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ABSTRACT 

As part of two drilling campaigns of the International Continental Scientific Drilling Program 

(ICDP), several geophysical borehole measurements were carried out by the Leibniz 

Institute for Applied Geophysics (LIAG) in two lakes. The acquired data was used to answer 

stratigraphic and paleoclimatic research questions, including the establishment of robust 

age-depth models and the construction of continuous lithological profiles. 

Lake Towuti is located on Sulawesi (Indonesia), within the "Indo-Pacific Warm Pool" (IPWP), 

a globally important region for atmospheric heat and moisture budgets. The lake exists for 

approximately one million years, but its exact age is uncertain. We present the first age-

depth model for the approximately 100 m continuous sediment sequence from the central 

part of the lake. The basis for this model is the magnetic susceptibility measured in the 

borehole and a tephra layer with an age of about 797 ka at 72 m depth. Our age-depth 

model is inferred from cyclostratigraphic analysis of borehole data and covers a period 

from 903 ± 11 to 131 ± 67 ka. We suggest that orbital eccentricity and/or changes between 

global cold and warm periods are responsible for hydroclimatic changes in the IPWP, that 

these changes affect sedimentation processes in Lake Towuti, and that we can measure 

and observe this effect in the sediment properties today. Additionally, we created a 

continuous artificial lithological profile from a series of different borehole data using cluster 

analysis. This provides information from parts of the borehole where no sediment is 

available due to core loss. 

Lake Ohrid is 1.36 million years old and is located on the Balkan Peninsula on the border 

between Albania and North Macedonia. The primary hole 'DEEP' in the central part of the 

lake has been the subject of several investigations, but information about sediments of the 

marginal locations 'Pestani' and 'Cerava' have not been published yet. In our study, we use 

natural gamma radiation (GR) measured in the borehole to generate an age-depth model 

for DEEP. This is performed using the correlation of GR to the global LR04 reference record 

of Lisiecki and Raymo (2005). 
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The age information is then transferred via prominent seismic marker horizons to the other 

two sites, Pestani and Cerava, where it provides the first age-control points for the 

construction of age-depth models from correlation of GR to LR04. The generated age-depth 

models are tested using cyclostratigraphic methods, but the limits of this approach are 

revealed. At DEEP, sedimentation rates (SR) from the cyclostratigraphic method and the 

correlative approach differ by 2.8 %, at Pestani this difference is 16.7 %, and at Cerava the 

quality of the data does not allow a reliable evaluation of SR using the cyclostratigraphic 

approach. We used cluster analysis to construct artificial lithological profiles at all three 

sites and integrated them into the respective age-depth models. This enables us to 

determine which sediment types were deposited at what time, and we recognize the 

change between warm and cold periods in the sediment properties at all three locations. 

The analyses in this study were all performed on borehole and seismic data and thus do 

not involve sediment core data. Especially at Pestani and Cerava, new insights into the 

sedimentological history of Lake Ohrid could be obtained. 

In the last part we discuss the occurrence of the half-precession (HP) signal in the European 

region during the last one million years. The focus is on Lake Ohrid, but a range of other 

proxies, from the eastern Mediterranean, across the European continent, up to Greenland 

are analyzed in regards to HP. Applying filters, we focus on the frequency range with a 

period of 13-8.5 ka and only HP remains in the records. We use correlative methods to 

determine the clarity of the HP signal in proxies distributed across the European realm. 

Additionally, we determined the development of HP over time. The HP signal is clearest in 

the southeast and decreases toward the north. It is further more pronounced in interglacial 

periods and in the younger part (<621 ka) of most proxies. We suggest that there are 

mechanisms that transmit the HP signal from its origin near the equator to higher latitudes 

via different processes. In this context, for instance, the African monsoon, the Nile River 

and the Mediterranean outflow via the Strait of Gibraltar can be important factors. 
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ABBREVIATIONS 

Abbreviation Meaning Explanation 

BHTV Borehole Televiewer Ultrasonic probe imaging the inner wall 

of a borehole 

Cal Caliper Diameter of a borehole 

Dip Dip/Inclination Inclination of the borehole 

DLDS Deep Lakes Drilling System Assembled barge for drilling operations 

on lakes 

GR Gamma radiation Unit is ‘gAPI’ (= gamma ray unit of the 

American Petroleum Institute) 

HP Half-precession Orbital cycle with period of ~12-9 ka 

ICDP International Continental Scientific 

Drilling Program 

  

IPWP Indo-Pacific Warm Pool Large region in Southeast Asia with 

warm sea surface temperatures 

ka Kilo-annum 1000 years 

LIAG Leibniz Institute for Applied 

Geophysics 

  

Ma Mega-annum One million years 

mblf Meters below lake floor   

(M)MS (Micro)-magnetic susceptibility Unit is ‘1E-4SI’ 

R Resistivity Unit is ‘Ωm’ 

Sal Salinity Salinity of fluids in a borehole 

SBER Southern Balkan Extensional 

Regime 

Tectonic zone on the Balkan Peninsula 

SCOPSCO Scientific Collaboration on Past 

Speciation Conditions in Lake Ohrid 

ICDP drilling campaign in Lake Ohrid, 

2013 

SR(s) Sedimentation rate(s) Usually in “cm/ka” 

TDP Towuti Drilling Project ICDP drilling campaign in Lake Towuti, 

2015 

Temp Temperature Temperature in a borehole 

Vp p-wave velocity Unit is ‘m/s’ 
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1. Introduction 

1.1 Motivation and scientific goals 

Lake environments have received increasing attention in paleoenvironmental studies over 

the past decades, because they can provide a detailed depiction of the (hydro)climatic 

evolution in a certain region. Even though the continuous sedimentation of recent lakes 

rarely extends beyond the Pleistocene, records from lakes are a valuable climate archive 

(Cohen, 2012; Wilke et al., 2016). Compared to (open) marine environments, sedimentary 

lake sequences usually exhibit a higher sedimentation rate (SR), which in turn provides high 

temporal resolution (Melles et al., 2012; Prokopenko et al., 2006; Russell et al., 2020; Stein, 

1990). The development of robust age-depth models is essential for the temporal 

assessment of paleoenvironmental processes sedimentary archives.  

The first two publications in this thesis focus primarily on the sedimentological evolution in 

two lacustrine systems. The investigated lakes are the tropical Lake Towuti on the island of 

Sulawesi (Indonesia) and Lake Ohrid on the Balkan Peninsula (Albania/North Macedonia).  

Both were drilled as part of ‘International Continental Scientific Drilling Program’ (ICDP). The 

scientific questions are similar, but the regional setting, the available data and the applied 

methods are different. The third publication is about half-precession (HP) cycles in Lake 

Ohrid and their relation to various sedimentary archives in- and around Europe.  

Lake Towuti  

Did the SR vary over the course of the lake's evolution? To what extent did the SR vary and 

when did these changes occur? Is there a connection between changes in SR and 

paleoenvironmental conditions? Is it possible to reconstruct the lithological sequence using 

geophysical downhole logging data? To answer these questions, it is necessary to first 

establish a robust age-depth model for Lake Towuti. The presented model is based on the 

magnetic susceptibility (MS) downhole log from the primary drill site in the central part of 

the lake, and is anchored to a single tephra layer in the lower part of the borehole. 

Additionally, a whole suite of geophysical downhole logs is analyzed and a continuous 

artificial lithology log is created using cluster analysis.  
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Lake Ohrid 

A methodological approach is applied to reconstruct a major part of the sedimentological 

history of Lake Ohrid. The key question is whether an age-depth model based only on 

borehole and seismic data can be as accurate as models created from datable core material. 

Is it possible to use seismic data to transfer age information between the three sites over 

distances of 5 km and 13 km, respectively? To explain the sedimentary processes at the sites 

Cerava and Pestani (previously unpublished), is it feasible to use cluster analysis on borehole 

data and integrate the resulting artificial lithology logs into the age-depth models? The main 

objective is to precisely determine the age at the main drill site in the central part of the lake 

using an integrated approach based on geophysical data. The correlation of the downhole 

gamma radiation (GR) data to the global LR04 benthic stack reference record from Lisiecki 

and Raymo (2005), in combination with cyclostratigraphic SR estimates, leads to a high 

quality age-depth model. The next step is to transfer age information via seismic marker 

horizons to the secondary drill sites and create age-depth models. The integration of the 

artificial lithology logs allow an initial interpretation of the sedimentological history at both 

secondary sites Cerava and Pestani. The presented approach can rapidly provide preliminary 

results on age and sediment type and is particularly useful when datable material is not 

available. 

