., 2008) or the internal structure of the
Early Holocene climate amelioration, are still unclear (Tzedakis, 2007). In the Iberian
Peninsula, the complex topography and the interplay of Atlantic and Mediterranean
influences (Harrison et al., 1996) limit the AGCMs reliability. In fact, marked
differences between western (e.g., Allen et al., 1996) and eastern (e.g., Carrién and
Dupré, 1996) climate reconstructions based on Iberian records have been documented.

Although a strong climatic linkage with the North Atlantic has been demonstrated, some



records have also shown a synchrony of arid events with the North African domain
(Reed et al., 2001).

In order to clarify these uncertainties, new long continuous records with
adequate chronological control are needed. In particular, closed lake basins located in
the semi-arid regions of mid-latitudes can provide useful proxy climate data in order to
improve the available models (Qin et al., 1998). In northeastern Spain, most of the
environmental reconstructions have been carried out in the high altitudes of the
Pyrenees (Jalut et al., 1992; Montserrat-Marti, 1992; Pla and Catalan, 2005; Gonzélez-
Sampériz et al., 2006) and the Iberian Range (Stevenson, 2000; Moreno et al., 2008;
Valero Garcés et al., 2008). The only available data for the low-land areas of the Central
Ebro Basin are based on the study of archaeological sites (Gonzalez-Sampériz, 2004;
Ferrio et al., 2006), slope (Gutiérrez-Elorza and Pefia-Monné, 1998; Gutiérrez, 2006)
and alluvial deposits (Rico, 2004; Sancho et al., 2007) or playa lake records (Davis,
1994; Schutt, 1998; Valero-Garcés et al., 2000b; Valero-Garcés et al., 2004; Gonzalez-
Sampériz et al., 2005; Davis and Stevenson, 2007; Luzén et al.,, 2007; Gonzalez-
Sampériz et al., 2008), which often lack a detailed chronology and are affected by the
presence of hiati.

The transitional area between the sub-humid Pyrenees and the semi-arid Central
Ebro Basin, a climatically sensitive region characterized by a strong hydrological
gradient (Cuadrat et al., 2008), is of special interest for the reconstruction of past
environmental and climate change. In this paper, we provide a multi-proxy
reconstruction of the palaeohydrological evolution of Estanya Lake during the last
21,000 yr which focuses on sedimentological and geochemical evidence from sediment
cores. Previous research carried out at this site (Riera et al., 2004; Riera et al., 2006;

Morelldn et al., 2008; Morellon et al., 2009) has shown the potential of this sequence as



a continuous archive of regional past hydrological fluctuations during the last millennia.
We also present an improved, robust chronological model which builds on the previous
set of dates published in Morellon et al. (2008). This model is based on 12 new
chronological dates and includes a reservoir correction. The Lake Estanya sedimentary
sequence constitutes a continuous record that provides an insight into the timing and
amplitude of millennial to centennial scale hydrological changes experienced in the area
since the LGM.
2. REGIONAL SETTING
2.1 Geological and geomorphological setting

'Balsas de Estanya' (42°02' N, 0°32' E; 670 m. a. s. l.) is a karstic lake complex
located at the southern foothills of the External Pyrenean Ranges in northeastern Spain
(Fig. 1). These mountain ranges are mainly composed of Mesozoic formations with E-
W trending folds and thrusts (Martinez-Pefia and Pocovi, 1984). Karstic processes
affecting Upper Triassic carbonate and evaporite materials outcropping along these
structures have led to the development of large poljes and dolines (IGME, 1982). The
Balsas de Estanya lake complex constitutes a relatively small endorheic basin of 2.45
km? (Lopez-Vicente, 2007) (Fig. 1B) that belongs to a larger Miocene polje (Sancho-
Marcén, 1988). Lake basin substrate is formed by Upper Triassic low-permeability
marls and claystones (Keuper facies), whereas Mid Triassic limestones and dolostones
(Muschelkalk facies) make up the higher relief of the catchment (Sancho-Marcén,
1988). The karstic system consists of two dolines with water depths of 7 m and 20 m,
and a seasonally flooded one (Fig. 1B). Several other sediment-filled karstic depressions
also occur in the area (IGME, 1982).

2.2 Climate and vegetation



The region has a Mediterranean continental climate with a long summer drought
(Ledn-Llamazares, 1991). Mean annual temperature is 14 °C ranging from 4 °C
(January) to 24 °C (July). Mean annual rainfall is 470 mm and mean rainfall for the
driest and most humid months are 18 mm (July) and 50 mm (October), respectively
(Meteorological Station at Santa Ana Reservoir, 17 km southeast of the lake). Most of
the precipitation is related to Atlantic fronts during the winter months, although meso-
scale convective systems produce some precipitation during the summer (Garcia-
Herrera et al., 2005).

The Estanya lakes are located at 670 m. a. s. I. at the boundary between the Quercus
rotundifolia and the Quercus faginea forest formations that corresponds to the
transitional zone between the Mediterranean and Submediterranean bioclimatic regimes
(Blanco-Castro et al., 1997) (Fig. 1A). The present-day landscape is a mosaic of natural
vegetation alternating with patches of cereal crops. Hygrophyte communities with
Phragmites sp., Juncus sp., Typha sp., and Scirpus sp., are developed in the littoral
zones of the lakes.

2.3 Lake hydrology and limnology

The main lake basin, 'Estanque Grande de Abajo' is composed of two sub-basins
with steep margins and maximum water depths of 12 and 20 m, separated by a sill, 2-3
m below present-day lake level (Fig. 1C), which only emerges during long dry periods
(Morellon et al., 2008), suggesting a dynamic of alternating connection and isolation of
the two basins over time. Maximum and minimum lengths are 850 m and 340 m,
respectively, and total lake surface is 188 306 m”. Lake volume has been calculated as
983 728 m® (Avila et al., 1984). The ‘Estanque Grande de Abajo’ has a relatively small

watershed (surface area = 106.50 Ha) (Lopez-Vicente, 2007). Although there is no



permanent inlet, several ephemeral creeks drain the catchment, providing clastic
material to the lake (Lopez-Vicente, 2007).

Archaeological evidence indicates water management in the area since the 12t
century (Riera et al., 2004; Riera et al., 2006). An artificial canal, partially collapsed,
connects the small lake ‘Estanque Grande de Arriba’ with the main lake. However,
given the negligible water volume provided by this canal, it is disregarded as a
significant input to the lake. There is no surface outlet, and the lake basin substrate,
composed of low permeability Upper Triassic Keuper facies, limits groundwater losses.
Thus, the modern hydrological balance of Lake Estanya is mainly controlled by
groundwater inputs and evaporation output. Estimated evapotranspiration
(Meteorological Station at Santa Ana Reservoir) is 774 mm yr', exceeding rainfall by
about 300 mm yr'. Consequently, the lake is mainly fed by groundwaters from the
surrounding local dolostone aquifer, which 1is probably connected to the
hydrogeological system of the Estopifian Syncline (Villa and Gracia, 2004).

Groundwaters are dilute (electrical conductivity (EC), 630 uS/cm and total
dissolved solids (TDS), 350 mg/l) carbonate and sulphate-rich, while lake water is
brackish (EC, 3200 uS and TDS, 3400 mg/l), sulphate and calcium — rich, indicating a
long residence time and a high influence of evaporation in the system. The lake is
monomictic, with thermal stratification and anoxic hypolimnetic conditions during
spring and summer (Table 1) and oligotrophic (Avila et al., 1984). Diatoms are
dominated by the genus Cyclotella and proliferate in the mixing season, until the
beginning of summer stratification season (Avila et al., 1984). Although the presence of
Chara sp. and aquatic macrophytes, such as Ranunculaceae, Potamogeton or
Mpyriophyllum has been reported, the development of these communities is limited by

the steep margins of the lake (Cambra, 1991).



