Identification of arid phases during the last
50 cal. ka BP from the Fuentillejo maar-lacustrine
record (Campo de Calatrava Volcanic Field, Spain)
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ABSTRACT: Geochemical (element analysis, molecular analysis of organic compounds), physical,
palynological, mineralogical and sedimentary facies analysis were performed to characterise the
sedimentary record in Fuentillejo maar-lake in the Central Spanish Volcanic Field of Campo de
Calatrava, in order to reconstruct the palaeoenvironmental and palaeoclimatic processes which
controlled vegetation patterns and deposition of different sedimentary facies. The upper 20 m of core
FUENT-1 show variations in clastic input, water chemistry, vegetation and organic fraction sources in
the lake throughout the Late Pleistocene and Holocene. The temporal framework provided by
'C accelerator mass spectrometry dating allows assigning the sequence to the last 50 cal. ka BP.
Arid phases identified in the FUENT-1 sequence are correlated to Heinrich events (HE) and to stadials
of the Dansgaard/Oeschger (D/O) cycles. Siliciclastic facies with high magnetic susceptibility values,
high juniperus pollen content, a low Paq index (aquatic macrophysics proxy index), a decrease in the
relative percentage of the n-C,; and an increase in the n-Cs; alkanes are indicative of arid and colder
climatic events related to HE 2, HE 1 and the Younger Dryas (YD). Similar short cold and arid phases
during the Holocene were identified at 9.2-8.6, 7.5-7 and 5.5-5 cal. ka BP. In dolomite-mud facies,
the pollen data show an increase in the herbs component, mainly — Chenopodiaceae, Artemisia and
Ephedra - steppe taxa; a low Paq index, a decrease in the relative percentage of the n-C,; alkane and an
increase in the n-Cs; alkane are also observed. This facies was probably the result of lower lake levels
and more saline-alkaline conditions, which can be interpreted as linked to arid—warm periods. These
warm and arid phases were more frequent during Marine Isotope Stage (MIS) 3 and the interstadials of
MIS 2. HE 4, HE 2, HE 1 and the YD in core FUENT-1 were immediately followed by increases of warm
steppe pollen assemblages that document rapid warming similar to the D/O cycles but do not imply
increasing humidity in the area. Fuentillejo hydrology is controlled by changes in the atmospheric and
oceanic systems that operated on the North Atlantic region at millennial scale during the last 50 cal. ka
BP.

Introduction lower latitudes because of a shortage of suitable terrestrial
sequences and inadequate chronological control (Tzedakis
et al., 2006). In some exceptional circumstances, favourable

Marine and ice core sequences provide the reference records of geological conditions have led to the relatively undisturbed
Quaternary climate variability but it is still unknown how these accumulation of thick sedimentary lake sequences, some of
changes correspond to events on land over long distances and them located in the European Mediterranean realm (e.g.

Florschiitz etal., 1971; Tzedakis et al., 1997; Allen et al., 1999;
Ortiz et al., 2004, 2006). A few terrestrial sequences covering
the entire last glacial and previous glacial periods are available
on the Iberian Peninsula (e.g. Pons and Reille, 1988;



Montserrat, 1992; Burjachs and Julid, 1994; Carrién et al.,
1998; Gémez-Orellana et al., 2007; Schulte et al., 2009), but
most continental climate and vegetation changes in Iberia have
been inferred from marine cores. In these studies, the pollen
content of marine sediments is frequently used to reconstruct
the continental climates in the westernmost Mediterranean
(Combourieu-Nebout et al., 2002; Sanchez-Goii et al., 2002;
Baudin et al, 2007) and the Iberian margin (Sanchez-Gofi
et al., 1999, 2000; Boessenkool et al., 2001; Roucoux et al.,
2005) and reveal that arid and cold conditions occurred during
Heinrich events (HE) and some cold stadials. On the lIberian
Peninsula, palaeoclimatic records obtained from a wide range
of marine and terrestrial archives document rapid fluctuations
during the last glacial and provide evidence of the so-called
Dansgaard/Oeschger (D/O) cycles and HE cold events in this
area (Cacho et al., 1999, 2000, 2006; Moreno et al., 2002,
2005; Valero-Garcés et al., 2004; Gonzalez-Samperiz et al.,
2006; Bout-Roumazeilles et al.,, 2007). These studies of
millennial-scale changes, based mainly on pollen and stable
isotope analysis and alkenone data, have demonstrated that this
region was very sensitive to rapid climatic and oceanographic
glacial variability described in the North Atlantic region,
showing that its climate is closely coupled with the ocean—
atmospheric system.

In 2002, a 142.4 m sediment core (FUENT-1, Vegas et al.,
2004) was drilled at the central part of Fuentillejo maar-lake to
investigate the potential of this lake as a record of millennial-
scale palaeoclimatic changes which have occurred in central
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Spain over the Quaternary. This record constitutes one of the
best examples of long and continuous terrestrial deposition
during the last 50 ka (uppermost 20 m). In order to understand
the links between the cold-arid climatic events in the
Greenland ice core (Johnsen et al.,, 1972, 1992) and the
climatic changes over the West Mediterranean basin recorded
in Alboran marine cores (Cacho et al., 1999, 2000; Moreno
et al., 2002, 2005; Sinchez-Goni et al, 2002; Bout-
Roumazeilles et al, 2007) and over central Spain, high-
resolution geochemical (element analysis, molecular analysis
of organic compounds), physical, palynological, mineralogical
and sedimentary facies analysis of sediments from the FUENT-1
core were performed on this 0-50ka interval.