Half-precession signals in Lake Ohrid and in the European realm 

Even though HP is described in several studies, the trans-regional relations of this signal are 

still poorly understood. The signal appears (to a certain extent) in all examined datasets 

around Europe, but what are the characteristics and underlying causes for the presence of 

HP? What are the temporal patterns within one dataset and what are the spatial connections 

between the datasets? What are the processes that transfer the HP signal between the sites? 

To address these questions, the HP signal in the records studied must be quantified in order 

to compare them. Cyclostratigraphic and correlative methods are employed to evaluate the 

HP signal in each record. Comparison at the European scale indicates a decreasing trend of 

HP from south to north.  
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1.2 Orbital forcing 

1.2.1 Milanković cycles 

Since the description of changes in the Earth’s orbital geometry in the 19th century and the 

discovery of their influence on global climate, lots of progress has been achieved in the field 

of cyclostratigraphy (Berger, 1988; Hilgen et al., 1995; Hinnov, 2018; Imbrie and Imbrie, 

1979; Laskar et al., 2004). The interaction of the astronomical/orbital parameters precession, 

obliquity and eccentricity are referred to as Milanković cycles (Fig. 1; Milanković, 1941). They 

are the result of gravitational forces of the planets (eccentricity) and also the Earth-Moon 

system (precession, eccentricity), and have a direct influence on the quantity and seasonality 

of insolation the Earth receives, and thus affect climate conditions. 

Eccentricity cycles exhibit main periods with 405, 123 and 95 ka, the latter two are often 

combined to form one 100 or 110 ka component (Fig. 1, top right). Those cycles describe the 

eccentricity of the Earth's orbit around the Sun and vary between 0 and 0.06 (where 0 would 

describe a perfect circle). Although the influence of changes in eccentricity on total annual 

insolation is small (<0.2 %), eccentricity has a direct effect in modulating the amplitude of 

the precession cycle (Berger, 1988; Imbrie et al., 1993; Weedon, 2003).  

Obliquity is described as the tilt of the Earth's rotational axis and has a main period of ~41 

ka. The axis is stabilized by gravitational interaction with the moon and varies within 22°-

24.5° (Fig. 1, center left; Laskar et al., 1993). The obliquity affects the degree of seasonality, 

since a greater obliquity causes a higher amplitude of the annual cycle. This effect is 

strongest at high latitudes (Weedon, 2003). 

Precession consists of components with periods between 23-19 ka and is determined by the 

direction of the tilt of the Earth’s rotational axis (Fig. 1, bottom left) and the rotation of the 

long axis of the Earth’s orbit (Weedon, 2003). The effect of precession on seasonal solar 

insolation is more significant at low latitudes than the effect of obliquity and is of the same 

order of magnitude in the polar regions (Imbrie et al., 1993). 

Even though the periods of orbital cycles change over time, these changes are very slow 

(Berger et al., 1992; Laskar et al., 2004). In this thesis, only Quaternary sediments are being 
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considered. For this youngest part of Earth's history, the mentioned changes are negligible 

and orbital periods are regarded to be constant. 

In addition to the main components from Fig. 1, there are harmonics of these orbital cycles. 

Of particular relevance to this thesis is the HP-cycle, which is a harmonic of the 23-19 ka 

precession cycles and has a period of 12-9 ka (Berger et al., 1997). The HP signal is assumed 

to be strongest in the intertropical zone due to the twice-yearly passage of the Sun across 

the equator (Berger et al., 2006; Short et al., 1991). However, there is still controversy about 

how HP influences climate and is transferred into geologic records (e.g., De Vleeschouwer et 

al., 2012; Hinnov et al., 2002). 

 

Fig. 1: Geometry of eccentricity, obliquity and precession (left), evolution of orbital parameters over the last 1 Ma in the 
time-domain (center) and frequency domain (right). The main periodic components are given in thousand years (kyr) in the 

frequency domain. Figure from cyclostratigraphy.org. 

 

1.2.2 Forcing of sedimentary systems with special emphasis on lake environments 

Not only in lake environments, but also in any sedimentary system, several steps affect the 

process from insolation forcing to the final climatic proxy data (Fig. 2; Meyers, 2017). The 

change of climate and the sedimentary system are the first responses to insolation and 

directly affect the deposition. SR may fluctuate, and consequently orbital cycles in the 

sediment succession will be compressed or stretched out (e.g., Herbert et al., 1994; Meyers 
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et al., 2001). After deposition, burial and diagenetic processes may modify the nature of the 

sediments (Meyers, 2017). These include bioturbation, compaction, and the formation or 

dissolution of minerals (e.g., Anderson, 2001). The latter often depends on the redox state 

of bottom waters, which (in lakes) is usually controlled by primary productivity and/or lake 

level fluctuations (e.g., Vuillemin et al., 2016). 

 

Fig. 2: From insolation to climate proxy data. Note the various factors, which influence the climate proxy data, also after 

sampling/measurements are completed. From Meyers (2017). 

Lake deposits contain material largely derived from the catchment area, and therefore 

provide a unique perspective on the history of the lake in terms of local paleoclimate 

conditions (O’Sullivan and Reynolds, 2004; Wilke et al., 2016). Combining paleoecological 

information from several lake records provides the opportunity to reconstruct continental 

and global climatic changes (Wilke et al., 2016). 

Sedimentation in lakes, unlike in many other depositional systems, is usually rapid and 

relatively continuous. As a result, lakes are excellent subjects to obtain high-resolution 

records of climate history (e.g., Cohen, 2012). To cover the longest possible time interval, 

lakes which are particularly ancient are selected for deep drilling programs. Most of these 

lakes are located in tectonic basins, or are the result of volcanic activity or a meteorite impact 

(e.g., Cohen, 2012; Koeberl et al., 2007; Zolitschka et al., 2009). 
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However, several aspects need to be considered, prior to conducting paleoclimatic 

investigations in a lacustrine environment and are typically avoided during site selection. All 

types of gravity induced flows, such as turbidites or slumps, complicate paleoclimatic 

analyses as they are not part of the pelagic sedimentation and contain (from a geological 

point of view) no time (Cohen, 2012; Lindhorst et al., 2012). Likewise, (undetected) hiatuses 

are not ideal in a sedimentary sequence as a certain (often-unknown) piece of the record is 

missing (Cohen, 2012). 

The optimal sedimentary sequence for paleoclimate investigations in lakes extends far back 

in time, has no hiatuses or slump deposits, and exhibits SR providing high stratigraphic 

resolution, thus preserving orbital cycles in good quality. 

 

1.3 Principals of geophysical downhole logging 

1.3.1 Technical aspects 

Usually, borehole measurements are carried out from the bottom to the top of the hole. In 

unstable formations, such as the mostly unconsolidated lake sediments, the drill pipes are 

pulled successively and the logging is conducted in open borehole sections of typically 

several tens of meters in length (exception is GR, see below). This method is more time-

consuming than logging the entire open borehole in one run, but it prevents the borehole 

from collapsing, thus making it inaccessible for further logging or, even worse, probes from 

being buried. There are several reasons to include borehole logging in (paleoclimatic) drilling 

projects. Even though downhole geophysical logs do not provide direct access to physical 

rock/sediment samples, they do provide properties related to porosity, lithology, and the 

presence and characteristics of fluids (Ellis and Singer, 2007).  