3. MATERIALS AND METHODS

The Lake Estanya watershed was mapped using topographic and geological maps
and aerial photographs. Coring operations were conducted in two phases: four cores
were retrieved in 2004 using a modified Kullenberg piston coring equipment and
platform from the Limnological Research Center (LRC), University of Minnesota, and
an additional Uwitec® core was recovered in 2006. The deepest sites (1A and 5A) (Fig.
1C) reached 4.5 m and 11 m below the lake floor, respectively. The uppermost part of
the sequence was reconstructed using a short core (0A), recovered from closely adjacent
to sites 1A and SA (Fig. 1C). Physical properties (magnetic susceptibility and density)
were measured using a Geotek Multi-Sensor Core Logger (MSCL) every 1 cm. The
cores were subsequently split in two halves and imaged with a DMT Core Scanner and
a GEOSCAN 1I digital camera. Sedimentary facies were defined following LRC
procedures (Schnurrenberger et al., 2003).

An X-Ray Fluorescence (XRF) core scanner was applied to the longest core
sequences (1A and 5A). XRF data used in this study were produced by the new-
generation AVAATECH XRF II core scanner at the University of Bremen using an X-
ray current of 0.5 mA, at 60 s count time and 10 kV X-ray voltage. The core archive
halves were measured with 5 mm resolution for light elements (Al, Si, P, S, K, Ca, Ti,
Mn and Fe). Consistent with techniques used by Richter et al. (2006), the data obtained
by the XRF core scanner were expressed as element intensities. Statistical treatment of
XRF data was carried out using the SPSS 14.0 software. Additionally, the geochemistry
of 28 sediment samples, representative of different stratigraphic units was analyzed
using an Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES, JY 98)

at the EEAD-CSIC laboratory (Spain).



Cores were sub-sampled every 2 cm for Total Organic Carbon (TOC), Total
Inorganic Carbon (TIC) and Total Nitrogen (TN); every 5 cm for mineralogical analyses
and 8"°C in organic matter; every 10 cm for diatoms and pollen; and every 5 cm (core
1A) and 10 cm (core 5A) for biogenic silica (Bio Si) analysis. TOC and TIC were
measured in a LECO SC144 DR furnace. TN was measured by a VARIO MAX CN
elemental analyzer. Whole sediment mineralogy was characterized by X-ray diffraction
with a Philips PW1820 diffractometer and relative mineral abundance was determined
using peak intensity following the procedures described in Chung (1974a and b). Stable
carbon isotope composition of organic matter was analyzed by mass spectrometry
following standard procedures and using an IRMS Finnigan MAT 251. After carbonate
removal by acidification with HCI 1:1, 8" Corg was measured by an Elemental Analyzer
Fison NA1500 NC. Certified standards and replicated samples were routinely measured
with satisfactory results, being of an analytical precision better than 0.1%. The isotopic
values are reported in the conventional delta notation relative to the PDB standard. Bio
Si content was analysed following an automated leaching sequential method (De
Master, 1981), modified by Miiller and Schneider (1993).

Diatom samples were prepared using the methodology described in Abrantes et al.
(2005). Diatom valve abundance (VA) was evaluated based on the number of valves
observed per microscope field of view as a semi-quantitative approach. VA was
recorded as follows: 5 = high (> 10 valves per field of view), 4 = common (3-9 valves
per field of view), 3 = low (1-2 valve(s) per field of view), 2 = rare (1 valve in 2-30
fields of view), 1 = trace (very rare fragments present) and 0 = barren (no diatom valves
or fragment present). Preliminary determinations of the predominantly benthic or

planktonic ecology of diatoms were also carried out.



The chronology for the lake sequence is constrained by 21 accelerator mass
spectrometry (AMS) *C dates analyzed at the Poznan Radiocarbon Laboratory (Poland)
(Tables 2 and 3). Most of the dates are derived from terrestrial macro-remains, but eight
bulk organic matter samples were also analyzed due to the scarcity of organic remains at
some core intervals. Radiocarbon dates were calibrated using CALPAL A software
(Weninger and Joris, 2004) and the INTCALO4 curve (Reimer et al., 2004) selecting the
median of the 95.4% distribution (2c probability interval). The age/depth relationship
was obtained by means of a generalized mixed-effect regression (Heegaard et al., 2005).
4. RESULTS
4.1 The sedimentary sequence

Correlation between the cores was based on lithology, magnetic susceptibility
and density core logs (Fig. 2A). The 10 m long composite sequence for Lake Estanya
has been constructed with cores 1A and 5A, and short core (0A) for the uppermost part
of the sequence, correlated with 1A using organic matter and carbonate values (Fig.
2B).

Ten facies and seven sedimentary units were defined and correlated within the
five sediment cores recovered at the offshore, distal areas of the two Lake Estanya sub-
basins (Morellon et al., 2009). Reconstruction of depositional subenvironments for each
facies has enabled estimation of relative lake level changes (Table 4, Fig. 3).

Preliminary estimates of the relative content on diatoms are coherent with the
paleoenvironmental conditions reconstructed for each unit, and strengthen some of the
paleohydrological interpretations (Fig. 3). For example, moderate lake level conditions
during units VII and VI are also supported by relatively high diatom valve abundance
(VA). The main hydrological changes during the lower part of the sequence, indicated

by the facies associations are also reflected by qualitative diatom changes: 1) planktonic



diatoms dominated in carbonate-rich facies 7 (units VII and V) and laminated gypsum
facies (base of unit VI); ii1) the lake level decreases at the top of units VI and V are also
marked by an increase in benthic taxa and relatively low VA. Diatoms are nearly absent
in sedimentary unit IV, providing another line of evidence for ephemeral lake level
conditions at that time. The main sedimentological changes during the transition to unit
III are also well marked by qualitative changes in diatom assemblages. At the base of
unit III a large increase in VA took place. In Unit I, a gradual increase of VA and
dominant planktonic diatoms indicate higher lake levels.
4.2 Geochemistry
4.2.1 Elemental Geochemistry

The results provided by the XRF Core Scanner are given in Figure 4A. The
uppermost 69 cm of the sediment sequence could not be analyzed due to the poor
quality of core surface preservation. Given their low values and noisy character, P and
Mn were not taken into account for the analyses. Comparison with results obtained for
key elements in ICP-MS (K, Ca, Fe) and in LECO analyzer (S), has shown significant
correlation in all the cases (Fig. 4B), thus supporting the reliability of the
measurements. The downcore profiles of light elements correspond clearly with the
facies distribution, defined on the basis of sedimentological and compositional analyses
(Figs. 3 and 4): 1) Si, Al, K, Ti and Fe, with variable, but predominantly higher values in
clastic dominated — intervals; ii) S associated with the presence of gypsum-rich facies;
and iii) Ca, which displays maximum values in gypsum-rich and carbonate-rich facies.
The first group of elements shows the highest values within unit I and along clastic-
dominated subunits I1.2, IT1.2, I11.4 and IV.1, lower values in units V and VI, and higher
but variable values in unit VIIL. Inversely, S values are low in these intervals and higher,

but variable in subunit II.1, most of unit III, subunit IV.II and units V and VI. Finally,



Ca shows a more complex behaviour, as a result of its different sources (endogenic and
detrital carbonates derived from the watershed and reworked littoral sediments, and
gypsum) (Figs. 3 and 4). Calcium values are generally higher in the lower half of the
record, where carbonate-rich and gypsum-rich facies are dominant (units VII, VI, V and
IV), and lower, although variable in the clastic and organic- dominated upper units
(units III, 1T and I).

Principal Component Analysis (PCA)

Principal Component Analysis (PCA) was carried out using this elemental
dataset (7 variables and 1289 cases). The first two eigenvectors of PCA account for
88.09% of the total variance (Table 5A). The first eigenvector represented 66.73% of
the total variance, and displays high positive scores for Al, Si, K and Ti (Table 5B, Fig.
5). The second eigenvector accounts for 21.36% of the total variance, and it is
characterized by high negative scores for Ca and, to a lesser extent, S, and high positive
scores for Fe at the positive end (Table 5B, Fig. 5). The other eigenvectors defined by
the PCA analysis (5) were not taken into account to interpret the geochemical
variability, given that they explained low percentages of the total variance (< 15%)
(Table 5A).

