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ABSTRACT  
 
Reconstruction of the ancient Black Sea climate is mandatory to predict future climate in this 

region. However, terrestrial climate proxies covering the last interglacial are very rare in the 

Black Sea region. In addition during the last few hundred thousand years the hydrologic 

history of the Black Sea is marked by changes between lake and sea phases. However, this 

history is only reconstructed back to 30 ka BP by other scientists (Aksu et al., 2002a/b, 

Kaminski et al., 2002, Bahr et al., 2006, etc). Longer records (e.g., Zubakov, 1988) are not 

well dated and coarsely resolved. Overall, a distinct lack of terrestrial high-quality records 

exists in the entire Black Sea region and northern Eastern Mediterranean. 

Stalagmites from Sofular Cave at the southern rim of the Black Sea (northern Turkey) capture 

the oxygen isotopic signature of the Black Sea surface waters and are thus well suited for 

reconstructing of the Black Sea history (Fleitmann et al., 2009). Furthermore, the isotopic 

records also allow a reconstruction ancient climate.  

The oxygen (δ18O) and carbon (δ13C) isotope profiles of stalagmite So-17A cover the period 

from ~122.25 ka BP to ~86.190 ka BP and is absolutely dated by 13 U-Th ages. The So-17A 

record fits into a composite isotopic record of Sofular cave which has already been built up by 

the group of Prof. Dr. Dominik Fleitmann at the Institute of Geological Sciences at the 

University of Bern.  

With this thesis, a new period of the Black Sea history is revealed. Additionally, the MIS 5e 

and MIS 5d-b climate can be reconstructed and compared to the already existing climate 

records from the eastern Mediterranean region.  

The results indicate that the MIS 5e climate was warm, moist and relatively stable in the 

eastern Mediterranean region. However, in comparison with the MIS 1 (Fankhauser et al., 

2008), the MIS 5e record indicates higher temperatures and lower amounts of precipitation. In 

contrast to the MIS 5e, the MIS 5d-a showed more climate variability, with changes between 

stadial and interstadial conditions and some additional cooling events.  

The So-17A isotopic record reveals two periods of sea phase and one period of lake phase in 

the MIS 5e-b Black Sea history. The sea level fell below the Bosphorus sill (~-35m) about 

109.5 ka BP, the two-layer connection between the Mediterranean and the Black Sea was then 

re-established at an age of 107.5 ka BP. Sea level rises were mainly produced by melt waters 

and thermal expansion of warming waters (Clark and Huybers, 2009). The final disconnection 

recorded by stalagmite So-17A happened about 88 ka BP and preceded the MIS 5b. The sea 

level drops are mainly induced by the building up of ice sheets (Mangerud et al., 1991). As a 

whole, it can be confirmed that the high-amplitude changes of the isotopes are mainly 
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produced by the Black sea surface waters, whereas the low-amplitude changes are provoked 

by temperature or precipitation changes (Fleitmann et al., 2009).  

 



 

LIST OF CONTENTS 
 

ABSTRACT .................................................................................................................................... 3 

LIST OF CONTENTS ................................................................................................................... 5 

LIST OF FIGURES ....................................................................................................................... 6 

LIST OF TABLES ......................................................................................................................... 6 

1 CHAPTER ONE – INTRODUCTION ................................................................................ 7 

1.1 INTRODUCTION &  AIM  OF THE PROJECT............................................................... 7 
1.2  SPELEOTHEMS............................................................................................................. 8 

2 CHAPTER TWO – STUDY SITE........................................................................................ 9 

2.1 GENERAL SETTING OF THE SOFULAR CAVE ........................................................ 9 
2.2 CLIMATE ..................................................................................................................... 12 

2.21 Modern Climate......................................................................................................... 12 
2.22 Global climate history ............................................................................................... 17 
2.23 Eastern Mediterranean climate history..................................................................... 21 
2.24 Orbital parameters .................................................................................................... 22 

2.3 BLACK SEA SETTING................................................................................................ 23 
2.4 BLACK SEA HISTORY ...............................................................................................26 

3 CHAPTER THREE – METHODS AND MATERIAL ............... ..................................... 30 

3.1 SPELEOTHEMS........................................................................................................... 30 
3.11 Formation of speleothems ......................................................................................... 30 
3.12 Registration of environmental and climate signals in speleothems .......................... 34 
3.13 Stalagmite So-17A ..................................................................................................... 36 

3.2 URANIUM-THORIUM DATING ................................................................................ 38 
3.21 Theory........................................................................................................................ 38 
3.22 Sample preparation ................................................................................................... 41 
3.23 Measurement and Calculations................................................................................. 42 

3.3 STABLE ISOTOPES..................................................................................................... 44 
3.31 Theory........................................................................................................................ 44 
3.32 Stable isotope measurement ...................................................................................... 48 
3.33 δ

18O and δ13C signals in Paleoclimate ...................................................................... 50 

4 CHAPTER FOUR - RESULTS .......................................................................................... 55 

4.1 URANIUM-THORIUM DATING ................................................................................ 55 
4.2. STABLE ISOTOPES..................................................................................................... 57 

5 CHAPTER FIVE - DISCUSSION...................................................................................... 60 

5.1 PALEOCLIMATIC INTERPRETATION OF THE δ13C AND δ18O PROFILES......... 60 
5.2   δ18O - BLACK  SEA HISTORY .................................................................................... 69 
5.3 δ13C – EASTERN MEDITERRANEAN CLIMATE  HISTORY................................... 77 
5.4 MIS 5 CLIMATE  VARIABILITY ................................................................................ 85 

6 CHAPTER SIX – CONCLUSIONS ................................................................................... 95 

6.1 CONCLUSION ............................................................................................................. 95 
6.2  OUTLOOK.................................................................................................................... 96 

ACKNOWLEDGEMENTS......................................................................................................... 97 

REFERENCES............................................................................................................................. 98 

DECLARATION........................................................................................................................ 115 



6 

LIST OF FIGURES 
 
Fig. 2.1. The setting of Sofular cave ...................................................................................... 9 

Fig. 2.2. Situation plan of Sofular cave ................................................................................ 11 

Fig. 2.3 Precipitation and temperature above Sofular cave................................................. 12 

Fig. 2.4. Wind and precipitation patterns above Sofular cave.............................................. 14 

Fig. 2.5. SPECMAP δ18O time series ................................................................................... 19 

Fig. 2.6. Location of the Black Sea ...................................................................................... 23 

Fig. 2.7. Black Sea δ18O signature of the last 30 ka BP ....................................................... 27 

Fig. 2.8 Exchange history of the last 18 ka BP.................................................................... 29 

Fig. 3.1. Formation of speleothems ...................................................................................... 30 

Fig. 3.2. Signal transfer ........................................................................................................ 34 

Fig. 3.3. Stalagmite So-17A ................................................................................................. 36 

Fig. 3.4. Decay chain of uranium ........................................................................................ 38 

Fig. 3.5. Basic construction of a mass spectrometer............................................................ 42 

Fig. 3.6. Rainfall measurements above Sofular cave ........................................................... 51 

Fig. 4.1. Age-depth model .................................................................................................... 56 

Fig. 4.2 δ
18O and δ13C profiles of So-17A ......................................................................... 57 

Fig. 5.1. Composite Sofular record of the last 600 ka BP .................................................... 61 

Fig. 5.2 δ
18O record of So-17A ........................................................................................... 63 

Fig. 5.3 δ
13C profiles of So-17A.......................................................................................... 65 

Fig. 5.4 δ
18O profiles of the stalagmites So-6 and So-17A ................................................. 68 

Fig. 5.5. Hydrological and isotopical balance of the Black Sea........................................... 70 

Fig. 5.6. MIS 5 Black Sea history......................................................................................... 74 

Fig. 5.7 Comparison of the MIS 1 and MIS5 isotopic records from Sofular ................. 83/84 

Fig. 5.8. Propagation of cold events ..................................................................................... 87 

Fig. 5.9. Sofular abrupt events 1........................................................................................... 90 

Fig. 5.10. Sofular abrupt events 2........................................................................................... 92 

 

LIST OF TABLES 
 
Tab. 4.1. Uranium-Thorium Ages of So-17A………………………………………………55 

 



7 

1 CHAPTER ONE – INTRODUCTION 
 

1.1 INTRODUCTION & AIM OF THE PROJECT 
 
The MIS 5e (128-115 ka BP) is the last interglacial preceding the MIS 1 (since 11.7 ka BP; 

Imbrie et al. 1984). In the current discussion about climate change, it is important to have a 

look at the conditions during the MIS 5e. The comparison of the MIS 5e and the MIS 1 

enables to reveal differences and their possible causes. Moreover, there are controversial 

discussions on climate variability during the MIS 5e and the MIS 5d-a. For example, some 

studies claimed that the MIS 5e climate was relatively stable and uninterrupted (Menke and 

Tynni, 1984; Frenzel, 1991). Some other studies suggested the occurrence of several cold and 

warm events in the course of the MIS 5 (GRIP members, 1993; Cheddadi et al., 1998; Field et 

al., 1994; Chapman and Shackleton, 1999 and Boettger et al., 2007; Litt et al., 1996). These 

inconsistencies occur mainly due to a lack of well dated and highly resolved records covering 

this time period.  

In addition, the stalagmite records of Sofular cave lying at the southern rim of the Black Sea, 

provide insights into the Black Sea history, which has been conversely discussed in the last 

few years (Aksu et al., 1999/2002a, Kaminski et al., 2002; Bahr et al., 2006/2008; Major et al., 

2002, Ryan et al., 1997/2003). The Black Sea history has mainly been studied back to 30ka 

BP. The group of Dr. Prof. Dominik Fleitmann built up a climatic record by studying 

stalagmites from Sofular Caves back to 600 ka BP. However, some temporal gaps prevented 

the development of a continuous time series. New stalagmites were collected in November 

2008 in order to fill some of these temporal gaps. The stalagmite So-17 covers the time period 

from about 122.96 ka BP to 86.19 ka BP.  

First, this period allows reconstructing the climate within the MIS 5, by constructing high-

resolution oxygen (δ18O) and carbon (δ13C) isotope records. This opens also the possibility to 

compare these MIS 5e isotopic records with MIS 1 isotopic profile. Secondly, the stalagmite 

So-17A is able to fill some temporal gaps within the Black Sea history (Fig. 5.1.). Thirdly, the 

climate variability of the MIS 5 will be the last subject of this master thesis. The isotopic 

record of the stalagmite So-17A will show whether climate during the MIS 5 was relatively 

stable or quite variable. To achieve these objectives a good age-depth model and high 

temporal resolution are mandatory.  

 



1 CHAPTER ONE – INTRODUCTION 

8 

1.2  SPELEOTHEMS 
 
Speleothems are secondary cave deposits formed of calcium carbonate (Hill and Forti, 1997). 

The word speleothem is made up of two words originating from the Greek language. The term 

includes two words, ‘Spelaion’ meaning cave and ‘thema’ standing for deposit (Hill and Forti, 

1997). The term was established by an American speleologist G. Moore in 1954 (Moore, 

1954).  

Caves with speleothems are often located below karstic systems consisting of soluble rock (in 

the majority of cases carbonate bedrock). The downward percolating meteoric water dissolves 

the host rock and within the cave, the precipitated calcite carbonate accumulates in form of 

speleothems (Schwarcz, 2007).  

Changes in the conditions within the cave or at the Earth surface can lead to alternations in 

the deposition of stalagmites. The changes in the deposition can be used to reconstruct the 

ancient environmental conditions (Schwarcz, 2007). The recognition of changes results from 

the study of growth rates, isotopic composition of the calcium carbonate, fluid inclusions, 

concentrations of trace elements and mineralogy (Schwarcz, 2007). Speleothems are an 

appropriate terrestrial alternative to marine sediment cores, ice cores and pollen profiles. In 

general, caves are extremely stable environments and therefore a good tool to reconstruct the 

past climate changes (Poulson and White, 1969).  

Three principal types of speleothems are used for paleoclimatic research. The three principal 

types of speleothems are flowstones, stalactites and stalagmites. Flowstones are laminar 

deposits on the grounds or the walls of caves. The deposit stratigraphy displays the variation 

of discharge during the previous thousands of years. Stalactites are conical dripstones 

growing from the ceilings of caves. The internal layering of stalactites is parallel to their 

surface. Stalagmites are dripstones growing upwards from the cave grounds. The growth of 

stalagmites depends on the water flow rate, the water supersaturation and the drop fall height. 

Most scientists with their interest in paleoclimate focus on the analysis of stalagmites 

(Fairchild et al., 2006a). 
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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 the southern rim of the Black Sea at an 

altitude of ~ 440 meters (m) above sea level (Fleitmann et al., 2009). The cave is situated 15 

kilometres (km) eastward of the city Zonguldak and is embedded in the slopes of the Sofular 

deresi valley (Fig. 2.1.) (Laumanns and Kaufmann, 1988).  

 

Fig. 2.1. Approximate location of the Sofular cave (red arrow) within the Black Sea region 

(Source: Google Earth). 

 

Geology 

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

The Balkanides-Pontides belt is extended to the southern coast of the Black Sea (Panin, 2007). 

The Black Sea is encircled by the Caucasus in the North, the Crimea in the North-east and the 

North Dobrogea Mountains in the North-west (Panin, 2007). 
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Further on, the cave is situated on the northern side of the North Anatolian fault zone 

(Bozkurt and Mittwede, 2001).  

The Sofular cave lies within the Istanbul zone of the Pontides consisting of a pre-Early 

Palaeozoic crystalline basement and an unconformably Palaeozoic, Mesozoic and Cainozoic 

(Ordovician to Eocene) sediment succession at the surface (Chen et al., 2002).  The basement 

consists mainly of metasediments, metagranitoids, meta-sedimentary-volcanic succession and 

metaophiolites (Yilmaz et al., 1995). The Zonguldak basin is filled by lower (clastics and 

carbonates) and upper (clastics, carbonates and volcanic rocks) cretaceous sediments (Tüysüz, 

1999). The cave is situated below a karstified lower cretaceous limestone which is embedded 

in cretaceous flysch (Laumanns and Kaufmann, 1988). 

 

Sofular Cave 

The cave system has a maximum depth of -84 m, and is extended over a length of 490 m and 

three main grounds (Fankhauser et al., 2008; Turkish Cave Inventory). The first ground is 

oriented in a west-to-east direction and was built by a drainage system to the East during the 

Pliocene. The second ground was formed at the end of the Pliocene by the river Sofular which 

began to drain into the current direction. The Sofular River was also responsible for the 

formation of the third floor, by reason of erosion and embedding of the former surface 

(second floor) of the cave (Fig. 2.2.). In the nineties, Sofular cave was explored by the MAD 

(Turkish Cave Research Community) and the MTA (Mine Research Institution) (Fankhauser 

et al., 2008; Turkish Cave Inventory). Strong sintering processes prevail in the cave and the 

lowest parts are filled with muddy sump, due to the oscillation of the karst water-level 

(Laumanns and Kaufmann, 1988). Tracks of human settlement were found in the form of 

possible human bones. Bats are the main animals inhabiting the first floor of the Sofular cave 

(Fankhauser et al., 2008; Turkish Cave Inventory).  
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Fig. 2.2. Situation plan of the Sofular cave. Once with the perspective from above (at the top) 

and with the perspective from the side (below) (Kaufmann and Laumanns, 1988).  
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2.2 CLIMATE 

2.21 Modern Climate 
 
Meteorological information of Sofular in this first section is mainly based on data from the 

meteorological station of Zonguldak which is situated about 15 km North-west from Sofular 

cave. Figure 2.3. shows that annual precipitation in the region of Sofular cave is about 1200 

millimetre per year (mm/yr). From this total amount, 75% precipitates in the time period 

between September and April, which produces a seasonal cycle. For example, the total 

amount of monthly precipitation in December and May is 126 and 47 millimetres (mm) 

respectively (Fig. 2.3.). Monthly mean temperatures vary between 6 and 22 degrees Celsius 

(°C) with an annual mean temperature of 13.5°C (Fig. 2.3.). This temperature is 

approximately equivalent to the prevailing temperature within the cave of about 13°C 

(Fleitmann et al., 2009).  

On the whole, the climate in a region is influenced by three main factors which themselves 

depend on latitude and topography of a location. These factors are the solar irradiance, the
 

  

Fig. 2.3. Actual precipitation and temperature values with the corresponding δ18O precipitation 

signal at Sofular cave (meteorological station of Zonguldak) in a course of a year (Graph 

made by Dominik Fleitmann, Sources: GNIP, Turkish Meteorological Service).  

 

character of the underlying surface and the atmospheric circulation. The Black Sea region has 

a huge supply of solar irradiance due to its southerly position and only a little amount of the 

downward directed irradiance is reflected (Kosarev et al., 2008). 

The atmospheric circulation is the main factor responsible for the distribution of the air 

masses over a region. The Black Sea is mainly influenced by large-scale atmospheric systems 

positioned over Eurasia and the North Atlantic. Although the western and eastern parts of the 
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Black Sea are located in the same latitudinal interval, the climates differ substantial between 

the two regions (Kosarev et al., 2008).  

The air masses penetrating the Black Sea region can be divided into tropical and polar air 

masses (Sensoy, 2004). These air masses are further separated into maritime polar air masses, 

continental polar air masses, maritime tropical air masses and continental tropical air masses. 

Maritime polar air masses originate from the Atlantic Ocean and pass over Europe. They lead 

to rainfall within the Black Sea region. Continental polar air masses from Sibiria and Russia 

are cold and dry and catch up some moisture while crossing the Black Sea. This moisture is 

released as rainfall at the Black Sea coast. Air masses formed over the Azores islands are 

humid and warm. These tropical maritime air masses lead to higher amounts of precipitation 

mainly in the western part of the Black Sea region during summer. Continental tropical air 

masses arrive in the Black Sea region from the North African desert and are therefore hot and 

dry. They can lead to precipitation events if they pick up enough moisture over the 

Mediterranean Sea (Sensoy, 2003).     

The main wind directions registered in the Black Sea area are northerly, north-easterly or 

north-westerly winds and to a smaller part, southerly, south-westerly or south-easterly winds 

(Kosarev et al., 2008). This can be seen on figure 2.4.; the blue arrows denote the prevailing 

wind system in the region. In wintertime (Fig. 2.4a), the area is mainly influenced by westerly 

winds deflected by local orography at the surface. These westerly winds occur over the 

western Black Sea as northerly winds (Raicich et al., 2003). Also south-easterly patterns can 

influence the Black Sea region during wintertime (Kosarev et al., 2008) The winter is also the 

season when the amount of regional cyclones created over the Mediterranean Sea increases, 

but they are often short-lived (Kostopoulou and Jones, 2007). 

During the summertime, there is little variability in the atmospheric circulation which is at 

that time determined by the Atlantic anticyclone and the Asian thermal low (Kostopoulou 

Jones, 2007). The westerlies registered over the Black Sea region are weaker and therefore, 

the surface wind regimes are dominated by the meridional wind components. This surface 

meridional wind regime is also known as the Etesian regime (northerly winds) forming part of 

the southern Hadley cell (Raicich et al., 2003). The vertical component of the meridional 

wind regime is known as the local Hadley cell. This circulation system connects the 

Mediterranean area with the sub-Saharan area. The convective area of the Hadley cell 

(ascending air) shifts between summer and wintertime from 0-5° latitude band to 15-20° 

latitude band (Raicich et al., 2003).  
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Fig. 2.4. Predominant winds and precipitation (in mm/month) pattern above Sofular cave in 

January (a) and July (b) (Graph made by Ozan M. Göktürk, Sources: NCEP, CRU).  

 

Also smaller circulation patterns have an influence on the climate at the coasts of the Black 

Sea region. Especially the land-sea breezes lead to an exchange of air masses between the 

Black Sea and the coast. The differences in surface temperature induce a circulation of air 

masses which mainly occurs between March and October. The onshore breezes dominate 

during the day, while the offshore breezes arise during nighttimes (Kosarev et al., 2008). 

However, in general the small-scale atmospheric conditions are often dominated by the 

variability of the large-scale atmospheric systems (Oguz et al., 2006).  

 

The study Fleitmann et al. 2009 shows that there is no significant correlation between 

temperature and precipitation changes in the region of Sofular. Therefore, different 

atmospheric circulations are accountable for changes in temperature and precipitation 

(Fleitmann et al., 2009). 

 

January 

July 
Sofular Cave 

a 

b 



2.2 CLIMATE 

  15 

As it was described before, the climate in Turkey differs significantly between the different 

regions within the country. Reasons are the different landscapes and the mountain belts 

expanded parallelly to the coast of the Black Sea (Sensoy, 2003). Therefore, the clouds 

originating from the North cannot overcome the Pontides Mountains and mainly rain out at 

the coast. As a result, the coastal regions obtain much more precipitation during the year than 

the inland regions. For example, inland regions and costal regions obtain annual precipitation 

values of 250-300 mm and 2200 mm, respectively. The Black Sea coast is the only location 

within the Black Sea region receiving precipitation throughout the year. In contrast, the coasts 

of the Aegean and Mediterranean Sea have rainy winters but almost no precipitation during 

summer (Sensoy, 2003).  

