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a b s t r a c t

We present the updated Holocene section of the Sofular Cave record from the southern Black Sea coast
(northern Turkey); an area with considerably different present-day climate compared to that of the
neighboring Eastern Mediterranean region. Stalagmite d13C, growth rates and initial (234U/238U) ratios
provide information about hydrological changes above the cave; and prove to be more useful than d18O
for deciphering Holocene climatic variations. Between w9.6 and 5.4 ka BP (despite a pause from w8.4 to
7.8 ka BP), the Sofular record indicates a remarkable increase in rainfall amount and intensity, in line with
other paleoclimate studies in the Eastern Mediterranean. During that period, enhanced summertime
insolation either produced much stronger storms in the following fall and winter through high sea
surface temperatures, or it invoked a regional summer monsoon circulation and rainfall. We suggest that
one or both of these climatic mechanisms led to a coupling of the Black Sea and the Mediterranean
rainfall regimes at that time, which can explain the observed proxy signals. However, there are
discrepancies among the Eastern Mediterranean records in terms of the timing of this wet period;
implying that changes were probably not always occurring through the same mechanism. Nevertheless,
the Sofular Cave record does provide hints and bring about new questions about the connection between
regional and large scale climates, highlighting the need for a more extensive network of high quality
paleoclimate records to better understand Holocene climate.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Climatic variations on the longer, glacial/interglacial and
millennial time scales are known to be very large in both amplitude
and areal extent. In contrast, Holocene climatic fluctuations have
been much smaller in amplitude and were often spatially inco-
herent (Wanner et al., 2008). Therefore, construction of regional
climate records of either temperature or precipitation is now

regarded as a key-objective of current and future paleoclimate
research (PAGES, 2009). Such records are crucial for our under-
standing of the nature of these regional, low-amplitude climate
changes that took place during the Holocene. An area with insuf-
ficient spatial coverage of well-dated and highly resolved paleo-
climate records is Turkey. To date, several records, most of which
were derived from lake sediments (e.g., Roberts et al., 2008 and
references therein), deliver information on Holocene climate vari-
ability in central and southern parts of the country (Fig. 1a),
whereas no information exists for the entire Black Sea coast of
Turkey. This area, however, has noticeably different climate char-
acteristics compared to the rest of Turkey (Figs. 1b and 2; Türkeş,
1996), best expressed with its lack of summer aridity and much
weaker relationship of winter precipitation variability with the
North Atlantic Oscillation (Türkeş and Erlat, 2003). Thus,
the question is as to whether the climate and the environment at
the southern Black Sea coast have been coupled with larger-scale
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climate patterns in Turkey and the neighboring regions in the
Eastern Mediterranean during the Holocene. To answer this
fundamental question, we present a precisely dated and highly
resolved stalagmite record from Sofular Cave at the Black Sea coast
that covers the entire Holocene.

One of the outstanding issues concerningHolocene climate in the
Eastern Mediterranean region is the changes in the amount and e

possibly e the seasonality of rainfall before the mid-Holocene,
especially during the sapropel deposition period between w
9e6 ka BP (Rohling et al., 2009a). While a markedmoisture increase

Fig. 1. Location map. a) Geographical locations of paleoclimate records plotted in Figs. 9 and 10. b) Climate zones in Turkey defined mainly by seasonality of rainfall (Türkeş, 1996).

Fig. 2. Climate characteristics at and around Sofular Cave. a) Seasonal precipitation amounts at sites Sofular Cave, Lake Eski Acigöl and Lake Van. Also shown over each seasonal
precipitation value is its standard deviation. b, c, d, e) Correlation coefficients of Sofular’s seasonal precipitation time series with those of the other meteorological stations in Turkey
for spring (MAM), summer (JJA), fall (SON) and winter (DJF). Gray shaded areas mark the statistically significant (95% according to Student’s t-test) correlations. Full contours
represent positive correlations, whereas the dotted contours denote negative correlations. Locations of Sofular Cave, Lake Eski Acigöl and Lake Van are marked by dots with the
relevant colors. Station data were obtained from the State Meteorological Service of Turkey and previously quality controlled by Göktürk et al. (2008). The closest meteorological
stations to Sofular Cave, Lake Eski Acigöl and Lake Van are Zonguldak, Nevsehir and Van (respectively). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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in the Eastern Mediterranean during the early to mid-Holocene is
mostly agreed upon (Harrison et al., 1996; Bar-Matthews et al.,
1997; Kallel et al., 1997; Rossignol-Strick, 1999; Arz et al., 2003;
Roberts et al., 2008), the cause and mechanisms of this are still
subject of controversial discussions. It has been suggested that
summer rainfall, not a characteristic of the modern Mediterranean
climate, must have been present during early to mid-Holocene in
addition to the increased winter precipitation (Rohling, 1994;
Rossignol-Strick, 1999). This hypothesis raised criticisms, most
notably by Tzedakis (2007), who claimed, based on pollen evidence
and the relationship between Indian Monsoon and Eastern Medi-
terranean summer regimes, that Mediterranean summers were
even drier during this time.

Another problem is related to the duration, characterization and
the degree of the impact of Holocene Rapid Climate Changes (RCCs)
in the Eastern Mediterranean (Mayewski et al., 2004). Of those
RCCs, the ones that occurred at 8.2 and 4.2 ka BP are the best
documented (Rohling et al., 2009b and references therein), yet
uncertainties exist as to how temperature and precipitation
patterns were affected, and for how long. For instance, the 8.2 ka
event appears to be superimposed on a longer term cooling
extending from 8.6 to 8.0 ka BP (Rohling and Palike, 2005). There is
also evidence for the influence of other RCCs at around 6.0e5.2 and
3.1e2.9 ka BP (Weninger et al., 2009); but again neither the spatial
coherency of the events nor any particular climatic mechanism that
led to the observed proxy signals has been agreed upon.

In this paper, we update and present the Holocene section of the
Sofular Cave stalagmite record from the Black Sea coast of northern
Turkey (Fleitmann et al., 2009), to improve the understanding of
the problems outlined above. Almost bordering the Mediterranean
yet having noticeably different climate characteristics (Fig. 1), the
southern Black Sea area provides a unique opportunity to study
the impact and geographical extent of Holocene climate changes in
the EasternMediterranean. Fleitmann et al. (2009) have shown that
first-order climatic shifts such as Greenland interstadials, Bølling-
Allerød and Younger Dryas are clearly and accurately reflected in
the Sofular record. Therefore, the question remains as to whether
the climate and the environment around Sofular Cave have been
coupled with larger-scale patterns, as well as with the neighboring
regions also during the Holocene, and if so, what were the mech-
anisms behind this coupling. Detailed analysis of the Sofular record
and its relationship with other paleoclimate records will help
answer these questions.

