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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).



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 LRO4. 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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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
guality 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.



1.2 Orbital forcing

1.2.1 Milankovic cycles

Since the description of changes in the Earth’s orbital geometry in the 19t" 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 Milankovi¢ cycles (Fig. 1; Milankovié, 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



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).
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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).

Insolation

Analytical Climate
uncertainty proxy data

Fidelity of primary
climate proxies

Climate responses Sampling

Fidelity of secondary s Sedimentary system
climate proxies responses

Burial and diagenesis

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).



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.



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

Natural gamma radiation,

Spectral Gamma Ray Sonde SGR 70, Type 1419, Antares 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 Temp/Sal

borehole fluid




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
km?, 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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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 Nifio 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 1is located in the northern central basin. Itis 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 km? 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 Gali¢ica Mountains in the east are dominated by Triassic

carbonates (Fig. 4c; Hoffmann et al., 2010; Jozja and Neziraj, 1998; Reicherter et al., 2011).
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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). ¢) 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. Gali¢ica 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 Gali¢ica Mountains (Fig. 4c). Lake Prespa is located ~155 m above Lake
Ohrid towards the east of the Gali¢ica Mountains and does not have a surface outflow
(Matzinger et al., 2006; Wagner et al., 2017). The karst aquifer provides Lake Ohrid with Ca?*
and HCO? 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.
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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

logging of sediments in tropical Lake Towuti, Indonesia
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Abstract Lake Towuti is located on central Sula-
wesi/Indonesia, within the Indo Pacific Warm Pool, a
globally important region for atmospheric heat and
moisture budgets. In 2015 the Towuti Drilling Project
recovered more than 1000 m of drill core from the
lake, along with downhole geophysical logging data
from two drilling sites. The cores constitute the
longest continuous lacustrine sediment succession
from the Indo Pacific Warm Pool. We combined
lithological descriptions with borehole logging data
and used multivariate statistics to better understand the
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cyclic sequence, paleoenvironments, and geochronol-
ogy of these sediments. Accurate chronologies are
crucial to analyze and interpret paleoclimate records.
Astronomical tuning can help build age-depth models
and fill gaps between age control points. Cyclostrati-
graphic investigations were conducted on a downhole
magnetic susceptibility log from the lacustrine facies
(10-98 m below lake floor) from a continuous record
of sediments in Lake Towuti. This study provides
insights into the sedimentary history of the basin
between radiometric ages derived from dating a tephra
layer (~ 797 ka) and C'4-ages (~ 45 ka) in the
cores. We derived an age model that spans from late
marine isotope stage (MIS) 23 to late MIS 6
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(903 £ 11 to 131 £ 67 ka). Although uncertainties
caused by the relatively short record and the small
differences in the physical properties of sediments
limited the efficacy of our approach, we suggest that
eccentricity cycles and/or global glacial-interglacial
climate variability were the main drivers of local
variations in hydroclimate in central Indonesia. We
generated the first nearly complete age-depth model
for the lacustrine facies of Lake Towuti and examined
the potential of geophysical downhole logging for
time estimation and lithological description. Future
lake drilling projects will benefit from this approach,
since logging data are available just after the drilling
campaign, whereas core descriptions, though more
resolved, only become available months to years later.

Keywords Paleoclimate - Geophysical downhole
logging - Cyclostratigraphy - Lake Towuti - Indo
Pacific Warm Pool

Introduction

Lake Towuti is part of the Malili Lake System in
central Sulawesi, Indonesia. It is located within the
Indo Pacific Warm Pool (IPWP), one of the most
relevant regions for global climate variability on
Earth. With sea surface temperatures of ~ 28 °C
throughout the year, the IPWP introduces large
amounts of heat and moisture into the atmosphere,
such that it dominates not only Southeast Asia, but
also affects climate on a global scale. The climate
(temperature and precipitation) on Sulawesi is the
result of interactions between the Australasian mon-
soons, the El Nifio-Southern Oscillation, the Intertrop-
ical Convergence Zone (ITCZ), and warm sea surface
temperatures (An 2000; De Deckker 2016; Konecky
et al. 2016; Wang et al. 2008; Yan et al. 1992).
Equatorial regions and the western Pacific had not yet
been a focus of “International Continental Scientific
Drilling Program” (ICDP) campaigns. One of the
main objectives of the “Towuti Drilling Project”
(TDP) was to provide a high-resolution record of the
tropical western Pacific during the Pleistocene and to
understand climate/hydrological and environmental
changes in this globally important region. Lake
Towuti meets the criteria to address those questions
since it is the largest tectonic lake in Southeast Asia

@ Springer
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and is thought to contain a continuous, undisturbed
sediment succession spanning the last ~ 1 Ma (Rus-
sell and Bijaksana 2012; Russell et al. 2016).

The TDP is an international research program
conducted under the ICDP to understand: (1) long-
term climate and environmental change in the tropical
western Pacific, (2) impacts of geological and envi-
ronmental changes on the biological evolution of
aquatic taxa, and (3) geomicrobiology and biogeo-
chemistry of metal-rich, ultramafic-hosted lake sedi-
ments (Russell et al. 2016). After pre-site surveys
between 2007 and 2013, three drill sites were selected
using results from seismic surveys and short piston
cores (Russell and Bijaksana 2012). To achieve the
main objectives, the ICDP drilling campaign was
conducted in May-July 2015, using the ICDP Deep
Lakes Drilling System (DLDS), operated by DOSECC
Exploration Services. A total of ~ 1018 m of sedi-
ment core was recovered from three sites, and
downhole geophysical logging measurements were
obtained from two sites. The longest, undisturbed,
lacustrine sediment succession appears in the upper ~

98 m of Site 1. It consists mainly of two different,
well-stratified clay types, and only minor layers of
turbidite-like mass movement deposits (MMD) or thin
tephra layers. Below 98 m, sediments consist of silts,
with layers of peat and sand/gravel, indicating a pre-
lacustrine facies. At Site 2, the upper 73 m are
characterized by MMD, but below 73 m, the sedi-
ments are similar to those in the upper 98 m at Site 1
(Russell et al. 2016).

A robust age-depth model of the sediment succes-
sion in Lake Towauti is critical to determine the timing
of paleoclimate changes, the rates of biological
evolution and biogeochemical cycling in the lake
and its sediments. Site 1 meets essential criteria to
estimate such models for the complete succession: (1)
Radiocarbon dates on 23 samples of organic carbon
from short piston cores taken close to Site 1 reveal a
maximum age of ~ 45 ka at 9 m below lake floor
(mblf) (Russell et al. 2014), (2) one *°Ar/**Ar-dated
volcanic ash layer at ~ 72 mblf (tephra 18, T18) has
an age of 797.3 £ 1.6 ka (Russell et al. 2020), and (3)
quasi-rhythmic alternation of two clay types probably
reflects environmental changes that resulted from
orbital-scale changes in insolation and continental ice
volume (Russell et al. 2020). Other factors, however,
including hydrological changes and the active tectonic
setting, are capable of influencing sedimentology in
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Lake Towuti and should be considered during
interpretations.

For sediment age estimates, we focused on the
magnetic susceptibility (MS) record of Site 1, where,
in contrast to Site 2, occurrence of MMD is minor. To
minimize overestimation of sedimentation rates, seg-
ments containing MMD were excluded from the
record before cyclostratigraphic analysis. The two
clay types that represent most of the lacustrine facies
at Site 1 are distinguishable by MS, and in short piston
cores MS reflects environmental changes in the
sedimentary system linked to glacial/interglacial
variability (Russell et al. 2020; Tamuntuan et al.
2014).

This study aimed to: (1) infer sedimentary pro-
cesses in Lake Towuti from downhole geophysical
logging data, (2) establish a chronology for the
sediment record at Site 1 by supplementing the
radiometric dates between 797 and ~ 45 ka, and (3)
investigate the potential influence of long-term inso-
lation cycles on the undisturbed sediment successions
in Lake Towuti.

Background

The geology of central Sulawesi is characterized by
ultramafic rocks and lateritic soils. The Malili Lakes
catchments are generally underlain by heavy-metal-
rich, trace-metal-poor ultramafic rock. Notable excep-
tions include limestones that partially underlie south-
western Lake Matano, and a metasedimentary
complex southeast of Lake Towuti (Costa et al.
2015; Fig. la, b). Today the lake is weakly, though
permanently stratified, and ultra-oligotrophic, with
anoxic conditions below ~ 120 m water depth (Vuil-
lemin et al. 2016). Two distinctive facies were
identified in seismic profiles prior to drilling (Fig. 1d):
a lower Unit 2, interpreted as fluviolacustrine sedi-
ment, and an upper Unit 1, composed of better-
stratified lacustrine sediment (Russell et al. 2016).
During the last glacial maximum (LGM), the region
around the Malili Lake System was drier and the
decreased precipitation caused lower water level than
today (Russell et al. 2014; Vogel et al. 2015;
Wicaksono et al. 2015). The water level and the
oxic/anoxic boundary decreased simultaneously.
Combined with stronger circulation of the water
column, this resulted in increased oxygenation at the
sediment water interface, which induced changes in
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the sediment geochemistry and initiated authigenic
formation of magnetite and siderite (Tamuntuan et al.
2014). In contrast, enhanced precipitation during wet
climate conditions, e.g. during MIS 1 and parts of MIS
3 (Russell et al. 2014) did not only induce higher water
levels, resulting in more pronounced stratification of
the water body (oxic in surface waters/anoxic in
bottom waters), but also enhanced input of organic
material, causing an anoxic environment that led to
dissolution of magnetite in the sediments. Hence, the
magnetic properties of sediments are regulated by a
combination of changes in detrital influx, iron oxide
dissolution under reducing conditions and the precip-
itation of magnetite and siderite (Costa et al. 2015;
Tamuntuan et al. 2014; Russell et al. 2014). The result
was an alternation of deposition of two main clay types
in Lake Towuti: (1) Reddish “sideritic clay” was
characteristic of oxic conditions, contains magnetite,
and shows enhanced siderite and MS, compared to (2)
green clay, referred to simply as “clay,” which is
characteristic of anoxic conditions and lower MS. In
addition to the main clay types, 3—5-m-thick layers of
diatomaceous ooze occur at all sites. A lack of siderite
and low MS is characteristic of these layers, which
consist primarily of planktonic diatoms. Multiple thin
layers of MMD, consisting of normally graded silts
(< 0.5 m) and tephra (usually <20 cm), are dis-
tributed throughout the sediment successions and can
cause distinct peaks in MS (Russell et al. 2016, 2020).
Rock magnetic properties of lacustrine sediments have
been used in previous studies to detect paleoenviron-
mental changes in lakes (Gebhardt et al. 2013;
Stockhausen and Zolitschka 1999; Melles et al.
2012). In Lake Towuti, magnetic susceptibility mea-
surements were carried out on sediments from an ~