The PCA analysis supports the inferences: (i) that Al, Si, K, Ti and Fe have a
common origin, probably related to their occurrence in silicates and (ii) that Ca and S
display a similar behaviour, due to their presence in carbonates and gypsum . The Fe
contributes to both of the two first eigenvectors and it shows a complex pattern (Table
5B, Fig. 5), likely due to the influence of redox conditions in its deposition (Mackereth,
1966; Tracey et al., 1996; Schaller et al., 1997; Cohen, 2003) and its presence in other
minerals (e.g., oxides) apart from silicates. Thus, eigenvector 1 represents clastic input

and eigenvector 2 represents carbonate and sulphate deposition. Although clastic



carbonates also occur, the eigenvector 2 is mostly dominated by gypsum and carbonate
endogenic formation and, consequently, can be interpreted as water salinity.

Following Giralt et al. (2008) and Muller et al. (2008) (among others), the
location of every sample with respect to the new vectorial space defined by the two first
PCA axes and their plot with respect to their composite depth allow us to qualitatively
reconstruct the evolution of clastic input and water salinity along the sequence. Positive
eigenvector 1 scores represent higher clastic input and characterize intervals in the mid-
upper part of the sequence, dominated by clastic facies (1, 2 and 3) and carbonate-rich
facies 6, whose mineralogical content also accounts for a considerable percentage (60 to
75%) in silicates (Fig. 4). In contrast, negative eigenvector 2 scores indicate higher
salinity and characterize the lowermost part of the sequence (units V, VI and VII),
dominated by gypsum-rich and carbonate-rich facies; whereas higher but highly
variable values are recorded at the mid and upper part of the record.

4.2.2 Organic geochemistry and stable isotopes

TOC, TN and atomic TOC/TN ratio

The TOC content of the Lake Estanya sequence averages 4% but is highly
variable, oscillating from 2.8% (clastic facies) to 6.6% (organic-rich facies) and,
reaching maximum values of up to 20% at some intervals (Fig. 3). Organic content of
Units VII to IV (956.6 to 409.5 cm) is relatively low, averaging 2.3%. Units II and III
show the highest variability of TOC values. Decimetre-thick intervals dominated by the
development of sapropels microbial mats and benthic diatoms (facies 4 and 5, subunits
1.1, I1.3, IIL.5 and II1.7) characterized by highest TOC values, reaching up to 20% in
some cases, alternate here with clastic dominant intervals (facies 1, 2 and 3, subunits

I1.2, III.2 and II1.4) with relatively low values (0-5% range). In contrast, TOC values



remain low and constant within unit I, peaking up to 5% in some levels with plant-
debris laminae.

Total Nitrogen (TN) values, ranging from 0 to 2%, parallel the TOC curve,
leading to predominantly constant values of the atomic TOC/TN ratio, centered around
13 (Fig. 3). Typical values for algae are below 10, whereas vascular plants are
characterized by ratios higher than 20 (Meyers and Lallier-Verges, 1999). Thus, the
organic matter present in Lake Estanya sediments is predominantly of lacustrine origin
with a minor but significant influence of terrestrial plant remains derived from the
catchment. However, a slight decreasing upward trend can be observed, changing from
values around 15 (units VI to IV) to 11 (unit I), probably reflecting a progressive
decrease in the influence of land-derived organic matter (Meyers and Lallier-Verges,
1999), coherent with sedimentary facies evolution. Additionally, several peaks up to 30
and even 40 appear associated to clastic-rich intervals with plant debris derived from the
catchment (Fig. 3).

8"C in organic matter

Organic matter 5"°C values range from -20 to -35%o. Highest values (-20 to 25
%0) occur in the lower sequence (536 — 955 cm core depth, units VII to V), leading to
generally more highly negative but variable values (—30 to —35 %o) from unit IV and III
(536 — 175 cm core depth) with significant shifts within units II and unit I (Fig. 3).
Given that atomic TOC/TN ratio values are generally constant throughout the sediment
sequence and do not match changes in 513 Corg, 1sotopic fluctuations must be interpreted
mostly as changes in lake productivity and trophic status rather than as changes in
organic matter sources (Meyers and Teranes, 2001). Isotopically &' Corg enriched values
(-25 to -20%0) occurring through the lower to mid part of the sequence (units VIII to

IV), are heavier than expected for lacustrine algae (Meyers and Lallier-Verges, 1999),



and correlate with intervals characterized by low organic matter content, dominant
gypsum and carbonate-rich facies over clastic facies and geochemically more saline
conditions (Fig. 4). Lower algal bioproductivity could be a significant factor, however
an increase in alkalinity has been proposed to explain 813C0rg enrichments in lakes not
influenced by land-derived organic matter or algal productivity (Brenner et al., 1999).
Reduced availability of dissolved atmospheric CO, (8"°C ~ 7%o) caused by high
alkalinity waters in saline, shallow conditions drives algae towards the incorporation of
heavier carbon derived from HCO;3 (Keeley and Sandquist, 1992) and thus leading
towards isotopically ' Corg enriched organic matter in sediments.

In contrast, more 813C0rg depleted values occurring in the uppermost 410 cm
with higher TOC in an inferred deeper lacustrine phase point to enhanced lacustrine
algae productivity. Intervals within units III and II with higher TOC generally
correspond to more &' Corg depleted values. The uppermost unit I is characterized by
lower TOC values, but slightly higher 8" Corg 1sotopic values similar to those of clastic
intervals in unit III. This reduction in TOC values coincides with the occurrence of
clastic facies, and an increase in the sedimentation rate (see below), which might be
responsible of an apparent dilution of the organic content in sediments under similar
biological productivity, as observed in other sites (e.g., Dean 1999).

Thus, isotopically enriched &' Corg values in Lake Estanya record correspond to
periods of increased alkalinity, shallower conditions, and reduced organic productivity,
whereas relatively depleted 813Corg values, in the range of lacustrine algae, reflect
reduced alkalinity, deeper conditions and increased organic matter productivity,
coherent with sedimentary facies evolution and elemental geochemistry. The inverse

evolution of 813C0rg and PCA axis 2 (salinity) along the sediment sequence, reinforces



this interpretation, indicating a clear relationship between water salinity and organic
productivity (Figs. 3 and 4).

Biogenic silica

Biogenic silica (Bio Si) concentration in Lake Estanya sequence is relatively
low, ranging from 0% to 5% in weight, and peaking up to 13% in some intervals (Fig.
3). Opaline material is scarce throughout the lower part of the record (units VII to 1V),
with variable but relatively higher values in the lowermost units VII and VI, and
decreasing upwards, along units V and IV. An abrupt increase is recorded at unit III,
where several peaks up to 13% and 7% occur at the lower part. Unit II is characterized
by variable but higher values, leading to another decrease associated to the deposition of
clastic-rich unit I, characterized by relatively low values. Finally, Bio Si also increases
in the uppermost subunit I.1.

Variations in biogenic silica (Bio Si) mainly reflect changes in diatom primary
productivity in the euphotic zone (Colman et al., 1995; Johnson, 2001). The main trends
observed in the Lake Estanya Bio Si record broadly parallel changes in TOC, TN,
813C0rg and VA, thus supporting this interpretation. Generally lower values recorded
throughout the lowermost part of the record (units VII to IV) coincide with generally
lower TOC and TN concentrations and higher 813C0rg, indicative of low organic
productivity. However, lower amplitude Bio Si fluctuations, such as variations within
units VII, VI and III show a more complex relationship with these proxies and with
abrupt, rather than gradual changes. Since larger diatoms contribute more to Bio Si than
smaller ones, absolute values of VA and Bio Si are comparable only within
communities of similar taxonomic composition.

