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Iberian–Roman period
eriod (IRHP, 2600–1600 cal yr BP), is the most humid phase of the last 4000 yr in
southern Spain as recorded in the sedimentary sequence of Zoñar Lake (37°29′00″N, 4°41′22″ W, 300 m a.s.
l.). A varve chronology supported by several AMS 14C dates allows study of the lake evolution at annual scale
in response to human impact and climate changes. There are four climate phases within this period: i)
gradual transition (2600–2500 yr ago, 650–550 BC) from a previous arid period; ii) the most humid interval
during the Iberian–Early Roman Epoch (2500–2140 yr ago, 550–190 BC); iii) an arid interval during the
Roman Empire Epoch (2140–1800 yr ago, 190 BC AD 150); and iv) a humid period synchronous with the
decline of the Roman Empire (1800–1600 yr ago, AD 150–350). Varve thickness and geochemical proxies
show a multi-decadal cyclicity similar to modern North Atlantic Oscillation (NAO) (60, 20 years) and solar
variability cycles (11 yr). The timing and the structure of this humid period is similar to that described in
Eastern Mediterranean and northern European sites and supports the same large-scale climate control for
northern latitudes and the Mediterranean region.

© 2008 University of Washington. All rights reserved.
Introduction
The annual nature of some laminated sediments (varves) provides a
useful tool for high resolution reconstruction of climate and environ-
mental changes based on varve thickness, internal structure variations
and a number of sedimentological, geochemical and biological proxies.
The strong seasonality of the Mediterranean climate, the relatively
deep, meromictic nature of some karstic lakes and the occurrence of
algal blooms in spring time are conducive to the genesis and
preservation of varved sediments in some lakes in the Iberian
Peninsula (Juliá et al., 1998; Rodrigo et al., 2001). The sedimentary
record from Zoñar Lake (Andalusia, southern Spain) spans the last
4000 years (Martín-Puertas et al., 2008), and the 2600–1600 cal yr BP
period is represented by finely laminated, varved sediments.

In this paper we focus on the varved section of the Zoñar record
(2600 to 1600 cal yr BP) that reflects humid conditions in the area.
Several studies have shown that dry conditions dominated the
Mediterranean region from 4000 to 2800 cal yr BP (Heim et al.,
1997; Issar, 2003), followed by a shift to a wetter and cooler climate in
Europe (Van Geel et al., 1996) and wetter conditions in the
Mediterranean area (Roberts et al., 2004; Luterbacher et al., 2006;
tas).

ashington. All rights reserved.
Zanchetta et al., 2007). Moreover, archaeological data and historical
documents provide some evidences of moister conditions in the
Mediterranean region during the Roman Classical Period and
comparatively drier conditions from 2000 years ago to present
(Reale and Dirmeyer, 2000). However, other records, as Lake Frassino
(Baroni et al., 2006), suggest a drier late Holocene in the Mediterra-
nean area. Such discrepancies may reflect processes linked to changes
in seasonality or regional variability between Mediterranean sites
(Magny et al., 2007). The Zoñar varved record provides the
opportunity to study the seasonality of the Mediterranean climate
during a wetter period controlled by similar climate patterns as
nowadays and to evaluate the interactions of past societies with
climate fluctuations in southern Spain.

Study area

Zoñar Lake (37°29′00″N, 4°41′22″ W, 300 m a.s.l.) is the deepest
(14. 5 m) and largest lake (37 ha, surface area) (Valero-Garcés et al.,
2006), in the Guadalquivir River Basin (southern Spain). The origin of
this small lake basin has been related to karstic activity along some
fault structures (Sánchez et al., 1992). The lake has no surface
functional outlet and the inlets are temporary. The inputs during an
average year are rainfall (0.177 Hm3), runoff (0.168 Hm3), groundwater
(0.4 Hm3) and springs (Escobar, Zoñar and Eucaliptus, Fig. 1a)
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Figure 1. (a) Zoñar Lake location in the Mediterranean area. The Zoñar Lake catchment and a bathymetric map over the aerial photograph. (b) Annual precipitation and maximum
lake level from 1985 to 2000. Monthly precipitation and temperature average from 1985 to 2000. (c) 1. Stable oxygen and carbon isotopic composition of lake and spring waters and
modern calcite precipitated in the lake. 2. Oxygen and deuterium isotope composition of lake waters, springs and rainfall 3. A δ13C depth profile showing water stratification and
heavy isotope enrichment in epilimnetic waters.
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(0.073 Hm3); and the main output is evaporation (0.8 Hm3)
(Enadimsa, 1989; Moya, 1986). The lake waters are saline (2. 4 g/l)
and the lake is monomictic, with a thermocline at 4 m depth in
summer and a mixed period in winter. Spring waters are of (HCO3

−)–
(Ca2+) type, while the lake waters are of (Cl−)–(Na+) type. A
hydrological survey during the years 1984–1985 (Moya, 1986) and
the data collected by the regional government since 1982, show that
both lake level and spring flows quickly respond to rainfall (Fig. 1b)
and that during the prolonged dry period of 1992–1995, lake level
dropped to a minimum of 11 m.

