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DThe Late Pliocene is a very interesting period as climate deteriorated from a warm optimum at ca. 3.3–3.0 Ma

to a progressive climate cooling. Simultaneously, the Mediterranean area witnessed the establishment of the
Mediterranean-type seasonal precipitation rhythm (summer drought). These important climate changes pro-
duced significant vegetation changes, such as the extinction of several thermophilous and hygrophilous plant
taxa from the European latitudes. Besides these long-term trends, climate was also characterized by cyclical
variability (i.e., orbital changes) that forced vegetation changes (forested vs. open vegetation). In the Medi-
terranean area, cyclical changes in the vegetation were mostly forced by precession. In this study we analyzed
pollen from a Late Pliocene maar lake core from NE Spain. An increase in aridity is observed as well as cyclic
variations throughout the studied sequence. Cyclicity was mostly forced by precession but also by obliquity
and eccentricity. Precipitation seems to be the main factor controlling these cycles. These data allowed esti-
mating a sedimentary rate of ca. 0.19 mm/yr and the time duration covered by the studied core, close to
200 ka. The combination of biostratigraphy, palaeomagnetism and cyclostratigraphy allowed for a very pre-
cise dating of the sediments between ca. 3.3 and 3.1 Ma. Climate and paleobiogeographical implications are
discussed within the context of the Late Pliocene Northern Hemisphere glacial intensification.

© 2013 Published by Elsevier B.V.
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O1. Introduction

The Late Pliocene (Piazencian stage; ca. 3.6–2.6 Ma) is a very inter-
esting period. Around 3.3–3.0 Ma, during the Pliocene thermal maxi-
mum, temperatures were similar to those projected for the end of this
century, about 2°–3 °C warmer globally on average than today (IPCC,
2007). Therefore, this period has been studied in detail as it is thought
to be a very good analog for future climate change (Robinson et al.,
2008). Later on progressive colder conditions related with an intensifi-
cation of Northern Hemisphere glaciations occurred (Zachos et al.,
2001). A progressive aridification in the Mediterranean area also hap-
pened at this time (Suc, 1984; Leroy and Dupont, 1994; Fauquette et
al., 1998; Khélifi et al., 2009; Popescu et al., 2010) as well as the estab-
lishment of the Mediterranean-type seasonal precipitation rhythm
(summer drought at 3.4 Ma; Suc, 1984; Suc and Popescu, 2005; Barrón
et al., 2010; Jiménez-Moreno et al., 2010). These changes dramatically
79

80

81o).
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affected past terrestrial environments in theMediterranean area and veg-
etation experienced a decrease and the disappearance of many ther-
mophilous and hygrophilous species and the increase in xerophytes and
Mediterranean adapted taxa (Suc, 1984; Popescu et al., 2010).

Besides these long-term trends, climate during the Late Pliocenewas
also characterized by cyclical variability (i.e., orbital changes) that
forced vegetation changes (forested vs. open vegetation; Tzedakis,
2007; Popescu et al., 2010). In the Mediterranean area, cyclical changes
in the vegetation are mostly forced by precession (Kloosterboer-van
Hoeve et al., 2006; Tzedakis, 2007; SánchezGoñi et al., 2008). Neverthe-
less, obliquity also played an important role in shaping the vegetation
during the 2.8–1.0 Ma period (Joannin et al., 2007, 2008; Popescu et
al., 2010; Suc et al., 2010). However, there is a lack of these kinds of
studies in this area and the long-term vegetation changes are only doc-
umented in a few palynological studies on marine sediments (Suc,
1984; Bertini, 2001; Combourieu Nebout et al., 2004; Jiménez-Moreno
et al., 2010). Therefore, high-resolution pollen studies are needed to im-
prove our knowledge about themain forcing triggeringmillennial-scale
vegetation changes during the Late Pliocene in the Mediterranean area.
on and orbital-scale climate changes from the western Mediterranean
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2 G. Jiménez-Moreno et al. / Global and Planetary Change xxx (2013) xxx–xxx
In this studywe present a high-resolution palynological analysis, pa-
leomagnetic and magnetic susceptibility data from a sediment core
from a maar lake in NE Spain, which provides a continuous record of
paleoenvironmental variations in the western Mediterranean area dur-
ing the Late Pliocene. The pollen data have been compared with the
available magnetic susceptibility and lithological changes. These data
demonstrate cyclic and paired changes in vegetation, lake level and sed-
imentation that appear to be linked to orbital-scale climate variability
(i.e., “glacial–interglacial” cycles). Climate, paleobiogeographical and
age implications are discussed within the context of the Late Pliocene
Northern Hemisphere glacial intensification.

1.1. Maar lakes

A maar is a low-relief broad crater formed after an explosive
phreatomagmatic eruption. These craters rapidly filled up with ground
water and form a lake. Sedimentary records from maars have been
proven to be very good records for paleoecological studies (Pirrung et
al., 2003). Maars are usually deep, characterized by anoxic bottom con-
ditions and laminated sedimentation. They are also ground water fed,
less subject to surface runoff and evaporation, and thus sedimentation
is continuous (i.e., Willis et al., 1999; Pirrung et al., 2003; Lenz et al.,
2010). In addition, maars are endorheic basins, subject to very similar
and internal processes for comparison.

Sedimentation in these basins is usually very constant until the lake
gets filled up with sediment. The typical evolution of the sedimentary
sequences is the following: syn/post-eruptive wall rock debris and py-
roclastic breccias characterize the bottom deposits and are followed
by a fining-upward sequence of lacustrine muds and final shallow
lake-marsh deposits (see Pirrung et al., 2003 and references therein).
Because of the same shape and internal dynamics, sedimentary rates
oscillate between 0.14 and 0.82 mm/yr (Negendank et al., 1982;
Watts, 1985; Willis et al., 1999; Leroy et al., 2000; Galán et al., 2009;
Lenz et al., 2010).

