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ABSTRACT

Reconstruction of the ancient Black Sea climat@asndatory to predict future climate in this
region. However, terrestrial climate proxies congrthe last interglacial are very rare in the
Black Sea region. In addition during the last feunttred thousand years the hydrologic
history of the Black Sea is marked by changes batwake and sea phases. However, this
history is only reconstructed back to 30 ka BP kyep scientists (Aksu et al., 2002a/b,
Kaminski et al., 2002, Bahr et al., 2006, etc). g@nrecords (e.g., Zubakov, 1988) are not
well dated and coarsely resolved. Overall, a distlack of terrestrial high-quality records
exists in the entire Black Sea region and nortlisstern Mediterranean.

Stalagmites from Sofular Cave at the southern fith® Black Sea (northern Turkey) capture
the oxygen isotopic signature of the Black Seaamérfwaters and are thus well suited for
reconstructing of the Black Sea history (Fleitmaatral., 2009). Furthermore, the isotopic
records also allow a reconstruction ancient climate

The oxygen §°0) and carbond{*C) isotope profiles of stalagmite So-17A cover plegiod
from ~122.25 ka BP to ~86.190 ka BP and is abslylutated by 13 U-Th ages. The So-17A
record fits into a composite isotopic record of Barf cave which has already been built up by
the group of Prof. Dr. Dominik Fleitmann at the tihnge of Geological Sciences at the
University of Bern.

With this thesis, a new period of the Black Sedonysis revealed. Additionally, the MIS 5e
and MIS 5d-b climate can be reconstructed and coedpto the already existing climate
records from the eastern Mediterranean region.

The results indicate that the MIS 5e climate wasnwamoist and relatively stable in the
eastern Mediterranean region. However, in comparisith the MIS 1 (Fankhauser et al.,
2008), the MIS 5e record indicates higher tempeeatand lower amounts of precipitation. In
contrast to the MIS 5e, the MIS 5d-a showed mareatk variability, with changes between
stadial and interstadial conditions and some auitadicooling events.

The So-17A isotopic record reveals two periodseaf ghase and one period of lake phase in
the MIS 5e-b Black Sea history. The sea level lhelow the Bosphorus sill (~-35m) about
109.5 ka BP, the two-layer connection between tediddrranean and the Black Sea was then
re-established at an age of 107.5 ka BP. Sea tsesl were mainly produced by melt waters
and thermal expansion of warming waters (Clark ldogbers, 2009). The final disconnection
recorded by stalagmite So-17A happened about 88Fkand preceded the MIS 5b. The sea
level drops are mainly induced by the building dipce sheets (Mangerud et al., 1991). As a

whole, it can be confirmed that the high-amplitudeanges of the isotopes are mainly



produced by the Black sea surface waters, whehsabw-amplitude changes are provoked

by temperature or precipitation changes (Fleitmetrad., 2009).
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1 CHAPTER ONE - INTRODUCTION

1.1 INTRODUCTION & AIM OF THE PROJECT

The MIS 5e (128-115 ka BP) is the last interglapia@ceding the MIS 1 (since 11.7 ka BP;
Imbrie et al. 1984). In the current discussion almnate change, it is important to have a
look at the conditions during the MIS 5e. The corigman of the MIS 5e and the MIS 1
enables to reveal differences and their possiblesesa Moreover, there are controversial
discussions on climate variability during the MI& &nd the MIS 5d-a. For example, some
studies claimed that the MIS 5e climate was reddyiwtable and uninterrupted (Menke and
Tynni, 1984; Frenzel, 1991). Some other studiegssigd the occurrence of several cold and
warm events in the course of the MIS 5 (GRIP mes)iE993; Cheddadi et al., 1998; Field et
al., 1994; Chapman and Shackleton, 1999 and Baoettgal., 2007; Litt et al., 1996). These
inconsistencies occur mainly due to a lack of wlalied and highly resolved records covering
this time period.

In addition, the stalagmite records of Sofular chueg at the southern rim of the Black Sea,
provide insights into the Black Sea history, whitds been conversely discussed in the last
few years (Aksu et al., 1999/2002a, Kaminski et2002; Bahr et al., 2006/2008; Major et al.,
2002, Ryan et al., 1997/2003). The Black Sea hidtas mainly been studied back to 30ka
BP. The group of Dr. Prof. Dominik Fleitmann buidp a climatic record by studying
stalagmites from Sofular Caves back to 600 ka BRwéver, some temporal gaps prevented
the development of a continuous time series. Nalagmites were collected in November
2008 in order to fill some of these temporal gapee stalagmite So-17 covers the time period
from about 122.96 ka BP to 86.19 ka BP.

First, this period allows reconstructing the climatithin the MIS 5, by constructing high-
resolution oxygend{®0) and carbond{*C) isotope records. This opens also the possitidity
compare these MIS 5e isotopic records with MISatogic profile. Secondly, the stalagmite
So-17A is able to fill some temporal gaps withie Black Sea history (Fig. 5.1.). Thirdly, the
climate variability of the MIS 5 will be the lastigject of this master thesis. The isotopic
record of the stalagmite So-17A will show whethimate during the MIS 5 was relatively
stable or quite variable. To achieve these objestia good age-depth model and high

temporal resolution are mandatory.



1 CHAPTER ONE - INTRODUCTION

1.2 SPELEOTHEMS

Speleothems are secondary cave deposits formealadim carbonate (Hill and Forti, 1997).
The word speleothem is made up of two words ortgugefrom the Greek language. The term
includes two words, ‘Spelaion’ meaning cave aneéritla’ standing for deposit (Hill and Forti,
1997). The term was established by an Americanesfdist G. Moore in 1954 (Moore,
1954).

Caves with speleothems are often located belowikagstems consisting of soluble rock (in
the majority of cases carbonate bedrock). The dardyercolating meteoric water dissolves
the host rock and within the cave, the precipitataltite carbonate accumulates in form of
speleothems (Schwarcz, 2007).

Changes in the conditions within the cave or atEaeh surface can lead to alternations in
the deposition of stalagmites. The changes in #position can be used to reconstruct the
ancient environmental conditions (Schwarcz, 200Rg recognition of changes results from
the study of growth rates, isotopic compositiontled calcium carbonate, fluid inclusions,
concentrations of trace elements and mineraloghw&rwcz, 2007). Speleothems are an
appropriate terrestrial alternative to marine segincores, ice cores and pollen profiles. In
general, caves are extremely stable environmentgharefore a good tool to reconstruct the
past climate changes (Poulson and White, 1969).

Three principal types of speleothems are used dtegalimatic research. The three principal
types of speleothems are flowstones, stalactites stalagmites. Flowstones are laminar
deposits on the grounds or the walls of caves.ddposit stratigraphy displays the variation
of discharge during the previous thousands of yeS8talactites are conical dripstones
growing from the ceilings of caves. The internajelang of stalactites is parallel to their
surface. Stalagmites are dripstones growing upwhios the cave grounds. The growth of
stalagmites depends on the water flow rate, themgtpersaturation and the drop fall height.
Most scientists with their interest in paleoclimdteus on the analysis of stalagmites
(Fairchild et al., 2006a).



2 CHAPTER TWO - STUDY SITE

2.1 GENERAL SETTING OF THE SOFULAR CAVE

The Sofular cave (41°25'N and 31°56’E) lies at Swathern rim of the Black Sea at an
altitude of ~ 440 meters (m) above sea level (Flaitn et al., 2009). The cave is situated 15
kilometres (km) eastward of the city Zonguldak amémbedded in the slopes of the Sofular

Fig. 2.1. Approximate location of the Sofular cave (red ayavithin the Black Sea region
(Source: Google Earth).

Geology

The Black Sea is located within a series of higddd mountain chains of the Alpine system.

The Balkanides-Pontides belt is extended to théheon coast of the Black Sea (Panin, 2007).
The Black Sea is encircled by the Caucasus in tr¢hiNthe Crimea in the North-east and the
North Dobrogea Mountains in the North-west (Pag0(07).



2 CHAPTER TWO - STUDY SITE

Further on, the cave is situated on the northede sif the North Anatolian fault zone
(Bozkurt and Mittwede, 2001).

The Sofular cave lies within the Istanbul zone loé tPontides consisting of a pre-Early
Palaeozoic crystalline basement and an unconfognfahllaeozoic, Mesozoic and Cainozoic
(Ordovician to Eocene) sediment succession atutface (Chen et al., 2002). The basement
consists mainly of metasediments, metagranitoiggtaraedimentary-volcanic succession and
metaophiolites (Yilmaz et al., 1995). The Zonguldasin is filled by lower (clastics and
carbonates) and upper (clastics, carbonates acdniolrocks) cretaceous sediments (TuysUlz,
1999). The cave is situated below a karstified logretaceous limestone which is embedded

in cretaceous flysch (Laumanns and Kaufmann, 1988).

Sofular Cave

The cave system has a maximum depth of -84 m,saagtended over a length of 490 m and
three main grounds (Fankhauser et al., 20@8kish Cave Inventory). The first ground is
oriented in a west-to-east direction and was lyila drainage system to the East during the
Pliocene. The second ground was formed at the ettt dliocene by the river Sofular which
began to drain into the current direction. The &oflRiver was also responsible for the
formation of the third floor, by reason of erosiand embedding of the former surface
(second floor) of the cave (Fig. 2.2.). In the tie® Sofular cave was explored by the MAD
(Turkish Cave Research Community) and the MTA (MResearch Institution) (Fankhauser
et al., 2008; Turkish Cave Inventor@trong sintering processes prevail in the cavethad
lowest parts are filled with muddy sump, due to tseillation of the karst water-level
(Laumanns and Kaufmann, 1988). Tracks of humaresatht were found in the form of
possible human bones. Bats are the main animadditnhg the first floor of the Sofular cave

(Fankhauser et al., 2008; Turkish Cave Inventory).

10



2.1  GENERAL SETTING OF THE SOFULAR CAVE

Entrance

SOFULAR MAGARASI

Entrance

Fig. 2.2.Situation plan of the Sofular cave. Once withpleespective from above (at the top)

and with the perspective from the side (below) (iK@nn and Laumanns, 1988).

11



2 CHAPTER TWO - STUDY SITE
2.2 CLIMATE

2.21 Modern Climate

Meteorological information of Sofular in this firsection is mainly based on data from the
meteorological station of Zonguldak which is siadhabout 15 km North-west from Sofular
cave. Figure 2.3. shows that annual precipitatiothe region of Sofular cave is about 1200
millimetre per year (mm/yr). From this total amouidi®% precipitates in the time period
between September and April, which produces a sehsoyycle. For example, the total
amount of monthly precipitation in December and Mayl26 and 47 millimetres (mm)
respectively (Fig. 2.3.). Monthly mean temperatwasy between 6 and 22 degrees Celsius
(°C) with an annual mean temperature of 13.5°C .(R2g3.). This temperature is
approximately equivalent to the prevailing tempamatwithin the cave of about 13°C
(Fleitmann et al., 2009).

On the whole, the climate in a region is influendsdthree main factors which themselves

depend on latitude and topography of a locatioreséhfactors are the solar irradiance, the
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Fig. 2.3 Actual precipitation and temperature values wit ¢brresponding'®0 precipitation
signal at Sofular cave (meteorological station ohguldak) in a course of a year (Graph

made by Dominik Fleitmann, Sources: GNIP, Turkisétdbrological Service).

character of the underlying surface and the atmeadphirculation. The Black Sea region has
a huge supply of solar irradiance due to its solthgosition and only a little amount of the
downward directed irradiance is reflected (Kosaetal., 2008).

The atmospheric circulation is the main factor oesible for the distribution of the air
masses over a region. The Black Sea is mainlyentted by large-scale atmospheric systems

positioned over Eurasia and the North Atlantichaligh the western and eastern parts of the

12



2.2 CLIMATE

Black Sea are located in the same latitudinal waterthe climates differ substantial between
the two regions (Kosarev et al., 2008).

The air masses penetrating the Black Sea regiorbeatiivided into tropical and polar air
masses (Sensoy, 2004). These air masses are fegfhemated into maritime polar air masses,
continental polar air masses, maritime tropicainasses and continental tropical air masses.
Maritime polar air masses originate from the Atliaf@2cean and pass over Europe. They lead
to rainfall within the Black Sea region. Contindrpalar air masses from Sibiria and Russia
are cold and dry and catch up some moisture windssing the Black Sea. This moisture is
released as rainfall at the Black Sea coast. Aisses formed over the Azores islands are
humid and warm. These tropical maritime air massag to higher amounts of precipitation
mainly in the western part of the Black Sea regilomng summer. Continental tropical air
masses arrive in the Black Sea region from theNAftican desert and are therefore hot and
dry. They can lead to precipitation events if theigk up enough moisture over the
Mediterranean Sea (Sensoy, 2003).

The main wind directions registered in the Blacka $eea are northerly, north-easterly or
north-westerly winds and to a smaller part, solghasouth-westerly or south-easterly winds
(Kosarev et al., 2008). This can be seen on fi@Qude the blue arrows denote the prevailing
wind system in the region. In wintertime (Fig. 2,4he area is mainly influenced by westerly
winds deflected by local orography at the surfatleese westerly winds occur over the
western Black Sea as northerly winds (Raicich gt28103). Also south-easterly patterns can
influence the Black Sea region during wintertimeg¢krev et al., 2008) The winter is also the
season when the amount of regional cyclones createdthe Mediterranean Sea increases,
but they are often short-lived (Kostopoulou andeinr2007).

During the summertime, there is little variability the atmospheric circulation which is at
that time determined by the Atlantic anticycloned ahe Asian thermal low (Kostopoulou
Jones, 2007). The westerlies registered over thekBSea region are weaker and therefore,
the surface wind regimes are dominated by the nosadl wind components. This surface
meridional wind regime is also known as the Etesggime (northerly winds) forming part of
the southern Hadley cell (Raicich et al., 2003)e Mertical component of the meridional
wind regime is known as the local Hadley cell. Timisculation system connects the
Mediterranean area with the sub-Saharan area. ©heective area of the Hadley cell
(ascending air) shifts between summer and wintertirom 0-5° latitude band to 15-20°
latitude band (Raicich et al., 2003).

13



2 CHAPTER TWO - STUDY SITE
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Fig. 2.4. Predominant winds and precipitation (in mm/monthjtgrn above Sofular cave in

January (a) and July (b) (Graph made by Ozan Mti@kkSources: NCEP, CRU).

Also smaller circulation patterns have an influeocethe climate at the coasts of the Black
Sea region. Especially the land-sea breezes leanh exchange of air masses between the
Black Sea and the coast. The differences in suttiagerature induce a circulation of air
masses which mainly occurs between March and Octdibee onshore breezes dominate
during the day, while the offshore breezes arisendunighttimes (Kosarev et al., 2008).
However, in general the small-scale atmosphericditioms are often dominated by the

variability of the large-scale atmospheric systé@®guz et al., 2006).

The study Fleitmann et al. 2009 shows that theraassignificant correlation between
temperature and precipitation changes in the reginSofular. Therefore, different
atmospheric circulations are accountable for change temperature and precipitation
(Fleitmann et al., 2009).

14



2.2 CLIMATE

As it was described before, the climate in Turkéfeds significantly between the different
regions within the country. Reasons are the diffedlandscapes and the mountain belts
expanded parallelly to the coast of the Black Sgangoy, 2003). Therefore, the clouds
originating from the North cannot overcome the Rig® Mountains and mainly rain out at
the coast. As a result, the coastal regions olotaich more precipitation during the year than
the inland regions. For example, inland regions @rgtal regions obtain annual precipitation
values of 250-300 mm and 2200 mm, respectively. Blaek Sea coast is the only location
within the Black Sea region receiving precipitattbroughout the year. In contrast, the coasts
of the Aegean and Mediterranean Sea have rainyewsiriiut almost no precipitation during

summer (Sensoy, 2003).

The main teleconnection-patterns influencing thacBlSea climate are the North Atlantic
Oscillation (NAO) and the East Atlantic-West RusfsAWR) pattern (Oguz et al., 2006).
The North Sea-Caspian Pattern index (NCP) estadlisly Kutiel and Benaroch 2002, using
500 hPa geoponential anomaly patterns, shows sighkracteristics as the EAWR (Oguz et
al., 2006). A positive and a negative NAO-index davconsequence of a relatively cold, dry
winter and a mild, wet winter respectively in thtagk Sea region (Kazmin and Zatsepin,
2007). The positive NAO is associated with highexsgure gradients between the Icelandic
low and the Azores high. This gradient leads torgjer westerly winds which occur over the
Black Sea as north westerly winds (Oguz et al.6208s a result, the surface temperatures in
the Black Sea region decrease. In the case of @imedNAO index, the wind transport over
the Black Sea is directed to a north-east direc{iazmin and Zatsepin, 2007). These
patterns do not always dominate the climate oveBilack Sea; sometimes other atmospheric
systems probably outweigh (Oguz et al., 2006).

The winter EAWR index indicates the distribution mfessure anomaly centers over the
Western Europe and the Caspian region (Oguz €2G06). This pattern is responsible for the
modulation of the NAO-pattern over the Eurasiantic@mt. A positive index is caused by an
increasing strength of the North Sea anticyclong @m amplifying of the cyclone over the
Caspian Sea. This results in a wind originatinghm north-east/north-west of the Black Sea
region. In the case of a negative index, the cyclanomaly is situated over the North Sea
and the anticyclonic anomaly over the Caspian Seasequently, the pressure difference is
not that high over Europe and the Black Sea regidnich is then influenced by warmer and
wetter conditions transported into the region bytsevesterly to south-easterly winds (Oguz
et al., 2006).

15



2 CHAPTER TWO - STUDY SITE

Raicich et al. 2001 revealed an influence of Indr@mnsoon intensity on the local Hadley cell
during summertime. Time periods with lower pressaver Asia lead to higher monsoon
precipitation events. During these periods, lowspuee is also measured in the eastern
Mediterranean area. This pressure disposition hamaequence of an intensification of the
northerly, north-easterly winds and therefore tkestan wind regime (Raicich et al., 2001).

16



2.2 CLIMATE

2.22 Global climate history

Past global climate is an important framework tdenmstand the climate at the regional scale.
The regional climate is often influenced by glopalterns, which are further modified by
regional patterns. Therefore, the past global diria also worth to be looked at. In the
following section, only the MIS 1 (~ since 12 ka)B&hd the MIS 5e-b (128 — 87 ka BP)
climate are covered, because only they are ofquéati interest for this master’s thesis. An
overview of the climate at Sofular cave of the 188tkilo years before present (ka BP) is

provided by the master thesis of Fankhauser 0&i8.

End of MIS 6

During the end of the MIS 6 (~135 ka BP), the gahelimatic conditions were colder and
drier than the present-day conditions. These cmmditwere more pronounced in the northern
regions of Europe. Mainly continental climate regsmpredominated in the European area,
due to a reduction of the heat transport by thé Gtream (Brewer et al., 2008). During the
glacial periods, the climatic belts shifted inte gouthern direction (Frumkin et al., 1999).

This climatic continentality was weakened in theac regions (Brewer et al., 2008).

Eemian (MIS 5e)

The term ‘Eemian’ originates from Harting et al.748 Harting named some sediment from a
warm period after a river in the area of Amersfadietherlands). First, this term was only
used for marine sediments. Later, the word Eemias also applied to the field of
isochronous terrestrial sediments (Kuhl and Ll 2).

The MIS 5e is mainly thought to have been warmantthe MIS 1. The ice cover was
reduced and the sea level was up to 12 m highepamd to modern sea levels. At the time
of maximal insolation (~125 ka BP), summer tempees were about 4°C higher than
modern temperatures in the middle and high latgudte the Arctic region, simulated winter
temperatures showed values of about 2-8°C highar thodern values. These findings are
mainly confirmed in the region of northern ScangiiagVVan Andel and Tzedakis, 1996).

The Eemian interglacial period in Europe lastednfrapproximately 128 to 115 ka BP
(Brewer et al., 2008) and is synonymous with th&Meé (Shackleton et al., 2003). However,
Kukla et al. 1997 came to the position that the iaenextended into the ice growth phase of
the MIS 5d (Kukla et al., 1997). Triggers for thé3vbe climate were maybe maodifications in
solar activity amplified by changes in the Northlaitic Ocean current or by the North
Atlantic Oscillation (Muller et al., 2005).

