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Abstract

Pollen and paleomagnetic analysis of the Rubielos de Mora-1 core (Rubielos de Mora basin, NE Spain) has been carried out with
the aim of reconstructing floral, vegetational and climatic changes within an accurate time framework. Based on biostratigraphic
information, the magnetostratigraphy of the Rubielos de Mora-1 core is calibrated to the Astronomical Tuned Neogene Time Scale
(ATNTS04) resulting in an age of EarlyMiocene for the cored sedimentary sequence. The high percentages of thermophilous taxa and
the diverse subarid flora in the pollen spectra points to a very dry subtropical climate with a marked seasonality, reflecting the onset of
the Miocene climatic optimum. On the other hand, taxa with high water requirements (riparian) are also abundant. Alternation in
pollen taxa (thermophilous vs. mesothermic–riparian), coincide with sedimentological changes, which are related to lake level
fluctuations and vegetation changes. In turn, the vegetational pattern indicates cyclic changes in temperature and precipitation which
is controlled by astronomically forced obliquity cycles.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The lacustrine sediments of the Early Miocene
from the Rubielos de Mora basin show a distinct oxic–
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anoxic cyclicity together with finer scale cyclicity
within the laminated anoxic sediments (rhythmites)
(Anadón et al., 1988a, 1991). The sediments contain a
very rich and well-preserved fossil fauna that has been
extensively studied in several outcrops throughout
the basin (Crusafont-Pairó et al., 1966; de Bruijn and
Moltzer, 1974; Martínez-Delclòs et al., 1991; Montoya
et al., 1996; Montoya, 2002; Peñalver et al., 2002;
Peñalver and Martínez-Delclòs, 2003). Nevertheless,
biostratigraphic data is not well-constrained and the
only age control in the basin comes from two mammal
sites of about the same Early Miocene age (Crusafont-
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Pairó et al., 1966; de Bruijn and Moltzer, 1974;
Montoya et al., 1996). Therefore, a better age control
of the sedimentary sequence is needed.

Preliminary studies of the micro- and macrofloras
have been carried out in the Rubielos de Mora basin
(Fernández Marrón and Álvarez-Ramis, 1988;
Álvarez Ramis and Fernández Marrón, 1994; Barrón
and Sansisteban, 1999; Roiron et al., 1999; Rubio
et al., 2003). They show vegetation dominated by
mesothermic and riparian plants indicative of a humid
temperate climate. In contrast, micro- and macro-
flora studies from other nearby basins for the same
temporal interval have identified several very warm
and subdesertic taxa of the family Caesalpiniaceae
(Banksia, Caesalpinia, Cassia), Mimosaceae (Acacia,
Mimosa) and Proteaceae (Grevillea, Protea) (Besse-
dik, 1985; Sanz de Siria Catalán, 1993; Jiménez-
Moreno, 2005). Therefore, vegetation and climate of
the Early Miocene in Southwestern Europe still re-
mains unclear.

The influence of astronomical (Milankovitch) forc-
ing on the vegetation has been recognized in pollen
records of the Pliocene and Late Miocene (Combour-
ieu-Nebout and Vergnaud-Grazzini, 1991; Bertini,
2001; Popescu, 2001; Popescu et al., 2006; Klooster-
boer-van Hoeve et al., 2006) but is still lacking in
the Early Miocene records. In order to fill this gap,
recently, Jiménez-Moreno et al. (2005) revealed the
usefulness of pollen analysis to detect Milankovitch
induced climatic fluctuations in Middle Miocene
sediments from Hungary.

The drilling of a 365m long core (Rubielos deMora-1)
in the western part of the Rubielos de Mora basin has
Fig. 1. Location of the borehole Rubielos de Mora-1 and main structural unit
three units (modified from Anadón et al. (1988b) (Right).
allowed us to carry out an extensive sampling for pollen
and paleomagnetic analysis of the Early Miocene sed-
imentary sequence. The quantitative analysis of the
pollen data has been used to characterize the observed
sedimentary cyclicity in terms of repetitive changes
in vegetation. Together with an accurate age control,
paleoenvironmental and climatic changes have been
reconstructed, and the influence of astronomically
forced climate changes on the origin and evolution of
the vegetation in the Rubielos de Mora basin has been
evaluated.