4.3 Chronological model



The chronology for the Lake Estanya sequence is based on 21 AMS radiocarbon
dates from cores 1A and 5A (Tables 2 and 3). Aquatic organic matter from karstic lakes
could have a significant radiocarbon reservoir effect because of the carbonate fluxes
from the aquifers and watershed and due to its relation with lake dynamics it is unlikely
to remain constant through time (Oldfield et al., 1997). To assess reservoir effect in
Estanya, pairs of bulk organic matter samples and organic macro-remains were dated at
three different core depths corresponding to the main depositional environments found
along the sequence (Morellon et al., 2009) (Table 2). Accordingly, the obtained age
difference has been subtracted to radiocarbon dates derived from bulk organic matter
samples from similar depositional subenvironments.

In the case of Unit I, representative of a similar depositional environment to
present-day lake conditions (Fig. 3), the difference between dates obtained for bulk
organic matter and terrestrial macroremains has been estimated as - 585 + 60 '*C yrs.
For bulk organic matter samples corresponding to units II to VI, a correction of - 820 +
100 "C yrs was applied. Finally, in unit VIII, bulk organic matter age is 940 + 170
years younger than an organic macrorest at the same core depth, suggesting the
reworked nature of the latter sample selected for dating. Thus, both dates were rejected
for the construction of the age model (Fig. 6 and Table 2). The chronological model for
Unit I based on radiocarbon dates is coherent with sedimentation rates (2.9 mm/yr)

obtained from *’Cs and '

Pb chronologies (Morellon et al., in press), and strengthen
the reliability of the reservoir effect calculations for other units.

Linear sedimentation rates (LSR) obtained for clastic-dominant intervals range
from 1.6 mm/yr (subunit I11.4) to 2.1 mm/yr (unit I), whereas those obtained for the rest

of the sequence range from 0.2 to 0.4 mm/yr (Fig. 6A). Consequently, the LSR obtained

with the two radiocarbon dates located within subunit II1.4 was applied throughout this



interval and subunit II1.2. Thus, the four tie points obtained for the base and top of both
clastic dominant intervals were introduced in the age model in order to not overestimate
the time period represented by these core intervals (Fig. 6B).

The age/depth relationship for the sequence (Fig. 6A) was constructed with the
17 calibrated corrected dates (Table 3, Fig. 6A) and the four tie points (Fig. 6B). The
average confidence interval of the error of the age model is ca. 150 yr. The resultant
age-depth model for the Lake Estanya record described in this paper indicates that the
9.8 m of sediment sequence spans from ca. 21 000 cal yrs BP to the present.

5. DISCUSSION

Integration of sedimentary facies, elemental geochemistry, 613Corg, Bio Si and
VA data provides coherent evidence for changes in lake hydrology and limnological
evolution, which can be grouped in four main stages for the last 21 cal kyrs BP: Stage
1) Last Glacial Maximum (21-18 cal kyrs BP), corresponding to the lowermost
sedimentary unit VII; Stage 2) Late glacial and Early Holocene (18 — 9.4 cal kyrs BP)
represented by units VI to IV; Stage 3) Mid and late Holocene period (9.4 — 1.2 cal kyrs
BP), equivalent to unit I1I; and finally, Stage 4) Last 1200 years, comprising units Il and
I (Fig. 7).

5.1 Stage 1: Last Glacial Maximum (LGM) (21 — 18 cal kyrs BP)

The oldest sediments recovered (unit VII) represent a relatively shallow
carbonate-producing lake system during the LGM. Seismic stratigraphy showed that
during this stage, deposition was restricted to the central areas of both sub-basins, that
remained predominantly disconnected until the onset of the Holocene indicating
relatively moderate to shallow lake levels (Morellon et al., 2009). Fluctuations in water
level and chemical concentration led to the deposition of alternating carbonates (facies

7, predominant) and gypsum (facies 9) sequences. Additionally, higher atomic TOC/TN



ratios suggest more terrestrial influence in the organic matter origin, compared to the
upper part of the sequence (Fig. 3). The 8"°C enrichment in organic matter (813COrg
ranging from -20 to -25%o) indicates alkaline conditions and low algal productivity.
Relatively high Bio Si concentration and VA is coherent with brackish waters and low
organic productivity shown by sedimentological and geochemical results.

Relatively high lake levels and periods of fresh water conditions during the
LGM may seem counterintuitive. These limnological features in Estanya could be
interpreted as an evidence of an early stage of karstic lake development, when the
hydrological system was still open because the bottom of the lake was not completely
sealed off (Kindinger et al., 1999; Morellon et al., 2009). A short residence time for lake
water due to a better connection with the aquifer during periods of increased subsidence
could explain the absence of evaporite facies at the base of the sequence.

However, there is other regional evidence to suggest periods of relatively high
water availability in Mediterranean region during the LGM. The preservation of
lacustrine sediments in several records from playa-lakes in the nearby Central Ebro
Basin during this period (Valero-Garcés et al., 2000a; Valero-Garcés et al., 2000b;
Valero-Garcés et al., 2004; Gonzélez-Sampériz et al., 2008), suggests phases of
increased moisture. Furthermore, the onset of a karstification period in this region also
indicates a relatively positive water balance (Valero-Garcés et al., 2004), probably
related to decreased evaporation during the cold LGM.

Relatively high potassium content in the Minorca drift sequence (Frigola et al.,
2008), indicating significant river flow activity and sediment delivery from the Ebro and
Rhoéne river watersheds also points towards a relatively positive water balance in the
region (Fig. 7). Although fluvial discharge from melting glaciers in Pyrenean rivers

could have been smaller than during the maximum glacier extent (around 60 kyrs in the



Cinca and Gallego rivers), there is some evidence in the form of flood deposits in LGM
terraces, (Sancho et al., 2003) indicative of a period of high discharge during the LGM.

In agreement with this evidence, global vegetation reconstructions show a
multifaceted pattern for non-glaciated areas of Southern Europe, with patches of
deciduous forests in dominant steppe landscapes (Prentice and Jolly, 2000; Allen et al.,
1999; Tzedakis, 1993). Regional vegetation reconstructions for NE Spain have also
shown that cold steppe formations dominated the glacial landscapes with minor
presence of conifers and restricted occurrence of mesothermophytes (Montserrat-Marti,
1992; Pérez-Obiol and Julia, 1994; Gonzalez-Sampériz et al., 2005; Gonzéalez-Sampériz
et al., 2006).

Large discrepancies between models and regional reconstructions of humidity
estimations for the LGM in SW Europe and the Mediterranean Basin occur, especially
in southern areas close to mountains, which are difficult to model (Kageyama et al.,
2001; Ramstein et al., 2007). However, recently published high-resolution simulations
show positive annual precipitation anomalies for this area (Jost et al., 2005), as a result
of warmer SST than the overlying air.

In summary, the Lake Estanya record agrees with the main inferred regional
trends of water availability during glacial times, in the context of global cold
temperatures and reduced precipitation and evaporation reconstructed for this period.
This scenario is not in conflict with periods of more positive hydrological balance
because reduced summer insolation (Fig. 7) could have contributed to decrease
evapotranspiration in the watershed during the summer months, contributing to
relatively high lake levels without a significantly increase in rainfall.

5.2. Stage 2: Late glacial to early Holocene (18.0 — 9.4 cal kyrs BP)

5.2.1 ‘Termination I (18.0-14.5 cal kyrs BP)’



Generalized carbonate production in Lake Estanya finished at ca. 18.0 cal kyrs
BP, leading to the establishment of a closed, permanent saline lake characterized by an
evaporitic (i.e., gypsum-rich) dominant sedimentation. A significant reduction in runoff,
as indicated by decreased clastic input, is synchronous with this change. 813C0rg values
remain in the range -20 to -25%o, indicating alkaline conditions and relatively low
productivity, also recorded by decreasing Bio Si values. This aridification trend, lasting
from 18.0 to 14.5 cal kyrs BP could be related to the so-called Mystery Interval (17.5 —
14.5 cal kyrs BP) (Denton et al., 2005; Cheng et al., 2006; Denton et al., 2006), a
cooling phase in the northern Hemisphere caused by the collapse of the North Atlantic
Deep Water (NADW) formation. This period has also been recorded by marine
sequences around the Iberian Peninsula (IP) as a cold and dry interval (e.g., Cacho et al.,
2001).