17



2 CHAPTER TWO - STUDY SITE

The early MIS 5e was characterized by a climaté wistrongly heterogeneous characteristic
in Europe. A steep increase in temperature andveeslrise in precipitation took place across
Europe (Chedaddi et al., 1998). Especially, the mamtemperatures rose with a gradual
increase from Western to Eastern Europe. A winiamunng pattern was principally revealed
in Central and North-Eastern Europe (Brewer et24l(Q8, Velichko et al., 2007). A probable
reason for this warming is an increased advectiomaom air from the Atlantic by westerlies
(Velichko et al., 2007). The rise in winter temparas led to a decrease in the seasonal
contrasts (Chedaddi et al., 1998). The previousiggminant continental climate of Eastern
Europe was being modified and became a Mediterrackaate regime (Sanchez-Goni et al.,
1999). In general, the conditions during the midsMde were relatively stable compared to
the beginning of the MIS 5e which was the warmest\aettest period during the whole MIS
5e (Kuhl and Litt, 2003; Chedaddi et al., 1998)spi&e the assumption of a relative stable
MIS 5e (Brewer et al., 2008), a number of abrugtaky cold and/or arid events led to some
climate variation during the MIS 5e (Maslin and dakis, 1996; Cheddadi et al., 1998n
analysis of Miuller et al. 2005 suggests that thesents occurred in intervals of
approximately 1370 years (Muller et al., 2005).

In the final part of the MIS 5e, the decrease mpgeratures and the dry conditions continued
and accelerated (Brewer et al., 2008). Winter teatpees decreased by a larger amount than
summer temperatures. Therefore, an increase isal#y was registered during this period,
especially in the northern parts of the world (CGiatl et al., 1998). The transition to glacial
conditions took longer, than the transition to fgtacial conditions, probably due to more
complex forcing factors (Brewer et al., 2008).

During the MIS 5e period (128ka-115ka BP), the s@®l| of the Eemian Sea reached its
highest water level (Streif, 1991) and occupiedwhele Baltic basin. However, on the North
Sea coast, only the main river beds were floodedthErmore, the Eemian Sea covered the
whole area between the North Sea, the White SeatlandArctic Ocean. Consequently,
Fennoscandia was an island during the high startdeoEemian Sea. At the end of the MIS
5e, the sea level regressed before 110 ka BP (Z88§6; Gross, 1967).

Sites across whole Europe showed an interglacigétetion succession (Van Andel and
Tzedakis, 1996). The presence of the Eemian Sdaablpled to a uniform climate on the
bordering continents, and therefore to an expansiamiform vegetation and the settlement
of temperate forests (Tzedakis, 2007).

The period of 115-71 ka BP is divided into periadslifferent stadials and interstadials MIS
5a-5d (Fig.2.5.). During this phase, the climateederated and changed afterwards into the

MIS 4 with a first major advance of the glaciersBarope. The main conditions during
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stadials were cold and dry climates. The intersiadivere more continental than the phases
of the MIS 5e (Van Andel and Tzedakis, 1996). Tingt stadial was the Herning/Melisey |
stadial (MIS 5d; ~107 ka BP) directly following thMidS 5e. The sea level dropped to a value
of -50 m compared to present sea levels (0 m)hat time, the Scandinavian ice-sheets had
not yet been extensive (Mangerud et al., 1991)thackfore had most likely not reached the
coast of Norway yet. This stadial is thought to éndvad a shorter duration than the
previous/following warm phases (Van Andel and Txex|al 996).
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Fig. 2.5. The MIS 7-1 defined by the foraminiferai®0 time series of SPECMAP Imbrie et
al., 1984). The curve was supplemented by Winogtad. 1997 with the Marin&®0 isotope
stages 1-7 defined by Shackleton 1969. The pend83 ka and 13 ka within the dotted lines
display the entire MIS 5.

A quite warm phase followed with the Brgrup/St. @aint interstadial (MIS 5c; 99 ka BP).

A huge part of the ice-sheet which was formed ia pinevious stadial melted during this
interstadial (Mangerud et al., 1991). The sea levst to a level of -20 m (Bard et al., 1990)
and the vegetation state was in a situation corbpaita the late MIS 5e. A next sea level
dropping took place during the Rederstall/Melisestadial, also called MIS 5b (~87 ka BP).
This event was associated with a modest increasigeate volume (Mangerud et al., 1991)
and a sea level of -25 m (Van Andel and Tzedalk#96). The mechanisms of starting ice

sheet formations are not yet clear (Van Andel aedakis, 1996). Lambeck et al. 2002
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suggested that the ice sheets can build up withalgcrease in temperature if there is enough
air moisture available (Lambeck et al., 2002). Tiensitions between stadials and
interstadials revealed in pollen sequences arelynalowed as alternations between open
and closed forest conditions. Each interstadial elemacterized by a fast expansion of the
original vegetation which is thought to have tald¢ace due to the near refugees. Van Andel
and Tzedakis 1996 suggested that the conditionsgitihe MIS 5d were not that harsh as
they were during the MIS 5b (Van Andel and Tzedak96). According to Lambeck et al.
2002, the oscillation between interglacial and iglaclimates is mainly caused by a transfer
of waters between the two largest water-reservadis, ice sheets and the World Ocean
(Lambeck et al., 2002).

MIS 1

A substantial warming was recorded during the ftemsfrom the MIS 2 to the MIS 1 in
several paleoclimate archives (Solomina et al.,8200he beginning of the MIS 1 was
marked by an increase of temperature of about Z&thke and Harff, 2005). Depending on
the location, this warming was delayed becausd@flarge ice sheets which influenced the
climate in the high northern latitudes (Solominalet 2008). Models show that temperatures
at 9ka BP were about 5°C higher than present temtyoes on northern continent inlands
(Kutzbach and Webb, 1993). At 8.2 ka BP a shodliog event occurred with about 2°C
lower temperatures than before. Afterwards, thesphknown as the climatic optimum
followed with higher temperatures and more rainfain today. After about 4.5ka BP, the
temperatures/precipitation began to fluctuate alqanesent values (Lemke and Harff, 2005).
The vegetation in the European region changed fst@ppe or tundra flora to mixed,
deciduous forests at the beginning of the MIS lrimguthe MIS 1 optimum, thermophile
plants began to dominate the countryside (LemkeHartf, 2005).

A MIS 1 climate reconstruction of Mayewski et all02 shows six periods of rapid climate
changes since approximately 11,500 ka BP. Mayeugaikied this evidence from 50 globally
distributed paleoclimate records. These rapid evericurred in quasi-periodic intervals
(~2000 years), with a higher frequency after thedla part of the MIS 1. The paleoclimate
records showed an occurrence of these events ~800N-~6000-5000, ~4200-3800, ~3500-
2500, ~1200-1000 and 600-150 cal yr. BP. Thesetsweare climatically characterized by
polar coolings, North-Atlantic ice rafting even@pine glacial advances, tropical aridity,
strengthened westerlies and major atmospheric tdinghanges. Causes for these abrupt
events are mainly ascribed to changes in solafatisn produced by Earth orbital variations

or solar variability (Mayewski et al., 2004).
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2.23 Eastern Mediterranean climate history

Frogley et al. 1999 has evidence from a lacustseguence in north-western Greece for
possible duration and course of the MIS 5e in Geeétthe time span of 130-127.5 ka BP,
the data showed an increase in the Precipitati@p@wation (P/E) ratio, indicating an
increase in precipitation (Frogley et al., 199%)eTtart of the full MIS 5e was characterized
by wetter conditions. After 126.8 ka BP, the climan Greece was dominated by
Mediterranean climate with warm temperatures, miidters and dry conditions (Frogley et
al., 1999). MIS 5e optimum temperatures (~125 ka \B&e about 2° C higher than modern
values. The MIS 1 temperatures showed only a dewidty 1°C compared to modern values
(Zelikson et al., 1998). From 126.1 ka to 124.1Bkg5'°0 values rose, indicating increased
aridity. After that, a stepwise decreasesifiO showed a higher availability of moisture,
higher summer precipitation and lower winter terapanres (Frogley et al., 1999).
Mediterranean elements disappeared about 122.6kan in the meantime, the winter and
summer temperatures dropped. At 118.1ka BP, agefidigher aridity led to highei'®O.
After 116.7 ka BP, the MIS 5e was characterize@ lnyore oscillatory climate. Frogley et al.
1999 suggested that there were smaller changég 8f°0 within the full MIS 5e than during
the late-glacial interval and the transition to s@dial (Frogley et al., 1999). The instabilities
at the end of climate states could have taken plaeeto non-linear reactions to changes in
solar forcings and transitions between preferredatke states (Frogley et al., 1999).

In the eastern Mediterranean region, the vegetatattern showed the following succession;
climate favourable for cold and dry steppe altezdatith Mediterranean evergreen plants. In
general, the interstadial vegetation was more olp&n the vegetation during the MIS 5e (Van
Andel and Tzedakis, 1996).

The MIS 2 climate can be described with cold wisiteéntense winter precipitation and
summer droughts. However, the MIS 2 was drier ti@nclimate regime dominating today.
The temperatures varied between 12-16°C and theaamainfall fluctuated in an interval of
300-450 mm. Afterwards, the climate became moreithumith an increase in precipitation
during the transition from the late MIS 2 to theSvil approximately 12 ka BP (Bar-Matthews
et al., 1997).

In the time period of 10-7 ka BP, a high amounpddcipitation was recorded in different
paleoclimate archives. Afterwards, the climate peei@rs become constant and turned into
present climatic conditions with higher temperasusnd less rainfall than the preceding
period (Bar-Matthews et al., 1997).
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2.24  Orbital parameters

To achieve a reasonable comparison between differ@rglacials, the prevailing solar and
orbital forcings have to be understood. The orlptlameters have an influence on the angle
under which irradiance strikes the earth surfaceehtricity, obliquity and precession are the
factors controlling this angle. The eccentricitdizates the shape of the Earth’s orbit around
the sun, variations occur at the time scale of ald®0 ka. Furthermore, the Earth’s orbit
around the sun has an elliptical form. In the ajpineland perihelion position, the distance
between the earth and the sun is the largest aallestrespectively.

Obliquity can be described as the tilt of the Eartbtational axis relative to the ellipse of the
Earth’s orbit. Repetitions of equal conditions actua cycle of about 41 ka. An increase in
the tilt leads to a higher (smaller) amount of laion in the respective hemispheric summer
(winter).

Precession is driven by the variations of ecceiyrend quantifies the distance between the
Earth and the sun at a fixed time in the year. @dpgal conditions repeat in a cycle of about
21 ka (chapter based on Berger et al., 1993). That®n of the parameters during the MIS 1
and the MIS 5e will be discussed under the chdp&r
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2.3 BLACK SEA SETTING

The Black Sea is the largest permanently anoximi-seaclosed basin with a volume of
537,000 cubic kilometres (kin(Bahr et al., 2008) (Fig. 2.6.). It is connectedhe Marmara
Sea through the Bosphorus Strait which has an appabe depth of - 35 m. The ocean
connection continues with the connection from thariara Sea to the Aegean Sea by the
Dardanelles Strait (Strait of Canakkale, ~ dept#i@m). The Dardanelles Strait has a length
of 74 km and a width of 1.3-7.5 km (G@lka, 2008). The properties of the Bosphorus Strait

are a length of 31 km and a width between 0.7 ahdi3 (Gokaan 1997)
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Fig. 2.6 The location of the Black Sea with its connectiomghe Marmara and Aegean Sea in

the south-western direction (Source: Google Earth).

Today, the exchange of waters through these sisagissured by a two-layer flow. The cooler,
less saline surface waters originating from thecBl&ea flow with a velocity of 10-30

centimetres per second (cm/s) in a southerly/sautsterly direction. The surface waters
have temperatures of 5-15°C, a salinity of 17-200{-20 gram/litre, 17-20%o0), and form a

layer of 25-100m in the Aegean and Marmara SedhdnBlack Sea, the less saline water
forms a 100-200m thick layer, which is also the erppart of the stable pycnocline (Oszoy
and Unluata, 1997). The warmer water from the Medinean flows along the Aegean Sea
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and descends near the Dardanelles Strait belowdliewater surface layer. Subsequently,
the waters with a temperature of 15-20°C and anisalof 38-391 (= 38-39 gram/litre, 38-
39%0) penetrate into the Dardanelles Strait withaagport velocity of 5-25 cm/s in a north-
easterly direction (Aksu et al., 2002b).

The circulation can be maintained because of heldferences between the basins, the Black
Sea sea level is located 40 cm above the MarmaaSe the sea level of the Marmara Sea
itself lies 30 cm above the Aegean Sea sea level.sEa levels of the basins can fluctuate up
to 50cm in the course of one year due to seas@ratwns in the river discharges (Aksu et
al., 2002b).

The water balance of the Black Sea is made upffardnt parts like precipitation, freshwater
input, outflow through the Bosphorus and evaporafiéig. 5.5) (Swart, 1991). The Black Sea
has a positive hydrological balance, with highdluxes from precipitation and rivers, than
outflux by evaporation (Aksu et al., 2002b). A pbss disequilibrium generated by these
factors is regulated by the net-export of wateo itte connected basins (Ozsoy and Unliata,
1997). The water balance is built up in the follogvivay; the water input is formed by excess
precipitation and riverine freshwater input wittransport amount of 300 cubic kilometre per
year (kni/yr) and 350kmYyr, respectively. Evaporation is one factor actintp the other
direction, with an export of water of 350Rtyr (Ozsoy and Uniilata, 1997). Therefore, the
Black Sea has to export a certain amount of watemaintain its sea level. Without this
export, the sea level of the Black Sea would rige-84 cm per year. The main freshwater
sources of the Black Sea are the rivers Danubegdien, Dnieper, Southern Bug and Don
Rivers (Aksu et al., 2002b). The freshwater inpuonf the Danube accounts for
approximately 50% of the total river input (OzsadaJnilata, 1997). The drainage zone has
an approximate area of two million of kKifMudie et al., 2002).

The circulation within the Black Sea is mainly doatied by two central cyclonic gyres and
several smaller anticyclonic costal eddies (Ogualet1993). The gyres are separated by a
narrow cyclonic peripheral rim current (Aksu et &002a). A mixing of the surface waters
exists to a depth of 200m induced by winds and ewvirdirculation. The bottom water
circulation is generated by the penetration of Madanean water into the Black Sea (Ozsoy
and Unliata, 1997). The turnover rate of the deafers in the Black Sea is approximately
2000 years (Ostlund and Dyrssen, 1986).

The isotopic values of the Black Sea waters ardrolbed by different parts which are
involved in the water balance of the Black Sea.sEhearts have different isotopic signatures.
Swart 1991 suggested that the surface water ispteighature lies between the meteoric

water line (MWL) and a mixing line.
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H. Craig established an average relationship betw&ggen and hydrogen ratios in terrestrial
waters named global meteoric water line (GMWL). Takationship is8D = 8.0 *$5180 +

10 % This equation can be adapted for different lecei(MWL) (Craig, 1961). The mixing
line is defined by two extremes, the bottom watedierranean Sea'fo = 1.8%. (SMOW))
and the river input with 8'°0 value of -10 to -8%. (SMOW:; Swart, 1991). The dgut
signatures of the river inputs are not that prégikeown. However, the Danube draining the
highest amount of water, into the Black Sea hassatopic signature of at least -6%o.. The
other rivers arise from a region farther north thfam Danube and are therefore probably even
more depleted in5*®0 isotopic composition (Swart, 1991). Concerning MWL, the
precipitation falling in the Black Sea region ha% %0 isotopic signature between -4 and -8%o
(SMOW). The atmospheric water vapour is supposedeéoin balance with the local
precipitation (Swart, 1991).

The salinity of the Black Sea is mostly influendsdthe strait depth and the global sea level.
But some additional factors like climate, amountvater exchange and the upward mixing of
saltwater within the Black Sea also have a suhislagffect on the salt-composition of the
Black Sea. The climate controls the freshwater iflluvnput and the balance between

evaporation and precipitation (Mudie et al., 2002).
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2.4 BLACK SEA HISTORY

The history of the Black Sea is fairly well knowar tthe last 30 ka BP. Most of the research
has been conducted by multiproxy studies inclugmgropaleontological and palynological
data (Bahr et al., 2006/2008, Aksu et al., 1999220Kaminski et al., 2002, Mudie et al.,
2002, Ryan et al., 1997, etc).

Generally, the Black Sea was a lake during glgmaiods when sea levels were below the sill
depths of the Bosphorus and the Dardanelles. Duniterglacial periods, however, a
connection to the Mediterranean Sea could have ésablished (Aksu et al., 2002b). During
the MIS 2, sea level of the Black Sea dropped walae of -110 m due to the formation of
glaciers (Aksu et al., 2002a). As a result, theleeal of the Black Sea water body was below
the sill depth of the Bosphorus and was a fresdgkish water lake (Mudie et al., 2002). The
data of Bahr et al., (2006) indicate stable isataqmmpositions of the Black Sea water body
during the interval from 30 ka to 18.5 ka, withwed between -5 and -6 $J/PDB) (Bahr et
al., 2006).

The post MIS 2 interval started about 18ka BP wiltk deglaciation of the Eurasian,
Scandinavian and Siberian ice sheets (Bahr e2@0D6). Figure 2.8. illustrates the history of
the connections between the basins since 18ka Bmiifi€ki et al., 2002, Fig. 2.8.). The river
Volga discharged isotopically depleted melt watieosn the Scandinavian ice sheet to the
Caspian Sea area (Mangerud et al., 2004). Thewwitpsea level rise in the Caspian Sea led
to an outflow of the waters through the Manych-Kerspillway into the Black Sea
(Chepalyga, 2007). Besides the melt water inphtexetwere also other factors leading to an
overflow of the Caspian Sea: Permafrost meltindpiginer runoff coefficient, an increased
catchment area, lower evaporation and superflondspring because of long winters with
large snow masses (Chepalyga, 2007). Furthermbeewarmer climate induced a large
amount of melt water discharge from the Eurasiagigts into the Black Sea. The main part
of this discharge was formed by the big riversmirg into the Black Sea. Thereby, €0

in Black Sea ostracods decreased to a value o¥%ec@Bahr et al.,, 2006) which is in good
accordance with the results from Fankhauser @088 and Fleitmann et al., 2009. Therefore,
decrease 520 of So-1 at 15.49 ka BP (Figure 2.7.) is not ailtesf a temperature effect,
but due to the inflow of isotopically depleted wateleitmann et al., 2009; Fankhauser et al.,
2008; Bahr et al., 2006). Afterwards, the periodnaf Balling/Allerad (14-12.9 ka BP) led to
a stepwise increase #1°0 of the ostracods from -5 to -1.95%. (Bahr et 2006). The main
factors responsible for this ascent are an incréas&'®0 of atmospheric precipitation

(temperature effect), increasing runoff and evagamgBahr et al., 2008).
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Fig. 2.7. The Black Se&'®0 signature of the last 30 ka BP with the melt watandation at
15.49 (Graph made by A. Fankhauser).

After 17ka BP, the enhanced melt water input intoBlack Sea led to a sea level rise as well
as a refill of the Black Sea basin to a level A2 The excess water spilled through the
Bosphorus Strait into the Marmara Sea (Yanko-Horla@l., 2007).

The Aegean Sea reached the Dardanelles sill (-Below present sea level) at about 12ka
BP. Afterwards, the Aegean water masses penetiratiethe deeper parts of the Marmara Sea
(Kaminski et al., 2002). In the time period of 1%l BP, the sea level of the Aegean sea
rose from -77 m to -40 m (Aksu et al., 2002a), vatshort standstill between 12.9 and 11.7
ka BP (Rasmussen et al., 2006) because of theezalatsion of the Younger Dryas (Aksu et
al., 2002a).