2. Geological and stratigraphical setting

The studied area is located within the Rubielos de
Mora Basin, in the southernmost part of the linking zone
between the eastern Iberian Chain and the Catalán
Coastal Ranges (Fig. 1). During the Early Miocene,
tectonic subsidence led to the development of a rela-
tively deep lacustrine system where anoxic bottom
water conditions prevailed favoring the preservation of
fossils and organic-rich sediments (Anadón et al., 1989).
The presence of two mammal sites, RM-1 and RM-2
(Crusafont-Pairó et al., 1966; de Bruijn and Moltzer,
1974; Montoya et al., 1996), in the upper part (Upper
Unit) of the sedimentary sequence permitted dating of
the basin-fill as Early Miocene's local Ramblian (MN3;
Montoya et al., 1996) or Aragonian (MN4; López-
Martínez, 1989; de Bruijn et al., 1992) on the basis of
Eomyidae (Alvarez Sierra, 1987) and Lagomorpha
(López-Martínez, 1989). One of the fossil sites, the
mammal locality RM-2, is located close to the drilling
site.
s in NE Spain (Left). Subdivision of the Rubielos de Mora basin fill in
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Three stratigraphic units have been distinguished in
the basin (Anadón et al., 1988a,b, 1989, 1991):

Lower unit. It is made up of a 300 m thick sequence of
sandstones interbedded with mudstones and some
conglomerates of reddish–yellowish color. They have
a fluvial origin and discordantly overlay Cretaceous
sediments (“Weald” and “Utrillas” facies).
Middle unit. It comprises a 100 m thick unit of mainly
lacustrine sediments. Lignites are abundant in the
eastern part of the basin while fluviatile sediments
dominate in the western part. This unit represents an
early stage development of a lake in the basin.
Upper unit. This unit is up to 400 m thick and mainly
consists of open lacustrine sediments but also a large
variety of other facies. In thewestern part, the lacustrine
facies is characterized by oxic–anoxic cyclical
sequences of massive clays (oxic facies) and dark
laminated clays (anoxic facies) (Fig. 2). Each cycle is
about 0.6–9 m thick and is the product of alternating
periods of anoxic and well-oxygenated lake bottom
conditions (Anadón et al., 1988a). The laminated
(anoxic) facies, comprises sandy mudstones, mud-
stones with bioclastic lamination, oil-shales, rhythmites
andmarls. These sediments were deposited during high
lake level stages, where permanently stratified (mer-
omictic) and anoxic bottom conditions prevailed
(Fig. 2). The rhytmites are characterized by an
alternation between fine carbonate precipitates (calcite
and aragonite) and terrigenous marls. They formed as a
result of small lake level fluctuations, mainly due to
changing water inputs (Anadón et al., 1988a; Fig. 2).
Fig. 2. Main sedimentological features and interpretation of an ideal cycle betw
de Mora basin [modified from Anadón et al. (1988a)].
The green-grey massive claystones were deposited in
oxygenated lake water. The claystones are rich in car-
bonates and especially low in magnesium calcite and
dolomite which was probably linked to an increase in the
evaporation which generated alkaline conditions in the
lake waters (Anadón et al., 1988a). Root bioturbation is
common while evaporitic saline or desiccation features
are absent inferring permanent lake conditions.

A new cycle starts with a water influx into the lake,
generating a detrital episode (Fig. 2). This lacustrine
“transgression” resulted in an increase in the volume of
the lake. Subsequently, the waters in the lake became
stratified resulting in the deposition of the laminated
facies.

The mega-sequential sedimentological organization
in this basin, characterized by the superposition of the
three units, indicates steps in the development of a lake.
The deepening trend was mainly influenced by synse-
dimentary tectonics (Anadón et al., 1988b).

3. Rubielos de Mora-1 core

The 386.5 m-long core was drilled by the Sociedad
Española de Talcos, S.A., and U.S. Borax slightly north
of the Cerro del Porpol and close to the village of
Rubielos deMora (40°11′13N; 0°42′08W) (Fig. 1). The
average core recovery is 72%, and the three main
lithological units in the basin, as described by Anadón
et al. (1988a,b, 1989), were drilled. The poorly recovered
intervals and gaps in the core are mainly associated with
sandy lithologies whilst the best recovered intervals
dominantly comprise clayey and silty intervals.
een anoxic–oxic bottom conditions in the western part of the Rubielos
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4. Magnetostratigraphy

4.1. Methods

Samples were taken and air-drilled from selected
pieces of the Rubielos de Mora-1 core at an average
interval of 1.7 m (Fig. 3). The characteristic remanent
magnetisation (ChRM) was determined by thermal
demagnetization of the samples in a laboratory-built
shielded furnace using incremental heating steps of
30 °C. The natural remanent magnetization (NRM) was
measured on a horizontal 2G Enterprises DC SQUID
cryogenic magnetometer (noise level 3×10−12 Am2) at
the Paleomagnetic Laboratory Fort Hoofddijk in Utrecht,
the Netherlands. NRM directions were determined using
principal component analysis after Kirschvink (1980).
Since no orientation is available for the studied cores,
declination control is lacking and interpretation of
the ChRM is based on the inclination value only. The
geocentric axial dipole (GAD) inclination for the drilling
site of the Rubielos de Mora core is 55°, which is steep
enough to allow unambiguous polarity determination.

