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We present stable isotope data (δ18O, δ13C) from a detrital rich stalagmite from Kapsia Cave, the Peloponnese,
Greece. The cave is rich in archeological remains and there are reasons to believe that flooding of the cave has di-
rectly affected humans using the cave. Using a combination ofU–Th and 14C dating to constrain a site-specific cor-
rection factor for (232Th/238U) detrital molar ratio, a linear agemodel was constructed. The agemodel shows that
the stalagmite grew during the period from ca. 950 BC to ca. AD 830. The stable oxygen record from Kapsia indi-
cates cyclical changes of close to 500 yr in precipitation amount, with rapid shifts towards wetter conditions
followed by slowly developing aridity. Superimposed on this signal, wetter conditions are inferred around 850,
700, 500 and 400–100 BC, and around AD 160–300 and AD 770; and driest conditions are inferred to have oc-
curred around 450 BC, AD 100–150 and AD 650. Detrital horizons in the stalagmite indicate that three major
floods took place in the cave at 500 BC, 70 BC and AD 450. The stable carbon isotope record reflects changes in
biological activity being a result of both climate and human activities.

© 2014 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

Paleoclimate data from the Peloponnese peninsula in southern
Greece is scarce (Finné et al., 2011). The peninsula represents an
archeologically rich and relatively well explored area that could act as
an important area for investigations on the past impact of climate
changes on societal development. Available paleoclimate work is main-
ly based on palynological studies (e.g., Kraft et al., 1980; Atherden et al.,
1993; Jahns, 1993; Zangger et al., 1997; Kontopoulos and Avramidis,
2003; Urban and Fuchs, 2005; Triantaphyllou et al., 2010; Kouli,
2011). However, climate interpretation from palynological data is
complex in this region due to its long history of humans altering the
environment (e.g., Eastwood et al., 2007; Di Rita and Magri, 2009;
Roberts et al., 2011). Limestone caves are frequently abundant
and well-studied from an archeological perspective. Caves, with their
well-sheltered environment, can preserve material useful, not only
for archeological studies but also for paleoclimatic investigations.
Provided suitable formation and preservation conditions, speleothems
in caves can be precisely dated and yield high-resolution records of
past variations in regional temperature, precipitation and vegetation
(e.g., McDermott, 2004; Fairchild et al., 2006; Lachniet, 2009). Previous
studies, incorporating paleoclimatic data from caves with archeological
data, show the potential of working with this type of methods for an
hington. Published by Elsevier Inc. A
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interdisciplinary analysis of climate–environment–society interactions
(Gopher et al., 2010; Bar-Matthews and Ayalon, 2011).

We initiated a study of speleothems from Kapsia Cave in the Pelo-
ponnese, with the aim to reconstruct past climate variability and
flooding history in a region that is well-studied regarding human histo-
ry, and at the same site where archeological remains are abundant.
Detrital horizons in the stalagmites fromKapsia Cave show signs of hav-
ing been repeatedly flooded. While this may complicate the possibility
of obtaining precise age information from the speleothems, improved
dating techniques and the prospect of obtaining a record of past flooding
events (Dorale et al., 2004), ofwhich onemight have caused thedeath of
humans (Merdenisianos, 2005), motivated our research approach.

Here, we present U–Th and 14C dating results froma detrital-rich sta-
lagmite from the cave. Dating results are used to construct an agemodel
that is applied to stable oxygen and carbon isotopes (δ18O, δ13C) data to
yield an interpretation of climate variability during a period from ca.
950 BC to ca. AD 830. This is a period that overlaps the period when
the cave is believed to have been occupied, or in use, by humans.

Setting

Kapsia Cave is situated close to the village Kapsia in Arcadia prefec-
ture in central Peloponnese (37°37′24″N, 22°21′14″E) (Fig. 1). The
ll rights reserved.
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Figure 1.Map showing the location of Kapsia cave (KC) and other placesmentioned in the text (A andB) and a general outline of the cave interior (C). Altitudinal differences in the cave are
after map in Merdenisianos, 2005. The green square indicates the approximate sampling site of stalagmite GK-09-02. Red dashed lines in A indicate spatial differences in precipitation
amounts, after Kutiel et al. (2002). Western Greece, including much of the Peloponnese, and northeastern Greece (around Thrace) and western Turkey receive more precipitation during
NCPI(−) due to anomalous air flow from south to north bringing in moist air from the sea (indicated by arrows). The opposite conditions occur in, e.g., eastern Greece, Crete, eastern
Turkey and theMiddle East (Kutiel et al., 2002). In map A, 1: Ioannina, Frogley et al., 2001; 2: Asea Valley, Unkel et al., 2013; 3: Sofular Cave, Fleitmann et al., 2009; 4: Gölhisar, Eastwood
et al., 2007; 5: Bereket basin, Kaniewski et al., 2007; 6: Eski Acigöl, Roberts et al., 2001; 7:NarGölu, Jones et al., 2006; 8: Soreq Cave, Bar-Matthews et al., 2003; 9: LakeVan,Wick et al., 2003.
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cave entrance is located approximately 700 m asl where the Mantinea
Plainmeets the PindosMountains. TheMantinea Plain is a polje drained
by 5 sinkholes (Higgins and Higgins, 1996). The cave is formed in a
small limestone hill rising approximately 50 m above the plain surface.
The limestones belong to the Triassic to EoceneGavrovo–Tripolitza zone
formed in shallowmarine conditions (Thiébault et al., 1994; Faupl et al.,
2002). Bedrock thickness above the cave is 20–30 m. The cave is beau-
tifully decorated with numerous speleothem formations such as flow
stones, curtains, stalactites, stalagmites and columns. The cave has
been frequently flooded both in recent times and in the more distant
past, as is clear from meter-thick clay layers on the cave floor, distinct
color changes (flood marks) on speleothem surfaces (Supplemental
materials, Fig. 1), and dirt horizons in sliced stalagmites (Fig. 2).
oi.org/10.1016/j.yqres.2013.12.009 Published online by Cambridge University Press
The cave environment has been monitored regularly between
September 2009 andMarch 2013. During this time cave air temperature
was stable with an average of 12.4 ± 0.5°C and the average relative hu-
midity was around 96%. Since 2010, tourists can visit parts of the cave
through an artificial entrance opened in 2004 (Fig. 1).

No excavation has been carried out in the cavewith the exception of
three small trial trenches (0.5 × 0.5 m) in one of the deepest chambers
(Psathi, 2004). Many Neolithic (6500–3000 BC) remains from human
made fires can be seen close to the natural entrance. Deeper in the
cave human skulls and bones have been found, belonging to approxi-
mately 50 individuals. The human bones come from both men and
women of various age, from infants to adults (Bartsiokas et al., 1981;
Pitsios, 1984; Pitsios et al., 1995). Because the anthropological material

https://doi.org/10.1016/j.yqres.2013.12.009


Figure 2. Sliced surface of stalagmite GK-09-02 showing sampling for U–Th dating (GK01-38 and 10.4-10.6), sampling for radiocarbon (red rectangles) sampling for stable isotopes along
growth axis, sampling for Hendy tests (HA-HE) and positions of hiatuses/flood horizons (Ho 1, Ho 2, Ho 3 and Ho 4).
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was not found in situ the true origin remains a conundrum. Two possi-
ble explanations have been presented by archeologists: 1) the people
drowned in a flood, or starved to death when a flood sealed the natural
entrance, or 2) the cave used to be a burial ground and a place of
worshipping the dead and the bones found in the cave originate from
already deceased persons (Merdenisianos, 2005). Deep in the cave
sherds, dated to Hellenistic times (323–31 BC), have been found along
rg/10.1016/j.yqres.2013.12.009 Published online by Cambridge University Press
with sherds and terracotta lamps dated to a period of 4th–6th century
AD, and bronze coins and two bronze fibulae that are dated to the sec-
ond half of the 6th century AD. It is possible that other periods of
human occupation are also represented in the cave of Kapsia, since no
systematic excavation has yet been carried out.