11-m piston core, obtained as part of a pre-site survey
in 2013. MIS 3 and 1 represent wet climate conditions
and are marked by low magnetic susceptibility,
whereas the drier MIS 2 is characterized by high
susceptibility values (Tamuntuan et al. 2014). Assum-
ing this relation continues with depth, together with
the observation that initial data from the long ICDP
core and borehole logging show clear indications of
orbital-scale climate variability during the middle to
late Pleistocene (Russell et al. 2016), it is likely that
magnetic susceptibility values from downhole mea-
surements are a promising variable that can be used to
investigate long-term climate change around Lake
Towuti.
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Fig. 1 a Geological map of Central Sulawesi, b detailed
geological map of the Malili Lake System, ¢ bathymetric map of
Lake Towuti and d seismic reflection data from pre-site surveys,

Materials and methods
Coring sites and core descriptions

Fieldwork was conducted in May—July 2015. Bore-
holes were drilled using a PQ-type drill string (¢
122.6 mm hole, ¢ 66 mm sediment core; Russell et al.
2016). The coring sites were selected using seismic
data and piston cores that span the last glacial/
interglacial cycles (MIS 3-1; Russell et al. 2014).
Objectives at Site 1, in the central northern basin, were
to retrieve a continuous, turbidite-poor, lacustrine
record of Unit 1. For Site 2, the goal was to investigate
changes in deltaic sedimentation processes, forced by
lake-level fluctuations and possible changes in the
river system in the deepest part of the lake, close to the
Mahalona River (Fig. 1c). A third site was planned in
the southern basin, but, due to organizational
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showing profile through both sites. Logging locations indicated
by red stars (modified from Russell et al. 2016 and Costa et al.
2015)

problems, finally drilled ~ 1.5 km west of Site 1
(Russell et al. 2016; Vogel et al. 2015). Site 3 is not
part of this study, since no geophysical downhole
logging was conducted there.

At Site 1, five cores (1A-1F) were drilled, with a
maximum depth of ~ 162 mblf achieved at Site 1B
where 0.4 m of lithified conglomerate, representing
the bedrock, was retrieved. Seismic surveys, together
with initial core descriptions, enabled division of the
succession into two main units (Figs. 1d, 3). Unit 2
(from 161 to 98 mblf; Fig. 1d) is characterized by silty
and/or sandy sediment, interbedded with peat (1.5 m
thick maximum), or minor gravel layers (< 0.7 m
thick). The upper ~ 98 m represent the lacustrine
facies (Unit 1) and are characterized by alternating
clay and sideritic clay (Russell et al. 2016, 2020). Unit
1 also includes two thick layers of diatomaceous ooze,
intercalated between the clays (3 and 5 m thick each)
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and multiple thin tephra layers (< 20 cm) and MMD
(< 50 cm). Core recovery differed among the five drill
holes (79-99%), with loss occurring almost exclu-
sively in lower Unit 2 (Russell et al. 2016).

At Site 2, three cores (2A-2C) were drilled, to a
maximum depth of 138 mblf at Site 2A (Fig. 1d;
Electronic Supplementary Material [ESM] Fig. S2).
The drilling target was reached at 133 mblf, where the
transition from Unit 2 to Unit 1 is located. The lower
part of Unit 1 (from 133 to 70 mblf) consists of
lacustrine material comparable to the clay/sideritic
clay alternation seen at Site 1, Unit 1 (Russell et al.
2016). The upper 70 m are dominated by normally

Site 1B Site 1F

graded silts (MMD with 0.8 m thickness maximum)
and contain up to 3-m-thick tephras. These tephras are
much thicker than those observed at Site 1, possibly
because they contain reworked material associated
with MMD. Core recovery differed among the three
drill holes (83-99%; Russell et al. 2016).

Physical properties of sediments
Downbhole geophysical logging was conducted at Sites
1B, 1F, and 2C, using a set of downhole logging

equipment provided by the Leibniz Institute for
Applied Geophysics (Fig. 2; Table 1). These included

Site 2C

"~ Lake surface

Lake floor

1 [—1 */\/\/\
157 mbll
—_— - 162 mbll
202 mbll
GR
Temp/Sal
R
Vp
BHTV
MMS
4 If
149 mb 149 mblf

Fig. 2 Logging scheme at Sites 1B/F and 2C. First, specific
variables were measured through the drill pipe (spectral gamma
ray, temperature and salinity). Then, drill pipes were pulled out
partly to sustain hole stability in the upper part, but open-hole

Table 1 Downhole logging tools used at Lake Towuti

136 mblf

conditions for the measurements in the lower section. For the
second run, drill pipes were pulled almost completely from the
hole. mbll = meters below lake level; mblf = meters below lake
floor. Abbreviations of logged variables are shown in Table 1

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
BHTV—FAC40 Televiewer, ALT Acoustic imaging of borehole-wall BHTV
Dipmeter ADIP A21, Antares Caliper, orientation of borehole, dip of strata 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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spectral gamma ray (GR; including U, K and Th
concentrations), magnetic susceptibility (MS), resis-
tivity (R), sonic velocity (Vp), dipmeter (Dip) and
ultrasonic imaging of the borehole walls. Since all
measurements, except spectral gamma ray, need an
open hole, drill pipes were pulled successively after
each run (Fig. 2). Geophysical datasets were recorded
and partly pre-processed on site, using the software
Geobase® (Antares, Germany).

Further processing was conducted using Wellcad©
(Advanced Logic Technology, Luxembourg). The
whole-core logging datasets for cores from each of
the three holes were adjusted to match the depths from
borehole logging data and spliced to generate com-
plete downhole logs (Fig. 3). Matching magnetic
susceptibility data from multi-sensor core logging
(MSCL) and downhole logging measurements
enabled correlation of the sediment core to true depth
measured from downhole logging, referred to as
“meters below lake floor” (mblf). This also enabled
matching core descriptions and logging data. Instan-
taneously deposited layers like tephras and MMD,
referred to as “event layers,” can confound signals
used for cyclostratigraphic analysis (described below)
if they are thick enough, and therefore have to be
“removed” from the record. Overall, more than 20
tephra layers with thicknesses between 0.7 and
19.3 cm, and about 20 MMDs, from 1.5 to 46.5 cm
thick, were described in the sediments from the
lacustrine facies (Unit 1) at Site 1B. Exclusion of
event layers leads to artificial shortening of the cored
succession and thus to a synthetic depth (“depth*”). In
the case of data from the lacustrine facies at Site 1B,
the total depth shrinking represents 3.65 m of the total
98 m.

To limit the influence on calculations caused by
diagenetic processes or post-drilling effects, downhole
logs were linearly detrended. The consequence is that
absolute measured values were converted to values
relative to the median. The mentioned effects can
cause trends in downhole logs with depth, which in
turn may be problematic for statistical analyses. Such
effects include compaction (generally increases with
depth) or interaction of drilling fluids with the
borehole wall (increases with time of sediment
exposure to fluids). For example, the R-log at site 1B
shows an increasing linear upward trend toward the
lake bottom (Fig. 3). Higher values at the top of the log
can be explained by lake water intrusion into the
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Fig. 3 Downhole logging variables, core description (*Lithol-»
ogy description is simplified here, for more information see
Russell et al. 2016) and water content of NMR laboratory
measurements from Site 1B. All logs are raw data. A change in
physical variables at ~ 98 mblf indicates the transition from
pre-lacustrine to lacustrine facies. Depth in meters below lake
floor (mblf). GR total gamma radiation with concentrations of U,
Th and K; MS magnetic susceptibility; R resistivity; Vp acoustic
velocity; Sal salinity; Temp temperature; We total total water
content

borehole. Vuillemin et al. (2016) and Lehmusluoto
et al. (1995) reported the conductivity of Lake
Towuti’s water varies between 175 and 400 puS/cm
(57 Qm and 25 Qm, respectively). Migration of these
waters into the drill hole and partly into the sediments,
can result in higher measured R-values.

Cluster analysis was performed to construct con-
tinuous, artificial logs, based on their physical prop-
erties derived from detrended downhole logging data
(GR, Th/K-ratio, MS, R, Vp). The software utilized
was the WinSTAT® software for Microsoft® Excel
and the cluster distance measure used was Ward’s
method (Ward Jr 1963). Based on the resulting
dendrogram, a specific number of classes was defined
and average values for logging variables were calcu-
lated for each class. Analyses were conducted for
complete-depth logs or shorter sections of special
relevance (i.e. 10-98 mblf at Site 1B, representing the
lacustrine facies). Since not all variables were avail-
able for all sites and depths (Fig. 2), several config-
urations of variables and methods were tested to
achieve a useful classification of sediments.

Cyclostratigraphy

Results were generated using the ‘astrochron’ package
for the R programming language (Meyers 2014; R
Core Team 2020). Amplitude spectra were created for
intervals of interest. Tracking high-amplitude peaks
and relating these to the 110-ka eccentricity (the
combination of the 95-ka and 125-ka cycles), the 41-
ka obliquity and the 21-ka precession cycles can be
used to determine fluctuations in sedimentation rates
over depth, assuming these cycles control sedimenta-
tion (Eq. 1). Sedimentation rates (SR in cm/ka) for
each depth can be calculated using the period (P in ka)
of the assumed orbital cycle and the frequency (f in 1/
m) tracked in the amplitude spectra.
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SR:%*]‘ (1)

Together with radiometric age control points, the
SR calculations lead to an age-depth model for the
Lake Towuti record. After examining the logging
variables, astrochronological analyses were conducted
using the MS from downhole logging measurements
because it appears to reflect orbital cycles most clearly
and distinguishes between the major sediment types,
i.e. clay and sideritic clay. The relative age-depth
estimations from cyclostratigraphic analysis are
anchored to absolute ages derived from radiometric
dating. In Lake Towauti, this reference value is a tephra
(T18) at a depth* of 72.05 with an age of
797.3 £ 1.6 ka (Russell et al. 2020). Additionally,
23 "*C measurements from a piston core close to Site 1
indicate more rapid sedimentation rates in the upper
9 m of the sediments. The oldest '*C age in this core
is ~ 45 ka at ~ 9 mblf (Russell et al. 2014).

Event layers (MMD and tephra) are instantaneous
deposits and contain a negligible amount of time with
respect to cyclostratigraphic determination. Event
layers, if not removed from the record, would lead to
an overestimation of sedimentation rates (see “Phys-
ical properties of sediments”). Even after removing
the event layers, the data still contain artefacts of these
events caused by the slopes of the peaks originating
from these layers. Those border effects were smoothed
using polynomic regression (ESM Fig. S1). The
importance of careful data pre-processing becomes
clear when the corresponding amplitude spectra after
each cyclostratigraphic processing step are compared.
Smoothing of border effects has a particularly high
impact on the quality of the spectra (ESM Fig. S1).
The amplitude spectra were created using the sliding-
window method (Molinie and Ogg 1990; Weedon
2003). Multiple window lengths were tested to cover
the widest range in the downhole logging record, with
a focus on different orbital cycles.