2. Sofular cave: climatic and environmental setting

Sofular Cave (41�250N, 31�57’E; 440 m asl), is located very close
to the Black Sea, on the northern foothills of the Akçakoca Moun-
tain range, a part of the North Anatolian mountain chain in Turkey
(Fig. 1). The cave is situated within the Lower Cretaceous unit, close
to a marl-limestone contact, and the vegetation above consists of
trees and shrubs. The modern climate in this area exhibits
a significantly different rainfall regime compared to the neigh-
boring regions in the Eastern Mediterranean, despite similar large
scale influences from the North Atlantic, Eurasia and Monsoon
realms. According to the updated Köppen-Geiger climate classifi-
cation, a warm temperate, fully humid maritime climate is
observed in the closest meteorological station of Zonguldak (Kottek
et al., 2006), with a mean annual temperature of 13.3 �C and
precipitation of around 1200mm (Fig. 2, red dots). Even though the
majority of this precipitation falls in autumn and winter, rainfall in
summer can be quite high, with single events reaching up to
150 mm. This leads to year-round moist conditions (Fig. 2a). The
dominance of northerly winds blowing from the Black Sea help
maintain high humidity levels (Trewartha, 1981; Fleitmann et al.,

2009). Therefore, moist summers sustain dense vegetation,
prevent wildfires and constitute the main difference from the
typical summer-dry Mediterranean climate, as well as from the
continental climate of the Anatolian steppe. (Fig. 2a) Consequently,
annual precipitation at the meteorological station of Zonguldak has
never been below 800 mm in the last 80 years, indicating that this
area is not prone to droughts. This distinct character of rainfall in
the Black Sea region of Turkey (Türkeş, 1996) and its very weak
relationship with the modern North Atlantic Oscillation (Türkeş
and Erlat, 2003) were previously pointed out. Correlations of
seasonal precipitation amounts in Zonguldak with those of other
stations in Turkey are often low, if not statistically insignificant
(Fig. 2, lower panel). Even in winter, when higher correlations are
observed compared to other seasons (Fig. 2e), the precipitation
pattern can be different in the Black Sea climate zone (Fig. 1b). An
extreme case is theMount Pinatubowinter of 1991e1992. Over that
interval, while western Anatolia had its coldest and driest winter
between 1940 and 2005 due to a lack of Mediterranean cyclones,
precipitation was close to average in Sofular area, and above
average in the eastern parts of the coastal Black Sea region in
Turkey. Explaining this peculiarity, Fleitmann et al. (2009) show
that the present-day winter precipitation over this region is
enhanced by a negative temperature anomaly and demonstrate
also that the moisture source has predominantly been the Black
Sea, at least for the last 50 ka. In other words, interaction between
Black Sea surfacewaters and relatively cooler air masses from north
generates a substantial amount of precipitation in the Sofular area,
in addition to precipitation associated with the cyclonic activity
over the entire Eastern Mediterranean region (Bozkurt and Şen,
2009). This process is analogous to the formation of ‘lake-effect’
precipitation downwind of the Great Lakes in North America,
further enhanced in the southern Black Sea coast due to strong
orographic effects (Türkeş and Erlat, 2003).

3. Materials and methods

Stalagmite So-1, sampled in the Sofular Cave in August 2005,
provides time series of carbon and oxygen stable isotopes (d13C and
d18O) that cover the last 50 ka (Fleitmann et al., 2009). In this paper,
our focus is on the Holocene section of the So-1 record, which we
have recently improved with nine additional 230Th dates
(Supplementary Material). Two other stalagmites from Sofular
Cave, So-2 and So-10, were also analyzed in order to support our
master So-1 record. 230Th dating was performed on multi-collector
inductively coupled plasma mass spectrometers at the Minnesota
Isotope Laboratory, University of Minnesota, USA (MC-ICP-MS,
Thermo-Finnigan-Neptune); and at the Institute of Geological
Sciences, University of Bern, Switzerland (Nu Instruments MC-ICP-
MS). Stable isotope measurements were performed at the Institute
of Geological Sciences, University of Bern, Switzerland; on a Fin-
nigan Delta V Advantage mass spectrometer equipped with an
automated carbonate preparation system (Gas Bench-II). Further
details on 230Th dating method and the stable isotope analyses are
provided by Fleitmann et al. (2009).

4. Results and proxy quality

4.1. Chronology

Depth-age models for all stalagmites are given in Fig. 3. The age
model of the Holocene So-1 record is based on forty one 230Th dates
with chronological uncertainties ranging between 0.29% and 7.46%
around an average of 1.29%. Holocene chronologies of So-2 and So-
10 records are based on four 230Th dates for each stalagmite
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(Supplementary Material). Almost all 230Th dates are in strati-
graphic order (Fig. 3).

4.2. Stable isotope profiles

The So-1 stable isotope profile has a very high 5.4 years of
average temporal resolution, covering the entire Holocene. The So-
2 record encompasses most of the Holocene, but has a lower
temporal resolution (w50 years) than the So-1 and has a growing
hiatus from 8 to 10 ka BP; while the So-10 record spans the last
w2200 years with 5 year resolution.

4.2.1. d13C
Except for the higher values up to �8.7& (VPDB) in the last 500

years of the record, the Holocene d13C values in stalagmite So-1
varies between w�11.5 and �9.5& (Fig. 7a), indicating the domi-
nation of C3 vegetation above the cave. There is no persistent long
term trend. In Fig. 4, a comparison of our main record, So-1, with
the supplementary records So-2 and So-10 is presented. Taking the
expected mismatch arising from the less robust age models of So-2
and So-10 (Fig. 3) into account, these two supplementary records
agree reasonably well with So-1 throughout the Holocene. More-
over, the pre-Holocene section of So-1 was used previously andwas
shown to accurately reflect climatic and environmental changes
(Fleitmann et al., 2009). Therefore, we use the stalagmite So-1
record in the reconstruction of Holocene conditions as well, and
simply refer to it as the Sofular record.