4.2. Results

The thermal demagnetization, Zijderveld, diagrams are
of reasonably good quality. NRM intensities vary between
0.03 and 55 mA/m (average 8 mA/m) with only a few
samples showing markedly higher intensities ranging
from 80 to 215 mA/m. Zijderveld diagrams and intensity
decay curves show that most samples comprise two and a
few samples three components (Fig. 3B–E). The first
component shows a random oriented, viscous, direction,
which is removed at 100 °C. This component represents a
laboratory-induced magnetization related to storage. The
rarely observed second component has a normal directed
inclination which is removed between temperatures of
180–240 °C. This second component is often found in
samples with weak intensities. The third component is
removed at around 420 °C and shows in the Zijderveld
diagrams a linear trend pointing to the origin.We interpret
this component as the characteristic remanent magneti-
zation (ChRM). The unblocking temperatures of 390–
420 °C suggest that iron sulfides are themain carrier of the
ChRMmagnetization. A few samples show, when heated
at temperatures higher than 360 °C, a significant pro-
gressive increase in the intensity indicating the oxidation
of iron sulfide. The presence of iron sulfides in these
samples suggests that reduced bottom water conditions
prevailed during deposition of the lake sediments.

The ChRM directions were calculated for 5 to 7 tem-
perature steps in the range 240–420 °C. The quality of the
measurements and the line fitting (without anchoring
to the origin) was evaluated by visual inspection of the
Zijderveld diagrams and by calculating the maximum
angular deviation (MAD; Fig. 3). The MAD is generally
low (mean 10°) indicating good data quality. The average
inclination for the reversed samples is 55° (N=57) and for
the normal 58° (N=43). However, they have not been
corrected because of a lack of orientation for the dip of the
strata and core drilling direction.

4.3. Calibration to the ATNTS04

ChRM inclination values (excluding non-interpret-
able directions), MAD angles and initial intensity are
plotted with core depth revealing the presence of several
polarity reversals for the Rubielos de Mora-1 core
(Fig. 3A). Using the biostratigraphic information from
the fossil localities found in the basin, RM-1 and RM-2,
and unpublished magnetostratigraphic results from a
65 m long field section in the study area, we attempt to
correlate the magnetozones to the ATNTS04 (Lourens
et al., 2004; Fig. 4A–B). The lithological variation
observed in the field section can be correlated, though
not bed-to-bed, to similar variations in the Porpol area in
which the fossil site of RM-2 is located (de Bruijn and
Moltzer, 1974). The youngest locality RM-1 lies in the
same area as RM-2 but at a topographic (and
stratigraphic) higher level. The lithological succession
of the upper part of the Rubielos de Mora-1 core (i.e.,
between 90 and 150 m) has similar characteristics as
observed in the field and Porpol successions. As a
consequence, fossil site RM-1 would likely correspond
to the uppermost part of the Upper Unit of Rubielos de
Mora-1 core while RM-2 to the lower part of this Unit
(Fig. 3). In this way an indirect correlation of the fossil
localities to the core is established. It must be noted that
due to lack of control on lateral facies variations (and
possible faults), no bed-to-bed correlation could be
achieved and hence the fossil levels in the core are only
relative positions. Nevertheless, the paleomagnetic anal-
ysis results of the field section yielded a long reversal
with a normal polarity at the top and bottom end of the
measured section (unpublished). This pattern is similar
to the magnetostratigraphic record of Upper Unit of the
Rubielos de Mora-1 core suggesting that the correlation
is reliable.

On the basis of the small-mammal fossil fauna
Eomyidae (Alvarez Sierra, 1987) and Lagomorpha
(López-Martínez, 1989), the fossil localities RM-1
and RM-2 can be constrained to local Zones A–C that
correspond to Mammal Neogene zones “later” MN3
or MN4 (Early Aragonian to Ramblian; J. van Dam,



Fig. 3. (A) Geological log of the studied part of the Rubielos de Mora-1 core with subdivision in the three units by Anadón et al. (1988a). The pollen
and paleomagnetic sample positions and estimated core recovery are shown next to the lithological log. An explanation of the different features of the
lithological column is shown in the legend. The paleomagnetic results include initial intensity, MAD [maximum angular deviation], inclination and
interpreted polarity. The closed (open) symbols in the inclination record represent reliable (unreliable) charactristic remanant magnetization
directions. In the polarity record, black (white) indicates normal (reverse) polarity. The gray shaded zones indicate unclear polarity. (B–E) Thermal
demagnetization diagrams of selected samples from the Rubielos de Mora core. Black (white) denotes projection in vertical (horizontal) scale. The
thermal steps are 20, 100 and subsequently 30 °C steps from 120 to 420 °C. Inset diagrams show the decay curves of the sample. For each sample, the
initial intensity (NRM(20)), inclination value (I) and MAD have been indicated.
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Fig. 4. A. Correlation options 1 and 2 of the Rubielos magnetostratigraphic record to the Astronomical Tuned Neogene Time Scale (Lourens et al.,
2004). For details of the lithological column, see caption. B. Correlation option 3 of the Rubielos magnetostratigraphic record to the Astronomical
Tuned Neogene Time Scale (Lourens et al., 2004) and CK95 (Cande and Kent, 1995) timescales. Insets, sedimentation rates (according to ATNTS04
timescale) for the different correlation options, see text for details.
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Fig. 4 (continued ).
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personal communication). This MN zonation suggests
an age between 19.6 and 15.9 Ma (Larrasoaña et al.,
2006) for the Upper Unit in the Rubielos de Mora-1
core.
4.3.1. Correlation options
Taking into account the biostratigraphic age estima-

tion and the above described stratigraphic information,
we correlate the magnetozone N1 to C5Cn.3n. The