Results
Logging features
The lower 98 mblf (Unit 2) of Site 1B are character-

ized by high-amplitude variations in the logged
variables (Fig. 3). Changes in the sediment properties
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are evident at 98 mblf, at the Unit 2/Unit 1 boundary.
GR, and especially MS, indicate this change by
showing less distinct alternations in the upper Unit
1. Vp also decreases to values lower than 1500 m/s
instantaneously.

However, above 98 mblf (Unit 1) greatest variabil-
ity is visible in GR and MS. The latter shows distinct
peaks, some of which can be correlated to tephra
layers and MMD in the core. Typical examples of two
peaks caused by MMD occur at ~ 62 mblf. Those
peaks can be related to MMD of 40 cm and 28 cm
thickness. An example of a typical peak in MS and GR
caused by tephra can be observed at ~ 27 mblf
(Fig. 3). Low MS and high R are correlated to the beds
of diatomaceous ooze. Values for Vp are below the
velocity of sound in water (~ 1500 m/s) and show an
increasing trend towards the top. Sideritic clay has the
lowest Vp, which contradicts the lowest porosity,
measured by nuclear magnetic resonance (NMR). A
similar contradiction is evident in diatomaceous ooze.
There, the slightly greater Vp values are accompanied
by high water content, i.e. high porosity.

Two vertically confined horizons in Unit 2
(132-127 and 103—-101 mblf) do not follow the pattern
in logging data observed elsewhere in the Site 1
stratigraphy. The deeper interval, from 132 to 127
mblf, is characterized by low GR, but considerably
higher values of MS, R and Vp, whereas the more
recent, from 103 to 101 mblf, is characterized by low
GR and MS. The rise in salinity of the borehole fluid at
127 mblf is noteworthy. Caliper measurements show
an increase in borehole diameter at 142—139 mblf.

Site 2C shows patterns of logged variables (ESM
Fig. S2) similar to Site 1, but a different lithology
(Russell et al. 2016), composed of clays with two
diatom layers in the lower ~ 70 mblf, and coarser-
grain MMD in the upper part. The clayey layers in the
lower part show slightly higher GR than the upper 70
mblf. MS has the largest variance in the record and
decreases throughout the lower part, but increases in
the upper 70 mblf. The same holds for R, although the
changes are not as pronounced. In general, values for
most variables in clays and MMD are rather constant,
with minor trends. The first exceptions are two layers
of diatomaceous ooze, which show clearly lower MS
and slightly higher R, similar to Site 1B. The second
exceptions are tephra layers. Within the MMD, they
are clearly connected to peaks in GR. This is different
from tephra layers in clayey material from Site 1 or 2,
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where the most suitable variable for this purpose is
peaks in MS. Vp and R are also distinctly linked to
tephra layers, but associated peaks are less evident.

Cluster analysis
Site 1B

Evaluation of the first cluster analyses from 141 to 13
mblf indicates a major change in lithology at ~ 100
mblf (ESM Table S1). This agrees with core data from
Russell et al. (2016), who described a shift from a
fluviolacustrine sediment (gravels, sands, peats and
silts) to lacustrine and clay-rich facies around this
depth.

Subsequently, cluster analyses were conducted for
each unit individually (above and below ~ 100 mblf)
to improve characterization of sediment types. Anal-
ysis was conducted using detrended GR, MS, R, Vp
and the Th/K-ratio. Clusters were divided, based on
their physical properties, into four (A-D) or three
classes (E-G), each representing a lithology type
(Fig. 4).

Cluster analysis I (Site 1B, 98—13 mblf, lacustrine
facies)

The log created from cluster analysis is dominated by
classes A and B, which together make up more than
90% of the upper lacustrine facies (Fig. 4, left). Class
B has slightly higher GR and lower MS than class A,
but in general they differ only slightly from one
another. This makes it difficult to link them to core
description data. Class C stands out by virtue of its
high R, and represents diatomaceous ooze layers.
Many thin layers of class D are distributed in the log.
Although representing only 2.2% of the total log, they
show clearly higher values of MS and Th/K-ratio than
other classes. Compared to the lithologic description
from core analysis, those layers match to some of the
thicker silty layers interpreted as MMD by Russell
et al. (2016). Attempts to identify tephra layers by
defining more classes failed, mainly as a consequence
of the low thickness of tephra layers (mean thickness
of ~ 4.2 cm) relative to the resolution of downhole
logging measurements.
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F 16.4 9.6 10.8 1536 75 133
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Fig. 4 Created cluster logs from Site 1B (left) and Site 2C
(right) compared to core description data. Physical properties of
the cluster log are given in tables below. Roman numerals stand
for one cluster analysis each. The dashed line indicates the
border of the two clustered sections at each site
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Cluster analysis II (Site 1B, 141-100 mblf,
fluviolacustrine facies)

The classes as derived from cluster analysis differ
mainly with respect to their GR. Class E is character-
ized by high GR and dominates the section (~ 72%).
Class Fis characterized by medium GR, but low MS. It
can be connected to peat layers. Major core loss in the
fluviolacustrine facies made it difficult to make
definitive conclusions. Class G is characterized by
low GR and higher MS, R and Vp. Missing core
material in the interval 132.5-126 mblf prohibits
verification with a specific sediment layer.

Site 2C

As at Site 1B, two separate cluster analyses were
conducted using detrended data for the upper and
lower lithologic units. Since neither cluster analysis
over the full log (135-13 mblf), nor major shifts in
logged parameters (ESM Fig. S2) indicated changes in
lithology, the decision about the coverage of the
sections for cluster analyses was based on the core
description from Russell et al. (2016). Division into
classes was based on physical properties. The upper
part, 68—13 mblf was divided into three classes (A-C),
whereas the lower part of the section was divided into
four classes (D-G, Fig. 4, right).

Cluster analysis I1I (Site 2C, 68—13 mblf, mass
movement deposits MMD)

The upper 68 m of sediments at Site 2 consist mainly
of MMD. Compared to class A, class B has lower GR
and higher MS. Comparison of cluster classes with
core data highlights the limit of cluster analysis in this
section. A clear correlation of class A or B to lithologic
units is not possible here. In contrast, class C can
clearly be connected to thick tephra layers in the core.
It is characterized by high GR and R.

Cluster analysis 1V (Site 2C, 135-68 mblf, lacustrine
facies)

The log of this depth interval is dominated by class D
(~ 68%), with intermediate GR and higher MS. It
corresponds to clay from the core description. Class E
has the lowest GR and the highest R and is correlated
to diatomaceous ooze in most parts. Class F is
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characterized by high GR and low MS. Many tephra
layers correlate to this class. In general, tephra layers
in the core are thin, but some of the thicker ones are
identifiable in the cluster log. Class G appears as a
single 30-cm-thick layer at 104 mblf. Compared to
other classes, it has extraordinarily high GR, MS and
Vp values. The latter indicate a dense material, which
is consistent with core analysis that described an
interbedded sandstone/shale layer at this depth.

Cyclostratigraphy

The MS and GR records of the lacustrine facies at Site
1B were used for cyclostratigraphic analysis. The MS
record that was used has a length of 84 m, from the
base of the lacustrine facies at 98 mblf to 10.4 mblf
(Fig. 3), minus 3.65 m of excluded event layers. The
analyzed GR record spans from 94.4 to 2 mblf and thus
covers a broader depth range. We found a window size
of 17 m for the sliding-window method (Molinie and
Ogg 1990) useful, therefore the depth range of
amplitude spectra was 85.9-18.9 mblf for MS and
85.9-10.5 mblf for GR, with half of the window size
removed from each end of the record (ESM Fig. S3).
The step size of the sliding window was set at 0.5 m,
resulting in an estimated sedimentation rate every 0.5
m.

Assuming an average sedimentation rate of 9.0 cm/
ka for the investigated interval, suggested by the date
on tephra T18 of 797 ka at 72.05 mblf (Russell et al.
2020), the frequencies at which orbital cycles should
be expressed in the amplitude spectra are 0.10 cycles/
m for a ~ 110-ka eccentricity component (combina-
tion of 95/125 ka cycles), and 0.27 cycles/m for the
41-ka obliquity cycle. Precession-related cycles do not
appear in the spectra and therefore, the high-frequency
area is not illustrated (Fig. 5, ESM Fig. S3).

The amplitude spectra of the MS and GR datasets
do not allow unambiguous interpretation of
astrochronological cycles over the full depth. There-
fore, multiple correlation options were explored (ESM
Fig. S3). In the case of MS, the tracked amplitude peak
splits three times, resulting in major shifts of more
than 20 cm/ka in SR estimations in those intervals
(Fig. 5, ESM Fig. S3 left).

In the case of GR, two distinct peaks at approxi-
mately 0.09 cycles/m and 0.24 cycles/m, appear in the
amplitude spectrum (ESM Fig. S3 right). SR for both
were calculated assuming that the corresponding lines



J Paleolimnol

10 g_/-
é 200
7
20
% 9 300
30 ;{ 10
E T 1 £ o400
40 = P
o ? 1z £ os00 2
£ < 14 L
E s0 !
* i 15 600
E ——
o
& 60 S
5 17 700
70
— T18 19 -
80 .
= 900
T LA L B B
%0 0 0.1 02 6 10 14 s 4 3
Frequency Sed.-rate Benthic 6'%0 [%o]
B 40 50 [cycles/m] [em/ka]
MS [1E-4SI]

Fig. 5 Comparison (from left to right) of lithology, the
magnetic susceptibility without event layers (MS), the ampli-
tude spectrum, estimated sedimentation rates, the LR04 benthic
stack (Lisiecki and Raymo 2005) and age, including marine

in the amplitude spectrum are related to the 110-ka
eccentricity cycle (dark red and red line), whereas the
orange line is interpreted as a 41-ka obliquity cycle.
Major differences are expressed in the interval from 75
to 45 mblf, where sedimentation rates for the dark red
line drop to < 5 cm/ka (Fig. 5, ESM Fig. S3 right).
The calculated SR enabled construction of age-
depth models for the investigated intervals (ESM
Fig. S4). Tied to one data point (tephra T18 with a date
of 797 ka at 72.05 mblf depth*, from Russell et al.
2020), the constructed age-depth graphs vary. Three of
the age-depth models form a cluster, with ages of
approximately 370 ka at a depth* of 20 mblf. Assum-
ing this date is accurate, SR in the upper 20 mblf would
have to slow considerably. One age-depth model
calculated from GR intersects the depth axis at 20 mblf
and can thus be excluded from further discussion. One
model, calculated from MS, reached an age of
approximately 131 ka at a depth of 19 mblf (Fig. 6,
ESM Fig. S4). The maximum calculated age of 903 ka
at a depth* of 85.9 mblf resulted in a total span of

isotope stages. Tephra T18 in pink is the age-control point
(Russell et al. 2020). Marine isotope stages (MIS) are colored in
blue for glacials and brown for interglacials. (Color
figure online)

772 ka and represents the time from late MIS 23 to late
MIS 6.