Water stratification is also shown by isotopic compositions, with
surfacewatersmore enriched in 18O (about 1 to 2‰) and 13C (between
4 and 9‰) than bottom waters (Fig. 1c), reflecting preferential
photosynthetic uptake of 12C in the epilimnion and decomposition
of organic matter in the hypolimnion (Myrbo and Shapley, 2006). All
the springwaters have similar isotopic compositions (δD between −30
and −40‰ and δ 18O around −5‰), slightly more evolved than rainfall
precipitation (−50 and −9‰, respectively) but still plotting along the
global meteoric water line (Fig. 1c). The lake waters have higher
isotopic values, indicative of significant evaporative processes affect-
ing the lake.

The area has a semi-humid Mediterranean climate (Valero-Garcés
et al., 2006; Martín-Puertas et al., 2008). Meteorological data from
1985 to 2000 show seasonality pattern change, where the most
precipitation occurs during the winter or spring (Fig. 1b), leading to
weaker water stratification in the lake.

Methods

Four sediment cores were collected with a Kullenberg piston corer
from the deepest part of the lake (14–15 m) in 2004. Varved
sediments, corresponding with the Iberian–Roman Humid Period
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(IRHP) (Martín-Puertas et al., 2008) occurred in all cores. The varved
interval was sampled in two cores (ZON04-1B-1K; ZON04-1C-1K)
(136 cm from core 1B and 130 cm from core 1C) for thin sections and a
composite profile for the laminated interval was compiled. Thin
sections (100×15×35 mm) were prepared using the freeze-dry
technique (liquid nitrogen) and subsequent impregnation with
epoxy resin (araldite) under vacuum (Brauer and Casanova, 2001).
Optical microscope analyses were used to study themicrofacies and to
count the varves. The varve thickness measurement were carried out
on three continuous series of overlapping (2 cm) thin sections in cores
1B and 1C for the same interval. Three 14C AMS dates were obtained
from plant remains (seed, terrestrial plant and olive pit) in the
laminated interval.

An X-Ray Fluorescence (XRF) core scanner was used to measure
Al, Si, P, S K, Ca, Ti, Mn and Fe intensities (total counts) on core 1B
(338–480 cm) with 2 mm resolution. The measurements were
produced using 30 s count time, 10 kV X-ray voltage and X-ray
current of 1 mA. For better resolution, Micro-XRF was applied to
impregnated blocks of cores 1B (399–417 cm; 444–453 cm) and 1C
(346–364 cm; 372–382 cm). The blocks were measured with 54 µm
resolution for Mg, Al, Si, P, S, Cl, K, Ca, Ti, Mn, Fe and Sr elements (30 s
count time, 40 kV X-ray voltage and 300 µA X-ray current). The data
obtained by the micro-XRF core scanner are expressed as element
intensities in counts per second (cps). Five calcite layers, three
organic layers and four detrital layers were measured by micro-X-ray
Difractometer (micro-XRD), and SEM studies were performed to
characterize the different microfacies. A total of 87 calcite layers from
the varves were sampled for 18O and 13C isotopic compositions on
core 1B in the interval where lamination is best preserved (339–
449 cm) to avoid allochthonous carbonate contamination. Isotope
analyses were performed using standard techniques (McCrea 1950)
using an IRMS Finnigan MAT 251. Spectral analysis of single time
series of environmental indicators was performed by SPECTRUM
based on the Lomb–Scargle Fourier transform for unevenly spaced
data in combination with the Welch-Overlapped-Segment-Averaging
procedure (Schulz and Stattegger, 1997).

Results

Chronology

The previous Zoñar age-depth model for the IRHP (Martín-Puertas
et al., 2008) has been improved using a floating chronology based on
varve counting linked to calendar time by radiocarbon dates. Three 14C
AMS dates, calibrated with CALIB 5.1 software and the INTCAL04 curve
Figure 2. Age-depth model for the IRHP period in Zoña
(Reimer et al., 2004)\1865±30 14C yr BP (1722–1873 cal yr BP), 2165
±30 14C yr BP (2097–2210 cal yr BP) and 2525±30 14C yr BP (2490–
2643 cal yr BP)\were used as chronomarkers to establish an age-
depthmodel (Fig. 2). A total duration of 637 yr resulted from441 varve
counts and thickness measurements, and 196 additional interpolated
varves calculated from average sedimentation rates (1 varve/mm;
Fig. 2) on some intervals with poor varve preservation. Possible errors
occurring within varve chronology, attributed to sediment accumula-
tion rates variations, have been considered within the calibrated error
bars of radiocarbon data (Fig. 2).

The Iberian–Roman Humid Period occurred from 2600 to 1600 cal
yr BP and included a 340 yr non-varved, gypsum-rich period between
1800 and 2140 cal yr BP (Fig. 2). Continuous varve formation and good
preservation started at 455 cm sediment depth, (23 cm above the
2565±75 cal yr BP date), and lasted till 395 cm (2140 cal yr BP)
showing favorable condition for varve preservation for about 400
varve years. After deposition of a massive layer at 1795±75 cal yr BP, a
second varve stage started at 363 cm sediment depth and continued
during 180 varves.