The hill above the cave is coveredwith vegetation dominated by oak
shrubs (mainly Quercus coccifera) ca. 2 m high, different grass species,

https://doi.org/10.1016/j.yqres.2013.12.009


Table 1
Results from radiocarbon analysis.

DFT (mm) Sample ID Lab. no. a14C (pMC) 14C age (yr BP)

0 10 Ua-42622 101.4 ± 0.4 n.a.
3 2 Ua-41707 103.3 ± 0.4 n.a.
8 4 Ua-41761 103.7 ± 0.3 n.a.
11.5 5 Ua-42225 106.1 ± 0.4 n.a.
18 11 Ua-42623 108.9 ± 0.4 n.a.
25 6 Ua-42226 n.a. 1152 ± 30
75 12 Ua-42624 n.a. 1425 ± 30
75 12organic Ua-42625 n.a. 4189 ± 39
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Lamiaceae species and Euphorbia sp. Within the vegetation cover there
are patches of bare soil and outcropping bedrock. A stand of dead tree
trunks, most likely Juniperus sp., indicates that burning disturbs the veg-
etation at times and the latest major fire on the hill occurred in August
1997. The cave can be flooded at times when surface water input ex-
ceeds draining capacity of sinkholes, and the latest recorded flood was
in 2001.

The regional climate is typically Mediterranean, characterized
by hot dry summers and mild wet winters. Annual average air temper-
ature for the nearest meteorological station, in Tripoli (approximately
10 km to the south, elevation 650 m), is 14.1 ± 1.4°C for the period
1951–2004. Annual average precipitation amount in Tripoli is
768 ± 393 mm for the period 1951–2008, with a great deal of year-
to-year variability (Supplemental materials, Fig. 2A). Around 70–80%
of the yearly precipitation falls between October and April (Dotsika
et al., 2010) and snowfall occurs in higher terrain. High summer tem-
perature and low summer precipitation lead to negative water balance
for the period May to September (as indicated by the calculated water
excess in Supplemental Fig. 2B). Stable isotope data in precipitation
(δ18O and δD) have been collected in Greece since 1960 (Argiriou and
Lykoudis, 2006; Dotsika et al., 2010). The western part of the country
is characterized by more precipitation and more enriched δ18O values
compared to the areas located in the orographic shadow to the east of
the Pindos Mountains (Dotsika et al., 2010). Generally, precipitation
δ18O is more depleted during the winter months following surface air
temperatures (Argiriou and Lykoudis, 2006). During an annual cycle a
correlation between δ18O depletion and rainfall amounts is evident
when monthly average precipitation is below 100 mm (Argiriou and
Lykoudis, 2006).

Modern climate

To provide a baseline for discussing past climate change and possible
mechanism behind variability, the modern climate is briefly outlined.
The North Atlantic Oscillation (NAO) influences winter precipitation
and temperature of the eastern Mediterranean and Greece (Cullen and
deMenocal, 2000; Türkeş and Erlat, 2003; Feidas et al., 2004). Positive
(negative) NAOwill create cooler and drier (warmer andwetter) condi-
tions as less air from the North Atlantic penetrates into the region. The
influence of the NAO on winter temperatures in Greece has been
shown to occur mainly on a decadal scale (Feidas et al., 2004). Rainfall
and temperature variability in the eastern Mediterranean depends fur-
ther on the pressure difference between the North Sea and the Caspian
Sea, the so called North Sea–Caspian Pattern Index (NCPI) (Kutiel and
Benaroch, 2002; Kutiel et al., 2002). During a positive phase of the
NCPI, NCPI(+), an anomalous circulation pattern forms in the eastern
Mediterranean/Aegean Sea with a stronger component of northeasterly
winds bringing cool and dry continental air into many parts of the
region, including thewestern Peloponnese (Fig. 1). DuringNCPI(−) cir-
culation tends to be stronger from the southwest favoring higher tem-
peratures and wetter conditions (Kutiel and Benaroch, 2002; Kutiel
et al., 2002). Another important control onwinter temperature variabil-
ity is the Mediterranean Oscillation (MO), calculated from the differ-
ences in pressure between e.g., Cairo and Algiers (Feidas et al., 2004;
Harding et al., 2009). During positive MO a southward flow of cool air
over Greece can be facilitated in connection to enhanced frequency
and persistence of low pressures over the central Mediterranean
(Feidas et al., 2004).

Materials and methods

One actively growing stalagmite, labeled GK-09-02, was collected in
Kapsia Cave in September 2009. The facts that the corresponding stalac-
tite was dripping, the stalagmite had a convex top, and modern deposi-
tion of calcite took place on equipment placed at the collection site
immediately after removal of the stalagmite all strongly suggest that
oi.org/10.1016/j.yqres.2013.12.009 Published online by Cambridge University Press
the stalagmite was active at the time of removal. The stalagmite was
growingon an elevated plateau ca. 2 mabove the cavefloor. The growth
location of the stalagmite is well away from both the natural and the ar-
tificial entrance in a part of the cave not accessible for tourists (Fig. 1).
The height of the stalagmite is ca. 295 mm and is conically shaped
(Fig. 2).

A 1-cm slab was cut parallel to the growth axis of the stalagmite
using a diamond saw. The slab was then cut along the center in two
equally sized parts (A and B) that were polished. Slab B was mainly de-
voted to sampling for stable isotopes. U–Th and radiocarbon dating
samples were taken from both slabs.

The stalagmite is visibly laminated with translucent thin dark layers
and thicker white deposits (Fig. 2). In areas the stalagmite is porous.
Visual inspection of fabrics reveals regions with marked dark horizons
at 74 mm, 149 mm, and at 214 mm (Fig. 2) from the top. Petrographic
thin sections (30 μm) were produced and analyzed under Nikon
Optiphot2-Pol under 25× and 100× magnification.

For radiocarbon analysis, five 2-mg sampleswere drilled at 3, 8, 11.5,
18 and 25 mm from the top (Fig. 2, Table 1). At 75 mm from the top,
two fractions (210 mg) were analyzed: the calcite and the organic frac-
tion. One sample (2 mg) of calcite that precipitated during the period
from September 2009 to February 2010was also analyzed to investigate
if the top of the stalagmite contains an elevated 14C activity that can be
associated with the atomic bomb testing in the 1960s and thus provide
independent evidence of recent deposition of the top of the stalagmite.
Before analysis the powders were washed in de-ionized water in an ul-
trasonic bath. Samples were leached stepwise in 0.5 HCl to investigate
possible contamination. The evolved CO2 gaswas converted into graph-
ite using Fe-catalyst before inserted to the accelerator mass spectrome-
ter. Radiocarbon analyses were performed at The Ångström Laboratory,
Uppsala University, Sweden.