Discussion

It is difficult to interpret paleoenvironmental condi-
tions from the downhole logging data. Differences in
the main lithologies of the lacustrine facies are
reflected in relatively weak changes in sediment
physical properties. Hence, distinction between the
main sediment types “clay” and “sideritic clay” is
impractical from single downhole logging measure-
ments alone. Particular sediment types, like diatoma-
ceous ooze and MMD, show strong geophysical
characteristics that make them interpretable. High-
amplitude variations in downhole logging data from
the fluviolacustrine facies may be caused by rapid
environmental changes and/or tectonically driven
variability in the depositional sedimentary system
(Russell et al. 2016).
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Fig. 6 Age-depth model from interpreting cyclicity of the
magnetic susceptibility data, as related to ~ 110-ka eccentric-
ity. Effects of & 10% uncertainty in amplitude tracking is
indicated as thin lines. Orange data are '*C ages from Russell
et al. (2014). The dated tephra (T18) is displayed in pink. Note
the increase of uncertainty with increasing distance to T18.
Inset: detailed view of '“C ages in the upper 10 m (50 ka) of the
record from a piston core collected close to Site 1. (Color
figure online)

The strongest peak in Vp coincides with distinctive
peaks in R and MS, but a drop in GR in Unit 2 at Site
1B (~ 130-126.5 mblf). This leads to a clear
separation from other classes in the cluster analysis
(Figs. 3, 4). The mentioned variables indicate the
presence of an exceptional layer consisting of dense
material with high R and high MS, e.g. a lateritic
paleosol. The abrupt increase in conductivity, from ~
0.27 to 0.55 mS/cm may have been caused by humic
acids leaking from a peat layer into the borehole.
Major core loss in this part of the profile, however,
prohibits a clear determination. A second layer with
similar values occurs at ~ 150-148 mblf. As the
sonic tool was operated only at depths above 141.5
mblf, this was not part of the cluster analysis.

Cluster analysis
Cluster analysis is a useful tool for identification and
classification of lithologic units. One constraint,

however, is that sediment cores are necessary to
verify initial results. Nevertheless, if successful, the
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results of the cluster analysis can be transferred to
other holes and logging sites, and fill coring gaps.
Careful preprocessing to eliminate external factors,
e.g. interaction of drilling fluids with the borehole
wall, are indispensable for robust results.

The characteristics of lithologic units are given in
Fig. 4. The logs were detrended before analysis, but
the relative values of variables still provide informa-
tion about sediment characteristics. Values of class A
and B in cluster analysis I (Fig. 4, Site 1B, 13-98
mblf) illustrate the difficulties of differentiation. The
two classes are similar in their physical properties,
whereas classes C and D each have at least one
physical variable that distinguishes them from the
other classes. In the lower part of Site 1, lithologies
and thus physical properties of the sediments vary
substantially. This results in stronger differentiation of
lithologic units. Several layers of class F can be
assigned to peat in the core. The exceptional layer
discussed earlier appears as a single ~ 3.5-m-thick
layer (class G) around ~ 130 mblf. Cluster analysis
from downhole logging data is the only option to
investigate depths with major core loss, for instance
cluster analysis II from 141 to 100 mblf at Site 1B
(Fig. 4).

Heterogeneity of the MMD at Site 2C illustrates the
limits of cluster analyses. Although different physical
properties (especially MS) result in classification into
class A and B, similarities to core description are not
apparent. Only class C can be linked clearly to tephra
in the core. After applying the same cluster analysis
properties to the lacustrine facies at Site 2 (cluster
analysis IV, Fig. 4, Site 2C, 135-68 mblf), the
comparison of cluster analysis and core lithology is
similar to the lacustrine facies at Site 1 (cluster
analysis I, Fig. 4, Site 1, 98—13 mblf), except for the
identification of tephra layers, which tend to be thicker
at Site 2 and thus better recorded by downhole logging
tools.

Data from core scanning (X-ray Fluorescence or
MSCL) would improve results, but problems like core
loss or small depth shifts caused by sediments slipping
in the core liners during recovery/transport preclude
the creation of continuous data sets. The use of more
downhole variables (e.g. element concentrations,
neutron porosity) is recommended, but not imple-
mentable in international drilling campaigns because
of the difficulty of exporting/importing radioactive
sources.
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Cyclostratigraphy and an age-depth model

The sedimentary succession in Lake Towuti is the
result of interactions among the geologic, hydrologic
and sedimentary systems in the lake catchment.
Factors including tectonic activity and lake connec-
tivity might influence the signal in Lake Towuti, given
their potential to change the geologic and hydrologic
environment around the lake. Another factor that can
modify the MS signal is the formation of magnetic
minerals during diagenesis. Such changes are, how-
ever, at least partly climate-driven and thus contain
information about local climate evolution and astro-
nomical insolation forcing. Here we discuss the extent
of the orbital imprint and factors that may affect the
orbital signal in the sediments.

A reasonable age-depth model was derived from
the MS record, by tracking amplitude peaks with
frequencies between 0.06 and 0.19 cycles/m, and
interpreting them as a ~ 110-ka cycle (Fig. ),
related to eccentricity or glacial/interglacial climate
variability. Anchored to the dated tephra from Russell
etal. (2020), and combined with '*C data from Russell
et al. (2014), the age-depth model shown in Fig. 6
covers more than 77% of the history of the lacustrine
facies at Site 1B, clearly improving our understanding
of the age and extent of the sediment record in Lake
Towuti. Other configurations of orbital cycles, and
interpretations of age-depth models from MS or GR
were tested, but failed to describe the sedimentolog-
ical history of Lake Towuti in the published strati-
graphic context (ESM Figs. S3 and S4).

Our results, referring to the dominance of a 110-ka
cycle, agree with the eccentricity-related, glacial-
interglacial cycles that were the predominant driver of
global climate over the last ~ 1 Ma. Also, several
other regional records from the Solomon Sea in the
southwestern Pacific were driven mainly by an
eccentricity component during the last ~ 1 Ma and
support our understanding of the regional changes in
the Indo Pacific Warm Pool (Chuang et al. 2018).
Records of IPWP sea surface temperature, derived
from foraminifera Mg/Ca ratios and/or alkenone
paleotemperature determinations, show a dominant
100-ka cycle similar to the benthic LR04 3'®0 stack
(de Garidel-Thoron et al. 2005; Herbert et al. 2010;
Lisiecki and Raymo 2005). Speleothem records from
northern Borneo, which span the last 160 ka, show
patterns of precession in their records (Carolin et al.
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2016), but like the Towuti record, these cycles play a
subordinate role to glacial-interglacial variability
(ESM, “Testing for particular cyclicities™).

It should be possible to resolve individual preces-
sion cycles in lake sediments from tropical environ-
ments. This, however, was not the case here, possibly
because of generally weak expression of precession in
sediments from Lake Towuti. In our opinion, complex
sedimentology, including different geochemical sig-
natures and tephra layers, prevent precession signals
from being identified clearly in downhole geophysical
logs. The signal of a 110-ka eccentricity cycle in our
interpretation shifts or vanishes at some stages in the
amplitude spectrum, which complicates robust, unam-
biguous interpretation. Two of those shifts appear in
the MS data at ~ 56 and ~ 26 mblf, where sedi-
mentation rates clearly differ between the paths in
amplitude tracking (Fig. 5).

Uncertainties of the cyclostratigraphy

The main uncertainty is caused by the complex
regional setting, where multiple factors can distort
orbital signals in the sediment. Enhanced biological
activity (diatomaceous ooze) and event layers (MMD/
tephras) cause major changes in the absolute amount
of deposited material. This can result in an apparent
rise of sedimentation rates, making frequency-track-
ing difficult.

The age model was constructed using only the
single dated tephra layer T18, with an age of 797 ka at
72.05 mblf depth* (Russell et al. 2020). The estimated
uncertainty is displayed in Fig. 6, where the effect of
a £ 10% shift in the tracked frequency results in an
age range of 131 + 67 ka at ~ 19 mblf. In general,
sedimentation rate estimates are based on tracking
individual peaks in the amplitude spectra. Peaks,
however, are characterized by a wider frequency range
because the window size here was 17 m, enabling
multiple options for tracking maxima. Also, the size of
the sliding window has an effect on uncertainty. The
peaks displayed at every step in the amplitude spectra
represent values averaged over the 17-m window size.
These uncertainties have to be considered when
developing and interpreting this age-depth model.

To interpret peaks in the amplitude spectrum as
eccentricity or obliquity cycles, we used the average
sedimentation rate of ~ 9 cm/ka, calculated between
T18, with an age of 797 ka at 72.05 mblf, and the
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water—sediment interface. This results in frequencies
of 0.10 cycles/m for the 110-ka eccentricity cycle, and
0.27 cycles/m for the 41-ka obliquity cycle. Com-
monly, SR changes over time, allowing a wider range
for interpretation of orbital cycles (e.g. a range of
0.18-0.06 cycles/m for the 110 ka eccentricity cycle,
with SR from 16 to 5 cm/ka).

Paleoenvironmental indications

The records of MS and benthic §'*0 seem to follow a
similar trend from MIS 17 to 12, but in other parts this
relation is not evident (MIS 19-17 and 10-6) or even
opposite (MIS 20 and 11; Fig. 5). According to
Tamuntuan et al. (2014), MS reflects the response of
the system to lake level fluctuation and thus, wetter or
dryer periods. This relationship seems to continue in
the younger part (MIS 9-6), though not as clearly.
Sideritic clay is restricted to glacials, despite the main
portion of the glacials consisting of clay (Fig. 5).
Enhanced bioproductivity during MIS 9 might have
resulted in diatom blooms leading to increased SR.
This can be seen in a peak in the SR at 36 mblf related
to a diatomite layer. Yet the two diatomaceous ooze
layers are a factor of uncertainty, since the exact
amount of time contributed to the normal background
sedimentation of clays is unknown. In the part of the
record older than MIS 10, the relationship between
clay type and glacial/interglacial variability is not very
clear. Although there is clear cyclicity, the patterns
can only tentatively be matched to LR0O4. This leads to
the conclusion that factors other than the glacial/
interglacial cyclicity played an important role in the
deposition of certain clay types, and thus the oxidation
state, in the older section of Lake Towuti. These
factors include tectonically induced changes of the
basin structure, changes in the hydrological environ-
ment and/or diagenetic processes. Quantifying these
factors is beyond this study, but should be evaluated to
establish the full context of sedimentary processes in
Lake Towuti. Despite several uncertainties in this
highly complex, non-linear sedimentary system, we
see distinct cycles related to eccentricity and/or
glacial/interglacial climate variability (a combination
of 125-ka and 95 ka cycles) in our record. Even if the
complete record of Lake Towuti’s history was not
covered by our investigations, we obtained a useful
estimate of the range in SR, between 5 and 14 cm/ka.
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Conclusions

Downhole logging data from Lake Towuti are valu-
able, but challenging in several aspects. First, low
variability of physical properties of the sediments
makes it difficult to distinguish between different
classes in the cluster analysis. Cluster analysis,
however, is an appropriate tool to distinguish major
lithologic units, and is the only way to characterize the
sediment physical properties and make determinations
about lost core material (Fig. 4).