As the cable is pulled up the borehole, the depth of the working tool is measured with special 

equipment (Rider and Kennedy, 2011). Typically, these depth measurements are the most 

accurate depth data in drilling projects, and composite sediment cores are consequently 

adjusted to the depth measured from logging. The fact that the drilled holes in lake drilling 

projects are almost exactly vertical implies that the measured depth is equal to the depth 

below the sediment surface (thereafter referred to ‘meters below lake floor’ = mblf). 
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Borehole logging tools are used to measure long intervals within a borehole, which ensures 

a continuous recording of the sediment properties. Depending on the depth of the borehole 

and the selected length of the intervals for open hole measurements, only a few intervals 

have to be spliced together to generate a complete record over the entire depth. Overlap of 

the individual intervals prevent information from being lost and guarantee continuity. In 

comparison, sediment core sections are only 1 or 1.5 m in length, which consequently leads 

to more splice junctions. As this alone is a factor of uncertainty, core sections are often not 

complete as material is lost during the drilling operation. Conversely, it is possible that the 

core material expands due to pressure relief and gas release and thus increases in length 

(e.g., Friese et al., 2017; Lovell et al., 1998; Wagner et al., 2009). Regardless which of these 

effects occur in the sediment core, the depth measured from the composite core record will 

not equal the continuity and the depth precision of the logging depth. Downhole logging is 

often the only information available in areas of reduced core recovery and by extrapolating 

the lithology from the borehole data, information deficits can be bridged (e.g., Brewer et al., 

1998). 

In lake drilling projects, the borehole measurements are conducted immediately after 

drilling. It cannot be avoided that borehole fluids may interact with the borehole wall and 

affect the physical properties of the sediments/pore fluids in close proximity. The data 

measured in the borehole are nevertheless collected under the best possible in-situ 

conditions of the sediments (e.g., Ellis and Singer, 2007; Wonik and Olea, 2007). 

In comparison, the drilling process itself and the subsequent pulling out of the hole may 

already disturb core material. The cores are then transported over long distances and re-

stored several times. Due to these processes, for instance, shaking of the samples can change 

the porosity and in-situ properties are no longer given. However, with regard to the in-situ 

conditions in the drilled hole, the geometry of the borehole needs to be considered. The 

washout of certain areas can result in voids and instead of sediment properties, it is mainly 

the fluid filling the void that is characterized by the downhole tools. Misinterpretations can 

be avoided by a quality control of the individual logs under consideration of caliper logs. 

In comparison, the resolution of core material is much higher (sub-cm investigations are 

common) than that of downhole logging tools (mostly in the 10-20 cm range; see below). 
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All the features from this chapter should be considered when interpreting borehole data and 

the differences to the core material should be taken into account. Downhole logging data 

can answer many (paleo)geoscientific questions on their own and additionally complement 

core data. This has been successfully demonstrated in lake drilling projects by Baumgarten 

et al. (2015) and Baumgarten and Wonik (2015). 

 

1.3.2 Downhole logging properties and probes 

The downhole logging tools employed by the Leibniz Institute for Applied Geophysics (LIAG) 

and relevant for this thesis are listed in Table 1. 

The natural GR (including its spectral components U, Th, K) can be measured through the 

drill pipe. This is why GR is typically measured in one run as the first parameter in a logging 

campaign. The vertical resolution is determined by the bismuth germinate crystal in the 

probe, the logging velocity and the formation characteristics. In this case, the used probe has 

a vertical resolution of 15-20 cm. GR may reflect detrital clastic content, while spectral 

component ratios (U, Th, K) may provide a more specific indication about different clay 

mineral types (Quirein et al., 1982; Rider and Kennedy, 2011). 

MS is measured in open hole conditions and is dependent on the mineral assemblage of 

diamagnetic, paramagnetic and ferromagnetic minerals as e.g. magnetite, Fe-oxides or 

biotite (Buecker et al., 2000; Stage, 1999). The vertical resolution of the probe is ~20 cm. The 

micro-susceptibility tool (MMS) is used for the same purpose, but its resolution is as low as 

~2 cm. MMS measurements are time-consuming and therefore only performed in short 

intervals of particular interest. 

The ‘Dual Laterolog Sonde’ measures resistivity (R) and is sensitive to porosity and texture 

of the formation in the open hole. The ‘Rshallow’ data is acquired in proximity to the 

borehole wall and can be affected by fluid/mud intrusion to the formation, while the ‘Rdeep’ 

has a penetration depth of 30-100 cm (e.g., Buecker et al., 2000; Rider and Kennedy, 2011). 

The used ‘Dual Laterolog Sonde’ provides a vertical resolution of 10-15 cm. 
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The acoustic velocity of the p-wave (Vp) is determined in open hole conditions using the 

sonic tool. Like R, the Vp is sensitive to porosity and texture of the sediments (Buecker et al., 

2000). Vp can be used to estimate the porosity of sediments, but this is not always possible 

in highly unconsolidated sediments such as those found in lacustrine environments (Erickson 

and Jarrard, 1998). The vertical resolution of the sonic tool is approximately 20 cm. 

The borehole diameter (Cal) and the borehole inclination (Dip) are determined with the 

‘Dipmeter ADIP A21’ tool from Antares company. The geometry of the borehole and 

enhanced caliper can affect all other measured properties and need to be considered when 

interpreting borehole measurement data. 

Acoustic imaging in the open borehole (BHTV) provides a 360° view of the borehole wall. The 

resolution of this tool is within the mm-scale, but logging is time-consuming and usually only 

short intervals of particular interest are recorded (Rider and Kennedy, 2011). 

The salinity and temperature of the borehole fluid may indicate fluid intrusion from the 

formation into the hole. The geothermal gradient in lake drilling projects is usually low, since 

the reached depths are only a few hundred meters. 

Table 1: Downhole logging tools used in the lake drilling projects by the LIAG.  

Downhole logging tool Measured parameter Abbreviation 

Spectral Gamma Ray Sonde SGR 70, Type 1419, Antares 
Natural gamma radiation,  

U-, Th-, K-concentration 
GR 

Susceptibility Sonde, Type 1108, Antares Magnetic susceptibility MS 

Dual Laterolog Sonde, Antares Resistivity (Rdeep & Rshallow) R 

Sonic Sonde, Antares Acoustic velocity (vp) Vp 

BHTV - FAC40 Televiewer, ALT Acoustic imaging of borehole-wall BHTV 

Dipmeter ADIP A21, Antares Caliper, orientation of borehole Cal; Dip 

Micro-susceptibility instrument, Type 1121, Antares Magnetic susceptibility MMS 

Salinity/temperature Sonde, Antares 
Salinity and temperature of 

borehole fluid 
Temp/Sal 
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1.4 Lake Towuti 

1.4.1 Geological and climatic setting 

Lake Towuti is located on the island of Sulawesi in the western Pacific near the equator (2.75°S, 

121.5°E; Fig. 3). With an elevation of 318 m above sea level, it is the downstream end of the 

Malili Lake System and is connected by surface outflow to upstream Lakes Matano and 

Mahalona. The only outlet from Lake Towuti is the Larona River to the west. With a size of 560 

km2, it is the largest lake of the Malili Lake System and has a maximum water depth of 203 m 

(Haffner et al., 2001; Lehmusluoto et al., 1995; Russell et al., 2020). 

Sulawesi is characterized by volcanic and tectonic activity and an entire system of strike-slip 

faults transects the island (Fig. 3a). The Malili Lake System is between two of those major faults, 

the Matano, and Lawanopo Fault. Rotational movement and northward drift of eastern 

Sulawesi result in lateral and vertical motion along the Matano Fault. The (sub)basins formed 

through this process contain the Malili Lakes (Hall and Wilson, 2000; Hamilton, 1979). Tectonic 

processes are one factor of uncertainty in paleoenvironmental investigation as they are 

disconnected from past climatic conditions, but may still influence sedimentation processes in 

Lake Towuti (Russell et al., 2020).   

The region between the Matano and Lawanopo Faults is largely dominated by ophiolites 

consisting of mafic and ultramafic rocks (Fig. 3a; Kadarusman et al., 2004; Monnier et al., 1995). 