Initially 18 samples (0.5 g) were drilled for U–Th dating (Fig. 2).
Based on these results a second round of 8 samples (0.3 g) was drilled
closer to the sides of the stalagmite in order to avoid detrital-rich
areas (Fig. 2). Additionally, the calcite, precipitated from September
2009 until February 2010 and used for 14C dating, was also sampled
for U–Th dating. All samples were dissolved, with a combination of
7 M HNO3 and HF, and equilibrated with a mixed 229Th/236U spike
that was calibrated with gravimetric standards (following Henderson
et al., 2001). Both spiked isotopes supplied by Harwell are isotopically
clean (229Th N 99.99%; 236U = 99.97%). Samples were loaded onto
minicolumns containing 2 ml of Bio-Rad AG 1X8 200–400 mesh resin.
U was eluted by 1 M HBr and Th with 6 M HCl. U and Th solutions
were evaporated to dryness and the residues dissolved in 2 ml and
5 ml of 0.1 MHNO3, respectively.

U–Th dating was performed at the Geological Survey of Israel (GSI)
using a Nu Instruments Ltd (UK)MC-ICP-MS equipped with 12 Faraday
cups and 3 ion counters. Each sample was introduced to theMC-ICP-MS
through an Aridus® micro-concentric desolvating nebulizer sample
introducing system. The instrumental mass bias was corrected (using
an exponential equation) by measuring the 235U/238U ratio and
correcting with the natural 235U/238U ratio. Calibration of ion counters
relative to Faraday cupswas performed using several cycles ofmeasure-
ment with different collector configurations in each particular analysis.

https://doi.org/10.1016/j.yqres.2013.12.009


217M. Finné et al. / Quaternary Research 81 (2014) 213–227

https://doi.o
Isotope ratios are given as activity ratioswith 2σ uncertainties (Table 2).
Uncertainties are propagated from the in-run precision errors (0.4% at
2σ), weighing errors and uncertainties in spike concentrations and iso-
topic compositions. 230Th and 234U half-lives are taken from Cheng et al.
(2000). Uncertainties in the half lives of the U-series isotopes are not in-
cluded in the error propagation (Bar-Matthews andAyalon, 2011; Grant
et al., 2012).

For stable oxygen and carbon isotope analysis, 196 0.2-mg samples
were drilled along the growth axis, using a hand-held diamond coated
drill bit (Fig. 2). Additionally, 28 samples were drilled along 5 different
growth laminae for testing isotopic equilibrium conditions (Hendy,
1971) (Fig. 2). Analyses were performed at the Stable Isotope Laborato-
ry (SIL), Department of Geological Sciences, Stockholm University. The
carbonate samples were flushed with argon gas in a septum-seal glass
vial, and 100 μl of 99% H3PO4 was added to each sample for reacting
to carbon dioxide. Analyses were performed using Gasbench II coupled
to a Finnigan MAT 252 mass spectrometer. The reproducibility was cal-
culated to be better than 0.15‰ for δ18O and 0.07‰ for δ13C.

Dripwaterwas collected from the straw stalactite directly above sta-
lagmite GK-09-02 9 times between September 2009 and July 2012, cov-
ering all 4 seasons. Analyses were performed at SIL, Department of
Geological Sciences, Stockholm University. Stable isotope analyses
of hydrogen and oxygen in water were performed by a Laser Water
Isotope Analyzer from Los Gatos Research; the reproducibility was cal-
culated to be better than 0.6‰ for δD and 0.15‰ for δ18O. Three samples
of modern calcite precipitated on equipment underneath drip site GK02
were collected in September and January 2009 and 2010, and their iso-
topic compositions were determined.

Results

Petrographic analysis

The stalagmite shows alternating layers of columnar calcite and
open columnar calcite throughout its length (cf. Frisia and Borsato,
Table 2
Results from U–Th dating fromMC-ICP-MS analysis. Underlined samples fulfill the three criteria
age model for stalagmite, see text for details. Corrected ages are based on a correction factor of
tiplied by a factor 3 to account for uncertainties involved in the correction. DFT is the distance

Sample DFT
(mm)

238U 238U/232Th 232Th 230Th/232Th 234U/232Th

Recent 0 313 ± 0.13 134.2 2.33 ± 0.017 9.44 ± 0.62 486.1 ± 0.73
10.6 5 390 ± 0.26 73.6 5.31 ± 0.008 4.61 ± 0.07 258.5 ± 0.23
GK10 30 186 ± 0.08 128.9 1.44 ± 0.003 9.96 ± 0.18 546.8 ± 1.51
GK31 35 225 ± 0.17 58.1 3.87 ± 0.008 4.09 ± 0.11 238.59 ± 0.43
GK09 45 206 ± 0.08 68.1 3.03 ± 0.005 7.79 ± 0.14 256.2 ± 0.22
GK08 63 187 ± 0.17 26.5 7.06 ± 0.011 6.69 ± 0.05 88.5 ± 0.12
GK07 82 216 ± 0.08 32.1 6.74 ± 0.012 6.81 ± 0.12 107.2 ± 0.13
GK35 85 176 ± 0.11 122.2 1.44 ± 0.006 7.38 ± 0.60 503.72 ± 0.79
GK-23 90 217 ± 0.14 44.3 4.89 ± 0.024 9.60 ± 0.29 147.4 ± 0.25
GK32 95 196 ± 0.10 54.8 3.57 ± 0.010 3.01 ± 0.12 227.45 ± 0.34
GK06 102 214 ± 0.13 58.7 3.64 ± 0.009 6.39 ± 0.10 210.8 ± 0.34
GK33 111 189 ± 0.18 38.3 4.93 ± 0.013 2.60 ± 0.11 147.83 ± 0.28
GK05 120 217 ± 0.11 65.0 3.34 ± 0.007 5.54 ± 0.08 245.0 ± 0.39
GK36 125 185 ± 0.15 170.6 1.09 ± 0.006 9.00 ± 0.51 690.74 ± 1.11
GK04 140 208 ± 0.11 62.1 3.35 ± 0.010 7.16 ± 0.14 218.7 ± 0.35
GK34 175 190 ± 0.13 73.8 2.58 ± 0.009 4.71 ± 0.23 288.85 ± 0.32
GK-22 176 206 ± 0.18 63.2 3.27 ± 0.015 7.70 ± 0.72 220.0 ± 0.36
10.5 177 206 ± 0.12 66.1 3.12 ± 0.004 4.03 ± 0.08 264.0 ± 0.34
GK03 210 197 ± 0.12 37.8 5.23 ± 0.015 5.02 ± 0.10 134.8 ± 0.14
GK37 210 168 ± 0.09 99.6 1.69 ± 0.007 7.78 ± 0.25 365.54 ± 0.58
GK02a 217 180 ± 0.08 14.3 12.66 ± 0.023 5.69 ± 0.07 47.1 ± 0.08
GK-21 221 199 ± 0.10 47.5 4.20 ± 0.032 9.90 ± 0.51 159.2 ± 0.15
GK02b 221 199 ± 0.14 19.5 10.20 ± 0.015 7.19 ± 0.06 62.6 ± 0.08
GK38 223 169 ± 0.15 89.7 1.88 ± 0.006 7.88 ± 1.88 330.87 ± 0.52
GK-20 233 188 ± 0.14 29.4 6.39 ± 0.039 8.90 ± 0.39 96.2 ± 0.22
10.4 240 184 ± 0.08 55.9 3.30 ± 0.005 8.07 ± 0.08 195.2 ± 0.14
GK01 281 182 ± 0.13 10.8 16.84 ± 0.020 4.19 ± 0.04 36.0 ± 0.09