Area of study

The study site is located in the south-west of Valverde de
Calatrava (Ciudad Real), in the area known as Campo de
Calatrava Volcanic Field (CCVF) in the Central Volcanic Region
of Spain (Castilla—La Mancha district) {Fig. 1). The volcanism of
CCVF was developed in at least three stages. The first one, of
ultra-potassic character, occupies the centre of the volcanic
region and has an age ranging between 8.7 and 6.4 Ma. The
second stage was characterised by alkaline and ultra-alkaline
volcanism, with a main activity phase between 4.7 and 1.75 Ma
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Figure 1

(A) Location map of the study site on the Iberian Peninsula. (B) Simplified geological map of the Campo de Calatrava Volcanic Field (CCVF)

(Gallardo-Millan, 2004). (C) Geological map of the Fuentillejo maar site, Ciudad Real province (simplified from Portero et al., 1988)



(Ancochea, 1983; Bonadonna and Villa, 1984). Later, volcanic
activity occurred in the Early Pleistocene, greatly expanding the
period of volcanic activity in the region, between 1.3 Ma and
0.7 Ma (Gallardo-Millan and Pérez-Gonzdlez, 2000; Gallardo-
Millan et al.,, 2002; Gallardo-Millan, 2004). The regional
climate is Mediterranean with a strong continental influence
(Font-Tullot, 1983, 1988; Fernandez-Garcia, 1986). It is
characterised by hot summers and cold winters, and an
average annual temperature of 14.5°C. Average annual rainfall
is about 391 mm a™ ', although inter-annual variability is large.
In La Mancha semi-arid region the evaporation rate is of
1400 mm a~ ' (Ordofiez et al., 1994). March, April and June are
the wetter months, and July and August are the driest (average
summer rainfall 32 mm).

The explosive volcanic processes which produced the
Fuentillejo maar (38° 56’ 22”7 N, 4° 3’ 13”7 W) affected
Tremadocian-Arenigian slates and quartzites (Fig. 1), forming a
crater of round morphology. The main characteristic at the
north morphology is a maar surrounded by a tuff ring (height
difference of 40 m), while the southernmost part is marked by a
quartzite wall of more than 120m in height. The explosive
processes also produced a pyroclastic surge deposit that lies
unconformably on the Palaeozoic and Pliocene rocks of the
region. The maar has an internal diameter of 450 m, an external
diameter of 1400m, and contains over 142 m of lacustrine
sediments (Vegas et al., 2004). Since its origin, the lacustrine
basin has been a closed system, with three main alluvial fans
that have provided siliciclastic {quartzitic rock fragments) and
volcanic (nephelinite, basaltic and pyroclastic fragments)
debris from the small watershed towards the basin. At present,
Fuentillejo maar-lake is an ephemeral, small closed lake at
635m above sea level (a.s.l.) and has a hyposaline water
column (pH 8.7 and conductivity 2005 pS cm™'). The lake has
no surface inflow or outflow. The most common ions present in
the lake waters are (mg L HCO;3, 616; Na™', 384; CI,
310; COs3, 36.36; K*, 41; SO2-, 27; Mg”*, 23; and Ca*", 15.

Methods

Aborehole was drilled in 2002 to recover the 142.4 m lacustrine
sequence know as the FUENT-1 core. Twenty-three major
lithostratigraphic units have been identified in core FUENT-1
(Vegas et al., 2006), and reflect variations in clastic input, water
chemistry, vegetation and organic fraction. Core sections were
stored in a core repository at 4°C and split into two halves by an
electro-osmotic core-cutting device (Vegas et al., 2004). All
discussion about correlation of different proxies studied is based
on measurements carried out in the same sediment core and with
the same sampling interval of 10cm, and is therefore effectively
independent of the age model.

Palaeomagnetic samples were analysed at the Paleomagnet-
ism Laboratory (Jaume Almera, CSIC). Measurements of the
natural remanent magnetisation were performed with a 2G
SRM755R magnetometer with an alternating field demagne-
tizer D-Tech 2000 (ASC Scientific). Each sample box of 10 cm?
was demagnetised in 10-12 steps with maximum alternating
field amplitudes of 100 mT. High-resolution determination of
magnetic susceptibility (MS) and bulk density were performed
on one of the core halves by means of an automated GEOTEK
Multisensor Core Logger (MSCL) system in the Core Physical
Properties Laboratory of the IGME (Galan et al., 2007).
Measurements were performed at 1cm increments, using a
MS2ET Bartington spot-reading sensor for MS determinations.
The low field volume magnetic susceptibility (K) data are

expressed as multiples of 1077 Sl units and density as g cm™>.

Bulk geochemistry (Si, Al, K, Fe, Ca, Ti, Mn, K, Mg and P) of
samples was determined every 10cm at the IGME Laboratory
by X-ray fluorescence analyses {MagiX PANalytical). Total
carbon (TC), total inorganic carbon (TIC) and total sulphur
content (S) were measured on an ELTRA CS-800 elemental
analyser. Total organic carbon (TOC) was calculated by the
difference between TC and TIC {2h at 550°C). Analyses of
mineralogical compounds were carried out by X-ray powder
diffraction using a copper Ka-tube on a PANalytical XPERT Pro
{(PTE-RX-004). Authigenic minerals, particle morphologies and
textural relationships were observed by scanning electron
microscopy (SEM) at Luis Bri Microscopy Centre {Complutense
University). SEM observations were performed with a JEOL JSM
6400 operated at 20kV and equipped with a Link System
energy dispersive X-ray microanalyser (EDX).