Maar lakes are generally meromictic, so their anoxic bottom wa-
ters are a potential place for fossil preservation (see references in
U
N
C
O

R
R
E
C

Fig. 1. Geological map of the Camp dels Ninots Volcano. A and B) Location within the main ge
extension of the crater. The location of the CC09 core is shown (Can Cateura).
Panel C is modified from Vehí (2001).
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Gómez de Soler et al., 2012). In the case of pollen analysis, the mud-
stone lacustrine part of maar successions is of particular interest.

1.2. Camp dels Ninots

TheCampdelsNinotsmaar (41° 50′06″N, 2° 47′51″E; 95 mabove sea
level) is located inCaldes deMalavella, Girona,NE Spain (Fig. 1).Mean an-
nual temperature in this area (Girona) is ca. 14 °C. Mean annual precipi-
tation is around 730 mm. This maar was elliptical in shape with a
diameter between 650 and 400 m. It formed after phreatovolcanism af-
fected the Paleozoic bedrock during a Pliocene distensive tectonic phase
in this area (Gómez de Soler et al., 2012) and is part of the Catalan Volca-
nic Complex, which occurred between 14 Ma and 10 ka in NE Spain
(Gómez de Soler et al., 2012). Volcanism in this area was alkaline with
olivine-rich basaltic flows and volcanic cones with both explosive and
non-explosive activity phases (see references in Gómez de Soler et al.,
2012). Volcanic rocks, including basalt flows, occur around the studied
basin (Gómez de Soler et al., 2012).

The Camp dels Ninots volcano was first identified by Vehí et al.
(1999) who described the stratified deposits as lake sediments filling
the crater. Mammal bones were also found in the maar lake sediments
and several excavations have been carried out since 2003 in the area
(Gómez de Soler et al., 2012). At present, ten large mammal skeletons
in anatomical connection have been recovered, including six bovids
(Alephis tigneresi), a rhino (Stephanorhinus jeanvireti) and three tapirs
(Tapirus arvernenis), as well as turtles (Mauremys leprosa), amphibians
(cf. Pleurodeles sp., Lissotriton aff. helveticus and Pelophylax cf. perezi),
freshwater fish (Leuciscus?) and a rodent (Apodemus atavus), some of
them in anatomical connection. The excellent fossil preservation
makes this site a Konservat-Lagerstätte (Gómez de Soler et al., 2012).

The sedimentary infill of the Camp dels Ninots maar has been char-
acterized during the different excavations and through two drillings
that were carried out in the basin in 2009. The basin infill is character-
ized by the typical vertical stratigraphic succession in maars (Pirrung
et al., 2003; Lindner et al., 2006; among others). Syn-/post-eruptive
wall rock debris and pyroclastic breccias characterize the bottom
ological units from NE Iberia. LSB: La Selva Basin. C) Detailed geology from the area and

on and orbital-scale climate changes from the western Mediterranean
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deposits and are followed by a fining-upwards sequence of lacustrine
muds with coarse layers and final shallow lake deposits.

2. Materials and methods

Two cores were collected in July 2009 from the Camp dels Ninots
basin: a ca. 30 m-long core (Can Argilera core, CA09) from the basin
margin and a longer ca. 75 m-long (Can Cateura core, CC09) core
from the center of the basin. Coring was carried out using a percus-
sion system, which allowed azimuthal orientation through a continu-
ous line-mark left by the drilling device during the coring process. In
this study we analyzed the longer CC09 core, as it features thicker
organic-rich lacustrine facies (Fig. 2).

The general lithology description and paleomagnetic sampling from
CC09 (Fig. 2) was mainly carried out in the field as the core was being
recovered. Paleomagnetic sub-sampling of the upper 46 m of the
CC09 core was performed using quadrangular non-magnetic device,
collecting 88 oriented specimens with an average sampling interval of
ca. 0.5 m. All samples were encapsulated in cubic plastic boxes
(8 cm3) and stored in cold conditions (3–4 °C) to avoid chemical alter-
ations. Additionally, 27 oriented specimens were collected in the same
way in a subsequent sampling for thermal demagnetization of the nat-
ural remanent magnetization (NRM). These latter specimens corre-
spond to the upper 19 m of the CC09 core.

All paleomagnetic and rock-magnetic analyses were carried out
at the Laboratory of Paleomagnetism at Burgos University (UBU).
The measurement of the NRMwas performed with a 2G SQUID mag-
netometer (noise level 5 × 10−12 Am2). Low-fieldmagnetic susceptibil-
ity (χlf) was measured on each specimen with a KLY-4 Kappabridge
(noise level 3 × 10−8 S.I.). After a previous pilot study on representative
samples of each lithology, a systematic stepwise alternating field de-
magnetization of the NRM (up to 100 mT)was carried out on the entire
set of samples. Stepwise thermal demagnetization was carried out on
the 27 specimens sub-sampled in the CC09 core up to 400 °C. After
U
N
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Fig. 2. Lithological log of the CC09 core (1; Can Cateura well). Its correlation with the mam
Appendix 1 for more graphic information on how this correlation was done. The character
magnetic susceptibility are plotted as a function of depth. The interpreted polarity zones ac

Please cite this article as: Jiménez-Moreno, G., et al., Late Pliocene vegetati
area, Global and Planetary Change (2013), http://dx.doi.org/10.1016/j.glo
E
D
 P

R
O

O
F

each thermal demagnetization step, the low-fieldmagnetic susceptibil-
ity wasmeasured to evaluate mineralogical alterations. Over 350–400°,
samples displayed erratic directions due to mineralogical alteration
upon heating. In order to further study the magnetic carriers and eval-
uate themagnetic stability, we carried out several rock-magnetic exper-
iments on representative samples from each litho-stratigraphic unit.
With the aim of a Variable Field Translation Balance (MMVFTB) we
measured: 1) progressive isothermal remanent magnetization (IRM)
acquisition curves; 2) hysteresis loops (±1 T); 3) back-field curves
and 4) thermomagnetic curves (J vs. Tª) up to 700 °C in air.