 
The main teleconnection-patterns influencing the Black Sea climate are the North Atlantic 

Oscillation (NAO) and the East Atlantic-West Russia (EAWR) pattern (Oguz et al., 2006). 

The North Sea-Caspian Pattern index (NCP) established by Kutiel and Benaroch 2002, using 

500 hPa geoponential anomaly patterns, shows similar characteristics as the EAWR (Oguz et 

al., 2006). A positive and a negative NAO-index have a consequence of a relatively cold, dry 

winter and a mild, wet winter respectively in the Black Sea region (Kazmin and Zatsepin, 

2007). The positive NAO is associated with higher pressure gradients between the Icelandic 

low and the Azores high. This gradient leads to stronger westerly winds which occur over the 

Black Sea as north westerly winds (Oguz et al., 2006). As a result, the surface temperatures in 

the Black Sea region decrease. In the case of a negative NAO index, the wind transport over 

the Black Sea is directed to a north-east direction (Kazmin and Zatsepin, 2007). These 

patterns do not always dominate the climate over the Black Sea; sometimes other atmospheric 

systems probably outweigh (Oguz et al., 2006).  

The winter EAWR index indicates the distribution of pressure anomaly centers over the 

Western Europe and the Caspian region (Oguz et al., 2006). This pattern is responsible for the 

modulation of the NAO-pattern over the Eurasian continent. A positive index is caused by an 

increasing strength of the North Sea anticyclone and an amplifying of the cyclone over the 

Caspian Sea. This results in a wind originating in the north-east/north-west of the Black Sea 

region. In the case of a negative index, the cyclonic anomaly is situated over the North Sea 

and the anticyclonic anomaly over the Caspian Sea. Consequently, the pressure difference is 

not that high over Europe and the Black Sea region, which is then influenced by warmer and 

wetter conditions transported into the region by south-westerly to south-easterly winds (Oguz 

et al., 2006).  
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Raicich et al. 2001 revealed an influence of Indian monsoon intensity on the local Hadley cell 

during summertime. Time periods with lower pressure over Asia lead to higher monsoon 

precipitation events. During these periods, low pressure is also measured in the eastern 

Mediterranean area. This pressure disposition has a consequence of an intensification of the 

northerly, north-easterly winds and therefore the Etesian wind regime (Raicich et al., 2001).  
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2.22 Global climate history 
 
Past global climate is an important framework to understand the climate at the regional scale. 

The regional climate is often influenced by global patterns, which are further modified by 

regional patterns. Therefore, the past global climate is also worth to be looked at. In the 

following section, only the MIS 1 (~ since 12 ka BP) and the MIS 5e-b (128 – 87 ka BP) 

climate are covered, because only they are of particular interest for this master’s thesis. An 

overview of the climate at Sofular cave of the last 50 kilo years before present (ka BP) is 

provided by the master thesis of Fankhauser et al. 2008.  

 

End of MIS 6  

During the end of the MIS 6 (~135 ka BP), the general climatic conditions were colder and 

drier than the present-day conditions. These conditions were more pronounced in the northern 

regions of Europe. Mainly continental climate regimes predominated in the European area, 

due to a reduction of the heat transport by the Gulf Stream (Brewer et al., 2008). During the 

glacial periods, the climatic belts shifted into the southern direction (Frumkin et al., 1999).  

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

 

Eemian (MIS 5e) 

The term ‘Eemian’ originates from Harting et al. 1874. Harting named some sediment from a 

warm period after a river in the area of Amersfoort (Netherlands). First, this term was only 

used for marine sediments. Later, the word Eemian was also applied to the field of 

isochronous terrestrial sediments (Kühl and Litt, 2007).  

The MIS 5e is mainly thought to have been warmer than the MIS 1. The ice cover was 

reduced and the sea level was up to 12 m higher compared to modern sea levels. At the time 

of maximal insolation (~125 ka BP), summer temperatures were about 4°C higher than 

modern temperatures in the middle and high latitudes. In the Arctic region, simulated winter 

temperatures showed values of about 2-8°C higher than modern values. These findings are 

mainly confirmed in the region of northern Scandinavia (Van Andel and Tzedakis, 1996).  

The Eemian interglacial period in Europe lasted from approximately 128 to 115 ka BP 

(Brewer et al., 2008) and is synonymous with the MIS 5e (Shackleton et al., 2003). However, 

Kukla et al. 1997 came to the position that the Eemian extended into the ice growth phase of 

the MIS 5d (Kukla et al., 1997). Triggers for the MIS 5e climate were maybe modifications in 

solar activity amplified by changes in the North Atlantic Ocean current or by the North 

Atlantic Oscillation (Müller et al., 2005).  
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The early MIS 5e was characterized by a climate with a strongly heterogeneous characteristic 

in Europe. A steep increase in temperature and a slower rise in precipitation took place across 

Europe (Chedaddi et al., 1998). Especially, the summer temperatures rose with a gradual 

increase from Western to Eastern Europe. A winter-warming pattern was principally revealed 

in Central and North-Eastern Europe (Brewer et al., 2008, Velichko et al., 2007). A probable 

reason for this warming is an increased advection of warm air from the Atlantic by westerlies 

(Velichko et al., 2007). The rise in winter temperatures led to a decrease in the seasonal 

contrasts (Chedaddi et al., 1998). The previously predominant continental climate of Eastern 

Europe was being modified and became a Mediterranean climate regime (Sanchez-Goni et al., 

1999). In general, the conditions during the mid-MIS 5e were relatively stable compared to 

the beginning of the MIS 5e which was the warmest and wettest period during the whole MIS 

5e (Kühl and Litt, 2003; Chedaddi et al., 1998). Despite the assumption of a relative stable 

MIS 5e (Brewer et al., 2008), a number of abrupt, weak, cold and/or arid events led to some 

climate variation during the MIS 5e (Maslin and Tzedakis, 1996; Cheddadi et al., 1998). An 

analysis of Müller et al. 2005 suggests that these events occurred in intervals of 

approximately 1370 years (Müller et al., 2005).  

In the final part of the MIS 5e, the decrease in temperatures and the dry conditions continued 

and accelerated (Brewer et al., 2008). Winter temperatures decreased by a larger amount than 

summer temperatures. Therefore, an increase in seasonality was registered during this period, 

especially in the northern parts of the world (Chedaddi et al., 1998). The transition to glacial 

conditions took longer, than the transition to interglacial conditions, probably due to more 

complex forcing factors (Brewer et al., 2008).  

During the MIS 5e period (128ka-115ka BP), the sea level of the Eemian Sea reached its 

highest water level (Streif, 1991) and occupied the whole Baltic basin. However, on the North 

Sea coast, only the main river beds were flooded. Furthermore, the Eemian Sea covered the 

whole area between the North Sea, the White Sea and the Arctic Ocean. Consequently, 

Fennoscandia was an island during the high stand of the Eemian Sea. At the end of the MIS 

5e, the sea level regressed before 110 ka BP (Zans, 1936; Gross, 1967).  

Sites across whole Europe showed an interglacial vegetation succession (Van Andel and 

Tzedakis, 1996). The presence of the Eemian Sea probably led to a uniform climate on the 

bordering continents, and therefore to an expansion of uniform vegetation and the settlement 

of temperate forests (Tzedakis, 2007).  

The period of 115-71 ka BP is divided into periods of different stadials and interstadials MIS 

5a-5d (Fig.2.5.). During this phase, the climate deteriorated and changed afterwards into the 

MIS 4 with a first major advance of the glaciers in Europe. The main conditions during 
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stadials were cold and dry climates. The interstadials were more continental than the phases 

of the MIS 5e (Van Andel and Tzedakis, 1996). The first stadial was the Herning/Melisey I 

stadial (MIS 5d; ~107 ka BP) directly following the MIS 5e. The sea level dropped to a value 

of -50 m compared to present sea levels (0 m). At that time, the Scandinavian ice-sheets had 

not yet been extensive (Mangerud et al., 1991) and therefore had most likely not reached the 

coast of Norway yet. This stadial is thought to have had a shorter duration than the 

previous/following warm phases (Van Andel and Tzedakis, 1996).  

 

Fig. 2.5. The MIS 7-1 defined by the foraminiferal δ18O time series of SPECMAP Imbrie et 

al., 1984). The curve was supplemented by Winograd et al. 1997 with the Marine δ18O isotope 

stages 1-7 defined by Shackleton 1969. The periods of 57 ka and 13 ka within the dotted lines 

display the entire MIS 5. 

 

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

A huge part of the ice-sheet which was formed in the previous stadial melted during this 

interstadial (Mangerud et al., 1991). The sea level rose to a level of -20 m (Bard et al., 1990) 

and the vegetation state was in a situation comparable to the late MIS 5e. A next sea level 

dropping took place during the Rederstall/Melisey II stadial, also called MIS 5b (~87 ka BP). 

This event was associated with a modest increase of the ice volume (Mangerud et al., 1991) 

and a sea level of -25 m (Van Andel and Tzedakis, 1996). The mechanisms of starting ice 

sheet formations are not yet clear (Van Andel andTzedakis, 1996). Lambeck et al. 2002 
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suggested that the ice sheets can build up without a decrease in temperature if there is enough 

air moisture available (Lambeck et al., 2002). The transitions between stadials and 

interstadials revealed in pollen sequences are mainly showed as alternations between open 

and closed forest conditions. Each interstadial was characterized by a fast expansion of the 

original vegetation which is thought to have taken place due to the near refugees. Van Andel 

and Tzedakis 1996 suggested that the conditions during the MIS 5d were not that harsh as 

they were during the MIS 5b (Van Andel and Tzedakis, 1996). According to Lambeck et al. 

2002, the oscillation between interglacial and glacial climates is mainly caused by a transfer 

of waters between the two largest water-reservoirs, the ice sheets and the World Ocean 

(Lambeck et al., 2002).  

 

MIS 1 

A substantial warming was recorded during the transition from the MIS 2 to the MIS 1 in 

several paleoclimate archives (Solomina et al., 2008). The beginning of the MIS 1 was 

marked by an increase of temperature of about 7°C (Lemke and Harff, 2005). Depending on 

the location, this warming was delayed because of the large ice sheets which influenced the 

climate in the high northern latitudes (Solomina et al., 2008). Models show that temperatures 

at 9ka BP were about 5°C higher than present temperatures on northern continent inlands 

(Kutzbach and Webb, 1993).  At 8.2 ka BP a short cooling event occurred with about 2°C 

lower temperatures than before. Afterwards, the phase known as the climatic optimum 

followed with higher temperatures and more rainfall than today. After about 4.5ka BP, the 

temperatures/precipitation began to fluctuate around present values (Lemke and Harff, 2005).   

The vegetation in the European region changed from steppe or tundra flora to mixed, 

deciduous forests at the beginning of the MIS 1. During the MIS 1 optimum, thermophile 

plants began to dominate the countryside (Lemke and Harff, 2005).   

A MIS 1 climate reconstruction of Mayewski et al. 2004 shows six periods of rapid climate 

changes since approximately 11,500 ka BP. Mayewski gained this evidence from 50 globally 

distributed paleoclimate records. These rapid events occurred in quasi-periodic intervals 

(~2000 years), with a higher frequency after the middle part of the MIS 1. The paleoclimate 

records showed an occurrence of these events ~9000-8000, ~6000-5000, ~4200-3800, ~3500-

2500, ~1200-1000 and 600-150 cal yr. BP. These events were climatically characterized by 

polar coolings, North-Atlantic ice rafting events, alpine glacial advances, tropical aridity, 

strengthened westerlies and major atmospheric climate changes. Causes for these abrupt 

events are mainly ascribed to changes in solar insolation 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 lacustrine sequence in north-western Greece for 

possible duration and course of the MIS 5e in Greece. In the time span of 130-127.5 ka BP, 

the data showed an increase in the Precipitation/Evaporation (P/E) ratio, indicating an 

increase in precipitation (Frogley et al., 1999). The start of the full MIS 5e was characterized 

by wetter conditions. After 126.8 ka BP, the climate in Greece was dominated by 

Mediterranean climate with warm temperatures, mild winters and dry conditions (Frogley et 

al., 1999). MIS 5e optimum temperatures (~125 ka BP) were about 2° C higher than modern 

values. The MIS 1 temperatures showed only a deviation by 1°C compared to modern values 

(Zelikson et al., 1998).  From 126.1 ka to 124.7 ka BP, δ18O values rose, indicating increased 

aridity. After that, a stepwise decrease in δ
18O showed a higher availability of moisture, 

higher summer precipitation and lower winter temperatures (Frogley et al., 1999). 

Mediterranean elements disappeared about 122.6 ka BP and in the meantime, the winter and 

summer temperatures dropped. At 118.1ka BP, a period of higher aridity led to higher δ18O. 

After 116.7 ka BP, the MIS 5e was characterized by a more oscillatory climate. Frogley et al. 

1999 suggested that there were smaller changes of the δ18O within the full MIS 5e than during 

the late-glacial interval and the transition to the stadial (Frogley et al., 1999). The instabilities 

at the end of climate states could have taken place due to non-linear reactions to changes in 

solar forcings and transitions between preferred climate states (Frogley et al., 1999).  

In the eastern Mediterranean region, the vegetation pattern showed the following succession; 

climate favourable for cold and dry steppe alternated with Mediterranean evergreen plants. In 

general, the interstadial vegetation was more open than the vegetation during the MIS 5e (Van 

Andel and Tzedakis, 1996).  

The MIS 2 climate can be described with cold winters, intense winter precipitation and 

summer droughts. However, the MIS 2 was drier than the climate regime dominating today. 

The temperatures varied between 12-16°C and the annual rainfall fluctuated in an interval of 

300-450 mm. Afterwards, the climate became more humid, with an increase in precipitation 

during the transition from the late MIS 2 to the MIS 1 approximately 12 ka BP (Bar-Matthews 

et al., 1997).   

In the time period of 10-7 ka BP, a high amount of precipitation was recorded in different 

paleoclimate archives. Afterwards, the climate parameters become constant and turned into 

present climatic conditions with higher temperatures and 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 different interglacials, the prevailing solar and 

orbital forcings have to be understood. The orbital parameters have an influence on the angle 

under which irradiance strikes the earth surface. Eccentricity, obliquity and precession are the 

factors controlling this angle. The eccentricity indicates the shape of the Earth’s orbit around 

the sun, variations occur at the time scale of about 100 ka. Furthermore, the Earth’s orbit 

around the sun has an elliptical form. In the aphelion and perihelion position, the distance 

between the earth and the sun is the largest and smallest respectively.  

Obliquity can be described as the tilt of the Earth’s rotational axis relative to the ellipse of the 

Earth’s orbit. Repetitions of equal conditions occur in a cycle of about 41 ka. An increase in 

the tilt leads to a higher (smaller) amount of insolation in the respective hemispheric summer 

(winter).  

Precession is driven by the variations of eccentricity and quantifies the distance between the 

Earth and the sun at a fixed time in the year. The equal conditions repeat in a cycle of about 

21 ka (chapter based on Berger et al., 1993). The situation of the parameters during the MIS 1 

and the MIS 5e will be discussed under the chapter 5.3. 
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2.3 BLACK SEA SETTING 
 
The Black Sea is the largest permanently anoxic, semi-enclosed basin with a volume of 

537,000 cubic kilometres (km3) (Bahr et al., 2008) (Fig. 2.6.). It is connected to the Marmara 

Sea through the Bosphorus Strait which has an approximate depth of - 35 m. The ocean 

connection continues with the connection from the Marmara Sea to the Aegean Sea by the 

Dardanelles Strait (Strait of Canakkale, ~ depth = -70 m). The Dardanelles Strait has a length 

of 74 km and a width of 1.3-7.5 km (Gökaşan, 2008). The properties of the Bosphorus Strait 

are a length of 31 km and a width between 0.7 and 3.5 km (Gökaşan, 1997).  

 

Fig. 2.6. The location of the Black Sea with its connections to the Marmara and Aegean Sea in 

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

 

Today, the exchange of waters through these straits is ensured by a two-layer flow. The cooler, 

less saline surface waters originating from the Black Sea flow with a velocity of 10-30 

centimetres per second (cm/s) in a southerly/south-westerly direction. The surface waters 

have temperatures of 5-15°C, a salinity of 17-20l (= 17-20 gram/litre, 17-20‰), and form a 

layer of 25-100m in the Aegean and Marmara Sea. In the Black Sea, the less saline water 

forms a 100-200m thick layer, which is also the upper part of the stable pycnocline (Öszoy 

and Ünlüata, 1997). The warmer water from the Mediterranean flows along the Aegean Sea 
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and descends near the Dardanelles Strait below the cold-water surface layer. Subsequently, 

the waters with a temperature of 15-20°C and a salinity of 38-39l (= 38-39 gram/litre, 38-

39‰) penetrate into the Dardanelles Strait with a transport velocity of 5-25 cm/s in a north-

easterly direction (Aksu et al., 2002b).  

The circulation can be maintained because of height differences between the basins, the Black 

Sea sea level is located 40 cm above the Marmara Sea and the sea level of the Marmara Sea 

itself lies 30 cm above the Aegean Sea sea level. The sea levels of the basins can fluctuate up 

to 50cm in the course of one year due to seasonal variations in the river discharges (Aksu et 

al., 2002b).  

The water balance of the Black Sea is made up of different parts like precipitation, freshwater 

input, outflow through the Bosphorus and evaporation (Fig. 5.5) (Swart, 1991). The Black Sea 

has a positive hydrological balance, with higher influxes from precipitation and rivers, than 

outflux by evaporation (Aksu et al., 2002b). A possible disequilibrium generated by these 

factors is regulated by the net-export of water into the connected basins (Özsoy and Ünlüata, 

1997). The water balance is built up in the following way; the water input is formed by excess 

precipitation and riverine freshwater input with a transport amount of 300 cubic kilometre per 

year (km3/yr) and 350km3/yr, respectively. Evaporation is one factor acting into the other 

direction, with an export of water of 350km3/yr (Özsoy and Ünülata, 1997). Therefore, the 

Black Sea has to export a certain amount of water to maintain its sea level. Without this 

export, the sea level of the Black Sea would rise by ~94 cm per year. The main freshwater 

sources of the Black Sea are the rivers Danube, Dniester, Dnieper, Southern Bug and Don 

Rivers (Aksu et al., 2002b). The freshwater input from the Danube accounts for 

approximately 50% of the total river input (Özsoy and Ünülata, 1997). The drainage zone has 

an approximate area of two million of km2 (Mudie et al., 2002).   

The circulation within the Black Sea is mainly dominated by two central cyclonic gyres and 

several smaller anticyclonic costal eddies (Oguz et al., 1993). The gyres are separated by a 

narrow cyclonic peripheral rim current (Aksu et al., 2002a). A mixing of the surface waters 

exists to a depth of 200m induced by winds and winter circulation. The bottom water 

circulation is generated by the penetration of Mediterranean water into the Black Sea (Özsoy 

and Ünlüata, 1997).  The turnover rate of the deep waters in the Black Sea is approximately 

2000 years (Östlund and Dyrssen, 1986).  

The isotopic values of the Black Sea waters are controlled by different parts which are 

involved in the water balance of the Black Sea. These parts have different isotopic signatures. 

Swart 1991 suggested that the surface water isotopic signature lies between the meteoric 

water line (MWL) and a mixing line.  
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H. Craig established an average relationship between oxygen and hydrogen ratios in terrestrial 

waters named global meteoric water line (GMWL). The relationship is: δD = 8.0 * δ18O + 

10 ‰. This equation can be adapted for different locations (MWL) (Craig, 1961).  The mixing 

line is defined by two extremes, the bottom water Mediterranean Sea (δ18O = 1.8‰ (SMOW)) 

and the river input with a δ18O value of -10 to -8‰ (SMOW; Swart, 1991). The isotopic 

signatures of the river inputs are not that precisely known. However, the Danube draining the 

highest amount of water, into the Black Sea has an isotopic signature of at least -6‰. The 

other rivers arise from a region farther north than the Danube and are therefore probably even 

more depleted in δ18O isotopic composition (Swart, 1991). Concerning the MWL, the 

precipitation falling in the Black Sea region has a δ18O isotopic signature between -4 and -8‰ 

(SMOW). The atmospheric water vapour is supposed to be in balance with the local 

precipitation (Swart, 1991).  

The salinity of the Black Sea is mostly influenced by the strait depth and the global sea level. 