Biomarkers were extracted following the Biomolecular
Stratigraphy Laboratory (UPM) protocol, which consists of
24 h Soxhlet extraction with dichloromethane and methanol
2:1 (Suprasolv, Merck) and concentration of the isolated
bitumen using a rotor-vapour device (Lucini et al., 2000).
Samples were injected into an HP 6890 gas chromatograph
with selective mass detector HP 5973 and HP-5MS column.
The compounds were identified with the Data Analysis
program and the Wiley Library. n-Alkanes were calculated
from the GC/MS chromatograms of m/z 57.

Pollen analysis followed the standard procedure described
by Colteaux {1977), Moore et al. (1991) and Goeury and
Beaulieu (1979), using the classical chemical treatment by HF,
HCI and KOH with mineral separation in heavy liquid Thoulet
by the Palynology Laboratory (Geology Department, Alcala
University) Pollen grains and spores were sampled every 10 cm
in core FUENT-1, and extracted in the laboratory by the classic
method (Moore et al., 1991) using Thoulet dense liquid (2.0) for
palynological concentration (Goeury and Beaulieu, 1979).
Residues were mounted in silicone oil. Pollen percentages for
all palynomorphs are based on the sum of 300-500 terrestrial
pollen types. The pollen sum excludes aquatic taxa, fern and
algal remains (Birks and Birks, 1980; Moore et al., 1991). A
pollen diagram was prepared using the TILIA®, TILIA GRAPH®
and TGVIEW software packages (© Eric C. Grimm; Grimm,
1987). Sterile samples are represented in the pollen diagram as
breaks in the pollen curves.

Results

Age model

Palaeomagnetic measurements performed along the length of
the FUENT-1 core (Gallardo-Millan et al., 2008) provide a
preliminary chronological framework for the core. A magnetic
reversal at 140m depth probably provides evidence of the
Matuyama-Brunhes boundary for this level. Moreover, three
possible polarity excursions were identified at 109 m, 71-60 m
and 17 m depth, and are interpreted as previously described
excursions within the Brunhes Normal Chron (Holt and
Kirschvink, 1996; Hirokuni, 2005; Channell, 2006). These
magnetic excursions are not always identifiable at other
localities but they will provide a more accurate chronological
framework for the Fuentillejo lacustrine record (Fig. 2).
Dating the sediments from Fuentillejo maar-lake is difficult
due to the scarcity of terrestrial organic remains. Eleven
C accelerator mass spectrometric dates were obtained on
bulk organic matter samples from the upper 19m of core
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Figure 2 Stratigraphic column from top 20m of the FUENT-1 core (Fuentillejo maar-lake, Ciudad Real). Calibrated radiocarbon ages and
palaecomagnetic measurements (polarity) are included. Lat VGP, latitude of the virtual geomagnetic pole. A magnetic excursion is identified at
17 m depth which probably corresponds to the Mono Lake excursion (34-32ka BP), within the Brunhes Normal Chron (Hirokuni, 2005). This
excursion has a similar age to the calibrated radiocarbon age obtained in the same stratigraphic level

FUENT-1 (Table 1). Ages younger than 20ka were adjusted
using the INTCALO4 calibration curve (Reimer et al., 2004)
at 20 95% probability. Older ages were calibrated using the
CalPal 2005 software {Cologne Radiocarbon Calibration
Palaeoclimate Research Package, www.calpal.de). Five dates
are excluded from the final age model because their ages
exceeded underlying younger ages and their stratigraphic
setting suggested that these dates come from reworked
material. An age model based on linear interpolation between
median calibrated dates shows evidence for variable sedimen-
tation rates over the span of this core.

Sedimentary record

The upper 20 m of the FUENT-1 core (Fig. 2) has been divided
into four main lithostratigraphic units 20, 21, 22 and 23 (bottom
to top) that have been based on sedimentological, lithological
and geochemical criteria (Vegas et al., 2006). These four units
represent lacustrine sedimentation over the last 50 cal. ka BP.
Facies B-E in the Fuentillejo sediments are carbonate-rich,
while facies A is siliciclastic (Table 2). Unit 23 is the thickest
and was divided into eight subunits which alternate between
facies A (23.7, 23.5, 23.3 and 23.1) and carbonate facies B
(23.8, 23.6, 23.4 and 23.2). Unit 22 is mainly carbonate and is

composed of subunits 22.3 (facies D) and 22.2-22.1 (facies C).
Unit 21 is divided into subunits 21.2 (facies C) and 21.1 {facies
E, D and C). Finally, unit 20 is mainly formed by facies E.

Continental aridity proxies
Sedimentary facies — authigenic minerals — bulk density

Variations in lacustrine facies together with the presence of
diagenetic minerals are effective environmental and climatic
proxies. Sediment bulk density depends on the texture and
mineral composition of the sediments. The FUENT-1 core bulk
density primarily reflects mineral composition with low density
values (<1.5g cm?) that are indicative of carbonate-rich mud
and relatively higher TOC. High bulk density values
(>1.5g cm?) correspond to higher contents of clay and silts
enriched in quartz and siliciclastic particles. The absence of
any significant carbonate rocks in the catchment suggests an
authigenic origin for the carbonate minerals. Black sediments
{facies E) in unit 22 are very poor in organic matter (very low
TOC). Thus the black colour of these sediments is probably due
to the presence of Fe*™ in the lattices of silicates or
aluminosilicates (Castanier et al., 1993).