Such lithology is also characteristic on the small-scale geological map of the area around Lake 

Towuti (Fig. 3b). The predominant rock types in the direct catchment area of the lake are 

(un)serpentinized peridodite and undefined ultramafic rock. Only small areas in the southeast 

and to the north contain limestone and/or metasediments, and some riverbeds contain 

Quaternary alluvium (Costa et al., 2015). The erosion of this material has a direct influence on 

sediment composition delivered to the lake. The major part of the sediments derives from the 

northern Mahalona River, which is merged upstream with the Lampenisu River (Fig. 3b). This 

material is rich in Mg and serpentine. More felsic material enriched in K, kaolinite, and quartz 

is from the Loeha River in the east. Smaller rivers in the northeast and southwest supply 

sediments enriched in Fr, Cr, and Ni, likely derived from topsoil erosion (Goudge et al., 2017; 

Hasberg et al., 2019; Morlock et al., 2019; Sheppard et al., 2019). 
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Fig. 3: Setting of Lake Towuti on the island of Sulawesi. a) Location of Sulawesi and geologic overview. Several strike-slip faults 

transect the island. The yellow square highlights the position of the Malili Lake System. On the macro scale, mafic and ultramafic 

rocks characterize this region. b) Geologic map of the Malili Lake System including Lake Matano, Lake Mahalona and Lake 

Towuti. The only outflow from Lake Towuti is the Larona River towards the west. Red lines around the lakes mark their 

catchment areas. The major inflow is from the Mahalona River, but several smaller rivers contribute additional water and 

sediment. Stars indicate drill sites. Figures modified from Costa et al. (2015) and Russell et al. (2020). 

The climate on Sulawesi is tropical and humid with an average rainfall of 2700 mm/year at the 

elevation of Lake Towuti (Hendon, 2003). Temperature and precipitation are largely 

determined by the Indo-Pacific-Warm Pool (IPWP). It is the largest contiguous area with sea 

surface temperatures of ~28 °C on Earth, and is therefore a major source of atmospheric heat 

and moisture (An, 2000; De Deckker, 2016). The size and location of the IPWP is governed by 

the coupled interactions between the Australian-Indonesian winter and summer monsoons, the 

El Niño Southern Oscillation and the position of the Intertropical Convergence Zone (Aldrian 

and Dwi Susanto, 2003; Yan et al., 1992). 

 

1.4.2 The ICDP Towuti Drilling Project 

The Towuti Drilling Project (TDP) addresses several interdisciplinary objectives. One of the 

major goals is to understand environmental and climatic changes with regard to the IPWP over 

multiple glacial-interglacial cycles during the mid- to late Pleistocene (Russell et al., 2020, 2016). 
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Several endemic species inherit Lake Towuti. Research also focuses on how geological and 

environmental changes affect the evolution of these organisms (Stelbrink et al., 2014). A further 

objective is to examine the geomicrobiological and biogeochemical processes in the metal-rich, 

ultramafic lake environment (Friese et al., 2021; Vuillemin et al., 2016). 

In order to evaluate the potential of Lake Towuti for reaching the main objectives and to identify 

the most suitable drill sites for the TDP, a series of pre-site surveys was necessary. Between 

2007 and 2013, both single channel and multichannel seismic data was recorded on a dense 

grid across the lake. The seismic data reveal two major sedimentary units. Unit 1 is 

characterized by horizontally, well-stratified sediments and ranges from the lake bottom to 

about 100 mblf, Unit 2 varies in thickness between a few tens to about 150 m and consists of 

discontinuous, sub-parallel layers. Beneath Unit 2 is the basement rock, which is interspersed 

with numerous faults (Russell and Bijaksana, 2012; Russell et al., 2016). The second part of the 

pre-site surveys was completed in 2010, when eleven shallow sediment cores (7-19.8 m) were 

recovered with piston corers. The one located closest to the later main borehole of the deep 

drilling campaign (Fig. 3b; Site 1) indicates a continuous succession for the last ~60 ka, with a 

SR of ~5.5 cm/ka. From this short core, responses to global climate variability were inferred, 

i.e., evidence for drier regional climate conditions during the last glacial maximum as compared 

to the interglacial periods thereafter or before (Russell et al., 2014; Vogel et al., 2015; 

Wicaksono et al., 2015). 

The ICDP deep drilling campaign of the TDP started in May 2015 at Site 1 in the northern central 

basin of Lake Towuti (Fig. 3b). Drilling operators deployed an assembled barge, the ICDP ‘Deep 

Lakes Drilling System’ (DLDS) and used a drill string with a diameter of 122.6 mm (66 mm core 

diameter) for drilling. Three coring techniques were employed: Hydraulic piston corer for soft 

sediments, ‘Alien’ rotating corer for more resistant lithologies, and ‘Extended Nose Corer’ which 

turned out to be a poor choice, as it resulted in major core loss (Russell et al., 2016). 

Site 1 is located in the northern central basin. It is the primary hole of the campaign and provides 

a “master record” of Lake Towuti’s history (Fig. 3b). Six holes were drilled at this location to 

provide a complete composite record. Site 2 is in the deepest part of the lake (~200 m water 

depth) within the distal area of the Mahalona River (Fig. 3b). The aim is to investigate lake-level 
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changes and/or major changes in the hydrological connection between Lake Towuti, Mahalona, 

and Matano. At Site 2, three holes were drilled. Site 3 was originally planned in the southern 

basin to provide a record unaffected by the Mahalona River. Due to long transit times combined 

with equipment failures, it was relocated to the west of Site 1. Two holes were drilled at Site 3. 

The TDP recovered ~1018 m of sediment core in total, with an average core recovery of 91.7 %. 

The deepest hole is 175 mblf covering the entire sedimentary infill reaching close to the bedrock 

(Russell et al., 2016; Vogel et al., 2015).  

Geophysical downhole logging was conducted by the LIAG. Various sediment/fluid properties 

were measured in two boreholes from Site 1 and in one from Site 2 using a series of downhole 

probes. These included natural GR (with the spectral components U, Th, K), MS, R, Vp, 

Temp/Sal, caliper and dip of the borehole. To avoid borehole collapse, drill pipes were pulled 

out successively for downhole measurements. Subsequently, the parts of the upper and lower 

sections were merged to obtain continuous datasets. 

 

1.4.3 Lithology and sediment description 

The pre-site seismic surveys have demonstrated that two separate units overlie the basement. 

Russell et al. (2020) interpret the lithified, mafic conglomerate at the base of the TDP Site 1 to 

reflect local bedrock. 

The sediments of Unit 2 are deposited on top of the bedrock and represent a mixture of 

lacustrine, fluvial, and terrestrial environments. It is interpreted as a pre-lacustrine facies with 

the initial stage of subsidence of the Towuti Basin. The grain size of the material reaches from 

silt to gravel with a clay content of less than 50 %. Most of the succession in Unit 2 is composed 

of mafic minerals, but there are interspersed layers of felsic material. Since the only source of 

felsic material is to the east (Fig. 3b), the alternation of these two mineral groups in the 

sediments suggests motion of the intrabasinal faults. Changes of sediment type due to tectonic 

activity make it difficult to extract a robust paleoclimate record from Unit 2. The boundary 

between Unit 2 and overlying Unit 1 delineates the permanent transition to lacustrine 

conditions and the formation of Lake Towuti (Russell et al., 2020, 2016). 
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Unit 1 sediments are interpreted as lacustrine facies in a persistent lake environment. The 

material is fine-grained with clay contents between 60-90 % by volume. Three main litho-types 

can be classified based on differences in color, structure, siderite, and TOC content: green clays, 

red sideritic clays, and diatomaceous ooze. The clay types are suggested to reflect climate-

induced lake-level fluctuations and mixing of the water body. The diatom layers are indicative 

for phases of increased primary production. In addition to the main types, several tephra layers 

and turbidite deposits are found in the Unit 1 sediments. These event layers typically reach only 

a few centimeters in thickness, but at Site 2, turbidites sourced from the Mahalona River are 

common and increase in thickness (up to 50 cm). For paleoclimatic investigations, the nearly 

100-m-thick Unit 1 at Site 1 provides the best conditions as it is a continuous lacustrine 

sequence reflecting orbital driven climate change and contains minor amounts of event layers 

(Costa et al., 2015; Russell et al., 2020, 2016; Ulfers et al., 2021). 