A second challenge is identification and interpre-
tation of sedimentation cycles, a difficulty caused by
the shortness of the record. The investigated magnetic
susceptibility record has a length of 84 m and a
maximum age of 903 £ 11 ka. This rather short
record, with its limited number of sedimentary cycles,
complicates astrochronological interpretation. Never-
theless, a link between different sedimentary environ-
ments and marine isotope stages is recognizable, albeit
not very clear. The time interval spanning the logging
datasets is dependent on the selection of the tracked
amplitude in the spectra. For the magnetic suscepti-
bility record, the time span covered by the tracked data
is 772 4+ 67 ka and likely represents Lake Towuti’s
sedimentological history most accurately (Fig. 6).

The third challenge is the determination of the
calculated sedimentation rate, and the age-depth
model, using only a single fixed data point (tephra
T18). Despite accurate measurement of the date on
this layer, errors of just a few 1000 years may result in
shifts of the whole record. Thus, additional age-
control points are required to construct a more detailed
age-depth model from the logging data.
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Robust age-depth models are essential for developing sophisticated interpretations of the sedimento-
logical history in lake basins. In most cases, such models are created using an integrated geoscientific
approach, including biostratigraphy, magnetostratigraphy and radiometric dating. In this study, we
present an approach to construct age-depth models based on integrating downhole logging and seismic
survey data when there are no samples available for dating. An example of this method is shown using
data from Lake Ohrid (North Macedonia/Albania).

First, we interpret seismic data and correlate downhole logging data from three sites - DEEP, Pestani
and Cerava - to the LR04 benthic stack. We cross-check the resulting age-depth models using cyclo-
stratigraphic methods, which deliver sedimentation rates that are on the same order of magnitude. The
maximum age of the investigated sediments is based on lacustrine seismic marker horizons and is
approximately 1 million years at DEEP/Pestani and 0.6 million years at Cerava.

In the second step, we construct an artificial lithological log based on cluster analysis using the
physical properties of the sediments and integrate it with the age-depth model. This allows an initial
interpretation of the sedimentological history at Cerava and Pestani.

Our methodological approach cannot substitute classical sediment core investigations, but we suggest
that this two-step approach be applied to future projects of the International Continental Scientific
Drilling Program. It can rapidly provide preliminary results on age and sediment type and is particularly
useful when datable material is not available.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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good temporal resolution of the proxy data. The uniqueness of lake
systems is challenging for individual studies and drilling projects,
but the results offer the possibility to precisely determine the in-
fluence of local climate variability (Litt and Anselmetti, 2014;

1. Introduction

1.1. Aim of the study and state of the art

Many studies have been carried out on sediment cores from
marine and terrestrial environments to gain insight into climate
dynamics and its forcing factors during various geological periods.
For the Quaternary, lakes have proven to be valuable climate ar-
chives since sedimentation rates are usually high, which yields
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E-mail addresses: Arne.Ulfers@leibniz-liag.de (A. Ulfers), Christian.Zeeden@
leibniz-liag.de (C. Zeeden), wagnerb@uni-koeln.de (B. Wagner), sebastian.krastel@
ifg.uni-kiel.de (S. Krastel), Hermann.Buness@leibniz-liag.de (H. Buness), Thomas.
Wonik@leibniz-liag.de (T. Wonik).
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Melles et al., 2011; Russell et al., 2016; Stein, 2012; Verschuren et al.,
2013; Zolitschka et al., 2013).

A crucial step towards interpreting lacustrine sediment records
is the development of robust age-depth models. Currently, age
estimates in lake drilling projects are often generated using core-
based investigations (e.g., Goldstein et al., 2020; Nowaczyk et al.,
2013; Shanahan et al, 2013; Stockhecke et al., 2014). This
approach is time consuming and can be successful only if suitable
core material is available. In some cases, tuning of geophysical
downhole logging data has also been applied (e.g., Baumgarten
et al., 2015; Baumgarten and Wonik, 2015). Further development

0277-3791/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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of an approach to gain chronological information independent of
core material can be advantageous for future drilling projects,
especially early in a drilling project, when detailed age models
based on core material are not available.

One aim of this study is to evaluate the potential, challenges and
limits of age-depth models created by using only geophysical
downhole logging and seismic data. An example of this is shown for
three drill sites (DEEP, Pestani, Cerava) in Lake Ohrid (North
Macedonia/Albania). Age-depth models are created through cor-
relation to a reference record. The reliability of the correlation is
supported by seismic horizons; the quality of the age-depth models
is evaluated using cyclostratigraphic methods on downhole logging
data. A second goal is to integrate an artificial lithological log
derived from cluster analysis with the time series. This link be-
tween the sediment characteristics and the age-depth models
provides the first insights into the sedimentological history at the
Pestani and Cerava drill sites, as there are no published records for
those two sites. A flowchart summarizing the individual steps of all
analyses is in the supplement (Fig. S1).

1.2. Site description and sedimentological characterization

Lake Ohrid is located on the Balkan Peninsula between Albania
and North Macedonia. From north to south, it extends ~30 km, and
from east to west ~15 km, with a maximum water depth of 293 m in
the central basin (Fig. 1, Lindhorst et al, 2015). The highest

41°00' N 41°10'N
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proportion of water input comes from karst aquifers (~50%); direct
precipitation and riverine inflow each account for ~25% (Matzinger
etal.,2007; Wagner et al., 2010). The surface water has an electrical
conductivity of ~200 pS cm~' (corresponding to a resistivity of
~50 Qm; Matter et al., 2010). Lake Ohrid is considered Europe's
oldest lake, and thus, it is a valuable archive for studies that focus
on changes in local (hydro)climate during the last 1.36 Myr (e.g.,
Francke et al., 2016; Wagner et al., 2014, 2019).

Sedimentation processes vary between the investigated drill
sites DEEP, Pestani and Cerava (Fig. 1). Francke et al. (2016) pre-
sented a detailed sedimentological description of the upper ~250 m
from the DEEP site. The sedimentary record consists of mainly
undisturbed, continuous, hemipelagic sediments: These include
calcareous silty clays deposited during interglacials, with higher
primary production and reduced mixing of bottom waters, and
clastic, silty clays deposited during glacials, when low primary
production and enhanced mixing persisted. Thin (<5 c¢m), coarse
silt/fine sand mass-movement deposits (MMDs) are interspersed
sporadically, and several layers of volcanic ash allow tephrostrati-
graphic analysis (Francke et al, 2016; Leicher et al, 2016,
submitted; Wagner et al., 2019).

A high-resolution, core-based age-depth model for the last 1.36
Myr is available for the DEEP site (Francke et al., 2016; Wagner et al.,
2019). This age-depth model is based on the correlation of tephra
with radiometrically dated proximal ash layers, tuning of the total
organic carbon content to orbital parameters and cross-evaluation

20

Altitude (m)

293

20°50' E

Fig. 1. Digital elevation map and bathymetric overview of Lake Ohrid. Drill sites investigated in this study are marked by yellow circles. Note the position of Cerava in relatively
shallow water on the paleodelta close to the southern shore. In comparison, DEEP and Pestani are in the central basin and on its flank, respectively. Modified after Wilke et al.
(2020); inset after Lindhorst et al. (2012). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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of two paleomagnetic age reversals. To date, cyclostratigraphic
analysis of downhole logging data has been carried out only on the
upper part of the record from the DEEP site, where an age-depth
model for the last 630 ka was developed using sliding-window
analysis of gamma ray data (Baumgarten et al., 2015).

Age-depth estimates or lithological descriptions of the sediment
records from the Pestani and Cerava sites have not yet been pub-
lished. Seismic interpretations of the Ohrid basin data have focused
on the sedimentary and tectonic evolution of the lake (Lindhorst
et al. 2010, 2015; Reicherter et al., 2011) and specialized topics
such as MMDs (Lindhorst et al.,, 2012; Wagner et al., 2012b).

2. Material and methods
2.1. Fieldwork

An International Continental Scientific Drilling Program (ICDP)
campaign in 2013 was based on several pre-site studies from the
early 2000s onwards, which included investigations of short cores
(e.g., Matzinger et al., 2007; Vogel et al., 2010a; Wagner et al., 2008)
and hydroacoustic surveys (e.g., Lindhorst et al., 2012, 2015;
Wagner et al., 2008). During the 2013 drilling campaign, several
sites were drilled, some with parallel holes, and composite sedi-
ment cores were established. The DEEP site in the central basin
(243 m water depth) was selected to obtain an undisturbed and
continuous stratigraphic record. The maximum drilling depth was
569 m below the sediment surface, with a core recovery of 95%. The
aim at the Pestani site (262 m water depth) was to reach sediments
deposited directly above the bedrock at approximately 200 m
below the sediment surface. The maximum drilling depth reached
194.5 m with a sediment core recovery of 91%. The Cerava site is
located on a lake terrace (125 m water depth) close to the southern
shore and was selected to investigate lake level fluctuations that
have been indicated by clinoform structures in the subsurface. The
maximum drilling depth was 90.5 m below the sediment surface,
with a core recovery of 97%. All holes were drilled with a diameter
of 149 mm and water-based mud (Baumgarten et al., 2015). Further
information about the drilling operations is given in Wagner et al.
(2014).

Geophysical downhole logging by the Leibniz Institute for
Applied Geophysics acquired continuous datasets of physical
properties at the DEEP, Pestani and Cerava sites. The measured
parameters were natural gamma radiation (GR), including its
components (uranium (U in ppm), potassium (K in %) and thorium
(Th in ppm) concentrations), magnetic susceptibility (MS), deep
resistivity (R), seismic velocity (Vp), borehole diameter (Cal) and
borehole inclination (Dip) (Fig. 2, S2, S3 and S4). As common in
unconsolidated (lacustrine) sediments, the GR probe was run inside
the drill pipe, while all other probes were run in the open hole after
successive lifting of the drill string. We consider the attenuation of
the GR signal through the drill pipe as negligible, because it is a
systematic error and does not affect the relative change of GR be-
tween the different sediment types. The uppermost 30 mblf could
not be logged by tools which require open-hole conditions, since
drill pipes were kept in the hole to allow downhole probes to enter.
This procedure minimizes the risk of a borehole collapse and
associated issues such as the inaccessibility of deeper sections or
even probe loss. After geophysical downhole logging was
completed, all drill pipes were pulled out and the well is aban-
doned. The vertical resolution of the geophysical downhole logging
tools that were used is in the range of ~10—20 cm. A detailed
description of logging procedures (e.g., logging speed, diameter of
probes, etc.) is given in Baumgarten et al. (2015). General principles
of measurements are described by Rider and Kennedy (2011). Data
acquisition and (pre)processing were carried out using GeoBase®
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(Antares, Germany) and WellCAD® (Advanced Logic Technology,
Luxembourg).