Fig. 5. Detailed simplified pollen diagram without Pinus and indeterminable Pinaceae of the studied part of the Rubielos de Mora-1 core. Black dots
indicate percentages lower than 1%.
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poorly defined normal magnetozone N2 is correlated to
C5Dn (Fig. 4A). We presume that the low sampling
resolution (average 1.7 m) fails to register the subchrons
with a short duration such as subchron C5Dr.1n and
therefore it is not found in the magnetostratigraph record
of the core. The magnetozones N3 and N4 are correlated
to C5En and C6n, respectively. The subsequent cor-
relation to the ATNTS04 is hampered by the poor core
recovery between 230 and 252 m depth and the presence
of a core gap around 250 m. We therefore assume that
subchron C6An.1n is not found in the Rubielos de Mora
record and correlate N5 to C6An.2n. Consequently,
magnetozones N6 and N7 are correlated to subchrons
C6AAn and C6AAr.2r, respectively. Finally, N8 is cor-
related to C6Bn.1n.
This magnetostratigraphic calibration to the ATNTS04
is not unambiguous because of the presence of gaps
and poor recovery in certain intervals of the core,
therefore, a second correlation option (option-2 in
Fig. 4A) is presented. Option-2 involves the correla-
tion of magnetozone N1 to C5ADn. Similarly as
above, we presume that CBn.1n is not registered in the
core and that N2 likely correlates to CBn.2n. The
following magnetozones N3, N4, and N5 are corre-
lated to C5Cn.1n, C5Cn.3n, and C5Dn, respective-
ly. Correlation of N6 to N8 to respectively C5Dn,
C5Dr.1n and C5En does not seem straightforward.
The sandier interval of this Middle Unit could pos-
sibly account for changing sedimentation rates (due
to erosion) and hence influence the duration of the



Fig. 6. Comparison between the geological log, the pollen synthetic diagram with and without Pinus and indeterminable Pinaceae, the sequential
variations of the relative abundance of thermophilous and mesothermic elements and the abundance of Botryococcus (Algae) in the lacustrine facies
(uppermost part) of the core Rubielos de Mora-1. Ages based on the correlation with the ATNTS04 (Lourens et al., 2004). Shaded areas and dashed
lines represent coincidences between the massive clays with high percentages of thermophilous elements, Pinus and indeterminable Pinaceae and
Botryococcus. Grouping for the synthetic diagram was made regarding the ecology of the plants (Nix, 1982); (1) thermophilous elements: Aca-
cia, Acanthaceae, Alchornea, Bombax, Buxus bahamensis type, Caesalpiniaceae, Croton, Euphorbiaceae, Mappianthus, Rubiaceae, Mussaenda
type, Fothergilla, Meliaceae, Menispermaceae, Rutaceae, Simarubaceae, Taxodium type, Chloranthaceae, Rhoiptelea, Microtropis fallax,
Celastraceae, Araliaceae, Parthenocissus, Platycarya, Engelhardia, Exbucklandia, Hippocastanaceae, Rhodoleia, Corylopsis, Disanthus,
Sapotaceae, Nyssa, Distylium, Arecaceae, Ricinus, Symplocos, Symplocos paniculata type, Cyrillaceae–Clethraceae, Taxodiaceae, Theaceae;
(2) Cathaya; (3) mesothermic elements: Fagus, Quercus deciduous type, Castanea–Castanopsis type, Sequoia type, Fraxinus, Oleaceae,
Hamamelidaceae, Myrica, Betula, Salix, Populus, Hamamelis, Fabaceae Papilionioidae, Alnus, Caprifoliaceae, Viburnum, Liquidambar, Parrotia
cf. persica, Hedera, Rhamnaceae, Acer, Ilex, Platanus, Ulmus, Rhus, Carpinus, Carpinus orientalis, Ostrya, Buxus sempervirens, Celtis, Zelkova,
Juglans, Eucommia, Lonicera, Vitis, Cissus, Pterocarya, Carya; (4) Pinus and indeterminable Pinaceae; (5) Non-significant elements: Rosaceae,
Ranunculaceae, non identified pollen grains, etc.; (6) mediterranean xerophytes: Quercus ilex-coccifera type, Olea and Phillyrea; (7) herbs and
shrubs: Poaceae, Nymphaeaceae, Thalictrum, Apiaceae, Alisma, Liliaceae, Typha, Potamogeton, Ericaceae, Ranunculaceae, Ephedra,
Amaranthaceae–Chenopod., Nitraria, Parietaria, Resedaceae, Convolvulaceae, Urticaceae, Campanulaceae, Tricolporopollenites sibiricum,
Caryophyllaceae, Lamiaceae, Mercurialis, Rosaceae, Plumbaginaceae, Geranium, Linum, Tamarix, Polygonaceae, Rumex, Brassicaceae, Cistaceae,
Asteraceae Asteroideae, Asteraceae Cichorioideae, Plantago.
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subchrons registerd in the magnetostratigraphic record
of the Rubielos de Mora-1 core.