At the time of 10 ka BP, a sapropel layer was diépdsn the Mediterranean Sea, one
responsible factor could have been the low-saliauyface lid produced by the Black Sea
outflow (Cazatay et al., 2000; Aksu et al., 2002a). The inflolnsaline Mediterranean water
through the Bosphorus Strait into the Black Seatestaat around 9.5ka BP, when the
Mediterranean sea level reached the sill depth K@atombach et al., 2007). But the waters

could not penetrate into the Bosphorus until 9.BRadue to the strong outflow of Black Sea
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water originating (Lane-Serff et al., 1997; Kaminskal. 2002). Kaminski et al. 2002 gained
evidence for this theory in a study about foraneirafat the southern end of the Bosphorus.
The foraminifera increased in their abundance, r@salt of a reduced outflow from the Black
Sea (Kaminski et al., 2002). Furthermore, hydralagimodels suggest that the rising sea
level in the Mediterranean Sea had to reach acatitieight before a two-layer exchange
could be established (Lane-Serff et al., 1997).sTlluring the early MIS 1 the conditions for
a penetration of saline waters into the Black Seaewguaranteed (Kaminski et al., 2002,
Lane-Serff et al., 1997). The denser Mediterrangater replaced the bottom water of the
Black Sea, which has never returned to a fully exaged state since then (Kaminski et al.,
2002). This distinct hydrological change is alsooréded in ostracods which show a more
positive 5*°0 of +0.68%. at around 8ka BP (Bahr et al., 2006)géneral, the Black Sea
isotopic composition changes slowly because ofaitge volume (Bahr et al., 2006). The
present-day two-layer flow through the Bosphorus wall established by 6ka BP (McHugh
et al., 2008).

However, the nature of the reconnection of the Bland Mediterranean Sea is subject of
controversial discussions. Based on faunal andrssdblogical evidence, Ryan et al. (1997)
argues that the reconnection of the basins resfrtbed a catastrophic inundation of the Black
Sea by Mediterranean waters. In accordance witldaitee, Ryan et al. 1997 came to an age of
approximately 7.15 ka BP for the inundation. Thasgguments are also known as the Noah’s
Flood hypothesis (Ryan et al., 1997). But there ssoe findings of other studies which
contradict this hypothesis. Some points which hevée fulfilled for the accuracy of the
hypothesis are a Black Sea level lower than -401H00@-to -40m), a breakdown of the stable
stratification and a decrease in the strength efahtflow from the Black Sea. Furthermore,
the Black Sea has to be colonized by Mediterraspaaies at that time. However, there was
no support found in other studies showing the getiwe of such a situation at about 7.15 ka
BP (Aksu et al., 2002a; Kaminski et al., 2002; MgHet al., 2008; Yanko-Hombach et al.,
2007). Also, there still exist discussions abot iming and the way of the water exchange
between the Mediterranean and Black Sea (Aksu.efl@99/2002a; Kaminski et al., 2002;
Mudie et al., 2002a; Ryan et al., 1997/2003; Majoal., 2002/2006).
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Fig. 2.8 The exchange history between the Aegean Sedjdnmara Sea and the Black Sea
basin of the last 18 ka BP (Kaminski et al., 2002)
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3.1 SPELEOTHEMS

3.11 Formation of speleothems

A speleothem is a secondary mineral deposit fornmedaves. Caves are a product of
karstification of relatively soluble host rocks nfiestones). Speleothems are secondary
deposits, because they differ from the primary mahbodies. Examples for primary mineral
bodies are the bedrock enclosing the cave, minarials within the bedrock and sediment
loads accumulated in the cave. These mineral bodm& as important sources for the
formation of new secondary bodies through the dlisem of material during physical and
chemical processes (Self and Hill, 2003).

The formation of stalagmites often takes place Wwekarstified host rocks (epikarst), with
enhanced permeability, where major conduits ancetavansmissivity fissures feed the drip
water zones in the cave (Fairchild et al., 2006ag water recharge of the aquifer is driven
by several parameters such as surface topograpbynature of soils, other superficial
depositions and the degree/style of karstificatibthe aquifer (Fairchild et al., 2006b).

> soil zone

» epikarst zone

Dissolution region

> subcutaneous zon

Precipitation region

Fig. 3.1. The formation of speleothems takes place in sév&eps (Figure made by
Fleitmann).
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Generally, the recharge is focused in doline dejowas which are fed by lateral flows
(Fairchild et al., 2006b).

The aquifer is divided into 2 parts, the dissolatigegion (soil, upper epikarst) and the
precipitation region (Fig. 3.1.). The upper partlines processes of limestone dissolution,
circulation of waters with a high partial pressafeCO, (due to plant respiration and soll
microbial activity) and decays of organic matter.tthe precipitation region within the cave,
the formation of speleothems is taking place (Frliicet al., 2006a).

As illustrated in Figure 3.1., the formation of Emhems operates in the following way:
Water (HO) infiltrates into the soil, mainly through raitifar surface runoff events. In the
soil, it reacts with C@to carbonate acid @€0s) (Fairchild et al., 2006a). When the water
percolates through the soil, which is enriched wittpanic compounds, the G@oncentration

of the water may rise up to 10% (White, 2007). Tdagbonate acid has the ability to dissolve
limestone rocks. If the acid encounters limestotie dissolution takes place and the
groundwater with the dissolved calcite {§&2HCQy) percolates farther down to the cave.
Within the cave, the C{partial pressure of the groundwater exceeds thgp@gial pressure
of the cave environment. Consequently, Gf@gasses to the cave environment and calcite
minerals are deposited in the form of speleotheRasr¢hild et al.,, 2006a). This process
occurs due to super saturation of the water wispeet to calcium carbonate (Harmon et al.,
2004). Each drop of the cave drip water deposstsntall load of CaC&(White, 2007). The
calcium carbonate concentration in the drip wagetependent on the porosity/permeability of
limestone, soil pC@levels, moisture and temperature (Richards andi@p2003).

Three different ways of calcite precipitation frahe drip-waters are observed. Precipitation
of calcite occurs due to slow degassing ob@Om the solution, due to fast degassing o, CO
and due to evaporation (Baker et al., 1997). Slegadsing of C&leads to a deposition of
calcite in isotopic equilibrium with the seepagdaevdHarmon et al., 2004).

The deposition of speleothems is controlled by sdvactors like distribution, quantity and
chemistry (calcium concentration of drip waters)tloé percolating water (Fairchild et al.,
2006b). But also the nature of the water flow hasndluence on the precipitation of calcite
minerals. Turbulent flows rise the rate of pre@pdn, whereas stagnant/laminar conditions
lead to lower precipitation rates (Dreybrodt, 199Bhe water flow through the aquifer can
last from a couple of days to up to several yedempending on the karst system and the
availability of water (Fairchild et al., 2006b). ditional factors controlling the formation of
speleothems are the cave microclimate (cave gegmetuifer properties and the external
microclimate (Fairchild et al., 2006b). For exampple cave ventilation removes the £g&hd

holds up the partial pressure gradient betweerCtein the groundwater and the cave air.
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Consequently, this process enables the stalagmiteomtinue its growth. The better the
ventilation within the cave, the lower the p£énd therefore enhanced speleothem growth
rate is possible. The main factors influencing ceeatilation are the geometry of the cave
(e.g., one or several entrances), the wind directiod the pressure differences between the
cave interior and the external atmosphere (Fatadtilal., 2006b).

The maximal theoretical growth rate of a stalagmaees between 70-100 micrometer per
year (um/yr) (at a temperature of 6°C) and 1000ymifat a temperature of 13°C) (Fairchild
et al., 2006b). In reality, growth rates of stalags in the cool, temperate zone and the
subtropical zone are 10-100 um/yr and 300-1000 ¢spectively. Consequently, a stalagmite
of a temperate zone, with a height of one meteviges a temporal record of 10-100 ka.
Speleothems can grow continuously for’ IA0° years (Fairchild et al., 2006a). Possible
events which can interrupt the deposition of staliégs are the absence of water (due to dry
or glacial phases (Spdtl et al., 2002; Burns et28l01)), clastic sedimentation (Sasowski and
Myltorie, 2004), a breakdown of deposits, seismgicénd archaeological disturbances
(Fairchild et al., 2006b).

Shape / Mineralogy of stalagmites

The shape and the diameter of a stalagmite depetiteadrop fall height (splash effects), the
water super saturation and the water flow rate. &mmple, the width of a stalagmite

increases with increasing fall height of the driptevs (Fairchild et al., 2006a). With an

increase of the super saturation of water witheesfp calcium (Richards and Dorale, 2003),
the solution tends to precipitate more calcite matseresulting in a higher growth rate of the
stalagmite. The smaller a flow rate, the smallerrgsulting height of a speleothem (Fairchild
et al., 2006b). A uniform growth of a stalagmitepiras rather stable drip rates and drip water
chemistry (White, 2007).

Hiatuses in speleothems are phases of no deposti@alcite minerals; consequently, the

speleothems are inactive. A hiatus can have itsecam the change of drip locations, the
absence of water (due to dry or glacial phasest(®pdl., 2002; Burns et al., 2001)) and

other long term evolutionary changes in the cawerenment (Fairchild et al., 2006a). In the

case of stalagmites situated in the northern regibratuses occur through glacial periods,
caused by a lack of available drip waters (e.gge8pet al., 2002). In semi-arid regions,

hiatuses are mainly induced by the absence ofwaifgrs during arid periods (Burns et al.,

2001).
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The speleothem crystal morphology depends on defaators like drip rate, chemistry of

drip waters, capillary and gravitational supply iohs to growth sites and rates of £0

outgassing (Fairchild et al., 2006b).

The mineralogy of stalagmites varies between comjeagorous compositions. The minerals
may contain impurities of 0-10% of the weight maBsese impurities are particularly clay
minerals and organic matter (Fairchild et al., 200fost stalagmites are built out of calcite
minerals but occasionally in association with higtagnesium- or dolomite-host rocks,
deposits can also consist of aragonite crystalsD@imott, 2004). Calcite stalagmites often
contain large crystals which lay parallel to thewgh direction and a lot of component
crystallites. Conversely, aragonite stalagmiteseroftontain fibrous crystals which are
oriented parallel to the growth direction (Faridhgt al., 2006b).

A study of Gascoyne (1992) shows that in cool, terate regions, where fairly slow growth
dominates, the stalagmites mainly consist of massiacro-crystalline minerals, whereas in
tropical regions, porous and sugary textured mirggposits with a higher content of detritus
dominate. This detritus mainly originates from asoaally occurring flooding events or dust
within the cave (Gascoyne, 1992). Variations instaytextures lead to fine laminations and
large-scale banding (Fairchild et al., 2006a).
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3.12 Registration of environmental and climate sigals in speleothems

Speleothems are an ideal paleoclimate archive.eThex several properties of speleothems
which support this statement. a well-defined indératratigraphy, an accurate age-dating
method and variations in the internal chemicalap@al compositions which are determined

by environmental conditions at deposition (Fig 3Fairchild et al., 2006b).

The measurement of isotopic ratios is the mosulaogype of geochemical investigations

performed on speleothems (Fairchild et al., 2006h)rthermore, speleothems capture

3 o C surface-derived dust, pollen and
[ : Temperature

organic acids which are sequentially

Climatic signal| deposited. These properties  of

[]
[l
. [

e ‘ "¢ *s.. Rainfall speleothems allow for the correlation
_ V with events on the land surface above
Soilwater _
\ the cave (White, 2007). Formerly,
Karst aquifer paleoclimate scientists tried to use
/ speleothems for reconstructing
Dripwater
paleotemperature. Today, speleothems
A f"‘\{ are mainly used to estimate the timing
H
| Speleothem and duration of major O- or C-isotope
Sr AV . | |
W‘ P defined climate and environmental
P
VAV events (McDermott, 2004). In terms of

paleoclimate reconstructions, various
Fig. 3.2.Transfer of climate and environmental

signals and their registration in the

speleothems (Fairchild et al., 2006b).

aspects of speleothem growth can be consideredo®imhatic information can be extracted
by measuring the thickness of annual growth lamgmawth-rate changes, presence/absence
of speleothem growth, stable isotope ratios andatians in trace element ratios, colour
banding and luminescence banding. The analysisesfkt different aspects provides scientists
with an insight into different climate-driven pr@ses in the past (White, 2007).

The following climatic features can be captured dpeleothems: changes in mean annual
temperature, rainfall variability, atmospheric dilation changes and vegetation responses
(McDermott, 2004). The soil water is responsibletfee transport of the dissolved carbonate

to the speleothems and can be affected by externalernal forcings (Fairchild et al., 2006a).
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Besides the external forcing, there are also ssuo€enternal modifications induced by the
ecosystem, soil, karst aquifer and cave environrfteaitchild et al., 2006a). For example, the
soil influences the amount of discharge to the @awkthe geochemical properties of the soil
water. The soil water is only one fraction of théat annual precipitation. The other fraction
of precipitation is lost due to evaporation, suefacunoff, transpiration and canopy
interception (Fetter, 1994). Modifications inducéy the karst aquifer and the cave
environment can have an influence on the water fi@iiaviour (Fairchild et al., 2006a).
Different transit times of the waters through trersk system arise because of the complex
build-up of the karst body with three different appng flow systems. The water flows
through the body using conduits, fractures or thevasive matrix, leading to a mixing of
recharged waters and therefore to a smoothingedf ) signal of soilwater (Fairchild et al.,
2006a). Thus, waters undergo individual mixing dmnss on their way to the cave;
consequently, the climate signal is smoothenedcantkins probably an isotopic mixture of
different climatic events (Fairchild et al., 2006&he precipitation of carbonates within the
cave is associated with an isotope fractionatioiwéen the gaseous and the liquid phase,
which is temperature-dependent. The lighter oxygetopes prefer the gaseous phase and
this leads to last an enrichment of the heaviegoses in the carbonates (Hendy, 1971). The
fractionation between the water and the calciteayes -0.22%./°C (Epstein et al., 1953).

To improve the understanding of the processesantfling the original climate signal, studies
of the cave-specific processes of infiltration wloouting, drip seasonality, saturation state

and cave microclimate have to be carried out (Leeth8009).
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3.13 Stalagmite So-17A

Prof. Dr. Dominik Fleitmann and his group from thestitute of Geological Sciences,
University of Bern, collected new stalagmites fr&ofular Cave during a field trip in the end
of the year 2008. Stalagmite So-17 was one of abwamples and showed an interesting
growth history. So-17A forms one part of a threet-gtalagmite (Fig. 3.3). The growth of So-

17 was possibly interrupted by several seismic esvig. 3.3.).

Fig. 3.3.Stalagmite So-17A in is original position withimet Sofular cave (left; picture mady

by Fleitmann) and its cross-section (right).

Stalagmite So-17A began to grow approximately 12&® BP and was probably overthrown

by the impact of a seismic event at around 86 ka Afrwards, stalagmite So-17B was

formed on the backside part of the fallen stalagrBib-17A. A next seismic event may also
have interrupted the growth of So-17B (upper parnissing). The growth of stalagmite So-
17B extended from 82.23 to 77.15 ka BP. However,diip water source remained constant
and led to a continuation of stalagmite growth ke form of stalagmite So-17C. This

stalagmite was also formed on the tail of So-174 eontinued its growth up to the year 65
ka BP. However, this age is not very certain, beeanf some age dating problems.

The stalagmite So-17A has a height of 100.4 cmaaddmeter of approximately 10 cm. The
diameter is nearly constant over the whole heidlh® stalagmite. (Fig. 3.3.). The stalagmite
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is built up of dense calcite minerals. The ovei@iin is cylindrical with a possible dislocation

of the drip source in the span of approximately®@Bka BP.
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3.2 URANIUM-THORIUM DATING
3.21 Theory

The growing interest in speleothems as climateiaeshwas mainly encouraged due to the
positive progresses in the field of the uraniumrdatmethod (U-Th hereinafter). The
advantages gained from these progresses are a lagheracy of ages (uncertainty of 0.1-
0.4%) and a use of smaller sample sizes. The sasigas were reduced from a weight of 10-
100 grams (g) to 10-500 milligrams (mg) (Goldstamd Stirling, 2003). The U-Th dating
method produces absolute ages and therefore noadieation is required. Furthermore, this
method is applicable for samples back to 500 kaTB#s is considerablfurther back in time
compared to th&C method (Richards and Dorale, 2003).

The U-Th dating method is based on the decay ofr¢hetive, long-living parent isotopes
238 and***U to stable daughter isotop®8Pb,?*’Pb and?®®Pb. The stable lead conditions are
achieved by 6, 7 and & decays respectively and several intermediatendy-decays (Fig.
3.4) (Van Calsteren and Thomas, 2006).

o
®—: -
4.58 By

Ay /B

234Pa
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3 e 206
245 kyr 75.4 kyr ] * B (stable)

Fig. 3.4.The decay chain of uranium (from Fankhauser e2@Dg

Most of the isotopes in this decay chain are slwett species. However, there are two long-
living isotopes®**U and®*°Th with half-life times of 248 ka and 75.2 ka resipeely (White,
2007). Several ratios from the uranium decay seesused for dating purposes. The ratio
#1paf*U can be applied to time periods of 0-200 ka (Edwaet al., 1997), U-Pb dating is
appropriate for calcite samples with high uraniumd aninimal lead content (Richards et al.,
1998) andU/?* disequilibrium dating is used for low-precision age500ka (Ludwig et
al., 1992). The main calcite-dating method whick haen used in the last decades is mainly
based on the ratio betwe&iU and**°Th (Gascoyne, 1992).
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The decay of parent isotopes into daughter isota@as be described by the following
equation:
N = pe”

N = number of parent isotopes today, P = numbguanént isotopes present at the time of
formation, t = time since the formatioi, = decay constant, e = base of the natural
logarithmus (Van Calsteren and Thomas, 2006).

After about six half-lives, the decay-system reacaesecular equilibrium (activity (decay per
unit time) ratio = 1). The six half-lives are cdlied from an intermediate isotope in a decay
chain with the longest half-life (Bourdon et alQ03). In a recently deposited calcite mineral
the activity ratio between the parent and the dargiuclide is zero, due to the initial absence
of daughter nuclides (Van Calsteren and Thomas60lhis equilibrium is defined by an
equal decay rate of all nuclides within a chainthiis equilibrium phase, the isotopic ratios of
the nuclides are equal to the ratios of their dexmstants (Van Calsteren and Thomas, 2006).
The U-Th dating method is dependent on a fractionaprocess separating the parent
uranium isotopes from the long-lived daughter ipess>'Pa and*°Th (Richards and Dorale,
2003). The separation process is started by weathef rocks and minerals. The uranium
within these rocks and minerals is leached andsparted in the form of the aqueous species
UO,(COs)s* (Fairchild et al., 2006b). In many cases, the,t}0on is attached to carbonic or
humic acid complexes during its transport (Van @aén and Thomas, 2006). In the case of
speleothems, the water with the dissolved urani@achies cave environments where
precipitation of carbonates takes place. The urangithen incorporated into the CagCar
stalagmites. Conversely, thorium is very partidaative. The dissolution of a small amount
of thorium in water is directly followed by its precipitation of certain particulate matters
(Van Calsteren and Thomas, 2006). Therefore, tharddge of this dating method is that the
daughter product Th is not soluble in water anthesefore incorporated in speleothems in
not-carbonate phases only (Fairchild et al., 200@lne calcite contains several tens to
hundreds of parts per million of uranium, but nortm (Fairchild et al., 2006a). It is also
important, that there is no accumulation or losparent/daughter nuclides after the formation
(Richards and Dorale, 2003). The radiometric clefflctively starts at time point zero (Van
Calsteren and Thomas, 2006). Consequently, théuthahat accumulates within the calcite
carbonate allows a direct derivation of the agessga since the deposition of the calcite
(White, 2007). If there is a contamination of tlengle with initial Th, this can be corrected
with knowledge of the initiaP°Th/”**Th ratio. If the concentration o¥**Th is high, a

contamination with initiaP*°Th has to be assumed (Richards and Dorale, 2003).
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Landscapes are divided into uranium-rich and urarpoor reservoirs formed by uranium-
rich rocks and young strata respectively (Gasco$882). The average uranium content in
sedimentary rocks varies between 2 and 4-10 miarogper gram (g/g). Normally, the
uranium content of the soil is lower than the unamicontent of the host rock. However, this
also depends on the soil type and its maturity (€alsteren and Thomas, 2006). The average
abundances of uranium and thorium in the earthimental crust are 1.4g/g and 8.5ug/g
respectively (Richards and Dorale, 2003). Gener#ily concentration of uranium in meteoric
water lies between 0.01-100 microgram per lifrg/l} and depends on the following factors:
ionization potential, pH of water, uranium concatitn and solubility of mineral phases in
host rocks, interaction time of water and rock a&hd abundance of complex ligands
(Richards and Dorale, 2003).