Multichannel seismic survey data used in our study were
recorded with different air gun specifications in 2007 and 2008. In
2007, acquisition gave deeper penetration, whereas in 2008, a
higher resolution was preferred (for details see Lindhorst et al.,
2015). A total of 47 seismic lines were collected of which we used
six in this study (Fig. S5). We used OpendTect© software for seismic
interpretation in this study.

2.2. Data processing

The time-depth conversion of seismic profiles was executed
with SeisSpace® ProMAX® Seismic Processing Software. The sound
velocity of sediments is from average-filtered Vp logs at each site
(Figs. S2, S3 and S4), and one average Vp value was calculated every
10 m (Table S1). We used 1480 m/s as the sound velocity of the
water body. The time section was shifted until the lake floor
reflection coincided with the bathymetric depth after conversion to
account for errors in trigger times and/or deviating sound velocities
in the water column. The conversion is not valid for complete
profiles but restricted to the proximal areas of the drill sites because
the complex geologic setting (especially in the lateral parts of the
basin) suggests lateral velocity variations. Thus, the correlations
between borehole seismic profiles were conducted in the time
domain (Figs. S6 and S7).

We traced lacustrine sediment layers from the DEEP to Pestani
and Cerava sites. Suitable horizons have to meet two main criteria:
They must be continuous between the respective sites, i.e. neither
interrupted by faults nor by sedimentary structures like slide de-
posits. They must be clearly distinguishable from adjacent layers.
Tracing was conducted semi-manually using automated tracing
(including visual verification) in the central basin and manual
picking of sediment horizons in complex settings. In automated
tracing, only some points (=seeds) of a horizon are picked and the
OpendTect© software follows the horizons to a certain threshold.
This technique enables fast tracking, provided that the two criteria
described above are fulfilled.

Cyclostratigraphic analyses and sedimentation rate estimates of
the upper part (0—240 mblf) of the DEEP site are discussed in
Baumgarten et al. (2015). Our cyclostratigraphic investigations
were carried out using the ‘astrochron’ package for the R pro-
gramming language (Meyers, 2014; R Core Team, 2020). The R code
is available in the supplementary material. To evaluate amplitude
variations, we used spectral analysis (evolutive harmonic analysis)
of (un)tuned records (Thomson, 1982) and wavelet analysis
(Gouhier et al., 2019). The latter was conducted using a morlet
mother wavelet. Tuned GR data was sampled evenly spaced at 0.5
ka resolution. Other more specific methods include ‘testPrecession’,
an astrochronological testing method, which compares observed
precession-scale amplitude modulation to that expected from the
theoretical eccentricity solutions. To reduce artificial eccentricity
modulations during tuning and data processing, this method im-
plements a series of filters and evaluates the statistical significance
of the results using Monte Carlo simulations (Zeeden et al., 2015).
The astronomical solution we used is from Laskar et al. (2004). We
applied the ‘timeOpt’, and the ‘timeOptTemplate’ methods to
investigate amplitude modulation and frequency ratios in strati-
graphic data and to further determine an optimal time scale for the
investigated record. In this study, we utilized linearly decreasing
sedimentation rate models with different means and slopes; each
of these represents a linearly decreasing sedimentation rate with
increasing depth (Meyers et al., 2019).

Cluster analysis was performed using WinSTAT® software for
Microsoft Excel®. We created continuous lithological logs for the
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physical properties (GR, Th/K, MS, R and Vp). The GR depends on
the overall detrital clastics content, while the Th/K ratio is a more
specific indicator for different types of clay minerals such as po-
tassium rich feldspar or heavy thorium-bearing minerals (Rider and
Kennedy, 2011). MS is determined by the magnetic response
(diamagnetic, paramagnetic and ferromagnetic) of the sediment
and is mostly used as an indicator for specific mineral composi-
tions. R and Vp are sensitive to porosity and texture of the sedi-
ments and give indications on e.g. sorting and grain size (Buecker
et al., 2000; Rider and Kennedy, 2011). We used Ward's method
as a cluster distance measure (Ward, 1963) and estimated the
physical properties for each class in the resulting dendrogram.
Subsequently, the classes were colour-coded, imported into Well-
CAD® software and compared with core description data (if
available).

3. Results
3.1. Logging data

The interval of interest for this study is 0—335 m below lake
floor (mblf) at the DEEP site. This interval represents the major part
of the lacustrine facies. The lower boundary is given by the inter-
connection of seismic horizons (Figs. S6 and S7). Although lacus-
trine sediments occur below this boundary, we refrain from
characterizing these parts because the correlation of horizons
based on hydro-acoustic data is not unambiguous (see chapter 3.2
Seismic correlation’). The logging data at this site show prominent
quasi-cyclicity (Fig. 2), which is particularly visible in the GR and its
components (U, K and Th concentrations, as published by
Baumgarten et al. (2015) for the upper 240 mblf). The period of the
cycles in the GR log decreases below ~260 mblf. MS and R show
similar cyclic patterns but are less distinctive above ~170 mblf than
below. The upper sections of the MS and R records are character-
ized by overall increases towards the top. Vp decreases from 38
mblf (top of log) to ~ 110 mblf, where it reaches a minimum of
1330 m/s. Below ~110 mblf, Vp values increase with depth. On
average, Vp is 1515 + 73 m/s in the investigated part of the record.
The caliper measurements are relatively constant with some minor
peaks and indicate widening of the borehole in the upper part,
which is characteristic of boreholes in unconsolidated material. The
inclination of <2.5° shows that the drill hole is relatively vertical.

For similar reasons as for DEEP (see above), the interval of in-
terest at Pestani is 0—121.5 mblf, while we investigate the complete
record (0—90 mblf) from Cerava. The GR and the U, K and Th con-
centrations at both sites feature similar cyclic patterns as those at
the DEEP site (Figs. S3 and S4). Compared with that of the GR logs,
MS and R show similar but less pronounced cyclicity. As at DEEP,
increasing values of MS and R occur towards the top in the upper
~70 mblf at Pestani. At Cerava, a sudden increase in R below ~76
mblf coincides with an amplitude change in MS. The sonic veloc-
ities at Pestani and Cerava are relatively constant and increase
slightly with depth. At both sites, the sonic velocities are low, and
Vp averages 1430 + 20 m/s (min = 1275 m/s; max = 1590 m/s) in
the interval of interest at Pestani and 1465 + 41 m/s (min = 1200 m/
s; max = 1730 m/s) at Cerava. The caliper measurements at Pestani
indicate that higher GR values correlate with smaller borehole di-
ameters, particularly in the upper ~100 mblf. At Cerava, this cor-
relation is much weaker and present in only the upper 60 mblf. In
general, the borehole diameter decreases with depth at both sites.
The inclination of both boreholes is commonly less than 5°,
defining almost vertical drilling paths.

At all sites, the GR log features the most distinct cyclic patterns
compared with other logged parameters. This is why we focus on
GR for cyclostratigraphic analysis and time estimates (Chapters 3.3
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‘Correlation of GR and the LR0O4 benthic stack’ and 3.4 ‘Cyclo-
stratigraphy’). For the construction of artificial lithological logs, we
combine various parameters to make inferences about sediment
characteristics (Chapter 3.5 ‘Cluster analysis’). The integration of
age information and sediment characteristics allows an initial
description of the sedimentological history at the investigated sites.

3.2. Seismic correlation

Fig. 3 shows depth-converted seismic profiles crossing the
investigated sites. While the sediment layers at DEEP are relatively
horizontal and well stratified, the geologic situation in the lateral
part of the basin is more complex. Disturbed sediments west of
Pestani impede tracing of some layers between Pestani and DEEP
(Fig. S6). However, certain horizons in the upper and lower parts of
the Pestani record can be correlated to DEEP, and age information
can be transferred. The dark blue horizon represents the lowermost
reliable reflector that connects DEEP and Pestani sites and thus
defines the limit of the intervals of interest for this study. Sediments
below this horizon are not marked by strong reflectors and inter-
fere with seismic multiples, making a reliable tracing of primary
reflectors impossible (Fig. S6).

The correlation of horizons between DEEP and Cerava is
hampered by various MMDs in the southern basin (southern part of
profile 0820 in Fig. S7). A fault system on the slope of the Cerava
plateau adds to the complexity of the setting, and unambiguous
tracing of horizons through this zone is impeded (profile 0826 in
Fig. S7). Nevertheless, the seismic correlation provides a rough
framework for the GR correlation in the lower half of the Cerava
record.

Despite not directly affecting the tracing of horizons, several
clinoform structures and/or MMDs close to Cerava add complexity
to the geology (southern part of profile 0804 in Fig. S7). The main
bodies of these structures are located several hundred metres south
of the drill site, but their lateral extensions reach the borehole. This
interbedding of a different sediment type has a direct influence on
the measured parameters in the downhole logs. Depths of all
seismic horizons are given in Table S2.

3.3. Correlation of GR and the LRO4 benthic stack

To establish a chronology of the Lake Ohrid sedimentation his-
tory, the GR logs from the DEEP, Pestani and Cerava sites were
correlated with the LR0O4 stack of Lisiecki and Raymo (2005; Fig. 4).
The correlation for the DEEP site follows Baumgarten et al. (2015)
and is now extended to ~1 Ma. Most parts of the records from
Pestani can also be correlated with the LR04 benthic stack. For
Cerava, an unambiguous correlation of the GR record with the LR0O4
benthic stack is not possible. The more complex geological setting
of the Cerava plateau directly influences the cyclic pattern of the GR
record. For example, the lateral extension of a clinoform structure
at approximately 70 mblf disrupts lacustrine sedimentation and
causes a disturbance of the GR signal. At Cerava, information from
the seismic correlation is necessary to give an approximate time-
frame for our interpretations.

Based on the GR log correlation, the sedimentation rates (SRs) at
all three sites were calculated in “cm/ka” for each marine isotope
stage (MIS; Fig. 4) using equation (1).