Finally, a third and older correlation of the magne-
tostratigraphic record is shown in Fig. 4B. Since the
ATNTS04 is only constructed up to the Paleogene,
we also show part of the correlation according to
the GPTS of CK95 (Cande and Kent, 1995). The
magnetostratigraphic record of Rubielos de Mora-1
core allows the following correlation (see Fig. 4B):
magnetozone N1 to C6An.2n, N2 to C6AAr.1n
thereby assuming the C6AAn is not registered in
the core record and N3 and N4 are correlated to
C6Bn.1n and C6Bn.2n, respectively again assuming
that C6AAr.2n is not registered. Magnetozone N5
correlates to C6Cn.1n while N6 and N7 to C6Cn.2n
and C6Cn.3n, the latter coorelated to CK95 timescale.
Finally, N78 is correlated to C7n, assuming that the
reversed C7n.1r is not found in the Rubielos de Mora-
1 magnetostratigraphic record.
4.3.2. Sedimentation rates
The calibration to the ATNTS04 suggests that the

recovered sediments from the Rubielos borehole either
span a time interval from about 22 to 16.5Ma (option-1),
or 19 to 14.3 Ma (option-2) or 21 to more than 23 Ma
(option-3) (Fig. 4A–B). The accumulation rates for
correlation options 1 and 2 are more or less similar for
the upper part of the Rubielos de Mora-1 core (Fig. 4B
inset). Between 140 and 220 m depth, however, option-1
shows larger deviating rates corresponding to chron
interval C5Dn to C6n while option-2 is, corresponding
to interval C5Bn.2n to C5Cn.3n, is more constant. The
opposite holds for depths 260 m and onwards, where
option-2 shows larger changes in accumulation rates
while option-1 is more constant. For the sake of com-
parison, the accumulation rates for option-3 are
calculated only up to C6n.2n because the ATNTS04
has not yet been constructed for the Paleogene and, as
can be seen in Fig. 4B, there is large differences in age



Fig. 7. Spectral analysis of the relative abundance of selected pollen groups in the Rubielos de Mora-1 core. (A) thermophilous elements; (B)
mesothermic elements. Significant peaks are marked with the letter a.
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and duration of (sub)chrons between the ATNTS904 and
the GPTS of CK95 (Cande and Kent, 1995). Altogether,
the sedimentation rates for option-3 are very irregular
especially for the Upper Unit, which is considered as
stable lake environment lacking hiatus. We conclude
that the accumulation rates for option-3 are not ap-
propriate, while the rates of option-1 and -2 do not
provide additional information to further constrain the
magnetostratigraphic correlation. The biostratigraphy,
however, argues that option-1 is preferred because it
better corresponds to the estimated MN ages (i.e., 19.6
and 15.9 Ma) than option-2, which is at least 1 to 3 Ma
younger, and option-3, which is at least 2 Ma older.

5. Palynology

5.1. Methods

Eighty samples rich in palynomorphs have been
studied. Most of the samples come from the lacustrine
facies of the upper unit (Fig. 3). The conglomerates,
sandstones and reddish claystones from the lower and
middle units have not been sampled because palyno-
morphs do not usually preserve under oxidizing con-
ditions. The samples were treated according to the
following procedure: 15–20 g of sediment was pro-
cessed with cold HCl (35%) and HF (70%), removing
carbonates and silicates respectively. Separation of the
palynomophs from the rest of the residue was carried out
using ZnCl2 (density=2). Sieving was performed using a
10 μm nylon sieve. The pollen residue, mounted in
glycerine, was prepared on slides. A transmitted light
microscope, using ×250 and ×1000 (oil immersion)
magnifications, was used for identification and counting
of palynomorphs. Because of low representation, spores
have not been considered. A minimum of 150 pollen
grains (Pinus and indeterminable Pinaceae excluded)
were counted in each analyzed sample (Cour, 1974).