Samples for pollen analysis (2 cm3) were taken every 10 cm
throughout the core. A total of 122 pollen samples were analyzed
with an average sampling of ca. 25 cm between samples (Fig. 3). Sam-
ples were treated following a modified Goeury and Beaulieu (1979)
methodology by Burjachs et al. (2003), including hydrochloric acid
(HCl), followed by KOH digestion, concentration using Thoulet heavy
liquid, and finally with hydrofluoric acid (HF). Countingwas performed
at 400× magnification to a minimum pollen sum of 300 terrestrial pol-
len grains. Spores were counted but were not represented in the pollen
diagram due to their low representation. Fossil pollen was identified
using published keys (Faegri and Iversen, 1989; Beug, 2004) and amod-
ern pollen reference collection. A summary of important pollen type
percentages is plotted in Fig. 3. Percentages were calculated with re-
spect to the total pollen sum not including Pinus. The pollen zonation
was accomplished by cluster analysis of the pollen percentages using
CONISS (Grimm, 1987). Botryococcus (Algae) was also found and its
percentagewas calculatedwith respect to the non-pollen palynomorph
sum (Fig. 3). Microcharcoal particles were also counted and the results
were expressed in concentrations (fragments of microcharcoal per 1 g
of dry sediment; Loublier, 1978; Burjachs, 1990).

Principal Components Analysis (PCA) using PAST (Hammer et al.,
2001)was run on the pollen data. Thiswas done tofindhypothetical var-
iables (components; i.e., climate parameters) accounting for as much
as possible of the variance in the pollen data. A PCA correlation loading
mal sites discovered in the maar basin (stratigraphic logs 4–6) is shown. See Figure
istic remanence declination, inclination, VGP (Virtual Geomagnetic Pole) latitude and
cording to the legend are also shown. See Section 4.4 for explanation.

on and orbital-scale climate changes from the western Mediterranean
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and scatter diagrams are shown in Fig. 4. These diagrams show to what
degree the different taxa correlate with the different components.

A cyclostratigraphic analysis was performed on the most signifi-
cant raw pollen percentages andMS throughout the studied sequence
(Fig. 5). We used the software PAST (Hammer et al., 2001) with the
objective of characterizing the different periodicities present in the
unevenly spaced raw pollen data and estimating their red-noise spec-
tra. The spectral analysis assisted in identifying recurrent features or
periodicities through spectral peaks registered at differing frequen-
cies throughout the studied core.

Filtering the percentage of humid trees at the most important fre-
quency bands was carried out using PAST (Hammer et al., 2001;
Fig. 6). Filtering out certain frequency bands in a time series can be
useful to smooth a curve, remove slow variation, or emphasize certain
periodicities (e.g. Milankovitch cycles).

3. Results

3.1. Lithology, magnetic susceptibility, paleomagnetism and age control

The CC09 core displays three main sediment types (Fig. 2). (1) The
most abundant sediments are laminated green-to-grayish mudstones
build up of clay minerals and other clastic grains. These are relatively
organic-matter depleted and contain abundant diatoms. (2) Laminat-
ed dark mudstones (basically blackish and brownish) are also abun-
dant. These are rich in organic matter and also contain diatoms, clay
minerals and other clastic grains. (3) Less abundant are laminated/
massive whitish carbonates. Precipitates of opal nodules, together
with other diagenetic structures, are mainly concentrated in these
later sediments. Dark mudstones (anoxic) are restricted to central
parts of the maar basin (sections 1–4 in Fig. 2; Fig. A.1).

Initial natural remanent magnetization (NRM) intensities and mag-
netic susceptibility values among CC09 samples vary more than two
orders ofmagnitudedue to the variation of the concentration of ferromag-
netic (s.l.) minerals produced by lithological changes. The NRM0 varies
between 0.01 and 191 mAm−1 while magnetic susceptibility oscillates
between 1.78 × 10−9 and 4.64 × 10−6 m3 kg−1 (Fig. 2). The magnetic
susceptibility variations covary with lithological changes. Thus, lower
values are recorded in carbonates. In mudstones, relatively lower and
higher values are roughly found in dark and green mudstones, respec-
tively. Despite some values out of range (always in green mudstones), a
background trend to higher MS is observed, likely to correlate with the
general trend to more clastic conditions towards the top of the core.

In order to assist the paleomagnetic interpretation, different
magnetozones have been distinguished depending on the directional
behavior observed along the sequence. These are: “Alpha” (top 10 m),
“Beta” (between 10 and 15 m depth), “Gamma” (15–30 m depth),
“Delta” (30–38 m depth) and “Epsilon” (39–47 m depth). This classifi-
cation is based on the directional behavior observed and does not keep
any relationship with the sedimentological changes distinguished.

Representative alternating field (AF) and thermal demagnetization
diagrams (Fig. A.2A–H) show that samples typically contain two
magnetization components. After removal of a low-coercivity (b16–
18 mT) or low-temperature component (b150–200 °C), the character-
istic remanent magnetization (ChRM) direction defines its trajectory
linearly towards the origin of orthogonal plots up to 80–100 mT or
Fig. 3. Pollen and charcoal diagramof the CampdelsNinots CC09 core record showing per-
centages of selected taxa. Pinuswas excluded from the total pollen sumdue to its veryhigh
abundance. The zonation, on the right, was made using cluster analysis provided by
CONISS (Grimm, 1987). Gray shading is a 10× exaggeration of the pollen percentages.
Botryococcus were calculated with respect to the total non-pollen palynomorph sum. In
green, yellow and blue are percentages the forest, shrubs and herbs and aquatics taxa re-
spectively. Oleaceae includeOlea, Phillyrea and very rare percentages of Fraxinus. The char-
coal remains were represented in concentrations (particles per gram of dry sediment,
Loublier, 1978). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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320–340 °C. The ChRM direction in AF demagnetized specimens from
beta and gamma zones is mostly defined up to maximum fields of 35–
45 mT due to the presence of spurious gyroremanent magnetizations
(GRMs; Fig. A.2D and F). Maximum unblocking temperatures suggest
the presence of greigite as the responsible of the GRMs (Fig. A.2B, E
and H). A steep increase in the magnetic susceptibility (measured
after each demagnetization step at room temperature) indicates that
most samples alter the magnetic mineralogy when heated above 330–
340 °C. This can be explained by the heating-induced transformation
of paramagnetic minerals and/or even greigite.