In the Lake Estanya record, the Mystery Interval (17.5 — 14.5 cal kyrs BP) was
punctuated by a significant hydrological change lasting from 17.3 to 16.2 cal kyrs BP.
The occurrence of finely laminated gypsum-rich facies 8 (lower unit VI) indicative of
higher salinity contrasts with the dominance of planktonic diatoms indicative of fresher
and pelagic conditions. This contradiction might be the result of the development of
saline stratification, as observed in other saline lakes (e.g., North American Great Plains
(Valero-Garcés and Kelts, 1995; Last and Vance, 1997)), with planktonic communities
in the epilimnion at the same time as evaporitic minerals precipitate in the hypolimnion.

This short period (17.3 — 16.2 cal kyrs BP) with a more positive water balance
ended abruptly in Lake Estanya, approximately coinciding with the onset of Heinrich
event 1 (HEI). Distal finely laminated facies 8 were gradually substituted by cycles of
clastic facies 2.2 (flooding) and banded gypsum facies 9 (dessication) typical of

ephemeral lake deposition. Coherently, the low Bio Si values indicate a significant



decrease in diatom productivity and/or preservation potential. This low lake level phase
coincides with a regional maximum aridity phase recorded by the latest Artemisia
expansion in the Pyrenees prior to the Holocene climatic amelioration (Jalut et al, 1992;
Montserrat, 1992; Reille & Lowe, 1993; Gonzalez-Sampériz et al., 2006).

The final massive discharge of icebergs in the North Atlantic during HE1 had an
important impact on the western Mediterranean Sea leading to very cold SST (Cacho et
al., 1999; Sierro et al., 2005) as well as a rise in steppe taxa in the Alboran Sea (Sanchez
Gonii et al., 1999; Combourieu Nebout et al., 2002; Sanchez-Goiii et al., 2002), the
Iberian Margin (Naughton et al., 2007) and the Gulf of Lions (Beaudouin et al., 2005;
Beaudouin et al., 2007). A climatic model for Alboran Sea predicts enhanced aridity in
the continental areas, and significantly drier conditions than those recorded for the LGM
(Kageyama et al., 2005), as documented by a high-resolution pollen sequence (Fletcher
and Sanchez Goiii, 2008). The Estanya record provides further support to the hypothesis
of periods during the late glacial which were more arid than the LGM.

5.2.2 The Bolling/Allerod interstadial (GI12) (14.5 — 12.8 cal kyrs BP)

Estanya lake level status remained stable, with relatively shallow, saline
conditions through unit VI prevailing until 13.5 cal kyrs BP, as indicated by the
dominance of gypsum-rich facies 9 and rather stable values of the salinity and clastic
input indicators as well as 813C0rg. A significant negative excursion of 613C0rg values
reflects an increase in organic productivity likely related to a decrease in alkalinity,
leading to lacustrine algae values and thus, deeper lake level conditions. This scenario
evidences a trend towards moister and warmer conditions starting at 15 cal kyrs BP.
Lake deposition returned to carbonate-rich facies 7 between 13.5 and 13.3 cal kyrs BP
indicative of a brief interval of brackish water conditions and thus, a relatively more

positive water balance in Lake Estanya.



This warming trend probably corresponds to the Bolling/Allerad (B/A)
interstadial (GI2), between 14.5 and 12.6 cal kyrs BP, as a result of a recovery of the
NADW after the previous collapse associated to the HE1 and subsequent temperature
increase of the North Atlantic Ocean (Martinson et al., 1987). This event led to a rapid
rise in SST in the Iberian Atlantic Margin (Martrat et al., 2007) and the western
Mediterranean basin (Cacho et al., 2001). Marine pollen sequences offshore from NW
Iberia registered the first decline in herbaceous steppe association typical of glacial
conditions and a more or less important expansion of deciduous trees (Naughton et al.,
2007), indicative of more humid conditions. This period has been widely recorded in
most continental sequences of the IP as an expansion of deciduous forests, which took
place at a faster rate at mid to low altitudes of northeastern (e.g., Lake Banyoles (Pérez-
Obiol and Julia, 1994)), eastern (e.g., Navarrés (Carrion and Dupré, 1996)) and southern
areas (e.g., Padul (Pons and Reille, 1988)) than in high mountain sites (Jalut et al., 1992;
Montserrat-Marti, 1992; Penalba et al., 1997; Gonzélez-Sampériz et al., 2006) and
northwestern Spain (Ramil-Rego, 1993; Allen et al., 1996; van der Knaap and van
Leeuwen, 1997).

5.2.3 The Younger Dryas (GS1) (12.8 - 11.6 cal kyrs BP)

The B/A interstadial period was followed by a lake-level drop and salinity
increase in Estanya, as indicated by the return towards the deposition of gypsum-rich
facies 9 at the mid and upper part of unit V, and an abrupt decrease in organic
productivity (marked by positive excursion of 813C0rg and a sharp decrease in Bio Si,
compared to previous B/A values). The extremely low values of Bio Si recorded
between 12.8 and 11.8 cal kyrs BP correlate with the near absence of diatoms, which

occurs for the first time throughout the record, indicating either almost total desiccation



or extremely alkaline conditions responsible for frustule dissolution, as observed in
other shallow saline lakes of the Iberian Peninsula (Reed, 1998).

According to the age model, this cold and arid phase coincides with the Younger
Dryas (YD) Stadial (GS1) (12.9 - 11.7 cal kyrs BP), characterized by a generalized
return towards colder and arid conditions in Europe and the Mediterranean Basin
(Bjorck et al., 1998). The palacoceanographic impact of this event has been widely
detected in the Mediterranean Sea (Cacho et al., 2001) as a brief return towards glacial
conditions, marked by a SST drop and the reappearance of polar foraminifera
Neogloboquadrina Pachyderma (Cacho et al., 1999; Martrat et al., 2007; Frigola et al.,
2008). Marine pollen sequences derived from these sites also point towards colder and
arid conditions (Sanchez Goiii et al., 1999). Varved lacustrine sequences over Central
and North Europe have also shown an immediate, quasi synchronous response to
changes derived from Greenland ice core records characterized by colder and drier
conditions likely caused by intensified westerly winds (Litt et al., 2001; Brauer et al.,
2008).

However, different responses are observed in continental Iberia. In contrast to
the earlier B/A interstadial, environmental changes during the YD appear to be more
marked in mountainous areas (e.g., the Pyrenees (Gonzéalez-Sampériz et al., 2006), or
the Iberian Range (Vegas et al., 2003)) than in mid-to-low altitude sites (e.g. Lake
Banyoles, (Pérez-Obiol and Julia, 1994)) and southern Iberia (e.g., Padul (Pons and
Reille, 1988); Lake Siles, (Carrion, 2002); Navarrés (Carrion and Van Geel, 1999)),
reflecting a complex pattern of environmental responses. In Lake Estanya, synchronous
response of water chemistry and productivity proxies indicates an abrupt hydrological
change driven by more arid conditions.

5.2.4 Early Holocene (11.6 — 9.4 cal kyrs BP)



Lake Estanya experienced a new lake-level drop after the YD and prior to the
onset of the Holocene. During this period (11.6 - 9.4 cal kyrs BP), represented by unit
IV, Lake Estanya was a shallow, ephemeral, saline lake — mud flat complex with
carbonate-dominated sedimentation during flooding episodes (facies 6), and gypsum
precipitation (facies 10) during desiccation phases. The occurrence of interstitial and
intra-sedimentary gypsum crystals and presence of dolomite are suggestive of
predominantly shallow conditions (Schreiber and Tabakh, 2000) (Fig. 3). During this
interval, the geochemical and mineralogical proxies indicate an increase in clay content
that commonly occurs in ephemeral lake systems with higher alluvial and aeolian input
(Cohen, 2003) (Fig. 5). Low Bio Si and low VA are coherent with dominant ephemeral
lake conditions. Sedimentological and geochemical proxies indicate that the lowest lake
level of the sequence was reached during this period.