But some additional factors like climate, amount of water exchange and the upward mixing of 

saltwater within the Black Sea also have a substantial effect on the salt-composition of the 

Black Sea. The climate controls the freshwater fluvial input 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 known for the last 30 ka BP. Most of the research 

has been conducted by multiproxy studies including micropaleontological and palynological 

data (Bahr et al., 2006/2008, Aksu et al., 1999/2002a, Kaminski et al., 2002, Mudie et al., 

2002, Ryan et al., 1997, etc).  

Generally, the Black Sea was a lake during glacial periods when sea levels were below the sill 

depths of the Bosphorus and the Dardanelles. During interglacial periods, however, a 

connection to the Mediterranean Sea could have been established (Aksu et al., 2002b). During 

the MIS 2, sea level of the Black Sea dropped to a value of -110 m due to the formation of 

glaciers (Aksu et al., 2002a). As a result, the sea level of the Black Sea water body was below 

the sill depth of the Bosphorus and was a fresh, brackish water lake (Mudie et al., 2002). The 

data of Bahr et al., (2006) indicate stable isotopic compositions of the Black Sea water body 

during the interval from 30 ka to 18.5 ka, with values between -5 and -6 ‰ (VPDB) (Bahr et 

al., 2006).  

The post MIS 2 interval started about 18ka BP with the deglaciation of the Eurasian, 

Scandinavian and Siberian ice sheets (Bahr et al., 2006). Figure 2.8. illustrates the history of 

the connections between the basins since 18ka BP (Kaminski et al., 2002, Fig. 2.8.). The river 

Volga discharged isotopically depleted melt waters from the Scandinavian ice sheet to the 

Caspian Sea area (Mangerud et al., 2004). The following sea level rise in the Caspian Sea led 

to an outflow of the waters through the Manych-Kerch spillway into the Black Sea 

(Chepalyga, 2007). Besides the melt water inputs, there were also other factors leading to an 

overflow of the Caspian Sea: Permafrost melting, a higher runoff coefficient, an increased 

catchment area, lower evaporation and superfloods in spring because of long winters with 

large snow masses (Chepalyga, 2007). Furthermore, the warmer climate induced a large 

amount of melt water discharge from the Eurasian glaciers into the Black Sea. The main part 

of this discharge was formed by the big rivers draining into the Black Sea. Thereby, the δ
18O 

in Black Sea ostracods decreased to a value of -6.5‰ (Bahr et al., 2006) which is in good 

accordance with the results from Fankhauser et al. 2008 and Fleitmann et al., 2009. Therefore, 

decrease in δ18O of So-1 at 15.49 ka BP (Figure 2.7.) is not a result of a temperature effect, 

but due to the inflow of isotopically depleted water (Fleitmann et al., 2009; Fankhauser et al., 

2008; Bahr et al., 2006). Afterwards, the period of the Bølling/Allerød (14-12.9 ka BP) led to 

a stepwise increase in δ18O of the ostracods from -5 to -1.95‰ (Bahr et al., 2006). The main 

factors responsible for this ascent are an increase in δ18O of atmospheric precipitation 

(temperature effect), increasing runoff and evaporation (Bahr et al., 2008). 
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 Fig. 2.7. The Black Sea δ18O signature of the last 30 ka BP with the melt water inundation at 

15.49 (Graph made by A. Fankhauser).  

 

After 17ka BP, the enhanced melt water input into the Black Sea led to a sea level rise as well 

as a refill of the Black Sea basin to a level of -20m. The excess water spilled through the 

Bosphorus Strait into the Marmara Sea (Yanko-Hombach et al., 2007).  

The Aegean Sea reached the Dardanelles sill (-77 m below present sea level) at about 12ka 

BP. Afterwards, the Aegean water masses penetrated into the deeper parts of the Marmara Sea 

(Kaminski et al., 2002). In the time period of 12-9.5ka BP, the sea level of the Aegean sea 

rose from -77 m to -40 m (Aksu et al., 2002a), with a short standstill between 12.9 and 11.7 

ka BP (Rasmussen et al., 2006) because of the cold excursion of the Younger Dryas (Aksu et 

al., 2002a).  

At the time of 10 ka BP, a sapropel layer was deposited in the Mediterranean Sea, one 

responsible factor could have been the low-salinity surface lid produced by the Black Sea 

outflow (Çağatay et al., 2000; Aksu et al., 2002a). The inflow of saline Mediterranean water 

through the Bosphorus Strait into the Black Sea started at around 9.5ka BP, when the 

Mediterranean sea level reached the sill depth (Yanko-Hombach et al., 2007). But the waters 

could not penetrate into the Bosphorus until 9.1ka BP due to the strong outflow of Black Sea 
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water originating (Lane-Serff et al., 1997; Kaminski et al. 2002). Kaminski et al. 2002 gained 

evidence for this theory in a study about foraminifera at the southern end of the Bosphorus. 

The foraminifera increased in their abundance, as a result of a reduced outflow from the Black 

Sea (Kaminski et al., 2002). Furthermore, hydrological models suggest that the rising sea 

level in the Mediterranean Sea had to reach a critical height before a two-layer exchange 

could be established (Lane-Serff et al., 1997). Thus, during the early MIS 1 the conditions for 

a penetration of saline waters into the Black Sea were guaranteed (Kaminski et al., 2002, 

Lane-Serff et al., 1997). The denser Mediterranean water replaced the bottom water of the 

Black Sea, which has never returned to a fully oxygenated state since then (Kaminski et al., 

2002). This distinct hydrological change is also recorded in ostracods which show a more 

positive δ18O of +0.68‰ at around 8ka BP (Bahr et al., 2006). In general, the Black Sea 

isotopic composition changes slowly because of its large volume (Bahr et al., 2006). The 

present-day two-layer flow through the Bosphorus was well established by 6ka BP (McHugh 

et al., 2008). 

However, the nature of the reconnection of the Black and Mediterranean Sea is subject of 

controversial discussions. Based on faunal and sedimentological evidence, Ryan et al. (1997) 

argues that the reconnection of the basins resulted from a catastrophic inundation of the Black 

Sea by Mediterranean waters. In accordance with the data, Ryan et al. 1997 came to an age of 

approximately 7.15 ka BP for the inundation. These arguments are also known as the Noah’s 

Flood hypothesis (Ryan et al., 1997). But there are some findings of other studies which 

contradict this hypothesis. Some points which have to be fulfilled for the accuracy of the 

hypothesis are a Black Sea level lower than -40m (~-100 to -40m), a breakdown of the stable 

stratification and a decrease in the strength of the outflow from the Black Sea. Furthermore, 

the Black Sea has to be colonized by Mediterranean species at that time. However, there was 

no support found in other studies showing the occurrence of such a situation at about 7.15 ka 

BP (Aksu et al., 2002a; Kaminski et al., 2002; McHugh et al., 2008; Yanko-Hombach et al., 

2007). Also, there still exist discussions about the timing and the way of the water exchange 

between the Mediterranean and Black Sea (Aksu et al., 1999/2002a; Kaminski et al., 2002; 

Mudie et al., 2002a; Ryan et al., 1997/2003; Major et al., 2002/2006).   
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Fig. 2.8. The exchange history between the Aegean Sea, the Marmara Sea and the Black Sea 

basin of the last 18 ka BP (Kaminski et al., 2002) 
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3 CHAPTER THREE – METHODS AND MATERIAL 
 

3.1 SPELEOTHEMS 

3.11 Formation of speleothems 
 
A speleothem is a secondary mineral deposit formed in caves. Caves are a product of 

karstification of relatively soluble host rocks (limestones). Speleothems are secondary 

deposits, because they differ from the primary mineral bodies. Examples for primary mineral 

bodies are the bedrock enclosing the cave, mineral veins within the bedrock and sediment 

loads accumulated in the cave. These mineral bodies work as important sources for the 

formation of new secondary bodies through the dissolution of material during physical and 

chemical processes (Self and Hill, 2003).  

The formation of stalagmites often takes place below karstified host rocks (epikarst), with 

enhanced permeability, where major conduits and lower transmissivity fissures feed the drip 

water zones in the cave (Fairchild et al., 2006a). The water recharge of the aquifer is driven 

by several parameters such as surface topography, the nature of soils, other superficial 

depositions and the degree/style of karstification of the aquifer (Fairchild et al., 2006b). 
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� epikarst zone 

 

 
 

� subcutaneous zone 

 

 

 

Fig. 3.1. The formation of speleothems takes place in several steps (Figure made by 

Fleitmann).  
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Generally, the recharge is focused in doline depressions which are fed by lateral flows 

(Fairchild et al., 2006b).  

The aquifer is divided into 2 parts, the dissolution region (soil, upper epikarst) and the 

precipitation region (Fig. 3.1.). The upper part includes processes of limestone dissolution, 

circulation of waters with a high partial pressure of CO2 (due to plant respiration and soil 

microbial activity) and decays of organic matter. In the precipitation region within the cave, 

the formation of speleothems is taking place (Fairchild et al., 2006a).  

As illustrated in Figure 3.1., the formation of speleothems operates in the following way: 

Water (H2O) infiltrates into the soil, mainly through rainfall or surface runoff events. In the 

soil, it reacts with CO2 to carbonate acid (H2CO3) (Fairchild et al., 2006a). When the water 

percolates through the soil, which is enriched with organic compounds, the CO2 concentration 

of the water may rise up to 10% (White, 2007). This carbonate acid has the ability to dissolve 

limestone rocks. If the acid encounters limestone, the dissolution takes place and the 

groundwater with the dissolved calcite (Ca2+, 2HCO3
-) percolates farther down to the cave. 

Within the cave, the CO2 partial pressure of the groundwater exceeds the CO2 partial pressure 

of the cave environment. Consequently, CO2 degasses to the cave environment and calcite 

minerals are deposited in the form of speleothems (Fairchild et al., 2006a). This process 

occurs due to super saturation of the water with respect to calcium carbonate (Harmon et al., 

2004). Each drop of the cave drip water deposits its small load of CaCO3 (White, 2007). The 

calcium carbonate concentration in the drip water is dependent on the porosity/permeability of 

limestone, soil pCO2-levels, moisture and temperature (Richards and Dorale, 2003).  

Three different ways of calcite precipitation from the drip-waters are observed. Precipitation 

of calcite occurs due to slow degassing of CO2 from the solution, due to fast degassing of CO2 

and due to evaporation (Baker et al., 1997). Slow degassing of CO2 leads to a deposition of 

calcite in isotopic equilibrium with the seepage water (Harmon et al., 2004).   

The deposition of speleothems is controlled by several factors like distribution, quantity and 

chemistry (calcium concentration of drip waters) of the percolating water (Fairchild et al., 

2006b). But also the nature of the water flow has an influence on the precipitation of calcite 

minerals. Turbulent flows rise the rate of precipitation, whereas stagnant/laminar conditions 

lead to lower precipitation rates (Dreybrodt, 1999). The water flow through the aquifer can 

last from a couple of days to up to several years, depending on the karst system and the 

availability of water (Fairchild et al., 2006b). Additional factors controlling the formation of 

speleothems are the cave microclimate (cave geometry), aquifer properties and the external 

microclimate (Fairchild et al., 2006b). For example, the cave ventilation removes the CO2 and 

holds up the partial pressure gradient between the CO2 in the groundwater and the cave air. 
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Consequently, this process enables the stalagmite to continue its growth. The better the 

ventilation within the cave, the lower the pCO2 and therefore enhanced speleothem growth 

rate is possible. The main factors influencing cave ventilation are the geometry of the cave 

(e.g., one or several entrances), the wind direction and the pressure differences between the 

cave interior and the external atmosphere (Fairchild et al., 2006b).  

The maximal theoretical growth rate of a stalagmite varies between 70-100 micrometer per 

year (µm/yr) (at a temperature of 6°C) and 1000 µm/yr (at a temperature of 13°C) (Fairchild 

et al., 2006b). In reality, growth rates of stalagmites in the cool, temperate zone and the 

subtropical zone are 10-100 µm/yr and 300-1000 µm respectively. Consequently, a stalagmite 

of a temperate zone, with a height of one meter provides a temporal record of 10-100 ka. 

Speleothems can grow continuously for 103 – 105 years (Fairchild et al., 2006a). Possible 

events which can interrupt the deposition of stalagmites are the absence of water (due to dry 

or glacial phases (Spötl et al., 2002; Burns et al., 2001)), clastic sedimentation (Sasowski and 

Myltorie, 2004), a breakdown of deposits, seismicity and archaeological disturbances 

(Fairchild et al., 2006b). 

 

Shape / Mineralogy of stalagmites 

The shape and the diameter of a stalagmite depend on the drop fall height (splash effects), the 

water super saturation and the water flow rate. For example, the width of a stalagmite 

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

increase of the super saturation of water with respect to calcium (Richards and Dorale, 2003), 

the solution tends to precipitate more calcite minerals resulting in a higher growth rate of the 

stalagmite. The smaller a flow rate, the smaller the resulting height of a speleothem (Fairchild 

et al., 2006b). A uniform growth of a stalagmite implies rather stable drip rates and drip water 

chemistry (White, 2007).  

Hiatuses in speleothems are phases of no deposition of calcite minerals; consequently, the 

speleothems are inactive. A hiatus can have its cause in the change of drip locations, the 

absence of water (due to dry or glacial phases (Spötl et al., 2002; Burns et al., 2001)) and 

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

case of stalagmites situated in the northern regions, hiatuses occur through glacial periods, 

caused by a lack of available drip waters (e.g., Spoetl et al., 2002). In semi-arid regions, 

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

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

drip waters, capillary and gravitational supply of ions to growth sites and rates of CO2 

outgassing (Fairchild et al., 2006b).  

The mineralogy of stalagmites varies between compact to porous compositions. The minerals 

may contain impurities of 0-10% of the weight mass. These impurities are particularly clay 

minerals and organic matter (Fairchild et al., 2006). Most stalagmites are built out of calcite 

minerals but occasionally in association with high magnesium- or dolomite-host rocks, 

deposits can also consist of aragonite crystals (McDermott, 2004). Calcite stalagmites often 

contain large crystals which lay parallel to the growth direction and a lot of component 

crystallites. Conversely, aragonite stalagmites often contain fibrous crystals which are 

oriented parallel to the growth direction (Farichild et al., 2006b).  

A study of Gascoyne (1992) shows that in cool, temperate regions, where fairly slow growth 

dominates, the stalagmites mainly consist of massive macro-crystalline minerals, whereas in 

tropical regions, porous and sugary textured mineral deposits with a higher content of detritus 

dominate. This detritus mainly originates from occasionally occurring flooding events or dust 

within the cave (Gascoyne, 1992). Variations in crystal textures lead to fine laminations and 

large-scale banding (Fairchild et al., 2006a).  
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3.12 Registration of environmental and climate signals in speleothems 
 
Speleothems are an ideal paleoclimate archive. There are several properties of speleothems 

which support this statement: a well-defined internal stratigraphy, an accurate age-dating 

method and variations in the internal chemical, isotopical compositions which are determined 

by environmental conditions at deposition (Fig 3.2.; Fairchild et al., 2006b).  

 The measurement of isotopic ratios is the most popular type of geochemical investigations 

performed on speleothems (Fairchild et al., 2006b). Furthermore, speleothems capture 

surface-derived dust, pollen and 

organic acids which are sequentially 

deposited. These properties of 

speleothems allow for the correlation 

with events on the land surface above 

the cave (White, 2007). Formerly, 

paleoclimate scientists tried to use 

speleothems for reconstructing 

paleotemperature. Today, speleothems 

are mainly used to estimate the timing 

and duration of major O- or C-isotope 

defined climate and environmental 

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 considered. Paleoclimatic information can be extracted 

by measuring the thickness of annual growth lamina, growth-rate changes, presence/absence 

of speleothem growth, stable isotope ratios and variations in trace element ratios, colour 

banding and luminescence banding. The analysis of these different aspects provides scientists 

with an insight into different climate-driven processes in the past (White, 2007).  

The following climatic features can be captured by speleothems: changes in mean annual 

temperature, rainfall variability, atmospheric circulation changes and vegetation responses 

(McDermott, 2004). The soil water is responsible for the transport of the dissolved carbonate 

to the speleothems and can be affected by external or internal forcings (Fairchild et al., 2006a). 



3.1 SPELEOTHEMS 

  35 

Besides the external forcing, there are also sources of internal modifications induced by the 

ecosystem, soil, karst aquifer and cave environment (Fairchild et al., 2006a). For example, the 

soil influences the amount of discharge to the cave and the geochemical properties of the soil 

water. The soil water is only one fraction of the total annual precipitation. The other fraction 

of precipitation is lost due to evaporation, surface runoff, transpiration and canopy 

interception (Fetter, 1994). Modifications induced by the karst aquifer and the cave 

environment can have an influence on the water flow behaviour (Fairchild et al., 2006a). 

Different transit times of the waters through the karst system arise because of the complex 

build-up of the karst body with three different appearing flow systems. The water flows 

through the body using conduits, fractures or the pervasive matrix, leading to a mixing of 

recharged waters and therefore to a smoothing of the δ18O signal  of soilwater (Fairchild et al., 

2006a). Thus, waters undergo individual mixing histories on their way to the cave; 

consequently, the climate signal is smoothened and contains probably an isotopic mixture of 

different climatic events (Fairchild et al., 2006a). The precipitation of carbonates within the 

cave is associated with an isotope fractionation between the gaseous and the liquid phase, 

which is temperature-dependent. The lighter oxygen isotopes prefer the gaseous phase and 

this leads to last an enrichment of the heavier isotopes in the carbonates (Hendy, 1971). The 

fractionation between the water and the calcite averages -0.22‰/°C (Epstein et al., 1953).  

To improve the understanding of the processes influencing the original climate signal, studies 

of the cave-specific processes of infiltration, flow routing, drip seasonality, saturation state 

and cave microclimate have to be carried out (Lachniet, 2009).  
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3.13 Stalagmite So-17A 
 
Prof. Dr. Dominik Fleitmann and his group from the Institute of Geological Sciences, 

University of Bern, collected new stalagmites from Sofular Cave during a field trip in the end 

of the year 2008. Stalagmite So-17 was one of several samples and showed an interesting 

growth history. So-17A forms one part of a three-part stalagmite (Fig. 3.3). The growth of So-

17 was possibly interrupted by several seismic events (Fig. 3.3.).   

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

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

 

Stalagmite So-17A began to grow approximately 122.96 ka BP and was probably overthrown 

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

formed on the backside part of the fallen stalagmite So-17A. A next seismic event may also 

have interrupted the growth of So-17B (upper part is missing). The growth of stalagmite So-

17B extended from 82.23 to 77.15 ka BP. However, the drip water source remained constant 

and led to a continuation of stalagmite growth in the form of stalagmite So-17C. This 

stalagmite was also formed on the tail of So-17A and continued its growth up to the year 65 

ka BP. However, this age is not very certain, because of some age dating problems.  

The stalagmite So-17A has a height of 100.4 cm and a diameter of approximately 10 cm. The 

diameter is nearly constant over the whole height of the stalagmite. (Fig. 3.3.). The stalagmite 
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is built up of dense calcite minerals. The overall form is cylindrical with a possible dislocation 

of the drip source in the span of approximately 98 -90 ka BP.  
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3.2 URANIUM-THORIUM DATING 

3.21 Theory 
 
The growing interest in speleothems as climate archives was mainly encouraged due to the 

positive progresses in the field of the uranium-dating method (U-Th hereinafter). The 

advantages gained from these progresses are a higher accuracy of ages (uncertainty of 0.1-

0.4%) and a use of smaller sample sizes. The sample sizes were reduced from a weight of 10-

100 grams (g) to 10-500 milligrams (mg) (Goldstein and Stirling, 2003). The U-Th dating 

method produces absolute ages and therefore no age calibration is required. Furthermore, this 

method is applicable for samples back to 500 ka BP. This is considerably further back in time 

compared to the 14C method (Richards and Dorale, 2003). 

The U-Th dating method is based on the decay of the reactive, long-living parent isotopes 
238U and 234U to stable daughter isotopes 206Pb, 207Pb and 208Pb. The stable lead conditions are 

achieved by 6, 7 and 8 α- decays respectively and several intermediate β- and γ-decays (Fig. 

3.4) (Van Calsteren and Thomas, 2006). 

 

 

Fig. 3.4. The decay chain of uranium (from Fankhauser et al., 2008) 

 

Most of the isotopes in this decay chain are short-lived species. However, there are two long-

living isotopes, 234U and 230Th with half-life times of 248 ka and 75.2 ka respectively (White, 

2007). Several ratios from the uranium decay series are used for dating purposes. The ratio 
231Pa/235U can be applied to time periods of 0-200 ka (Edwards et al., 1997), U-Pb dating is 

appropriate for calcite samples with high uranium and minimal lead content (Richards et al., 

1998) and 234U/238U  disequilibrium dating is used for low-precision ages > 500ka (Ludwig et 

al., 1992). The main calcite-dating method which has been used in the last decades is mainly 

based on the ratio between 234U and 230Th (Gascoyne, 1992).  
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The decay of parent isotopes into daughter isotopes can be described by the following 

equation:  

 N = Pe-tλ   

 

N = number of parent isotopes today, P = number of parent isotopes present at the time of 

formation, t = time since the formation, λ = decay constant, e = base of the natural 

logarithmus (Van Calsteren and Thomas, 2006).  