The ChRM directions were used to calculate virtual geomagnetic
pole (VGP) latitudes in order to illustrate the magnetic polarity of the
sequence (Fig. 2). In the first 6 m of the alpha zone, several samples
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with a normal paleomagnetic component were identified. However, it
was not possible to reliably determine the magnetic polarity of this in-
terval of the sequence due to the presence of samples with anomalous
directions together with other magnetically unstable. Samples corre-
sponding to β andγmagnetozones exhibited stable ChRM components,
reasonably intense and of reverse (β) and normalmagnetic polarity (γ),
respectively (Fig. A.2D–H). Despite most samples from δ zone had de-
magnetization diagrams of poor quality they defined a reverse ChRM
component (Fig. A.2C). The epsilon zone contained few interpretable
samples with poorly defined characteristic components showing both
normal and reverse polarities but in general of quite unstable magneti-
zation. Because of the anomalous and unstable behavior of these sam-
ples it was not possible to determine a reliable polarity here.
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An interesting feature of AF demagnetization diagrams from beta
and gamma zones is the systematic presence of gyroremanences over
35–40 mT characteristic of greigite (Fig. A.2D and F). The coexistence
of this ferromagnetic sulfur with magnetite as the main magnetic car-
riers has been confirmed in the thermomagnetic curves (Fig. A.3A, C
and D). The typical single-domain shape of the hysteresis cycles is also
indicative of greigite (Fig. A.3B; Roberts et al., 2011). The identification
of greigite has important implications from the paleomagnetic point
of view since it is commonly reported as a product of diagenetic origin
(e.g., Sagnotti et al., 2005; Porreca et al., 2009). In our case, however,
the fact of having identified two magnetozones of opposite polarity
but common magnetic properties (β and γ) does not point out to a
remagnetization event. This indicates that the obtained paleomagnetic
directions are really representative of the geomagnetic field and the
remanence was acquired at the time (or shortly after) the deposition.

Furthermore, thermal demagnetization diagrams of the NRM in
stratigraphic twin specimens from these magnetozones display the
same polarity as their AF analogous (e.g., Fig. A.2D–E and F–H) pointing
out that the determined paleomagnetic directions are not contaminated
by theGRMeffect. It isworth pointing out that polarity transitions iden-
tified in CC09 are not associatedwith any lithological change. Therefore,
CC09 paleomagnetic record reveals a normal magnetic polarity interval
between two of reverse polarity. Correlation of the observed polarity
zonation with the Global Polarity Time Scale (GPTS; Gradstein et al.,
2004) is discussed in Section 4.4.

3.2. Pollen analysis

The pollen record from the CC09 core shows high percentages of
Pinus varying around and average value of 43% (Fig. 3). Other conifers
such as Abies, Cathaya, Tsuga, Cedrus, Picea, Larix/Pseudotsuga and
Taxodioideae (most likely Taxodium orGlyptostrobus) are also abundant
in this record. Engelhardia, Taxodioideae andMyrica represent themost
frequent thermophilous taxa. Temperate pollen species are dominated
byQuercus (both evergreen and deciduous) but also Alnus, Carpinus (in-
cluding C. cf. orientalis), Carya, Liquidambar, Ulmus and Castanea–
Castanopsis. Typically Mediterranean taxa such as Olea and Phillyrea
Please cite this article as: Jiménez-Moreno, G., et al., Late Pliocene vegetati
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occur frequently in the pollen samples. Cupressaceae s.l., Ericaceae
and Poaceae are abundant in the pollen spectra. Aquatics, such as
Cyperaceae also occur frequently in the pollen samples as well as the
algae Botryococcus, which is sometimes very abundant.

One hundred and seven different pollen taxa have been identified in
the CC09 core. The record shows a very rich and diverse flora, although
many of the identified taxa occur in percentages lower than 1% (not plot-
ted in Fig. 3). These rare species include thermophilous plants such as
Arecaceae, Croton, Mimosaceae, Prosopis, Caesalpiniaceae, Sapotaceae,
Symplocos, Cyrillaceae–Clethraceae, Platycarya, Parthenocissus, Cissus,
Celastraceae, Mussaenda-type, Microtropis fallax and Eucommia. Temper-
ate trees are also diversified and rare pollen species include
Aesculus, Fraxinus, Rhus, Ilex, Pterocarya, Juglans, Hamamelis,
Parrotia, Hamamelidaceae, Platanus, Celtis, Populus and Ginkgo.

Cluster analysis was run on the pollen data (excluding Pinus, as it is
usually overrepresented) using the program CONISS (Grimm, 1987).
This helped us, together with the pollen and algae percentages, to objec-
tively zone the pollen data, producing six pollen zones for the CC09 re-
cord (Fig. 3). Even though there is a lot of variability in the pollen
spectra, zones 1a, 2a and 3a are generally characterized by relatively
high percentages in Quercus (both evergreen and deciduous), Poaceae,
Ericaceae, Cupressaceae s.l., Olea, Phillyrea and Cyperaceae. On the
other hand, during the deposition of zones 1b, 2b and 3b, arboreal pollen
(%AP)dominated thepollen spectra including (besidesPinus) Engelhardia,
Abies, Cathaya, Tsuga, Larix, Castanea–Castanopsis and Alnus. Botryococcus
is also very abundant in these pollen spectra.

3.3. PCA analysis on the pollen data

PCA analysis on the pollen data shows twomain groups of distinctive
taxa (Fig. 4). One group, characterized by positive correlation to PC1
(PC1+), ismade up of Poaceae,Quercus (both evergreen and deciduous),
Cupressaceae s.l., Oleaceae (Olea, Phillyrea and Fraxinus), Ericaceae,
Cistaceae, Cyperaceae, Corylus and Carpinus cf. orientalis. The other main
group, characterized bynegative correlation to PC1 (PC1−), is dominated
by arboreal species and algae and includes Engelhardia, Cathaya, Abies,
Picea, Tsuga, Larix, Castanea–Castanopsis, Alnus, Zelkova and Botryococcus.
We could separate a third group, with negative correlation to both PC1
and PC2 that includes Pinus and Cedrus. PCA analysis indicates that Princi-
pal Component 1 (probably precipitation/seasonality see below) is strong,
explaining the 98.763% of the variance.