rg/10.1016/j.yqres.2013.12.009 Published online by Cambridge University Press
2010). Optical microscopy revealed a horizon marked by micrite and
renucleation, with some traces of dissolution at 19 mm from the top
(Horizon 1, Ho 1) (Figs. 2, 3A, B). Renucleation and incorporation of
particles are visible at 149 mm (Horizon 3, Ho 3) (Figs. 3E, F) and at
214 mm (Horizon 4, Ho 4) (Figs. 3G, H). At 74 mm from the top there
is a zone of ca. 3.5 mm, spanning upward, where material has been de-
posited in between calcite crystals but with no visible renucleation or
micrite (Horizon 2, Ho 2) (Figs. 3C, D). Since the cave is prone to
flooding we suggest that the horizons at 74, 149 and 214 mm from
the top are the results of flooding, whereas the horizon at 19 mmmay
represent a period of cessation of dripping caused either by diversion
of drip water or dry conditions of the aquifer.
Radiocarbon dating

Radiocarbon activity (a14C) in the top four calcite samples (at 3, 8,
11.5 and 18 mm) show elevated values and evidence of modern carbon
(Table 1) and reflect the bomb peak, demonstrating that this calcite
was deposited after the year 1955 (Genty et al., 1998). The samples
from 25 and 75 mm depth yielded uncalibrated ages of 1152 ± 30
and 1347 ± 30 14C yr BP, respectively. The organic residue of the sam-
ple from 75 mm gave an uncalibrated age of 4189 ± 39 14C yr BP. Two
different growth periods are evident from the radiocarbon analysis, first
(older) ends with the hiatus at 19 mm, and the second (younger) starts
after the hiatus some time after year 1955. Since no calcite was found
from the immediate pre-bomb period (i.e., 1950–1954), because of
the hiatus, it was not possible to constrain the Dead Carbon Fraction
(DCF) (Genty and Massault, 1997) and thus not to correct the older
14C ages retrieved (Genty et al., 1999; Hodge et al., 2011). However,
the 14C ages from the carbonate give the oldest possible ages as a correc-
tion for DCF will yield only younger ages. The organic fraction, dated to
4189 ± 39 14C yr BP, is potentially affected by old soil organic carbon
washed into the cave during a flood, explaining the offset in age be-
tween the two fractions.
modified after Linge et al. (2009). Bold and underlined samples are used to discuss linear
1.8 ± 0.25, see text for details. Errors are 2σ except corrected age error which is 2σmul-
from top in mm to center of milled area. All concentrations are in ppb.

234U/238U 230Th/234U Age
(uncorrected)

Age (corrected
with 1.8 ± 0.25)

BC/AD

1.01113 ± 0.0012 0.01944 ± 0.0013 2135 ± 140
1.015077 ± 0.0008 0.01784 ± 0.0003 1957 ± 28
1.00719 ± 0.0009 0.01821 ± 0.0003 1999 ± 40 1521 ± 168 AD 488
1.01025 ± 0.0018 0.01714 ± 0.0005 1880 ± 50
1.02367 ± 0.0013 0.03039 ± 0.0005 3360 ± 61 2468 ± 267 459 BC
1.00252 ± 0.0019 0.07557 ± 0.0006 8556 ± 72
1.00577 ± 0.0008 0.06348 ± 0.0011 7141 ± 129
1.00682 ± 0.0016 0.01465 ± 0.012 1604 ± 131 1099 ± 537 AD 910
1.00500 ± 0.0012 0.06503 ± 0.0019 7312 ± 224
1.00453 ± 0.0015 0.01323 ± 0.0005 1448 ± 56
1.00760 ± 0.0012 0.03034 ± 0.0005 3350 ± 52 2297 ± 213 288 BC
1.00283 ± 0.0019 0.01756 ± 0.0007 1927 ± 79
1.01022 ± 0.0016 0.02263 ± 0.0003 2489 ± 36
1.00116 ± 0.0016 0.01303 ± 0.0007 1426 ± 82 1063 ± 364 AD 946
1.01161 ± 0.0016 0.03272 ± 0.0007 3618 ± 73 2627 ± 315 618 BC
1.00459 ± 0.0014 0.01629 ± 0.0008 1786 ± 86
1.01000 ± 0.0013 0.03498 ± 0.0033 3872 ± 367 2897 ± 1638 888 BC

1.012087 ± 0.0013 0.01526 ± 0.0003 1672 ± 32
1.00935 ± 0.0010 0.03725 ± 0.0007 4129 ± 81
1.00832 ± 0.0009 0.02127 ± 0.0007 2339 ± 76 1720 ± 333 481 BC
1.00547 ± 0.0012 0.12048 ± 0.0016 13,979 ± 194
1.01110 ± 0.0017 0.06230 ± 0.0032 6994 ± 367
1.00160 ± 0.0013 0.11461 ± 0.0010 13,256 ± 125
1.00431 ± 0.0009 0.02383 ± 0.0005 2623 ± 61 1932 ± 267 AD 77
1.00620 ± 0.0016 0.09233 ± 0.0040 10,534 ± 481

1.014855 ± 0.0007 0.04135 ± 0.0004 4592 ± 46 3494 ± 212 1485 BC
1.00582 ± 0.0013 0.11646 ± 0.0012 13,482 ± 145

https://doi.org/10.1016/j.yqres.2013.12.009
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Figure 3.Plate of thin sections fromstalagmite GK-09-02. Thin section has beenphotographedunder 25x×magnification (exceptG, 100x), scale bars are 1000 μm(exceptG, 200 μm). Left
side show thin sections under crossed polar and right under plane-polarized light. Black arrows show re-nucleation and gray arrows indicated the hiatus or flooded horizon. A and B show
hiatus with re-nucleation at 19 mm (Ho 1). C and D show the suspected flood horizon at 74 mm (Ho 2) with a wider zone of particles incorporated into the calcite (indicated by dashed
white line in D). E and F show hiatus with re-nucleation at 149 mm (Ho 3). G–H show hiatus with re-nucleation at 214 mm (Ho 4).
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U–Th dating

The 26 MC-ICP-MS analyzes reveal that the stalagmite, including
the recently precipitated calcite, is low in U (176–390 ppb) and high
in Th, with (230Th/232Th) ≤9.96 (Table 2). The uncorrected age results
range from 1426 ± 82 to 13,979 ± 194 yr before 2009 and do not fall
oi.org/10.1016/j.yqres.2013.12.009 Published online by Cambridge University Press
in stratigraphical order. The sample of recently precipitated calcite
yielded an uncorrected age of 2135 ± 140 yr before 2009. 232Th is rou-
tinely monitored as an indicator of incorporation of detrital 230Th into
samples. The impact of initial thorium is large as indicated by the strong
correlation between [232Th] and uncorrected ages, R2 = 0.77 (Fig. 4).
A correction of all retrieved ages due to the incorporation of non-
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Figure 4. Correlation between [232Th] and uncorrected U–Th ages showing the strong influence of a non-authigenic source of detrital thorium yielding incorrectly old ages. Dashed line
delimits [232Th] ≤ 4, one of the selected criteria for finding clean samples.
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authigenic component of 230Th is therefore required (Richards and
Dorale, 2003; Hellstrom, 2006).