After about six half-lives, the decay-system reaches a secular equilibrium (activity (decay per 

unit time) ratio = 1). The six half-lives are calculated from an intermediate isotope in a decay 

chain with the longest half-life (Bourdon et al., 2003). In a recently deposited calcite mineral 

the activity ratio between the parent and the daughter nuclide is zero, due to the initial absence 

of daughter nuclides (Van Calsteren and Thomas, 2006). This equilibrium is defined by an 

equal decay rate of all nuclides within a chain. In this equilibrium phase, the isotopic ratios of 

the nuclides are equal to the ratios of their decay constants (Van Calsteren and Thomas, 2006).  

The U-Th dating method is dependent on a fractionation process separating the parent 

uranium isotopes from the long-lived daughter isotopes 231Pa and 230Th (Richards and Dorale, 

2003). The separation process is started by weathering of rocks and minerals. The uranium 

within these rocks and minerals is leached and transported in the form of the aqueous species 

UO2(CO3)3
4- (Fairchild et al., 2006b). In many cases, the UO2

2+- ion is attached to carbonic or 

humic acid complexes during its transport (Van Calsteren and Thomas, 2006). In the case of 

speleothems, the water with the dissolved uranium reaches cave environments where 

precipitation of carbonates takes place. The uranium is then incorporated into the CaCO3 of 

stalagmites. Conversely, thorium is very particle-reactive. The dissolution of a small amount 

of thorium in water is directly followed by its re-precipitation of certain particulate matters 

(Van Calsteren and Thomas, 2006). Therefore, the advantage of this dating method is that the 

daughter product Th is not soluble in water and is therefore incorporated in speleothems in 

not-carbonate phases only (Fairchild et al., 2006b). The calcite contains several tens to 

hundreds of parts per million of uranium, but no thorium (Fairchild et al., 2006a). It is also 

important, that there is no accumulation or loss of parent/daughter nuclides after the formation 

(Richards and Dorale, 2003). The radiometric clock effectively starts at time point zero (Van 

Calsteren and Thomas, 2006). Consequently, the thorium that accumulates within the calcite 

carbonate allows a direct derivation of the ages passed since the deposition of the calcite 

(White, 2007). If there is a contamination of the sample with initial Th, this can be corrected 

with knowledge of the initial 230Th/232Th ratio. If the concentration of 232Th is high, a 

contamination with initial 230Th has to be assumed (Richards and Dorale, 2003). 
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Landscapes are divided into uranium-rich and uranium-poor reservoirs formed by uranium-

rich rocks and young strata respectively (Gascoyne, 1992). The average uranium content in 

sedimentary rocks varies between 2 and 4-10 microgram per gram (µg/g). Normally, the 

uranium content of the soil is lower than the uranium content of the host rock. However, this 

also depends on the soil type and its maturity (Van Calsteren and Thomas, 2006). The average 

abundances of uranium and thorium in the earth continental crust are 1.7 µg/g and 8.5 µg/g 

respectively (Richards and Dorale, 2003). Generally, the concentration of uranium in meteoric 

water lies between 0.01-100 microgram per litre (µg/l) and depends on the following factors: 

ionization potential, pH of water, uranium concentration and solubility of mineral phases in 

host rocks, interaction time of water and rock and the abundance of complex ligands 

(Richards and Dorale, 2003).  

The accuracy of the U-Th dating method is dependent on the amount of uranium incorporated 

in stalagmites. The upper age limit which can be achieved with this dating method is 500 ka. 

The obtained ages should be in chronology with the structure of the stalagmite. Otherwise, it 

should be assumed, that a remineralisation or a contamination by nuclides has taken place 

during the growth of the stalagmite (Gasgoyne, 1992).   
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3.22 Sample preparation 
 
The process of U-Th dating method was carried out in several steps: drilling of the samples, 

chemical separation of the elements of interest and finally the determination of the elements 

in the mass spectrometer.  

The U-Th dating method begins with drilling a sample of 100 – 400 mg, whereas sample size 

depends on the uranium content. The samples are mainly drilled at the centre of the stalagmite 

and along the orientation of a lamina, because one lamina over the width of the stalagmite is 

often deposited at the same time. The drilling of So-17A was performed with a dentist drill.  

In a next step, chemical separation is performed to separate the elements of interest (in this 

case U and Th) and to remove matrix elements (mainly Ca) of the probe (Goldstein and 

Stirling, 2003). Therefore, the samples have to be separated into a uranium and thorium 

fraction for subsequent analysis in the multi-collector inductively coupled plasma mass 

spectrometer (MC-ICP-MS).  

First, the powdered samples are spiked with mixed 229Th- 236U, this spike works as a standard 

for the analysis and can be also used to evaluate the effectiveness of the chemical separation. 

Subsequently, the sample is dissolved in 6.4 M HCl, evaporated to dryness and again 

dissolved in 7.5 M HNO3. Then, the sample is again taken to dryness. Afterwards, the 

samples are loaded on conditioned (with 0.5 and 7M HNO3) columns filled with anion 

exchanging resin (450 µl U-TEVA and 120 µl DOWEX). If present, the organic material is 

removed by rinsing of the columns with 7M HNO3. In a first separation, a pure Th fraction 

and an impure U fraction are produced by flushing the sample within the column with 2 times 

2ml 5M HNO3. In the same column, the impure U fraction is purified with 2 times 2ml 0.5M 

HCl. Then, the sample is again dried on a heating element. At the end, organic impurities 

from the resins are removed from the samples by a treatment in a low pressure oxygen plasma 

(further details provided by Fleitmann et al., 2007; Fankhauser et al., 2008).  
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3.23 Measurement and Calculations 
 
Measurement 

The U-Th dating method was carried out with a Nu Instruments® multi-collector inductively 

coupled plasma- mass spectrometer (MC-ICP-MS).  

Mass spectrometers are mainly used to quantitatively detect the contents of interest in a 

sample (Brand, 2004). The results of the analysis are relative masses/abundances of different 

isotopes. A mass spectrometer consists of the following parts: an inlet system, an ion source, 

an analyzer for ion separation and a detector for ion registration (Fig 3.5.; Goldstein and 

Stirling, 2003).   

 

Fig. 3.5. Basic construction of a mass spectrometer (adapted from Revesz et al., 2001).  

 
The MC-ICP-MS combines the ionisation efficiency of an ICP with a magnetic sector and 

multiple faraday cups (Rehkämper et al., 2001). With the high temperatures achieved in the 

plasma source, nearly all elements can be ionized (measured). The sample solutions are 

transported by a carrier gas (eg. Ar), pass through the inlet system and are then ionized in the 

plasma (Rehkämper et al., 2001). Further on, the ionized components are accelerated by the 

conductive potential of the plasma and transferred to the magnetic sector of the mass 

spectrometer. The magnetic sector separates the arriving beam into several beams 

(Rehkämper et al., 2001). The isotopes are separated by variable magnetic deflection of 
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isotopes due to differences in mass and charges (Brand, 2004). At the end, the different 

isotopes are detected by faraday cups or ion counters in accordance to their different masses 

(Goldstein and Stirling, 2003). Isotope ratios are mainly declared as deviations from the 

reference gas, to which the sample gas is compared all the time during the measuring 

procedure (Brand, 2004). The today’s mass spectrometers are equipped at least with three 

faraday cups. The ratios need some corrections at the end, because of memory, background 

and other effects (Brand, 2004). Details about the U-Th dating method on a Nu Instruments® 

MC-ICP-MS can be found in the studies of Fleitmann et al., (2007/2009). 

 

 

Calculation 

The age calculations are carried out in the way as Fankhauser et al. 2008 mentioned in her 

master thesis. The calculations are made with a computer program working with an equation 

from Kaufman and Broecker 1965. The equation is arranged in the following way: 

 
230Th/234U = [1-e-λ230t/(234U/238U)] + [1- 1/(234U/238U)]*λ230/(λ230 - λ234)*[1-e-(λ230-λ234)t] 

 

In the case of a contamination of the sample by initial 230Th, an additional term has to be 

added to get a reasonable age.  

 
230Th/234U = (230Th/234U)init e-λ230t + [above] 

 

The initial 230Th/234U content can be estimated with the measured 232Th/238U ratio and an 

assumed 232Th/238U ratio of the source material (mean value from lithosphere). The λ-value is 

the decay constant of the individual isotopes, and t stands for time (see also Fig. 3.4).  

To obtain an adequate age from the equation, t can be replaced with different ages and the 

resulting ratios can be compared with the data. Another possibility is to use the graph of 

Schwarcz 1979 (Fankhauser et al., 2008). 

The age uncertainties lie in a range of 0.25-2 % of the absolute age and the main error sources 

are inhomogeneity of the sample, the cleanliness of the sample preparation and the precision 

of the mass spectrometer measurement (Spötl, 2001/2002 and references therein). 

Furthermore, the accuracy depends also on the U concentration of the sample. The age 

uncertainty for a young speleothem with low U content can be in a range of 5-10% of the 

absolute age, because the Th concentration is close to the 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 language and means ‘equal places’. This term 

refers to the periodic table where two isotopes occupy the same position. Isotopes are atoms 

which contain the same number of protons in their nuclei but a different number of neutrons. 

Isotopes are often written in the form m
n E where ‘m’ declares the mass number (the sum of 

the weight of protons and neutrons) and ‘n’ indicates the average weight of an element of all 

contributing isotopes (and the position in the periodic table). As the name of stable isotopes 

indicates, the isotopes remain stable during their lifetime and do not show any radioactive 

decay (following chapters based on Hoefs, 2009). 

 

Isotope effects 

Isotope effects can be initiated by differences in physical properties caused by variations in 

the atomic mass of an element. The chemical and physical properties of an element are often 

regulated by its electronic structure and the nucleus respectively. Consequently, the chemical 

behaviour of an element remains more or less stable because all isotopes of an element have a 

constant number of electrons. Physical separations can occur due to differences in physical 

properties of isotopes. The achieved energy level of the molecule depends on the vibrational 

frequency of the atoms with respect to another. The fundamental vibrational frequency of a 

molecule is a function of the mass of its isotopes. Heavy isotopes have a smaller vibrational 

frequency than lighter isotopes and therefore a smaller zero-point energy. As a result, bonds 

including lighter isotopes are much weaker, than bonds built up by heavier isotopes. In other 

words, for a dissociation of a bond, a smaller amount of energy is needed in the case of light 

isotopes. Among all elements, especially the light ones are affected by mass differences, 

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

 

Isotope Fractionation Processes 

An isotope fractionation is produced by change of isotopic ratios due physical isotopic effects 

(Hoefs, 2009). The result is depletion or accumulation of isotopes relative to others in a 

sample (Spötl, 2001/2002 and references therein). Different intense chemical bonds within a 

molecule lead to a diversity of reactions of isotopes in physical processes. Consequently, the 

redistribution of isotopes is dependent on their internal energies. These energies are 

translation energy, rotation energy and vibrational energy. Vibrational energy is the most 
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important one, having inverse proportionality to its mass (Spötl, 2001/2002 and references 

therein).    

The fundamental processes for the incidence of isotope fractionations are equilibrium isotope 

distributions and kinetic processes (Hoefs, 2009).  

 

Equilibrium isotope distribution 

Equilibrium processes (for example condensation of water vapour) are defined as processes 

during which no net reaction of isotope exchange between different phases (A,B) takes place 

(Hoefs, 2009). Velocities of such reactions are equal in both direction of the reaction equation, 

with only small isotopic fractionations (Spötl, 2001/2002 and references therein). 

Consequently, the ratio of two proportions of isotopes (1,2, molar ratios) in the different 

phases remains stable during the exchange reactions (equilibrium constant = K, following 

equation). In geology, the equilibrium constant mainly depends on temperature (Hoefs, 2009).  

 

Equilibrium fractionation in relation to deposition of speleothems occurs most likely under 

conditions far from the entrance of a cave where humidity and CO2-content of cave air are 

high (Fairchild et al., 2006b).  

As a control for equilibrium deposition of the stalagmite, the ‘Hendy-test’ is applied (Hendy, 

1971). The test acts in the following way. It is checked whether the δ18O stays constant and 

the δ13C varies along a single growth layer of a stalagmite. It is important, that there is no 

correlation between these two isotope ratios. If these two conditions are fulfilled, it can be 

assumed that the speleothem was deposited under equilibrium circumstances (McDermott, 

2004). An alternative control of equilibrium deposition is the analysis of several stalagmites 

from the same cave. The kinetic fractionation can be neglected, if a good reproducibility is 

realized (pers. communication Dominik Fleitmann).  

 

Disequilibrium fractionation (Kinetic processes) 

A second type of isotope effects is produced by kinetic processes. These processes are fast, 

unidirectional and incomplete (Spötl, 2001/2002 and references therein). If isotopes do not 

reach an equilibrium state, the lighter isotopes accumulate in the product phase. The reason 

for this behaviour is, as it was described before, that the lighter isotopes are more reactive due 
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to their weaker bonds and higher vibrational energy (Spötl, 2001/2002 and references therein). 

Consequently, the educts are enriched with heavier isotopes. Examples of these processes are 

diffusion, evaporation and biologically mediated reactions (Hoefs, 2009). Diffusion is an 

exchange of isotopes forced by concentration differences. Isotopes have different velocities 

due to mass differences and thus produce a fractionation (Spötl, 2001/2002 and references 

therein).  

Evaporation is a process of transferring substances from fluidic to gaseous phases. During this 

process, the lighter isotopes favourably change the phase and thus are enriched in the gaseous 

phase. Alternatively, the heavier isotopes accumulate in the fluid (Spötl, 2001/2002 and 

references therein).  

Organisms produce biologically mediated reactions inducing disequilibrium isotope 

redistributions. This holds true for the isotopes involved in metabolic processes. For example, 

plants prefer to take up 12CO2 instead of 13CO2 and induce a fractionation of the C-isotopes 

(Spötl, 2001/2002 and references therein).   

 

Fractionation Factor 

The equilibrium constant K is often substituted by the fractionation factor α, which is 

displayed in the following equation. The equation shows the general fractionation factor and 

its application to the fractionation between water and calcium carbonate. The values of RA 

and RB denote the isotopic ratios of any two isotopes in two different phases (A,B) (Hoefs, 

2009).  

    

 

The Delta Value (δ) 

Isotopic ratios are mainly indicated in the form of delta-(δ) values. The advantage of this 

notation is the indication of isotopes in their relative abundance. The resulting values are in 

a ‰-form (per mil, parts per thousand). The delta notation is calculated by the comparison of 

an isotope ratio to a standard (Spötl, 2001/2002 and references therein). These delta-values 

are also attained from stable isotope measurements carried out in the mass spectrometer and 

are defined in the following way (Hoefs, 2009):  



3.3 STABLE ISOTOPES 

  47 

 

A higher delta-value shows that the fraction of the 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 at the Institute of Geological Sciences, 

University of Berne. The stable isotope laboratory is equipped with a Thermo Finnigan Delta 

V Advantage mass spectrometer with an automated carbonate preparation system (Gas-

Bench-II) (Fleitmann et al., 2009).  

Prior to the isotope measurement, samples were prepared the following way: First, the 

stalagmite, which has been broken into a few pieces of about 25-30cm length, was sliced and 

polished. To obtain the carbonate samples (150-200 µg weight) for the stable isotope analysis, 

the stalagmite was drilled along its growth axis in intervals of 0.75 mm. The drilling 

resolution is primarily dependent on possible sampling throughput in the laboratory. The 

resulting carbonate samples are measured by using a gas source mass spectrometer. During 

the measurement process, the samples were flushed with helium to remove the ambient CO2 

and water and thereby to avoid any background effects. Then, one needle injects 

orthophosphoric acid which reacts with the carbonate sample in the tube. This step is 

necessary to release the CO2 of the sample (Spötl, 2001/2002 and references therein). The 

resulting gas mixture is then taken up by the sampling needle and transferred to the mass 

spectrometer. After the process of separating the CO2 (measured gas) from the other gases, the 

final step is the measurement of the isotope ratios of δ18O and δ13C. The measured CO2 has 

the same δ13C signature as the calcite of the sample (Spötl, 2001/2002 and references therein). 

From the three O-atoms of the calcite, only two of them are transferred with the CO2 to the 

measuring device. Consequently, a fractionation is taking place; with a constant temperature, 

however, the fractionation factor remains stable. The fractionation factor from CO2 to calcite 

is: α CO2-calcite5.60 * 102 *T (°K)-2 + 1.003943. This equation varies between different 

carbonate minerals. The calibration of the mass spectrometer is often done by internal 

standards (reference materials; Spötl, 2001/2002 and references therein).  

The analytical accuracy of the isotopes is dependent on the homogeneity of the sample, the 

cleanliness of the preparation and the precision of the MS-measurement (Spötl, 2001/2002 

and references therein).  

The key information which is desired to be extracted from the isotope measurements is the 

ratios of 18O/16O and 13C/12C compared to an international standard (Lachniet, 2009). For 

carbonate samples, the standard used for the comparison is the Vienna PeeDee Belemnite 

(VPDB), a Belemnite of the Pee Dee Formation. The scientists who are interested in water 

samples use the Vienna Standard Mean Ocean Waters (VSMOW) for the isotope analysis 

(Lachniet, 2009). The δ18O values of the VSMOW- and VPDB- standards are defined by 
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convention to be zero. Therefore, all the δ
18O sample-values are declared as deviations from 

the standards. Consequently, higher values show an accumulation of 18O isotopes in the 

sample. The conversion between the two standards can be calculated by using the following 

formula (Lachniet, 2009): 
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3.33 δ18O and δ13C signals in Paleoclimate 
 
δ

18O signal  

Variations in δ18O of speleothem calcite are the result of complex interactions of different 

environmental factors. These complex controls can arise from processes in the following parts 

of the environment: ocean, atmosphere, soil zone, epikarst and cave system (Lachniet, 2009). 

Some of these processes are described in detail hereinafter.  

The equilibrium fractionation processes are based on the Rayleigh distillation law. It explains 

the change in the isotopic composition between two phases (e.g., vapour and liquid phase) if 

one phase is continuously removed from the system. For example, during rainout processes, 

the 18O isotopes preferentially change into the condensation phase, whereas the vapour phase 

is depleted in heavier isotopes (Clark and Fritz, 1997).  

Under equilibrium conditions the δ18O of speleothems only depend on the δ
18O of the 

dripwater and the cave temperature (Epstein et al., 1953). The cave temperature at the time of 

deposition influences the oxygen fractionation between the water and the calcite with a 

gradient of -0.22‰/°C at 20°C (Epstein et al., 1953). The δ18O of the dripwater is influenced 

by the different effects of the global water cycle (Rozanski et al., 1993). These effects 

predominate the temperature-dependent fractionation during calcite precipitation in 

magnitude (Lachniet, 2009). There are a lot of processes altering the original climate signal 

on its way to the stalagmite. The δ18O signal of water is in the hydrological cycle mainly 

controlled by phase changes, due to kinetic and equilibrium processes (Dansgaard, 1954). The 

starting point of the hydrological cycle of the Earth is the ocean, also termed as the ‘bulk of 

the earth evaporation’. For the interpretation of the paleoclimatic signal, information about the 

local and regional hydrology and climatology are necessary (Lachniet, 2009).  

 

Temperature effect 

Largest variations in the isotopic composition of precipitation are related to evaporation and 

condensation processes of the atmospheric air masses (Gat, 1996). If the condensation process 

runs as equilibrium fractionation, air temperature (cloud base temperature) is the dominant 

factor influencing the isotopic fractionation process between the cloud and the raindrop (Gat, 

1996). Consequently, the isotopic composition of precipitation at a specific location can be 

correlated to the surface air temperature (Gat, 1996). For example, the heavier isotopes 

preferentially accumulate in the raindrops leaving the cloud. The lighter isotopes remain in 

the vapour phase (Gat, 1996). 
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The mean annual temperature at a given location is positively correlated with the mean δ18O 

value of the local precipitation. This correlation is approximately +0.59‰ ±0.09‰ per °C for 

mid- to high-latitude locations (Rozanski et al., 1993). Consequently, a higher mean 

temperature leads to a higher δ
18O value in the local precipitation. This can also be supported 

by rainfall measurements above Sofular cave. Figure 3.6. shows that highest δ18O in 

precipitation is achieved during summertime, when highest temperatures are expected in the 

Black Sea region (Fig. 3.6.).  
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Fig. 3.6.  δ18O (VSMOW) rainfall measurements in a one year cycle above Sofular cave 

(modified after Göktürk, unpubl. data).  