Pollen data and cluster analysis agrees with the PCA analysis and
pollen zones 1a, 2a and 3a are generally characterized by high relative
abundances in the PC1+ pollen group and zones 1b, 2b and 3b are
characterized by higher frequencies in the PC1−. Pinus and Cedrus
seem to be more abundant during these later zones.

3.4. Periodicity of pollen and MS changes

Pollen data show a very clear cyclical pattern in the relative abun-
dance of many taxa (Fig. 3). Cyclical variations are also observed in
the lithology and MS, with alternations from darker (i.e., organic-rich)
to lighter (i.e., organic-depleted) horizons (Fig. 2). Spectral analysis on
the raw pollen data (most abundant pollen species from both PC1+
and PC1−) shows results with statistically significant (above the 80
and 90% confidence level) spectral peaks at periodicities between 2–3,
4, 7–8 and 15–20 m (Fig. 5). MS shows very similar results with signif-
icant spectral peaks at the above-mentioned frequencies (Fig. 5).

4. Discussion

4.1. Late Pliocene vegetation and climate in the western Mediterranean area

Previous palynological studies on Pliocene sequences in thewestern
Mediterranean area (Garraf 1 core; Suc and Cravatte, 1982; Tarragona
E2 core; Bessais and Cravatte, 1988; Suc et al., 1995; Andalucía G1
on and orbital-scale climate changes from the western Mediterranean
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core; Fauquette et al., 2007) show that vegetation was organized in alti-
tudinal belts (Jiménez-Moreno et al., 2010). The following plant environ-
mentswith their different species distribution have been described in this
area: (1) a broad-leaved evergreen forest, from the coastal plains to about
700 m in altitude, mainly made up of Taxodium or Glyptostrobus, Myrica,
Rhus, Theaceae, Cyrillaceae–Clethraceae, Euphorbiaceae, Distylium, ever-
green Quercus, Castanea–Castanopsis, Sapotaceae, Rutaceae, Rubiaceae,
Mussaenda, Ilex, Hedera, Oleaceae, Hamamelidaceae and Engelhardia; (2)
an evergreen and deciduous mixed forest, above 700 m, characterized
by deciduous Quercus, Engelhardia, Platycarya, Carya, Pterocarya, Fagus,
Liquidambar, Parrotia, Carpinus, Celtis, Acer, etc. The shrub level was dom-
inated by Ericaceae, Ilex, Caprifoliaceae, etc.; (3) between ca. 1000 and
1800 m, a mid-altitude deciduous and coniferous mixed forest occurred,
with Betula, Fagus, Cathaya, Cedrus and Tsuga and (4) above 1800 m in al-
titude, a coniferous forest with Abies and Piceawas present. Riparian veg-
etation was also identified, mainly composed of Salix, Alnus, Carya,
Zelkova, Ulmus and Liquidambar.

The CC09 record is characterized by forested vegetation (AP between
57 and 97%). Pollen results from the CC09 core agree with previous stud-
ies from the western Mediterranean area (synthesis in Jiménez-Moreno
et al., 2010), bearing taxa characteristic of all of the above-mentioned dif-
ferent vegetal environments (Fig. 3). The flora is very diverse, including
many extinct thermophilous andhygrophilous species but also temperate
taxa and high-elevation conifers (see Section 3.2; Fig. 3).

It is worth noting that typical Mediterranean-adapted taxa such as
Olea, Phillyrea or evergreen Quercuswere already quite abundant (pollen
percentages up to 10% in Oleaceae total and evergreen Quercus) during
the Late Pliocene in this area. The pollen abundance of Mediterranean
sclerophyllous taxa in NE Spain during the Late Pliocene,with similar per-
centages as during the Holocene (Burjachs, 1994; Riera and Esteban,
1994; Burjachs and Schulte, 2003; Burjachs et al., 2005; Carrión et al.,
2012), could indicate that this area was already under a certain seasonal
Mediterranean climate. This agrees with Suc (1984) who observed a
major reduction in subtropical taxa and an increase in sclerophyllous veg-
etation during the Late Pliocene, around 3.4 Ma (Suc and Popescu, 2005),
establishing this age as the onset of theMediterranean-type seasonal pre-
cipitation rhythm in the Mediterranean region.

Artemisia is very rare in this pollen record, which confirms that the
sequence is older than 2.6 Ma and the beginning of the Pleistocene
glaciations, when Artemisia steppes became widespread in this area
(Jiménez-Moreno et al., 2010). Mid- and high-elevation conifers
(Cathaya, Cedrus, Tsuga, Larix, Abies, Picea) are also quite abundant
in this record. This indicates that these species occurred at higher
elevation in the area, probably in the Catalan Coastal Ranges
(i.e., Montseny peak, 1700 m, at 35 km to the SW) or the Pyrenees
(i.e., Canigou Peak, 2785 m, ca. 80 km to the NW).

The occurrence of many thermophilous species (such as Engelhardia
or Taxodioideae) points to a subtropical climate. Mean annual tempera-
tures have been estimated around 1 to 5 °C warmer for the Late Pliocene
in this area (Fauquette et al., 1998). Also the presence of many hygroph-
ilous plants, living in SE China under high precipitation regimes, indicates
mean annual precipitations 400 to 1000 mm higher than Present
(Fauquette et al., 1998). The occurrence of hygrophilous species also indi-
cates that, at that time, seasonality (in particular summer drought) was
probably less marked than today (Jiménez-Moreno et al., 2009).