The Iberian–Roman period

Sedimentary microfacies
The IRHP is represented by a 142 cm long interval (338–480 cm

sediment depth in core ZON04-1B) composed of the best finely
laminated facies of the whole 6 m long Zoñar record. This interval is
characterized by a sharp increase in Olea pollen percentages and a
dominance of pelagic diatoms (Martín-Puertas et al., 2008) (Fig. 3).
The compositional and textural features of the microfacies and the
good coherence between the 14C AMS time interval (from 2565 to
2155 cal yr BP, i.e. 410 yr) and the number of laminae within that
interval (427), underlines the annual nature of the lamination (varves)
(Fig. 2). The Zoñar varves are composed of three sub-layer types (Fig.
4a): i) a white calcite layer composed almost only by rhomboedric
calcite crystals, 5–15 µm long (Fig. 4b) and containing abundant
colonies of Botryococcus braunii Kutzing, 1849 (in Komárek and
Marvan, 1992) (Figs. 4d, e). Optical microscopy and SEM observations
show well preserved colonies of Botryococcus at the base and within
the calcite layer (Figs. 4a, d, e). B. braunii colonies (Fig. 4e) are well
preserved in sediments because their outer cell walls are resistant to
physicochemical and biological degradation (Audino et al., 2001, and
reference therein). The calcite layer is interpreted as endogenic
precipitation of calcite in the epilimnion associated with ion
saturation enhanced by algal blooms (Brauer, 2004); ii) a greenish
organic matter layer composed of amorphous aquatic organic matter,
r Lake based on varve counting and AMS 14C dates.



Figure 3. The late Holocene Zoñar record. Sedimentary units, AMS dates and inferred lake level (Martín-Puertas et al., 2008). Olea and charcoal profiles and isotopic composition of bulk carbonate sediments for core ZON04-1B. Humid periods
are shown shaded. In the inset, cross plot of isotopic compositions of massive sediments (modern and late Holocene), watershed rocks and endogenic carbonates.
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Figure 4. Thin section photos and electronic microscope images of Zoñar varved sediments, core ZON04-1B. (a) Microfacies 1a showing the three sublayers; (b) calcite crystals; (c)
Organic sublayer with diatoms and amorphous organic matter; (d) calcite sublayer. Note the homogeneous size of the calcite crystals and the abundance of Botryococcus; (e)
Botryococcus structure in detail; (f) detrital layer.
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diatoms and algae filaments embedded by a greenish mucilage with
some pyrite (b5%). This layer represents deposition of organic
material during and after the algal blooms; and iii) a brownish detri-
tal layer of calcite mud composed of irregular and rice-shaped calcite
Table 1
Sedimentary microfacies identified in the IRHP period in Zoñar cores (ZON04-1B and ZON0

Micro-facies Description Sequences

1. Well-preserved
varves

Mm-thick laminated sediments are composed of
three sublayers: calcite (5–15 µm crystals)
organic (algal remains, diatoms) and detrital
(mud and silt size). Varve thickness: 0.88–2.
3 mm (1a); 0.6–1, 2 mm (1b); 1.4–3. 5 mm (1c).

1a. Calcite (0.1–0. 8
(0.1–0.3) /detrital (0
grain size (10–15 µm
1b.Organic matter (0
(0.4–0.9)
1c. Calcite (1.0–2.0)/
Smaller calcite grain

2. Poorly preserved
varves

Similar to micro-facies 1a, but poorly preserved.
calcite laminae occur as lenses, with wavy, non-
parallel boundaries.

2. Calcite layer/orga
Thicker varves than

3. Event layers Cm-bedded, massive coarse silt and sand
sediments composed of calcite, quartz and clay
minerals. Quartz grains size up to 2 mm. Diatom
content is relatively high, many of them broken.

3a. Gray massive coa
with high quartz con
3b. Fining upward la
10 cm thick sandy la
massive coarse silt w
gastropods and shel

4. Gypsum layer 4a: Gypsum nodules composed of prismatic
(80–140 µm long) gypsum crystals in a
carbonate silt matrix 4b: Cm-thick layers made
of prismatic (10–30 µm long) gypsum crystals.
grains, clay minerals, silt-size quartz, fragment of diatoms and some
terrestrial plant remains (Fig. 4c). This layer is interpreted as clastic
deposition during the rainy season (fall and winter).

Four major micro-facies types have been identified (Table 1; Fig. 5a).
4-1C)

Occurrence Depositional environment

mm)/organic matter
.8–1.5). Larger calcite
).

Zones 2, 3
and 4

Offshore areas, with anoxic bottom conditions
(meromictic to monomictic lake) and lower detrital
input. High lake level.

.1–0.4)/detrital

detrital(0.4–1.5).
size (5–7 µm)

nic matter/detrital.
1 (around 4–6 mm)

Zones 1, 2
and 4

Offshore areas with suboxic bottom conditions
(monomictic lake with more unstable mixing and
oxic bottomwater conditions) with relatively lower
lake level and higher detrital input.

rse carbonate silt
tent (20%).

Zones 1
and 4

3a: Flood layers reaching offshore environments.

yer composed of a
yer at the base and
ith organic matter,

ls.

3b: “Transgressive” event: clastic deposition in
sublittoral–offshore areas caused by an intense
flooding period.