 

The exact correlation coefficient between temperature and the δ18O of precipitation is 

location-dependent (Lachniet, 2009).  

 

Altitude effect 

The δ18O of water vapour decreases with increasing altitude. Air masses approaching an 

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

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

The remaining air masses are therefore depleted in heavier isotopes (Clark and Fritz, 1997). 

The altitude effect has a gradient of -0.2 to -0.3‰ δ18O per 100m (McDermott et al., 1999).   

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

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

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

The main reservoirs for moisture are located in the equatorial region, where the air masses are 

transported by atmospheric circulation systems into several directions. The air masses 

travelling in poleward directions are increasingly depleted in heavier isotopes with growing 

distance to the equator. This is because of the repeating rainout events of the air masses on 

their way over the continents. These rainouts follow the law of the Rayleigh distillation. 

Consequently, the rain composition changes with increasing latitude (Clark and Fritz, 1997). 

The ice sheets on the poles are mainly built up of ice containing light oxygen isotopes, 

whereas the isotopic composition of precipitation at the equator is equal to the isotopic 

composition of the Sea ( Spötl, 2001/2002 and references therein).  

 

Continental effect 

The continental effect describes the decrease of heavier isotopes within the air masses with 

the increasing distance from the ocean. This phenomenon occurs for the reason that air 

masses cool progressively towards the interior of the continent. The raindrops composed of 

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

 

Amount effect 

This effect mainly arises in the lower mid-latitudes and tropical monsoon-regions (Gat, 2001). 

During light rains raindrops are favourably evaporated below the cloud base and consequently 

the rain arriving at the surface is enriched in 18O-isotopes (Lykoudis et al., 2009). Conversely, 

heavy rains are less affected by evaporation effects within the air column and therefore to a 

decreasing influence on the amount effect (Lykoudis et al., 2009).   

The amount effect describes a decrease of the δ
18O of rainfall with an increase in the amount 

of rainfall. This phenomenon occurs mainly in the tropical regions, where deep convective 

systems often prevail (Lachniet, 2009). δ
18O values of different records rise with a gradient of 

-2- -3‰ per 100 millimetre increase in monthly amount of rain in Barbados (Jones et al., 

2000).  

 

Source effect 

Air masses originating from different moisture sources may have different δ18O signatures. 

The reason for this is that air masses from different directions are controlled by different air 

mass histories. This effect can also occur in case of direction changes of storm tracks 

(Rozanski et al., 1993).  
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Seasonal effect 

In general, winter precipitation is isotopically lighter than summer precipitation, due to the 

above mentioned temperature effect. As an example, continental regions show higher 

seasonal variations in temperatures than other regions do. This consequently also leads to 

higher seasonal isotopic amplitudes (Clark and Fritz, 1997).  

 

Ice volume effect 

On glacial timescales, the ice volume effect has an influence on the δ18O composition of 

oceans. The formation of the ice sheets results in isotopically heavier ocean water, because 

the 16O-isotopes are evaporating faster and accumulate in continental ice sheets (Jex et al., 

2009). The melting of ice sheets leads to a decrease in the δ18O of seas by a value of -1.2‰ 

(Frumkin et al., 1999).  

 

Additional factors influencing the δ18O of water vapour on its way to the cave are air moisture 

differences, evaporative enrichment at the surface/epikarst zone, complex mixing histories 

(McDermott, 2004).  

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

processes were already discussed in this master thesis in the section 3.12. 

 

δ
18O signal of  Sofular cave 

From a previous study of Fleitmann et al. 2009, there is evidence that the decadal/centennial 

(for example: DO-cycles) variations in the δ
18O of stalagmites from Sofular cave are mainly 

induced by changes in air temperature and seasonality of precipitation (Fleitmann et al., 2009). 

On longer time-scales, the δ18O of Sofular stalagmites are principally controlled by changes in 

the Black Sea surface waters. This is proven by a comparison between data of stalagmites and 

marine cores from the Black Sea (Fleitmann et al., 2009) 

 

δ
13C profile 

The δ13C of stalagmite calcite mainly depends on the δ
13C of dissolved inorganic carbon 

(DIC) of drip water, growth rates of plants (Turner, 1982), exchanges with the gaseous phase 

and the supersaturation state of the water with respect to calcium carbonate (Richards and 

Dorale, 2003). The carbon dissolved in drip waters consists of atmospheric CO2, soil CO2 and 

dissolution of the karstic host rock (Fairchild et al., 2006b). The δ13C of calcite is isotopically 

heavier than the gaseous CO2 by approximately 10‰, due to several fractionation processes 

(eg. during the dissolution of CO2, dissociation in HCO3
- or CO3

2- and precipitation of 
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CaCO3). The main fractionation takes place during the dissolution of the carbonate host rock 

(Clark and Fritz, 1997). Compared to the atmosphere CO2 concentrations are considerably 

higher. There are two sources of soil CO2, root respiration and microbial decomposition of 

organic substances (soil organic matter (SOM)). The pCO2 changes seasonally due to 

fluctuations in soil activity (Clark and Fritz, 1997). For example, if the pCO2 of soil decreases 

in winter due to a smaller soil activity, the δ13C values increase and vice versa (Spötl, 

2001/2002 and therein). The δ13C of soil CO2 is closely related to the type (photosynthetic 

pathway) and density of vegetation above. C3 –vegetation (Calvin cycle) is mainly built up of 

trees and plants growing in the higher and middle latitudes (McDermott, 2004). Their δ13C 

signature varies between -26 - -20‰ (VPDB). In stalagmites below a C3-plant community, 

the δ13C fluctuates between -14 to -6 ‰ (VPDB) (McDermott, 2004). In order not to 

misinterpret the data, all the possible fractionation processes have to be carefully observed 

(McDermott et al., 2006).  

C4-vegetation (grasses, sedges; Hatch-Slack cycle) is specialised to survive in dry and open 

ecosystems like tropical and temperate grasslands (more information about C4/C3-plants is 

provided by Clark and Fritz, 1997). Big maize, sorghum and sugarcane belong to the group of 

C4-plants with a δ13C between -13 to -12‰ (VPDB) (Spötl, 2001/2002 and therein). 

Stalagmites under a C4-plant dominated plant community have a δ13C signature between -6 to 

+2 ‰ (VPDB). After the wilting of the plants, their δ13C signature gets into the soil and 

ground water (McDermott, 2004).  

In general, the lighter C-isotopes in speleothems originate from soil CO2, whereas the heavier 

carbon isotopes are dissolved from limestone bedrock (McDermott et al., 2006).  

The δ13C profile of stalagmites from Sofular cave is mainly controlled by the type of 

vegetation, the density of vegetation and the soil microbial activity (Fleitmann et al., 2009). 

For example, warmer and wetter climatic conditions would lead to a higher proportion of C3-

plants within the vegetation, to more dense vegetation, and to enhanced soil productivity. 

Consequently, the δ13C in deposited stalagmites decreases (Fleitmann et al., 2009). These 

factors themselves depend on the effective moisture and the ambient temperature.  

The δ13C for C3 and C4-plants in the Sofular stalagmites are -12‰ and -6‰ (VPDB) 

respectively. Today, the δ13C signature varies around a value of about -10‰ (VPDB) 

(Fleitmann et al., 2009).  
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4 CHAPTER FOUR - RESULTS 
 

4.1 URANIUM-THORIUM DATING  
 
Thirteen U-Th dates were performed along the growth axis of stalagmite So-17A (Table 4.1.). 

The stalagmite grew continuously from an age of ± 122.96 ka BP to ± 86.19 ka BP. Age 

uncertainties lie in a range of 230 to 420 years, leading to an uncertainty of only 0.22 – 0.34%. 

The measurements were all performed at the Department of Geology and Geophysics, 

University of Minnesota, USA. All ages are in chronological order (Tab. 4.1.), indicating that 

an alteration after the deposition can be excluded. Based on the results of the U-Th dating, a 

precise age model could be constructed, which is based on a linear interpolation of the ages 

between the measurements. The aim of this age model is to achieve an attribution of 

environmental events to a certain age (Fankhauser et al. 2008).  

The age-depth profile of the stalagmite So-17A is displayed in Fig. 4.1.. The growth history of 

the stalagmite So-17A reveals 13 periods of changing growth velocities.  

For example, the interval between the two age-datings M5 and M6 includes a span of about 

15 ka. However, the distance covered by this time period is the shortest on the stalagmite; this 

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

Tab. 4.1. Summary of the obtained U-Th ages.  

  Sample Name Depth  
[mm] 

Age 
[ka]  

± Uncertainty  
[ka] 

± Uncertainty  
[%] 

Growth rate in the 
Age model 
[mm yr-1] 

So-17A M1 16.1 86.46 0.238 0.28 0.057 

So-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 

So-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 
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increased. The growth rates are determined by the number of performed age measurements. 

Therefore, real growth rates cannot be established on the basis of 13 U-Th dates. The growth 

history can only be divided into different time steps. 

 

 
Fig. 4.1. Age-depth model: Growth history of stalagmite So-17A with its U-Th ages and the 

calculated growth rates.  
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4.2. STABLE ISOTOPES 
 

 

Fig. 4.2. Resulting δ18O and δ13C values of the stable isotope measurements 

 

A total of 1306 samples have been drilled from stalagmite So-17A for stable isotope analysis. 

The drilling has been carried out with a continuous resolution of 0.75mm. The figure 4.2 

shows the result of the stable isotope measurements which were performed by using a gas 

source mass spectrometer (see chapter 3.32 for further details). All isotope values are denoted 

relative to the VPDB standard. The average temporal resolution of the So-17A isotope profile 
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is 28.2 years. Depending on the growth rate, the temporal resolution of stalagmite So-17A lies 

within a range of 13.2 and 88.16 years. The δ
18O of stalagmite So-17A varies between a 

minimal value of -11.04‰ and a maximal value of -6.98‰. This adds up to an overall 

variation of the δ18O in the range of 4.06‰ during the observed period. Overall, the main 

pattern produced by the data is a two-fold undulating distribution of δ18O values. 

The results of the δ13C measurement do not show such a clear pattern. The δ13C of So-17A 

lies within a maximal value of -5.95‰ and a minimal value of -10.3‰. This leads to a 

variation in the range of 4‰ which is approximately the same overall variance as in the δ
18O 

profile (Fig. 4.2.). However, the δ13C shows faster changes over short time spans whereas the 

δ
18O varies within a small range looking at short periods.  

The first peak in the δ18O of So-17A is located between 122.90 ka BP and approximately 110 

ka BP. The culmination point of this first peak lies around 117 ka BP. After this point, a 

decrease in δ18O of ~-3.2‰ takes place in a period ~8 ka with the trough at the age of about 

108.7 ka BP. Within this decrease, two small increases in the δ18O can be recognized. These 

excursions take place about 113.5 ka BP and 111.7 ka BP.  

Simultaneously, the δ13C values of So-17A reach their peak just at the beginning of the record. 

Afterwards, they show an abrupt decrease at about 120 ka BP, before they again achieve a 

higher value of approximately -7.5‰ at 119 ka BP.  

After the trough centered at 108.5 ka BP, δ
18O of So-17A increases over a span of 

approximately 9 ka until a next maximum is reached at around 99.7 ka BP with a value of 

7.95‰. A small trough at ~99 ka BP follows directly this maximum with a decrease in the 

δ
18O of about 0.5‰. After that, the curve fluctuates around a certain value, before the values 

continuously sink after 93 ka BP. A third smaller culmination point is recognized around 88.5 

ka BP where the δ18O again reaches the -9‰ threshold. Subsequently, the values decrease to 

the end of the record.  

At about 114 ka BP, a steady increase of the δ
13C of So-17A starts, with the culmination point 

at about 100 ka BP. During this period, one striking event was recorded at approximately 

102ka BP, with a decrease of the δ
13C by nearly 3‰ in a short period. Furthermore, the short-

term variation in this increase fluctuates in a range of approximately 2‰. Afterwards, a 

decrease in the δ13C can be recognized, before the values again increase at the end of the 

record, approximately 88 ka BP.  

The curve of the So-17A δ18O shows less variation in the region of the first culmination point 

than it does in the second part. Especially the values after the first peak continue almost in a 

straight line, whereas the δ18O following the trough show higher variation. The two steepest 
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declining parts within the δ18O record can be found from about 117 ka BP to 114 ka BP, and 

later on, from about 88.5 ka BP to the end. The steepest increase can be detected at the 

beginning of the measured period from 123 ka BP to the culmination point at 117 ka BP.  

The δ13C mostly shows a uniform range of variation over the whole record. Probably, a 

smaller amount of variation can be recognized at the beginning and in the end of the record, 

with the highest variability from about 115 ka BP to 95 ka BP. These results will be discussed 

in the following chapters of this thesis.  
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5 CHAPTER FIVE - DISCUSSION 
 

5.1 PALEOCLIMATIC INTERPRETATION OF THE δ13C AND δ18O PROFILES 
 
To use isotopic signals for the reconstruction of environmental and climate history, their main 

controlling factors need to be revealed. The following chapter is dedicated to the estimation of 

these factors.  

The isotopic record of stalagmite So-17A covers almost the entire marine isotope stage (MIS) 

5. The term MIS originates from δ18O sequences of marine sediments (Imbrie et al., 1984). 

Variations in these sequences are mainly caused by changes in δ18O of the global ocean water 

(Shackleton et al., 2003). These δ
18O values were then used as the definition of several global 

ocean states. The MIS 5 lasted from approximately 128 ka BP to 71 ka BP (Imbrie et al., 

1984) and is characterized by a minimal to low ice volume (Sanchez-Goni et al., 2007). MIS 

5 can be divided into MIS 5e (Eemian interglacial; 128-115 ka BP), MIS 5d (Herning stadial; 

peaked 107 ka BP), MIS 5c (Brørup interstadial; peaked 99 ka BP), MIS 5b (Rederstall 

stadial; peaked 87 ka BP) and the MIS 5a (Odderade interstadial; peaked 80 ka BP) (Imbrie et 

al., 1984). As a whole, the stalagmite So-17A covers the period from the middle MIS 5e to 

the first part of the MIS 5b.  

 
 
5.11 δ18O  
 
The So-17A-record can be integrated into the stacked Sofular cave isotopic record of the last 

600 ka (Fig. 5.1.), which has already been reconstructed by the group of Dominik Fleitmann. 

A comparison of So-17A δ18O record with other time periods shows that the MIS 5e exhibits 

the most positive δ18O of the whole record. Similar values were only recorded at the age of 

215 to 205 ka BP during the MIS 7 (chronology from Imbrie et al., 1984). The isotopic level 

of the MIS 5d can be compared with a cold phase approximately 280 ka BP. The achieved 

δ
18O values during MIS 5c are comparable with the ones of MIS 1.  

 

Long-term changes 

The long-term variation in the δ18O of So-17A covers a range of 4‰ (Fig. 5.2.). This isotopic 

variance has to be explained to achieve a reasonable interpretation of the paleoclimate during 

the MIS 5 in the Black Sea region.  

The main factors influencing the δ18O of stalagmites are the climate-controlled variation in 

the δ18O of precipitation and temperature-controlled fractionation during calcite precipitation 
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Fig. 5.1. Composite Sofular record over the last 600 ka BP (adopted from Badertscher in prep). The grey bar represents the depth of the Bosphorus.  
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(see chapter 3.3 for further details). It has to be checked if these factors are also responsible 

for the long-term change in the δ18O of So-17A. The fractionation during the process of 

calcite precipitation is temperature-dependent. This temperature dependence is ~0.22‰/°C 

(Epstein et al., 1953). 

The δ18O difference between the MIS 5e and MIS 5d in So-17A is about -3.5‰. If this 

decrease after the MIS 5e had been completely induced by the fractionation process during 

the calcite precipitation, the temperature should have declined about 16°C within the cave. 

This is not realistic, because the temperature within the cave would then have fallen below the 

freezing point and these circumstances would have prevented stalagmite growth during MIS 

5d. Consequently, the factor of calcite precipitation played only a minor role in the long-term 

δ
18O changes of So-17A. The second main factor inducing changes in the δ18O of stalagmites 

is the climate-controlled variation in δ18O of precipitation. For mid-latitude locations, the 

correlation coefficient is approximately 0.59‰/°C (see chapter 3.3 for further details; 

Rozanski et al., 1993). For an explanation of the 4‰ variation within the δ18O profile of So-

17A, the mean temperature should have changed by 6.8°C during MIS 5. A temperature 

change of about 6°C was suggested by Guiot et al. 1989 for central Europe, the eastern 

Mediterranean could have been exposed to less temperature variability due to the more 

southern position. Therefore, an additional factor has to be responsible for the first-order 

changes in the So-17A record. Bar-Matthews et al. 2003 has already suggested a relation 

between an Eastern Mediterranean marine isotope record and isotopic records of stalagmites 

from caves in Israel (Bar-Matthews et al., 2003). They argued that the Eastern Mediterranean 

surface waters served as a source for the precipitation falling above the Peqiin/Soreq caves 

(Bar-Matthews et al., 2003). A similar source effect can also be established between the Black 

Sea surface waters and the precipitation falling above Sofular cave. The predominating wind 

regimes lead a southward transport of air masses over the Black Sea, where they take up 

moisture. Later on, this moisture is precipitated above Sofular cave at the southern rim of the 

Black Sea. Thus, any changes in the isotopic signal of Black Sea surface waters will also 

induce a change in the δ18O of local precipitation and thus in stalagmite δ
18O (Fleitmann et al., 

2009).  

Conclusively, we suggest that long-term variations of δ18O in Sofular stalagmites relate to 

changes in the Black Sea surface waters (source-effect; Fleitmann et al., 2009). This argument 

will be discussed in more detail in the chapter 5.2.  
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Fig. 5.2. Original δ18O record of So-17A (blue), the long-term changes (moving average = 71 

points, because of main resolution: 28 years and a turnover time of the Black Sea deep waters 

of ~2000 years (Östlund and Dryssen, 1986); black)  and the short-term changes of the δ
18O 

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

 

Short-term changes 

The short-term changes within the δ
18O of  So-17A extend over a range of 0.25 to 0.75‰ (Fig. 

5.2.). The direct causes for these small amplitude changes are more complex to reveal, due to 

additional factors that have to be considered. Furthermore, the minimal changes within the 

δ
18O can be triggered by the effect of an individual factor. For example, a change of 0.75‰ in 

δ
18O can be reached by a 3.5°C change of the cave temperature or by a 1.3°C change of the 

air temperature, whereas the latter is more likely. The positive correlation between 

temperatures and δ18O in precipitation indicates that higher (lower) temperatures lead to 

higher (lower) δ18O in precipitation. Additional possible factors controlling the short-term 

variation in the δ18O of stalagmites are the seasonality of precipitation, the amount of 

precipitation, changes in storm tracks and possible alteration of the signal within the karst 

system. The amount effect and storm track changes have minor influence on the δ18O signal 
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of Sofular stalagmites. The short-term changes in δ
18O of stalagmites induced by interactions 

within the karst system are difficult to estimate. From the quantifiable short-term factors, the 

δ
18O of Sofular stalagmites is mainly controlled by changes in seasonality of precipitation and 

air temperatures on centennial to decadal time scales (Fleitmann et al., 2009). If for example 

the amount of precipitation increases in the summer months at the expense of winter 

precipitation, the resulting stalagmite δ18O increases as summer rain is isotopically heavier 

than winter rain (see chapter 3.3 for further details; Clark and Fritz, 1997). 

The temporal resolution of the stalagmite determines which short-term effects can be revealed 

and which effects are smoothed out within the karst aquifer. The resolution of a stalagmite 

mainly depends on sampling intervals and growth rate, the latter is controlled by the drip rate 

and saturation of cave drip waters with respect to Calcium (Richards and Dorale, 2003). The 

isotopic record of stalagmite So-17A has a mean resolution of approximately 28 years. This 

resolution does mainly allow a minimal reconstruction of stable isotope events on multi-

decadal to centennial time scale. Therefore, climatic changes below a reoccurrence level of 

about 20 years can most likely not be detected in the So-17A. Though, long-term changes in 

seasonality of precipitation can be detected. Finally, information that could have been 

extracted from the δ18O isotope profiles of So-17A will be discussed under the following 

paragraphs of the discussion. 

 

5.12 δ13C  
 
The δ13C record of So-17A can also be integrated into the stacked Sofular cave isotopic 

record of the last 600 ka (Fig. 5.1.). Over all, the δ13C record shows higher variability than the 

δ
18O record. The δ13C of So-17A fluctuates in a range of -7 to -10‰. This range of variability 

is quite small, compared to glacial periods (eg. MIS 2) and other interglacial periods (eg. MIS 

1) reaching values up to -3‰ and down to -11.5‰ respectively. Similar values as in So-17A 

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

1984). Furthermore, the period of 580 to 535 ka BP (~MIS 14/15) was also characterized by a 

quite similar range of variation of δ13C.  