Variations in d13C in stalagmites are often related to changes in
vegetation and soil microbial activity above the cave, which in turn,
are controlled by temperature and precipitation as long as open
system conditions prevail (McDermott, 2004). Higher temperatures
and rainfall lead to lower d13C calcite values (McDermott, 2004;
Fairchild et al., 2006), as demonstrated in several earlier works
done in temperate regions (Hellstrom et al., 1998; Genty et al.,
2003, 2006). CO2 degassing of cave drip water can be an addi-
tional factor influencing d13C in calcite, whereas the rate of CO2
degassing can be related to the drip rate (Baker et al.,1997) and cave
air PCO2 (Spötl et al., 2005). Lower drip rates, indicative of drier
climate conditions, lead to enhanced degassing of CO2 and to higher
calcite d13C values. Anthropogenic land cover change can also be
traced in stalagmite d13C, since disturbed or destroyed vegetation
will also lead to higher d13C (Baldini et al., 2005). Overall, inter-
pretation of d13C values is not straightforward given the contrasting
effects of the soil-bedrock-cave system that can arise under certain
conditions. For instance, although an increase in rainfall is usually
expected to result in lower d13C for stalagmites from temperate
regions (Fairchild et al., 2006), torrential rainfall events can lead to
higher d13C (Bar-Matthews et al., 1999) due to shorter residence
times of water in the soil and to a lack of equilibration between soil
water and soil CO2 (Baker et al., 1997).

We interpret the Holocene Sofular d13C record to reflect fluc-
tuations in effective moisture, as modern-day warm temperate
climate prevailed around this region throughout the period
(Rossignol-Strick, 1999; Kotthoff et al., 2008), consistently creating
favorable conditions for vegetation activity, and significantly
reducing the effects of temperature variations. In their pollen-
based temperature reconstruction, Davis et al. (2003) estimated
the fluctuation range of area-averaged winter temperatures as
w2� C for the southeast Europe, while the same parameter was
found to be greater than 10� C for the coldest month during the last
glacial period in Italy (Allen et al., 1999). Furthermore, the similarity
of d13C fluctuations in Sofular Cave stalagmites (Fig. 4) suggests that
cave- and sample-specific effects are rather small and d13C can be
used as a climate proxy.

To further support the interpretation of the Sofular d13C record
as effective moisture, we made several comparisons of the most
recent part of the Sofular d13C record (stalagmite So-1) with various
parameters derived from the meteorological records of the nearby
station, Zonguldak. Fig. 5a shows that the best match with the d13C
record is achieved by using the combined spring, summer and fall
precipitation amount (accounting e on average e for 70% of total
annual rainfall). The apparent mismatch in the late 1980s may be

Fig. 3. Stalagmite age models. Holocene age models of the stalagmites So-1, So-2 and
So-10; on an age-depth scale. Colored dots are the 230Th dates with their uncertainties
shown as bars over each of them. Linear interpolation was performed to construct the
age models between consecutive 230Th dates. ’BP’ refers to before present (1950). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 4. Isotope profile comparison of Sofular stalagmites. Holocene d13C profiles of the
Sofular cave stalagmites So-1, So-2 and So-10. All axes are descending. 230Th age
control points are marked with colored dots and triangles. ’BP’ refers to before present
(1950). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

O.M. Göktürk et al. / Quaternary Science Reviews 30 (2011) 2433e24452436



Author's personal copy

explained by the exceptionally cold and snowy late winter-early
spring conditions at that time (Fig. 5b). This might have caused
the snow cover to remain until the growing season and to operate
as an additional source of effective moisture for the vegetation, as
snow infiltrates more efficiently than rain does (Earman et al.,
2006; Jemcov and Petric, 2009), thus lowering the d13C values.
A visible correspondence of d13C with annual temperature or
annual water excess (Thornthwaite, 1948) could not been identified
(Supplementary Material, Fig. S1).

Our observation that more negative values of d13C correlate
better with the spring-summer-fall precipitation amount than they
do with annual water excess, has an important implication. That is,
effective precipitation above the Sofular Cave is the precipitation
which falls when the vegetation and soil microbial activity is high,
reflecting the influx of biogenic CO2 in the growing season (Baker
et al., 1997). Moreover, moisture loss during warm season due to
evapotranspiration is rather small. Considering the high atmo-
spheric humidity throughout the year, this can be expected. It
should also be noted that the temporal resolution for the most
recent part of the Sofular record is 2.5 years and there is no precise
(i.e. annual) age control, therefore a perfect overlap of meteoro-
logical indicators and the isotope profile cannot be expected.

4.2.2. d18O
The Sofular d18O profile shows values of around �12.0& at the

beginning of the Holocene and up to�7.4& in the most recent part
of the record, with a very clear upward trend that stabilizes at
w6.0 ka BP (Fig. 7d). The Sofular d18O record cannot be interpreted
in a straightforward manner in terms of climate, since d18O can be
influenced by a number of variables including temperature, sea-
sonality and amount of precipitation, storm tracks and the isotopic

composition of rainfall source (McDermott, 2004; Fleitmann et al.,
2009; Lachniet, 2009). As seasonality of precipitation is highly
variable (Fig. 2, upper panel) and intense rainfall events are
common in the Sofular area (Bozkurt and Şen, 2009), it is not clear
to what extent our d18O record was affected by each of these factors
during the Holocene. Isotope measurements of rainwater samples
collected over one year (2008e2009) close to Sofular Cave also
reveal that it is not trivial to link d18O variations to specific mete-
orological variables. Fig. 6 shows the relationship between the
oxygen isotopic composition of rainwater and temperature, as well
as the precipitation amount. Although the rainwater d18O values
seem primarily to follow seasonal temperature variations (r¼ 0.66;
“temperature effect”), intense rainfall events in summer and fall
have a clear signature of the amount effect, that blur the correlation
of d18O with seasonality due to their disproportionate contribution
to groundwater recharge. Nevertheless, on long time scales, the
Sofular d18O record reflects the isotopic composition of its main
moisture source, the Black Sea (Fleitmann et al., 2009; Badertscher
et al., 2011). This is revealed by the close match between Sofular
d18O and a marine d18O record (core GeoB7608-1, Bahr et al., 2006)
from the western Black Sea, between w25 and 8 ka BP (Fig. 8a),
especially at w16 ka BP when the Black Sea was flooded by glacial
meltwater from the north (Fleitmann et al., 2009; Badertscher et al.,
2011).

For the entire 50 ka-long record of stalagmite So-1, there is
a high and negative correlation (r ¼ �0.76) between d18O and d13C.
This owes to the high amplitude glacial e interglacial shifts in
climate and environment (Fleitmann et al., 2009), making d18O
more positive and d13C more negative (and vice versa) at the same
time. During the Holocene however, the correlation is positive but
quite low (r ¼ 0.23). This is another indication that the subtle
changes in the Holocene lead to lower amplitude variations in d18O
and d13C, complicating their relationship. For instance, when d13C is
more negative in the Holocene, it is a sign of increased spring-
summer-fall precipitation (Section 4.2.1). On the other hand, this
creates contrasting effects on d18O, sincewarm season rainfall tends
to be enriched in the Sofular site, whereas intense rainfall during
summer and fall can be quite depleted (Fig. 6). Even if the climatic
factors determining d18O variations could be disentangled, the fact
that the oxygen isotopic composition of the Black Sea is currently
not known after 8 ka BP (Fig. 8a) would still hamper the interpre-
tation of this proxy. Therefore, at this stage, it would be premature
to comment on the Holocene d18O variations, which are much
smaller compared to those during the glacial and glacial-
interglacial shifts (Fleitmann et al., 2009; Badertscher et al.,

Fig. 5. d13C and present-day climate. Relationship between meteorological observa-
tions and Sofular (stalagmite So-1) d13C record. Climate data belong to the nearby
meteorological station Zonguldak. a) March to November precipitation total (5-year
running average) versus unsmoothed d13C values (note descending axis). b) Sum of
the precipitation values of those days in February, March and April, when the daily
mean temperature is below 0� C; representing snowfall that stay on the ground. 5-year
running average values are shown. Gray shade marks the cold and snowy late 1980s.