SR— ADepth [mblf]*100
n ATime [ka]
The mean SR at DEEP is 34.8 cm/ka. The linear trendline of the

SR shows an upward increase (dashed blue line in Fig. 4). Moreover,
the SR (blue line) in glacial periods is slightly enhanced

(Eq 1)
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Fig. 2. Section of the downhole logging data from the DEEP site. GR has a distinct cyclic pattern. R increases towards the top in the upper ~170 mblf (probably due to fluid/sediment
interaction). Vp increases with depth below ~110 mblf. Abbreviations: mblf = metres below lake floor, GR = natural gamma radiation, U, K and Th concentrations, MS = magnetic
susceptibility, R = deep resistivity, Vp = sonic velocity, Vp_filter = sonic velocity filtered with a moving average over 50 m, Cal 1-3, Cal 2—4 = caliper logs/borehole diameter,
Dip = dip of drill path, the size of the drill bit is indicated as red dashed line on caliper logs. (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)

(mean = 35.5 cm/ka) compared with that in neighbouring inter-
glacial periods (mean = 31.2 cm/ka; e.g., MIS 20, 18, 14 and 06 in
Fig. 4).

The SR at Pestani (mean = 13.7 cm/ka) is lower than that at
DEEP. The increase in SR towards the upper part of the record is not
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as pronounced as at DEEP. The SR is slightly increased in in-
terglacials (mean = 14.5 cm/ka) compared with neighbouring gla-
cials (mean = 12.8 cm/ka). MIS 14 exhibits a particularly low SR of
2.7 cm/ka.

The mean SR at Cerava is 15.3 cm/ka. As at DEEP, the SR is
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Fig. 3. Seismic profiles at the DEEP, Pestani and Cerava sites after depth conversion. The basis for the correlations between boreholes is shown in Figs. S6 and S7. Schematic natural
gamma ray (GR) logs are shown next to each borehole. A detailed plot of GR correlations between all sites, including the coloured seismic horizons, is shown in Fig. 4. Location of
seismic lines in an overview map of Lake Ohrid in Fig. S5. Seismic profiles are actually longer, here we show only the vicinity of the respective sites.

enhanced during glacials (mean = 16.0 cm/ka) compared with in-
terglacials (mean = 14.7 cm/ka). Notably, the SR maxima are 32 cm/
ka during MIS 6 and 37 cm/ka during MIS 1.

3.4. Cyclostratigraphy

At the DEEP site, the investigated GR record has a length of
335 m (Fig. 5a). As a result of the sliding window approach used for
evolutive harmonic analysis, the top and bottom part of a record do
not have representative spectra. A similar approach is used in
Baumgarten et al. (2015) and the upper 240 mblf are separated into
two intervals (45—110 mblf and 110—240 mblf), which are domi-
nated by spectral peaks of 45 m and 30 m wavelengths, respec-
tively. Because cyclostratigraphic features of the upper part are
discussed in Baumgarten et al. (2015), we focus on the lower part of
the record at DEEP, the corresponding logs obtained at the Pestani
and Cerava sites, and additionally apply wavelet analysis.

The dominance of a single frequency in the upper part of the
amplitude spectrum at DEEP is replaced by a more complex
composition of orbital signals below ~200 mblf (Fig. 5b). Although a
strong influence of the 30 m cycle is still present, prominent signals
with wavelengths of 75 m and 20 m appear in the record. At depth
intervals in which these frequencies attenuate (260-230 mblf and
below 280 mblf), high-frequency signals with wavelengths of
13—10 m and 8 m emerge in the record. Wavelet analysis shows a
similar shift towards higher frequencies at ~550 ka, where shorter
period signals begin to superimpose the long-period signals
(Fig. 5¢).

The evolutive spectrum for Pestani indicates a similar
complexity of dominant cycles with depth (Figs. S8 and S10). A
difference from the DEEP site is most evident in a short interval of
the upper part (30-20 mblf); various short cycles appear at Pestani,
whereas no such configuration of cycles in observable in the upper
~200-45 mbilf at DEEP. The limits of the sliding window approach
prevent the comparison of the uppermost parts (45-0 mblf at DEEP
and 20-0 mblf at Pestani). The main cyclicity throughout the Pes-
tani record has a wavelength between 20 m and 13 m. Other in-
tervals show different spectral properties; especially in the upper
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(<30 mblf) and the lower depth sections (>90 mblf), where
wavelengths of 10 m and 6.5 m occur, respectively.

At Cerava, the clear dominance of any particular spectral peak in
the amplitude spectrum is challenging to determine (Figs. S9 and
S10). The upper part (55-20 mblf) shows a dominant cyclicity of
12.5 m wavelength, but this peak splits between 30 mblf and 45
mblf. In the lower part (>55 mbilf), this dominant signal shifts to-
wards longer periods (17 m), and other cyclicities (9 m and 7 m)
appear in the record. As at DEEP, the complexity of cycle compo-
nents increases with depth, and a single dominant wavelength is
not present.

Overall, the GR record at DEEP exhibits a high potential for high-
quality cyclostratigraphic investigations, while the patterns from
Pestani and especially Cerava are more challenging. At all three
sites, the complexity of the orbital signal increases with depth, thus
making interpretation more difficult.

We use the timeOptTemplate method (Meyers 2015, 2019) on
GR logs from DEEP and Pestani to estimate average SR, utilizing a
model with linearly increasing SR (Figs. S11 and S12). Both the
average SR and the linearly increasing trendlines of SR towards the
top are used to test the depth-age estimates from direct correlation
to the LR0O4 benthic stack (see the mean SR and the quasi-linear
trend in Fig. 4, dashed blue lines). The results of both methods
and calculated SRs are shown in Table 1.

Using the timeOptTemplate method at DEEP, the best fit for
average SR is 35.8 cm/ka (min = 28.7 cm/ka; max = 44.0 cm/Ka;
Fig. S11), whereas the mean SR derived from direct correlation is
34.8 cm/ka. Comparing the linear trendlines of SR from both
methods, the similarity of slopes suggests an almost perfect match
of the timeOptTemplate with the LR04 to GR correlation (Fig. S13).
The age of sediments at 335 mblf derived through the time-
OptTemplate method is estimated to be 935 ka. From Fig. 4, the
estimated age at this depth using the direct GR to LR04 correlation
is approximately the base of MIS 27 (£ 982 ka).

At Pestani, the average SR estimates of both methods differ by
2.5 cm/ka: The average SR derived by timeOptTemplate is 16.2 cm/
ka (min = 14.4 cm/ka; max = 18.0 cm/ka; Fig. S12), whereas the SR
from direct correlation is 13.7 cm/ka. As a result, the age estimate
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Fig. 4. Correlation of the LR04 benthic stack (Lisiecki and Raymo, 2005) with GR logs from Lake Ohrid. Tiepoints equal the MIS borders. Sedimentation rates (SRs) are plotted in blue.
Dashed blue lines are linear trendlines of SRs. Interglacials are indicated in red numbers. Coloured lines are from seismic interpretations (Fig. 3, Table S2). Note that horizons of
seismic investigations provide only a rough framework for log-based interpretations. Due to the inaccuracy of time-depth conversion in seismic processing and the different depth
scales, they can deviate by several metres from the interpretation of the GR correlation. The interpretation of the upper ~240 mblf at DEEP is similar to the one in Baumgarten et al.
(2015). Note the enhanced thickness of marine isotope stage (MIS) 6 at the DEEP and Cerava sites. It is likely that this effect is caused by mass-movement deposits and does not
reflect only detrital SRs. Scales for benthic 3'®0 and GR are inverted. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

for a depth of 121.5 mblf is 751 ka for timeOptTemplate but
approximately the base of MIS 27 (£ 982 ka) for direct GR to LR0O4
correlation. The age is therefore underestimated using the time-
OptTemplate approach at the Pestani site. This demonstrates the
limitations of this method, as orbital cycles may not be as well
preserved at Pestani as they are at DEEP. The generally lower
sedimentation rate (with strong minima in e.g. MIS 6 and 14, Fig. 4),
and the proximal location of Pestani in the lake basin are two
important factors leading to a less accurate recording and preser-
vation of orbital cycles. Since this also applies to Cerava and due to

the even shorter record, we do not apply the TimeOptTemplate to
Cerava.

3.5. Cluster analysis

Cluster analysis for DEEP was performed using GR, Th/K, MS, R
and Vp data over full depth range (Fig. S14), however, we here refer
only to the interval of interest (0—335 mblf; Fig. 6). The division into
cluster classes is based on dendrograms (Fig. S15) and resulted in
well-distinguishable sediment types. The two classes in the interval
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Fig. 5. GR log from the DEEP site (a) and resulting evolutive harmonic analysis (b). Due to window size of 90 m the upper and lower 45 m are missing. Wavelet analysis (c) was

performed on the age scale using tie points as shown in Fig. 4.

Table 1
Comparison of two different methods to estimate average sedimentation rates (SRs) and ages at the base of the interval of interest. Values are in cm/ka and ka, respectively.
DEEP Pestani
SR Age at 335 mblf SR Age at 121.5 mblf
[cm/ka] [ka] [cm/ka] [ka]
TimeOptTemplate method 35.8 935 16.2 751
(28.7-44.0) (14.4-18.0)
Direct GR to LR0O4 correlation 348 982 13.7 982
(Fig. 4) (17.6—66.7) (2.7-35.7)
Difference in % between both methods 2.8 4.9 16.7 26.7

of interest differ mainly in their GR and R (Fig. 6 and S14). The
mismatch between “metres composite depth” (mcd), used in the
core descriptions, and “metres below lake floor” (mblf), used in
downhole logging, is indicated by grey connections for the interval
of interest in Fig. 6. Depth matching for the upper ~250 mblf was
performed by Franke et al. (2016) using K counts from XRF core
scanning and K concentrations from spectral gamma radiation
downhole measurements. We followed the same procedure for the
part below 250 mblf. The largest offset of 8.9 m is located in the
deeper section (~324 mblf) while almost no shift occurs in the in-
terval of 215—220 mblf (Table S3). These shifts are often caused by
expansion effects in the sediment cores, e.g. due to gas release (e.g.
Friese et al., 2017; Wagner et al., 2009).

The artificial lithological log and the core description are highly
similar. Despite the lower resolution of the artificial log, the cor-
respondence with the core descriptions of Franke et al. (2016) is
evident. Strong contrasts in sediment properties are beneficial for
grouping sediment types into different classes in a cluster analysis.
The “slightly calcareous silty clay” class from the core description
depicts a transitional component from calcareous to non-
calcareous material and cannot be differentiated in the cluster
analysis.

We applied cluster analysis with the same set of parameters and
cluster distance measurement methods for Pestani and Cerava
(Fig. S14). In both cases, comparison with core material is not
possible since the core lithologies are not published.