 
Long-term changes 

The first-order changes in the δ13C of So-17A are in a range of 3‰ from -10‰ to -7‰ (Fig. 

5.3.). The long-term changes in the δ
13C record are not that pronounced compared to the long-

term variation in the δ18O record. The δ13C of So-17A follows the general course of the long-

term climate changes (δ18O) during the MIS 5, in a dampened way.  
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The δ13C of DIC in groundwater have various sources. The CO2 originates from the soil, 

atmosphere and dissolution of the karstic bedrock (Fairchild et al., 2006b); all of these steps 

are explained in detail in chapter 3.33. The δ
13C profiles of stalagmites from Sofular cave are 

mainly controlled by the type of vegetation, the density of vegetation and the soil microbial 

activity above the cave (Fleitmann et al., 2009); all of these factors are climate-controlled. 

Wetter and warmer conditions lead to a higher amount of C3-plants, a higher density of 

vegetation and a higher soil microbial activity. These conditions lead to a decrease in the δ
13C 

of stalagmite calcite. A higher abundance of C4-plants, a lower density of vegetation and a 

reduced soil microbial activity lead to an increase in the δ13C. Very dry conditions lead to a 

settlement of C4-plants, because they are able to deal with harsh climatic conditions. 

Furthermore, the soil microbial activity and the vegetation density decrease with extreme 

(hot/cold) temperatures and drier conditions (further details in chapter 3.33).  

 

Fig. 5.3. Original δ13C record of So-17A (red), the long-term changes (moving average = 37 

points; possible long-term adaptation time of vegetation ~1000 years; black) and the short-

term changes (moving average = 5 points; ~150 years; blue) of the δ13C record. 

The δ13C in the Sofular stalagmites is characterized by C3 and C4-plant communities with 

values of -12‰ and -6‰ (VPDB) respectively (Fleitmann et al., 2009). 
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Short-term changes 

The δ13C short-term changes of So-17A fluctuate in a range of 0.5-2‰ (Fig. 5.3.). Most likely, 

the short-term variations in δ13C of Sofular stalagmites reflect minimal adaptations of the 

vegetation (eg changes in density, microbial activity) above the cave to changing climate 

conditions. The δ13C shows higher variability than the δ18O on shorter time scales. This might 

reflect the sensitive reaction of vegetation to changes in climate. The comparison of δ
13C with 

the δ18O is important to gather additional information about ambiguous δ18O patterns. The 

analysis of δ13C patterns indirectly serves also as a climate indicator (further information in 

chapters 3.13; 3.33). 
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5.13 So-6 versus So-17A 
 
As it can be seen in Fig. 5.1., stalagmites So-6 and So-17A of Sofular cave cover quite similar 

periods. This offers a good opportunity to control the accuracy of the So-17A isotopic record. 

So-6 covers the time interval from approximately 133 ka BP to 93 ka BP. However, 

stalagmite growth was interrupted between 127 ka and 120 ka BP as well as between 119 ka 

and 109 ka BP. This cessation of the stalagmite growth was most likely caused by a 

dislocation of the drip source or blocking of the fissure feeding stalagmite So-6, because the 

gap occurred during warm phases and this excludes the possibility of a cold phase hiatus.  

For the comparison, the So-17A record was aligned to the So-6 isotopic record, because this 

record exhibits the highest density of ages and therefore the most accurate dating in the time 

period from 110 to 105 ka BP.  

Overall, the comparison of the δ18O records of So-6/So-17A (Fig. 5.4; aligned records) shows 

that the values fluctuate in a quite similar range. The transition from MIS 5d to MIS 5c only 

differs slightly between the two records. The comparison of the δ13C records of So-6/ So-17A 

reveals some contrasts. The δ
13C curve of the stalagmite So-6 follows the course of its δ18O 

record and shows lower amplitude variability compared to the δ13C record of So-17A. The 

reasons for the differences most likely are stalagmite specific ones. As it was discussed before 

under paragraph 3.12, the isotopic composition of stalagmites is not only influenced by 

external forcings but also by cave internal variations. For example, the soil and the build-up 

of the karst aquifer above the stalagmites control the geochemical properties of water and the 

water flow behaviour respectively (Fairchild et al., 2006a). These factors induce small-scale 

changes in the original isotope signal. Moreover, slight differences in the isotopic pattern 

between stalagmite So-6 and So-17 can also be caused by differences in the quality of the age 

models.  

Conclusively, the comparison shows that a good reproducibility is obtained by the Sofular 

stalagmites. Therefore, it can be assumed that the Sofular cave environment is relatively 

stable.  
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Fig. 5.4. The δ13C and δ18O plots of the stalagmites So-6 (grey) and So-17 (blue, red) covering 

equal periods. 
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 5.2   δ18O - BLACK SEA HISTORY 
 
As discussed earlier in chapter 2.4., the history of the Black Sea is fairly well reconstructed 

for the last 30 ka BP. However, information on the hydrological history prior to 30 ka is 

rather fragmentary and little is known on the exact timing of earlier connection with the 

Mediterranean Sea, mainly because of the lack of datable climate archives. Therefore, the aim 

of the project and consequently also of this master thesis is to reconstruct the hydrological 

history of the Black Sea further back in time.  

Phase changes between lake and sea phase have an influence on the isotopic signature of the 

Black Sea surface waters which are the main control of the long-term changes in the isotope 

profiles of the Sofular stalagmites, as it was discussed in chapter 5.11. Therefore, it is 

interesting how the transitions, from lake to sea phases and vice versa, were recorded in the 

isotopic record of stalagmite So-17A. Additionally, the isotopic record of So-6 was used for 

the comparison with the isotopic record of So-17A and to look at the transition from the MIS 

6 to the MIS 5e.  

In order to understand the isotopic signature of Black Sea surface waters, the prevailing 

processes within the Black Sea during sea phases and lake phases have to be known (Fig. 

5.5.).  

Climatic transitions to warm phases are often accompanied by sea level rises due to melt 

water inflow from disintegrating glaciers (eustatic change) and thermal expansion of warming 

water (thermostatic change; Clark and Huybers, 2009). With rising Black Sea level, the 

Bosphorus sill is reached after some time and an overflow of Black Sea water into the 

Mediterranean basin establishes. This process has been demonstrated before during the MIS 1 

(Aksu et al., 2002a; Bahr et al., 2008; Kaminski et al., 2002). With some probable delay, the 

Mediterranean waters also reach the Bosphorus sill, but most likely, the waters cannot 

immediately penetrate into the Black Sea because of a strong one-layer discharge from the 

Black Sea through the Bosphorus Strait (Kaminski et al., 2002). With a further sea level rise 

(model developed by Lane-Serff et al., 1997 for MIS 1) or a decrease in the Black Sea 

discharge (Kaminski et al., 2002; shown for MIS 1) the Mediterranean waters are enabled to 

penetrate into the Black Sea. A connection between the two basins is defined by a two-layer 

flow through the Bosphorus Strait. The Mediterranean waters are characterized by higher 

temperatures, a higher δ18O (~1.8‰) and a higher density than Black Sea waters (Özsoy and 

Ünlüata, 1997). Consequently, the denser waters of the Mediterranean enter the Black Sea 

basin as a plume and remain mainly at the bottom of the Black Sea (Özsoy and Ünlüata, 

1997). The exchange between surface and deep waters within the Black Sea
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Fig. 5.5. Hydrological and isotopical balance of the Black Sea basin.  
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is increasingly limited, because of the denser Mediterranean waters at the bottom of the Black 

Sea. However, a mixing occurs at the boundary between deep waters, surface waters and the 

mouth of the Bosphorus towards the Black Sea (Özsoy and Ünlüata, 1997). This processes 

leads to an isotopic signature of the surface waters and the bottom waters of about -2.44‰ 

and -1.65‰ respectively (Swart, 1991; Fig. 5.5.).  

Sea levels decrease during transitions from interglacial to glacial due to the built-up of ice 

sheets (Mangerud et al., 1991). As a result, the hypothesis can be brought up that the inflow 

of isotopically heavier Mediterranean waters through the Bosphorus Strait into the Black Sea 

deep waters decreases and leads to a gradual decrease of δ18O surface waters. The final 

disconnection is characterized by the omitted influx of the most positive δ18O source for 

Black Sea waters, namely the Mediterranean water inflow. The remaining influxes into the 

Black Sea system (precipitation, riverine input) are depleted in δ18O (Swart, 1991; Fig. 5.5.). 

The disconnection of the Black and Mediterranean Seas induces also a disappearance of the 

stratification within the Black Sea. A steady adaptation of the Black Sea surface waters to 

changes in the deep waters takes place (Özsoy and Ünülata, 1997), resulting in a more 

depleted δ18O of the Black Sea surface waters compared to connection phases. The time 

needed by the Black Sea for the adaptation leads to slow transitions in the isotopic signatures 

of Sofular stalagmites between sea and lake phases. The turnover process lasts for about 2000 

years in the Black Sea deep waters (Östlund and Dyrssen, 1986). 

The isotopic record of So-17A shows relatively slow transitions between interglacial, stadial 

and interstadial states. These characteristic shifts are mainly triggered by the adaptation 

processes, which are described above, leading to new stable state situations of the Black Sea.  

A connection between the basins is established by a δ18O isotopic signature of Sofular 

stalagmites at about ~-9.8‰ (~Bosphorus sill of -35m) as this was the earliest and most 

negative δ18O value of Sofular stalagmites in the MIS 1 connected state (~9.5 ka BP). 

However, in figures, the transition from lake to sea phase (at a δ18O level of -9.8‰) has to be 

marked by a bar. The bar reflects the adaptation of the Black Sea surface waters to changes in 

the deep waters (personal communication S. Badertscher). This threshold is important to look 

at when the exchange history between the Black Sea and the Mediterranean Sea is studied. It 

can be assumed that the threshold (~-9.8‰) and therefore also the Bosphorus sill (~-35m 

above sea level) remained more or less stable over time. The Black Sea seems to react very 

sensitively to global sea level changes and our records shows a relatively good coincidence 

with other proxies reflecting the global sea level (eg. Fig. 5.6). This could be due to the 

connections of the Black Sea with the global ocean via Bosphorus Strait. Small changes in its 
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depth may have occurred through removal or accumulation of unconsolidated material. The 

nearby lying North Anatolian Fault is a horizontal moving geological fault. Therefore, it most 

likely had no major impacts on the depth of the Bosphorus Strait (personal communication 

Dominik Fleitmann).  

The results obtained from Sofular stalagmites are also compared to a study of Zubakov 1988 

discussing the Black Sea history. However, it has to be remarked that the ages of the So-17A 

are more accurate compared to the ages of the Zubakov sequences. Zubakov established a 

Pleistocene climatostratigraphic sequence correlating Black Sea oxygen-isotope stages with 

changes in characteristics and stratigraphy of glacial deposits in loess, alluvial sequences and 

marine deposits of the Black Sea region (Zubakov, 1988). The study of the deposits allowed 

drawing conclusions about the origin and the composition of the waters in the Black Sea and 

Azov Sea respectively. The origin of these waters was either the Mediterranean Sea via 

Bosphorus Strait or the Caspian Sea via Manych Strait. Phases of salinization went together 

with invasions of Mediterranean fauna during warm phases. Alternatively, freshening of the 

Black Sea waters were accompanied by an invasion of Caspian waters and fauna during cold 

phases (Zubakov, 1988).  

The So-17A time series provides the opportunity for studying three transitions between lake 

and sea phases of the Black Sea. In the following sections, phases of disconnection and 

reconnection are separately discussed. 

 

Connection / Reconnection 

The δ18O of So-17A registered changes in the isotopic composition of the Black Sea surface 

waters on a long-term and consequently indicates periods of connection and disconnection of 

the Mediterranean and the Black Sea during MIS 5. The δ18O of So-17A was about 1 to 2.8‰ 

above the critical level of -9.8‰ marking the depth of the Bosphorus sill during MIS 5e (~128 

to 115 ka BP). Consequently, a connection was established between the basins at that time. A 

connection is also assumed, because global sea level was around 2-12m higher than today 

(Van Andel and Tzedakis, 1996; Waelbroeck et al., 2002; Fig. 5.6.). Zubakov 1988 also 

suggested a connection between the basins during MIS 5e. The transgression of the 

StrombusIII/Eltigen registered at about 127-120 ka BP (≈ MIS 5e) is characterized by an 

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

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

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

records. Some age differences can occur between the data of Zubakov 1988 and Sofular, 
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because Zubakov had not the same possibilities in accurate age dating compared to the 

methods existing today.  

One reestablishment of the connection between the Black Sea and the Mediterranean Sea is 

recorded in the So-17A sequence. This situation can be found at the transition from the MIS 

5d (peaked ~107 ka BP) to MIS 5c (peaked ~99 ka BP). The additional incoming solar energy 

(Berger, 1978) and increasing temperatures triggered melting of ice sheets which were formed 

during MIS 5d (Mangerud, 1991). As it was discussed before in chapter 3.33 (ice volume 

effect), the formation of glacier includes mainly light oxygen isotopes. Therefore, the melting 

of glaciers led most likely to an inflow of depleted oxygen water into the adjacent basins. 

However, a melt water incursion which has affected the Black Sea surface waters can not be 

clearly detected in the δ18O isotopic record of stalagmite So-17A, compared to the melt water 

signal that was detected by Fleitmann et al. 2009 at ~16.5 ka BP. As a whole, the amount of 

melt water produced in the MIS 6 and MIS 2 had to be larger than the ones at the end of MIS 

5d, resulting in large δ18O depletions in Black Sea surface waters. The melt water pulse at the 

end of MIS 6 (~131-130 ka BP) is recorded in stalagmite So-6. The δ18O of So-6 shows a 

slight increase marking the transition to MIS 5e about 133.5-133 ka BP (Fig. 5.1.). 

Afterwards, the melt water leads to a decrease of -1‰ in the δ18O of So-6 achieving the most 

negative isotopic value of -14.25‰ (PDB) at 130.95 ka BP. Subsequently, the curve ascends 

gradually. However, the establishment of the connection at the beginning of the MIS 5e was 

not recorded in stalagmite So-6 (Fig. 5.1.), due to a hiatus.  

During the transition to the MIS 5c, global sea level rose continuously (Fig. 5.6.; Waelbroeck 

et al., 2002). Globally distributed studies indicate a sea level of around -20m during MIS 5c 

(Bard et al., 1990; Smart and Richards, 1992; Picket et al., 1985; Waelbroeck et al., 2002; Fig. 

5.6.). Sea level rise can be mainly attributed to melt water input from disintegrating ice sheets, 

volume expansion of warmer water (Clark and Huybers, 2009) and the inflow from other 

basins. At about 107.5 ka BP, the δ18O in So-17A reached the critical level of ~-9.8‰ 

indicating a possible connection between the Black Sea and the Mediterranean Sea. As the 

δ
18O of So-17A fluctuated around this critical value for another 1 ka, it is difficult to define an 

exact date for the reconnection. Furthermore, a possible preceding strong discharge of Black 

Sea waters into the Mediterranean Sea could have also prevented an earlier inflow of 

Mediterranean waters, as it has already been discussed for 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 86.19 ka BP recorded by the δ18O of the 

stalagmite So-17A. Additionally plotted are the δ
18O time series of the NGRIP members 2004, 

the δ18O of So-6 (grey), the sea level reconstruction of Waelbroeck et al. 2002 and the 

climatostratigraphic sequence of the Black Sea from Zubakov 1988. The yellow bars indicate 

the transitions between lake and sea phases, whereas the grey bar stands for the depth of the 

Bosphorus Strait. The records are aligned as it was discussed in paragraph 5.13.  
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Zubakov 1988 reconstructed an invasion of Mediterranean mollusc fauna into the Black Sea 

during the Early Surozh period (≈ MIS 5c). Consequently, this study suggests also a 

connection during the MIS 5c (Zubakov, 1988). The connection is marked in the Sofular 

isotopic profiles by an increase in δ18O (Fig. 5.6.; aligned records). Since 105 ka BP, the 

isotopic records of Sofular and Greenland begin to differ notably. The oxygen NGRIP record 

is a proxy for temperature variations in Greenland during the MIS 5 (NGRIP members, 2004). 

The δ18O values of So-6/So-17A show a more or less gradual increase, whereas the δ18O 

signal of the NGRIP record is characterized by a cold period at about 104 ka BP which is 

followed by a gradual decrease in temperatures since 102.5 ka BP. However, it is problematic 

to indicate ages for the NGRIP record as it is not absolutely dated.  

Since the reconnection of the Black and Mediterranean Seas, the increase in the δ
18O of So-

17A was most likely controlled by long-term changes the Black Sea surface waters. The 

surface waters adapted to the changes in the Black Sea deep waters (Özsoy and Ünlüata, 

1997) which were influenced by the inflow of heavier isotopic water from the Mediterranean 

Sea (~1.8‰ SMOW) during connection phases. This led to an increase in the δ18O of the 

Black Sea surface waters and consequently in the δ
18O of So-17A.  

Over all, the sea level reconstruction of Waelbroeck et al. 2002 matches well with the δ18O 

profile of So-17A (Waelbroeck et al., 2002; Fig. 5.6.). This good coincidence of the global 

sea level and the δ18O record of So-17A could be explained by the connection of the 

Mediterranean Sea with the global ocean. The increasing global sea level in the period from 

105 ka to 100 ka BP could have led to a sea level rise in the Mediterranean Sea and 

consequently to an increased export of Mediterranean waters into the Black Sea. Thus, Black 

Sea surface waters could have shown a more positive δ18O signal. When global sea level 

reached a stable state about 100 ka BP, the export of Mediterranean waters could have 

remained stable and therefore also the δ
18O signal. However, the record was slightly adjusted 

to the So-17A record, because the age-model of the sea level reconstruction is not absolutely 

dated. 

Conclusively, the surface water signal (long-term) predominated over the 

temperature/precipitation signal (short-term) signal in the δ18O of So-17A during MIS 5.  

 

Disconnection 

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

by the So-17A record took place at the transition from MIS 5e to MIS 5d. The δ18O of So-

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

δ
18O decreased to a minimal level of -10.5‰. The δ

18O of So-17A fell for about 2 ka below 
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the bar marking the critical value of -9.8‰. This could be an indication for short stadial 

conditions; however, the delay in the δ
18O of Sofular stalagmites has to be considered. 

A disconnection of the basins most likely results in a decrease of the δ18O surface waters. This 

reduction is mainly controlled by the hydrological balance of the Black Sea, as it was 

discussed earlier in this chapter. The depletion in δ18O of So-17A during MIS 5d could have 

been an interaction between the source and the temperature effect. The source effect (chapter 

5.2.) of the δ18O in So-17A can be recognized by a comparison with the NGRIP record. Since 

these δ18O ice records primarily register actual temperatures over Greenland, the transitions 

between different climate states proceed immediately, whereas the So-17A record shows a 

more gradual transition due to the capture of surface water signals (Fig. 5.6.).  

The disconnection during MIS 5d can also be confirmed by other studies. Global sea level 

was at a level of about -50m during MIS 5d (Van Andel and Tzedakis, 1996). In the study of 

Zubakov 1988, the Dinskaya (≈ MIS 5d) is characterized by an invasion of Caspian molluscs 

(Didacna cristata) into the Black Sea. This is clear evidence for a transgression from Caspian 

Sea waters into the Black Sea (Zubakov, 1988). The stratification within the Mediterranean 

Sea disappeared, because of the pre-Surozh (before 105 ka BP) regression in the Black Sea 

(Ostrovsky et al., 1977) and a probable associated decrease in freshwater discharge through 

the Bosphorus Strait. Additionally, a cold pollen spectrum was found at the coast of the 

Kerchian Strait at that time (Zubakov, 1988).  

The third key event concerning the connection between the Mediterranean and the Black Sea 

occurred about 91 ka BP. The cooling after the MIS 5c brought the sea level close to the 

Bosphorus sill. The δ18O of So-17A indicates that the connection was most likely maintained 

at that time. The disconnection of the basins took place about 88 ka BP (~9.5‰). The 

decreasing temperatures could have led to depleted δ
18O values in precipitation and the rivers 

might have transported isotopic lighter water from the northern regions into the Black Sea 

basin (isotope effects; further details in chapter 3.33). Furthermore, the water input from the 

Mediterranean Sea stopped because of the dropping sea level. After a first steep decrease in 

the δ18O of So-17A (~88 ka BP) following the aligned Greenland ice core, the δ18O curve of 

So-17A proceeds more gradually. This gradual decrease could have been associated with a 

decrease in the inflow of Mediterranean waters into the Black Sea through the Bosphorus 

Strait and the adaptation processes within the Black Sea.  