Fig. 6. Rainwater d18O and climate. Comparison between the d18O values of the rain-
water samples (blue curve) collected from December 2008 to November 2009, and the
air temperature at the time of sampling (red curve). Each black dot represents one
daily sample and its size is proportionate to the amount of rainfall on that day. The
biggest dot (on July 15th) is equivalent to a daily rainfall total of 109 mm. Meteoro-
logical data belong to the station Bartın and were obtained from the State Meteoro-
logical Service of Turkey. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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2011). Future studies from the same area, as well as a cave moni-
toring programwill probably improve the climatic interpretation of
d18O profile in the Holocene section of the Sofular record.

4.3. Growth rate and diameter

The robust age model of the stalagmite So-1 (Fig. 3) allows us to
construct a highly resolved time series of growth rates. Growth
rates vary between w0.030 and 0.639 mm/year around an average
of 0.133, taking significantly higher values betweenw9.6 and 5.4 ka
BP (Fig. 7b, gray shade). We also measured the diameter of the
stalagmite So-1 on equally cut slabs. The diameter takes values
between 28 and 63 mm, with a decreasing trend in the last 5.5 ka.
The upward trend in the growth rates commencing atw1.5 ka BP is
accompanied by the lowest diameters in the entire Holocene
(Fig. 7b).

Growth rate and diameter (or, equilibrium diameter) in stalag-
mites can be used as proxies for climatic conditions (Kaufmann and
Dreybrodt, 2004; Fairchild et al., 2006). Although variable Ca
concentrations in drip water may blur the signal, growth rate has
been related to water supply and the temperature of the drip water

(Baker et al., 1998a; Proctor et al., 2000; Genty et al., 2001;
Fleitmann et al., 2004), i.e., more rainfall and warmer tempera-
tures lead to higher growth rates. However, Genty et al. (2001)
reported that thin soil cover above the cave can lead to a break-
down in the temperature dependence of the growth rates due to
lack of soil CO2 or prior calcite precipitation. Greater stalagmite
diameter is also indicative of higher drip rate and, thus, greater
availability of water (Kaufmann, 2003). Height of drip above
stalagmite must also be taken into consideration, as shorter drip
heights tend to generate smaller diameters owing to the lack of
splash effects (Gams, 1981).

4.4. Initial 234U/238U

Using the forty one 230Th dates (Supplementary Material)
within the last 12 ka and following the method described by
Kaufman et al. (1998), we constructed a time series of (234U/238U)o
for the Sofular Holocene record, in order to obtain an additional
parameter for paleohydrological changes at our site. The values
vary between 1.80 and 2.10 (Fig. 7c), with lower values clustering
between w9.6 and 4.7 ka BP. Studies that use U isotopes in spe-
leothems demonstrate the potential of the (234U/238U)o ratio to
infer paleohydrology (Fairchild and Treble, 2009). Lower
(234U/238U)o ratios are interpreted to reflect increased and heavier
rainfall and resultant enhanced weathering and dissolution of the
carbonate rock, which is not likely to be a source of high
(234U/238U)o (Kaufman et al., 1998; Ayalon et al., 1999; Hellstrom
and McCulloch, 2000). Moreover, the relative contribution of soil
leaching is reduced when water moves faster through the soil, also

Fig. 7. All Sofular proxies. Parameters of the Sofular Cave stalagmite So-1’s Holocene
record on a depth scale. An image of the stalagmite is also shown, along with 28 of the
230Th dates (ka BP) and their associated uncertainties. To avoid overlapping, not all
230Th dates are shown. a) d13C (VPDB) record. Black curve: raw data. Red curve: 19-
point running average. Note descending axis. b) Growth rate (mm/yr) and diameter
(mm). c) Initial 234U/238U ratio, calculated by the method described by Kaufman et al.
(1998). Note descending axis. d) d18O (VPDB) record. Black curve: raw data. Blue curve:
19-point running average. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 8. Sofular isotopes since approximately the Last Glacial Maximum. a) Sofular d18O
(VPDB) record (blue) versus the d18O record (VPDB) from the western Black Sea (core
GeoB7608-1, Bahr et al., 2006). b) Sofular d18C (VPDB). Time of glacial meltwater
intrusion and the Younger Dryas are marked. ’BP’ refers to before present (1950). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

O.M. Göktürk et al. / Quaternary Science Reviews 30 (2011) 2433e24452438



Author's personal copy

resulting in a further decrease in the (234U/238U)o (Ayalon et al.,
1999).

5. Discussion

5.1. Holocene climate variability on the southern Black Sea coast

5.1.1. The early Holocene: 11.6e9.6 ka BP
Although the growth rates and the (234U/238U)o imply that the

first two thousand years were not the wettest of the Holocene
(Fig. 7bec), the end of the Younger Dryas is marked by a rapid
decrease in d13C to one of the lowest values in the record (Fig. 4),
implying a substantial increase in effective moisture and a fast re-
vegetation with trees and shrubs. As previously discussed by
Fleitmann et al. (2009), this contrasts with the pollen records from
the Eastern Mediterranean (Bottema, 1995; Kotthoff et al., 2008,
Fig. 9d), which exhibit a time lag of several hundred to thousands of
years between climate and the vegetation at the onset of the
Holocene. The much faster Holocene re-vegetation at the Sofular
site supports the hypothesis that the Black Sea mountains were
glacial refugia for temperate trees (Leroy and Arpe, 2007). More-
over, the warm, comparably more humid and summer-wet climate
of the southern Black Sea coast must have been established very
shortly after the Younger Dryas, and effective moisture reached
levels for optimum vegetation development and soil microbial
activity; despite the precipitation amount not yet reaching the
highest values found in the Holocene.