Table 1 Radiocarbon ages of the Fuentillejo maar-lake core FUENT-1 sediments (Ciudad Real, central Spain). All ages were measured from the bulk

organic fraction of core sediments

Depth (m) Sample 4C aBP cal. a BP Median cal. a BP B3¢/"c
0.45 Beta-215417 4 030£40 4 5804 420° 4 500 —-22.9 Reworked
0.65 Beta-204449 1570+40 1 540-1 360% 1450 —-22.7
3.22 Beta-215418 3 750+£40 4 240-3 980* 4110 —-23.9
4.35 Beta-204450 15420470 18 880-18 000* 18 440 —24.1 Reworked
6.75 Beta-190136 16 540 +90 20 240-19 210* 19 725 —24.3
8.40 Beta-190137 27 910+ 260 33 610-31 130° 32370 —24.7 Reworked
9.90 Beta-190138 26 070+£230 31 220-30 420° 30 820 —25.8 Reworked
12.07 Beta-215419 33 580+450 41 880-36 320° 39100 -24.0 Reworked
14.45 Beta-190139 25470+£210 30 860-30 100° 30 480 —-24.6
16.91 Beta-190140 30 830+ 360 36 780-35 260° 36 020 -20.3
18.40 Beta-177581 42 620+1 490 49 230-43 313° 46 270 —22.2

? Calibration ages are 2o 95% probability, INTCALO4 (Reimer et al., 2004).

b Age calibration was made with CalPal software, version May 2005, by 26-95% probability (Cologne Radiocarbon Calibration Palaeoclimate Research

Package, www.calpal.de).

Units 20, 21 and 22 are mainly composed of blue and cream-
coloured massive and slightly laminated carbonates (facies B
and C). Dolomite, calcite and zeolites (mainly analcime and
minor chabazite-merlinoite) of primary or early diagenetic
origin were identified in the FUENT-1 sequence. The presence
of analcime and other zeolites in lacustrine sediments has been
interpreted to reflect changes in the salinity and alkalinity of the
lake water, induced by climatic shifts (Stoffers and Holdship,
1975; Singer and Stoffers, 1980). During the driest periods,
corresponding to very low lake water levels, the concentration
of salts in the water produced a brine with a sufficiently
high Na*/H" ratio to allow analcime precipitation (Singer and
Stoffers, 1980). These authors interpreted these occurrences as
a drastic decrease in the lake water level associated with a
climatic desiccation.

All carbonate phases are composed of euhedral crystals (2—
10 wm), suggesting that they are precipitated within the lake.
Dolomite (dolomicrite) formation of primary origin indicates
evaporative processes, low lake level and higher salinity, and is
probably linked to a more arid climate. Microcrystalline
dolomite and related carbonate minerals usually form in
shallow ephemeral alkaline lakes (von der Borch and Lock,
1979; Last and De Deckker, 1990; Garcia del Cura et al., 2001)
but dolomite also occurs in deep-water lake sediments (Last
and De Deckker, 1990). They form in areas where evaporation
rates exceed inflow rates and lakes become desiccated during

summer months. More evaporation or less precipitation (arid
period) would imply more concentrated waters and lead to
precipitation of offshore carbonates (Moreno et al., 2007b).
Moreover, carbonate-rich subunits with mud cracks, zeolites,
relatively lower TOC, a low Paq index (aquatic machrophytes
proxy index) and steppe taxa pollen assemblages (Fig. 3) are
indicative of low water level in the lake, most probably
reflecting arid phases and higher temperatures.

Magnetic susceptibility (MS) — %TiO, — Total Organic Carbon
(TOC)

The mineral-magnetic properties of Fuentillejo maar-lake
sediments are controlled by erosional processes and early
diagenesis of iron-bearing minerals (Galan et al., 2007). Ferric
oxyhydroxides are preserved during dry periods of low lake
level associated with detrital sedimentation. Intervals with high
MS generally consist of massive brownish sediments (facies A)
characterised by low TOC values (Fig. 3) that occur in unit 23
{lower part of subunit 23.7; subunit 23.5; middle part of subunit
23.4; subunits 23.3 and 23.1). TOC content represents the
fraction of preserved organic matter. These intervals represent
oxic phases with good preservation of magnetite but severe
degradation of organic matter. Because of the isolation of the
catchment area, it is assumed that both the general composition

Table 2 Description of main facies identified in the upper 20 m of Fuentillejo lacustrine sequence (FUENT-1 core)

Facies Description and depositional environment

Facies A

Brownish to reddish massive clayey silts and no carbonate layers with very low organic carbon. Quartz grains,

clay minerals (mainly smectite and illite) and volcanic rock fragments comprise most of the silicate fraction.
Alluvial fan advance into a shallower lake

White to cream-coloured massive and banded carbonate-rich layers which are composed of dolomite

and calcite (2-10 wm euhedral crystals) and minor detrital smectite. Relatively high organic carbon

exposure (mud cracks) and remobilisation of primary sedimentary structures as bioturbations.

Blue massive to slightly banded carbonate-rich layers mainly formed by dolomite (2-20 wm euhedral and

Brownish to creamy fine mm-thick laminated carbonate-rich sediments with minor detrital particles

(quartz and clay minerals). Low organic carbon content. Relatively deeper lake. Anoxic lake bottom

Facies B
content. On occasions there is evidence of subaerial
Oxic bottom. Low lake level
Facies C
rice-shaped crystals) and minor calcite. Organic carbon content is highly variable.
Distal playa-lake. High salinity
Facies D
Facies E

Black massive carbonate mud layers where dolomite is the main component. Zeolites also occur as analcime

and minor chabazite-merlinoite. Clay minerals are absent and organic carbon content is very low.