However, other NE Spain sequences as El Portalet (Gonzéalez-Sampériz et al.,
2006) or Banyoles (Pérez-Obiol and Julia, 1994) (Fig. 7) document an immediate
response of regional vegetation to the YD/Holocene transition. This mismatch between
local hydrological conditions and regional vegetation signal can be attributed to the
specific features of the sedimentary basin (groundwater-fed) as described in other lakes
(Lake Salines (Giralt et al., 1999)). On the other hand, increased summer temperatures
might have favoured lower lake levels (Fig. 7) due to enhanced evapotranspiration, but
might secondarily favour the development of M-T vegetation.

The progressive dominance of facies 6 over facies 10 after 9.9 cal kyrs BP
indicates a slight increase in humidity, in agreement with the negative excursion of
613C0rg reflecting enhanced algal productivity and decreased alkalinity. The slight
increase in Bio Si, also suggests less alkalinity and/or permanent shallow conditions.

Finally, full Holocene conditions are reached after an abrupt transition at 9.4 cal kyrs



BP, when facies 6 are drastically substituted by deeper facies 5 and Bio Si content
increases dramatically. The onset of unit III, represents a large hydrological and
limnological change in the lake, starting with a plant debris-rich layer deposited
throughout the lake basin, indicative of an extreme runoff event, possibly responsible
for the rise of lake level. An increase in magnitude and frequency of precipitation and
surface runoff would explain the lake level rise and the establishment of a relatively
deep saline lake. Seismic stratigraphy also shows this transgressive event and that both
subbasins were predominantly connected during the Holocene (Morellon et al., 2009).

This delayed hydrological response to the onset of the Holocene has also been
documented in several sites of the Mediterranean Basin. In fact, Lake Banyoles, a
representative sequence from NE Spain (Pérez-Obiol and Julia, 1994), has also recorded
the final decrease in steppe taxa at 9.5 cal kyrs BP; and in Lake Salines (Giralt et al.,
1999), stable hydrological conditions in the basin were not reached before 10 kyrs.
Accordingly, Early Holocene pollen records from the Alboran Sea, dominated by
evergreen Quercus, Artemisia and Cupressaceae, experienced a rapid increase in
deciduous oaks after 9.4 cal kyrs BP (Fletcher and Sanchez Goiii, 2008). The
coincidence of this situation with the onset of humid conditions in North Morocco at
8500 '*C yrs (about 9500 cal yrs BP) shown by the rise in Quercus (Lamb et al., 1989)
is remarkable, and is also recorded by marine pollen sequences (Marret and Turon,
1994).

Alternatively the delay in the hydrological response of Lake Estanya could be
due to the different response time of depositional systems and vegetation to similar
hydrological and climate forcings. As explained above, most changes in sedimentary
facies respond to threshold values, generating apparent abrupt changes not recorded by

other proxies. In Lake Salines, mesic pollen taxa increased at the beginning of the



Holocene (10 000 '*C yrs BP, ca. 11 500 cal yrs BP), the first lacustrine biota appeared
at 9500 '*C yrs BP (ca. 10 800 cal yrs BP), and the main change in lacustrine
depositional environment occurred later at 9000 '*C yrs BP (ca. 10 000 cal yrs BP)
(Giralt et al., 1999). This time lag has been interpreted as a result of different systems
responses to a gradual increase in water availability.

5.3 Stage 3: Mid to late Holocene

5.3.1 Mid Holocene (9.4 — 4.8 cal kyrs BP)

The increase in water level led to the establishment of a saline, permanent,
relatively deep lake with development of organic — rich facies with microbial mats
(facies 5) and gypsum (facies 4) lasting until 4.8 cal kyrs BP (low to mid sedimentary
unit III). This change is also reflected by more negative 813C0rg trend, that remain stable
throughout this period reaching values of about -30%o, indicative of lower alkalinity and
enhanced algal productivity (Meyers and Lallier-Verges, 1999). Both, the presence of
microbial mats and the high abundance of benthic diatoms suggest higher but moderate
lake levels. This relatively humid phase recorded in Lake Estanya coincides with the
Holocene Climatic Optimum, a period characterized by the warmest and moistest
conditions of the Holocene, with the most important expansion of deciduous forests
elsewhere in the Mediterranean region and Central Europe (Magny, 2002).

Abrupt environmental changes occurring within this period are indicated in
Estanya sequence by changes in salinity and organic productivity (Fig. 7). Periods of
increased runoff and sediment delivery from the catchment are recorded by the
deposition of clastic facies in subunits II1.2, I1I.4 and II1.6 (Fig. 3) resulting in peaks in
clastic input and by low salinity values (Fig. 7). The deposition of these layers, centred
around 8.6, 6.2 and 4.8 cal kyrs BP according to our chronological model, can be

attributed to short-lived episodes likely caused by intense runoff events in the



watershed. However, the occurrence of several mm-thick fining upwards sequences
within these layers indicates that they do not represent single detrital input events, but
brief periods of clastic-dominant sedimentation probably reflecting increased runoff and
sediment delivery in the watershed.

Although some records from the IP (Laguna Medina; Reed et al., 2001), the
nearby Pyrenees (Gonzalez-Sampériz et al., 2006) and the southern Ebro valley
(Gonzalez-Sampériz et al., 2009) have shown an impact of the the so-called 8.2 ka event
(Alley and Agustsdoéttir, 2005) in hydrology, vegetation and even in patterns of human
occupation no clear evidence has been found in Estanya. The observed increase in
sulphur, related to enhanced gypsum precipitation (Figs. 4 and 5), the higher salinity
and relatively low biological productivity deduced from Bio Si and 813C0rg (Fig. 7) are
all indicative of relatively arid conditions around this event. However, the chronological
resolution is too low and the intensity of this excursion as deduced by the comparison
with previous late glacial fluctuations suggests a small response to the 8.2 ka cooling
event.

Regional pollen records show a vegetation dominated by the deciduous tree
component and parallel to the almost dissapeareance of the steppe taxa, reflecting the
warmer and moister conditions that characterize the Climatic Optimum here
(Montserrat-Marti, 1992; Stevenson, 2000; Gonzalez-Sampériz et al., 2006); and
elsewhere in the IP (e.g., Pons and Reille, (1988); Reed et al., (2001); Carridn, (2002);
Dorado-Valifio et al., (2002), among others) and southern Europe (Prentice and Webb,
1998; Rossignol-Strick, 1999; Jalut et al., in press). Palacoclimatic models (Cheddadi et
al., 1996; Brewer et al., 2007; Wu et al., 2007) also predict warmer and moister
conditions for this period.

5.3.2 Late Holocene (4.8 to 1.2 cal kyrs BP)



More saline and shallower conditions were dominant again in Lake Estanya
between 4.8 and 1.2 cal kyrs BP, as indicated by the deposition of gypsum-rich facies
10 and massive sapropels facies 4 (subunit III.1), the frequent development of coarser
grain size gypsum nodules (Fig. 3) and the reduced detrital input from the catchment,
restricted to cm-thick clastic intercalations (Fig. 3). This aridification trend coincides
with the end of the African Humid Period (de Menocal et al., 2000; Gasse, 2000).
However, in Lake Estanya the transition is progressive rather than abrupt, in agreement
with the gradual response of terrestrial ecosystems to mid Holocene change in N Africa
lakes (Kropelin et al., 2008).