 

1.5 Lake Ohrid 

1.5.1 Setting and hydrology of Lake Ohrid  

Lake Ohrid is located on the Balkan Peninsula on the border between North Macedonia and 

Albania (41.0°N, 20.7°E; Fig. 4). It is 693 m above sea level, covers an area of 358 km2 and has a 

maximum depth of 293 m. The main outlet of the lake is the river Crni Drim in the north; inflows 

are the river Sateska in the northeast and the river Cerava in the south. However, it is not rivers 

but karst springs that contribute the most to the Lake Ohrid’s water inflow (Matzinger et al., 

2006; Wagner et al., 2014). 

Lake Ohrid is situated within the Dinarides-Albanides-Hellenides mountain range, which itself 

is part of the ‘Southern Balkan Extensional Regime’ (SBER; Fig. 4). The SBER resulted from a 

change in the rollback of the Hellenic slap and caused an E-W extension of the southern Balkan 

region (Fig. 4b). The subsequently formed active graben system is characterized by an 

alternating sequence of approximately N-S oriented mountain ranges and valleys, of which 

some accommodate lakes (Fig. 4a; Burchfiel et al., 2008; Hoffmann et al., 2010; Lindhorst et al., 

2015). The initial opening of the Ohrid Basin as a pull-apart basin occurred during a 

transtensional phase in the late Miocene (Burchfiel et al., 2008; Reicherter et al., 2011). The 
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faults within the lake are considered active faults as they offset the youngest observed strata. 

The interpretation of the seismic profiles indicates that the Lake Ohrid Basin is still in extension 

today (Lindhorst et al., 2015). 

The relatively plain areas north and south of the lake are mainly composed of Tertiary and 

Quaternary fluvial deposits. On the lake's sides are mountain ridges with an altitude of up to 

2300 m above sea level. The Mokra Mountains in the west consist mostly of Triassic carbonites 

and Jurassic ophiolite, while the Galičica Mountains in the east are dominated by Triassic 

carbonates (Fig. 4c; Hoffmann et al., 2010; Jozja and Neziraj, 1998; Reicherter et al., 2011). 

 

Fig. 4: Location of Lake Ohrid and surrounding geology. a) Profile from west to east through the tectonically active graben 
system with alternating mountain ridges and basins. The Ohrid Basin is the youngest of these basins and is still active today. b) 

Overview of the Balkan Peninsula with the location of Lake Ohrid within Dinarides-Albanides-Hellenides mountain range. Area 
shaded in grey is the Southern Balkan Extensional Regime (SBER). The content of the red square is detailed in c) and marks the 

position of Lake Ohrid (modified after Lindhorst et al., 2015). c) Bathymetric map of Lake Ohrid and geologic map of the 
surrounding region. The ICDP drill sites are highlighted in yellow. Main river inflow and outflow are marked by arrows. Note 

Lake Prespa in higher altitude to the east. Galičica Mountains range consisting of Triassic limestone is separating the lakes, but 

water flows through a karst system from Lake Prespa into Lake Ohrid (modified from Wagner et al., 2019). 
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A karst system supplying several sub-lacustrine and surface springs is the main contributor, 

accounting for about 55 % of the water input to Lake Ohrid. Most of the springs are located on 

the eastern shore, as the karst water originates via the outflow from Lake Prespa and from 

precipitation in the Galičica Mountains (Fig. 4c). Lake Prespa is located ~155 m above Lake 

Ohrid towards the east of the Galičica Mountains and does not have a surface outflow 

(Matzinger et al., 2006; Wagner et al., 2017). The karst aquifer provides Lake Ohrid with Ca2+ 

and HCO3− ions and filters particulate matter (H. Vogel et al., 2010). The remaining 45 % of the 

water inflow to Lake Ohrid is from direct precipitation or from river tributaries, of which the 

river Sateska in the northeast contributes 15 % of the total water inflow. Water leaves Lake 

Ohrid to 60 % by surface runoff via the river Crni Drim in the north and to 40 % by evaporation 

(Matzinger et al., 2006; Popovska and Bonacci, 2007). 

Due to the location of the lake in a relatively sheltered basin at high altitude and the proximity 

to the Adriatic Sea, modern climate in the Lake Ohrid area is dominated by both Mediterranean 

and continental conditions. The region receives the highest amounts of precipitation in winter 

and the lowest in summer, when conditions are relatively dry. The average annual precipitation 

amounts to 800-900 mm (Matzinger et al., 2006; Popovska and Bonacci, 2007; Watzin et al., 

2002). 

 

1.5.2 The ICDP deep drilling campaign 

Several features make Lake Ohrid an excellent location for the successful investigation of 

various research questions. The ‘Scientific Collaboration on Past Speciation Conditions in Lake 

Ohrid’ (SCOPSCO) is centered around four primary objectives: (1) The determination of the 

absolute age of the lake which includes its early history of and the formation of the Ohrid Basin. 

(2) Unraveling the regional seismotectonic history, including the effects of major earthquakes 

and associated mass-wasting events. (3) Obtaining a continuous record of Quaternary volcanic 

activity and climate change in the central northern Mediterranean. (4) Investigations on how 

geological events influence the evolution of the numerous endemic species in Lake Ohrid 

(Wagner et al., 2014). 
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A number of pre-site surveys was carried out prior to the deep drilling campaign. Between 2004 

and 2009 hydro- and seismoacoustic measurements were conducted using different equipment 

configurations. A grid of multichannel seismic profiles with a length of more than 500 km was 

collected. Interpretation of these data revealed a thick undisturbed sediment sequence in the 

central area of the basin. The only problem are strong multiple reflectors which blur the lower 

part of the sedimentary sequence (Lindhorst et al., 2015, 2012; Wagner et al., 2008). 

Simultaneously, short cores were extracted from the upper sediment layers with gravity and 

piston corers. These include a core with a length of about 10 m from the western part and a 

core with a length of 1.6 m from the central part of the basin (located close to the later DEEP 

site). Analyses of those short cores revealed the potential to reproduce climate variability over 

a long period of time using climate-sensitive proxies in sediments from Lake Ohrid (H. Vogel et 

al., 2010; Wagner et al., 2010, 2014). Based on the seismic surveys and the short sediment 

cores, five drill sites were originally planned and ultimately four were drilled. Three of them are 

relevant for this thesis: the ‘DEEP’, ‘Pestani’ and ‘Cerava’ site. 

In March 2013, the ICDP drilling campaign started and by May a total of ~2100 m of sediment 

cores were drilled from Lake Ohrid. Drilling operations were carried out using the DLDS. All 

holes were drilled with a diameter of 149 mm and water based mud (Baumgarten et al., 2015; 

Wagner et al., 2014). 

The "DEEP" site is located in the center of the lake at a water depth of 243 m (Fig. 4c). From the 

pre-site surveys, a continuous, undisturbed, thick sedimentary sequence was expected. Six 

holes were drilled and a maximum depth of 569 mblf was reached with a composite recovery 

of 95 %. Preliminary results from the drilling operations found that the upper ~430 m consist of 

hemipelagic sediments, while sediments below are from a shallow water facies (Wagner et al., 

2014). 

The "Pestani" site is located on the eastern side of the central basin at a depth of 262 m (Fig. 

4c). The objective of this hole was to retrieve the sediments directly above the basement in a 

depth of about 200 mblf. A single hole was drilled to a depth of 194.5 mblf with a core recovery 

of 91 %. The preliminary core description shows fine-grained hemipelagic sediments in the 
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upper ~150 mblf, while below there is coarser-grained material of sandy silt and clay next to 

one peat layer at ~160 mblf (Wagner et al., 2014). 

The "Cerava" site is situated in the southern part of the basin on a lake terrace at a water depth 

of 125 m (Fig. 4c). The clinoform structures observed by seismic investigations imply lake level 

fluctuations. Drilling of two holes reached a depth of 90.5 mblf and a composite recovery of 

97 %. On-site investigations encountered fine-grained silty clays and clayey silts in the upper 80 

mblf, and lithified sediments and shell fragments in the lowermost part (Wagner et al., 2014). 

Geophysical borehole logging was conducted by LIAG at all three sites discussed in this thesis. 

Firstly, the natural GR (with the spectral components U, Th, K), was measured in one run 

through the drill pipes. The drill pipes were then pulled out successively and the geophysical 

parameters were measured in open hole conditions at intervals of approximately 40 m. These 

include MS, R, Vp, Temp/Sal, caliper and dip of the borehole. In addition, vertical seismic 

profiling was carried out at the DEEP site (Ulfers et al., 2022; Wagner et al., 2014).  