A simplified detailed diagram (Fig. 5) and two stan-
dard synthetic diagrams (Suc, 1984) of the upper part of
the core, with and without Pinus and Pinaceae (Fig. 6)
have been plotted. To better visualize the composition of



Table 1
Selected peaks in the spectral analysis of the relative abundance of
(A) thermophilous and (B) mesothermic elements in the Rubielos de
Mora-1 core

Peak Frequency Thickness
(m)

Period
(yr)

Interpretation

Thermophilous elements
a 0.480 2.10 37.500 (opt. 1)

45.652 (opt. 2)
Obliquity

Mesothermic elements
a 0.485 2.06 36.785 (opt. 1)

44.785 (opt. 2)
Obliquity

Periodicities are calculated taking into account the different sedi-
mentary rates from Option 1 and 2, the two best correlations to the
ATNTS04 (see text).
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the past vegetation, taxa have been ordered into 9 dif-
ferent groups (Fig. 6) based on the following ecological
criteria (Nix, 1982): (1) thermophilous (tropical and
subtropical) elements; (2) Cathaya, a conifer today
restricted to mid-altitude in tropical China; (3) mesother-
mic (warm-temperate) elements; (4) Pinus and indeter-
minable Pinaceae; (5) non-significant elements (without
any climatic implications); (6) Cupressaceae; (7) Med-
iterranean xerophytes and (8) herbs and shrubs.

5.2. Results

Pollen spectra indicate a flora dominated by mesother-
mic riparian plants whereCarya and Zelkova are the most
abundant (Fig. 5). The thermophilous elements are very
abundant in some samples and are represented mainly by
Engelhardia, Platycarya, Mussaenda type (Rubiaceae),
Hamamelidaceae, Corylopsis, Distylium, Caesalpinia-
ceae, Sapotaceae, Arecaceae, Celastraceae and Acacia.
The group of herbs is relatively important in the pollen
sum and is mainly made up of Poaceae, Plantago,
Amaranthaceae–Chenopodiaceae, Apiaceae, Urticaceae
and aquatic plants such as Typha and Potamogeton. In
some samples, the presence of the subdesertic plant Ni-
traria is remarkable (Fig. 5). Pinus and indeterminable
Pinaceae vary considerably along the core; from 1% to
100% of the total pollen sum. The algae Botryococcus
shows a similar behavior and covaries with the abun-
dance–scarcity variation of Pinus and indeterminable
Pinaceae (Fig. 6).

A metre-scale cyclicity on the vegetation has been
observed along the borehole and is mainly found within
the lacustrine facies, in the upper part of the core and
within the upper unit (see Figs. 2 and 6). Periods in which
thermophilous plants and xerophytes (Caesalpiniaceae,
Acacia, Bombax, Nitraria, Alchornea, Ephedra, Con-
volvulaceae, etc.), accompanied by high amounts of
Pinus and Botryococcus are very abundant alternate
with a vegetation dominated by mesothermic–riparian
(Carya, Zelkova, Celtis, Salix, etc.) and hygrophilous
trees. During the later periods, Pinus and Botryoccus are
very scarce (Fig. 6).

6. Spectral analysis

6.1. Methods

A spectral analysis of the pollen records has been
performed for the upper lithological unit (interval 161–
91 m) of the Rubielos de Mora-1 core. This unit is
characterized by a very well developed oxic–anoxic
cyclic sequence of greenish–greyish massive clays (oxic
facies) and dark/brown laminated clays (anoxic facies).
Fifty seven samples from this upper unit (interval
147.72–91 m) have been studied for pollen analysis
(Fig. 6). As the samples are unevenly spaced, the
Lomb–Scargle fourier transform (Press et al., 1992)
algorithm has been used to estimate the power spectrum
for such a data set. Spectral analysis was performed on a
time series of 57 pollen data points, based on the relative
abundance of two significant groups; thermophilous
elements and mesothermic elements.

According to our preferred option-1 magnetostrati-
graphic correlation (Fig. 4A), the average sedimentation
rate between reversal levels at 101.4 m (top C5Cn.3n)
and 140.3 m (top C5Dn) is 5.6 cm/kyr. Option-2 (top
C5ADn and top C5Bn.2n) results in average sedimen-
tation rate of 4.6 cm/kyr and option-3 (top C6An.2n and
top C6AAr.1n) in a rate of 4 cm/kyr (Fig. 4B).

Prior to the interpretation of the peaks, it is necessary
to state that for the Miocene, the values of the main
astronomical periods can be considered similar to those
at present; for precession (P1–P2, 19000–23000 yr),
obliquity (O1–O2, 41000–54000 yr) and eccentricity
(E1–E2–E3, 95000–123000 yr for short-term and
413000 yr for long-term) (Berger et al., 1989; Berger
et al., 1992).