5.1.2. The ‘Hypsithermal’: 9.6e5.4 ka BP
Referring to the warm conditions in northern mid- to high

latitudes, the time frame between about 9 ka BP and 5e6 ka BP is
called the ‘Hypsithermal’ (or the ‘Holocene climatic optimum’,
Wanner et al., 2008), when sapropel S1 was deposited in the
Mediterranean (Rohling et al., 2009a). The most noticeable feature
in the Holocene Sofular record is the significantly greater growth
rates between w9.6 and 5.4 ka BP (Fig. 7b, light gray shade),
coincident with the ‘Hypsithermal’. Though not continuously high,
the mean growth rate is 0.176 mm/yr between w9.6 and 5.4 ka BP
(gray shades, Fig. 7b), with values reaching a maximum of
0.639mm/yr. Elsewhere in the Holocene Sofular record, the growth
rate is 0.094 mm/yr on average. This suggests a greater drip water
supply. Taking the thin soil cover above the Sofular Cave into
account and following thework of Genty et al. (2001), we claim that
the high growth rates during this time frame indicate a much
higher amount of precipitation. This interpretation is strongly
supported by the lower (234U/238U)o values ofw1.80e2.00 between
w9.6 and 5.4 ka BP (Fig. 7c), implying faster movement of water
through the soil and enhanced weathering of the host rock with
heavy rainfall. In this regard, the period betweenw7.5 and 6.1 ka BP
(darker shade in Fig. 7) is particularly interesting. Along with high
growth rates and increasing stalagmite diameter, this period
exhibits the lowest (234U/238U)o values during the entire Holocene,
and coincidewith a relatively lighter colored fabric. This is a sign for
even more intense precipitation above the cave fromw7.5 to 6.1 ka
BP, as the contribution of soil U was the lowest owing to the shorter
residence time of water in the soil and to theweathering of the host
rock. Ayalon et al. (1999) concluded the same relationship for
stalagmites from Soreq Cave, in which a decrease in (234U/238U)o
implies increased weathering of the host rock due to heavy rain
events. Althoughwe currently do not know the cause for the lighter
colored fabric in the Sofular stalagmite from w7.5 to 6.1 ka BP,
relatively light-colored layers were previously interpreted to indi-
cate increased rainfall and soil humification for stalagmites from
England (Baker et al., 1998b), Tasmania (Xia et al., 2001) and Belize
(Webster et al., 2007). Putting together all evidences, we conclude

that not only the amount of precipitation was on average higher
between w9.6 and 5.4 ka BP, but also individual rainfall events
must have been much more intense, especially between w7.5 and
6.1 ka BP.

On the other hand, our interpretation of d13C values as a proxy
for effective moisture does not support the existence of a more
humid period from w9.6 to 5.4 ka BP (Fig. 7a), not even between
w7.5 and 6.1 ka BP when growth rates and (234U/238U)o indicate the
highest rainfall amount and intensity. An explanation for this
discrepancy can be found in high groundwater recharge conditions
resulting from excessive rainfall. Beyond a certain threshold for
precipitation, very rapid flows within the soil zone are possible
owing to the saturation of the soil with water (Baker et al., 1997).
This will cause a lack of equilibration between seepage waters and
soil CO2, reducing the uptake of low d13C biogenic carbon and
resulting in higher d13C values (Baker et al., 1997). The same
mechanism is responsible for the elevated values of d13C in the
Soreq Cave record at times of heavier rainfall in the Holocene (Bar-
Matthews et al., 1999). However, it is not clear when exactly within
w9.6 and 5.4 ka BP and to what extent this process increased the
d13C values in the Sofular Cave record. The time interval between
w7.5 and 6.1 ka BP (Fig. 7, dark gray shade) with the lowest
(234U/238U)o and high growth rates is most likely to exhibit higher
d13C values because of the excessive rainfall and lack of equili-
bration with soil CO2. Outside w7.5e6.1 ka BP, higher values
of d13C can still be attributed to lower effective moisture, if other
proxies (growth rates and (234U/238U)o) support this interpreta-
tion. One example is the time frame around the 8.2 ka event
with higher d13C (lower moisture), when growth rates and the
(234U/238U)o also indicate lower rainfall (Fig. 9a, darker gray
shade). This is also when a significant response to an RCC is clearly
discernable in the Holocene Sofular record; and it occurs over
a longer time from w8.4 to 7.8 ka BP, as suggested by Rohling and
Palike (2005).

Alternative explanations can also be proposed for the higher
values of d13C within the wet period, especially for the section from
w7.5 to 6.1 ka BP (Fig. 7, dark gray shade). It has been previously
shown in this article that Sofular d13C values becomemore negative
when spring-summer-fall precipitation increases (Fig. 5a), as
a result of a rise in biogenic CO2 in the soil zone during growing
season and the uptake of it by seepage waters in all three seasons.
Therefore, a decrease in the amount of precipitation in spring and
summer may well have led to elevated d13C values. Some densely
banded layers with alternating colors observed between w7.5 and
6.1 ka BP, which look like annual lamination, also agree with the
idea of increased seasonality. Besides, warmer winters at that time
(Rossignol-Strick, 1999; Kotthoff et al., 2008) may have made an
additional contribution to the enrichment of the heavy carbon
isotope, by reducing the amount of late season snowfall that would
normally act as an efficient source of moisture in the growing
season (Fig. 5b).

5.1.3. Mid- to Late Holocene: 5.4 ka BP e present
The end of the wet period in the Sofular record is characterized

by a decrease in the stalagmite growth rates at w5.4 ka BP
(Fig. 7b), and an increase in (234U/238U)o values (Fig. 7c). The
behavior of the d13C curve at the beginning of this time frame
provides valuable insights into the Holocene hydrological condi-
tions in the Sofular area: Despite an initial downward trend in the
effective moisture signal (higher d13C, Fig. 7a), which is compat-
ible with lower growth rates and elevated (234U/238U)o values, the
d13C reaches its most negative values of the entire Holocene
record at w3.5 ka BP. What we can infer from this is twofold: 1)
Adequate moisture for maximum vegetation and soil microbial
activity in the Sofular site can be provided without a substantial
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Fig. 9. Eastern Mediterranean comparison. Comparison of various paleoclimate records from the Eastern Mediterranean and Monsoon realms through the Holocene. The order of
the records follows a northesouth transect (geographical locations are shown in Fig. 1). Light gray shade with the varying width denotes the wet period in each record. The time
frame around 8.2 ka BP is shown with a dashed line and a darker gray shade. Dashed rectangles beneath the top axis mark the timing of Rapid Climate Change events (Weninger
et al., 2009). BP refers to before present (1950). a) Sofular cave d13C (top, note descending axis), initial 234U/238U (middle, note descending axis) and the growth rate (bottom) records
(this study). b) Microcharcoal flux values for lake Eski Acigöl Central Anatolia (Turner et al., 2008) c) Pistachio pollen percentage from Lake Van (Wick et al., 2003). d) Decidious
pollen percentage from the northern Aegean Sea core GeoTü SL152 (Kotthoff et al., 2008) e) d18O record (note descending axis) from the southern Aegean Sea core LC21 (Rohling
et al., 2002) f) d18O record (note descending axis) from the Jeita cave, Lebanon (Verheyden et al., 2008). g) d18O (note descending axis) and d13C records from the Soreq cave, Israel
(Bar-Matthews et al., 2003, modified in Almogi-Labin et al., 2009). h) Sea surface salinity estimates (note descending axis) from the northern Red Sea core GeoB5844-2 (Arz et al.,
2003). i) d18O record (note descending axis) from the Qunf Cave, Oman (Fleitmann et al., 2007).
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increase in the rainfall amount (1200 mm/yr at present), which
would otherwise be reflected either in the growth rates or in
(234U/238U)o atw3.5 ka BP. 2) The period between w9.6 and 5.4 ka
with high growth rates and low (234U/238U)o was excessively wet in
this area.