High salinity. Anoxic lake bottom
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Figure 3 Selected proxies from the Fuentillejo sequence plotted against age. The 8'®0 from GISP2 (Grootes and Stuiver, 1997) and the sea surface
temperature (SST) record from the MD95-2043 core (Cacho et al., 1999) are included for comparison. Interstadials are indicated by numbers. S.U.,
sedimentary units; MS, magnetic susceptibility (107> SI units); TOC, percentage of total organic carbon; %Therm., thermophilous taxa. %Mes.,
mesophilous taxa. Dotted arrows indicate juniperus-dominated phases that were immediately followed by increases of warm steppe pollen
assemblages that document rapid warming similar to the D/O cycles. Pag, values calculated as the Cy3+4 Cy5/Cas +Cas+ Cag + Csy ratio (Ficken
et al., 2000). MIS, Marine Isotopic Stage. YD and HE events are indicated by light-grey bars. Representative D/O stadials in the FUENT-1 sequence are
indicated by dark grey bars. Sedimentary facies description is included in Table 2



and the amount of lithogenic fraction were supplied by alluvial
fans and aeolian processes. This suggestion is confirmed by the
contents of TiO,, a parameter regarded as one of the best
proxies for lithogenic supply (Minyuk et al., 2007). Moreover,
clay mineral analysis carried out along the FUENT-1 core has
shown smectite-illite—kaolinite assemblages which originated
from physical weathering coincident with high MS and Ti
content.

Low MS from dilution of the lithogenic fraction by biogenic
input occurred in sedimentary units 20 and 21. Pronounced
low values in MS can be attributed to climatically induced
reductive dissolution of magnetite in the deposited sediments
{Minyuk et al., 2007). Anoxic phases of the lake led to a
massive reductive magnetite dissolution but preservation of
organic matter (Williamson et al., 1998; Nowackzyk et al.,
2002). Sediments with low dry density and low MS indicate a
more stable catchment, with less erosion of soils, and a lake
with higher productivity. The interaction of deposition of
organic matter and its preservation {or decomposition) under
anoxic {or oxic) conditions, and the input of magnetic
minerals and their depositional dissolution, suggests that
Fuentillejo maar-lake can provide a detailed record of climate
conditions.

Pollen record: steppe taxa and Juniperus

Around 50 pollen taxa of terrestrial origin, five pollen taxa of
aquatic origin, spores and nine types of non-palynological
microfossils (NPM) were identified in the FUENT-1 core. The
different types of vegetation changes found in the lake
sediments must be viewed within the context of their local
environmental setting (Mediterranean climate with strong
continental influence). Two main pollen assemblages are used
to mark the main arid phases (Fig. 3): (1) the steppe to semi-
desert association, composed of Chenopodiaceae and Artemi-
sia, are associated with salinity tolerance in the lake system,
and Ephedra, which indicates drier and warmer climatic
conditions; and (2) the cold steppe assemblage composed
mainly of Juniperus. In the FUENT-1 pollen diagram, this taxon
shows high percentages during cool intervals, reflecting the
dryer and colder climate characteristics of central Spain.
Juniperus was selected as a better indicator of rapid climatic
changes than Pinus in the Pyrenees (Gonzalez-Samperiz et al.,
2006). The maximum percentages of mesic plants {(deciduous
Quercus and Corylus) associated with a reduction in steppe and
Juniperus indicates warmer and the most humid episodes in the
FUENT-1 sequence (Fig. 3).

Samples taken at 3.5-4, 4.7-5, 7.7-8.1, 10.9-12.5, 17.7-
18.1 and 19.2-19.5 m exhibit very low pollen concentrations
and the diagram therefore includes six areas barren in pollen
{Fig. 3). These areas are related to the dolomicrite facies but,
unexpectedly, some of those intervals show high TOC values so
it is possible that the pollen was destroyed via oxydate or other
processes. SEM studies reveal the presence of bacteria
spherulite structures on dolomite euhedral crystals (2—
10 wm). Minute rhombs, textures and clumps of spherical
bodies covering the crystal surfaces indicate that bacteria were
involved in the formation of dolomites (Wright, 1999; Garcia
del Cura et al., 2001). The fact that these samples have a high
TOC content and few pollen grains suggests that the pollen was
deeply oxidised by microbial and bacterial reworking during
sedimentation and early diagenesis in some dolomicrite facies.
Therefore, the hiatuses are probably associated with subaerial
exposure and oxidation processes, explaining the low pollen
preservation (Burjachs et al., 1996).

Biomarkers: Paq Index and Relative Percentages of n-Alkanes

Ficken et al. (2000) proposed a proxy (Paq index) to determine
the submerged/floating aquatic macrophyte input (character-
ised by the predominance of 23- and 25-carbon chain lengths)
relative to the emergent and terrestrial plant input (dominated
by the Coq and C3; homologues) in lake sediments based on the
n-alkane content of a sample. The profile of the Paq index
values calculated as the Cy3 + Cy5/Cosz + Cos + Cag + Csy ratio
{Ficken et al., 2000) along the FUENT-1 core appear in Fig. 3.
Paq values lower than 0.1 correspond to intervals dominated by
terrestrial plants, 0.1-0.4 to emergent macrophytes and 0.4-1.0
to submerged/floating macrophytes. The increase of this index
value can be clearly related to water depth, with lower values
indicating shallower conditions versus higher values indicating
deeper water conditions.

Schwark et al. (2002) examined the leaf wax n-C», n-Cog and
n-Csq alkane distribution of present-day plants, showing that, in
general, grasses and herbs have high concentrations of the
n-Csz; alkane, while deciduous trees assemblages are domi-
nated by the n-C,; alkane. Therefore, despite the fact that
vegetation is conditioned by both temperature and moisture,
the interpretation of the relative percentages of the n-Cy7, n-Caq
and n-C;y alkanes can be mainly ascribed to water availability
{(wet-increasing % n-Cy; versus dry-increasing % n-Csy
episodes). Thus a small Pag index and low n-Cy; alkane
percentage indicate lower water availability and dryer
conditions.