6.2. Results

The spectral analysis results of the thermophilous
(Fig. 7A) and mesothermic (Fig. 7B) elements reveal a
defined cyclic pattern (Table 1). Although in some cases
the significance level is relatively low, the power spectra
of the two analyzed elements show some important
similarities. The most obvious similarity is the presence
of a common group of peaks, one of them above the
90% significance level (Fig. 7; Table 1); at 2.10 m in the
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thermophilous and at 2.06 m in the mesothermic ele-
ments. Using the calculated sedimentation rates (for
option 1 and 2, option 3 has been discarded, see above),
this small-scale cyclicity has a periodicity of about
37.500–36.785 yr considering our preferred option,
the option 1 (option 1 in Table 1; Fig. 4A), or about
45.652 – 44.782 yr for option 2 (option 2 in Table 1;
Fig. 4A) and hence suggest a relation to the orbital
obliquity cycle.

7. Discussion

7.1. Flora and vegetation: climatic implications

The pollen assemblages indicate a juxtaposition of
strongly contrasting environments characterized by the
presence of subdesertic taxa, typical for open and steppe
environments (Quézel, 1965; White, 1983; Audru et al.,
1987; Quézel and Médail, 2003) and conditioned by a
long dry season, and riparian plants requiring a large
amount of water (Wang, 1961). This contrast is ex-
plained by the significant availability of a water source
on land around the Rubielos de Mora lake. This type of
vegetation heterogeneity frequently occurs in subtropi-
cal and tropical Africa, as around Tanganyika Lake
(Castroviejo, 2004), where water availability clearly
controls vegetation and compensates for the lack of
precipitation during the summer. Therefore, the over-
represented riparian vegetation, only present around the
Rubielos de Mora lake, was azonal. The vegetation
which really characterized the area during the Early
Miocene is considered subdesertic. This outcome agrees
with previous data of macrofloras from the Vallès–
Penedès basin where several subdesertic taxa of the
family Caesalpiniaceae (Banksia, Caesalpinia, Cassia),
Mimosaceae (Acacia, Mimosa) and Proteaceae (Grevil-
lea, Protea) have been identified for the same time-span
(Sanz de Siria Catalán, 1993).

During the Early Miocene, the European mid-lati-
tudes were characterized by a subtropical climate. This is
deduced by the low values of the isotopic data (Miller
et al., 1991; Paul et al., 2000; Zachos et al., 2001; Billups
and Schrag, 2002), paleobotanical studies (Bessedik,
1985; Sanz de Siria Catalán, 1993; Utescher et al., 2000;
Roth-Nebelsick et al., 2004; Jiménez-Moreno, 2005;
Jiménez-Moreno et al., 2005; Mosbrugger et al., 2005;
Jiménez-Moreno, 2006), fossil mammals (Calvo et al.,
1993) and is supported here by the abundance of
thermophilous elements as can be seen in the pollen
spectra (Fig. 6).

The presence of several xerophytes in the pollen
spectra and in the macrofloras of close areas (Sanz de
Siria Catalán, 1993) suggests that the climate was dry,
characterized by a strong seasonality with periods lack-
ing precipitation for perhaps 7–9 months (Sanz de Siria
Catalán, 1993; this study). This inferred dry climate also
agrees with previous climatic interpretations for the
Early Miocene based on fossil mammals (Calvo et al.,
1993). Therefore, our results point to warmer and drier
climatic conditions than the previous paleobotanic
studies carried out in the Rubielos de Mora Basin
(Fernández Marrón and Álvarez-Ramis, 1988; Álvarez
Ramis and Fernández Marrón, 1994; Barrón and
Sansisteban, 1999; Roiron et al., 1999; Rubio et al.,
2003). We assume that the over-representation of ri-
parian plants in the pollen spectra and macrofloras is a
plausible explanation for the wetter climatic interpreta-
tions and reconstructions in these studies.

Previous palynological studies have shown that
subdesertic plants already existed in southwestern Eu-
rope and North Africa during the Late Miocene (Suc and
Bessais, 1990; Chikhi, 1992; Bertini et al., 1998; Bachiri
Taoufiq et al., 2001; Fauquette et al., 2006) and the
Pliocene (Bessais and Cravatte, 1988; Suc, 1989; Suc et
al., 1995). In this study we show that these taxa already
occurred in the southern part of the northern Mediter-
ranean area during at least the Early Miocene. Hence,
prior to the late Miocene (Messinian) a Saharan type of
climate already existed in southern Europe. Modern
floras show that these subdesertic elements (i.e., Acacia,
Cassia and Nitraria) grow in North Africa, including the
Saharan Desert (Quézel, 1965). During the late Miocene
and Pliocene most of these elements gradually shifted
from northern Mediterranean areas towards the south.
This shift was caused by a climatic cooling which
coincided with the onset of the Atlantic climate system
(Bessedik, 1985; Suc et al., 2004).