Past the moisture peak at w3.5 ka BP, the d13C curve indicates
a drying trend until the beginning of the 20th century AD. The
possibility, however, that this rise in d13C may have been due to the
increased anthropogenic impact on land cover during the late
Holocene, remains. The most recent w600 years of the record and
the corresponding calcite fabric are also noteworthy. A yellowish
colored texture is accompanied by increasing growth rates, the
lowest diameters of the entire stalagmite and quite high d13C values
exceeding�9.0& in the lastw250 years, to recover back to�11.0&
only at the tip. Greater growth rates in this section, rather than
indicating a rainfall increase, seem to be a compensation for the
very low diameter; which may be due to the stalagmite getting
closer to its drip site and to a reduction in splash energy. This is also
supported by the (234U/238U)o, which remains high except for one
value. Thus, we conclude that the last 600 years, with the exception
of the 20th century, was the driest period of the Holocene in the
Sofular area.

The three RCCs other than the 8.2 ka event, namely the 6.0e5.2,
4.2e4.0 and 3.1e2.9 ka BP events mentioned by Weninger et al.
(2009) are within this time interval. However, none of these
events (Fig. 8a, dashed rectangles) have a consistent and convincing
signature in the Sofular d13C record. Only the 6.0e5.2 ka event can
be regarded present, as the transition from thewetter period (Fig. 7,
light gray shade) to present-day conditions started at w5.4 ka BP.

5.2. Comparison with Eastern Mediterranean and monsoon records

In the light of our investigation on how the Sofular record
should be interpreted within the Holocene, a meaningful compar-
ison of our record can bemadewith other high quality paleoclimate
records from the Eastern Mediterranean (Fig. 9). The light gray
shaded time frame (marked “Wet” in Fig. 9) overlaps most of the
fast-growing part (from w9.6 to 5.4 ka BP) of the Sofular record.
During this period, hydrological conditions in the Eastern Medi-
terranean region were markedly different from those of today.
At the southeastern corner of the Mediterranean Sea, the Soreq
Cave depleted d18O and enriched d13C values (Fig. 9g) indicate
significantly higher rainfall (Bar-Matthews et al., 1999, 2000). The
d18O depletion in Soreq Cave speleothems has also been suggested
to stem from freshwater flooding from the Nile and resultant
negative isotopic shift in d18O of Mediterranean surface water
(Marino et al., 2009). This effect, triggered by enhanced monsoons
in North Africa (Casford et al., 2002, 2003), can be even traced in
d18O records from the southern Aegean (Fig. 9e) (Rohling et al.,
2002). Direct effect of stronger monsoons due to orbital forcing
(Liu et al., 2004) is evident in the Qunf Cave record from southern
Oman (Fig. 9i), which exhibits depleted d18O values during the
“wet period”. This reflects the strengthening of the Indian
Monsoon during the early- to mid-Holocene (Fleitmann et al.,
2003, 2007). On the other hand, lower salinity values from the
northern Red Sea (Fig. 9h, Arz et al., 2003), persistently low
wildfire occurrence in Central Anatolia (Fig. 9b, Turner et al.,
2008), increased deciduous pollen in Northern Aegean border-
lands (Fig. 9d, Kotthoff et al., 2008) and high pistachio pollen at
Lake Van area (Fig. 9c, Wick et al., 2003); all coincide with high
growth rates and low (234U/238U)o in the Sofular record, which are
evidence for excessive rainfall at our study site. These are strong
indications of a common change in hydrological conditions that
cannot directly or indirectly be related to Indian/North African
monsoon intensification. Penetration of Indian monsoon beyond

20�N is considered highly unlikely (Tzedakis, 2007; Rohling et al.,
2009a). Other marine (Kallel et al., 1997; Rossignol-Strick, 1999),
lake level (Harrison et al., 1996), lake isotope (Roberts et al., 2008)
and speleothem isotope (Fig. 9f, Verheyden et al., 2008) records
suggest high precipitation in the Eastern Mediterranean area as
well. Hypotheses explaining this wet period will be discussed in
Section 5.3.2.

Although high growth rates continue for the Sofular record
between 6.0 and 5.4 ka BP (Fig. 9a) when most of the other records
in Fig. 9 have reached their middle to late Holocene values, which is
a discrepancy; timing of some shorter term events within the “wet
period” are quite similar. For example, the w600 year period
around the 8.2 ka event is marked by relatively lower growth rates,
higher d13C, and higher (234U/238U)o (Fig. 9a), coinciding with
a decrease in precipitation in the Soreq Cave site (Fig. 9g), decline in
deciduous pollen in the Northern Aegean (Fig. 9d), weakening of
the Indian monsoon (Fig. 9i) and a relative increase in wildfire
intensity over the Anatolian plateau (Fig. 9b). Moreover, the wettest
interval for the Soreq Cave record inferred from its d18O profile
(centered at w7.5 ka BP) matches well with the highest growth
rates in Sofular, and even with a very high level of effective
moisture (Fig. 9a), despite the probable increase in d13C due to non-
equilibration with soil CO2, as detailed in Section 5.1.2. It is inter-
esting to note that the wildfire frequency in Central Anatolia is also
very low around w7.5 ka BP (Fig. 9b).