Stable isotopes

The Hendy tests (Hendy, 1971) show that in most cases there is no
correlation between δ18O and δ13C along single lamina (Fig. 5A). Two
tests, HA and HE, show enrichment of δ18O values towards the flanks
and correlation between δ13C and δ18O indicative of kinetic fraction-
ation (Fig. 5A). In lamina HA there is a strong positive correlation due
to a single analysis performed (HA6) along the thinnest part of the lam-
ina. This sample is likely a mixture of several laminae. When omitting
this point the correlation is weak (Fig. 5A).

The range of stable oxygen, δ18O, values along the growth axis is
from −4.23‰ to −6.78‰ (V-PDB) and for stable carbon, δ13C, values
from −6.47‰ to −10.34‰ (V-PDB). Correlation along the growth
axis between δ13C and δ18O is low R2 = 0.17 in the first growth period,
between 295 mm and 19 mm, and in the second, from 19 mm to the
top, R2 = 0.24 (Fig. 5B).

Modern calcite precipitated underneath drip site GK02 has δ18O
values ranging from −4.37 to −5.12‰ (V-PDB) and δ13C values from
−6.94 to −8.72‰ (V-PDB) (Fig. 5C and Supplemental materials,
Table 1). Drip water δ18O sampled from GK02 has an average value of
−6.23 ± 0.63‰ (V-SMOW) (n = 9) and ismore depleted duringwin-
ter compared to early summer and autumn (Supplemental materials,
Table 1).

Interpretation and discussion

Age model

Incorporation of detrital thorium can change the age to a great ex-
tent in the Kapsia speleothem, as revealed by the strong correlation
between [232Th] and uncorrected ages (Fig. 4), and sowe applied sever-
al criteria to determinewhich samples should be used in order to create
an agemodel. The “best” sampleswere chosen in a similar empirical ap-
proach as in Linge et al. (2009) using the following criteria: [232Th] ≤
4 ppb, (234U/232Th)A ≥ 100 and [238U]/[232Th] ≥ 6 (underlined in
Table 2). Among the 14 samples that conform to these criteria, 4 sam-
ples were omitted (GK31, GK32, GK33 and GK34 because of the very
low (230Th/232Th) b 6), thus 10 samples remain (bold and underlined
in Table 2).

Samples producing unreliable ages, i.e. GK08, GK07, GK03, GK02a,
GK02b, GK20, GK21, and GK23, were all drilled adjacent to, or within,
rg/10.1016/j.yqres.2013.12.009 Published online by Cambridge University Press
hiatus horizons. These uncorrected ages deviate from the majority of
the dated samples (except GK03) and it is likely that these age determi-
nations are affected by open system conditions caused by the hiatuses.
Hence, they were discarded. Further, samples discarded are samples
with low (230Th/232Th): 10.6, GK31, GK32, GK33, GK05, 10.5 and
GK34. These are enriched in detrital component and therefore less reli-
able for dating. Finally sample GK01, drilled in a darker area of the
stalagmite where detritus is abundant, was discarded from further
analysis.

Site-specific correction factor
The need to find a site-specific correction factor for (232Th/238U) de-

trital molar ratio has been discussed by several authors (e.g., Kaufman
et al., 1998; Hellstrom, 2006; Fensterer et al., 2010). Considering that
samples contain high detritus and are low in uranium, the isochron
method is not reliable to constrain a site-specific correction factor. In
order to use isochrons to constrain a specific correction factor the detri-
talmaterial needs to be homogenous, or be present in equal proportions
in all samples; otherwise the isochron age determination will not be
valid (Hellstrom, 2006). Using isoplot (Ludwig and Titterington, 1994)
tomake isochrones for coeval samples from theKapsia stalagmite yields
very large errors and also cannot be used to further constrain the correc-
tions needed. In order to obtain the best chronology of the stalagmite
from Kapsia Cave, we therefore used only the 10 “cleanest” samples
and, based on their ages, discuss different possibilities to find the site-
specific correction factor.

We took the following steps: First, the age of the recently precipitat-
ed calcite of 2135 ± 140was corrected to an age close to zero by apply-
ing a high correctional factor of 0.39 (232Th/238U) detrital molar. By
applying this correctional factor to the 10 selected samples from the sta-
lagmite, negative values for (230Th/234U) are rendered in all 10 samples.

Second, we applied a correction factor of 1.8 ± 0.25 (a correction
factor found for carbonate speleothems in carbonate terrain in Israel
by Kaufman et al. (1998)) and this factor gave the best fit to the 14C
ages, with some U–Th ages being up to 400 yr older and other samples
up to 400 yr younger (Fig. 6).

In summary, for building an age model, we used the 10 “cleanest”
samples and corrected the age using a factor of 1.8. The 10 samples fol-
low two different age-depth trends separated by ca. 1400 yr (Fig. 6).
The younger samples are those drilled on the flanks of the stalagmite
along the thinner section of the lamina and therefore representmixture
with younger laminae. The linear model is based on the average values
between the two best-fit lines found for the remaining 10 samples dis-
tributed along two age-depth trends (Fig. 6). The hypothesized age
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Figure 5. Evidence for equilibrium conditions. A: Hendy tests HA–HE showing little or no enrichment of δ18O towards the flanks of the stalagmite (except test HE) and little or no corre-
lation between δ13C and δ18O in growth lamina (except test HE). B: This test shows no correlation between δ13C and δ18O along the growth axis indicative of equilibrium conditions. As-
terisk in A and B denote significance at 95% level. C: Comparison between measured δ18O of stalagmite top and modern calcite precipitated at the collection site for GK-09-02 with
calculated values for δ18O in calcite precipitating under equilibrium conditions using equations suggested by Kim and O'Neil (1997) and Tremaine et al. (2011).
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model suggests that the sample grew from 950 BC until AD 830, yield-
ing a growth rate of 0.15 mm/yr and a sample resolution of the stable
isotope record of approximately 10 yr.
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Figure 6. Linear agemodel using the 10 “best”U–Th ages.We use the average linear agemodel f
values for U–Th ages, following the older best fit line and younger best fit line giving the best fi
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For the second growth period covered by the top 19 mm of the sta-
lagmite, we chose not to construct an agemodel, considering thatwe do
not have any clean U–Th sample and cannot constrain the dead carbon
y = 6.29x + 443.1
R²= 0.91

200 250 300

(mm)

Ho 4

U-Th ages, older

U-Th ages, younger

14Cage (uncorrected
and uncalibrated)

Average linear age model

U-Th linear age models

or discussing isotopic variability in this paper. The average linear agemodel is an average of
t with the 14C-ages.
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Figure 7. δ18O (upper graph) and δ13C (lower graph) plotted vs. age; the black line in the
graphs represents the 5-point average. Note inverted y-axes. δ18O is interpreted to be a
proxy of rainfall amount with more depleted values representing more precipitation.
δ13C is interpreted to be a proxy of biological activity (more depleted values means
more biological activity) as controlled, for example, by precipitation and human activities.
Dashed arrows indicate periodswith drying trends. Proposed flooding events are illustrat-
ed by vertical short black bars denoted Ho 4–Ho 2. The hiatus 19 mm from the top ending
the record is marked by a long vertical black bar denoted Ho 1.
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fraction.We only conclude that this part of the stalagmitewasdeposited
after AD 1955 ± 1.