The acquired geophysical borehole data are used for paleoenvironmental investigations within 

the scope of this thesis, e.g. to build an age-depth model and to determine sediment properties 

(Ulfers et al., 2022).  

 

1.5.3 Sediment description from the DEEP site 

Detailed core descriptions of the Pestani and Cerava sites have not yet been published. The 

existing publications focus primarily on the DEEP site (e.g., Francke et al., 2016; Leicher et al., 

2019; Wagner et al., 2019; Wilke et al., 2020). The detailed lithological characterization of the 

upper ~240 mblf by Francke et al. (2016) describes the clay types of the hemipelagic facies and 

classifies them into three categories. (1) Calcareous silty clay, which was deposited during 

interglacial periods, and (2) silty clay during glacial periods. (3) Slightly calcareous silty clay 

represent a transitional phase between the first two clay types (Fig. 5). The alternation of cold- 

and warm-climate sediments is reflected in the natural GR, as well as in many other properties 

(Ulfers et al., 2022; Wagner et al., 2019). An age-depth model for the entire lacustrine sequence 

of the DEEP site is presented in Wagner et al. (2019). It is based on tephrostratigraphic 
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correlation of 16 tephra layers, orbital tuning of total organic carbon from sediment core 

measurements, and two paleomagnetic age reversals.  

 

Fig. 5: Sediment characteristics of the main clay types in the hemipelagic facies of Lake Ohrid’s DEEP site. The alternation of 

different clay types reflects cold and warm climate conditions (modified after Francke et al., 2016). 
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2. Publications 

2.1 Peer-reviewed publication (Lake Towuti) 

 

 

 

 

 

 

Cyclostratigraphy and paleoenvironmental inference from downhole 
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2.2 Peer-reviewed publication (Lake Ohrid) 

 

 

 

 

 

 

Borehole logging and seismic data from Lake Ohrid (North 

Macedonia/Albania) as a basis for age-depth modelling over the last 
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2.3 Peer-reviewed publication (Half-precession in Lake Ohrid and Europe) 

 

 

 

 

 

 

Half-precession signals in Lake Ohrid (Balkan) and their spatio-

temporal relations to climate records from the European realm 
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3. Summary and conclusion 

As part of two drilling campaigns of the International Continental Scientific Drilling Program 

(ICDP), several geophysical borehole measurements were carried out by the Leibniz Institute 

for Applied Geophysics (LIAG) in two lakes. The acquired data was used to answer stratigraphic 

and paleoclimatic research questions, including the establishment of robust age-depth models 

and the construction of continuous lithological profiles. 

The investigated lakes are Lake Towuti on Sulawesi (Indonesia), which is approximately 1 million 

years old, and Lake Ohrid on the Balkan Peninsula (North Macedonia/Albania), which dates back 

to 1.36 million years. 

Lake Towuti 

In the Towuti Drilling Project (TDP), the age of the lake is still not entirely determined. Only one 

tephra layer in the lower third of the lacustrine sequence was dated to 797.3 ± 1.6 ka using the 

40Ar/39Ar-method. The publication on Lake Towuti included in this thesis presents the first 

continuous age-depth model of the lake sediments. Assuming that eccentricity is the main 

driver of orbitally induced changes in sedimentary composition, we performed 

cyclostratigraphic analysis on the magnetic susceptibility data from borehole measurements. 

This method enables the calculation of sedimentation rate (SR), and its variation, such as 

increased SR during diatom blooms. Our age-depth model is ''anchored'' to the previously 

mentioned tephra layer, covers 77 % of Lake Towuti’s lacustrine facies, and ranges from 903 ± 

11 ka (~84 mblf) to 131 ± 67 ka (~19 mblf). In addition, an artificial lithology log of the sediment 

sequences was constructed from a series of borehole data using cluster analysis. The results are 

consistent with core descriptions and sections with core loss are described through artificial 

lithology. This is particularly relevant in the lower section of the borehole, as core loss was 

highest here. 

Thus, not only the questions relevant to this publication were addressed and successfully 

answered, but also an important contribution to the achievement of the objectives of the TDP 

was made. 
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Lake Ohrid 

The age determination method used within the SCOPSCO (Scientific Collaboration on Past 

Speciation Conditions in Lake Ohrid) project is a novelty, since it completely avoids the use of 

sediment core material. Lake Ohrid is well suited for this purpose, as a comparison of the natural 

gamma radiation from borehole measurements with the global LR04 benthic stack reference 

data shows high similarity. 

Seismic data provide the basis for linking of the three investigated drilling sites 'DEEP', 'Pestani' 

and 'Cerava'. Prominent marker horizons in these data were tracked with the goal of 

transferring age information from DEEP to both other sites. This provided the starting point for 

further analyses to determine the age of the Pestani and Cerava records. Using correlation to 

the global LR04 benthic stack reference record and cyclostratigraphic approaches, each 

independently, we estimated the SR of the individual sites. The different calculation methods 

for SR at DEEP exhibit similar results. The average SR determined by correlation to the global 

reference curve is 34.8 cm/ka, while the SR determined by cyclostratigraphy is 35.8 cm/ka. 

However, the limits of the cyclostratigraphic methods are evident at the other locations and 

the results for the SRs differ significantly (Pestani), or cannot be calculated (Cerava). The limits 

are determined by the fact that orbital cycles are not optimally archived at these locations. 

Nevertheless, age-depth models could be generated using the correlative approach for Pestani 

and Cerava as well. 

The different logging parameters were used to generate complete lithological profiles for all 

three drill locations using cluster analysis. A comparison of the results is only possible with the 

published core description of the upper ~250 mblf of DEEP. The similarity of the artificial profile 

and the lithological description is high at DEEP. Hence, cluster analysis is suited to reflect the 

lithology. At all sites, the results of the cluster analysis are integrated into the developed age-

depth model. With this step, the determination about what kind of material was deposited in 

which time interval is accomplished. At all three locations, the change between warm and cold 

climate conditions is evident in the artificial lithological profiles. All of this information was 

obtained without investigating the core material and provides an important contribution for 

further research in the SCOPSCO project. 
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Half-precession signals in Lake Ohrid and in the European realm 

Driven by curiosity of the origin of visually-present half-precession (HP) cycles in parts of the 

Lake Ohrid logging data, the data from Lake Ohrid were compared with other proxy data in and 

around Europe regarding the presence and intensity of (HP) cycles. As can be concluded from 

previous studies, sediments from Lake Ohrid offer excellent conditions for cyclostratigraphic 

investigations. In addition to the borehole data, sediment core data from the SCOPSCO-project 

was now included. The comparison data from Europe involve widely dissimilar proxies. For 

instance, marine cores from the Mediterranean Sea and the Iberian Margin off the coast of 

Portugal, terrestrial sedimentary archives distributed across Europe, and data from the 

Greenland ice are included in the analyses. It has been considered to include archives with the 

longest possible time span to obtain a representation of the HP over the last one million years. 

In all the archives/locations mentioned, HP can be observed, but exhibits varying degrees of 

clarity. It is particularly pronounced in the south(east)ern records, decreases toward the north, 

and is almost undetectable in Greenland. The reason for this may be the equatorial origin of 

the signal. The further away from the low latitudes, the weaker is the signal. However, it is 

suggested that a variety of atmospheric/ oceanographic processes may transmit the signal to 

higher latitudes. If confirmed, the HP signal may be seen as an indicator for connectivity 

between low and high latitude climate systems. In particular, the African Monsoon, the Nile 

River, and the outflow of the Mediterranean Sea through the Strait of Gibraltar take on 

important roles in the publication presented in this thesis. 

Regarding the temporal evolution of the HP signal, we can state that the intensity increases 

during the last 1 Ma especially in the younger part (<621 ka). Furthermore, we observe an 

increase in the signal clarity during interglacial periods. Some proxies show no variability in 

glacials and thus are unable to record short orbital cycles in some parts. It should be noted that 

some proxies show a correlation of the HP signal to both the 100 ka and 405 ka cycles of 

eccentricity. The origin of these features require further investigation. 