Discussion

The water level in Fuentillejo maar-lake depends primarily on
the balance between precipitation and evaporation as it is a
closed system. There is no evidence for subsurface water
supply, but if it does exist it would be small and associated with
the local fractured bedrock. Therefore, the system is very
sensitive to changes in the regional hydrological balance and
such changes should be reflected by the proxy parameters
outlined above. To understand past changes in regional
hydrology and climatic conditions, selected proxies from the
Fuentillejo sequence were plotted against core depth and age
calibration (Fig. 3) and compared with published records from
the GISP2 ice core (Grootes and Stuiver, 1997) and the nearby
Alboran Sea (Cacho et al., 1999).

During Marine Isotope Stage (MIS) 1 and MIS 2 magnetic
minerals and titanium content document an alternation
between glacial (cold-arid) and interglacial-like sedimentation
characteristics in the FUENT-1 sequence. Close correlation
among high Ti content and the high MS values in unit 23
indicates that significant input of detrital particles increased
over the last 26 cal. ka BP (Fig. 3). The Ti and MS data coincide
with very low TOC, a low Paq index and relatively low n-Cs;
alkane percentages, suggesting abrupt periods of low lake
water level, catchment instability and major erosive processes
related to cold and arid phases in central Spain. These cold and
arid phases correlate with well-defined cold events in both the
GISP2 8'80 and the Alboran sea surface temperature (SST)
records (Fig. 3). Higher terrigenous input occurred due to
reduced vegetation development and soil formation, both
conditions which favour erosion in the catchment. This
association and the increases in juniperus pollen may point
to the establishment of cold climates and enhanced aridity
conditions in central Spain during North Atlantic cold events
HE 2 (24.8-23 cal. ka BP), HE 1 (17.5-16ka cal BP) and the



Younger Dryas (YD) (12.5-11.5 cal. ka BP). In the Fuentillejo
record, during the cold periods the development of forests was
limited and an increase in steppe-type herbaceous and bush
vegetation was detected. These results reflect a strong influence
of North Atlantic cold events during MIS 1 and MIS 2 across
central Spain, indicating that the climatic transfer mechanisms
from the northern Atlantic to the Iberian Peninsula was almost
instantaneous.

These results are in agreement with the evidence of higher
intensity of wind systems over the Iberian Peninsula, as
reflected by the presence of aeolian deposits (sand and clay
dunes) in the Manchega Plain {Bernat and Pérez-Gonzalez,
2005, 2008) and the Duero Basin (Bateman and Diez Herrero,
1999, 2001; Bernat and Pérez-Gonzdlez, 2005, 2008; Garcia-
Hidalgo et al., 2007). Clay dunes from the Manchega Plain
{close to the Fuentillejo site) were active during five main time
windows: (a) 28-25ka BP; (b) 24-19ka BP; (¢) 12.5-11.5ka
BP; and (d) 9-7ka BP and their morphologies indicate a
predominance of winds coming from the west and north-west
(Bernat and Pérez-Gonzdlez, 2008). These authors attributed
the aeolian phases to HE2, the Last Glacial Maximum (LGM),
the YD and 8.2 ka BP cold events. In the Duero Basin aeolian
deposits are all younger than 13.5ka BP. However, older
continental dunes representative of previous arid and windy
phases were probably eroded and reworked into aeolian
sediments of the subsequent aeolian phases.

Additional evidence for a higher intensity of the north-
westerly wind system over the Iberian Peninsula during cold
intervals (HE and stadials) is revealed by the Alboran marine
cores (Cacho et al., 1999; Moreno et al., 2002, 2005; Bout-
Roumazeilles et al., 2007). Among the main driving mechan-
isms affecting the Iberian Peninsula are colder and drier north-
westerly winds, the effect on climate of colder SST waters
entering through the Strait of Gibraltar, or meltwater pulses
originating from the Scandinavian Ice Sheet, as previously
suggested for lakes in the Pyrenees (Gonzalez-Samperiz et al.,
2006) and other Mediterranean records (Magri and Parra, 2002;
Sangiorgi et al., 2002; Tzedakis et al., 2003, 2004; Bahr et al.,
2005). Nevertheless, Moreno et al. (2002, 2005, 2007a)
indicate that Saharan dust transport was stronger during the
D/O stadial periods than during HE. This early response of the
Saharan winds highlights the potential importance of low-
latitude climatic processes in the global array of abrupt climate
change (Moreno et al., 2005).

In glacial lakes from the Pyrenees, HE 3, HE 2 and HE 1 were
characterised by increases in pollen percentages for steppe taxa
and decreases in Juniperus that point to the establishment
of cold and dry conditions (Gonzdlez-Samperiz et al., 2006).
This is contrary to the Juniperus and steppe signals from the
FUENT-1 sequence and may indicate important differences
in temperature and moisture availability related to strong
differences in altitude—latitude and geomorphological setting
between these lacustrine records. The Fuentillejo maar-lake,
compared to lakes from the Pyrenees (e.g. Gonzalez-Samperiz
et al., 2006 and references herein), the Cantabrian mountains
(Jiménez Sanchez and Farias, 2002) and the northwestern
Iberian Range (Pefalba et al., 1997; Ruiz-Zapata et al., 2002,
and references herein), had a stronger Mediterranean climatic
influence during the last 50 ka as it is at lower altitude and lies to
the south. Rapid changes from cold to temperate climatic
conditions synchronous with D/O events have been recorded
in lake deposits from the south of France (Thouveny et al.,
1994). Similarly, a connection between D/O events and
oscillations in the evaporation/precipitation rate of some Italian
lakes has been observed (Allen et al.,, 1999; Ramrath et al.,
1999). These linkages point to a coupling between D/O events
and lake hydrology in the Mediterranean region and also point

to a rapid atmospheric relationship between Greenland and the
Mediterranean basin.