Equilibrium conditions

Disequilibrium conditions can be produced by evaporation of drip
water and kinetic effects including, for example, rapid degassing of
CO2 and calcite precipitation (Mickler et al., 2006). The high level of rel-
ative humidity in Kapsia cave should limit evaporation of drip water
affecting δ18O values, although periods of lower humidity could be
more prone to evaporative fractionation effects causing high oxygen
isotope values. More importantly, ventilation could lower CO2 con-
centration in the cave atmosphere, whichwould increase CO2 degassing
from drip water resulting in enrichment of δ18O (Hendy, 1971; Mickler
et al., 2004; Lachniet, 2009). Slow dripping at our measure site GK02
should favor equilibrium deposition, although higher drip rates during
the rainy season could lead to kinetic effects (Mickler et al., 2004).

In order to further test if calcite has been precipitated in isotopic
equilibrium from the drip water, we calculated the water–calcite frac-
tionation line by using the widely applied equations of Kim and O'Neil
(1997) and Tremaine et al. (2011):

Kim and O’Neil 1997ð Þ : 1000 lnα calcite–H2Oð Þ
¼ 18:03 103 T−1

� �
–32:42 ð1Þ

Tremaine et al: 2011ð Þ : 1000 lnα calcite–H2Oð Þ
¼ 16:1 103 T−1

� �
–24:6: ð2Þ

By inserting the δ18O values of the modern drip water that we mea-
sured in the present study into the two different equilibrium equations,
we retrieve calculated average calcite δ18O values of −5.96‰ (V-PDB)
using Eq. (1), and a value of −4.90‰ (V-PDB) using Eq. (2) (Supple-
mental materials, Table 1). The theoretically retrieved value using
Eq. (2) compares well with our measured values of calcite from the sta-
lagmite top (−4.99‰ V-PDB) as well as with those of modern calcite
precipitated on our equipment (−4.65, −4.37, −5.11‰ V-PDB),
supporting equilibrium conditions (Fig. 5C). The relatively large devia-
tion of 0.96‰ between our measured values and calculated values
using the equation suggested by Kim and O'Neil (1997) (Fig. 5C) is in
agreement with a 1.0 ± 0.5‰ offset generally found between themea-
sured and predicted values when using this equation (McDermott et al.,
2011).

The so called Hendy tests also support equilibrium conditions to a
large extent, with generally poor correlation between δ18O and δ13C
along single lamina and along the growth axis (Hendy and Wilson,
1968; Hendy, 1971). The Hendy test, HE, that does show evidence of ki-
netic fractionation (Fig. 5A) comes from a growth layer that is located
relatively close to the flooding horizon at 214 mm and close to the dat-
ing samples that show evidence of open system conditions, suggesting
that disequilibrium conditionsmay have affected this part of the record.

From the discussion above, we conclude that precipitation of calcite
occurred under, or near, equilibrium conditions suggesting that cave air
temperature and drip water isotopic composition (δ18O) are the main
factors controlling δ18O in the calcite.

Interpretation of stable isotopes δ18O and δ13C

Drip water δ18O values are controlled by δ18O variations in pre-
cipitation and by processes during percolation, e.g., evaporation
(e.g., Lachniet, 2009 and references therein). Potential mechanisms
behind the δ18O in dripwater and calcite in Kapsia Cave include conden-
sation temperature, cave air temperature, amount of precipitation,
seasonality, changes in atmospheric circulation/different air masses,
changes of δ18O at source or change of source location.
rg/10.1016/j.yqres.2013.12.009 Published online by Cambridge University Press
A major shift in seasonality of precipitation, or change of precipita-
tion source, is not likely to have occurred during the late Holocene
time period covered by the analyzed stalagmite (Abrantes et al.,
2012). There is little change in isotopic composition in themain precip-
itation sources, the Mediterranean Sea and the North Atlantic, on the
time scale relevant for this study (e.g., Emeis et al., 2000; Came et al.,
2007).

During the late Holocene, temperature variability in the Mediterra-
nean region has been relatively small (e.g., Emeis et al., 2000; Emeis
and Dawson, 2003; Almogi-Labin et al., 2009; Bordon et al., 2009;
Finné et al., 2011). Thus the potential effect of temperature on isotope
fractionation is limited. Furthermore, with increasing temperature in
the atmosphere, and thus condensation temperature, precipitation
δ18O values will be enriched by 0.2 to 0.3‰/°C (Bard et al., 2002). This
effect will, to a large extent, be counterbalanced by the fractionation
changes between water and calcite causing calcite δ18O to be reduced
by ca. −0.24‰/°C, at low temperatures (Kim and O'Neil, 1997; Bard
et al., 2002; Drysdale et al., 2005; Zanchetta et al., 2007).

Generally, depleted (enriched) δ18O values in speleothems from
southern Europe and the eastern Mediterranean have been interpreted
in terms of increased (decreased) rainfall amounts (Bard et al., 2002;

https://doi.org/10.1016/j.yqres.2013.12.009


Figure 8.Wavelet analysis for the Kapsia record. The wavelet (Morlet 6) power spectrum for δ18O from 954 BC to AD 834. The main oscillation periods were determined by the closed
center of the real part values. The irregular time series of δ18O is cubically interpolated to evenly distributed 10-year resolution to perform the wavelet power spectrum analysis. Thick
black lines represent 95% significance levels, using a red noise (autoregressive lag1) background spectrum. Both low-frequency 500-year cycles and high-frequency 100- to 200-yr cycles
occur throughout the record. High-frequency cycles dominate in the older and the youngest part of the Kapsia record and the low-frequency cycles in the period 500 BC to AD 450.
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Bar-Matthews et al., 2003; Drysdale et al., 2005, 2006; Frisia et al., 2006;
Zanchetta et al., 2007; Verheyden et al., 2008; Couchoud et al., 2009;
Orland et al., 2009; Jex et al., 2010, 2011). The amount effect is a quan-
titatively measured control on δ18O in Soreq Cave, Israel, where deple-
tion is roughly −1‰/200–250 mm rainfall increase (Bar-Matthews
et al., 2003; Orland et al., 2009). In a cave in north-western Turkey the
best correlation between drip water δ18O and precipitation amount
was found for the period October to January (Jex et al., 2010). Frisia
et al. (2006) discuss periods of enriched δ18O values in terms of drier
winters or more 18O-enriched winter precipitation when interpreting
a speleothem record from Sicily mainly based on covariation between
δ18O and δ13C signal.