5.3. Wet period during Sapropel I

5.3.1. Timing
The timing (of especially the termination) of the early- to mid-

Holocene wet period in the Eastern Mediterranean seems to be
an issue. Fig. 9 reveals that the wet period in the Sofular area ended
at w5.4 (Fig. 9a) ka BP, one of the latest among all records
compared. At Lake Van in Eastern Turkey, the highest amount of
pistachio pollen is observed between 9.5 and 6 ka BP (Fig. 9b);
however, Wick et al. (2003) argue that the climatically optimum
conditions at this site occurred between as 8.2 and 4.0 ka BP, using
other pollen data, salinity values and d18O. The pollen record from
Lake Zeribar in Iran (Stevens et al., 2001) also indicates that the
expansion of woodland started as late as w7.0 ka BP, yet these
delaysmight not be directly related to climate. The Jeita Cave record
from Lebanon (Fig. 9d, Verheyden et al., 2008) is another one with
a long wet period ending at around 5.5 ka BP*, which is comparable
to that of Sofular, but some 1000e1500 years later than those of the
records further south, such as the Soreq Cave (Fig. 9g; Bar-
Matthews et al., 2003; modified in Almogi-Labin et al., 2009) and
Northern Red Sea (Fig. 9h; Arz et al., 2003). More timing discrep-
ancies can be inferred from Fig. 9, which shows that the early to
mid-Holocene wet period around the Eastern Mediterranean is not
perfectly synchronous among all sites. This implies the possible role
of more than one climatic mechanism leading to the observed
patterns, or different thresholds of each proxy record to relatively
small changes in precipitation.

5.3.2. Possible mechanisms
The early to mid-Holocene wet phase in the Eastern Mediter-

ranean (Fig. 9, light gray shade) coincides with the formation of
marine sapropel I between w9.5 and 6.5 ka BP, that is linked to
increased freshwater input into the Mediterranean sea from its
borderlands (Rohling, 1994) and also to direct precipitation over
the sea itself (Kallel et al., 1997; Kotthoff et al., 2008). Sofular
record exhibits some noticeably similar features with the other
Eastern Mediterranean records during this period, which is
significant for a number of reasons. The Sofular Cave site is influ-
enced marginally by the Mediterranean Sea and Mediterranean-
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derived precipitation systems, first due to the intervening distance,
and, may be more importantly, due to its partly secluded location
behind two mountain chains, namely the Taurus and the North
Anatolian ranges (Fig. 1). Moreover, the major moisture source for
Sofular area, the Black Sea, lies immediately north of it and
reshapes the climate on its southern coast by modifying the air
masses from north (Trewartha, 1981) and obscuring the effects of
teleconnection patterns such as the North Atlantic Oscillation
(Türkeş and Erlat, 2003). Consequently, the Sofular d18O profile,
which was shown to accurately reflect the surface isotopic
composition of the Black Sea in the Pleistocene (Fleitmann et al.,
2009; Badertscher et al., 2011), continues its long term trend in
the Holocene (Figs. 5a and 8), showing no signs of an isotopic
pattern that could be ascribed to Mediterranean-derived moisture.
Yet, the Sofular record indicates a marked increase in precipitation
amount and intensity during the times of sapropel formation in
the Mediterranean and marks one of the northernmost locations
where a similar rise in precipitation can be deduced from paleo-
climate archives.

Then what could be the climatic mechanism that led to these
almost simultaneous changes in a broad area from the northern
Red Sea to the Black Sea? The Sofular record allows us to go over
the available hypotheses again with a new look. In a comprehen-
sive review of the issue, Tzedakis (2007) rejects all proposed
mechanisms that feature increased summer rainfall in the Eastern
Mediterranean region, arguing that palynological evidence suggest
the opposite. He stresses that times of sapropel deposition in the
Eastern Mediterranean coincide with insolation maxima and
Indian monsoon intensification, which strengthens the descending
branch of the Hadley cell (Raicich et al., 2003; Ziv et al., 2004) and
should lead to even more extreme summer aridity in the Eastern
Mediterranean. Alternatively, he explains the obviously wetter
conditions at the time by invoking increased fall/winter precipi-
tation, which would arise as a result of high sea surface temper-
atures (SSTs) in the summer persisting into the fall months.
Elevated summer SSTs during times of sapropel formation recon-
structed by Lourens et al. (1992) were considered to represent
a summer signal under high summer insolation regimes. Indeed,
a substantial increase in fall precipitation in response to higher
SSTs may well have been the case for Sofular area, as recently
demonstrated by Bozkurt and Şen (2009) with a modeling study.
They found that, a rise of 2� C in the surface temperatures of all
the seas surrounding Anatolian Peninsula causes significant
increases in summer and fall precipitation over the Black Sea
region in Turkey, whereas in other seasons changes are insignifi-
cant. Moreover, precipitation in this region is more likely to occur
in the form of huge rain storms during the fall, as the interaction
of warm Black Sea waters with cooler air masses creates vigorous
convective activity. Evidence for periods with frequent massive
rain storms are present in both the modern meteorological data
from Sofular area (Fig. 6) and the Sofular Cave records (Fig. 7), as
well as in the Soreq Cave record (Bar-Matthews et al., 1999; Vaks
et al., 2003). Besides, an increase in fall precipitation by a certain
factor would be much more effective than a proportionate rise for
other seasons in creating the excessive growth rates observed in
the Sofular record during the wet period (Fig. 5); since fall is
currently the wettest season in the Black Sea region (Fig. 2a;
Türkeş, 1996). Furthermore, there seem to be annual lamination in
parts of the Sofular stalagmite So-1 from w7.5 to 6.1 ka BP (Fig. 5,
dark gray shade), which corresponds with increased d13C. This also
supports an increase in the seasonality of precipitation in favor of
fall and winter.

While this mechanism seems apt to explain the common
increase in precipitation in both Black Sea and Mediterranean
regions, the issue of SSTs is problematic. An alkenone-based

reconstruction for the Eastern Mediterranean (Rimbu et al.,
2004) reported lower SSTs for early Holocene. Though the study
does not provide seasonally resolved data, it concludes that the
findings should indicate a positive mode of early Holocene NAO in
winter, thus, cooler winter SSTs. This raises the doubt whether
winter precipitation may actually have increased due to both low
SSTs and a positive winter NAO in areas such as interior Anatolia,
where an increase in only fall precipitation would not suffice to
explain the observed early Holocene depletion in lake records
(Roberts et al., 2008). However, a number of pollen records indi-
cate that winters were mild and wet in northern Aegean border-
lands (Wijmstra et al., 1990; Kotthoff et al., 2008) and around the
Eastern Mediterranean sea (Rossignol-Strick, 1999); in contrast to
the findings of Rimbu et al. (2004). Additionally, a more recent
reconstruction from the core LC21 in the southern Aegean Sea
(Marino et al., 2009) exhibits higher SSTs both in the winter and
summer during sapropel deposition, most notably from w7.6 to
7.0 ka BP (Fig. 10b). This is also a time of very high growth rates and
low (234U/238U)o in the Sofular record (Fig. 10a), indicating exces-
sively wet conditions.