Zone 3 4a. Gypsum formation in sediment interstitial
waters
4b. Gypsum precipitation from chemically
concentrated lake waters



Figure 5. (a) Sedimentological, geochemical and biological indicators in the IRHP (core ZON04-1B). Sedimentarymicrofacies, laminae thickness, magnetic susceptibility, silicate detrital minerals (clays and quartz), organic carbon (TOC) isotopic
composition of endogenic calcite layers and presence of Botryococcus. Data for biogenic silica (BGS), Olea pollen, charcoal and ostracods (Plesiocyprydopsis newtonii) from Martín-Puertas et al. (2008); (b) Spectrum analysis of detrital,
endogenic calcite and organic sublayer thickness and the main cyclicity expressed as cycles per year for the IRHP. Spectra obtained from Lomb–Scargle Fourier transform using SPECTRUM (Schulz and Stattegger, 1997).
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Microfacies 1 is a finely laminated varve deposit. The internal
composition of microfacies 1 corresponds to the biogenic varve
described by Brauer (2004) as formed by triplets of light (calcite),
green brownish (organic) and dark (detrital) sub-layers (see above;
Fig. 4). The large range of varve thickness (the sum of the three sub-
layers) between 0.6 and 3. 5 mm (Table 1) indicates fluctuating
environmental conditions (Brauer and Casanova, 2001), also reflected
in the internal varve structure changes: microfacies 1a with all three
sublayers, 1b without the calcite layer and 1c, without the organic
layer (Table 1). The Botryococcus blooms only occur associated with
the calcite sublayer (1a and 1c) at 2500–2165 cal yr BP (446–399 cm)
and 1725–1600 cal yr BP (351–338 cm) intervals (Fig. 5a). Microfacies
1c is composed of thicker calcite layers (1–2 mm, Table 1), higher
crystal density and smaller calcite grain size (5–7 µm) than
microfacies 1a (0.1–0. 8 mm and 10–15 µm).

Interpretation: Microfacies 1 represents deposition in a pelagial,
relatively deep lake bottom environment. The absence of any
evidence of increased salinity in the hypolimnion (no presence of
gypsum or other evaporite minerals) suggests that water stratifica-
tion was achieved by increasing lake depth. The triplet facies are
interpreted as deposited during periods of well-defined stratification
more likely to occur in a meromictic lake or in a monomictic lake
(annual water mixing) with prolonged periods of anoxic bottom
sediments. Epilimnetic formation of calcite—‘whiting’ or seasonal
clouding of lakes (Wright, 1990)—is typical of summertime in lakes
located in carbonate bedrock areas (Zolitschka, 2003; Brauer et al.,
2008). However, it may also occur during the onset of spring, even
before the main algal blooms as in Lake Zurich (Kelts and Hsü, 1978),
and in Lake Baldeggersee, Switzerland (Teranes et al., 1999a,b). Bo-
tryococcus blooms are most abundant after heavy rainfall, so they
have been used as an indicator of freshwater input in lakes (Cane,
1976). Therefore, the calcite in Zoñar Lake likely precipitated as a
consequence of temperature and pH rise in spring and associated
with increased primary production by Botryococcus colonies; organic
matter deposition (diatoms and other algal bloom) occurred in
summer, and the detrital layer formed during the rainy months in
late fall and winter. The triplets turn into couplets in microfacies 1b
and 1c (Table 1), although they also represent an annual cycle. The
absence of calcite layer during microfacies 1b indicates that
conditions for calcite precipitation or preservation were not met.
Calcite precipitation in microfacies 1c was also likely associated with
biological activity as indicated by the occurrence of Botryococcus
colonies remains, although thicker calcite laminae and smaller
crystal size in microfacies 1c (calcite/detrital couplets) suggest that
saturation conditions or organic productivity periods lasted longer
(warmer summers) or that the amounts of calcium and bicarbonate
ions in the waters were higher (increased supply due to higher
winter precipitation and aquifer recharge) as shown in other Spanish
lakes (Romero-Viana et al., 2008). Occurrence of larger calcite grain
size as in microfacies 1a has been interpreted in other lakes (Teranes
et al., 1999a,b) as precipitation during spring months responding to
higher phosphate content. On the other hand, the absence of organic
matter layer in microfacies 1c suggests there was only one annual
algal bloom. The presence of ostracods (Plesiocyprydopsis newtonii)
in microfacies 1c suggests less anoxic conditions in the bottom
waters or shorter periods of anoxia than during deposition of
microfacies 1a and 1b with no ostracod fauna (Martín-Puertas et al.,
2008) (Fig. 5a).

Microfacies 2 is similar to microfacies 1 but varves are poorly
preserved, Botryococcus remains are absent and laminae are thicker
(Table 1).

Interpretation: faint lamination is associated with non permanent
anoxic conditions in the bottom of the lake. The absence of Botryococcus
suggests a change in seasonalitywith lower freshwater input during the
early spring. However, the thicker detrital layer (compared to micro-
facies 1) suggests a greater rainfall that could have mostly occurred
during the drier season (spring and summer) causing higher catchment
erosion. In addition, more frequent holomixis in the lake waters is more
easily attained in a lower lake level stage (Heim et al., 1997).

Microfacies 3 only occurs in two intervals, at the base and at the top
of the laminated section. These are centimeter-thick layers composed
of massive to graded coarse silt and sand sediments with abundant
amorphous aquatic and terrestrial organic matter remains.

Interpretation: The high magnetic susceptibility values, high
allochthonous mineral content and fining upward textures indicate
the clastic nature of this microfacies and its deposition by high energy,
current-dominated processes in the lake related to periods of more
intense flooding in the watershed.