7.2. Cyclic changes and lake level variation

Repetitive vegetation changes corresponding to a
metric scale cyclicity are likely related to the effects of
periodic lake level oscillations on the vegetation and
pollen sedimentation, which in turn are controlled by
climatic changes (Fig. 6). We distinguish:

(1) High lake level (laminated mudstones): during
these stages, the lake bottom was anoxic. The lake
reached its maximum expansion allowing the
mesothermic-riparian vegetal formation to flour-
ish generating a dense forest along the lakemargin.
The distance of the pollen dispersion in lakes
is very short (see Faegri and Iversen, 1989 and
references therein) and, therefore, pollen grains
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coming from beyond the lake area (in this case the
open subdesertic vegetation and Pinus and inde-
terminable Pinaceae) were poorly recorded. Also,
the pollen production of the riparian trees is usu-
ally very high (Faegri and Iversen, 1989), favour-
ing the sedimentation of their pollen grains into the
lake. During lake high-stands, rhythmites were
deposited. They record short periodic alternation
between dry and more humid climate conditions
(Anadón et al., 1988a). During this stage, the Bo-
tryococcus colonies were generally scarce and
developed under stress as a result of low oxygen
levels. This can be deduced by the almost struc-
tureless shape of the colonies (Guy-Ohlson, 1992,
1998; Rodríguez Amenabar and Ottone, 2003).

(2) Low lake level (massive clays): increasing evap-
oration caused a lowering of lake level thereby
reducing the riparian vegetation and its regional
distribution (Fig. 6). In contrast, thermophilous–
xerophylous plants from vegetation belts outside
the lake area were better represented. This was
strengthened, at the end of the low lake level, by
sudden fluvial inputs thereby transporting large
amounts of pollen grains from the “outside” such
as Pinus and indeterminable Pinaceae and also
large quantities of thermophilous and xerophilous
elements into the lake. During lake-lowstands and
fluvial inputs the waters were mixed and well
oxygenated (Anadón et al., 1988b) and Botryo-
coccus was generally enriched in these sediments
(Fig. 6).

According to the spectral analysis results of the pollen
data (Fig. 7; Table 1), the orbitally induced cyclicity
pattern registered in the Rubielos de Mora basin shows
significant similarities with cyclic patterns recognized in
surrounding Neogene basins in the eastern Iberian
Chain. Based on the analysis of abiotic features, the
most common meter-scale sedimentary cycles have been
related to precessional and obliquity climate variations
(Krijgsman et al., 1999; Abdul Aziz et al., 2000; Abdul
Aziz, 2001; Luzón et al., 2002; Abdul Aziz et al., 2003a,
b; Abdul Aziz et al., 2004), and hence the occurrence of
obliquity cycles in the pollen record of the Rubielos de
Mora-1 core can be justified. It has been shown that the
obliquity controlled climate and global glacial–intergla-
cial cycles during the Miocene and Pliocene (Lourens
et al., 1992; Zachos et al., 1997). In the Mediterranean
marine realm, periods of increased precipitation are
associated with sapropels (Lourens et al., 1992; Foucault
and Mélières, 2000) and correspond to summer insola-
tion maxima (Hilgen, 1991). Therefore, variations in
summer insolation controlled precipitation and cold-
warm cycles, having a very strong influence in the
effective precipitation, lake levels and vegetation in
Rubielos de Mora.

8. Conclusions

The pollen analysis of the core Rubielos de Mora-1
(Rubielos de Mora basin) allowed characterization of
the vegetation and reconstruction of the regional climate
during the Early Miocene in NE Spain.

The abundance of thermophilous elements and the
presence of several xerophytes in the pollen spectra and
in the macrofloras of close areas indicate that the climate
was generally dry-subtropical.

The pollen assemblages denote the juxtaposition of
greatly contrasted environments. The presence of ther-
mophilous and subdesertic elements together with
mesothermic–riparian taxa indicates a significant avail-
ability of water around the Rubielos de Mora Lake. This
water availability clearly controlled the vegetation and
compensated for the lack of precipitation during the dry
summer.

The pollen analysis also permitted the distinction of
repetitive changes in the vegetation characterized by
the alternation of periods of thermophilous–xerophilous
rich vegetation with periods dominated by the abun-
dance of mesothermic–riparian plants. The metric-scale
vegetational changes coincide with sedimentological
changes and show that this cyclicity is most-likely re-
lated to climate.

Cyclostratigraphic analysis of the relative abundance
of the thermophilous and mesothermic groups in the
pollen record reveals the presence of different scales of
cycles. Using the sedimentation rate derived from the
magnetostratigraphic calibration to the ATNTS04, an as-
tronomical forced origin related to obliquity is inferred for
the pollen cycles in the Early Miocene deposits from the
Rubielos de Mora basin. We conclude that astronomical
forced climate change affected both the ecological and
depositional environment. Changes in the ecological
environment are represented by periodic changes in the
distribution (expansion) of vegetation. Similarly, astro-
nomically forced climate changes affected the de-
positional environment through the alternation of oxic
(greenish–greyish massive mudstones) – anoxic (dark/
brown laminated mudstones) lake water conditions.
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