Consequently, the HP signal is not only observed in (sub-)tropical sedimentary archives, but 

could be transmitted to higher latitudes through different mechanisms. The essential factor in 

this context is how interconnected the (paleo-)climate systems were in the past. 
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Perspectives 

The publication about HP is a further step towards a better understanding of this signal. 

Nevertheless, much effort will be necessary to fully understand the origin and evolution of HP 

over longer time periods. Even geophysical downhole logging can be used in this case, provided 

that the ratio of vertical resolution of the individual sensors in the borehole probes to the 

accumulation rate in the sediment archive is sufficient to record these signals. The spatial 

relationships of HP can be addressed through the inclusion of additional datasets. Especially 

(sub)tropical data will play an important role, as several publications suggest that the HP signal 

is of low latitude origin. Marine sediment archives are yet in the focus of HP investigations. 

While open marine sedimentary systems usually have a lower accumulation rate compared to 

lacustrine deposits and HP cycles may not be detectable by downhole logging equipment, 

studies on marine sediment core can lead to success. Devices such as MSCL and/or XRF loggers 

can provide the desired resolution. The potential of marine cores is that these often extend 

beyond the Pleistocene, allowing assessment of HP in the deeper past. 

The publications presented here address the reconstruction of paleoclimatic conditions in lake 

sediments. For this purpose, mainly geophysical downhole measurements and to some extent 

also seismic data were analyzed. Despite the fact that borehole measurements have been used 

for industrial purposes since the early 20th century, their use in paleoclimatology, especially for 

age determination, is relatively young. As these methods evolve, age-depth models will be more 

precise and available more quickly, possibly immediately after a drilling campaign. 

Nevertheless, classical methods for age estimations (tephra-, magneto-, bio-stratigraphy) on 

the sediment core will still be necessary to complement the borehole data (and vice versa). 

Geophysical downhole logging will continue to increase in importance with more advanced data 

analyses. Using a suite of downhole logging data, sediment properties and the variability of 

these data, sedimentation processes can be explained even when the cores have not been 

opened yet or are not present at all. 

The topics covered in this dissertation cover a wide area, but the focus is on geophysical 

borehole data and their cyclostratigraphic analysis. The downhole measurement methods were 

further developed and established in the paleo-geoscientific community. The advantages are 
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obvious when considering, for example, the short time taken for the results to be available, or 

the quality/continuity of the recorded data. It was demonstrated that borehole data have the 

potential to successfully answer a wide range of paleoclimatic questions and for this reason 

should be closely integrated into future drilling projects. 
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4. Zusammenfassung und Schlussfolgerung 

Im Rahmen zweier Bohrkampagnen des International Continental Scientific Drilling Program 

(ICDP) wurden in zwei Seen mehrere geophysikalische Bohrlochmessungen vom Leibniz Institut 

für Angewandte Geophysik (LIAG) durchgeführt. Die gewonnenen Daten wurden benutzt um 

stratigraphische und paläoklimatische Fragestellungen zu beantworten, unter anderem um 

robuste Alters-Tiefen-Modelle zu erstellen und kontinuierliche lithologische Profile der 

Sedimente zu konstruieren.  

Bei den Seen handelt es sich um den etwa 1 Millionen Jahre alten Lake Towuti auf Sulawesi 

(Indonesien) und den 1.36 Millionen Jahre alten Lake Ohrid auf der Balkanhalbinsel 

(Nordmazedonien/Albanien). 

Lake Towuti  

Im Towuti Drilling Projekt (TDP) ist das Alter des Sees bis heute nicht vollständig geklärt. 

Lediglich eine Tephra-Lage im unteren Drittel der lakustrinen Sequenz wurde mit der 40Ar/39Ar-

Methode auf 797.3 ± 1.6 ka datiert. Die in dieser Arbeit eingebundene Publikation zu Lake 

Towuti enthält das erste kontinuierliche Alters-Tiefen-Modell der Seesedimente. Unter der 

Annahme, dass die Exzentrizität hauptsächlich für orbital induzierte Veränderungen der 

Sedimentzusammensetzung verantwortlich ist, haben wir die magnetische Suszeptibilität aus 

den Bohrlochmessungen zyklostratigraphisch analysiert. Diese Methode ermöglicht die 

Berechnung der Sedimentationsrate (SR), und Veränderungen, wie z.B. eine erhöhte SR 

während Wachstumsphasen von Diatomeen. Unser Alters-Tiefen-Modell wurde an die oben 

erwähnte Tephra-Lage ‚eingehängt‘, deckt 77 % der lakustrinen Fazies von Lake Towuti ab und 

erstreckt sich von 903 ± 11 ka (~84 mblf) bis 131 ± 67 ka (~19 mblf). Zusätzlich wurde aus einer 

Reihe von Bohrlochdaten mittels Clusteranalyse ein künstliches lithologisches Profil der 

Sedimentsequenzen konstruiert. Die Ergebnisse stimmen mit den Kernbeschreibungen überein 

und Abschnitte mit Kernverlusten werden durch die künstliche Lithologie beschrieben. Dies ist 

besonders im unteren Bereich der Bohrung von Bedeutung, da hier die größten Kernverluste 

auftraten. 
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Es wurden somit nicht nur die für die Publikation relevanten Fragenstellungen bearbeitet und 

erfolgreich beantwortet, sondern auch ein wichtiger Beitrag für die Erreichung der Ziele des 

TDP geliefert. 

Lake Ohrid 

Die im Rahmen des SCOPSCO Projekts (Scientific Collaboration on Past Speciation Conditions in 

Lake Ohrid) angewandte Methode zur Bestimmung des Alters ist ein Novum, da hierfür 

komplett auf die Verwendung von Kernmaterial verzichtet wurde. Lake Ohrid ist hierfür sehr 

gut geeignet, da ein Vergleich der im Bohrloch gemessenen, natürlichen Gamma-Strahlung mit 

der globalen δ18O-Referenzkurve große Ähnlichkeit zeigt.  

Seismische Daten liefern die Grundlage für die Verbindung der drei untersuchten 

Bohrlokationen ‚DEEP‘, ‚Pestani‘ und ‚Cerava‘. Markante Horizonte in diesen Daten wurden mit 

dem Ziel verfolgt, Altersinformation von DEEP zu den beiden anderen Lokationen zu 

transferieren. Damit war die Basis für weitere Analysen zur Altersbestimmung an Pestani und 

Cerava gelegt. Mittels Korrelation zur globalen ‚LR04 benthic stack‘ Referenz und 

zyklostratigraphischer Methoden wurden jeweils unabhängig voneinander die SR der einzelnen 

Sites bestimmt. Die unterschiedlichen Wege zur Berechnung der SR bei DEEP zeigen ähnliche 

Ergebnisse. So beträgt die durchschnittlich bestimmte SR durch die Korrelation zur globalen 

Referenzkurve 34.8 cm/ka, die zyklostratigraphisch bestimmte ist 35.8 cm/ka. Jedoch zeigen 

sich an den anderen Lokationen die Grenzen der zyklo-stratigraphischen Methoden und die 

Ergebnisse für die SR weichen voneinander ab (Pestani), bzw. sind nicht berechenbar (Cerava). 

Die Grenzen werden dadurch bestimmt, dass orbitale Zyklen an diesen Lokationen nicht optimal 

archiviert sind. Nichtsdestotrotz konnten mittels der korrelativen Methode auch für Pestani und 

Cerava Alters-Tiefen-Modelle erstellt werden. 

Aus den verschiedenen Bohrlochparametern wurde für alle drei Bohrlokationen mittels 

Clusteranalyse ein komplettes lithologisches Profil erstellt. Ein Abgleich der Ergebnisse ist nur 

mit der veröffentlichten Kernbeschreibung der oberen ~250 mblf von DEEP möglich. Hier ist die 

Ähnlichkeit des künstlichen Profils und der lithologischen Beschreibung sehr hoch. Die 

Clusteranalyse ist somit geeignet die Lithologie wiederzugeben. An allen Lokationen werden die 

Ergebnisse der Clusteranalyse in das entwickelte Alters-Tiefen-Modell integriert. Durch diesen 
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Schritt kann eine Aussage getroffen werden, welche Art von Material zu welchem Zeitpunkt 

abgelagert wurde. An allen drei Lokationen ist der Wechsel zwischen Warm- und Kaltzeiten in 

den künstlichen lithologischen Profilen erkennbar. Alle diese Erkenntnisse wurde ohne Sichtung 

des Kernmaterials erlangt und liefern einen wichtigen Beitrag für weitere Arbeiten im SCOPSCO-

Projekt.  