4.2. Vegetation changes and paleoecological implications

The CC09 pollen record shows the alternation of three relatively
humid and arid periods. Climate during pollen zones 1a, 2a and 3a,
which show relative increases in taxa belonging to PC1+, can be
interpreted as relatively arid or characterized by a stronger seasonality.
This can be deduced by the higher abundance in Mediterranean
sclerophyllous xerophytes such as evergreen Quercus, Olea, Phillyrea
and also Cupressaceae s.l. and grasses. Ericaceae has also been proven
to increase with aridity in the western Mediterranean area (Pérez-
Please cite this article as: Jiménez-Moreno, G., et al., Late Pliocene vegetati
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Obiol et al., 2011). The increase in Cyperaceae during these periods
could indicate shallowing of the lake and an increase in shore and
marsh surface area (Jiménez-Moreno et al., 2008). The driest periods
in this area seem to be recorded during pollen zones 2a and 3a, reaching
maxima in arid indicators. In addition, charcoal particles increased at
these times, showing enhanced fire activity that was probably related
with more aridity in the area (Whitlock and Anderson, 2003;
Jiménez-Moreno et al., 2011). The lowest percentage in arboreal pollen
and maximum in arid indicators (PC1+) occurred at ca. 25 m depth,
during pollen zone 2a, recording a maximum in aridity (Figs. 3 and 7).

The opposite occurred during the deposition of zones 1b, 2b and
3b; arboreal trees (%AP) dominated the pollen spectra including
(besides Pinus) Engelhardia, Abies, Cathaya, Tsuga, Larix, Castanea–
Castanopsis and Alnus (all taxa belonging to PC1−). All these taxa
probably grew at different elevations (see explanation above) but
shared the same high-humidity requirements (or lack of strong sea-
sonality). For example, Abies (sp.), probably an ancestor of A. alba,
which occurs today in the Pyrenees, is associated with humid sum-
mers (A. pinsapo, its more meridional occurring relative is more
adapted to summer drought; Alba-Sánchez et al., 2010). Abies forest
developed at high elevation during humid interglacials in Greece
(Ioannina 249; Tzedakis and Bennett, 1995). Tsuga also requires high
precipitations (800–2000 mm), evenly distributed throughout the
year, and unable to tolerate a dry summer season (Leroy and Roiron,
1996). Engelhardia, a semi-evergreen subtropical species typical of the
broad-leaved evergreen forest in SE China (Wang, 1961) requires pre-
cipitation throughout the year (Jiménez-Moreno et al., 2005, 2009).
Botryococcus, also very abundant in these pollen spectra, probably indi-
cate deeper lake conditions and more productivity in the lake as has
been deduced from other pollen records (Anderson et al., 2011).

The CC09 pollen record also shows long-term trends in the abundance
of significant pollen taxa. For example, %AP, and in particular Abies, is
characterized by a progressive decreasing trend towards the top of the re-
cord (Fig. 7). Arid taxa seem to show the opposite trend, with increasing
values towards the top. This could be related to a long-term increasing
trend in aridity. An increase in aridity has also been observed in other
pollen records from the area (Fauquette et al., 1998) through a long-
term decrease in thermophilous/hygrophilous taxa and an increase in
Mediterranean xerophytes and herbs during the Late Pliocene (be-
tween ca. 3.56 and 3.22 Ma). This also agrees with more recent data
from marine cores from the Mediterranean and Atlantic Ocean that
show an intensification of the Mediterranean outflow around 3.5–
3.2 Ma related with an increase in seasonal aridity (Khélifi et al., 2009).
on and orbital-scale climate changes from the western Mediterranean
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4.3. Vegetation succession

High-resolution pollen studies show very detailed vegetal succession
patterns during climate change. For example, during glacial–interglacial
cycles pollen diagrams from southern Europe show a pre-temperate
(late glacial) phase of openwoodland (with Juniperus, Pinus,Betula, decid-
uous Quercus). Later on, the onset of the interglacial is characterized by
early expansion of Mediterranean sclerophylls and deciduous Quercus.
This is followed by a decrease in Mediterranean sclerophylls and an ex-
pansion in deciduous trees and the final part of the interglacial is charac-
terized by late successional trees (conifers such as Abies and Picea) and
increases in herbs (synthesis in Tzedakis, 2007). These successional pat-
terns in the vegetation have also been described for the Pliocene and
early Pleistocene (Combourieu-Nebout, 1993; Bertini, 2001; Joannin et
al., 2007; Leroy et al., 2011; Fig. 8). Climate during the Pliocene was
warmer (Zachos et al., 2001) than during the Pleistocene and subtropical
vegetation also forms part of this succession. Therefore, the Pliocene
“glacial–interglacial” cycles in theMediterranean areawere characterized
by the succession of four main vegetal assemblages (see Bertini, 2001 for
synthesis): deciduous forest, subtropical/warm-temperate forest, altitudi-
nal conifer forest and open vegetation. This succession evidences four
main climatic conditions: a first increase in temperature followed by an
increase in humidity; a decrease in temperaturewithout variations of hu-
midity and finally a strong decrease in humidity, corresponding to a grad-
ual transition from warm and humid conditions during interglacials to
cold and dry conditions during glacials (Fig. 8). These four phases are
not always evident in the high-resolution pollen records and a pollen re-
cord from Stirone, Italy shows that phases dominated by a herbaceous
vegetation are lacking whereas an important increase of altitudinal coni-
fers, in particular Picea, is recorded. This was interpreted as local climatic
conditions that favored the development of a high-elevation conifer forest
instead of steppic grasses in the area during glaciations (Bertini, 2001).

The CC09 pollen record shows covariation of plant species that live
today at very different environments (i.e., elevations). This is the case
of low-altitude subtropical species such as Engelhardia and high-
altitude conifers such as Abies. These two species seem to covary almost
synchronously throughout the record. The same applies to herbs and,
for example, evergreen and deciduous Quercus. In the CC09 record we
mostly see changes related to humidity andwewere only able to distin-
guish two of the four phases of the glacial–interglacial vegetal succes-
sion described above: a humid phase including the subtropical and
humid forest together with the altitudinal conifer forest and an arid
phase characterized by open vegetation and deciduous forest (Fig. 8).
Pinus and Cedrus seem to increase at the transitions between those
two main phases, leading to higher elevation or more hygrophilous co-
nifers (Fig. 9).