The accuracy of the U-Th dating method is dependerthe amount of uranium incorporated
in stalagmites. The upper age limit which can H@ea®d with this dating method is 500 ka.
The obtained ages should be in chronology withsthgcture of the stalagmite. Otherwise, it
should be assumed, that a remineralisation or #gapunation by nuclides has taken place

during the growth of the stalagmite (Gasgoyne, 1992

40



3.2 URANIUM-THORIUM DATING

3.22 Sample preparation

The process of U-Th dating method was carried m@everal steps: drilling of the samples,
chemical separation of the elements of interestfanadly the determination of the elements
in the mass spectrometer.

The U-Th dating method begins with drilling a saenpf 100 — 400 mg, whereas sample size
depends on the uranium content. The samples ardynaailled at the centre of the stalagmite
and along the orientation of a lamina, becauselaméa over the width of the stalagmite is
often deposited at the same time. The drilling@f13A was performed with a dentist drill.

In a next step, chemical separation is performesefmarate the elements of interest (in this
case U and Th) and to remove matrix elements (yada) of the probe (Goldstein and
Stirling, 2003). Therefore, the samples have toseparated into a uranium and thorium
fraction for subsequent analysis in the multi-cdibe inductively coupled plasma mass
spectrometer (MC-ICP-MS).

First, the powdered samples are spiked with mf%&h- 2, this spike works as a standard
for the analysis and can be also used to evalbateftectiveness of the chemical separation.
Subsequently, the sample is dissolved in 6.4 M H&porated to dryness and again
dissolved in 7.5 M HN@ Then, the sample is again taken to dryness. Wéels, the
samples are loaded on conditioned (with 0.5 and HNO3) columns filled with anion
exchanging resin (4501 U-TEVA and 120ul DOWEX). If present, the organic material is
removed by rinsing of the columns with 7M HRIOn a first separation, a pure Th fraction
and an impure U fraction are produced by flushireggample within the column with 2 times
2ml 5M HNG;. In the same column, the impure U fraction is fpedi with 2 times 2ml 0.5M
HCI. Then, the sample is again dried on a heatleghent. At the end, organic impurities
from the resins are removed from the samples bgadrhent in a low pressure oxygen plasma
(further details provided by Fleitmann et al., 20B@nkhauser et al., 2008).
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3.23 Measurement and Calculations

Measurement

The U-Th dating method was carried out with a Nstriment§ multi-collector inductively
coupled plasma- mass spectrometer (MC-ICP-MS).

Mass spectrometers are mainly used to quantitgtidetect the contents of interest in a
sample (Brand, 2004). The results of the analygigeative masses/abundances of different
isotopes. A mass spectrometer consists of thewollp parts: an inlet system, an ion source,
an analyzer for ion separation and a detector darregistration (Fig 3.5.; Goldstein and
Stirling, 2003).

Faraday cups
(Detection

Magnet deflection

vV V VvV | Amplifier

lon sourc Ratio

output

Inlet syster

Fig. 3.5.Basic construction of a mass spectrometer (addpigdRevesz et al., 2001).

The MC-ICP-MS combines the ionisation efficiencyasf ICP with a magnetic sector and

multiple faraday cups (Rehkamper et al., 2001).hwhte high temperatures achieved in the
plasma source, nearly all elements can be ionineggured). The sample solutions are
transported by a carrier gas (eg. Ar), pass thrdahghnlet system and are then ionized in the
plasma (Rehkamper et al., 2001). Further on, thzéal components are accelerated by the
conductive potential of the plasma and transfen@dhe magnetic sector of the mass
spectrometer. The magnetic sector separates theingrrbeam into several beams

(Rehkamper et al., 2001). The isotopes are sephatatevariable magnetic deflection of
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isotopes due to differences in mass and chargeen@r2004). At the end, the different
isotopes are detected by faraday cups or ion cmiirteaccordance to their different masses
(Goldstein and Stirling, 2003). Isotope ratios amainly declared as deviations from the
reference gas, to which the sample gas is compaltethe time during the measuring
procedure (Brand, 2004). The today’s mass spectaymare equipped at least with three
faraday cups. The ratios need some correctionseaénd, because of memory, background
and other effects (Brand, 2004). Details aboutldfiEh dating method on a Nu Instruméhts
MC-ICP-MS can be found in the studies of Fleitmanal., (2007/2009).

Calculation
The age calculations are carried out in the waffaskhauser et al. 2008 mentioned in her
master thesis. The calculations are made with goaten program working with an equation

from Kaufman and Broecker 1965. The equation iareyed in the following way:
Z07hA4 = [1-e22300C3UrP38U)] + [1- 1/E3UIP3U)* 123010230 -1234)*[1-e-(.2301234)1]

In the case of a contamination of the sample bialin?°Th, an additional term has to be

added to get a reasonable age.
20rnA4y = BT ), e2230t+ [above]

The initial 2°Th/?**U content can be estimated with the meas’réth/?*®U ratio and an
assumed>*Th/~%U ratio of the source material (mean value fromdiiphere). Tha-value is
the decay constant of the individual isotopes, testdnds for time (see also Fig. 3.4).

To obtain an adequate age from the equation, tbeareplaced with different ages and the
resulting ratios can be compared with the data.tieropossibility is to use the graph of
Schwarcz 1979 (Fankhauser et al., 2008).

The age uncertainties lie in a range of 0.25-2 %hefabsolute age and the main error sources
are inhomogeneity of the sample, the cleanlinegb@fample preparation and the precision
of the mass spectrometer measurement (Spotl, 2002/2and references therein).
Furthermore, the accuracy depends also on the Wdeotration of the sample. The age
uncertainty for a young speleothem with low U contean be in a range of 5-10% of the
absolute age, because the Th concentration is tbotee detection limit (Fleitmann et al.,
2008).
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3.3 STABLE ISOTOPES
3.31 Theory

General Characteristic

The term ‘isotope’ originates from the Greek larggiand means ‘equal places’. This term
refers to the periodic table where two isotopesupgdhe same position. Isotopes are atoms
which contain the same number of protons in thealei but a different number of neutrons.
Isotopes are often written in the foffRE where ‘m’ declares the mass number (the sum of
the weight of protons and neutrons) and ‘n’ indésathe average weight of an element of all
contributing isotopes (and the position in the @&ic table). As the name of stable isotopes
indicates, the isotopes remain stable during thifetime and do not show any radioactive

decay (following chapters based on Hoefs, 2009).

Isotope effects

Isotope effects can be initiated by differenceplysical properties caused by variations in
the atomic mass of an element. The chemical andigdiyproperties of an element are often
regulated by its electronic structure and the ruglespectively. Consequently, the chemical
behaviour of an element remains more or less staalause all isotopes of an element have a
constant number of electrons. Physical separattansoccur due to differences in physical
properties of isotopes. The achieved energy lelé&he molecule depends on the vibrational
frequency of the atoms with respect to another. flinelamental vibrational frequency of a
molecule is a function of the mass of its isotopdsavy isotopes have a smaller vibrational
frequency than lighter isotopes and therefore adlemaero-point energy. As a result, bonds
including lighter isotopes are much weaker, thandsobuilt up by heavier isotopes. In other
words, for a dissociation of a bond, a smaller amai energy is needed in the case of light
isotopes. Among all elements, especially the lighes are affected by mass differences,

which are induced by changes in the isotopical amsitipn (Hoefs, 2009).

Isotope Fractionation Processes

An isotope fractionation is produced by changesofapic ratios due physical isotopic effects
(Hoefs, 2009). The result is depletion or accunmmtaibf isotopes relative to others in a
sample (Spo6tl, 2001/2002 and references thereiifferBnt intense chemical bonds within a
molecule lead to a diversity of reactions of is@®[n physical processes. Consequently, the
redistribution of isotopes is dependent on theiterimal energies. These energies are

translation energy, rotation energy and vibratioeaérgy. Vibrational energy is the most
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important one, having inverse proportionality te fhass (Spotl, 2001/2002 and references
therein).
The fundamental processes for the incidence obpeofractionations are equilibrium isotope

distributions and kinetic processes (Hoefs, 2009).

Equilibrium isotope distribution

Equilibrium processes (for example condensatiomwater vapour) are defined as processes
during which no net reaction of isotope exchangsvéeen different phases (A,B) takes place
(Hoefs, 2009). Velocities of such reactions areagquboth direction of the reaction equation,
with only small isotopic fractionations (Spétl, 202002 and references therein).
Consequently, the ratio of two proportions of ig@e (1,2, molar ratios) in the different
phases remains stable during the exchange readgopslibrium constant = K, following
equation). In geology, the equilibrium constantmhadepends on temperature (Hoefs, 2009).

Equilibrium fractionation in relation to depositiaf speleothems occurs most likely under
conditions far from the entrance of a cave whemmillity and CQ-content of cave air are
high (Fairchild et al., 2006b).

As a control for equilibrium deposition of the siginite, the ‘Hendy-test’ is applied (Hendy,
1971). The test acts in the following way. It isecked whether th&*?0 stays constant and
the 8*°C varies along a single growth layer of a stalagmiit is important, that there is no
correlation between these two isotope ratios. éséhtwo conditions are fulfilled, it can be
assumed that the speleothem was deposited unddibegon circumstances (McDermott,
2004). An alternative control of equilibrium depomn is the analysis of several stalagmites
from the same cave. The kinetic fractionation cambglected, if a good reproducibility is

realized (pers. communication Dominik Fleitmann).

Disequilibrium fractionation (Kinetic processes)

A second type of isotope effects is produced bytkinprocesses. These processes are fast,
unidirectional and incomplete (Spo6tl, 2001/2002 aef¢rences therein). If isotopes do not
reach an equilibrium state, the lighter isotopesuauilate in the product phase. The reason

for this behaviour is, as it was described beftirat the lighter isotopes are more reactive due
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to their weaker bonds and higher vibrational eng&potl, 2001/2002 and references therein).
Consequently, the educts are enriched with he@&dtopes. Examples of these processes are
diffusion, evaporation and biologically mediatecaactons (Hoefs, 2009). Diffusion is an
exchange of isotopes forced by concentration diffees. Isotopes have different velocities
due to mass differences and thus produce a frattomn (Spotl, 2001/2002 and references
therein).

Evaporation is a process of transferring substafroas fluidic to gaseous phases. During this
process, the lighter isotopes favourably changettase and thus are enriched in the gaseous
phase. Alternatively, the heavier isotopes accutauia the fluid (Spotl, 2001/2002 and
references therein).

Organisms produce biologically mediated reactiomslucing disequilibrium isotope
redistributions. This holds true for the isotopegolved in metabolic processes. For example,
plants prefer to take ulfCO; instead of-*CO, and induce a fractionation of the C-isotopes
(Spotl, 2001/2002 and references therein).

Fractionation Factor

The equilibrium constant K is often substituted tye fractionation factom, which is
displayed in the following equation. The equatitwoss the general fractionation factor and
its application to the fractionation between wadad calcium carbonate. The values qf R

and Ry denote the isotopic ratios of any two isotopeswia different phases (A,B) (Hoefs,

2009). ( 150

Ra @) L
Opn_B = —. aCaCO;—H,0 = CaCOs3

ISO
Re (%)qu

The Delta Value §)
Isotopic ratios are mainly indicated in the form d#lta-¢) values. The advantage of this

notation is the indication of isotopes in theiratele abundance. The resulting values are in
a %oform (per mil, parts per thousand). The delta tiotais calculated by the comparison of
an isotope ratio to a standard (Spoétl, 2001/20G2 raferences therein). These delta-values
are also attained from stable isotope measurentant®d out in the mass spectrometer and
are defined in the following way (Hoefs, 2009):
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Sg = . 10° (%)

st

A higher delta-value shows that the fraction of Heavier isotope in the sample is higher

compared to the standard ratio (Hoefs, 2009).
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3.32 Stable isotope measurement

The isotope measurements were all performed atinbitute of Geological Sciences,
University of Berne. The stable isotope laboratisrgquipped with a Thermo Finnigan Delta
V Advantage mass spectrometer with an automatedonate preparation system (Gas-
Bench-I11) (Fleitmann et al., 2009).

Prior to the isotope measurement, samples wereapgepthe following way: First, the
stalagmite, which has been broken into a few pietebout 25-30cm length, was sliced and
polished. To obtain the carbonate samples (150u800eight) for the stable isotope analysis,
the stalagmite was drilled along its growth axisimbervals of 0.75 mm. The drilling
resolution is primarily dependent on possible samgpthroughput in the laboratory. The
resulting carbonate samples are measured by usgag &ource mass spectrometer. During
the measurement process, the samples were flusitiedhelium to remove the ambient @O
and waterand thereby to avoid any background effects. Thene needle injects
orthophosphoric acid which reacts with the carbensample in the tube. This step is
necessary to release the £ the sample (Spdétl, 2001/2002 and referencesitierThe
resulting gas mixture is then taken up by the samgpheedle and transferred to the mass
spectrometer. After the process of separating tig(@easured gas) from the other gases, the
final step is the measurement of the isotope raifas®0 ands**C. The measured Ghas
the same&™*C signature as the calcite of the sample (Sp8@12D02 and references therein).
From the three O-atoms of the calcite, only twah&m are transferred with the € the
measuring device. Consequently, a fractionaticlaksg place; with a constant temperature,
however, the fractionation factor remains stablee Tractionation factor from CQo calcite

iS: 0 cozcacid.60 * 102 *T (°K)? + 1.003943. This equation varies between different
carbonate minerals. The calibration of the masstepmeter is often done by internal
standards (reference materials; Spétl, 2001/2062eferences therein).

The analytical accuracy of the isotopes is dependerthe homogeneity of the sample, the
cleanliness of the preparation and the precisiothefMS-measurement (Spdétl, 2001/2002
and references therein).

The key information which is desired to be extrddi@m the isotope measurements is the
ratios of **0/*°0 and**C/**C compared to an international standard (Lachr@@9). For
carbonate samples, the standard used for the cmopas the Vienna PeeDee Belemnite
(VPDB), a Belemnite of the Pee Dee Formation. Ttiergists who are interested in water
samples use the Vienna Standard Mean Ocean Wa8M@W) for the isotope analysis
(Lachniet, 2009). Thé'®0 values of the VSMOW- and VPDB- standards arengeffiby
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convention to be zero. Therefore, all #80 sample-values are declared as deviations from
the standards. Consequently, higher values showacaomulation of'®0 isotopes in the
sample. The conversion between the two standaml$¥eaalculated by using the following
formula (Lachniet, 2009):

6'180spmow = 1.03091(6'80ppg) + 30.91

6'%0ppg = 0.97002(6'3Oyspmow) — 29.98
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3.33  $'%0 and "°C signals in Paleoclimate

%0 signal

Variations in3*®0 of speleothem calcite are the result of compteeractions of different
environmental factors. These complex controls cese drom processes in the following parts
of the environment: ocean, atmosphere, soil zopi&aest and cave system (Lachniet, 2009).
Some of these processes are described in detaihhaéer.

The equilibrium fractionation processes are basethe Rayleigh distillation law. It explains
the change in the isotopic composition between pivases (e.g., vapour and liquid phase) if
one phase is continuously removed from the syskmexample, during rainout processes,
the *°0 isotopes preferentially change into the condémsathase, whereas the vapour phase
is depleted in heavier isotopes (Clark and Fri@g7).

Under equilibrium conditions thé*®0 of speleothems only depend on %O of the
dripwater and the cave temperature (Epstein e1@h3). The cave temperature at the time of
deposition influences the oxygen fractionation lestw the water and the calcite with a
gradient of -0.22%./°C at 20°C (Epstein et al., 199%e5'°0 of the dripwater is influenced
by the different effects of the global water cy¢lRozanski et al., 1993). These effects
predominate the temperature-dependent fractionatituming calcite precipitation in
magnitude (Lachniet, 2009). There are a lot of @sges altering the original climate signal
on its way to the stalagmite. T1%0 signal of water is in the hydrological cycle migin
controlled by phase changes, due to kinetic andilequm processes (Dansgaard, 1954). The
starting point of the hydrological cycle of the #ais the ocean, also termed as the ‘bulk of
the earth evaporation’. For the interpretationhef paleoclimatic signal, information about the

local and regional hydrology and climatology areassary (Lachniet, 2009).

Temperature effect

Largest variations in the isotopic composition cégipitation are related to evaporation and
condensation processes of the atmospheric air ;éSse, 1996). If the condensation process
runs as equilibrium fractionation, air temperat@rloud base temperature) is the dominant
factor influencing the isotopic fractionation presebetween the cloud and the raindrop (Gat,
1996). Consequently, the isotopic composition @cppitation at a specific location can be

correlated to the surface air temperature (Gat,6l98or example, the heavier isotopes
preferentially accumulate in the raindrops leavihg cloud. The lighter isotopes remain in

the vapour phase (Gat, 1996).
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3.3 STABLE ISOTOPES

The mean annual temperature at a given locatiposgtively correlated with the meah®0
value of the local precipitation. This correlatisrapproximately +0.59%o £0.09%o per °C for
mid- to high-latitude locations (Rozanski et al993). Consequently, a higher mean
temperature leads to a higlefO value in the local precipitation. This can alsosoipported

by rainfall measurements above Sofular cave. Figgi® shows that highest*°O in
precipitation is achieved during summertime, whaghést temperatures are expected in the

Black Sea region (Fig. 3.6.).
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Fig. 3.6. 5'%0 (VSMOW) rainfall measurements in a one year cyatbeve Sofular cave
(modified after Gokturk, unpubl. data).

The exact correlation coefficient between tempeeatand thed'®0 of precipitation is

location-dependent (Lachniet, 2009).

Altitude effect

The §'°0 of water vapour decreases with increasing akitutir masses approaching an

orographic ridge are forced to rise and rain outoesgraphic rain. The heavier oxygen

isotopes are, according to the law of the Rayleiighillation, the first ones leaving the cloud.

The remaining air masses are therefore depletéeawier isotopes (Clark and Fritz, 1997).
The altitude effect has a gradient of -0.2 to -0.8%@ per 100m (McDermott et al., 1999).

A reinforcement of this effect occurs, if raindrdpsve to fall from a high altitude through a

warmer air mass-column. These raindrops are reesatgl in the air-column. For this reason,

the longer falling rain is enriched with heavy mos (Rozanski et al., 1993).
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Latitude effect

The main reservoirs for moisture are located ineifpgatorial region, where the air masses are
transported by atmospheric circulation systems is¢weral directions. The air masses
travelling in poleward directions are increasingigpleted in heavier isotopes with growing
distance to the equator. This is because of theatey rainout events of the air masses on
their way over the continents. These rainouts Volkhe law of the Rayleigh distillation.
Consequently, the rain composition changes witheasing latitude (Clark and Fritz, 1997).
The ice sheets on the poles are mainly built upcefcontaining light oxygen isotopes,
whereas the isotopic composition of precipitatidnttee equator is equal to the isotopic
composition of the Sea ( Spotl, 2001/2002 and esiezs therein).

Continental effect

The continental effect describes the decrease @fideisotopes within the air masses with
the increasing distance from the ocean. This phenom occurs for the reason that air
masses cool progressively towards the interiothefdontinent. The raindrops composed of

heavier isotopes leave the cloud earlier by raiewents (Clark and Fritz, 1997).

Amount effect

This effect mainly arises in the lower mid-latitgdend tropical monsoon-regions (Gat, 2001).
During light rains raindrops are favourably evapedabelow the cloud base and consequently
the rain arriving at the surface is enriched®-isotopes (Lykoudis et al., 2009). Conversely,
heavy rains are less affected by evaporation effedhin the air column and therefore to a
decreasing influence on the amount effect (Lykoedtlial., 2009).