Microfacies 4 occurs as centimeter-thick gypsum layers intercalated
in the laminated interval. There are two types: i) centimeter-thick
layers of carbonate silt matrix with gypsum nodules (2–5 mm long
nodules composed of 40–50 µm long gypsum crystals) and isolated,
longer (80–140 µm) gypsum crystals (microfacies 4a), ii) 1.5–2 cm
thick layers made of 100% gypsum crystals around 10–30 µm long,
prismatic and randomlyoriented (microfacies 4b) (Fig. 5a, Table 1). The
contact with microfacies 2 is gradual with a 0. 5 cm zone with longer
gypsum crystals (50 µm).

Interpretation: The pyramidal crystals shapes, the homogeneous
crystal size, and the random distribution of the gypsum crystals in the
microfacies 4b layers suggest gypsum precipitation within the water
column (Smoot and Lowenstein, 1991), a consequence of chemically
concentrated lake waters, and saturated conditions for sulfates. The
textures of microfacies 4a indicate gypsum formation from the
sediment interstitial brine waters (Cohen, 2003), that may occur in
relatively “deep” and concentrated hypolimnetic waters inmeromictic
saline lakes (Last, 1994).

Cyclic lake environmental response
Spectral analysis based on the Lomb–Scargle Fourier transform for

unevenly spaced data (Schulz and Stattegger, 1997) was performed in
order to investigate the cyclicity of the lake response to environmental
changes using varve sub-layer (calcite, detrital, organic) thickness
(Fig. 5b). The power spectra for the three varve sub-layer thickness
show multidecadal cycles with periods of ca. 60 and 20 years for the
three types. This cyclycity is similar tomodernNorthAtlantic Oscillation
(NAO) patterns (Labat, 2006; de la Torre et al., 2007) and it suggests a
climate control on distribution pattern of microfacies 1a and b.

XRF geochemistry
Micro-XRF analyses have been carried out in zone 2, where the

varves are best preserved. The Al and K counts have a strong
correlation (0.91), and also Fe with Al and K (0.8) suggesting feldspar,
clay minerals and pyrite occurrence in those laminae as determined
by micro-XRD, XRD and microscope observations. The Si/K ratio
allows to distinguish biological and clastic sources and to identify
individual diatom layers present in microfacies 1 and 2 through peak
values (Figs. 6a, b).

The Ca and Sr counts in the varves are mainly related to carbonate,
as shown by the negative correlation coefficient with the siliciclastic
components (Al, K and Fe) (Fig. 6), and the abrupt peaks associated to
the calcite laminae stressing the endogenic origin for calcite in these
layers. Therefore, Ca/K can be used to detect the presence of varves in
microfacies 2, where varve preservation is poor (Fig. 6b).

The S peaks are not associated with pyrite, but to the presence of
colonies of green unicellular microalga Botryococcus braunii. This
species is characterized by a high content of hydrocarbon and fatty
acids (Maxwell et al., 1968) and also incorporates reduced inorganic
sulfur species at early stages of diagenesis giving rise to organo-sulfur
compound (OSC) (Grice et al., 2003). The positive correlation of Ca and
S in microfacies 1a (Fig. 6a) further favors the hypothesis that biogenic
calcite precipitation was induced by the Botryococcus braunii blooms
(Figs. 4 and 7).



Figure 6.Micro geochemical composition and isotopic composition of endogenic calcite layers for the varved microfacies 1 and 2 in core ZON04-1B from zone 2 (a) and 1 (b). Calcite layer are marked by gray bands. (c). Cross plot of oxygen and
carbon isotope composition of endogenic calcite from varves.
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Figure 7. Environmental changes during the IRHP in Zoñar (lake level, cyclicity, seasonality) compared to historical events. Lake level reconstruction is based on hydrological
interpretation of microfacies, so that 1a represents more humid conditions and higher lake level than 1bN1cN2N4; microfacies 3 is interpreted as flooding episodes and consequent
lake level rise. (See text).

116 C. Martín-Puertas et al. / Quaternary Research 71 (2009) 108–120
Stable isotope geochemistry
Isotopic values δ18O of calcite precipitating in the surface waters of

Zoñar Lake obtained from a buoy and anchor rope concretion growth
show values (between −2 to +1‰ vs V-PDB) coherent with calcite
formation in isotopic equilibriumwith epilimnetic lake waters (+1 to +
6‰ δ18Owater (V-SMOW)) (Fig. 1c). The δ13Ccalcite and δ13CDIC show a similar
compositional range (−3 to +2‰). Modern δ13CDIC values from the lake
bottomwaters have lighter isotopic compositions due to the absence of
13C enrichment caused by photosynthesis and/or the input of 13C
depleted related with the oxidation of organic matter (Fig. 1c). Isotopic
composition of bulk carbonate samples from the massive sedimentary
units (δ18Ocalcite values from −1 to −5‰ vs V-PDB) shows distinctively
lighter oxygen isotopic compositions than endogenic calcite laminae
from the IRHP interval (δ18Ocalcite values from −2 to +4‰ vs V-PDB), and
a smaller δ13Ccalcite range (between −4.5 and −9‰ for the bulk
carbonates and −10.1 and −0.5‰ for laminites). Interestingly, the bulk
carbonate samples show a clearer covariance pattern than the laminae
samples, but this trend is more likely a reflection of the mixing of
several carbonate sources (lighter detrital and heavier endogenic) and
not to hydrological behavior of the lake (Fig. 3b).
The relatively high δ18Ocalcite values in the varves are coherent with
calcite formation in the evaporatively—enriched epilimnetic waters, as
in modern conditions. The measured values of δ18Owater in modern
surface samples show a large range (−2 to +5‰), reflecting variable
evaporative conditions and freshwater inputs into the lake. On the
other hand temperature changes could determine negative δ18Ocalcite

excursions when calcite formation occurs in summer, in which case
the positive excursions would indicate a higher proportion of spring
calcite (lower water temperatures). However, the continuous enrich-
ment of 18O, due to evaporation, during spring and summer results in
heavier isotope values at the end of the warm seasons. Consequently,
the isotopic oscillations can be interpreted as a reflection of changes in
the intensity of the evaporation processes (Li and Ku,1997) that cancel
out the opposite effect of the temperature increase (decreasing
isotopic fractionation with increasing temperature; McCrea, 1950).