4.4. CC09 core magnetochronology

The coexistence of S. jeanvireti and A. tigneresi suggests an age of
about 3.2 Ma (Late Pliocene) for the Camp dels Ninots sedimentary se-
quence, near the MN15–MN16 mammal biozone transition (Gómez de
Soler et al., 2012; see Section 4.6 onMNunits). The correlation of paleo-
magnetic results with the GPTS (Fig. 10) aswell aswith the referred pa-
leontological data, suggest that the normal to reverse polarity transition
identified between gamma (γ) and beta (β)magnetozones corresponds
to the transition between subchron C2An.2n [3.11–3.22 Ma] and
C2An.1r (Kaena) [3.04–3.11 Ma]. Following this line of interpretation,
the reversed interval identified at delta (δ) zone would thus equate to
the Mammoth subchron (C2An.2r) [3.22–3.33 Ma]. An alternative ex-
planation would be the correlation of the lowest reverse interval (δ
zone) with the C2Ar chron (Gilbert) whose best age estimation is be-
tween 3.58 and 4.18 Ma (Gradstein et al., 2004). Consequently, this
would imply that the gamma zone would correlate to C2An.3n (3.33–
3.58 Ma) and the beta zone to C2An.2r (Mammoth subchron). This lat-
ter interpretation, however, does not fit well with sedimentological and
Please cite this article as: Jiménez-Moreno, G., et al., Late Pliocene vegetati
area, Global and Planetary Change (2013), http://dx.doi.org/10.1016/j.glo
E
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 Pcyclostratigraphical evidences (see below) or the biostratigraphic data,

which indicate an age of ca. 3.2 Ma for the faunal assemblage
(Gómez de Soler et al., 2012) documented in the upper part of the
sequence.

4.5. Astronomical forcing on vegetation and sedimentation

The palynological results from CC09 core show a very clear cyclical
pattern in the vegetation. Cycles are characterized by the alternation of
dominantly hygrophilous (PC1−) vs. xerophilous (PC1+) plants (see
above for explanation; Fig. 6). Different scale cyclicities can be observed
visually within the different pollen zones (Figs. 3, 6 and 7). The main
driver triggering vegetation changes in this area seemed to be precipita-
tion. Humid periods are characterized by %AP between 90 and 97% and
arid periods by around 70%. The magnitude of the oscillations is much
lower than between Pleistocene glacial–interglacial cycles, when %AP
can reach up to values close to 0% during glaciations (i.e., Tenaghi
Philippon; Tzedakis, 2007). Therefore, orbital-scale climate variability
was less pronounced during the Late Pliocene than during the last
2.6 Ma in the Mediterranean area.

Spectral analysis of the pollen data identified cycles with periodic-
ities at 2–3, 4, 7–8 and 15–20 m in the studied sequence (Fig. 5). As
the studied core lacks a detailed chronological controlwe cannot direct-
ly assign these periodicities to a certain time period (i.e., orbital cycle).
However, we can estimate their time duration making a few assump-
tions, supported by the biostratigraphic and paleomagnetic data, and
knowing what really triggers vegetation changes in the study area.
One of the most statistically significant cyclicities has a periodicity of
ca. 4 m and can be identified in the most significant humid and arid in-
dicators as well as in the %AP andMS (Fig. 5). Humid taxa data were fil-
tered at a 4 m frequency (0.0025 frequency and 0.001 bandwidth) and
the resulting plot explains most of the variability observed (Fig. 6). In
the Mediterranean area, cyclical changes in the vegetation are mostly
forced by precession (Kloosterboer-van Hoeve et al., 2006; Tzedakis,
2007; Sánchez Goñi et al., 2008). If we consider the 4 m cycle forced
by precession (21 ka), the 7.5 m cyclicity would correspond to ca.
40 ka (obliquity) and the 17.5 (15–20) m to ca. 90 ka (79–105 ka; ec-
centricity) producing a perfect orbital-scale fit for the observed spectral
peaks. The 2–3 m (10.5–15.7 ka) cycle could then be related to a mix of
a half-precession harmonic (ca. 10–12 ka) with the 19 ka precession
orbital component. Following this, the calculated sedimentary rate for
on and orbital-scale climate changes from the western Mediterranean
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this sequence would be of ca. 0.19 mm/yr, which agrees with average
values in other maar environments (for example 0.14 mm/yr in Messel
maar, Germany, Lenz et al., 2010).
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The paleomagnetic data support these sedimentary rate estima-
tions. The normal polarity interval identified in the middle of the la-
custrine facies, taking into account the biostratigraphic age given by
mammals of ca. 3.2 Ma, could be most-likely assigned to the Gauss
chron 2An.2n (3.20–3.11 Ma; ATNTS04), sandwiched by two rever-
sals: Mammoth and Kaena. Our pollen results fully support this as-
signment: this normal chron has an estimated duration of 90 ka
(ATNTS04) and in the CC09 pollen record this time period is charac-
terized by four complete precession cycles, which gives us a very sim-
ilar duration of the normal chron of ca. 84 ka (4 ∗ 21 ka) (Fig. 10).

The plots obtained by filtering the % humid taxa at the frequencies
of the precession (explained above), obliquity (7.5 m; 0.0013 fre-
quency and 0.001 bandwidth) and eccentricity (20 m; 0.0005 and
0.001 bandwidth) explain all the variability observed in the CC09 pol-
len record (Fig. 6). A good match in amplitude variation is found be-
tween the astronomical forcing and the filtered outputs (Fig. 10).
Following this, the studied sequence would have been deposited in
ca. 200 ka. Our record shows a minimum in precipitation (maximum
in arid indicators and charcoal) around 25 m depth that was probably
triggered by low-amplitude insolation minima and eccentricity mini-
ma (Fig. 10). Also, the highest MS occurred at that time with roughly
less organic sedimentation in the lake. Lithology and MS show that
dark mudstones, probably organic-rich, occurred during precipitation
maxima (Fig. A.4). This coincideswithmarine records from theMediter-
ranean that show that sapropels were deposited during humid periods
related with insolation maxima (precession minima; Rossignol-Strick,
1983; Hilgen, 1991). MS variations would mostly be related to changes
in organic productivity in the lake, anoxic conditions, etc.