We suggest that, in common with previous findings in the
Mediterranean region, the precipitation amount effect is the main con-
trol on δ18O in drip water and ultimately in calcite δ18O in Kapsia Cave.
This means that increased (decreased) precipitation leads to more de-
pleted (enriched) calcite δ18O values. From the calculation of water ex-
cess it is evident that infiltration ofwater to the soil and the karst aquifer
mainly occurs between October and April, assuming that runoff is neg-
ligible and that the thin soil cover cannot act as a source for seepage
water when there is no rainfall (Genty and Deflandre, 1998).

Carbon isotopes in speleothemshave been less utilized in climate re-
constructions mainly because the carbon system presents more com-
plexity compared to oxygen isotopes (McDermott, 2004; Cosford
et al., 2009; Lambert and Aharon, 2011). In the Mediterranean region,
δ13C values have been interpreted as a proxy for biological activity
above the cave, with increased biological activity and respiration yield-
ingmore depleted δ13C values. Since the biological activity in this region
is mainly controlled by amount of precipitation the δ13C may in turn be
used as a proxy for precipitation (Bar-Matthews et al., 2003; Frisia et al.,
Figure 9. Comparison between the record fromKapsia Cave and records from the region, arrang
basin, black color represents wetter conditions and white drier. Panel to the left shows the ex
(following Kutiel et al., 2002). This means that during NCPI(−) wetter conditions prevail in Ka
Nar Gölu the map in Kutiel et al. (2002) is not clear about NCPI influence; however, in Jones e

oi.org/10.1016/j.yqres.2013.12.009 Published online by Cambridge University Press
2006: Fleitmann et al., 2009; Göktürk et al., 2011). However, Bar-
Matthews et al. (1999) have also shown that torrential downpours
can lead to enriched δ13C aswater–soil interaction time is reduced caus-
ing very limited interactionwith soil CO2. Moreover, human actions can
affect vegetation and thus constitute an important control on biological
activity and ultimately δ13C values. Frumkin et al. (1999) found that pe-
riods of increased deforestation caused enrichment in δ13C by 2–3‰ in a
speleothem from Israel. Similarly, gradual vegetation recovery has been
shown to yield progressively lower δ13C as input of biogenic light car-
bon is increased (Baldini et al., 2005). Human activity has been strong
in the region of interest as shown by rich archeological records and pol-
len data (Fougères, 1898; Hodkinson andHodkinson, 1981; Jahns, 1993;
Parker, 2006; Triantaphyllou et al., 2010; Kouli, 2011). A strong human
impact on the δ13C signal could therefore be expected unless if there is
co-variation between δ18O and δ13C, as discussed by Frisia et al. (2006).

Shifts between C3 and C4 plant communities can also be seen in
speleothems from dry areas of the eastern Mediterranean, reflected as
large shifts in δ13C values (e.g., Bar-Matthews et al., 1997). Speleothems
deposited under C3 dominated conditionswill typically reflectmore de-
pleted δ13C values, −14 to −6‰, compared to under C4 conditions
which normally range between −6 and 2‰ (McDermott, 2004).

A drier climate can also lead to reduced dripping, facilitating in-
creased de-gassing, forcing δ13C values to be enriched (Fairchild et al.,
2006). Likewise, increased prior calcite precipitation in the flow path
in bedrock voids may be enhanced during drier intervals causing δ13C
values to be more enriched. Both processes drive the δ13C signal in the
same directions as the biological processes outlined above.

The δ13C values in the Kapsia stalagmite indicate that C3 vegetation
has constituted the dominant proportion of plant cover during deposi-
tion. This is further supported by pollen evidence from nearby Lake
ed fromwest to east. For graphs, wetter conditions are up. For the bar representing Bereket
pected precipitation signal compared to Kapsia if NCPI is the main control on the climate
psia as well as in those locations marked with similar, and vice versa. *In Eski Acigöl and
t al. (2006) it is stated that the NCPI influence is similar.
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Lerna, and Vravron coastal marsh (Jahns, 1993; Kouli, 2011). Carbon
isotopes in the Kapsia record are likely affected by biological activity,
controlled by both climate and human activities, including: precipita-
tion, temperature, deforestation, extraction of firewood and grazing.
This implies that more depleted (enriched) δ13C values are associated
with high (low) biological activity caused by increased (reduced) pre-
cipitation or reduced (amplified) human activity. A control induced by
human activities is likely stronger in the parts of the stalagmite where
there is no correlation between δ18O and δ13C.

Floods, climate and regional comparison

Using the age model established (Fig. 6), the analyzed stalagmite
from Kapsia cave grew from ca. 950 BC to ca. AD 830 (or 2900 to 1120 -

cal yr BP). Threemajor floods occurred during this period, at ca. 500 BC,
70 BC and AD 450 (Ho 4 to Ho 2, Fig. 7) as indicated by petrographic
analyses. There is no clear connection between floods andmore deplet-
ed δ18O (Fig. 7), indicating that floods aremainly controlled by the sink-
holes' ability to drain water: if they are blocked during winter/spring
then a flood is likely to occur. There are also ancient written records of
human induced floods in Mantinea in the years 418 BC and 385 BC by
blocking of sinkholes (Thucydides V 65,4; Xenophon Hellenica V 2,1–
7; Diodorus XV 12,1–2, Pausanias VIII 8,7–9). However, the extent of
these floods, and in particular if they reached the elevation of the stalag-
mite analyzed in this paper, is unclear. The flooding event at AD 450 co-
incides with the time when humans occupied, or used, the cave.
Although it is possible that the flood caused the death of the people re-
siding in the cave at this time, it cannot be firmly concluded from the
data presented in this paper only.

A time series analysis, Morlet wavelet transform (Morlet 6)
(Torrence and Compo, 1998), of the stable oxygen isotope record
shows significant periodic signals (95% significance level), indicating
that rainfall amount over Kapsia follows a semi-regular pattern of
500- to 600-yr cycles and of 100- to 200-yr cycles (Fig. 8). A similar
pattern of close to 500-yr cycle was found in a drift-ice record from
the North Atlantic associated with solar activity (Bond et al., 2001). In
the eastern Mediterranean context late Holocene cycles of 500–800 yr
in length have been shown to relate to surface water productivity in-
creases connected to elevated nutrient input from the Nile (Schilman
et al., 2001, 2003). The quasi-500-yr cycles evident in the Kapsia record
display a pattern of more rapid shifts to wetter conditions (i.e., isotopic
depletion) followed by slower changes towards drier conditions
(i.e., isotopic enrichment at ca. 950–400 BC, 400 BC–AD 150 and ca.
AD 150–650 (Fig. 7). Superimposed on this 500- to 600-yr cycle, a cen-
tennial variability signal (100–200 yr) occurs with wetter conditions
centered around 850, 700, 500 and 400–100 BC, and around AD
160–300 and AD 770. Drier conditions are centered around 800, 550
and 450 BC, at 100 BC–AD 150, and at AD 650 (Fig. 7). Our data suggest
a shift in the dominance of the frequency of the signal. During the period
from ca. 950 BC to AD 300 the low-frequency signal at 500–600 yr
dominates, while from AD 300 to the end of the record the
100–200 yr signal becomes dominant (Fig. 8).