Halb-Präzessionssignale im Ohridsee und im europäischen Raum 

Ausgehend von der Frage nach dem Ursprung der visuell sichtbaren Halb-Präzessions(HP)-

Zyklen in Teilen der Daten aus dem Ohridsee wurden diese mit anderen Proxydaten in und um 

Europa hinsichtlich des Vorhandenseins und der Intensität von HP verglichen. Wie aus den 

vorherigen Studien ersichtlich, bieten die Sedimente im Lake Ohrid hervorragende 

Bedingungen für zyklostratigraphische Untersuchungen. Ergänzend zu den Bohrlochdaten 

wurden nun auch Kerndaten aus dem SCOPSCO-Projekt hinzugezogen. Bei den europäischen 

Vergleichsdaten handelt es sich um sehr unterschiedliche Proxies: Es sind beispielsweise marine 

Kerne aus dem Mittelmeer und dem ‚Iberian Margin‘ vor der Küste Portugals, über Europa 

verteilte terrestrische Sedimentarchive bis hin zu Daten aus dem Grönland-Eis in die Analysen 

eingebunden. Es wurde darauf geachtet zeitlich möglichst lange Archive zu benutzen, um ein 

Bild der HP über die letzten eine Millionen Jahre zu bekommen. In allen genannten 

Archiven/Lokationen ist HP zu beobachten, weist jedoch unterschiedliche Deutlichkeit auf. Es 

ist besonders deutlich in den süd(öst)lichen Daten ausgeprägt, nimmt Richtung Norden ab und 

ist in Grönland quasi nicht mehr nachweisbar. Der Grund hierfür könnte im äquatorialen 

Ursprung des Signals liegen. Je weiter von den niedrigen Breiten entfernt, desto schwächer ist 

das Signal. Es wird jedoch vorgeschlagen, dass unterschiedliche 

atmosphärische/ozeanographische Prozesse das Signal in höhere Breiten transportieren 

können. Wenn sich dies bestätigt, könnte das HP-Signal als Indikator für die Konnektivität 

zwischen den Klimasystemen der niedrigen und der hohen Breiten gesehen werden. Besonders 

der afrikanische Monsun, der Nil und der Ausfluss des Mittelmeers durch die Straße von 

Gibraltar nehmen in der hier präsentierten Publikation eine wichtige Rolle ein. 

Über die zeitliche Entwicklung des HP-Signals können wir sagen, dass die Intensität während 

der letzten 1 Ma vor allem im jüngeren Teil (<621 ka) zunimmt. Außerdem beobachten wir eine 
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Zunahme des Signals in interglazialen Perioden. Einige Proxies zeigen keine Variabilität in 

Glazialen und sind daher nicht in der Lage, kurze orbitale Zyklen in bestimmten Abschnitten 

aufzuzeichnen. Außerdem ist festzuhalten, dass einige Proxies einen Zusammenhang des HP-

Signals sowohl zum 100 ka als auch zum 405 ka Zyklus der Exzentrizität aufweisen. Der Ursprung 

dieser Merkmale bedarf weiterer Untersuchungen.   

Das HP-Signal ist also nicht nur in (sub-)tropischen Sedimentarchiven zu beobachten, sondern 

könnte durch verschiedene Mechanismen in höhere Breiten transportiert werden. Dabei ist 

entscheidend wie stark die (Paläo-)Klimasysteme miteinander verbunden sind. 

Perspektiven 

Mit der Publikation zur HP wurde ein weiterer Schritt zum besseren Verständnis dieses Signals 

gemacht. Dennoch wird weiterhin viel Forschung nötig sein, um die Hintergründe der 

Entstehung und der Evolution der HP über längere Zeiträume vollständig zu verstehen. Auch 

hierbei können Bohrlochmessungen zum Einsatz kommen, vorausgesetzt, dass das Verhältnis 

aus vertikaler Auflösung der einzelnen Sensoren in den Bohrlochsonden zur Akkumulationsrate 

im Sedimentkörper ausreichend ist, um diese Signale aufzuzeichnen. Die räumlichen 

Zusammenhänge der HP können mit der Hinzunahme weiterer Datensätze beantwortet 

werden. Hierbei werden v.a. (sub)tropische Daten eine Rolle spielen, da in einigen 

Publikationen angenommen wird, dass es sich beim HP-Signal um ein Signal handelt, welches 

in niedrigen Breiten entsteht. Marine Sedimentarchive rücken derzeit in den Fokus der 

Untersuchungen zu HP. Zwar haben marine Sedimentsysteme im Vergleich zu lakustrinen 

Ablagerungen meist eine niedrigere Akkumulationsrate und HP-Zyklen sind möglicherweise 

nicht durch Bohrlochmessgeräte nachweisbar, jedoch können Untersuchungen an marinen 

Sedimentkernen trotzdem erfolgreich sein. Hierbei können Geräte wie MSCL und/oder XRF-

Logger die gewünschte Auflösung liefern. Das Potenzial mariner Kerne besteht darin, dass diese 

oft über das Pleistozän hinausreichen und somit eine Beurteilung der HP in der tieferen 

Vergangenheit erlauben. 

Die hier vorgestellten Publikationen befassen sich mit der Rekonstruktion paläoklimatischer 

Bedingungen in Seesedimenten. Dafür wurden hauptsächlich geophysikalische Bohr-

lochmessungen und z. T. auch seismische Daten verwendet. Auch wenn Bohrlochmessungen 
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schon seit dem frühen 20. Jhd. für industrielle Zwecke genutzt werden, ist deren Verwendung 

in der Paläoklimatologie, im speziellen für die Altersbestimmung, relativ neu. Mit der 

Weiterentwicklung dieser Methoden werden die Alters-Tiefen-Modelle zukünftig präziser und 

zügiger, möglicherweise direkt im Anschluss an eine Bohrkampagne, vorhanden sein. Trotzdem 

werden klassische Methoden zur Altersbestimmung (Tephra-, Magneto-, Biostratigraphie) am 

Sedimentkern weiterhin nötig sein um die Bohrlochdaten zu komplementieren (und 

umgekehrt). Geophysikalische Bohrlochmessungen werden mit fortschrittlicheren 

Datenanalysen weiter an Bedeutung zunehmen. Mit Hilfe einer Reihe von Bohrlochmessdaten, 

Sedimenteigenschaften und der Variabilität dieser Daten können Sedimentationsprozesse 

erklärt werden, auch wenn die Bohrkerne noch nicht geöffnet wurden oder nicht vorhanden 

sind. 

Die in dieser Dissertation behandelten Themen umfassen ein weites Gebiet, jedoch liegt der 

Fokus auf geophysikalischen Bohrlochdaten und deren zyklostratigraphischer Analyse. Die 

Methodik der Bohrlochmessungen wurde in der paläogeowissenschaftlichen Community 

weiter ausgebaut und gefestigt. Die Vorteile liegen auf der Hand, wenn man z.B. die 

Schnelligkeit, mit der die Ergebnisse vorliegen, berücksichtigt, oder die Qualität/Kontinuität der 

aufgezeichneten Daten. Es hat sich gezeigt, dass Bohrlochdaten das Potential haben, einen 

Großteil von paläoklimatischen Fragestellungen erfolgreich zu beantworten und aus diesem 

Grund in zukünftigen Bohrprojekten eng eingebunden werden sollten.  
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5. Data policy 

The data basis for the ‘2.1 Peer-reviewed publication (Lake Towuti)’ and ‘2.2 Peer-reviewed 

publication (Lake Ohrid)’ is attached electronically to this thesis. Most of the data used in ‘2.3 

Peer-reviewed publication (Half-precession in Lake Ohrid and Europe)’ is publically available or 

was provided on request from corresponding authors. 
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