All in all, we suggest that the Black Sea was in a lake phase during MIS 5d (from~109.5 to 

~107.5 ka BP) and MIS 5b (since ~88 ka BP) and in a sea phase during MIS 5e (to 109.5 ka 

BP) and 5c (from ~107.5 to 88 ka BP).  
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5.3 δ
13C – EASTERN MEDITERRANEAN CLIMATE HISTORY 

 
Reconstruction of the climate during MIS 5 

There is a lack of well dated and highly resolved climate records covering the MIS 5 in the 

eastern Mediterranean region. The isotopic data of So-17A can be used to reconstruct climate 

for this period. As it was discussed in chapter 5.12, the δ13C of Sofular stalagmites is mainly 

controlled by type of vegetation, microbial soil activity and density of vegetation above the 

cave. These factors are themselves influenced by climatic conditions above the cave 

(temperature, amount of precipitation; Fleitmann et al. 2009). As the δ18O of Sofular 

stalagmites is mainly controlled by the Black Sea surface waters on longer time scales, the 

δ
13C record of So-17A is taken as an indicator for the climate history in the eastern 

Mediterranean region during MIS 5. However, on short time scales, the δ18O of Sofular 

stalagmites is controlled by temperature and seasonality of precipitation and consequently 

serves as an additional device for the climate reconstruction.  

From ~123 to 114 ka BP, the δ13C of So-17A increases to a value of ~-10‰. This indicates a 

trend to an enhanced microbial soil activity, an increased density of vegetation and a 

preferential settlement of C3-plants. These vegetation conditions are most likely triggered by 

relatively warm and wet climate (see chapter 5.11 for further information), which might have 

predominated during the MIS 5e. Per definition, the MIS 5e lasted until an age of 115 ka BP 

(Imbrie et al., 1984). The shifted MIS 5e in the δ
13C record of So-17A could be explained by 

the additional time required by vegetation to adapt to changes in climate. However, Fleitmann 

et al. 2009 suggested an adaptation time of about 300 years (Fleitmann et al., 2009). 

Consequently, the time lag of about 1 ka can not be fully explained by establishment of an 

equilibrium between vegetation and climate.  

The reconstructed climate conditions during MIS 5e can be confirmed by the results of 

several ice core, marine and continental sediment studies (Van Andel and Tzedakis, 1996). 

Results of a north-eastern Italy pollen study indicate a dominance of thermophilous trees and 

shrubs during the MIS 5e (Pini et al., 2009). At about 125 ka BP, Mediterranean vegetation 

expanded into the southern part of Europe. This community of plants is well adapted to hot 

summers and high summer insolation (Tzedakis et al., 2003) 

From 114 to 114.5 ka BP, the δ13C of So-17A increased to a level of -8‰ in about 500 years. 

Afterwards, the values show a long-term increase to ~-7‰, to an age of 103 ka BP. δ13C 

values in a range of -7 to -8‰ are most likely an indication for a minor vegetation density, a 

minor microbial activity and a probable settlement of some more C4-plants above the cave 

compared to MIS 5e (Fig. 5.1.). These vegetation conditions are mainly induced by relatively 
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dry and cold/hot climate. However, it can be assumed that cold temperatures prevailed during 

the MIS 5d. Similar findings about the course of the late MIS 5e were also presented by an 

European pollen study of Brewer et al. 2008. These findings include a decrease in 

temperatures and precipitation after the climate optimum phase of the MIS 5e at ~120 ka BP 

(Brewer et al., 2008). Brewer suggested that this reduction is mainly restricted to locations at 

higher latitudes. For example, the study of Allen et al. (1999) shows an onset of cooler 

conditions about 5ka later in the south (Lago di Monticchio; Allen et al., 1999). A transition 

into MIS 5d at 115 ka BP would better coincide with the long-term changes in δ13C of So-

17A. Tzedakis et al. 2003 suggested with a study in Greece that the cooling phase at the end 

of the MIS 5e (~120 ka BP) was responsible for the change of the vegetation from taiga into 

tundra forest. The decrease in temperature was most likely triggered by changes in the orbital 

parameters leading to a reduction in the northern hemisphere summer insolation (Tzedakis, 

2003). The reduction in insolation was mainly caused by a change of the sun’s relative 

position towards the Earth, from a perihelion into an aphelion position (Berger et al., 1993). 

In the Baikal Sea region, taiga forest was replaced by cool grass-shrub communities at the 

transition from MIS 5e to MIS 5d (Tarasov et al., 2007). Further on, the taiga boundary 

moved farther south. In southern Europe, the main limiting factor of vegetation growth was 

not temperature, but rather moisture availability (Tzedakis, 2003). One responsible factor 

triggering the decrease in precipitation could have been the southward shift of the North 

Atlantic current at about 115 ka BP (Müller and Kukla, 2004), which led to a decrease in 

moisture transport towards the Mediterranean region (Müller and Kukla, 2004). Between 115 

and 110 ka BP, deciduous vegetation prevailed in southern Europe (Müller and Kukla, 2004). 

After 110 ka BP when full MIS 5d conditions were reached, tree populations disappeared 

from southern Europe (Tzedakis, 2003). The pollen study of Fauquette et al. 1999 from 

France shows the dominance of cold biomes during MIS 5d. These cold biomes mainly 

consisted of cool conifer forest, taiga or cold steppes (Fauquette et al., 1999). 

After the MIS 5d, the δ13C of So-17A changed from a value of ~-7‰ at 103 ka BP to -10.3‰ 

at 91 ka BP. This is a change of -3.3‰ in δ
13C in a period of 12 ka. Again, this δ13C signal 

indicates the predominance of relatively warm and wet climatic conditions during the MIS 5c. 

The MIS 5c is the first warm phase after the MIS 5e. From the δ13C of So-17A it cannot be 

clarified if the MIS 5c reached MIS 5e climatic optimum levels, because the MIS 5e is not 

fully covered by So-17A. However, mean June insolation at 65°N was about 20 W/m-2 lower 

during MIS 5c compared to MIS 5e (Berger, 1978). A study from Gandouin et al. 2007 shows 

that temperatures reconstructed with chronomids reached approximately a late MIS 5e-level 
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in France during the MIS 5c (Gandouin et al., 2007). A milder and wetter MIS 5e is suggested 

by a pollen record from Lake Urmia, in the North-West of Iran (Djamali et al., 2008). The 

occurrence of the mesic, thermophilous plant Zelkova carpinifolia is an indication of climatic 

conditions associated with mild winters and a high amount of spring or summer rainfall. The 

absence of this pollen during the climate phases following the MIS 5e is interpreted being a 

sign that MIS 5e optimum conditions have never been reached again (Djamali et al., 2008). 

Generally, the interstadial phases are marked by a reestablishment of temperate biomes with 

mixed and sometimes deciduous plant communities (Fauquette et al., 1999).  

The increasing amplitude that can be detected in the second part of the δ18O record of So-17A 

might have been triggered by the nonlinear responses to changes in insolation which may 

occur during climatic transition between preferred climate states (Frolgey et al., 1999). 

Another possibility is that the MIS 5c climate was characterized by a more pronounced 

seasonality than MIS 5e. A more seasonal climate of MIS 5c indicates also a multiproxy study 

of Aalbersberg and Litt 1998 for north-western to north-eastern Europe. During MIS 5c, the 

mean minimum summer temperature remained more or less stable, whereas the mean 

minimum winter temperatures decreased about 10°C compared to MIS 5e (Aalbersberg and 

Litt, 1998). Similar conditions can probably also be assumed for the Black Sea region. The 

relative stability of the warm temperatures could be explained by an influence of the Asian 

monsoon system (Johnson et al., 2006) on the Black Sea climate system. Interstadial phases 

are associated with weaker westerly winds and an enhanced summer monsoon (An, 2000), 

due to a higher northern hemispheric summer radiation (Prell and Kutzbach, 1987). This 

situation leads to a settlement of the Intertropical Convergence Zone (ITCZ) farther north 

(Johnson et al., 2006; An, 2000; Kutzbach et al., 1992). Consequently, the Black Sea region 

could have got into the subsidence zone of the local Hadley cell. The climate in this zone is 

most likely dry and warm, because of the subsidence of the air (Rodwell and Hoskins, 1996). 

This led possibly to seasonal changes of precipitation and temperature patterns during MIS 5c. 

Furthermore, it was suggested that there was also less evaporation during MIS 5c compared to 

MIS 5e, due to the cooler temperatures (Hodge et al., 2008). This could have possibly led to 

the improved plant productivity and consequently to slightly more negative δ13C values 

during MIS 5c compared to MIS 5e. More negative δ
18O values (eg. 109 ka BP) in the second 

part of the So-17A record could maybe explained by an increase of the ratio between winter 

precipitation and summer precipitation due to enhanced summer dryness. The δ
13C of So-17A 

contemporaneously shows a decrease indicating probably a decreased vegetation density or 

microbial activity, due to the high temperatures and the lack of moisture during summer. 



5 CHAPTER FIVE - DISCUSSION 

80 

However, a final solution for the situation leading to higher seasonality in the Black Sea 

region cannot be provided by this master thesis. Van Andel and Tzedakis 1996 suggested also 

more continental climate during the MIS 5c compared to the MIS 5e (Van Andel and 

Tzedakis, 1996).  

 

From about 91 ka BP to 86.19, the δ
13C of So-17A steadily increased from a value of -10.3‰ 

to -7.6‰. A δ13C of -7.6‰ indicates again an establishment of cooler and drier conditions 

during MIS 5b compared to MIS 5c. This overall increase is interrupted by a short decrease in 

δ
13C at  ~88.5 ka BP. This decrease indicates a possible climatic short event characterized by 

warmer and drier conditions. The same event can also be observed in the NGRIP record of 

Greenland DO22 (Fig. 5.10.). The occurrence of additional short events will be discussed in 

chapter 5.4. The δ13C record shows that the MIS 5b was probably dominated by harsher 

conditions than the MIS 5d. However, the differences between these two stadials cannot be 

completely revealed because the MIS 5b is not entirely recorded in stalagmite So-17A.  

Conclusively, we suggest that the conditions during the whole MIS 5 were most likely 

favourable for plant growth as δ13C of So-17A only varies in a range of 3‰ on long-term 

scales. This is half of the variance that can be recognized in stalagmite So-1 covering the MIS 

2 and MIS 1. In the δ13C record of So-1, the values vary in a range of ~-6.2 to ~-11.6‰. 

Consequently, the climatic conditions during MIS 5 were most likely wet and warm enough 

for plants (mainly C3-plants) to grow (Fig. 5.3). This indicates minimal changes in the plant 

assemblages and consequently, beneficial climatic conditions for the plants above the cave 

during the major part of the MIS 5. Besides, possible refugias of thermophilous plants during 

the cold phases of MIS 5 could have been situated in relative proximity to the cave, due to the 

southern position of the cave and the moderate climate changes in this period. These 

conditions could have allowed a fast resettlement of the thermophilous plants in the cave 

region after a cold phase.  

The δ13C of So-17A remained more or less between -8 to -10‰, therefore the dominance of 

thermophilous plants can be suggested. During MIS 2, the δ13C of So-1 rather fluctuated in a 

range of -6 to -8‰ and C4 plants predominated above the cave (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 current climate change, it is important to have a look 

at the conditions during the previous interglacial (MIS 5e). The comparison of the MIS 5e and 

the MIS 1 enables to reveal differences and their possible causes. For this comparison, the 

MIS 5e is assumed to have extended over a time period from 126 to 110 ka BP in So-17A, 

because of the shift which is caused by the Black Sea effect. As the same long-term effect is 

also present in the δ18O of So-1, this assumption is reasonable. The start of the MIS 1 is set to 

an age of approximately 11.7 ka BP and is still continuing today (Rasmussen et al., 2006).  

The study of Fankhauser et al. 2008 supported the general view of a warm and wet MIS 1 

climate in the Eastern Mediterranean (Fankhauser et al., 2008, Mudie et al., 2002; Bar-

Matthews et al., 1997; Fleitmann et al., 2009). At a first glance at Fig. 5.7.a, it is noticeable 

that the MIS 5e (blue) shows generally a higher δ
18O than the MIS 1. The maximal difference 

between the δ18O curve of MIS 1 and MIS 5e is around 1‰ during the MIS 5e (~ 118 ka BP) 

and MIS 1 (~ 4 ka BP) optimum. The onset of the MIS 5e curve shows values approximately 

0.5‰ higher than the early MIS 1. The termination of the MIS 5e is marked by its δ18O 

falling below the MIS 1 curve. Several reasons can theoretically lie behind these higher δ
18O 

of the MIS 5e. First, a positive correlation of 0.59‰/°C (Rozanski et al., 1993) exists between 

temperature and δ18O in precipitation. Therefore, higher temperatures lead to a higher δ18O. 

The MIS 5e could have been ~1-2°C warmer than the MIS 1 at 118 and 4 ka BP, respectively, 

if temperature had been the main control factor of δ
18O. Alternatively, an increasing amount 

of precipitation is negatively correlated with δ18O of stalagmites. Consequently, higher 

amounts of precipitation would lead to a decrease in δ18O. Therefore, a wetter MIS 1 or a 

warmer MIS 5e would both work as possible solutions fitting into the isotopic record. An 

additional approach could be that the temperatures during the MIS 5e were enormously high. 

A higher amount of precipitation could have led to an abatement of the differences between 

the δ18O of the MIS 1 and MIS 5e. However, the amount effect is not the dominating factor 

and is only linked with summer precipitation. The study of Zelikson et al. 1998 shows that the 

MIS 5e temperatures were about 1°C higher than the MIS 1 temperatures (Zelikson et al., 

1998). The δ13C record is an additional tool to solve the indecisive climate situation of the 

MIS 5e. The δ13C of the MIS 5e are higher than the MIS 1 during the major part of the 

interglacial periods. The differences between the δ
13C curves of the interglacials add up to a 

value of ~2‰ at ~118 and 4 ka BP. These results indicate that the climate during the MIS 5e 

was most likely drier. To draw a first conclusion, the climate of the MIS 5e was drier and 

warmer than the MIS 1 during a major part of its duration. The biggest differences can be 
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recognized at ~118 and 4 ka BP of the MIS 5e and MIS 1 respectively, whereas the early and 

the late phases are defined by a convergence of the isotopic curves.  

The δ18O curves of the MIS 5e and MIS 1 achieved stable conditions approximately 118 ka 

BP and 6 ka BP respectively. From that point, the δ
18O of the MIS 1 fluctuated around a -8‰, 

whereas the curve of MIS 5e began to descend at about 116 ka BP. The decrease in δ
18O of 

So-17A at the end of MIS 5e (~116 ka BP) is characterized by the decrease in temperatures 

and the Black Sea effect. The δ
18O of So-17A achieved a MIS 1 level of -8‰ at about 114 ka 

BP. At the same time, the δ13C of the MIS 5e record also reached MIS 1-levels (~-9.5‰). 

Therefore, it can be assumed that climatic/environmental conditions at 115 – 114 ka BP were 

quite similar to the modern climate conditions in Northern Turkey. This hypothesis can be 

supported by the fact that deciduous vegetation prevailed in southern Europe during the 

period from 115 to 110 ka BP (Müller and Kukla, 2004). The modern C3-dominated 

vegetation (δ13C: -10‰) above Sofular Cave consists of shrubs and trees (Fleitmann et al., 

2009) and is therefore probably very similar to the late MIS 5e plant community (Fig. 5.7.b).   

After 114 ka BP, the δ18O of So-17A decreased steadily and the climate changed into the MIS 

5b. Conversely, the δ18O of the MIS 1 still remained at a stable level of -8‰.  

For the comparison of the interglacials, it is important to consider the differences in the orbital 

forcings. Berger et al. 1993 suggested that the MIS 1 never reached an MIS 5e insolation level 

during the whole period (Berger et al., 1993). This is most likely the main forcing factor 

leading to higher temperatures registered in the MIS 5e.  

In the MIS 1 record, there is no indication for a descent of the δ18O curve. However, as the 

long-term changes in the Sofular stalagmites are controlled by the surface waters of the Black 

Sea, the δ18O changes could occur with a certain delay. Kukla et al. 2002 found in a study that 

only small changes in insolation are expected for the next 100 ka (Kukla et al., 2002). Berger 

and Loutre 2002 came to the conclusion that the MIS 1 may last for another 50 ka (Berger and 

Loutre, 2002). In the Lake Baikal region, for instance, the MIS 1 forest phase already lasts 

some thousands of years longer than the forest phase of the MIS 5e (Tarasov et al., 2007).  

The termination of the MIS 5e was most likely triggered by the change of the sun from 

perihelion into aphelion position and was quite similar to modern orbital configuration 

(Berger et al., 1993). In the case of the MIS 5e, the change into stadial conditions occurred 

about 13 ka after the start of MIS 5e. If this cycle is chronologically maintained, this principle 

can also be applied to the MIS 1. Consequently, this shows that at the moment we should be 

at such a crossing point from interglacial to stadial/glacial conditions (Kukla et al., 1997). 

However, the earth today receives 40W/m2 more solar energy than 115 ka BP in northern 
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Europe (~60°N). Furthermore, the decrease in insolation was twice as large over the course of 

the MIS 5e compared to the MIS 1 (Risebrobakken et al., 2007). The additional energy which 

the earth receives today is perhaps one factor which forces the maintaining of the MIS 1 

conditions compared to MIS 5e. An additional forcing factor which could also be responsible 

for the extension of MIS 1 is the settlement and the activities of humans (Risebrobakken et al., 

2007). Associated with an increasing greenhouse effect the climate relevant human impacts 

support the orbital forcings and probably inhibit the change into glacial conditions. 

Furthermore, it can be recognized in Fig. 5.7 a/b that MIS 1 record shows an increase in δ
18O 

(red marked) and simultaneously an increase in δ
13C of So-1 in the last few thousand years. 

This isotopic configuration suggests the occurrence of a little trend towards warmer and drier 

conditions at the end of MIS 1 record. This trend started about 3.5 ka BP (Fankhauser et al., 

2008) and could have been induced by beginning of human settlements and agricultural use 

above Sofular cave. It remains open whether this trend is maintained over a longer period or 

forms only a part of a short positive δ18O excursion. This trend also counteracts the 

establishment of a new glacial phase in the near future.  

Finally, we propose that the climate during MIS 5e was warmer and drier than during MIS 1. 

The MIS 5e ended after ~114 ka BP, whereas MIS 1 still prevails today.  
 

 

a 
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Fig. 5.7 . MIS 5e (blue) δ18O (a) and δ13C (b) records of So-17A in comparison with MIS 1 

(black) δ18O and δ13C records of So-1 (So-1 data from Fleitmann et al. 2009). The grey bar 

marks the sill depth of the Bosphorus Strait.  

b 
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5.4 MIS 5 CLIMATE VARIABILITY  
 
In the previous sections of this master thesis, the attention was mainly turned to the first-order 

changes within the isotopic record of So-17A. As it was discussed before, these changes are 

mainly triggered by changes in the isotopic composition of the Black Sea surface waters and 

major climate changes. Zooming in from a scale of thousands to hundreds of years, it can be 

seen that also short-term abrupt events are registered in the isotopic profile of So-17A. The 

following section is dedicated to the detection of abrupt events and the identification of 

probable causes.  

Prior studies claimed that the MIS 5e climate was relatively stable and uninterrupted (Menke 

and Tynni, 1984; Frenzel, 1991; Litt et al., 1996). However, it was suggested by a study of 

Litt et al. 1996 that some climatic fluctuations occurred in MIS 5d-5a (Litt et al., 1996). Later 

on, some other studies showed evidence for the occurrence of several cold and warm events in 

the course of the MIS 5 (GRIP members, 1993; Cheddadi et al., 1998; Field et al., 1994; 

Chapman and Shackleton, 1999 and Boettger et al., 2007). For example, the GRIP members 

1993 had their evidence from ice core measurements in Greenland. They suggested the 

occurrence of high amplitude temperature changes during MIS 5 (GRIP members, 1993). It 

remains to be seen whether the So-17A record supports the hypothesis of a stable or a variable 

MIS 5.  

Literature about the MIS 5e and the MIS 5d-a shows that abrupt cooling events were mainly 

recorded in the regions of Greenland and the mid-latitude North Atlantic Sea (GRIP members, 

1993; Chapman and Shackleton, 1999). These events mainly happened throughout periods of 

ice volume maxima (5b, 5d) or during the build up/disintegration of ice sheets (Chapman and 

Shackleton, 1999). 

The climate variability during MIS 5 was higher than expected from the orbital parameters, 

which were thought to have triggered the major glaciations (Chapman and Shackleton, 1999). 