The δ13C signal from Kapsia generally indicates that biological activ-
ity slowly increased in the period from around 900 to around 400 BC
(Fig. 7). This was then followed by a generally high biological activity
with a slow decline until around AD 160when a rapid setback is record-
ed by a strong enrichment in δ13C. After the rapid decline the biological
activity remains low with a small regeneration just before AD 500
followed by very low activity around AD 700.

The δ13C signal fromKapsia does not closely follow the δ18O, indicat-
ing that other agents than the climate are important for the biological
activity above the cave. Especially, in the period from 50 BC to AD 450
correlation between oxygen and carbon isotopes is very weak. A possi-
ble explanation is that drier conditions in the interval 100 BC–AD 150
could have led to reduced human activities in the area providing a pos-
sibility for the vegetation to recover. The wetter conditions that then
oi.org/10.1016/j.yqres.2013.12.009 Published online by Cambridge University Press
followed from AD 160 created an opportunity for people to increase
their impact in the landscape possibly leading to the low biological ac-
tivity following the rapid setback.

Pollen from Vravron marsh (ca. 150 km to the east) indicates a de-
cline in human activities and an expansion of pine forests in the period
900 to 300 BC, which is closely matched by the δ13C signal indicating
increasing biological activity in the period 900–400 BC. This period is
then followed by an expansion of deciduous forest from 300 BC to AD
200 but with stronger imprints of human activities in Vravron, which
is also nicelymatched by the record from Kapsia where biological activ-
ity is high between 450 BC and AD 160. This period of higher biological
activity closely matches a period of warmer conditions often referred to
as the Roman warm period, lasting between 450 BC and AD 150 (Frisia
et al., 2006; Finné et al., 2011). Warmer conditions, especially during
winter, could possibly create more favorable conditions for vegetation
growth. From the Kapsia δ13C signal it seems as if the vegetation is not
recovering to previous conditions after the rapid setback at AD 160.
This is most likely an indicator of sustained human activities suppress-
ing vegetation recovery or that the drying trend from AD 150–650 evi-
dent from gradual enrichment in δ18O is hampering regeneration.

Other paleoclimatic records from nearby regions, covering the
same period of time, come from marine and terrestrial proxy archives
(e.g., Greece, Israel, Syria and Turkey; Fig. 9). The comparison reveals a
large intra-regional variability, as has been previously pointed out by
Finné et al. (2011), making comparisons between records difficult.
Both similarities and differences between the record from Kapsia
and nearby records can be seen. The initial drying trend found in Kapsia
from 950 to 450 BC is supported by a sediment record from the nearby
Asea Valley (ca. 30 km), where wetter conditions lasting until 750 BC
transitioned into a period of dry conditions that reached their apex
around 350 BC (Unkel et al., 2013). Similarly, isotope data from Soreq
Cave, Israel, suggest increasing aridity in the interval 650–450 BC
followed by increased rainfall (Bar-Matthews et al., 2003; Bar-
Matthews and Ayalon, 2004). In Turkey, wetter conditions are evident
from around 150 to 50 BC (Roberts et al., 2001, 2008; Wick et al.,
2003; Lamy et al., 2006; Kaniewski et al., 2007), which only partly
matches thewet interval at Kapsia 400–100 BC. The dry interval record-
ed in Kapsia at around 100 BC–AD 150 followed by the wet spell at AD
150–300 has counterparts at Ioannina, NW Greece, where dry condi-
tions are noted at 50 BC–AD 150 and wetter conditions between AD
150 and 350 (Frogley et al., 2001; Roberts et al., 2008). There is also ev-
idence fromSofular Cave in NWTurkey (Fleitmann et al., 2009) for drier
conditions followed by wetter, roughly coinciding with Kapsia. Fewer
similarities are observed with Soreq Cave, Israel, where drier conditions
are inferred first after 50 BC, with a rapid drop in precipitation at AD
100–700 (Orland et al., 2009). In line with Soreq cave, drier conditions
are observed at Bereket Basin in western Turkey from around 40 BC
with increasing aridity until AD 550 (Kaniewski et al., 2007). Dry condi-
tions in central Turkey are further evident at AD 280 to 530 from an iso-
tope record from Nar Gölü (lake) (Jones et al., 2006).Wetter conditions
observed towards the end of the Kapsia record, starting at around AD
700, are preceded by wetter conditions starting somewhat earlier at Io-
annina (Frogley et al., 2001; Roberts et al., 2008), Bereket Basin and Nar
Gölü from AD 530.

These sometimes opposing, sometimes synchronous signals from
the Middle East and Turkey, in comparison to records from Greece,
might be explained by the relative dominance between NAO and
NCPI. If NAO is the dominating control on the climate with a NAO(+)
situation creating conditions of reduced anti-cyclonal activity reducing
moisture in the eastern Mediterranean, a similar signal in the large
scale basinwould be expected. However, if NCPI is themain control, op-
posed moisture conditions would be expected between the central
Peloponnese and western/central Turkey and the Middle East (Kutiel
et al., 2002). Jones et al. (2006) hypothesize that the period from AD
530 to 1400 was dominated by negative NCPI, with wetter conditions
prevailing in western Turkey and western and central Peloponnese.
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Conclusions

Wehave provided the first stalagmite-based paleoclimate record for
southern Greece. The record covers a near 1800-yr-long period from
950 BC to AD 830. The stable oxygen isotope signal in the stalagmite
shows that the regional hydroclimate followed a semi-regular pattern
of 500- to 600-yr cycles, similar to cycles found in the North Atlantic,
which might be related to solar activity cycles. The cycles evident in
our record include rapid shifts towards wetter conditions followed by
slowly developing aridity. Centennial-scale variability in hydroclimatic
conditions is superimposed on the low-frequency cycles. Wetter condi-
tions are inferred around 850, 700, 500 and 400–100 BC, and around AD
160–300 and AD 770. Driest conditions are inferred to have occurred
around 450 BC, AD 100–150 and AD 650.

Our record shows sometimes an opposing and sometimes a syn-
chronous signal with records from theMiddle East and Turkey, indicat-
ing shifts in the relative dominance between North Atlantic Oscillation
and theNorth Sea–Caspian Pattern Index as regional climate controlling
atmospheric processes.

Detrital hiatuses in the stalagmite show that floods occurred in the
cave in 500 BC, 70 BC and AD 450. The latest floodmay have influenced
the presence of human activity in the cave, as is observed from
archeological evidence from the 4th and 5th centuries AD.

Our record provides new knowledge, both about climate variability
from the Peloponnese, a region where this type of data is scarce, and
about local environmental conditions that might have impacted on
past human activities. By adding this piece of information a better un-
derstanding of the regional climate is achieved and attempts to under-
stand climate variability in the region does not solely have to rely on
more distant paleoclimate records. This type of data further enhances
the possibilities for improved analysis of the climate–society interac-
tions over time in this archeologically rich region.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.yqres.2013.12.009.
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