Even though several studies show the important role of obliquity in
shaping the vegetation during the 2.8–1.0 Ma period (Klotz et al., 2006;
Joannin et al., 2008; Leroy, 2008; Popescu et al., 2010; Suc et al., 2010),
there is not much information about obliquity forcing on the vegetation
earlier in the Pliocene in this area. For example, Popescu (2001) recorded
spectral peaks related with obliquity in an early Pliocene pollen record
(Lupoaia, Romania) but no further discussion can be found in that
paper. The CC09 record shows that obliquity is also important at that
time in shaping the vegetation. This reflects a high-latitude influence on
the Mediterranean climate through changes in seasonal contrast, mostly
controlling temperature variations (Tuenter et al., 2003; Suc et al., 2010).

4.6. Mammal biostratigraphical implications

The MN (Mammal Neogene) units, with age estimates by Agustí et
al. (2001), are commonly used in continental biostratigraphy (Mein,
1975, 1990; De Bruijn et al., 1992). The large mammals found at
Camp dels Ninots include S. jeanvireti, a rare rhinoceros that is only
known from MN16, and Alephis, a large bovid which in western
Europe was replaced by Leptobos late in MN15 or around the
MN15–16 transition, while in south-eastern Europe it may have sur-
vived later. In a broad sense, these mammals pointed to an age
close to the MN15–16 transition, around 3.2 Ma (Gómez de Soler et
al., 2012). The combination of paleomagnetism and cyclostratigraphy
suggests that chron C2An.2n is present in the CC09 core. The large
mammal fossils come from nearby sediments that can be correlated
to the upper part of the studied core (see correlations in Figs. 2 and
A.1), implying that they date to the Kaena subchron (C2An.1r, 3.03–
3.11 Ma; or to an even younger chron). Therefore, rough age estima-
tion for the paleontological site of ca. 3.06 Ma could be suggested by
combining the 0.19 mm/yr accumulation rate and the distance between
the site and the Kaena base reversal (10.5 m and 3.116 Ma, respective-
ly). Anyway, only an age younger than Kaena base reversal can be as-
sured from a combined magnetobiostratigraphic point of view.

The reference localities for MN15 and 16 are Perpignan in France and
Arondelli/Triversa in Italy. About 20 m below the site of Serrat d'en
Vacquer at Perpignan, the Gilbert Chron (C2Ar) was detected, while
the Triversa fauna in the RDB quarry is correlated to the C2An.2n unit
on and orbital-scale climate changes from the western Mediterranean
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just below the Kaena Subchron (=C2An.1r) (Steininger et al., 1996).
This implies that the MN15–16 transition should be roughly between
3.6 and 3.2 Ma. More recently, in Spain the MN15–16 transition was
dated to around 3.2 Ma (Agustí et al., 2001). The locality Las Higueruelas
(Ciudad Real, Spain) is in a similar volcanic setting as Camp dels Ninots
and has been dated to either the Kaena or Mammoth Subchrons
(Mazo, 1999). In view of the age of the MN15–16 transition, this locality
dates probably to the Kaena Subchron. Large mammals that arrived by
dispersal into western Europe around the MN15–16 transition include
Leptobos and Acinonyx (present in Arondeli; De Bruijn et al., 1992) and
Arvernoceros, Cervus perrieri and Stephanorhinus etruscus (present in Las
Higueruelas; Mazo, 1999). If all datings and identifications are correct,
this implies that Alephis from Camp dels Ninots postdates the earliest
Leptobos in western Europe andwas very close to, possibly even younger
than, the arrivals of several other MN16 elements. At least in western
Europe, the latest record of Alephis is from Camp dels Ninots.

5. Conclusions

A multiproxy analysis of a sediment core from the Late Pliocene
Camp dels Ninots maar, allowed us to reconstruct the vegetation, sedi-
mentation and climate variability, around 3.2 Ma in NE Spain. Through
comparing this study with other records from the Mediterranean area
we obtained the following main conclusions:

(1) Pollen data indicate that during the Late Pliocene a very diverse
flora existed in NE Spain including subtropical, temperate and
Mediterranean taxa.

(2) Vegetation was very similar to previous studies and indicates a
relatively humid subtropical climate with certain seasonality.
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Figure Appendix 1. Location of sedimentary outcrops described in the text and Fig. 2. The photo sh

Appendix 1

Please cite this article as: Jiménez-Moreno, G., et al., Late Pliocene vegetati
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(3) A progressive aridification is observed, which agrees with other
Late Pliocene global climatic records.

(4) We observed the presence of a clear climate cyclicity that forced
both the vegetation and sedimentation in the Camp dels Ninots
maar. These cycles are mostly humid–arid (or less–more season-
ality) and are mostly forced by precession but also by obliquity
and eccentricity.

(5) The studied sedimentary sequence was deposited in 200 ka (3.3–
3.1 Ma).
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Figure Appendix 2. Orthogonal NRM demagnetization plots for representative samples from CC09. (A, C, D, F and G) Samples demagnetized by alternating fields. (B, E and H) Sam-
ples thermally demagnetized. Closed (open) symbols show projections of vector endpoints onto the horizontal (vertical) plane. Sample code, magnetozone and initial intensity
(NRM0) are indicated for each sample. Insets of panels d and f show the plots without the contribution of gyroremanences (red circles).
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Figure Appendix 4. Comparison of the magnetic susceptibility (MS), lithology and pollen record (%Abies) from the CC09 core. Gray shadings indicate humid periods that generally
correspond to dark clays and low MS.

Figure Appendix 3. (A, B and D).Q8 Representative thermomagnetic curves from (A) beta and (C–D) gamma zones. (B) Hysteresis loop corresponding to the same sample plotted in
panel A. Heating (cooling) cycles are represented in black (gray) and denoted by dashed arrows. Magnetization intensity values, sample code, stratigraphic zone and the inflection
corresponding to the ferromagnetic mineral phases indicated are also represented.
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