The amount effect describes a decrease o8'fi@ of rainfall with an increase in the amount
of rainfall. This phenomenon occurs mainly in theptcal regions, where deep convective
systems often prevail (Lachniet, 20080 values of different records rise with a gradiet
-2- -3%0 per 100 millimetre increase in monthly ambof rain in Barbados (Jones et al.,
2000).

Source effect

Air masses originating from different moisture sms may have differe®®0 signatures.
The reason for this is that air masses from diffecBrections are controlled by different air
mass histories. This effect can also occur in aafseélirection changes of storm tracks
(Rozanski et al., 1993).
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Seasonal effect

In general, winter precipitation is isotopicallgliter than summer precipitation, due to the
above mentioned temperature effect. As an examgatinental regions show higher
seasonal variations in temperatures than otheomegtlo. This consequently also leads to
higher seasonal isotopic amplitudes (Clark andzF1i997).

Ice volume effect

On glacial timescales, the ice volume effect hasrdinence on thes'®0 composition of
oceans. The formation of the ice sheets resulisatopically heavier ocean water, because
the *°O-isotopes are evaporating faster and accumulateritinental ice sheets (Jex et al.,
2009). The melting of ice sheets leads to a deergrthed™®0 of seas by a value of -1.2%o
(Frumkin et al., 1999).

Additional factors influencing th&'?0 of water vapour on its way to the cave are aiistnce
differences, evaporative enrichment at the surégukarst zone, complex mixing histories
(McDermott, 2004).

Within the soil aquifer, further modifications ohed isotopic signal take place. These

processes were already discussed in this mastas thehe section 3.12.

%0 signal of Sofular cave

From a previous study of Fleitmann et al. 2009re¢he evidence that the decadal/centennial
(for example: DO-cycles) variations in thO of stalagmites from Sofular cave are mainly
induced by changes in air temperature and seagpoéjrecipitation (Fleitmann et al., 2009).
On longer time-scales, t13%0 of Sofular stalagmites are principally controllgdchanges in
the Black Sea surface waters. This is proven bynaparison between data of stalagmites and
marine cores from the Black Sea (Fleitmann eal09)

813C profile

The 5'°C of stalagmite calcite mainly depends on 81 of dissolved inorganic carbon
(DIC) of drip water, growth rates of plants (Turn&882), exchanges with the gaseous phase
and the supersaturation state of the water witpeasto calcium carbonate (Richards and
Dorale, 2003). The carbon dissolved in drip watenssists of atmospheric GGoil CGQ and
dissolution of the karstic host rock (Fairchildagt 2006b). Thé'C of calcite is isotopically
heavier than the gaseous £y approximately 10%o0, due to several fractionafwacesses
(eg. during the dissolution of GQOdissociation in HC® or CQ?> and precipitation of
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CaCQ). The main fractionation takes place during thesdlution of the carbonate host rock
(Clark and Fritz, 1997). Compared to the atmospl@&De concentrations are considerably
higher. There are two sources of soil £@ot respiration and microbial decomposition of
organic substances (soil organic matter (SOM)). P@&O, changes seasonally due to
fluctuations in soil activity (Clark and Fritz, 18P For example, if the pCf soil decreases
in winter due to a smaller soil activity, tHe&°C values increase and vice versa (Spétl,
2001/2002 and therein). TI&C of soil CQ is closely related to the type (photosynthetic
pathway) and density of vegetation above—@&getation (Calvin cycle) is mainly built up of
trees and plants growing in the higher and middtiudes (McDermott, 2004). Theit*C
signature varies between -26 - -20%. (VPDB). Inagialites below a C3-plant community,
the 5'3C fluctuates between -14 to -6 %o (VPDB) (McDermc04). In order not to
misinterpret the data, all the possible fracticoratprocesses have to be carefully observed
(McDermott et al., 2006).

C4-vegetation (grasses, sedges; Hatch-Slack cigclg)ecialised to survive in dry and open
ecosystems like tropical and temperate grasslamase(information about C4/C3-plants is
provided by Clark and Fritz, 1997). Big maize, $ang and sugarcane belong to the group of
C4-plants with as'®C between -13 to -12%. (VPDB) (Spétl, 2001/2002 ahdrein).
Stalagmites under a C4-plant dominated plant conitjmhave a5**C signature between -6 to
+2 %o (VPDB). After the wilting of the plants, the¥C signature gets into the soil and
ground water (McDermott, 2004).

In general, the lighter C-isotopes in speleothengrate from soil CQ, whereas the heavier
carbon isotopes are dissolved from limestone bédiidcDermott et al., 2006).

The §'3C profile of stalagmites from Sofular cave is mgirdontrolled by the type of
vegetation, the density of vegetation and the adrobial activity (Fleitmann et al., 2009).
For example, warmer and wetter climatic conditirmaild lead to a higher proportion of C3-
plants within the vegetation, to more dense vegetaind to enhanced soil productivity.
Consequently, thé'*C in deposited stalagmites decreases (Fleitmaral.,e2009). These
factors themselves depend on the effective moistndethe ambient temperature.

The 8*3C for C3 and C4-plants in the Sofular stalagmites 42% and -6%. (VPDB)
respectively. Today, thé™C signature varies around a value of about -10%.DB)P
(Fleitmann et al., 2009).
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4  CHAPTER FOUR - RESULTS

41 URANIUM-THORIUM DATING

Thirteen U-Th dates were performed along the graaik of stalagmite So-17A (Table 4.1.).
The stalagmite grew continuously from an age of22.96 ka BP to + 86.19 ka BP. Age
uncertainties lie in a range of 230 to 420 yeaading to an uncertainty of only 0.22 — 0.34%.
The measurements were all performed at the Depattok Geology and Geophysics,
University of Minnesota, USA. All ages are in chotogical order (Tab. 4.1.), indicating that
an alteration after the deposition can be excludaged on the results of the U-Th dating, a
precise age model could be constructed, which sed@n a linear interpolation of the ages
between the measurements. The aim of this age med& achieve an attribution of
environmental events to a certain age (Fankhausér 2008).

The age-depth profile of the stalagmite So-17Aispldyed in Fig. 4.1.. The growth history of
the stalagmite So-17A reveals 13 periods of changrowth velocities.

For example, the interval between the two age-datM5 and M6 includes a span of about
15 ka. However, the distance covered by this tier@og is the shortest on the stalagmite; this

can be explained by a slow growth-rate during pihiase. Afterwards, the growth rate

Sample Nanr Depth Age + Uncertainty * Uncertainty = Growth rate in the

[mm] [ka] [ka] [%0] Age model
[mm yr]

So-17A M1 16.1 86.46 0.238 0.28 0.057
So0-17A M2 267.3 90.81 0.230 0.25 0.034
So-17A M7 396 94.65 0.208 0.22 0.031
So-17A M3 533.9 98.99 0.299 0.30 0.037
So-17A M8 580 100.25 0.246 0.25 0.033
So-17A M9 650 102.37 0.230 0.22 0.036
So0-17A M10 757 105.31 0.268 0.25 0.025
So-17A M4 822.7 107.88 0.369 0.34 0.011
So-17A M5 831.9 108.72 0.299 0.28 0.020
So-17A M11 862 110.23 0.266 0.24 0.009
So-17A M12 916 116.40 0.320 0.27 0.045
So-17A M13 922 116.54 0.321 0.28 0.012
So-17A M6 995.1 122.26 0.416 0.34 0.012

Tab. 4.1 Summary of the obtained U-Th ages.
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increased. The growth rates are determined by tingbar of performed age measurements.
Therefore, real growth rates cannot be establisimethe basis of 13 U-Th dates. The growth
history can only be divided into different timeste
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Fig. 4.1. Age-depth model: Growth history of stalagmite S@&with its U-Th ages and the

calculated growth rates.
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Fig. 4.2 Resultings'®0 ands*C values of the stable isotope measurements

A total of 1306 samples have been drilled fromagjalite So-17A for stable isotope analysis.
The drilling has been carried out with a continuoesolution of 0.75mm. The figure 4.2
shows the result of the stable isotope measurenvamth were performed by using a gas
source mass spectrometer (see chapter 3.32 foefudetails). All isotope values are denoted
relative to the VPDB standard. The average tempesalution of the So-17A isotope profile
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is 28.2 years. Depending on the growth rate, timpteal resolution of stalagmite So-17A lies
within a range of 13.2 and 88.16 years. B of stalagmite So-17A varies between a
minimal value of -11.04%. and a maximal value of983%.. This adds up to an overall
variation of the3*?0 in the range of 4.06%. during the observed per@derall, the main
pattern produced by the data is a two-fold undudadlistribution 0%*20 values.

The results of thé'*C measurement do not show such a clear patterns*f@eof So-17A
lies within a maximal value of -5.95%. and a minimellue of -10.3%.. This leads to a
variation in the range of 4%. which is approximateélg same overall variance as in 8120
profile (Fig. 4.2.). However, th&>C shows faster changes over short time spans whérea
880 varies within a small range looking at short pési

The first peak in thé'®0 of So-17A is located between 122.90 ka BP andospately 110
ka BP. The culmination point of this first peaksliaround 117 ka BP. After this point, a
decrease i'°0 of ~-3.2%. takes place in a period ~8 ka with tifoeigh at the age of about
108.7 ka BP. Within this decrease, two small insesain thes'®0 can be recognized. These
excursions take place about 113.5 ka BP and 1HLBFK

Simultaneously, th&**C values of So-17A reach their peak just at thermgg of the record.
Afterwards, they show an abrupt decrease at ab2itkh BP, before they again achieve a
higher value of approximately -7.5%0 at 119 ka BP.

After the trough centered at 108.5 ka B¥%0 of So-17A increases over a span of
approximately 9 ka until a next maximum is reachédround 99.7 ka BP with a value of
7.95%a A small trough at ~99 ka BP follows directly thisaximum with a decrease in the
%0 of about 0.5%o. After that, the curve fluctuatesuad a certain value, before the values
continuously sink after 93 ka BP. A third smallaefraination point is recognized around 88.5
ka BP where thé'?0 again reaches the -9%. threshold. Subsequenéydhues decrease to
the end of the record.

At about 114 ka BP, a steady increase oftfi€ of So-17A starts, with the culmination point
at about 100 ka BP. During this period, one stgkevent was recorded at approximately
102ka BP, with a decrease of B1EC by nearly 3%o in a short period. Furthermore,shert-
term variation in this increase fluctuates in agewrof approximately 2%.. Afterwards, a
decrease in thé'*C can be recognized, before the values again iseraathe end of the
record, approximately 88 ka BP.

The curve of the So-173'%0 shows less variation in the region of the firsination point
than it does in the second part. Especially theeshfter the first peak continue almost in a

straight line, whereas tHg®0 following the trough show higher variation. Theotsteepest
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declining parts within thé*20 record can be found from about 117 ka BP to L8R, and
later on, from about 88.5 ka BP to the end. Thepsst increase can be detected at the
beginning of the measured period from 123 ka Bfhe¢oculmination point at 117 ka BP.

The §*°C mostly shows a uniform range of variation ovee thhole record. Probably, a
smaller amount of variation can be recognized athibginning and in the end of the record,
with the highest variability from about 115 ka BP95 ka BP. These results will be discussed
in the following chapters of this thesis.
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5.1 PALEOCLIMATIC INTERPRETATION OF THE ¢%C AND 6*%0 PROFILES

To use isotopic signals for the reconstructionrofimnmental and climate history, their main
controlling factors need to be revealed. The foltaychapter is dedicated to the estimation of
these factors.

The isotopic record of stalagmite So-17A coversaahthe entire marine isotope stage (MIS)
5. The term MIS originates frod°O sequences of marine sediments (Imbrie et al.4)198
Variations in these sequences are mainly causethdnyges i'%0 of the global ocean water
(Shackleton et al., 2003). The38O values were then used as the definition of ségtohal
ocean states. The MIS 5 lasted from approximat@ly ka BP to 71 ka BP (Imbrie et al.,
1984) and is characterized by a minimal to lowvokime (Sanchez-Goni et al., 2007). MIS
5 can be divided into MIS 5e (Eemian interglaci&l8-115 ka BP), MIS 5d (Herning stadial,
peaked 107 ka BP), MIS 5c (Brgrup interstadial;kpda99 ka BP), MIS 5b (Rederstall
stadial; peaked 87 ka BP) and the MIS 5a (Odderddestadial; peaked 80 ka BP) (Imbrie et
al., 1984). As a whole, the stalagmite So-17A ceule period from the middle MIS 5e to
the first part of the MIS 5b.

5.11 8*0

The So-17A-record can be integrated into the sth&afular cave isotopic record of the last
600 ka (Fig. 5.1.), which has already been recoostd by the group of Dominik Fleitmann.
A comparison of So-174%0 record with other time periods shows that the BéSexhibits
the most positivé 0 of the whole record. Similar values were onlyoreled at the age of
215 to 205 ka BP during the MIS 7 (chronology frombrie et al., 1984). The isotopic level
of the MIS 5d can be compared with a cold phasecxppately 280 ka BP. The achieved
880 values during MIS 5c are comparable with the @ied!S 1.

Long-term changes

The long-term variation in th&°0 of So-17A covers a range of 4kig. 5.2.). This isotopic
variance has to be explained to achieve a reasemalerpretation of the paleoclimate during
the MIS 5 in the Black Sea region.

The main factors influencing th#®0 of stalagmites are the climate-controlled vaviatin

the 5'%0 of precipitation and temperature-controlled fiamwation during calcite precipitation
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Fig. 5.1 Composite Sofular record over the last 600 ka&#®ted from Badertscher in prep). The grey baressmts the depth of the Bosphorus.
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(see chapter 3.3 for further details). It has tacbecked if these factors are also responsible
for the long-term change in th#%0 of So-17A. The fractionation during the proce$s o
calcite precipitation is temperature-dependentsTiemperature dependence is ~0.22%./°C
(Epstein et al., 1953).

The %0 difference between the MIS 5e and MIS 5d in SA-1§ about -3.5%. If this
decrease after the MIS 5e had been completely edlby the fractionation process during
the calcite precipitation, the temperature showsehdeclined about 16°C within the cave.
This is not realistic, because the temperatureimvitie cave would then have fallen below the
freezing point and these circumstances would haseepted stalagmite growth during MIS
5d. Consequently, the factor of calcite precipitatplayed only a minor role in the long-term
5'®0 changes of So-17A. The second main factor induciranges in th&'®0 of stalagmites

is the climate-controlled variation M0 of precipitation. For mid-latitude locations, the
correlation coefficient is approximately 0.59%./°Geé chapter 3.3 for further details;
Rozanski et al., 1993). For an explanation of the variation within the5'°O profile of So-
17A, the mean temperature should have changed 8 &during MIS 5. A temperature
change of about 6°C was suggested by Guiot et%9 Xor central Europe, the eastern
Mediterranean could have been exposed to less tatnpe variability due to the more
southern position. Therefore, an additional fadtas to be responsible for the first-order
changes in the So-17A record. Bar-Matthews et @032has already suggested a relation
between an Eastern Mediterranean marine isotomede@nd isotopic records of stalagmites
from caves in Israel (Bar-Matthews et al., 2003)ey argued that the Eastern Mediterranean
surface waters served as a source for the preogpitéalling above the Peqiin/Soreq caves
(Bar-Matthews et al., 2003). A similar source efffean also be established between the Black
Sea surface waters and the precipitation fallingvabSofular cave. The predominating wind
regimes lead a southward transport of air masses the Black Sea, where they take up
moisture. Later on, this moisture is precipitatedwe Sofular cave at the southern rim of the
Black Sea. Thus, any changes in the isotopic sighd&lack Sea surface waters will also
induce a change in th&®0 of local precipitation and thus in stalagniitéO (Fleitmann et al.,
2009).

Conclusively, we suggest that long-term variatiofi$*®0 in Sofular stalagmites relate to
changes in the Black Sea surface waters (soureetefleitmann et al., 2009). This argument

will be discussed in more detail in the chapter 5.2
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Fig. 5.2 Original *%0 record of So-17A (blue), the long-term changes\img average = 71
points, because of main resolution: 28 years andn@ver time of the Black Sea deep waters
of ~2000 years (Ostlund and Dryssen, 1986); bla the short-term changes of &80

record (moving average = 3 points; ~decadal vamatrange).

Short-term changes

The short-term changes within th¥0 of So-17A extend over a range of 0.25 to 0.76%g.
5.2.). The direct causes for these small amplittidenges are more complex to reveal, due to
additional factors that have to be considered.Heumore, the minimal changes within the
8'%0 can be triggered by the effect of an individweaitér. For example, a change of 0.75%o in
8'®0 can be reached by a 3.5°C change of the caveetatnpe or by a 1.3°C change of the
air temperature, whereas the latter is more likéljne positive correlation between
temperatures and*®0 in precipitation indicates that higher (lowerngeratures lead to
higher (lower)5'®0 in precipitation. Additional possible factors tmfling the short-term
variation in the5'®O of stalagmites are the seasonality of precipitatithe amount of
precipitation, changes in storm tracks and possiltleration of the signal within the karst

system. The amount effect and storm track changes minor influence on th&°0 signal
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of Sofular stalagmites. The short-term change’ i@ of stalagmites induced by interactions
within the karst system are difficult to estimafeom the quantifiable short-term factors, the
580 of Sofular stalagmites is mainly controlled byobes in seasonality of precipitation and
air temperatures on centennial to decadal timeesg#leitmann et al., 2009). If for example
the amount of precipitation increases in the summenths at the expense of winter
precipitation, the resulting stalagmis€®0 increases as summer rain is isotopically heavier
than winter rain (see chapter 3.3 for further dgt&ilark and Fritz, 1997).

The temporal resolution of the stalagmite detersiiwbich short-term effects can be revealed
and which effects are smoothed out within the kacgtifer. The resolution of a stalagmite
mainly depends on sampling intervals and growté, e latter is controlled by the drip rate
and saturation of cave drip waters with respec@atcium (Richards and Dorale, 2003). The
isotopic record of stalagmite So-17A has a meaalu@sn of approximately 28 years. This
resolution does mainly allow a minimal reconstrogtiof stable isotope events on multi-
decadal to centennial time scale. Therefore, clongtanges below a reoccurrence level of
about 20 years can most likely not be detectethénSo-17A. Though, long-term changes in
seasonality of precipitation can be detected. Binahformation that could have been
extracted from the&'?0 isotope profiles of So-17A will be discussed untee following
paragraphs of the discussion.

5.12 %C

The 5'°C record of So-17A can also be integrated into steeked Sofular cave isotopic

record of the last 600 ka (Fig. 5.1.). Over alé &°C record shows higher variability than the
8'%0 record. Thé'*C of So-17A fluctuates in a range of -7 to -10%.isTiange of variability

is quite small, compared to glacial periods (egSM) and other interglacial periods (eg. MIS
1) reaching values up to -3%. and down to -11.5%pee8vely. Similar values as in So-17A

were recorded at the age of 215 to 180 ka BP duhi@dvIS 7 (chronology from Imbrie et al.,

1984). Furthermore, the period of 580 to 535 ka(BRIS 14/15) was also characterized by a
quite similar range of variation 6°C.