The δ13Ccalcite is mostly affected by carbon inputs to the lake,
including exchange with the atmosphere, and biological activity, and
secondarily by the hydrologic balance (Li and Ku, 1997). Lighter values
are related with the oxidation of organic matter (internal or external)
and inherited carbon from soil respiration (external DIC). Heavier δ13C
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values are favored by increased evaporation, residence times (Li and
Ku, 1997) and productivity (Leng and Marshall, 2004). Therefore the
large range of δ13Ccalcite values in Zoñar samples is related to the
numerous processes affecting the isotopic carbon cycle in lakes, but
especially to surface processes (photosynthesis and respiration) and
lake bottom processes (only respiration, resulting in very negative
carbon from oxidation of organic matter).

The smaller calcite crystal size (5–8 µm) in microfacies 1c suggests
that calcite precipitated associated with one major Botryococcus
bloom in early summer, while larger calcite crystal sizes (10–15 µm) in
microfacies 1a indicate spring and late fall calcite, as it has been
interpreted in other lakes (Teranes et al., 1999a,b). In a cross plot (Fig.
6c) samples for microfacies 1c show two distinct populations: a) the
highest δ13Ccalcite and relatively high δ18Ocalcite, and b) moderate
δ13Ccalcite and variable δ18Ocalcite. The high δ13Ccalcite values indicate
precipitation from 13C enriched waters after preferential removal of
12C from the DIC by primary producers (Mckenzie, 1982; Teranes et al.,
1999a,b). Corresponding high δ18Ocalcite values and smaller calcite
crystal size suggest that calcite precipitated later in the season related
with the rapid and local pH increase due to the phytoplankton blooms.
Calcite frommicrofacies 1a (zone 2) shows a similar δ18Ocalcite range as
microfacies 1c but significantly lower δ13Ccalcite values (Fig. 5a). These
more negative δ13C values can be related to periods of a lower degree
or an absence of lake water stratification that would have caused a
higher input of the more negative DIC from the lake bottom waters
(Fig. 1c). The anti covariant pattern displayed by the δ18Ocalcite and
δ13Ccalcite curves in the lower part of microfacies 1a (zone 2, 442–446
and 405–420 cm) suggest that timing of calcite precipitation and CO2

limitation could have been the main factors as shown in other lakes
(Neumann et al., 2002). Calcite precipitated early in the season when
evaporation effects were lower (low δ18Ocalcite values) during Botryo-
coccus blooms would have the typical high δ13Ccalcite signal associated
at high organic productivity. Calcite precipitated later in the season
(summer), when surfacewaters aremore evaporated (local increase in
18O) and higher temperature and light favor photosynthesis (con-
sumption of CO2, decrease in superficial CO2 concentration), would
have higher δ18Ocalcite and δ13Ccalcite values. Limnological conditions
changed in the upper part of zone 2 (394–399 cm) and the δ18Ocalcite

and δ13Ccalcite display again similar trends. This pattern could be
explained by more intense Botryococcus blooms (high S content, Fig.
4) when spring rainfall occurs earlier in the season.

The IRHP humid period in the European context

The time interval from 2600 to 1600 cal yr BP is the most humid
period in Zoñar Lake and is synchronous with other records of
increased water availability in Spain around the same time: a marine
core from Northwestern Iberia (Desprat et al., 2003); lake records
from southern-central Spain (Gil-García et al., 2007), geomorpholo-
gical (Gutierrez-Elorza and Peña-Monne, 1998), fluvial (Macklin et al.,
2006) and δ 13C of archaeological charcoal (3450–2850 and 2250–
1650 cal yr BP) evidences in the Ebro Basin (Ferrio et al., 2006) among
others. The chronological model and the high resolution data allow a
more detailed paleolimnological reconstruction of Lake Zoñar during
the IRHP. A qualitative lake level curvewas reconstructed based on the
hydrological interpretation of microfacies and the integration of the
geochemical and biological data for the varved interval (Fig. 7).
Microfacies are arranged according with the interpreted paleobathy-
metry of their depositional environment from deeper to shallower as
follows: 1aN1bN1cN2N4; microfacies 3 is interpreted as flooding
episodes and consequent lake level rise. Based onmicrofacies data and
their limnological interpretation four main stages can be identified
(Fig. 7).