The Fuentillejo sequence also records the development of
Holocene cold and arid episodes in central Spain, particularly
from 8-7.1 cal. ka BP (lower part of subunit 23.7) that is marked
by a decrease in forest, an increase in Juniperus and
biomarkers—sedimentary facies that indicate a shallower lake
level. Therefore, in the FUENT-1 sequence there is a late impact
of the 8.2 ka event which is seen in the North Atlantic records
{e.g. Wiersma and Renssen, 2006, and references therein).
Nevertheless, the age—depth model of the FUENT-1 core might
be adjusted in the future with additional dates. Short cold and
arid phases during the Holocene were identified but were less
pronounced from 9.2-8.6, 7.5-7 and 5.5-5 cal. ka BP. During
the interstadials of the last 50 ka, the development of forest was
limited due to the semi-arid character of this region. This scarce
forest development can be interpreted from the Holocene
pollen record of mesic and thermophilous vegetation of the
FUENT-1 sequence (Fig. 3), in which only 40-50% of total
pollen come from arboreal associations. These values for
arboreal pollen content are low compared with other northern
and higher-altitude Spanish pollen sequences {e.g. Ruiz-Zapata
et al, 2002; Gonzalez-Samperiz et al., 2006). Nevertheless,
there is abundant evidence of strong anthropogenic influence
on the Manchega Plain during the Holocene, especially since
the Bronze and Iron Ages with Mediterranean-type intensive
farming (Martin et al., 1993; Ndjera and Molina, 2004; Molina
et al., 2005).

In contrast, the FUENT-1 sequence documents a predomi-
nance of carbonate sedimentation during MIS 3 and during
interstadials of MIS 2. The high increases in Chenopodiacea,
Artemisia and Ephedra observed in the FUENT-1 core are
interpreted as arid and warm phases since those plants are
associated with dry climates. Traditionally they have been also
linked to cold climates in studies from northern Europe (de
Beaulieu and Reille, 1984, 1992; Reille and de Beaulieu, 1990)
and other Mediterranean sites (Allen et al., 1999; Warny et al.,
2003; Tzedakis et al., 2004), but they are found at present in
different parts of central and south Spain and thus can be
interpreted to represent warmer conditions in the Fuentillejo
record, which is also reflected by more saline conditions of the
carbonate facies association. Plants were conditioned by a
long, warm, dry season. This evidence is further supported by a
low Paq index, indicative of a low lake level, and a relatively
low TOC content resulting from oxidation processes during
subaerial exposure.

Dolomitic facies that occurred especially during the
interstadials of MIS 3 of the FUENT-1 sequence are interpreted
as being formed during warm phases linked to marked and
prolonged arid conditions, but with short episodes of increasing
rainfall. In fact, the formation of dolomite in this closed
lacustrine environment would have required episodic flooding
by fresh water (Folk and Land, 1975; Trichet et al., 2001),
allowing saline brines to be periodically mixed with fresh water
in a low lake system. The salinity drops drastically, but the Mg/
Ca ratio remains almost as high as it was initially. The top of
subunit 20.2 is interpreted as the driest and warmer period from
sedimentological (dolomite-zeolite, very low lake level) and
geochemical proxies (<0.5% TOC, <0.3 Paq index). This
phase is chronologically coincident with HE 5 (Fig. 3). Other
evidence of dry and warmer phases is described in the
sedimentary record, where ephemeral dolomicritic lacustrine
facies are developed in subunits 20.2, 22.2, 22.2-22.3
boundary, 23.2 and 23.4 (Fig. 3). These data also support an
interpretation of aridity and higher temperatures in the
Fuentillejo area causing the retreat of arboreal vegetation
cover, a predominance of steppe taxa and a markedly low



Table 3 Sedimentological geochemical and main plant taxa that characterised the YD and HE events identified in the Fuentillejo lacustrine record

over the last 50cal. ka BP

Climatic FUENT-1 Sedimentary units — depth FUENT-1 lacustrine evidence Interpretation

events (cal. ka BP)

YD 12.5-11.5 Lower part 23.5 4.5-5.25m Detrital input, erosion, low lake level, Cold and arid
low organic productivity, pollen hiatus

HE 1 17.6-16.2 Subunit 23.3 6.5-7m Detrital input, erosion, low lake level, Cold and arid
low organic productivity, high Juniperus content

HE 2 24.8-23 Subunit 23.1 9-10m Detrital input, erosion, low lake level, Cold and arid
low organic productivity, highest Juniperus content

HE 3 31-29.3 Middle 22.2 11.6-12.5m Carbonatic (dolomite) sedimentation, Warm and arid
low lake level, high detrital organic content,
pollen hiatus

HE 4 39.4-38.2 Middle 21.2 15.45-15.75m Carbonatic (dolomite) sedimentation, Less cold and arid
low lake level, organic matter degradation,
high Juniperus and steppe taxa content

HE 5 46.1-45 Top 20.2 17.9-18.3m Sapropelic—carbonatic sedimentation, Warm and arid

analcime, dissolution of Fe oxides,
organic matter degradation, high salinity,
low lake level, desiccation cracks,
highest steppe taxa content

hydrological budget that depends on the seasonal rainfall. This
warmer MIS 3 in the FUENT-1 core is similar to the Area Longa
{north-west Spain) record (Gomez-Orellana et al., 2007) where
stadial phases were less cold than MIS 2 stadials.