The evidence in favor of wet summers were reviewed by
Rohling et al. (2009a), who also concluded that there was a change
in the seasonality of precipitation in the Eastern Mediterranean
borderlands during the period of sapropel deposition. Rohling and
Hilgen (1991) were the first to suggest a dynamical mechanism,
which they called ‘Mediterranean summer depressions’ scenario.
As an alternative to this, Arz et al. (2003) proposed an indepen-
dent, regional monsoon mechanism in the Eastern Mediterranean.
Both of these hypotheses contradict the present-day relationship
of the Indian Monsoon with the Eastern Mediterranean summer
regime, in which the intensification of the former leads to aridifi-
cation in the latter (Raicich et al., 2003; Ziv et al., 2004). Addi-
tionally, none of them could be consistently simulated by climate
models (Brewer et al., 2007). However, both the stability of
modern-day teleconnection patterns and climate models’ simula-
tion capability of regional processes should be questioned, since
insolation forcing was entirely different in the early- to mid-
Holocene (Berger, 1978). Today, there are numerous areas over
the Eastern Mediterranean where summer depressions still form,
but these are not strong enough to overcome the descending
branch of the Hadley cell, therefore cannot cause precipitation
(Trigo et al., 1999). The same is valid for the ‘thermal lows’ of the
Eastern Mediterranean land surfaces, in that they are not strong
enough to lead to a persistent upper level flow from the
surrounding seas, thus are short-lived and dry. One intriguing
possibility is that this situation might have been different during
the early to mid-Holocene, especially for the thermal lows of the
land surfaces. The intense heating of the land might have led to
a strengthening of the thermal lows, creating an independent
monsoon-type circulation that was able to overcome the
descending motion of the Hadley cell, which would make the
“Mediterranean Monsoon” scenario of Arz et al. (2003) possible.
There is no direct evidence in the Sofular record supporting this
mechanism, yet it provides some hints when compared to the
wildfire record (Turner et al., 2008) from lake Eski Acigöl in central
Anatolia (Fig. 9b). During the ‘wet period’ (light gray shade in
Fig. 9), the Eski Acigöl charcoal record indicates almost persistently
low occurrences of wildfires, which might well be a sign of wet
summers. Curiously, within the ‘wet period’, relatively elevated
values of charcoal coincide with lower effective moisture (more
positive d13C) in the Sofular area, and vice versa. A regional
summer monsoon mechanism featuring low pressure centers over
Anatolia that draw moisture from both the Black and Mediterra-
nean seas would lead to this relationship, shifting most of the
rainfall to summer for both regions simultaneously, and creating
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the greater growth rates and lower (234U/238U)o values in the
Sofular record. One interesting study supporting rainy summers in
Anatolia is the pollen-based temperature reconstruction of Davis
et al. (2003). They found that between w10.0 and 6.0 ka BP,
summer temperatures in southeastern Europe including Anatolia
were the lowest in the entire Holocene, implying enhanced
moisture availability, increased latent heat flux into the atmo-
sphere and cloudy conditions. However, Bonfils et al. (2004) argue
that this increase in latent heat flux was due to high winter soil
moisture persisting into summer.

All in all, the Sofular record provides valuable insights into the
issue of hydrological changes in the Eastern Mediterranean during
the formation of Sapropel I. However, it does not allow us to present
a firm solution for the seasonality of precipitation issue at the
moment.

6. Summary and conclusions

We present the updated Holocene profile of the Sofular Cave
record from the southern coast of the Black Sea. The robust age

Fig. 10. SSTs and Eastern Mediterranean records. Comparison of the summer SST record (b) from the southern Aegean Sea core LC21 (Rohling et al., 2002) with various other records
(geographical locations are shown in Fig. 1). BP refers to before present (1950). Light gray shade with the varying width denotes the wet period in each record. The two time frames
when the SSTs were the highest are shown with darker gray shades. a) Sofular cave initial 234U/238U (upper, note descending axis) and the growth rate (lower) records (this study).
c) d18O record (note descending axis) from the Jeita cave, Lebanon (Verheyden et al., 2008). d) d18O (note descending axis) and d13C records from the Soreq cave, Israel (Bar-
Matthews et al., 2003, modified in Almogi-Labin et al., 2009). e) Sea surface salinity estimates (note descending axis) from the northern Red Sea core GeoB5844-2 (Arz et al., 2003).
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model constructed with forty one 230Th dates in the Holocene
allows us to construct a record consisting of d18O, d13C, growth rate
and (234U/238U)o time series with a very high mean temporal
resolution of 5.4 years for the stable isotope profiles. Two more
stalagmite records partially covering the Holocene with lower
temporal resolutionwere also produced. The main conclusions are:

- d13C, growth rates and the (234U/238U)o time series proved to be
more useful than d18O in understanding the hydrological
conditions over the southern Black Sea coast through the
Holocene; as the direct effect of climatic changes on the d18O is
masked by changes in the d18O of Black Sea surface water. High
growth rates and low (234U/238U)o between 9.6 and 5.4 ka BP,
which coincide with the early- to mid-Holocene wet period
and sapropel deposition in the Eastern Mediterranean, show
that the southern Black Sea region experienced times of
enhanced and more intense precipitation in concert with
regional trends. However, the d13C record does not indicate an
increase in effective moisture level, probably due to water-
excess related non-equilibration of seepage waters with soil
CO2, or, less likely, to a rainfall deficit in the vegetation growing
season.

- Of the previously suggested climatic mechanisms for the early-
tomid-Holocenewet period, there is evidence in Sofular record
supporting two of the scenarios, albeit without a firm conclu-
sion: a) The enhanced fall/winter precipitation mechanism
with increased summer aridity, due to elevated summertime
SSTs (Tzedakis, 2007). b) A regional summer monsoon mech-
anism involving the Black Sea and the Mediterranean, previ-
ously proposed by Arz et al. (2003) for the northern Red Sea
involving only the Mediterranean. There are disagreements
among the Eastern Mediterranean records concerning the
timing of the wet period, complicating the issue even further.
More high quality paleoclimate records are needed in order to
eliminate one of the scenarios, as well as to explain the timing
discrepancies.

- The influence of Rapid Climate Change events (RCCs, Mayewski
et al., 2004) on the southern Black Sea coast is unclear; prob-
ably due to the local effects of the Black Sea (e.g. sea effect
precipitation) and the North Anatolian mountain range.
Nevertheless, the long term anomaly centered at 8.2 ka
(Rohling and Palike, 2005) is present in Sofular Cave record as
a decrease in rainfall.

Acknowledgments

The authors would like to thank Frank McDermott, A.M.Celal
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