Long-term changes

The first-order changes in thé°C of So-17A are in a range of 3%o from -10%o to -7%ig(
5.3.). The long-term changes in #1&C record are not that pronounced compared to tig lo
term variation in thé*0 record. Thé™*C of So-17A follows the general course of the long-

term climate changes$'€0) during the MIS 5, in a dampened way.
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5.1 PALEOCLIMATIC INTERPRETATION OF THB13C AND 6180 PROFILES

The 8'C of DIC in groundwater have various sources. TI@ Griginates from the soil,
atmosphere and dissolution of the karstic bedré@kr¢hild et al., 2006b); all of these steps
are explained in detail in chapter 3.33. B profiles of stalagmites from Sofular cave are
mainly controlled by the type of vegetation, thensley of vegetation and the soil microbial
activity above the cave (Fleitmann et al., 2009),0&these factors are climate-controlled.
Wetter and warmer conditions lead to a higher amha@iinC3-plants, a higher density of
vegetation and a higher soil microbial activity.€Bk conditions lead to a decrease instfie

of stalagmite calcite. A higher abundance of C4daa lower density of vegetation and a
reduced soil microbial activity lead to an increirs¢he 5'°C. Very dry conditions lead to a
settlement of C4-plants, because they are ableetd dith harsh climatic conditions.
Furthermore, the soil microbial activity and thegetation density decrease with extreme

(hot/cold) temperatures and drier conditions (ferttietails in chapter 3.33).
— -11 wet

519G %o(VPDB)

| I | I | I | I | I
80 a0 100 110 120 130
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Fig. 5.3 Original 3*3C record of So-17A (red), the long-term changesvimpaverage = 37
points; possible long-term adaptation time of vatieh ~1000 years; black) and the short-
term changes (moving average = 5 points; ~150 ybhrs) of the5'*C record.
The §*3C in the Sofular stalagmites is characterized bya@8 C4-plant communities with
values of -12%. and -6%. (VPDB) respectively (Fleitmaet al., 2009).
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Short-term changes

The§'C short-term changes of So-17A fluctuate in a rasfge5-2%o(Fig. 5.3.). Most likely,
the short-term variations i5°C of Sofular stalagmites reflect minimal adaptasiaf the
vegetation (eg changes in density, microbial atfivabove the cave to changing climate
conditions. Th&d™*C shows higher variability than tt3¢%0 on shorter time scales. This might
reflect the sensitive reaction of vegetation tonges in climate. The comparison&fC with
the §'%0 is important to gather additional information abambiguouss*®O patterns. The
analysis of5°C patterns indirectly serves also as a climatecatdi (further information in
chapters 3.13; 3.33).
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5.1 PALEOCLIMATIC INTERPRETATION OF THB13C AND 6180 PROFILES

5.13 So0-6 versus So-17A

As it can be seen in Fig. 5.1., stalagmites SoebS&m17A of Sofular cave cover quite similar
periods. This offers a good opportunity to contha accuracy of the So-17A isotopic record.
So0-6 covers the time interval from approximately3 18 BP to 93 ka BP. However,
stalagmite growth was interrupted between 127 kh1#0 ka BP as well as between 119 ka
and 109 ka BP. This cessation of the stalagmitevifrovas most likely caused by a
dislocation of the drip source or blocking of thestire feeding stalagmite So-6, because the
gap occurred during warm phases and this excluepdssibility of a cold phase hiatus.

For the comparison, the So-17A record was aligoeithé So-6 isotopic record, because this
record exhibits the highest density of ages ancetbee the most accurate dating in the time
period from 110 to 105 ka BP.

Overall, the comparison of tl#é°0 records of So-6/So-17A (Fig. 5.4; aligned recpet®ws
that the values fluctuate in a quite similar ranfiee transition from MIS 5d to MIS 5c¢ only
differs slightly between the two records. The corigmm of the5**C records of So-6/ So-17A
reveals some contrasts. THEC curve of the stalagmite So-6 follows the courb&sns'°0
record and shows lower amplitude variability consglato thes'*C record of So-17A. The
reasons for the differences most likely are staleggspecific ones. As it was discussed before
under paragraph 3.12, the isotopic composition tafagmites is not only influenced by
external forcings but also by cave internal vaoiasi For example, the soil and the build-up
of the karst aquifer above the stalagmites contrelgeochemical properties of water and the
water flow behaviour respectively (Fairchild et, &006a). These factors induce small-scale
changes in the original isotope signal. Moreovéghs differences in the isotopic pattern
between stalagmite So-6 and So-17 can also beahysdifferences in the quality of the age
models.

Conclusively, the comparison shows that a goododgribility is obtained by the Sofular
stalagmites. Therefore, it can be assumed thatStifalar cave environment is relatively

stable.
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Fig. 5.4 Thed™C ands*®0 plots of the stalagmites So-6 (grey) and So-1fe(lred) covering

equal periods.
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5.2 6'°0 - BLACK SEA HISTORY

As discussed earlier in chapter 2.4., the histdrihe Black Sea is fairly well reconstructed
for the last 30 ka BP. However, information on tharological history prior to 30 ka is
rather fragmentary and little is known on the ex@cting of earlier connection with the
Mediterranean Sea, mainly because of the lack tatbtka climate archives. Therefore, the aim
of the project and consequently also of this matttesis is to reconstruct the hydrological
history of the Black Sea further back in time.

Phase changes between lake and sea phase havkiancs on the isotopic signature of the
Black Sea surface waters which are the main coofrtie long-term changes in the isotope
profiles of the Sofular stalagmites, as it was assed in chapter 5.11. Therefore, it is
interesting how the transitions, from lake to skages and vice versa, were recorded in the
isotopic record of stalagmite So-17A. Additionaltize isotopic record of So-6 was used for
the comparison with the isotopic record of So-1T8 # look at the transition from the MIS
6 to the MIS 5e.

In order to understand the isotopic signature adcBlSea surface waters, the prevailing
processes within the Black Sea during sea phastdaér phases have to be known (Fig.
5.5.).

Climatic transitions to warm phases are often agaied by sea level rises due to melt
water inflow from disintegrating glaciers (eustatitange) and thermal expansion of warming
water (thermostatic change; Clark and Huybers, ROWOgth rising Black Sea level, the
Bosphorus sill is reached after some time and arflow of Black Sea water into the
Mediterranean basin establishes. This processédws demonstrated before during the MIS 1
(Aksu et al., 2002a; Bahr et al., 2008; Kaminskalet 2002). With some probable delay, the
Mediterranean waters also reach the Bosphorus ksill, most likely, the waters cannot
immediately penetrate into the Black Sea because sifong one-layer discharge from the
Black Sea through the Bosphorus Strait (Kaminslkilgt2002). With a further sea level rise
(model developed by Lane-Serff et al., 1997 for MISor a decrease in the Black Sea
discharge (Kaminski et al., 2002; shown for MIStlig Mediterranean waters are enabled to
penetrate into the Black Sea. A connection betwbertwo basins is defined by a two-layer
flow through the Bosphorus Strait. The Mediterraneeaters are characterized by higher
temperatures, a highét®0 (~1.8%.) and a higher density than Black Sea wa@rsoy and
Unluata, 1997). Consequently, the denser watetheMediterranean enter the Black Sea
basin as a plume and remain mainly at the bottorthefBlack Sea (Ozsoy and Unliata,

1997). The exchange between surface and deep watétin the Black Sea
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Fig. 5.5.Hydrological and isotopical balance of the Blada®asin.
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5.2 5180 - BLACK SEA HISTORY

Is increasingly limited, because of the denser Medinean waters at the bottom of the Black
Sea. However, a mixing occurs at the boundary betvekeep waters, surface waters and the
mouth of the Bosphorus towards the Black Sea (Ozswl Unliiata, 1997). This processes
leads to an isotopic signature of the surface wated the bottom waters of about -2.44%o
and -1.65%o respectively (Swart, 1991; Fig. 5.5.).

Sea levels decrease during transitions from irdgergl to glacial due to the built-up of ice
sheets (Mangerud et al., 1991). As a result, thpotiesis can be brought up that the inflow
of isotopically heavier Mediterranean waters thifotige Bosphorus Strait into the Black Sea
deep waters decreases and leads to a gradual sleared&®0 surface waters. The final
disconnection is characterized by the omitted infaf the most positivé'®0 source for
Black Sea waters, namely the Mediterranean waftown The remaining influxes into the
Black Sea system (precipitation, riverine inpu®) depleted i*®0 (Swart, 1991; Fig. 5.5.).
The disconnection of the Black and MediterraneaasSeduces also a disappearance of the
stratification within the Black Sea. A steady adaiph of the Black Sea surface waters to
changes in the deep waters takes place (Ozsoy amithtd, 1997), resulting in a more
depletedd'®0 of the Black Sea surface waters compared to atiomephases. The time
needed by the Black Sea for the adaptation lead®to transitions in the isotopic signatures
of Sofular stalagmites between sea and lake ph@kesurnover process lasts for about 2000
years in the Black Sea deep waters (Ostlund andsey; 1986).

The isotopic record of So-17A shows relatively slwansitions between interglacial, stadial
and interstadial states. These characteristic sslaife mainly triggered by the adaptation
processes, which are described above, leadingnctable state situations of the Black Sea.
A connection between the basins is established By®*@ isotopic signature of Sofular
stalagmites at about ~-9.8%cBosphorus sill of -35m) as this was the earlestd most
negative5'°0 value of Sofular stalagmites in the MIS 1 conedcstate (~9.5 ka BP).
However, in figures, the transition from lake t@ ghase (at &°0 level of -9.8%) has to be
marked by a bar. The bar reflects the adaptatidgheBlack Sea surface waters to changes in
the deep waters (personal communication S. Badhentscrhis threshold is important to look
at when the exchange history between the BlackaBdahe Mediterranean Sea is studied. It
can be assumed that the threshold (~-9.8%.) aneftrer also the Bosphorus sill (~-35m
above sea level) remained more or less stabletower The Black Sea seems to react very
sensitively to global sea level changes and ousrdscshows a relatively good coincidence
with other proxies reflecting the global sea ley®l). Fig. 5.6). This could be due to the
connections of the Black Sea with the global ocgarBosphorus Strait. Small changes in its
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depth may have occurred through removal or accumonlaf unconsolidated material. The
nearby lying North Anatolian Fault is a horizomtabving geological fault. Therefore, it most
likely had no major impacts on the depth of the Bwsus Strait (personal communication
Dominik Fleitmann).

The results obtained from Sofular stalagmites &e eompared to a study of Zubakov 1988
discussing the Black Sea history. However, it lmalse remarked that the ages of the So-17A
are more accurate compared to the ages of the dubsdquences. Zubakov established a
Pleistocene climatostratigraphic sequence corngldBilack Sea oxygen-isotope stages with
changes in characteristics and stratigraphy ofiglaeposits in loess, alluvial sequences and
marine deposits of the Black Sea region (Zubak®88). The study of the deposits allowed
drawing conclusions about the origin and the contiposof the waters in the Black Sea and
Azov Sea respectively. The origin of these watees wither the Mediterranean Sea via
Bosphorus Strait or the Caspian Sea via ManychtSEhases of salinization went together
with invasions of Mediterranean fauna during warnages. Alternatively, freshening of the
Black Sea waters were accompanied by an invasi@aepian waters and fauna during cold
phases (Zubakov, 1988).

The So-17A time series provides the opportunitysioidying three transitions between lake
and sea phases of the Black Sea. In the followedians, phases of disconnection and

reconnection are separately discussed.

Connection / Reconnection

The 5'®0 of So-17A registered changes in the isotopic asitjpn of the Black Sea surface

waters on a long-term and consequently indicatesgeeof connection and disconnection of
the Mediterranean and the Black Sea during MISh&.5t%0 of So-17A was about 1 to 2.8%o

above the critical level of -9.8%. marking the depthihe Bosphorus sill during MIS 5e (~128

to 115 ka BP). Consequently, a connection was ksttad between the basins at that time. A
connection is also assumed, because global seavagearound 2-12m higher than today
(Van Andel and Tzedakis, 1996; Waelbroeck et @002 Fig. 5.6.). Zubakov 1988 also

suggested a connection between the basins durinfg B8. The transgression of the
StrombuslIl/Eltigen registered at about 127-120B& (= MIS 5e) is characterized by an

inflow of Mediterranean waters into the Black Séa.connection was indicated by the

presence of Mediterranean molluscs (Cardium tulettom) in Black Sea sediments

(Zubakov, 1988). This sequence coincides roughti wie MIS 5e in the Black Sea isotopic

records. Some age differences can occur betweendatsze of Zubakov 1988 and Sofular,
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5.2 5180 - BLACK SEA HISTORY

because Zubakov had not the same possibilitiescourate age dating compared to the
methods existing today.

One reestablishment of the connection between thekBSea and the Mediterranean Sea is
recorded in the So-17A sequence. This situationbeafound at the transition from the MIS
5d (peaked ~107 ka BP) to MIS 5c (peaked ~99 ka By additional incoming solar energy
(Berger, 1978) and increasing temperatures trigherelting of ice sheets which were formed
during MIS 5d (Mangerud, 1991). As it was discusbefbre in chapter 3.33 (ice volume
effect), the formation of glacier includes mainight oxygen isotopes. Therefore, the melting
of glaciers led most likely to an inflow of depldtexygen water into the adjacent basins.
However, a melt water incursion which has affedteziBlack Sea surface waters can not be
clearly detected in th&'?0 isotopic record of stalagmite So-17A, comparetheomelt water
signal that was detected by Fleitmann et al. 2Q091&.5 ka BP. As a whole, the amount of
melt water produced in the MIS 6 and MIS 2 hadadarger than the ones at the end of MIS
5d, resulting in largé*?O depletions in Black Sea surface waters. The wmatér pulse at the
end of MIS 6 (~131-130 ka BP) is recorded in stalitg So-6. The5'?O of So-6 shows a
slight increase marking the transition to MIS 5eowtb133.5-133 ka BP (Fig. 5.1.).
Afterwards, the melt water leads to a decreas&%f in the5'°0 of So-6 achieving the most
negative isotopic value of -14.25%. (PDB) at 130k85BP. Subsequently, the curve ascends
gradually. However, the establishment of the cotioe@t the beginning of the MIS 5e was
not recorded in stalagmite So-6 (Fig. 5.1.), dua hoatus.

During the transition to the MIS 5c, global seaelewse continuously (Fig. 5.6.; Waelbroeck
et al., 2002). Globally distributed studies indecat sea level of around -20m during MIS 5c
(Bard et al., 1990; Smart and Richards, 1992; Riekal., 1985; Waelbroeck et al., 2002; Fig.
5.6.). Sea level rise can be mainly attributed &dtnvater input from disintegrating ice sheets,
volume expansion of warmer water (Clark and Huyb2B99) and the inflow from other
basins. At about 107.5 ka BP, th&0 in So-17A reached the critical level of ~-9.8%o
indicating a possible connection between the Bl&ek and the Mediterranean Sea. As the
880 of So-17A fluctuated around this critical valae &nother 1 ka, it is difficult to define an
exact date for the reconnection. Furthermore, aiplespreceding strong discharge of Black
Sea waters into the Mediterranean Sea could has@ @devented an earlier inflow of
Mediterranean waters, as it has already been disdu®r the reconnection at the transition
from MIS 2 to MIS 1 (Kaminski et al., 2002).
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Fig. 5.6. The Black Sea history from 122.96 ka BP to 86.4BF recorded by th#°0 of the
stalagmite So-17A. Additionally plotted are #€0 time series of the NGRIP members 2004,
the 5'%0 of So-6 (grey), the sea level reconstruction cdelliroeck et al. 2002 and the
climatostratigraphic sequence of the Black Sea fZalbakov 1988. The yellow bars indicate
the transitions between lake and sea phases, vehdrearey bar stands for the depth of the

Bosphorus Strait. The records are aligned as itdisasissed in paragraph 5.13.
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Zubakov 1988 reconstructed an invasion of Meditexasm mollusc fauna into the Black Sea
during the Early Surozh periodk (MIS 5c). Consequently, this study suggests also a
connection during the MIS 5c¢ (Zubakov, 1988). Tlmarection is marked in the Sofular
isotopic profiles by an increase #1%0 (Fig. 5.6.; aligned records). Since 105 ka BR, th
isotopic records of Sofular and Greenland begidiffer notably. The oxygen NGRIP record
is a proxy for temperature variations in Greenldndng the MIS 5 (NGRIP members, 2004).
The §'%0 values of So0-6/So-17A show a more or less gratheikase, whereas tle°0
signal of the NGRIP record is characterized by la period at about 104 ka BP which is
followed by a gradual decrease in temperature®sioR.5 ka BP. However, it is problematic
to indicate ages for the NGRIP record as it isabisiolutely dated.

Since the reconnection of the Black and Mediterman8eas, the increase in 6180 of So-
17A was most likely controlled by long-term chandbe Black Sea surface waters. The
surface waters adapted to the changes in the Backdeep waters (Ozsoy and Unliata,
1997) which were influenced by the inflow of heavsotopic water from the Mediterranean
Sea (~1.8% SMOW) during connection phases. Thistdedn increase in th&'®0 of the
Black Sea surface waters and consequently id*fi@ of So-17A.

Over all, the sea level reconstruction of Waelbkoetal. 2002 matches well with t13&°0
profile of So-17A (Waelbroeck et al., 2002; Fig6.5. This good coincidence of the global
sea level and thé'O record of So-17A could be explained by the cotiarcof the
Mediterranean Sea with the global ocean. The isangaglobal sea level in the period from
105 ka to 100 ka BP could have led to a sea leigel in the Mediterranean Sea and
consequently to an increased export of Mediternaneaters into the Black Sea. Thus, Black
Sea surface waters could have shown a more positi@ signal. When global sea level
reached a stable state about 100 ka BP, the expavtediterranean waters could have
remained stable and therefore alsodf® signal. However, the record was slightly adjusted
to the So-17A record, because the age-model a$eéhdevel reconstruction is not absolutely
dated.

Conclusively, the surface water signal (long-termpredominated over the

temperature/precipitation signal (short-term) signahe 5*°0 of So-17A during MIS 5.

Disconnection

The first break-up of the connection between thalikderanean and the Black Sea captured

by the So-17A record took place at the transiti@mmf MIS 5e to MIS 5d. Thé'?0 of So-

17A reached the critical level of -9.8%pproximately 109.5 ka BP. During the MIS 5d, the

80 decreased to a minimal level of -10.5%.. BA% of So-17A fell for about 2 ka below
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the bar marking the critical value of -9.8%bhis could be an indication for short stadial
conditions; however, the delay in tO of Sofular stalagmites has to be considered.

A disconnection of the basins most likely resuitsiidecrease of t1#°0 surface waters. This
reduction is mainly controlled by the hydrologidahlance of the Black Sea, as it was
discussed earlier in this chapter. The depletiod'i® of So-17A during MIS 5d could have
been an interaction between the source and theetatope effect. The source effect (chapter
5.2.) of the5'®0 in So-17A can be recognized by a comparison thithNGRIP record. Since
thesed'®0 ice records primarily register actual temperatureer Greenland, the transitions
between different climate states proceed immediatehereas the So-17A record shows a
more gradual transition due to the capture of serfaater signals (Fig. 5.6.).

The disconnection during MIS 5d can also be cordanby other studies. Global sea level
was at a level of about -50m during MIS 5d (Van gélnand Tzedakis, 1996). In the study of
Zubakov 1988, the Dinskaya MIS 5d) is characterized by an invasion of Casprentluscs
(Didacna cristata) into the Black Sea. This is cleadence for a transgression from Caspian
Sea waters into the Black Sea (Zubakov, 1988). sktatification within the Mediterranean
Sea disappeared, because of the pre-Surozh (kH)&ré&a BP) regression in the Black Sea
(Ostrovsky et al., 1977) and a probable associdéstease in freshwater discharge through
the Bosphorus Strait. Additionally, a cold pollepestrum was found at the coast of the
Kerchian Strait at that time (Zubakov, 1988).

The third key event concerning the connection betwthe Mediterranean and the Black Sea
occurred about 91 ka BP. The cooling after the MtSbrought the sea level close to the
Bosphorus sill. Thé*0 of So-17A indicates that the connection was rikely maintained

at that time. The disconnection of the basins tptdce about 88 ka BP (~9.5%.). The
decreasing temperatures could have led to depiéfedvalues in precipitation and the rivers
might have transported isotopic lighter water frdme northern regions into the Black Sea
basin (isotope effects; further details in cha@®&3). Furthermore, the water input from the
Mediterranean Sea stopped because of the droppmdesel. After a first steep decrease in
the 5'%0 of So-17A (~88 ka BP) following the aligned Grieewdl ice core, thé'®0 curve of
So0-17A proceeds more gradually. This gradual deereauld have been associated with a
decrease in the inflow of Mediterranean waters ithi® Black Sea through the Bosphorus
Strait and the adaptation processes within thekB&ea.