The FUENT-1 sequence shows different environmental
responses to HE (Fig. 3 and Table 3). HE 2, HE 1 and the
YD have similar cold and arid patterns. During HE 3 the
Fuentillejo record is characterised by a relatively high TOC
content, very low detrital input, low lake level conditions
{reflected by a low Paq index, desiccation cracks and
dolomicritic facies) and a pollen hiatus. Nevertheless,
carbonate facies, reduced detrital input {very low MS and Ti
content), low lake level conditions, a decrease in TOC, an
increase in Juniperus and the presence of steppic plants
characterise the FUENT-1 HE4 event. Dolomite—zeolite facies,
very low lake level conditions and TOC found at the top of
subunit 20.2 are chronologically coincident with HE5.

HE 4, HE 2, HE 1 and the YD in the FUENT-1 core are
immediately followed by increases of warm steppe pollen
assemblages that document rapid warming similar to the D/O
cycles but do not imply increasing humidity in the area. The
proxies in FUENT-1 indicate that the start of interstadials in
central Spain during MIS 2 and 3 was marked by an increase in
temperature and reduced moisture availability. In the Alboran
and west Iberia sea sediments, the increase of steppic plants is
coeval with HE events that have been associated with low
precipitation and colder temperatures over Spain over the last
50ka BP (Sanchez-Goni et al., 2000, 2002; Combourieu-
Nebout et al.,, 2002; Roucoux et al., 2005). However, the
Alboran and west Iberia deep-ocean steppe pollen records are
different compared with the pollen record at the FUENT-1 core.
This different continental pollen signal was observed in north-
western Spain (Gémez-Orellana et al., 2007), suggesting that
all offshore pollen records suffer from both the probable under-
representation of less mobile palynomorphs and the pooling of
pollen from different source biomes. Moreover, this can be
explained by an erroneous interpretation of steppe taxa found
in deep-sea records because, as discussed above, these plants
in Spain can occur in desert/semi-arid environments under
warmer temperature. This indicates that although Mediterra-
nean millennial variability was governed by the North Atlantic
D/O cycles, the intensity and, in some cases, the persistence of
these climatic oscillations were further modified by regional
processes.

This evidence supports arid conditions in the Fuentillejo area
but warmer temperatures in comparison to the west Iberia and
Mediterranean marine records, and points out different HE 4—
HE 2-HE 1-YD and HE 5-HE 3 signals in central Spain. The HE
3 cold event has an attenuated signal at the Iberian Peninsula
latitudes. In fact, HE 3 has not been identified in some North
Atlantic Ocean areas (Cortijo et al, 1995; Chapman and
Shackleton, 1998) or along the Iberian margin (Zahn et al.,
1997) but it is well represented in the Alboran record by a
relatively slow cooling and a final sharp warming {Cacho et al.,
1999). Three long pollen records from Greece suggest that the
response of vegetation to the difference in the intensity of the
HE events varied considerably and were associated with
moisture availability (Tzedakis et al., 2004). The most notice-
able contraction of temperate tree populations in Greece was
associated with HE 4. In the North Atlantic, HE 4 is thought to
have been one of the most extreme events of MIS 3 in terms of
the flux of Laurentide-derived ice-rafted detritus (McManus
et al., 1998). Along the Portuguese margin, the HE 4 record is
characterised by greater decreases in SSTs and ocean
ventilation compared to HE 3 (Bard et al., 2000). Otherwise,
the Alboran alkenone-derived SST record shows equal
reductions during HE 3 and HE 4 {Cacho et al., 1999).

Conclusions

This study identifies climate variations in central Spain at
millennial scales in response to variations in precipitation
regimes that imprint arid signals during Dansgaard/Oeschger
{D/O) stadials and HE events. The multi-proxy data from the
Fuentillejo sequence reveals the complexity of the environ-
mental changes, in particular the hydrological variations in this
lake system. TOC, Ti, MS, steppe taxa, Juniperus content,
sedimentary facies and Paq index values show rapid oscil-
lations attributed to strong variations in lake water level. These
are inferred to reflect fluctuations in rainfall that occurred in the
Fuentillejo area, which correspond to D/O cycles. Cold-arid
phases were defined by high MS, low lake level conditions {low
Paq index), high juniperus content, low TOC and high detrital
input. During MIS 1 and MIS 2, cold climates and enhanced
aridity conditions in the Fuentillejo lacustrine sequence are



correlated with North Atlantic cold events HE 2 (24.8-23 cal.
ka BP), HE 1 (17.5-16cal. ka BP) and the YD (12.5-11.5cal. ka
BP). These phases were influenced by more vigorous north-
westerly winds over the Iberian Peninsula combined with the
southern displacement of the ITCZ belt. Another cold and arid
episode is recorded from 8-7.1cal. ka BP that can be
considered as a late impact of the 8.2 ka event, which is also
observed in other North Atlantic records, although a certain
mismatch on the radiocarbon chronology cannot be totally
discarded. Short cold and arid phases during the Holocene
were identified at 9.2-8.6, 7.5-7 and 5.5-5 cal. ka BP. Many of
the FUENT-1 features correlate well with the Greenland ice
core records, demonstrating that the closely coupled ocean—
atmosphere system of the Northern Hemisphere during the last
glacial extended its influence at least as far as the west
continental Mediterranean region.

Warm-arid phases are characterised by dolomite-mud
facies, an increase in Chenopodiaceae, Artemisia and Ephedra
steppe taxa, relatively low TOC content, a low Pag index and
an increase in the relative percentage of the n-Cs; alkane. These
warm and arid episodes produced lower lake levels and more
saline-alkaline conditions that occurred more frequently
during MIS 3 and interstadials of MIS 2 in the FUENT-1 core.
HE 4, HE 2, HE 1 and YD were immediately followed by
increases of warm steppe pollen assemblages in the FUENT-1
core that document rapid warming similar to the D/O cycles but
do not imply increasing humidity in the area.
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