Zone 1, 2600–2500 cal yr BP/650–550 BC (480–446 cm). Deposition
of microfacies 2 represents the onset of a period of higher humidity
after a late Holocene arid period well documented in the Mediterra-
nean Basin and Europe (Lamb et al., 1995; Issar, 2003). Deposition of
microfacies 3a (2535–2520 cal yr BP) marks a lake transgressive event
likely causedbya period of intenseflooding. After the deposition of this
layer, limnological conditions changed progressively and were more
conducive to varve formation and preservation, with relatively stable
lake environments, deep enough to establish summer stratification
leading to anoxic bottom conditions (microfacies 2).

Zone 2, 2500–2140 cal yr BP/550–190 BC (446–392 cm), is
characterized by permanent stratification, except in the upper part
where seasonal stratification andmore frequent holomictic conditions
occurred (microfacies 2). After an initial deposition of microfacies 1a
for a few decades (2500–2460 cal yr BP/550–510 BC), deposition of
microfacies 1c (calcite/detrital couplets) dominated for about 135 yr
(2460–2325 cal yr BP/510–375 BC) in a stable deep lake with anoxic
bottom sediments and relatively low organic productivity. Isotopic
and textural data support this scenario of warmer temperatures,
moderate precipitation during late winter and early spring and only
one summer Botryococcus bloom. Conditions changed around
2325 cal yr BP to an alternation of longer periods (around 60 yr) of
deposition of microfacies 1a (spring calcite formation, longer blooms)
and shorter periods (around 10–30 yr) of microfacies 1b (organic/
detrital). This 180 yr long period of strongest seasonality, represents
the most productive interval in the IRHP. Higher precipitation in cold
winter caused Botryococcus bloom in spring and a secondary algal
bloom occurred later in the season (microfacies 1a); during drier years
with predominant springtime precipitation, only one algal bloom
occurred likely in late spring (microfacies 2) (Fig. 7). These moisture
changes (alternation of microfacies 1a and 1b) are of similar frequency
as those documented from meteorological data during the last
decades in the region (Fig. 1a) and colder /wetter winters with drier
summers interpreted for the period 900–300 BC in the Ebro Basin
(Ferrio et al., 2006).

The most humid period coincides with the development of Iberian
settlements in the region (Cordoba province) during late 5th and early
4th centuries BC (Chapa Brunet, 1998) (Fig. 7). The timing is
synchronous with the Olea (60%) and charcoal peaks in the Zoñar
record (Fig. 3), both suggesting anthropogenic influence and a
possible cultivation prior to Roman colonization. Other sites in
southern Spain (Baza) show a strong human impact after 2600 cal
yr BP (Carrión et al., 2007). Similar evidences have been shown in Italy
during the 2700–2190 cal yr BP when Olea pollen percentages (N20%)
were higher than during previous periods (Caroli and Caldara, 2007)
and increased fire frequency has been linked to local human presence
(Lago Battaglia, Italy, Caroli and Caldara, 2007 and Lago Accesa, Italy,
Vannière et al., 2008). The onset of the strong Roman influence in
Andalusia, at 210 BC (2160 cal yr BP) correlates with the beginning of a
decreasing lake level trend, more frequent holomictic conditions and
deposition of microfacies 2 at 2180 cal yr BP. Despite good general
agreement, comparison with Central Mediterranean lake level
reconstructions (Magny et al., 2007) and the Spanish flood record
(Macklin et al., 2006) at decadal scale reveals slight differences for the
period from 2300 to 2150 cal yr BP (Fig. 8) when the Zoñar lake level
was still high, whereas flooding frequency in Spain and lake level in
Italy decreased. These discrepancies may indicate processes asso-
ciated to seasonality changes and also the chronological uncertainties
associated to the hydrological reconstruction of the Mediterranean
lakes, as indicated by Magny et al. (2007) (Fig. 8).

Zone 3, 2140–1800 cal yr BP/190 BC–150 AD (392–367 cm),
represents a sharp limnological change in Zoñar Lake leading to highly
chemically concentrated waters (gypsum formation). This period
appears slightly later than the decrease in flooding episodes and river
activity in Spain during 2350–2000 cal yr BP (Macklin et al., 2006;
Magny et al., 2002), but coincides well with the end of a wet period at
2100 cal yr BP in northern Europe (Aaby, 1976). Although several
Mediterranean records show evidences of large hydrological changes
in lakes during Roman times, it is not clear if those were induced by



Figure 8. Paleohydrological comparison between Zoñar Lake and selected eastern and central Mediterranean and northern European lakes. The planktonic diatom in Lake Holzmaar
has been interpreted as an indicator of paleoproductivity and paleohydrology (Baier et al., 2004). Lake Fucino, Lake Mezzano and Lake Accesa (Italy, central Mediterranean) records
from Magny et al. (2007). Dead Sea hydrological reconstruction is based on sedimentary facies and pollen (modified from Heim et al., 1997).
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either climatic variability or human use of the water or a combination
of both factors. Magny et al. (2007) show a correlation between lake
level inferred for several Italian lakes (Lake Fucino in Giraudi, 1998,
Lake Mezzano in Giraudi, 2004 and Lake Accesa in Magny et al., 2007)
and advances of alpine glaciers and concluded that, at a centennial
scale, climate was the main control of the lake hydrology. This could
have been the case for Lake Accesawhere a relative lake level decrease
occurred around 2100–1900 cal yr BP. However, in other lakes as
Fuccino and Mezzano, intense Roman activity during the first and
second centuries AD (1950–1750 cal yr BP) has been considered the
main cause for partial drainage of both lakes (Giraudi, 1998). In other
regions of Italy and Greece (Paepe, 1984; Reale and Dirmeyer, 2000)
there have also been documentations of a decrease in lake levels
during some periods of the Roman Epoch likely caused by increased
water demand during drier conditions.