All in all, we suggest that the Black Sea was ilake phase during MIS 5d (from~109.5 to
~107.5 ka BP) and MIS 5b (since ~88 ka BP) and seaphase during MIS 5e (to 109.5 ka
BP) and 5c (from ~107.5 to 88 ka BP).
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Reconstruction of the climate during MIS 5

There is a lack of well dated and highly resolveohate records covering the MIS 5 in the
eastern Mediterranean region. The isotopic datoei7A can be used to reconstruct climate
for this period. As it was discussed in chapte25thed™*C of Sofular stalagmites is mainly
controlled by type of vegetation, microbial soitiaity and density of vegetation above the
cave. These factors are themselves influenced bwywatt conditions above the cave
(temperature, amount of precipitation; Fleitmannaét 2009). As thes'®0 of Sofular
stalagmites is mainly controlled by the Black Sadaxe waters on longer time scales, the
8°C record of So-17A is taken as an indicator for tiienate history in the eastern
Mediterranean region during MIS 5. However, on shione scales, thé'°0O of Sofular
stalagmites is controlled by temperature and sedisprof precipitation and consequently
serves as an additional device for the climatensicaction.

From ~123 to 114 ka BP, t1%&°C of So-17A increases to a value of ~-10%ais indicates a
trend to an enhanced microbial soil activity, acréased density of vegetation and a
preferential settlement of C3-plants. These vegetatonditions are most likely triggered by
relatively warm and wet climate (see chapter 5drifdrther information), which might have
predominated during the MIS 5e. Per definition, Mi& 5e lasted until an age of 115 ka BP
(Imbrie et al., 1984). The shifted MIS 5e in 61&C record of So-17A could be explained by
the additional time required by vegetation to adamthanges in climate. However, Fleitmann
et al. 2009 suggested an adaptation time of abOQt years (Fleitmann et al., 2009).
Consequently, the time lag of about 1 ka can nofubg explained by establishment of an
equilibrium between vegetation and climate.

The reconstructed climate conditions during MIS @ be confirmed by the results of
several ice core, marine and continental sedimerties (Van Andel and Tzedakis, 1996).
Results of a north-eastern lItaly pollen study iatkca dominance of thermophilous trees and
shrubs during the MIS 5e (Pini et al., 2009). Abath125 ka BP, Mediterranean vegetation
expanded into the southern part of Europe. Thisncomty of plants is well adapted to hot
summers and high summer insolation (Tzedakis £2@03)

From 114 to 114.5 ka BP, th&°C of So-17A increased to a level of -8%o in aboud §@ars.
Afterwards, the values show a long-term increase-¥%., to an age of 103 ka BBC
values in a range of -7 to -8%. are most likely agi¢ation for a minor vegetation density, a
minor microbial activity and a probable settlemehtsome more C4-plants above the cave

compared to MIS 5e (Fig. 5.1.). These vegetatiorditmns are mainly induced by relatively
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dry and cold/hot climate. However, it can be assithat cold temperatures prevailed during
the MIS 5d. Similar findings about the course o thte MIS 5e were also presented by an
European pollen study of Brewer et al. 2008. Thésdings include a decrease in
temperatures and precipitation after the climatiénopn phase of the MIS 5e at ~120 ka BP
(Brewer et al., 2008). Brewer suggested that #nikiction is mainly restricted to locations at
higher latitudes. For example, the study of Alldnak (1999) shows an onset of cooler
conditions about 5ka later in the south (Lago dinflichio; Allen et al., 1999). A transition
into MIS 5d at 115 ka BP would better coincide witie long-term changes #°C of So-
17A. Tzedakis et al. 2003 suggested with a studgreece that the cooling phase at the end
of the MIS 5e (~120 ka BP) was responsible forahange of the vegetation from taiga into
tundra forest. The decrease in temperature was likelt triggered by changes in the orbital
parameters leading to a reduction in the northemisphere summer insolation (Tzedakis,
2003). The reduction in insolation was mainly cau®y a change of the sun’s relative
position towards the Earth, from a perihelion iatoaphelion position (Berger et al., 1993).

In the Baikal Sea region, taiga forest was repldzgaool grass-shrub communities at the
transition from MIS 5e to MIS 5d (Tarasov et alQ0Z). Further on, the taiga boundary
moved farther south. In southern Europe, the maiitihg factor of vegetation growth was
not temperature, but rather moisture availabilifzgdakis, 2003). One responsible factor
triggering the decrease in precipitation could haeen the southward shift of the North
Atlantic current at about 115 ka BP (Muller and kKyk2004), which led to a decrease in
moisture transport towards the Mediterranean refbiller and Kukla, 2004). Between 115
and 110 ka BP, deciduous vegetation prevailed uthgon Europe (Muller and Kukla, 2004).
After 110 ka BP when full MIS 5d conditions wereached, tree populations disappeared
from southern Europe (Tzedakis, 2003). The pollemys of Fauquette et al. 1999 from
France shows the dominance of cold biomes durin® ®d. These cold biomes mainly
consisted of cool conifer forest, taiga or colgptes (Fauquette et al., 1999).

After the MIS 5d, thé™*C of So-17A changed from a value of ~-7%. at 10BRato -10.3%o

at 91 ka BP. This is a change of -3.3%&1C in a period of 12 ka. Again, th&>C signal
indicates the predominance of relatively warm armd elimatic conditions during the MIS 5c.
The MIS 5c is the first warm phase after the MIS B®om the5'*C of So-17A it cannot be
clarified if the MIS 5c reached MIS 5e climatic mptim levels, because the MIS 5e is not
fully covered by So-17A. However, mean June insofaat 65°N was about 20 Wiower
during MIS 5c compared to MIS 5e (Berger, 1978xtddy from Gandouin et al. 2007 shows
that temperatures reconstructed with chronomidshesh approximately a late MIS 5e-level
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in France during the MIS 5c¢ (Gandouin et al., 20@vilder and wetter MIS 5e is suggested
by a pollen record from Lake Urmia, in the North&¥ef Iran (Djamali et al., 2008). The
occurrence of the mesic, thermophilous plant Zedkcarpinifolia is an indication of climatic
conditions associated with mild winters and a hagiount of spring or summer rainfall. The
absence of this pollen during the climate phaskewing the MIS 5e is interpreted being a
sign that MIS 5e optimum conditions have never beached again (Djamali et al., 2008).
Generally, the interstadial phases are marked i®establishment of temperate biomes with
mixed and sometimes deciduous plant communitiesqiette et al., 1999).

The increasing amplitude that can be detectedersétond part of th#°0 record of So-17A
might have been triggered by the nonlinear resgotsechanges in insolation which may
occur during climatic transition between preferredimate states (Frolgey et al., 1999).
Another possibility is that the MIS 5c¢ climate welsaracterized by a more pronounced
seasonality than MIS 5e. A more seasonal climatdI8f5c indicates also a multiproxy study
of Aalbersberg and Litt 1998 for north-western twth-eastern Europe. During MIS 5c, the
mean minimum summer temperature remained more s§ $able, whereas the mean
minimum winter temperatures decreased about 10tapaced to MIS 5e (Aalbersberg and
Litt, 1998). Similar conditions can probably alse &#ssumed for the Black Sea region. The
relative stability of the warm temperatures couddxplained by an influence of the Asian
monsoon system (Johnson et al., 2006) on the Bbaekclimate system. Interstadial phases
are associated with weaker westerly winds and &areeed summer monsoon (An, 2000),
due to a higher northern hemispheric summer rashatPrell and Kutzbach, 1987). This
situation leads to a settlement of the Intertrdp€anvergence Zone (ITCZ) farther north
(Johnson et al., 2006; An, 2000; Kutzbach et &92). Consequently, the Black Sea region
could have got into the subsidence zone of thel ldedley cell. The climate in this zone is
most likely dry and warm, because of the subsideficke air (Rodwell and Hoskins, 1996).
This led possibly to seasonal changes of precipitatnd temperature patterns during MIS 5c.
Furthermore, it was suggested that there was essodvaporation during MIS 5¢ compared to
MIS 5e, due to the cooler temperatures (Hodge.eR@08). This could have possibly led to
the improved plant productivity and consequentlystightly more negatives*C values
during MIS 5¢ compared to MIS 5e. More negafi®0 values (eg. 109 ka BP) in the second
part of the So-17A record could maybe explainedabbyncrease of the ratio between winter
precipitation and summer precipitation due to eckdrsummer dryness. TREC of So-17A
contemporaneously shows a decrease indicating piplaadecreased vegetation density or

microbial activity, due to the high temperaturesl dhe lack of moisture during summer.
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However, a final solution for the situation leaditay higher seasonality in the Black Sea
region cannot be provided by this master thesis. AMadel and Tzedakis 1996 suggested also
more continental climate during the MIS 5¢c compatedthe MIS 5e (Van Andel and
Tzedakis, 1996).

From about 91 ka BP to 86.19, #i8C of So-17A steadily increased from a value of 3%0.

to -7.6%0. A5'C of -7.6%. indicates again an establishment of @oahd drier conditions
during MIS 5b compared to MIS 5c¢. This overall ease is interrupted by a short decrease in
8'%C at ~88.5 ka BP. This decrease indicates a dessimatic short event characterized by
warmer and drier conditions. The same event cam lasobserved in the NGRIP record of
Greenland DO22 (Fig. 5.10.). The occurrence of tamtthl short events will be discussed in
chapter 5.4. Thé'C record shows that the MIS 5b was probably doreihdty harsher
conditions than the MIS 5d. However, the differenbetween these two stadials cannot be
completely revealed because the MIS 5b is not@ptrecorded in stalagmite So-17A.
Conclusively, we suggest that the conditions durihg whole MIS 5 were most likely
favourable for plant growth a%°C of So-17A only varies in a range of 3%a long-term
scales. This is half of the variance that can begsized in stalagmite So-1 covering the MIS
2 and MIS 1. In theé'C record of So-1, the values vary in a range of2~t6 ~-11.6%o.
Consequently, the climatic conditions during MISv&re most likely wet and warm enough
for plants (mainly C3-plants) to grow (Fig. 5.3hi3 indicates minimal changes in the plant
assemblages and consequently, beneficial climatnditons for the plants above the cave
during the major part of the MIS 5. Besides, pdssibfugias of thermophilous plants during
the cold phases of MIS 5 could have been situatedlative proximity to the cave, due to the
southern position of the cave and the moderate atdinthanges in this period. These
conditions could have allowed a fast resettlemdnthe thermophilous plants in the cave
region after a cold phase.

The 8"3C of So-17A remained more or less between -8 téo1therefore the dominance of
thermophilous plants can be suggested. During MI®&5**C of So-1 rather fluctuated in a
range of -6 to -8%. and C4 plants predominated alibeecave (Fankhauser et al., 2008;
Fleitmann et al., 2009).
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Paleoclimate: MIS 5e versus MIS 1

To get an idea about the anomaly of the currematk change, it is important to have a look
at the conditions during the previous intergla@hlS 5e). The comparison of the MIS 5e and
the MIS 1 enables to reveal differences and thessible causes. For this comparison, the
MIS 5e is assumed to have extended over a timeg@é&odom 126 to 110 ka BP in So-17A,
because of the shift which is caused by the Blagk &fect. As the same long-term effect is
also present in th&°0O of So-1, this assumption is reasonable. The sfdhe MIS 1 is set to
an age of approximately 11.7 ka BP and is stilticming today (Rasmussen et al., 2006).
The study of Fankhauser et al. 2008 supported é&mergl view of a warm and wet MIS 1
climate in the Eastern Mediterranean (Fankhauseal.et2008, Mudie et al., 2002; Bar-
Matthews et al., 1997; Fleitmann et al., 2009).aAirst glance at Fig. 5.7.a, it is noticeable
that the MIS 5e (blue) shows generally a highté® than the MIS 1. The maximal difference
between thé'°0 curve of MIS 1 and MIS 5e is around 1%o during Mi& 5e (~ 118 ka BP)
and MIS 1 (~ 4 ka BP) optimum. The onset of the Mé&curve shows values approximately
0.5%o higher than the early MIS 1. The terminatidntte MIS 5e is marked by it§'°0
falling below the MIS 1 curve. Several reasons ttaoretically lie behind these high#fO

of the MIS 5e. First, a positive correlation of @&/°C (Rozanski et al., 1993) exists between
temperature and*®0 in precipitation. Therefore, higher temperatuessl to a highe'°O.
The MIS 5e could have been ~1-2°C warmer than tl& Mat 118 and 4 ka BP, respectively,
if temperature had been the main control factos’8®. Alternatively, an increasing amount
of precipitation is negatively correlated witt?0 of stalagmites. Consequently, higher
amounts of precipitation would lead to a decreas& 0. Therefore, a wetter MIS 1 or a
warmer MIS 5e would both work as possible solutifitisig into the isotopic record. An
additional approach could be that the temperatdueisig the MIS 5e were enormously high.
A higher amount of precipitation could have ledato abatement of the differences between
the 5'°0 of the MIS 1 and MIS 5e. However, the amountaffe not the dominating factor
and is only linked with summer precipitation. Thedy of Zelikson et al. 1998 shows that the
MIS 5e temperatures were about 1°C higher thanMi& 1 temperatures (Zelikson et al.,
1998). Thes™C record is an additional tool to solve the indeeiclimate situation of the
MIS 5e. Thes'*C of the MIS 5e are higher than the MIS 1 during thajor part of the
interglacial periods. The differences betweendhe€ curves of the interglacials add up to a
value of ~2%.at ~118 and 4 ka BP. These results indicate keatlimate during the MIS 5e
was most likely drier. To draw a first conclusidhe climate of the MIS 5e was drier and

warmer than the MIS 1 during a major part of itsadion. The biggest differences can be
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recognized at ~118 and 4 ka BP of the MIS 5e an8 Mtespectively, whereas the early and
the late phases are defined by a convergence adtapic curves.

The 5'%0 curves of the MIS 5e and MIS 1 achieved stableitions approximately 118 ka
BP and 6 ka BP respectively. From that point,&§® of the MIS 1 fluctuated around a -8%o,
whereas the curve of MIS 5e began to descend ait 446 ka BP. The decreasestfO of
So0-17A at the end of MIS 5e (~116 ka BP) is charatd by the decrease in temperatures
and the Black Sea effect. TR®O of So-17A achieved a MIS 1 level of -8%. at abbi# ka
BP. At the same time, th#°C of the MIS 5e record also reached MIS 1-level®.6%o).
Therefore, it can be assumed that climatic/enviremta conditions at 115 — 114 ka BP were
quite similar to the modern climate conditions iortthern Turkey. This hypothesis can be
supported by the fact that deciduous vegetatiowgiesl in southern Europe during the
period from 115 to 110 ka BP (Mdiller and Kukla, 2D0The modern C3-dominated
vegetation §C: -10%.) above Sofular Cave consists of shrubsteges (Fleitmann et al.,
2009) and is therefore probably very similar toldte MIS 5e plant community (Fig. 5.7.b).
After 114 ka BP, thé'®0 of So-17A decreased steadily and the climategédinto the MIS
5b. Conversely, th&"%0 of the MIS 1 still remained at a stable level&o.

For the comparison of the interglacials, it is impat to consider the differences in the orbital
forcings. Berger et al. 1993 suggested that the Mih®ver reached an MIS 5e insolation level
during the whole period (Berger et al., 1993). Tisiamost likely the main forcing factor
leading to higher temperatures registered in th§ BH.

In the MIS 1 record, there is no indication for esdent of thé'?0 curve. However, as the
long-term changes in the Sofular stalagmites angrolbed by the surface waters of the Black
Sea, theé'®0 changes could occur with a certain delay. Kuklal.e2002 found in a study that
only small changes in insolation are expectedterriext 100 ka (Kukla et al., 2002). Berger
and Loutre 2002 came to the conclusion that the Migay last for another 50 ka (Berger and
Loutre, 2002). In the Lake Baikal region, for insta, the MIS 1 forest phase already lasts
some thousands of years longer than the foreseptfabe MIS 5e (Tarasov et al., 2007).

The termination of the MIS 5e was most likely tegegd by the change of the sun from
perihelion into aphelion position and was quite iElmto modern orbital configuration
(Berger et al., 1993). In the case of the MIS Be, ¢thange into stadial conditions occurred
about 13 ka after the start of MIS 5e. If this eyd chronologically maintained, this principle
can also be applied to the MIS 1. Consequentlg, shows that at the moment we should be
at such a crossing point from interglacial to salldlacial conditions (Kukla et al., 1997).

However, the earth today receives 40Wfmore solar energy than 115 ka BP in northern
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Europe (~60°N). Furthermore, the decrease in itisolavas twice as large over the course of
the MIS 5e compared to the MIS 1 (Risebrobakkeal.e2007). The additional energy which
the earth receives today is perhaps one factorhwiices the maintaining of the MIS 1
conditions compared to MIS 5e. An additional fogchactor which could also be responsible
for the extension of MIS 1 is the settlement areldhtivities of humans (Risebrobakken et al.,
2007). Associated with an increasing greenhousscethe climate relevant human impacts
support the orbital forcings and probably inhibitet change into glacial conditions.
Furthermore, it can be recognized in Fig. 5.7 h&t MIS 1 record shows an increas&ifO
(red marked) and simultaneously an increas&i8 of So-1 in the last few thousand years.
This isotopic configuration suggests the occurrevfca little trend towards warmer and drier
conditions at the end of MIS 1 record. This tretatted about 3.5 ka BP (Fankhauser et al.,
2008) and could have been induced by beginninguaidn settlements and agricultural use
above Sofular cave. It remains open whether tleisdtis maintained over a longer period or
forms only a part of a short positiv&®0 excursion. This trend also counteracts the
establishment of a new glacial phase in the neardu

Finally, we propose that the climate during MISviies warmer and drier than during MIS 1.
The MIS 5e ended after ~114 ka BP, whereas MIdlpstvails today.
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Fig. 5.7.MIS 5e (blue)s'®0 (a) ands™*C (b) records of So-17A in comparison with MIS 1
(black) 8*°0 and&™>C records of So-1 (So-1 data from Fleitmann e2@09). The grey bar
marks the sill depth of the Bosphorus Strait.
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In the previous sections of this master thesisattention was mainly turned to the first-order
changes within the isotopic record of So-17A. Awds discussed before, these changes are
mainly triggered by changes in the isotopic comygasiof the Black Sea surface waters and
major climate changes. Zooming in from a scalehotisands to hundreds of years, it can be
seen that also short-term abrupt events are regikia the isotopic profile of So-17A. The
following section is dedicated to the detectionabfrupt events and the identification of
probable causes.

Prior studies claimed that the MIS 5e climate wedatively stable and uninterrupted (Menke
and Tynni, 1984; Frenzel, 1991, Litt et al., 1998hwever, it was suggested by a study of
Litt et al. 1996 that some climatic fluctuationooed in MIS 5d-5a (Litt et al., 1996). Later
on, some other studies showed evidence for theregue of several cold and warm events in
the course of the MIS 5 (GRIP members, 1993; Chdidetaal., 1998; Field et al., 1994;
Chapman and Shackleton, 1999 and Boettger etCfl7)2For example, the GRIP members
1993 had their evidence from ice core measurementSreenland. They suggested the
occurrence of high amplitude temperature changesaglIS 5 (GRIP members, 1993). It
remains to be seen whether the So-17A record stgop@ hypothesis of a stable or a variable
MIS 5.

Literature about the MIS 5e and the MIS 5d-a shthas$ abrupt cooling events were mainly
recorded in the regions of Greenland and the niitistee North Atlantic Sea (GRIP members,
1993; Chapman and Shackleton, 1999). These evaitdynmappened throughout periods of
ice volume maxima (5b, 5d) or during the build ugifttegration of ice sheets (Chapman and
Shackleton, 1999).