The most arid conditions within this period occurred between 4.8 and 4 cal kyrs
BP, as marked by relative maximum salinity values, more positive &' Corg values
indicative of maximum alkalinity and decreased algal productivity. This relatively dry
phase has been widely detected in the IP (Pons and Reille, 1988; Davis, 1994; van der
Knaap and van Leeuwen, 1995; Yll et al., 1997; Reed et al., 2001; Carrion et al., 2003;
Carrion et al., 2007; Gonzalez-Sampériz et al., 2008) and elsewhere in the
Mediterranean basin (Roberts et al., 2001; Sadori and Narcisi, 2001; Magny, 2002; Bar-
Matthews, 2003).

5.3.3. Stage 4: The last 1200 years

A transition towards less saline conditions, higher lake level and increased
runoff started at about 1200 cal yr BP with deposition of subunit I1.2 (1200 cal yrs BP
to 870 cal yrs BP) (Fig. 7). This transgressive period was interrupted by the deposition
of a thick gypsum layer (subunit II.1, 870 to 750 cal yrs. BP) indicative of a sharp drop
in lake level and increased salinity, accompanied by higher &' Corg, and decreased Bio
Si. The timing of this period coincides with the the Medieval Climate Anomaly, a

period of warmer temperatures and widespread aridity in southern Europe (Bradley et



al., 2003). In Lake Estanya it also correlates with the conquest of the territory by the
Christians (Riera et al., 2004) and the beginning of large changes in the landscape and
the watershed with farming activities and irrigation.

A major depositional change occurred at 750 cal yrs BP marked by the
substitution of organic and gypsum-rich by clastic-rich facies, similar to the present-day
deposits. This thick clastic sequence (sedimentary unit I) was continuously deposited
throughout the whole lake basin as indicated by seismic data, marking a transgressive
episode (Morellon et al., 2009). A deep brackish to freshwater lake with seasonal water
stratification, more negative 813C0rg values and higher Bio Si and VA, indicative of
lower alkalinity and enhanced algal productivity is established. This environmental
change could be due to an increase in humidity, as observed in other Spanish lakes (e.g.,
Taravilla (Moreno et al., 2008), Zonar (Martin-Puertas et al., 2008)) and fluvial deposits
(Benito et al., 2003).

The remarkable rise in the linear sedimentation rate (from 0.30 to 2.11 mm/yr)
(Fig. 6) is likely the result of land-use changes and/or forest clearances, derived from
the Christian conquest of the area in the 12 century (Riera et al., 2004). Additionally,
evidences of an old canal of the same age connecting the main lake with the small
‘Estanque Grande de Arriba’ also exist (Riera et al., 2004). However, given the low
volume of this lake in comparison with the main lake, ‘Estanque Grande de Abajo’, this
rise in water level cannot be exclusively attributed to this connection. Lake catchment
deforestation may have contributed to reduce water interception, increasing soil
permeability and favouring aquifer recharge, thus contributing to a rise in lake level
(Lopez-Moreno et al., 2008). Further research will clarify the role of human
management and climate change in this major last phase of environmental

transformation occurred in Lake Estanya during the last centuries.



6. CONCLUSIONS

Lake Estanya has experienced significant hydrological fluctuations over the last
21 kyrs, in response to climate variability. In agreement with most reconstructions,
generally arid and cold conditions, reflected by moderate to shallow lake levels, high
salinity and reduced organic productivity prevailed during lateglacial times, whereas
higher lake levels prevailed during the Holocene period.

Although most regional records indicate that the LGM was a generally cold and
arid period, in Lake Estanya moderate lake levels occurred and it was not the most arid
interval recorded in the last 21 cal kyrs BP. The LGM was followed by a marked
increase in aridity, coinciding with the Mystery Interval (18 - 14.5 cal kyrs BP), also
detected in other regional sequences. Moister conditions characterized the period 14.5 to
12.6 cal kyrs BP, corresponding to the B/A interstadial, and an abrupt lake level drop,
which led to the establishment ephemeral conditions, occurred during the YD (12.9 -
11.6 cal kyrs BP).

A significant delay in the hydrological response to external events occurred at
the onset of the Holocene. Shallow to ephemeral conditions prevailed in Estanya until
9.4 cal kyrs BP, when an abrupt lake level rise took place, leading to the establishment
of a deeper saline lake characterized by extensive development of microbial mats and
better diatom preservation throughout the Holocene. Similar patterns of inferred climate
change have been described in other southern Iberian and N African sequences.

Subsequently, two arid phases occur during the late Holocene. A significant
decline in lake level took place during the mid Holocene (4.8 — 4.0 cal kyrs BP)
reflecting a gradual rather than abrupt hydrological change, in agreement with lake
records from northern Africa. A smaller lake-level decrease occurred during the

Medieval Climate Anomaly. A major increase in lake level, accompanied by higher



runoff and sediment delivery, took place at 1.2 cal kyrs BP, leading to the establishment
of modern lake conditions.
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TABLE CAPTIONS

Water Temperature Conductivity Oxygen Mg K Na Sr Li Ca HCO; Cl SO,

depth o saturation

m €O (nS em-1) %) (mg1™)

0 243 3440 7.6 65.8 132 142 133 7.8 0.16 440 137 6.6 1813.1
16 5.1 3330 7.4 0.0 127 14 124 7.1 0.15 402 149 63 -

Table 1. Physical and chemical properties of Lake Estanya (SE subbasin) at the lake

surface and 16 m water depth for 24/6/2005 (summer stratification season).

Core Comp. Sedimentary Laboratory Type of HC AMS age Calculated
depth units code material (yr BP) reservoir effect
(cm) or.)
Poz-24749  [hragmites 155 430
stem
35.5 I Bulk )
Poz - 24 760 ucorgamce 740 + 30 585+ 60

1A matter

Poz - 9891 wood fragment 8510+ 50

439.5 v ,
Poz-23670  Pulkorganic 9330 + 50 820 + 100
matter
Poz-17194  wood fragment 16 100 + 80 (reworked)
A 890.6 VII ,
Poz-23671  Pulkorsanic 00 g *)

matter

Table 2. Comparison between pairs of radiocarbon dates obtained after analyzing bulk
organic sediment and terrestrial plant macroremains at the same core depth intervals.
Estimated reservoir effect is indicated for each of the bulk organic matter samples. (*)
No reservoir effect could be calculated for the older pair because of the reworked nature

of the organic macroremain.



Comp Sedimentary Laboratory Type of AMS C age Corrected Calibrated
depth units code material (yr BP) AMS C age age
(cm) (yr BP) (cal yrs BP)
(range 2¢)
CORE 1A
Phragmites
35.5 I Poz - 24 749 155 +30 155 +30 160 £100
stem fragment
Terrestrial plant
61.5 1 Poz - 12 245 remains and 405 £30 405 £30 460 +60
charcoal
177 i Poz- 1224  lerrestrial plant 895 +35 895 435 840 +60
remains
196.5 i Poz- 15972 bulk organic 2120 30 1300 £130 1210 £130
matter
240 I Poz - 12247 Salix leave 3315 435 3315 35 3550 +50
337.5 I Poz - 12 248 Gr"s’;‘é’(’f"e 5310 +60 5310 £60 6100 £90
350 1 poz- 15973  Pbulkorganic 6230 £40 5410 £140 6180 £150
matter
390 1 Poz- 15974  Pulkorganic 8550 +£50 7730 £150 8600 £180
matter
439.5 v Poz-9891  wood fragment 8510 +50 8510 450 9510 +30
CORE 5A
plant
478.6 v Poz-17 190 . 8830 £50 8830 £50 9940 +150
macroremain
549.6 v Poz- 17 191 bulk organic 10 680 +60 9860 +160 11 380 +270
matter
614.6 \Y Poz-20 138 bulk organic 11820460  11000+160 12980 +120
matter
659.6 VI Poz-17192  macroremain 11710 60 11710 £60 13 570 90
680.1 VI Poz-20139  Pulkorganic 1270070 11880+170 13 730 190
matter
704.1 VI Poz-20067  Pulkorganic 13280460  12460=160 14550 £300
matter
767.6 VI poz- 17283  Pulkorganic 14830490  14010=190 16730 £270
matter
957.5 Vil Poz - 20 140 plant remains 15 130 £100 15 130 £100 18 420 +220

Table 3. Radiocarbon dates used for the construction of the age model for the Lake

Estanya sequence. A correction of 820 + 100 '*C years was applied to bulk sediment



samples from units II to VI. Corrected dates were calibrated using CALPAL A

software (Weninger and Joris, 2004) and the INTCALO4 curve (Reimer et al., 2004);

and the median of the 95.4% of the distribution (2¢ probability interval) was selected.