After the Munda Battle in 45 yr BC (Fig. 7), the Betica province
was established by Augusto in southern Hispania (Bermejo, 2007)
and human activities increased in the Zoñar area. However, the
available pollen record shows a decrease in Olea and a relatively
small charcoal peak associated with this gypsum rich interval (Fig. 3)
and the lake level drop in Zoñar is synchronous to a regional episode
of lower lake levels from 2100 to 1800 cal yr BP (Magny et al., 2007)
suggesting that climate could have been the main driving factor,
although human pressure could have increase the effects on Zoñar
lake hydrology.

Zone 4, 1800–1600 cal yr BP/150–350 AD (367–338 cm) is
characterized by a return to more humid conditions after a flood
event (microfacies 3b). During this period called the 3rd century crisis
(AD 235–285) (Vogt, 1968), the Roman Empire declined, and olive
groves and villages were abandoned. A decrease in human impact in
the watershed is indicated by lower Olea and charcoal pollen
percentages (Fig. 3). During this period in the Zoñar record, climate
fluctuations are defined by 60 yr cycles of laminated microfacies 1.
Considering the modern climate patterns, microfacies 1a deposition
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(relatively higher lake level, seasonal or permanent stratification)
could reflect higher precipitation and microfacies 2 periods of lake
level decrease (holomixis to seasonal stratification) during drier
phases (Fig. 7).

The IRHP (2600–1600 cal yr BP) is broadly synchronous with the
late Holocene wet/cool period that started at around 2800 cal yr BP
in Europe and elsewhere (Bond and Lotti, 1995 based on ice-rafting
events; Van Geel et al., 1996 from archaeological and paleoecological
evidences; Beer et al., 1998 ice cores record in the North Atlantic
ocean; Stuvier et al., 1997 oxygen isotope records from Greenland
ice cores; Magny et al., 2002 based on lake level fluctuation). There
is likely a connection between the IRHP onset and the well-
established 2800–2710 cal yr BP abrupt climate change event that
coincides with a Δ14C increase in the atmosphere as a consequence
of reduced solar output (Van Geel et al., 1996, 1999; Speranza et al.,
2002).

Comparison with available records from northern Europe (Baier
et al., 2004) and the Eastern Mediterranean (Heim et al., 1997)
suggests that the IRHP was a European event, although it could have
been shorter in theWestern Mediterranean (Fig. 8). Baier et al. (2004)
identified in varved lake sediments in Central Europe (Germany),
three zones during the 2800–1470 cal yr BP cool and wet period:
2800–2220 cal yr BP and 1730–1470 cal yr BP were dominated by
planktonic diatom species while benthic species increased during
2220–1730 cal yr BP. The onset of the IRHP in Zoñar is also
synchronous to the beginning of the wet period in the Dead Sea
cores (Heim et al., 1997), although the wet period lasted longer in the
Eastern Mediterranean (Fig. 8).

The two main IRHP cycles (60 and 20 yr) are associated with
microfacies shifts and therefore changes in seasonality: the average
duration of period with predominant deposition of microfacies 1a, 1c
and microfacies 2 (in zone 4) is around 60 yr, while for microfacies 1b
the duration is ∼20 yr. These cycles are similar to those defined in
modern conditions and associated with NAO influence (60 yr, Labat,
2006) and the global oceanic thermohaline circulation (20 yr, Del-
worth and Greatbatch, 2000). Jones et al. (2006) documented a similar
cyclicity (58 and 33 yr) in a Turkish lake record during two arid
periods, 1650–1450 cal yr BP and 500 cal yr BP to present, and linked
this variability to the Indian monsoon system. Although eastern and
western Mediterranean regions may respond to different climate
patterns at a decadal scale, the concordance of the variability between
the Turkish and Spanish sites, during opposite moisture conditions
supports a similar major climate forcing (e.g., changes in solar
radiance). Finally, the N10 yr short-term oscillations during the IRHP
are a reflection of the 11-year solar activity cycle during the Holocene
(Theissen et al., 2008).

Conclusions

The Iberian–Roman Humid Period identified in the South of the
Iberian Peninsula coincides with a global climatic phase that started
with the 2.8 kawet and cool event andwas controlled by solar forcing.
The onset of this period was gradual (2600–2460 cal yr BP) and the
most humid interval occurred during the Iberian–Early Roman Epoch
(2460–2140 cal yr BP).

An arid interval during the Roman Empire Epoch (2140–1800 cal yr
BP) was caused by climatic forcing, but its limnological impact could
have been increased due to higher anthropogenic impact on the lake
system caused by lake water usage; a final humid phase occurred
during the decline of the Roman Empire (1800–1600 cal yr BP).
Similarities with northern European and Eastern Mediterranean
records emphasize the northern hemispheric nature of this humid
period, although the onset and decline may have been time
transgressive. Evidences of moisture cycles of 60 and 20 yr in the
Zoñar record are most significant during this period, suggesting a
similar centennial long-term NAO correlation as in modern climate.
Archaeological data in central and southern Europe show that
human settlements during the IRHP were favored by moist climate
conditions. In southern Spain, this period coincides with the
flourishing of the Iberian culture and the Roman conquest.
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