The climate variability during MIS 5 was higher thaexpected from the orbital parameters,
which were thought to have triggered the majorigtaans (Chapman and Shackleton, 1999).
Therefore, the cooling events indicate the existesfcsuborbital forcings not included in the
Milankovic theory (Sanchez-Goni et al., 1999). Thesiborbital forcings are most likely
induced by a cooling of North Atlantic surface watéSanchez-Goni et al., 1999). Cortijo et
al. 1994 brought up the hypothesis that a dropemn surface temperatures could have been
triggered or enhanced by a weakening of the Nottandic deep water formation due to an
inflow of freshwaters. Most likely, the freshwateriginated from ice sheets which had
melted during warmer phases and from ice raftirenes/(Cortijo et al., 1994). An interrupt or
a dampening of the North Atlantic thermohaline wiation prevents the transport of warmer
waters into a northern direction by the north Aflalrift (Adams et al., 1999). This situation
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leads to a cooling in the adjacent regions (Fi§.)5and probably to a built-up of ice sheets
(Adams et al., 1999). A further possibility is thhe North Atlantic current was displaced to
the west (Larsen et al., 1995). This new situatipaned the possibility for subarctic water to
penetrate southwards (Seidenkrantz et al., 200@)sardid the polar front (Sanchez-Goni et
al., 2000).

The North Atlantic Oscillation (NAO) can most likebe excluded as an activator, because a
similar NAO index would have led to opposite clim&hanges in the North Atlantic and the
Mediterranean region (Rodwell et al., 1999).

Besides, abrupt changes can also be produced byneanreactions to gradual changes in
insolation. This can occur due to the transitioesMeen preferred climate stages (Tzedakis et
al., 2003).

The above mentioned cooling events in the Nortlait were recorded from several proxies
in the terrestrial area (Chapman and Shackletd®91 T herefore, a detection of these events
may also be possible in Sofular stalagmite records.

The propagation of these marine events may be iegaaby teleconnection phenomena
between the Northern Atlantic and continental Eer@Rohling et al., 1998, 2002a), changes
in the ice sheet dimensions or general changédseirmtmospheric circulation (Chapman and
Shackleton, 1999). The teleconnection may be basdte transport of the climatic signal by
the westerly wind belt onto the European contin@stit was discussed earlier in this thesis,
the predominating wind regime in the Black Seaaegs characterized by north-western
winds. These winds could bring the climatic sign&b the Black Sea region (Fig. 5.8.).
Mayewski 1997 found out that cold periods are cotter&zed by enhanced atmospheric
circulations in the northern hemisphere due toitbensification and expansion of the polar
vortex (Mayewski, 1997). A strengthening of the aspheric circulations is associated with
an increased occurrence/intensity of polar outlweand north-westerlies in the
Mediterranean region. Consequently, the polar xoated the disturbances in the meridional
overturning circulation (MOC) are the main factesgplaining the synchrony of the marine
and continental events (Incarbona et al., 2010¥i#hahal amplifying effects could be global
carbon dioxide concentrations, dust content or dabelhese effects are more exactly
discussed by Adams et al. 1999. A correlation ofimeaand terrestrial records would show
the marine system to have a great influence ongtbbal climate system (Chapman and
Shackleton, 1999).
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Fig. 5.8. A dampening of the North Atlantic circulation lsatb a cooling in the northern
regions. The red belt marks the surface warm wateulation. The blue belt shows the route
of the cold deep water. The two shaded cycles faeldcations of deep water formation
working as engines for the circulation. The greewwas indicate the main direction of the
winds. Furthermore, the sites ODP 1059 (HeusserQ@pub, 2003), NEAP18K (Chapman
and Shackleton, 1999), NGRIP (NGRIP members, 2@0w) ODP 963 (Sprovieri et al.,
2006) are marked on the map. The studies from thiése served as comparisons to Sofular
records.
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The ice rafted debris (IRD) events in the Northaftic were taken as indicators for the
abrupt cold events occurring in the Black Sea med@hapman and Shackleton, 1999; blue
bars; Fig. 5.9; Fig. 5.10.). IRD are sediments dpamnted by ice sheets into the ocean. The
following melting processes led to the depositibthese sediments on the ocean ground. The
occurrence of the mid-MIS 5e cold event was repobe several studies. Each of these cold
events is individually discussed in the followingrpof the chapter. However, it has to be
remarked that a correlation of the above mentiawading events with the Sofular records is
difficult. A dampening and shifting of the signddas to be assumed, because the Black Sea
system serves as a source for precipitation. Théac waters maintain their isotopic
signature, whereas the ambient cooler temperateagsto a dampened, cooling signal in the
isotopic record. Additionally, it takes the clin@asignals some time to propagate from the
Northern Atlantic to the Black Sea region. For thetection of these cold events, all the
records were aligned to the isotopic record of So-&chieve an ideal starting position for the
correlation of several abrupt events. The So-6 taken as an indicator, because its dating
resolution is at its highest point from 110 to 1K%b BP. Furthermore, the stalagmites are

absolutely dated, whereas the other records aegllmscorrelated age models.

Mid-MIS 5e cold event

Tzedakis et al. 2003 gained evidence for severll ewents from results of a combined
isotopic and palynological study in Greece. Marsegjuences showed a first cold event
occurring at about 122 ka BP (Tzedakis et al.,, 20B@slin and Tzedakis, 1996).
Additionally, Oppo et al. 2006 studied faunal, got and lithic records from the eastern
subpolar North Atlantic. The study also revealed thccurrence of a short cold event
approximately 122 ka BP (Oppo et al., 2006). Couchet al. 2009 suggested the occurrence
of a dry period from 122.4 to 121.6 ka BP in sowtstern France (Couchoud et al., 2009).
Results of a marine study of the Mediterranean &sa show an increase in the number of
cold water species during this period (Sproviealgt2006; Fig. 5.9.).

The isotopic record of So-17A shows a simultangouskurring event in thé**C and the
880 record approximately 122 ka BP. The event is ek thed**C curve by a positive
excursion of about -3%. compared to the previousfatidwing values. The achieved value
of -6%o in thed'C record indicates the preferential settlement 4fplants above the cave
and therefore the occurrence of rather dry conustioThe same event shows smaller

amplitude in the5*®O record (~-0.5%o). Therefore, a sudden drop in @iteg temperatures
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of about 1°C can be suggested. Afterwards, theegathange back to previous conditions and
continue with the establishment of MIS 5e.

C26 / Late Eemian aridity pulse

The C26 event/ late Eemian aridity pulse (LEAP) videntified by a loess record from
Germany indicating high rates of loess depositiooua 118 ka BP across Europe (Seelos and
Sirocko, 2007). Further on, Chapman and Shacklé&®9 suggested the occurrence of a
cooling event approximately 118-119 ka BP in thethdtlantic according to multiproxy
data from the North Atlantic deep-sea sediment biif&P18K. The cold event C26 is absent
in the ice rafted debris (IRD) record of the NoAtlantic (Chapman and Shackleton, 1999).
The reason for this absence is that the MIS 5alhe®ts were at the beginning of their growth
and could not produce any ice-sheet surges (SaabbsSirocko, 2007). Besides, this event is
neither recognizable in the subpolar western NAttantic record of Oppo and Heusser 2003.
Probably, this interruption of the North Atlanticiftt mainly had impacts on the climate in
southern Europe (Fig. 5.9.). Sirocko et al. 200&rjpreted this cooling to be caused by a
southward displacement of the North Atlantic dwftich provides the northern Atlantic with
warm waters. The reasons for these displacementa@tr yet understood, however some
authors suggest this as a reaction to insolatiangés (Khodri et al.,, 2001; Berger and
Loutre, 2002).

A probable cooling event was also recorded in sodopic profile of stalagmite So-17A at
119 ka BP. Thé'®0 of So-17A shows a stabilization of the valuesgrelas a decrease of
about 1.5%. is recognizable in thEC record of So-17A.

C25

Some of the cold events also occurred during thesttion from the MIS 5e to 5d-a
(Chapman and Shackleton, 1999). The event C25heafir$t cold event after the MIS 5e and
occurred about 111.5 ka BP. In the Mediterraneam e event C25 was marked by a
decrease of the species G.ruber which occurs mainkarm water environments (Sprovieri
et al., 2006, Fig. 5.9.). A slight negative andifies excursion of the*®0 (~0.25%.) and
8%C (~1%o) respectively, can be recognized in So-1TAerefore, C25 led to a slight
decrease in temperatures and precipitation at &oftdve. This C25 event interrupted the
warm event DO25 which was recognized by the NGRémivers (NGRIP members, 2004,
Fig. 5.10.). In the So-17A isotopic record, the BO&/ent is most likely recorded by the
more positive excursion of t#%0 of So-17A in the time period of 114 ka — 111 k& B
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Fig. 5.9.A comparison between several paleoclimatic recovds the period from about 123
to 86 ka BP. The following records are display8fO (blue) ands**C (red) of So-17A,
planktionic foraminifera from Sprovieri et al. 20Qgreen), IRD record from Chapman and
Shackleton 1999 (black}'?0 of So-6 (grey) and G.ruber record from Heusset @ppo
2003 (orange). The blue bars indicate the ‘C’ Noitlantic cooling events, whereas the
arrows show the probable occurrence of additionalicg events. The triangles at the bottom
of the graph are the U-Th ages of So-17A and So-6.
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C24

The cold event C24 is one of the best recognizatmts in the IRD sequence of Chapman
and Shackleton 1999 and coincidences with MIS Sirad 109 ka BP. In the study of
Tzedakis et al. 2003, C24 event was marked by mgaonditions around 110 ka BP in Iberia.
This event was triggered by a disruption of therti@haline circulation in the North Atlantic
and a coupled change in the precipitation and teatye regime in Iberia (Tzedakis, 2003).
The reason for the disruption of the thermohaliineutation lay in accumulation of sufficient
ice to start ice rafting events. The disruptedriwraline circulation led to a disappearance of
tree populations in southern Europe (Tzedakis, 2003

C24 is marked by a sharp negative excursion ir51f@ curves of So-17A and S0-6 (~-1%o)
and by a positive trend in t1°0 curve of NGRIP (Fig. 5.10.). A drop of -1%o MO could

be achieved by a temperature decrease of about TA&3*C record of So-17A also shows a
simultaneous increase in its values. This isotppafile serves as an indicator for drier and
cooler conditions during C24. Therefore, vegetatensity and soil microbial activity most
likely decreased. The transition from MIS 5d int®®4 is also registered in tlé°0 and
81°C of So-17A and So-6 at 109 to 108 ka BP. TH® remains on the warm period level,
whereas thé'*C changes back to previous conditions after a smegative excursion. The
climate during this warm period was therefore pldpavarmer but not wetter than the MIS
5d.

C23
The following event C23 is, as C24, marked by atrease in IRD values indicating a
possible temperature decrease (Chapman and SlacklE99). Cooling patterns are also
shown in the study of the Mediterranean Sea (Sprpet al., 2006) and th&®°0 from the
subpolar North Atlantic (Heusser and Oppo, 2008)(5i9.). The3*C records of So-6 and
So-17A also show a tendency to drier conditiorabatut 104 ka BP. Th#%0 records of So-
17A and So-6 show a gradual increase in their gallibis increase can be explained by an
inflow of isotopically enriched waters of the Megtitanean Sea into the Black Sea
suppressing the temperature signal in&i® of So-17A.
Drysdale et al. 2007 reconstructed the MIS 5 witidlence from an lItalian stalagmite. Before,
evidence for cold-events following the MIS 5e camainly from Greenland ice (NGRIP,
2004), European pollen (Brewer et al., 2008) ortNétlantic marine cores (Chapman and
Shackleton, 1999). The improvement of the chronplofjthese cold-events was the aim of
Drysdale. With evidence from stalagmite, Drysdalerred ages of 105.1+0.9 ka to 102.6 ka
BP
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Fig. 5.10.A comparison between several paleoclimatic reconds the period from about
123 to 86 ka BP. The following records are dispiaye®O (blue) and**C (red) of So-17A,
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at the bottom of the graph remark U-Th ages of B&-dnd So-6.
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for event C23 and 112.0+0.8 ka to 108.8+1 ka fan¢\C24 (Drysdale et al., 2007)hese
timings are consistent with our results from Safskalagmites.

The next warm event (DO23) is followed by a gradiedrease in temperatures in the NGRIP
record (NGRIP members, 2004). So-17A and So-6 dscsihow a displaced elevation due to
the inert system of the Black Sea explained in thap?2.

C22

MIS 5c¢ was interrupted by the abrupt event C221#t4~ka BP. However, the impact of this
event on the climate in Sofular is not that inteselecrease of about -0.15%o is recorded in
the 8*°0 of the stalagmites So-6 and So-17A. BHE record of the So-17A indicates a short
excursion to drier conditions. Almost no signal dam recognized in the NGRIP record,

maybe due to larger impacts in southern Europe.

Ccz21

The C21 event occurred around 91 ka BP and isdglerted in thé™*C ands*?0 of So-17A
with an isotopic value of about -9.6 %0 and -8¥&spectively. The warm event (DO22) is the
last event preceding the MIS 5b. Again, the différeecords from the Northern Atlantic,
Mediterranean, Greenland and Sofular cave showthest are in quite a good accordance
with this warm event. A sharp cooling event simud#teusly occurring in all records then

closes this warm event and leads into the MIS 5b.

Additional possible cool events were revealed kg study of Sprovieri et al. 2006. These
events occurred ~107.5, ~102, 99.5 and 89.5 ka B 6.10.). In comparison with the
Sofular isotopic record, some possible similaritiestween the different records are
recognized. The corresponding cold events are rdaokearrows. But finally it can not be

clarified whether these arrows show the similadelents or not.

Warm events

Boettger et al. 2007 mentions at least two warnewgnts occurred during the transition from
MIS 5e to 5d. This study was based on geochemiudlpalynological studies of lacustrine
sediments from Germany (Boettger et al., 2007).

The first event was captured at the end of the Mé&and in terms of the amplitude
comparable with MIS 5c (Boettger et al., 2009). é&cand short-term warming event took

place during MIS 5d (Boettger et al., 2007). Altgbusome possible warm events could be
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recognized in the isotopic records of So-17A anebSib is difficult to assign some isotopic

excursions to these warming events of Boettgers&earming events are mainly thought to
be signs of increasing climate instability at timel ®f interglacial conditions (Boettger et al.,
2009).

Overall, it can be seen that IRD events are alveasgsciated with cooling events of the North
Atlantic. Conversely, marine cooling events do aatomatically lead to IRD events (Fig.
5.10.). The inducement of ice sheet discharge byedsing temperatures seems implausibly;
because it takes relatively long time for ice sheetadapt to new temperatures (Oerlemans,
1993; Lehmann et al., 2002).

Conclusively, seven cold events can be countechgMIS 5 in the5'°O record of So-17A.
Six of them could have been triggered by ice-rgfements in the North Atlantic.

In general, climatic short term changes are be#teognizable in th6™C record then in the
oxygen record in most of the cases. A plausiblsaeavould be that the plants react more
sensitive to abrupt climate changes than precipiiaabove Sofular cave. A reason for that
could be that the precipitation is controlled bg Black Sea surface waters on a long-term
and this signal is present in th¥0 record of So-17A as a background effect. Consetye
small changes in climate can lead to major changgién thes™C record.

The short-events induced by the ‘C’-events in tloetN Atlantic can nearly all be detected in
the Sofular records, this could be due to theiramalimatic impacts and the relatively good
propagation. The short-term cooling events dedumgdprovieri et al. 2006 most likely
reflect regional effects.

In addition, short-term events occur rather conterapeously in the aligned records, whereas
the long-term events show some shifts. This fagpetts the assumption that short-term
events are mainly influenced by temperature andigpitation. In contrast, the long-term
shifts are mainly controlled by the Black Sea stefavaters and consequently by the entire

Black Sea basin.
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6.1 CONCLUSION

As a whole, the isotopi&*®0 ands**C record of the stalagmite So-17A extends overrmge

of about 36.77 ka. So17A grew from ~122.25 ka BR86.190 ka BP and allows a climatic
reconstruction with an average resolution of 2&arg. The age-model is built up by thirteen
U-Th ages which were evenly drilled over the wraikdagmite.

As it was reconstructed by this thesis and also besn shown by previous studies, the
iIsotopic signature of the Black Sea surface wagmesdominates the temperature and
precipitation signal on a long-term scale withir tsotopic records of Sofular stalagmites.
This led to the characteristic shifts in %180 record of So-17A compared to the temperature
record of the NGRIP members 2004 during climaaasitions.

The 5'®0 record shows two positive peaks marking peridds@ MIS 5e and MIS 5c. The
same structure can also be recognized ir5tf@ record, in a dampened way. Generally, the
MIS 5e and the MIS 5c were characterized by wamptratures and relatively wet climatic
conditions. Most likely, the MIS 5c¢ did not achieVdS 5e optimum climate conditions. The
relative stability of the3**C during most of the MIS 5 could be explained byteygood
climatic conditions for the growth of plants. Timeans that the climate was mostly moderate
with sufficient moisture and without the occurrencé extremely harsh (cold/hot)
temperatures. In comparison with MIS 1 conditiathg, MIS 5e was warmer and drier. The
MIS 5e ended about 114 ka BP in the Black Sea megibereas the MIS 1 record shows a
probable phase of increasing temperatures and aogeprecipitation since 3.5 ka BP. This
development does not point to an early end of th® M Possible reasons for the extension of
MIS 1 compared to MIS 5e could be the climate ratevumpacts of mankind or distribution
of insolation (Risebrobakken et al., 2007).

Three changes between sea and lake phase candgmired in the So-17A isotopic record
characterizing the Black Sea history. Changes éotd phases are associated with a drop in
sea level and consequently a break up of the ctionebetween the Black Sea and the
Mediterranean Sea (Bosphorus depth = ~-35m). IrSth&7A5"0 record these transitions
are marked by a gradual decrease instfi®. The gradual descent is mainly produced by the
decreasing inflow of th&'?0 enriched Mediterranean waters into the Black Saethermore,
the isotopic signature of the Black Sea surfacersaias to adapt to the new conditions in the

deep waters, without an inflow of the Mediterran@aaters. The residence time of the Black
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Sea deep waters is about 2000 years (Ostlund argb®y; 1986; chapter 5.2.). The switches
into lake phases occurred after the MIS 5e (~1K8.BP) and the MIS 5c (~88 ka BP).

Changes into warm phases are coupled with an iseni@asea level. When the sea level in the
Mediterranean Sea reaches a critical height, theiteleanean waters flow into the Black Sea
basin. This model was developed by Lane-Serff e12®7 for the MIS1 reconnection. The
inflow of Mediterranean waters lead to an incréastie5'°0 of the Black Sea surface waters.
A connection is established with a two-layered exge between the Black Sea and the
Mediterranean Sea through the Bosphorus Strait5(}3 The isotopic level of ~-9.8%o
within Sofular stalagmites is an indication for Bua connection. The reconnection was
established ~107.5 ka BP.

The MIS 5e was relatively stable. Higher climateiaaility was recorded in the MIS 5d-a
which included several cold events. The registexad events were most likely triggered by
changes in North Atlantic circulation and were assed with coolings of the sea surface
temperatures. These events propagated onto thesi&ureontinent. In the isotopic record,
these abrupt events are marked by a decrease26bd)- -0.75%o in theés*®0 of So-17A and
an increase of 0.5%o - 3%o in tl&°C. The impact of the cold events on the climatBafular
cave most likely depends on the magnitude of the eeent and its propagation to the Black

Sea region.

6.2 OUTLOOK

First, the MIS 5e is still a quite seldom coveregit in the actual scientific literature. In the
eastern Mediterranean region, absolutely datedatéinproxies covering the MIS 5e are
extremely rare. Therefore, stalagmites from othaves in this region would allow a

verification of the results that were revealed kplagmite So-17A. Furthermore, a
comparison would help to distinguish between locagional and global effects. A first

attempt was made by the comparison with the stateggo-6 which allowed recognition of

local events (stalagmite specific).

Second, stalagmite So-17A could be drilled withighér resolution. This would probably

allow the detection of processes on a shorter soae and would open the possibility to
investigate the impact of teleconnection patternstloe ancient climate in the eastern
Mediterranean region.

Last, the composite Sofular record is unique is tkegion and allows a reconstruction of the
Black Sea history back to 600 ka BP. With new gialide material, it might possible to fill

the remaining temporal gaps.
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