. . . Depositional Lake
Facies Sedimentological features Pos
subenvironment level
CLASTIC FACIES
1 Blackish, banded carbonate clayey silts Deep, monomictic, seasonally 9
stratified freshwater to brackish
lake
2 Grey, banded to laminated Subfacies 2.1 ~ Deep, monomictic, seasonally 9
calcareous silts stratified, freshwater to brackish
lake
Subfacies 22 Flood and/or turbiditic events
3 Black, massive to faintly laminated silty clay ~ Deep, dimictic, freshwater lake 10
ORGANIC-RICH FACIES
4 Brown, massive to faintly laminated sapropel Shallow saline lake 6
with gypsum
5 Variegated finely laminated microbial mats Moderately deep saline lake 7
with aragonite and gypsum with microbial mats
CARBONATE-RICH FACIES
6 Grey and mottled, massive carbonate silt with ~Ephemeral saline lake — mud 2
plant remains and gypsum flat
7 Grey, banded to laminated carbonate-rich Shallow, carbonate-producing 4
silts lake
GYPSUM-RICH FACIES
8 Variegated,  finely  laminated  gypsum, Relatively deep, saline, 5
carbonates and clay permanent lake
9 Variegated, banded gypsum, carbonates and Shallow saline lake 3
clay
10 Yellowish, massive, coarse-grained gypsum  Ephemeral saline lake — mud 1

flat

Table 4. Main sedimentological and mineralogical features, inferred depositional

environment and relative lake level estimation for the different facies and sub-facies

defined for the Lake Estanya sedimentary sequence. Modified from Morellon et al.

(2009).



(A)

Initial Eigenvalues
Component Total % of Variance = Cumulative %

1 4.671 66.728 66.728
2 1.495 21.360 88.089
3 0.546 7.796 95.884
(B)

Component

1 2

Al 0.988  -0.099
Si 0.892  0.164
K 0.780  0.222
Ti 0.657  0.396
Ca 0.018 -0.986
Fe 0.321 0.670
S -0.221  -0.228

Table 5. Principal Component Analysis (PCA). (A) Eigenvalues for the 7 obtained
components. The percentage of the variance explained by each axis is also indicated.

(B) Factorloads for each variable in the two main axes.



FIGURE CAPTIONS

Figure 1. (A) Map of mean annual rainfall distribution in the Iberian Peninsula
(Ninyerola et al., 2005). Location of the study area is indicated with a star. (B)
Topographic and geological map of ‘Balsas de Estanya’ catchment area (see legend
below). (C) Bathymetry of the main lake, Estanque Grande de Abajo with coring sites.
Figure 2. (A) Correlation between short core (0A) and longest cores (1A and 5A),
retrieved in the deepest area of the SE sub-basin. Correlation between long cores 1A
and 5A was performed with high-resolution core-scan images, lithostratigraphy, density
core logs (g/cm’), indicated by dotted lines; and Magnetic Susceptibility (MS) (SI units)
core logs, represented by dashed lines. (B) Detail of correlation between short core 0A
and uppermost part of core 1A using of the percentage of organic matter and calcium
carbonate and TOC and TIC values, respectively.

Figure 3. Composite sequence for Lake Estanya record. From left to right: Sedimentary
units and corresponding subunits, core image, sedimentological profile and sequences,
Magnetic Susceptibility (MS) (full range (thick line) and at the 0 — 8 range (thin line), in
SI units), whole sediment mineralogical content (Qtz = quartz, Phy = phyllosilicates,
Cal = calcite, Do = dolomite, Gp = gypsum) (%); TOC = Total Organic Carbon (%); TN
= Total Nitrogen (%); atomic TOC/TN ratio; 8" Corg (per mil) (in organic matter),
referred to VPDB standard; biogenic silica concentration (Bio Si) (0 - 7.2% range);
diatom VA = Valve Abundance (5 = high, 4 = common, 3 = low, 2 =rare, 1 = trace
and 0 = barren); inferred depositional environments for each unit; and interpreted
relative lake level (0-10) evolution of the sequence based on sedimentary facies
reconstruction.

Figure 4. (A) X-ray Fluorescence (XRF) data measured by the core scanner. Light

element (Si, Al, K, Ti, Fe, S and Ca) concentrations are expressed as element



intensities. Variations of the two first eigenvectors (PCA1 and PCA2) scores against
composite depth have also been plotted as synthesis of the FRX variables. Sedimentary
units and subunits, core image and sedimentological profile are also indicated (see
legend in figure 3). (B) Correlation plots of K, Ca, Fe (measured by the ICP-MS (ppm))
and S (measured by LECO analyzer) and the XRF Core Scanner (element intensities).
Correlation lines, r* and p-values are shown.

Figure 5. Principal Components Analysis (PCA) projection of factor loadings for the X-
Ray Fluorescence analyzed elements (Si, Al, K, Ti, Fe, S and Ca) from Lake Estanya
sequence. Dots represent the factorloads for every variable in the two main axes.

Figure 6. (A) Chronological model of the studied sequence based on mixed effect
regression function (Heegaard et al., 2005) of 17 AMS "C dates (black dots) and 4 tie
points (white dots). A reversal date is also represented (see “rejected dates” in the
legend). The continuous line represents the age-depth function framed by dashed lines
(error lines). Sedimentary units and limits of cores used for the composite sequence are
also displayed at the right end. Sedimentary units are grouped according to their main
sedimentary features, separated by horizontal dotted lines and represented with their
corresponding Linear Sedimentation Rates (LSR). Horizontal grey bands represent
intervals characterized by clastic-dominant facies. (B) Detail of the 4 tie points
calculated for clastic dominant intervals (subunits III.2 and III.4) characterized by
higher LSRs, inferred from radiocarbon dates analyzed in subunit I11.4.

Figure 7. Lake level reconstruction of Lake Estanya for the last ca. 21 000 cal yrs. BP
compared with a suite of global and regional palaeoclimatic records. In the lower
section, from bottom to top: division in the four main stages in the evolution of the lake
system; sedimentary units; lake level reconstruction, based on sedimentary facies

(vertical bands for each sub-unit, from 0 to 10, see table 4 and figure 3); AMS "*C dates



(cal yrs BP) and tie points (both with error bars), included in the age model,;
geochemically-based ‘Clastic input’ and ‘Salinity’ estimations, derived from PCA axis
1 and 2, respectively (original data is plotted in grey hairline, whereas smoothed data
(running average, period = 10) is represented with thicker lines); 813C0rg (per mil) (in
organic matter), referred to VPDB standard; and Biogenic silica concentrations (Bio Si)
(0 - 7.2% range).-sterile intervals.

In the upper section, from top to bottom: N GRIP Greenland ice core §'°0
record (Rasmussen et al., 2008); summer (grey) and winter (black) insolation at 42°N
(in W/m?); Lake Banyoles mesophyte/steppe pollen taxa ratio (Pérez-Obiol and Julia,
1994); Potassium (K) content (%) in Minorca drift sediments inferred from core MD99-
2343 (3) (Frigola et al., 2008); and SST (°C) in Alboran Sea inferred from core MD95-
2043 (2) (Cacho et al., 2001).

Dotted vertical lines represent divisions between the 4 main stages in the
evolution of the Lake Estanya basin, whereas dark and light grey vertical bands
represent global climate events (from left to right: Younger Dryas (YD),

Bolling/Allered (B/A), Mystery Interval (MI), and Last Glacial Maximum (LGM).
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