Therefore, the cooling events indicate the existence of suborbital forcings not included in the 

Milankovic theory (Sanchez-Goni et al., 1999). These suborbital forcings are most likely 

induced by a cooling of North Atlantic surface waters (Sanchez-Goni et al., 1999). Cortijo et 

al. 1994 brought up the hypothesis that a drop in sea surface temperatures could have been 

triggered or enhanced by a weakening of the North Atlantic deep water formation due to an 

inflow of freshwaters. Most likely, the freshwater originated from ice sheets which had 

melted during warmer phases and from ice rafting events (Cortijo et al., 1994). An interrupt or 

a dampening of the North Atlantic thermohaline circulation prevents the transport of warmer 

waters into a northern direction by the north Atlantic drift (Adams et al., 1999). This situation 
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leads to a cooling in the adjacent regions (Fig. 5.8.) and probably to a built-up of ice sheets 

(Adams et al., 1999). A further possibility is that the North Atlantic current was displaced to 

the west (Larsen et al., 1995). This new situation opened the possibility for subarctic water to 

penetrate southwards (Seidenkrantz et al., 2000) and so did the polar front (Sanchez-Goni et 

al., 2000).  

The North Atlantic Oscillation (NAO) can most likely be excluded as an activator, because a 

similar NAO index would have led to opposite climate changes in the North Atlantic and the 

Mediterranean region (Rodwell et al., 1999).  

Besides, abrupt changes can also be produced by nonlinear reactions to gradual changes in 

insolation. This can occur due to the transitions between preferred climate stages (Tzedakis et 

al., 2003).  

The above mentioned cooling events in the North Atlantic were recorded from several proxies 

in the terrestrial area (Chapman and Shackleton, 1999). Therefore, a detection of these events 

may also be possible in Sofular stalagmite records.  

The propagation of these marine events may be explained by teleconnection phenomena 

between the Northern Atlantic and continental Europe (Rohling et al., 1998, 2002a), changes 

in the ice sheet dimensions or general changes in the atmospheric circulation (Chapman and 

Shackleton, 1999). The teleconnection may be based on the transport of the climatic signal by 

the westerly wind belt onto the European continent. As it was discussed earlier in this thesis, 

the predominating wind regime in the Black Sea region is characterized by north-western 

winds. These winds could bring the climatic signal into the Black Sea region (Fig. 5.8.).  

Mayewski 1997 found out that cold periods are characterized by enhanced atmospheric 

circulations in the northern hemisphere due to the intensification and expansion of the polar 

vortex (Mayewski, 1997). A strengthening of the atmospheric circulations is associated with 

an increased occurrence/intensity of polar outbreaks and north-westerlies in the 

Mediterranean region. Consequently, the polar vortex and the disturbances in the meridional 

overturning circulation (MOC) are the main factors explaining the synchrony of the marine 

and continental events (Incarbona et al., 2010). Additional amplifying effects could be global 

carbon dioxide concentrations, dust content or albedo. These effects are more exactly 

discussed by Adams et al. 1999. A correlation of marine and terrestrial records would show 

the marine system to have a great influence on the global climate system (Chapman and 

Shackleton, 1999). 
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Fig. 5.8. A dampening of the North Atlantic circulation leads to a cooling in the northern 

regions. The red belt marks the surface warm water circulation. The blue belt shows the route 

of the cold deep water. The two shaded cycles are the locations of deep water formation 

working as engines for the circulation. The green arrows indicate the main direction of the 

winds. Furthermore, the sites ODP 1059 (Heusser and Oppo, 2003), NEAP18K (Chapman 

and Shackleton, 1999), NGRIP (NGRIP members, 2004) and ODP 963 (Sprovieri et al., 

2006) are marked on the map. The studies from these sites served as comparisons to Sofular 

records.  

http://www.aquarius.geomar.de/ 
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The ice rafted debris (IRD) events in the North Atlantic were taken as indicators for the 

abrupt cold events occurring in the Black Sea region (Chapman and Shackleton, 1999; blue 

bars; Fig. 5.9; Fig. 5.10.). IRD are sediments transported by ice sheets into the ocean. The 

following melting processes led to the deposition of these sediments on the ocean ground. The 

occurrence of the mid-MIS 5e cold event was reported by several studies. Each of these cold 

events is individually discussed in the following part of the chapter. However, it has to be 

remarked that a correlation of the above mentioned cooling events with the Sofular records is 

difficult. A dampening and shifting of the signals has to be assumed, because the Black Sea 

system serves as a source for precipitation. The surface waters maintain their isotopic 

signature, whereas the ambient cooler temperatures lead to a dampened, cooling signal in the 

isotopic record. Additionally, it takes the climatic signals some time to propagate from the 

Northern Atlantic to the Black Sea region. For the detection of these cold events, all the 

records were aligned to the isotopic record of So-6 to achieve an ideal starting position for the 

correlation of several abrupt events. The So-6 was taken as an indicator, because its dating 

resolution is at its highest point from 110 to 105 ka BP. Furthermore, the stalagmites are 

absolutely dated, whereas the other records are based on correlated age models.  

 

Mid-MIS 5e cold event 

Tzedakis et al. 2003 gained evidence for several cold events from results of a combined 

isotopic and palynological study in Greece. Marine sequences showed a first cold event 

occurring at about 122 ka BP (Tzedakis et al., 2003; Maslin and Tzedakis, 1996). 

Additionally, Oppo et al. 2006 studied faunal, isotopic and lithic records from the eastern 

subpolar North Atlantic. The study also revealed the occurrence of a short cold event 

approximately 122 ka BP (Oppo et al., 2006). Couchoud et al. 2009 suggested the occurrence 

of a dry period from 122.4 to 121.6 ka BP in south-western France (Couchoud et al., 2009). 

Results of a marine study of the Mediterranean Sea also show an increase in the number of 

cold water species during this period (Sprovieri et al., 2006; Fig. 5.9.).  

The isotopic record of So-17A shows a simultaneously occurring event in the δ13C and the 

δ
18O record approximately 122 ka BP. The event is marked in the δ13C curve by a positive 

excursion of about -3‰ compared to the previous and following values. The achieved value 

of -6‰ in the δ13C record indicates the preferential settlement of C4-plants above the cave 

and therefore the occurrence of rather dry conditions. The same event shows smaller 

amplitude in the δ18O record (~-0.5‰). Therefore, a sudden drop in prevailing temperatures 
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of about 1°C can be suggested. Afterwards, the values change 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) was identified by a loess record from 

Germany indicating high rates of loess deposition about 118 ka BP across Europe (Seelos and 

Sirocko, 2007). Further on, Chapman and Shackleton 1999 suggested the occurrence of a 

cooling event approximately 118-119 ka BP in the North Atlantic according to multiproxy 

data from the North Atlantic deep-sea sediment core NEAP18K. The cold event C26 is absent 

in the ice rafted debris (IRD) record of the North Atlantic (Chapman and Shackleton, 1999). 

The reason for this absence is that the MIS 5d ice-sheets were at the beginning of their growth 

and could not produce any ice-sheet surges (Seelos and Sirocko, 2007). Besides, this event is 

neither recognizable in the subpolar western North Atlantic record of Oppo and Heusser 2003. 

Probably, this interruption of the North Atlantic drift mainly had impacts on the climate in 

southern Europe (Fig. 5.9.). Sirocko et al. 2005 interpreted this cooling to be caused by a 

southward displacement of the North Atlantic drift which provides the northern Atlantic with 

warm waters. The reasons for these displacements are not yet understood, however some 

authors suggest this as a reaction to insolation changes (Khodri et al., 2001; Berger and 

Loutre, 2002).  

A probable cooling event was also recorded in the isotopic profile of stalagmite So-17A at 

119 ka BP. The δ18O of So-17A shows a stabilization of the values, whereas a decrease of 

about 1.5‰ is recognizable in the δ
13C record of So-17A.  

 

C25 

Some of the cold events also occurred during the transition from the MIS 5e to 5d-a 

(Chapman and Shackleton, 1999). The event C25 was the first cold event after the MIS 5e and 

occurred about 111.5 ka BP. In the Mediterranean Sea, the event C25 was marked by a 

decrease of the species G.ruber which occurs mainly in warm water environments (Sprovieri 

et al., 2006, Fig. 5.9.). A slight negative and positive excursion of the δ18O (~0.25‰) and 

δ
13C (~1‰) respectively, can be recognized in So-17A. Therefore, C25 led to a slight 

decrease in temperatures and precipitation at Sofular cave. This C25 event interrupted the 

warm event DO25 which was recognized by the NGRIP members (NGRIP members, 2004, 

Fig. 5.10.). In the So-17A isotopic record, the DO25 event is most likely recorded by the 

more positive excursion of the δ18O of So-17A in the time period of 114 ka – 111 ka BP.  



5 CHAPTER FIVE - DISCUSSION 

90 

 

Fig. 5.9. A comparison between several paleoclimatic records over the period from about 123 

to 86 ka BP. The following records are displayed: δ
18O (blue) and δ13C (red) of So-17A, 

planktionic foraminifera from Sprovieri et al. 2006 (green), IRD record from Chapman and 

Shackleton 1999 (black), δ18O of So-6 (grey) and G.ruber record from Heusser and Oppo 

2003 (orange). The blue bars indicate the ‘C’ North Atlantic cooling events, whereas the 

arrows show the probable occurrence of additional cooling 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 recognizable events in the IRD sequence of Chapman 

and Shackleton 1999 and coincidences with MIS 5d around 109 ka BP. In the study of 

Tzedakis et al. 2003, C24 event was marked by cooling conditions around 110 ka BP in Iberia. 

This event was triggered by a disruption of the thermohaline circulation in the North Atlantic 

and a coupled change in the precipitation and temperature regime in Iberia (Tzedakis, 2003). 

The reason for the disruption of the thermohaline circulation lay in accumulation of sufficient 

ice to start ice rafting events. The disrupted thermohaline circulation led to a disappearance of 

tree populations in southern Europe (Tzedakis, 2003).  

C24 is marked by a sharp negative excursion in the δ
18O curves of So-17A and So-6 (~-1‰) 

and by a positive trend in the δ18O curve of NGRIP (Fig. 5.10.). A drop of -1‰ in δ18O could 

be achieved by a temperature decrease of about -2°C. The δ13C record of So-17A also shows a 

simultaneous increase in its values. This isotopic profile serves as an indicator for drier and 

cooler conditions during C24. Therefore, vegetation density and soil microbial activity most 

likely decreased. The transition from MIS 5d into DO24 is also registered in the δ18O and 

δ
13C of So-17A and So-6 at 109 to 108 ka BP. The δ

18O remains on the warm period level, 

whereas the δ13C changes back to previous conditions after a short negative excursion. The 

climate during this warm period was therefore probably warmer but not wetter than the MIS 

5d.  

 

C23 

The following event C23 is, as C24, marked by an increase in IRD values indicating a 

possible temperature decrease (Chapman and Shackleton, 1999). Cooling patterns are also 

shown in the study of the Mediterranean Sea (Sprovieri et al., 2006) and the δ18O from the 

subpolar North Atlantic (Heusser and Oppo, 2003)(Fig. 5.9.). The δ13C records of So-6 and 

So-17A also show a tendency to drier conditions at about 104 ka BP. The δ18O records of So-

17A and So-6 show a gradual increase in their values. This increase can be explained by an 

inflow of isotopically enriched waters of the Mediterranean Sea into the Black Sea 

suppressing the temperature signal in the δ
18O of So-17A.  

Drysdale et al. 2007 reconstructed the MIS 5 with evidence from an Italian stalagmite. Before, 

evidence for cold-events following the MIS 5e came mainly from Greenland ice (NGRIP, 

2004), European pollen (Brewer et al., 2008) or North Atlantic marine cores (Chapman and 

Shackleton, 1999). The improvement of the chronology of these cold-events was the aim of 

Drysdale. With evidence from stalagmite, Drysdale inferred ages of 105.1±0.9 ka to 102.6 ka 

BP 
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Fig. 5.10. A comparison between several paleoclimatic records over the period from about 

123 to 86 ka BP. The following records are displayed: δ18O (blue) and δ13C (red) of So-17A, 

δ
18O (grey) and δ13C (green) of So-6, IRD record from Chapman and Shackleton 1999 (black) 

and NGRIP δ18O record (purple). The blue bars indicate the ‘C’ North Atlantic cooling events, 

whereas the arrows show the probable occurrence of additional cooling events. The triangles 

at the bottom of the graph remark U-Th ages of So-17A and So-6.  
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for event C23 and 112.0±0.8 ka to 108.8±1 ka for event C24 (Drysdale et al., 2007). These 

timings are consistent with our results from Sofular stalagmites.  

The next warm event (DO23) is followed by a gradual decrease in temperatures in the NGRIP 

record (NGRIP members, 2004). So-17A and So-6 records show a displaced elevation due to 

the inert system of the Black Sea explained in chapter 5.2. 

 

C22 

MIS 5c was interrupted by the abrupt event C22 at ~104 ka BP. However, the impact of this 

event on the climate in Sofular is not that intense. A decrease of about -0.15‰ is recorded in 

the δ18O of the stalagmites So-6 and So-17A. The δ
13C record of the So-17A indicates a short 

excursion to drier conditions. Almost no signal can be recognized in the NGRIP record, 

maybe due to larger impacts in southern Europe.  

 

C21 

The C21 event occurred around 91 ka BP and is also detected in the δ13C and δ18O of So-17A 

with an isotopic value of about -9.6 ‰ and -8‰, respectively. The warm event (DO22) is the 

last event preceding the MIS 5b. Again, the different records from the Northern Atlantic, 

Mediterranean, Greenland and Sofular cave show that they are in quite a good accordance 

with this warm event. A sharp cooling event simultaneously occurring in all records then 

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

 

Additional possible cool events were revealed by the study of Sprovieri et al. 2006. These 

events occurred ~107.5, ~102, 99.5 and 89.5 ka BP (Fig. 5.10.). In comparison with the 

Sofular isotopic record, some possible similarities between the different records are 

recognized. The corresponding cold events are marked by arrows. But finally it can not be 

clarified whether these arrows show the similar cold events or not.  

 

Warm events 

Boettger et al. 2007 mentions at least two warming events occurred during the transition from 

MIS 5e to 5d. This study was based on geochemical and palynological studies of lacustrine 

sediments from Germany (Boettger et al., 2007).  

The first event was captured at the end of the MIS 5e and in terms of the amplitude 

comparable with MIS 5c (Boettger et al., 2009). A second short-term warming event took 

place during MIS 5d (Boettger et al., 2007). Although some possible warm events could be 
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recognized in the isotopic records of So-17A and So-6, it is difficult to assign some isotopic 

excursions to these warming events of Boettger. These warming events are mainly thought to 

be signs of increasing climate instability at the end of interglacial conditions (Boettger et al., 

2009).  

 

Overall, it can be seen that IRD events are always associated with cooling events of the North 

Atlantic. Conversely, marine cooling events do not automatically lead to IRD events (Fig. 

5.10.). The inducement of ice sheet discharge by decreasing temperatures seems implausibly; 

because it takes relatively long time for ice sheets to adapt to new temperatures (Oerlemans, 

1993; Lehmann et al., 2002).  

Conclusively, seven cold events can be counted during MIS 5 in the δ18O record of So-17A. 

Six of them could have been triggered by ice-rafting events in the North Atlantic.  

In general, climatic short term changes are better recognizable in the δ13C record then in the 

oxygen record in most of the cases. A plausible reason would be that the plants react more 

sensitive to abrupt climate changes than precipitation above Sofular cave. A reason for that 

could be that the precipitation is controlled by the Black Sea surface waters on a long-term 

and this signal is present in the δ
18O record of So-17A as a background effect. Consequently, 

small changes in climate can lead to major changes within the δ13C record.  

The short-events induced by the ‘C’-events in the North Atlantic can nearly all be detected in 

the Sofular records, this could be due to their major climatic impacts and the relatively good 

propagation. The short-term cooling events deduced by Sprovieri et al. 2006 most likely 

reflect regional effects.  

In addition, short-term events occur rather contemporaneously in the aligned records, whereas 

the long-term events show some shifts. This fact supports the assumption that short-term 

events are mainly influenced by temperature and precipitation. In contrast, the long-term 

shifts are mainly controlled by the Black Sea surface waters and consequently by the entire 

Black Sea basin.  
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6 CHAPTER SIX – CONCLUSIONS 

6.1 CONCLUSION 
 
As a whole, the isotopic δ18O and δ13C record of the stalagmite So-17A extends over a period 

of about 36.77 ka. So17A grew from ~122.25 ka BP to ~86.190 ka BP and allows a climatic 

reconstruction with an average resolution of 28.2 years. The age-model is built up by thirteen 

U-Th ages which were evenly drilled over the whole stalagmite.  

As it was reconstructed by this thesis and also has been shown by previous studies, the 

isotopic signature of the Black Sea surface waters predominates the temperature and 

precipitation signal on a long-term scale within the isotopic records of Sofular stalagmites. 

This led to the characteristic shifts in the δ
18O record of So-17A compared to the temperature 

record of the NGRIP members 2004 during climatic transitions.  

The δ18O record shows two positive peaks marking periods of the MIS 5e and MIS 5c. The 

same structure can also be recognized in the δ
13C record, in a dampened way. Generally, the 

MIS 5e and the MIS 5c were characterized by warm temperatures and relatively wet climatic 

conditions. Most likely, the MIS 5c did not achieve MIS 5e optimum climate conditions. The 

relative stability of the δ13C during most of the MIS 5 could be explained by quite good 

climatic conditions for the growth of plants. This means that the climate was mostly moderate 

with sufficient moisture and without the occurrence of extremely harsh (cold/hot) 

temperatures. In comparison with MIS 1 conditions, the MIS 5e was warmer and drier. The 

MIS 5e ended about 114 ka BP in the Black Sea region, whereas the MIS 1 record shows a 

probable phase of increasing temperatures and decreasing precipitation since 3.5 ka BP. This 

development does not point to an early end of the MIS 1. Possible reasons for the extension of 

MIS 1 compared to MIS 5e could be the climate relevant impacts of mankind or distribution 

of insolation (Risebrobakken et al., 2007).  

Three changes between sea and lake phase can be recognized in the So-17A isotopic record 

characterizing the Black Sea history. Changes into cold phases are associated with a drop in 

sea level and consequently a break up of the connection between the Black Sea and the 

Mediterranean Sea (Bosphorus depth = ~-35m). In the So-17A δ18O record these transitions 

are marked by a gradual decrease in the δ
18O. The gradual descent is mainly produced by the 

decreasing inflow of the δ18O enriched Mediterranean waters into the Black Sea. Furthermore, 

the isotopic signature of the Black Sea surface waters has to adapt to the new conditions in the 

deep waters, without an inflow of the Mediterranean waters. The residence time of the Black 
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Sea deep waters is about 2000 years (Östlund and Dyrssen, 1986; chapter 5.2.). The switches 

into lake phases occurred after the MIS 5e (~109.5 ka BP) and the MIS 5c (~88 ka BP).  
 

Changes into warm phases are coupled with an increase in sea level. When the sea level in the 

Mediterranean Sea reaches a critical height, the Mediterranean waters flow into the Black Sea 

basin. This model was developed by Lane-Serff et al. 1997 for the MIS1 reconnection. The 

inflow of Mediterranean waters lead to an increase in the δ18O of the Black Sea surface waters. 

A connection is established with a two-layered exchange between the Black Sea and the 

Mediterranean Sea through the Bosphorus Strait (~-35m). The isotopic level of ~-9.8‰ 

within Sofular stalagmites is an indication for such a connection. The reconnection was 

established ~107.5 ka BP.  

The MIS 5e was relatively stable. Higher climate variability was recorded in the MIS 5d-a 

which included several cold events. The registered cold events were most likely triggered by 

changes in North Atlantic circulation and were associated with coolings of the sea surface 

temperatures. These events propagated onto the Eurasian continent. In the isotopic record, 

these abrupt events are marked by a decrease of -0.25‰ - -0.75‰ in the δ18O of So-17A and 

an increase of 0.5‰ - 3‰ in the δ13C. The impact of the cold events on the climate at Sofular 

cave most likely depends on the magnitude of the cold event and its propagation to the Black 

Sea region.  
 

6.2  OUTLOOK 
 
First, the MIS 5e is still a quite seldom covered topic in the actual scientific literature. In the 

eastern Mediterranean region, absolutely dated climate proxies covering the MIS 5e are 

extremely rare. Therefore, stalagmites from other caves in this region would allow a 

verification of the results that were revealed by stalagmite So-17A. Furthermore, a 

comparison would help to distinguish between local, regional and global effects. A first 

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

local events (stalagmite specific).  

Second, stalagmite So-17A could be drilled with a higher resolution. This would probably 

allow the detection of processes on a shorter time scale and would open the possibility to 

investigate the impact of teleconnection patterns on the ancient climate in the eastern 

Mediterranean region.  

Last, the composite Sofular record is unique in this region and allows a reconstruction of the 

Black Sea history back to 600 ka BP. With new stalagmite material, it might possible to fill 

the remaining temporal gaps. 
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