4. Discussion
4.1. Logging data

Quasi-cyclicity is expressed in all sediment parameters pre-
sented in this study and in various proxy data from direct core
measurements at the DEEP site (e.g., detrital input, pollen, total
inorganic carbon, 3'®0-calcite and 3'3C-calcite; Wagner et al.,
2019). Post-drilling factors, such as fluid intruding the pore space,
can bias the downhole logging properties and may weaken or
disturb the amplitude of sedimentary proxies related to paleo-
limnology and paleoclimatology. At DEEP this effect is visible in R
above 170 mblf where lake water substitutes/dilutes pore water in
the sediment. As the lake water has a relatively higher R of
50—67 Qm (Wagner et al., 2017) compared to R of the sediment, the
average R in the sediment increases. The process of lake water
superimposing in situ sediment characteristics is stronger in the
upper part, where the longest exposure time to lake water
occurred. Similar effects are indicated in the R log at Pestani
(Fig. S3). These are challenges to consider in e.g. the interpretation
of the cluster analysis.

Another quasi-linear feature at DEEP is the downward increase
in Vp below ~110 mblf, which is likely caused by increasing
compaction with depth. However, compared with the velocity of
typical shale (Erickson and Jarrard, 1998; Rider and Kennedy, 2011),
the mean velocity at DEEP is relatively slow (1515 + 73 m/s), indi-
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cating highly unconsolidated material. The Vp logs at Pestani and
Cerava exhibit similar features (Figs. S3 and S4).

A possible explanation for the minimum of 1330 m/s around 110
mblf at DEEP is a combination of two interrelated factors. Firstly,
formation of gas in the pore space. Wagner et al. (2009) describe
notable CH4 release and gas expansion of sediments from piston
cores in Lake Ohrid. Secondly, an increase in the caliper of the
borehole in this part. The minimum in Vp cannot be accounted to a
drastic change in lithology, as the sediments in this area resemble
the overall pattern in Lake Ohrid (calcareous silty clay and silty clay;
Fig. 6). Low values in Vp are common in (lake) environments with
highly unconsolidated material. E.g. in a significant part of the
sediments in the upper ~100 m of Lake Towuti (Indonesia), the Vp is
below 1400 m/s (Ulfers et al., 2021) and Warrick et al. (1974)
describe P-wave velocities of 1360 m/s of unconsolidated mud in
the San Francisco Bay.

At the sites other than at DEEP, the caliper logs exhibit a cor-
relation to GR. It implies that sediments with a low GR value can be
washed out more easily than sediments with higher GR values. This
effect is most important for the low-GR material representing
calcareous silty clay deposited during interglacials (Francke et al.,
2016). Through the process of outwash, the GR measured in the
borehole decreases even further. This “amplification” of the low-GR
signature results in a better differentiation of the two main lithol-
ogies. This feature intensifies in the upper part of the boreholes.

4.2. Correlative age-depth models

To support the age-depth relationships, we use prominent
seismic reflectors deposited during different MISs. Depth shifts
between the interpreted seismic horizons and the MIS horizons
derived from the GR to LR04 correlation vary by up to several
metres (Fig. 4). This is mainly due to the inaccuracy of time-depth
conversion in seismic processing and the different depth scales
used in seismic investigation and downhole logging. However, the
correlation of prominent seismic reflectors at the investigated sites
provides a reliable framework for age estimation. Not all identified
horizons at the DEEP site are traceable throughout the Ohrid basin.
Thinning of sedimentary units beneath the seismic resolution to-
wards the lateral parts of the basin may result in apparent termi-
nations of reflectors. This is relevant for the Pestani site; tectonic
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features west of the Pestani site further hamper tracing of horizons
between Pestani and DEEP (Fig. 3 and S6). The correlation of
seismic reflectors from DEEP to Cerava is hindered by tectonically
induced slides in the southern central basin (Lindhorst et al., 2012)
and by tectonic structures between the southern central basin and
the Cerava plateau (Fig. 3 and S7). Despite this being a factor of
uncertainty, we suggest using the horizons in Fig. 3 as a framework
for the more detailed GR to LR04 correlation (Fig. 4).

In general, the correlation of GR logs from DEEP and Pestani to
the LRO4 benthic stack is possible, with a few difficulties in the
upper part (MIS 1-6). The GR logs from all sites are displayed on a
common age scale in Fig. 7. The LR04 benthic stack is very similar to
the GR log from DEEP and somewhat less similar to that from
Pestani.

Correlating the record from Cerava to both the LR04 benthic
stack and the GR logs from the other sites is difficult. In particular,
the lower part of the record (older than MIS 11) is complex, and the
resulting age-depth model should be considered preliminary.

A comparison of our age-depth model based on geophysical data
at DEEP with an independent core-based model from Wagner et al.
(2019) shows high similarity between the age models (Fig. 8). We
estimate the first age-depth models for the Pestani and Cerava sites
using only geophysical downhole logging and seismic data (no
sediment core data available). At Pestani, the maximum age of
investigation is the base of MIS 27 (& 982 ka) at 121.5 mblf. At
Cerava, the oldest part of the record is marked by the MIS 14/15
boundary (£ 563 ka) at 83 mblf. The accurate age of the lowermost
part (83—90 mblf) of the record remains unclear at Cerava; thus, the
exact position of the MIS 15/16 boundary, if it was recorded as such,
is also unclear.

Note that the “metres below lake floor” (mblf) used in this study
deviates from the “metres composite depth” (mcd) used in studies
using core material (Francke et al., 2016; Wagner et al. 2014, 2019)
because the core splicing and sediment expansion after core re-
covery will naturally result in different composite depths than the
borehole logging data (Figs. 6 and 8 and Table S3).

Our data indicate that there are no hiatuses at the DEEP site,
which is confirmed by sediment core data (Francke et al., 2016;
Wagner et al, 2019). Geophysical downhole logging data are
continuous, but detecting small sedimentological hiatuses in the
logs may not be possible. Specifically, at Pestani and Cerava site,
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article.)

there are stages with lower-than-average SRs (Fig. 4 and Fig. 8),
which may include times of no deposition or sediment removal by
mass wasting or lake internal currents (Vogel et al., 2010b; Wagner
et al., 2012a).

As described by Francke et al. (2016) and Vogel et al. (2010a), SR
during glacials is enhanced due to increased hinterland erosion,
which is caused by less dense vegetation in the catchment area. We
find such trends at DEEP and Cerava, but at Pestani, SR is (on
average) higher by 1.7 cm/ka during interglacials. This shows the
different sedimentological evolution of the three investigated sites

10
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and depicts the local variability of sedimentation history in Lake
Ohrid.

4.3. Cyclostratigraphy and time series analysis

The orbital signals in the investigated GR records from Lake
Ohrid vary in their characteristics and suitability for statistical
cyclostratigraphic analysis. Ideal (lacustrine) records for such
studies do not contain hiatuses, have a high depth/temporal reso-
lution, and show the imprint of several orbital cycles. In this study,
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these criteria hold best for the DEEP site with its setting in the
central and deepest part of the lake. At the other sites, which are
closer to the shore, tectonic movements and/or mass wasting may
bias the orbital signal in the sediments more severely.

Based on the sliding-window approach used by Baumgarten
et al. (2015) for the DEEP site, they identify orbital eccentricity
and discuss a sharp increase in SR from 30 to 45 cm/ka at 110 mbilf.
In addition, they use a correlative method involving the LRO4 and
tephra layers, which is highly similar to our methodological
approach. We observe the same change in the amplitude spectrum
at 110 mblf (Fig. 5b), but suggest a smooth increase of SR towards
the top with a quasi-linear trend (Fig. 4 and S13).

Although SR increases with time towards the recent (Figs. 4 and
8), we initially assume an average SR of ~30 cm/ka for the lower
part of the record (200—335 mblf), as this is a precondition for cycle
interpretation from the evolutive harmonic analysis (EHA) ampli-
tude spectrum (Fig. 5b and S10). Applying this assumption to
interpret the described low-frequency cycles (75 m, 30 m and 20 m
wavelengths; see Chapter 3.4 ‘Cyclostratigraphy’) shows that the
30 m period signal represents a combination of the 125 ka- and 95
ka-eccentricity cycle components (Fig. 5b and S10). Following this
idea, the prominent signals at 13-10 m and 8 m wavelengths can be
identified as obliquity and precession cycles, respectively. A similar
shift towards signals with shorter wavelengths is observed in the
wavelet analysis (Fig. 5¢). This might be related to the decrease in
SR and/or indicate a shift to shorter climate cycles towards the
deeper part of the record. Our results from the DEEP site are
consistent with core-based proxy data (total inorganic carbon and
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deciduous oak pollen data) from Wagner et al. (2019), which sug-
gest a ~100 ka orbital frequency during the last 700 ka and a pro-
nounced 41 ka orbital frequency before 700 ka. Weak, ~21 ka orbital
frequencies occur most prominently in the pollen record (Wagner
et al, 2019). This conforms to patterns shown in amplitude
spectra (Fig. S10), where prominent eccentricity cycles prevail in
the younger part but a more noticeable obliquity component occurs
in the older part (>600 ka). We propose that this change is evidence
of the Mid-Pleistocene Transition, when a shift from an obliquity-to
an eccentricity-dominated world occurs (Pisias and Moore, 1981).

Assuming a constant SR (~14 cm/ka) for the Pestani GR log, the
main amplitude (wavelength of 20—13 m; Figs. S8 and S10) rep-
resents the 125 ka- and 95 ka-eccentricity cycle. Other prominent
cyclicity signals represent obliquity, but precession signals are not
detectable in the EHA amplitude spectrum. The wavelet analysis
shows a quasi-continuous ~110 ka signal (Fig. S8c¢), but the obliquity
signal vanishes in certain parts, and precession signals cannot be
detected. Despite the absence of strong precession cycles, we apply
the timeOptTemplate method to estimate SR (Table 1).

The record at Cerava is complex in terms of orbital signal
identification. This is probably due to sudden changes in the SR. The
EHA data contain a component related to eccentricity and/or
glacial/interglacial changes. Obliquity and precession cycles are not
obvious, and we therefore refrain from interpreting obliquity and
precession cycles at Cerava (Fig. S9).

The reliability of the timeOptTemplate method for estimating SR
is based on the quality of precession signals in the investigated
records. Testing for precession in the tuned DEEP record was car-
ried out using the method of Zeeden et al. (2015) and is plotted in
Fig. 7. The observed match of precession-scale amplitude modula-
tions and the theoretical eccentricity solutions from Laskar et al.
(2004) indicate the presence of precession signals for most parts
of the GR record. Discrepancies occur in parts at ~520 ka and older
than 950 ka, where the precession signal is weak, and the dataset
(as in several other late Quaternary datasets; Zeeden et al., 2015) is
of limited use for investigating precession amplitude. In the rest of
the record, the match of precession amplitude and eccentricity is
good for both ~100 ka- and ~400 ka-eccentricity components. It is
essential to know that the GR record from the DEEP site has well-
resolved precession cycles to use the timeOptTemplate method.
In contrast, the SR estimates from timeOptTemplate at Pestani site
vary by several cm/ka from the direct GR to LR04 correlation
(Table 1). The quality of the precession signal in the GR log from
Pestani is also not as obvious as that from DEEP.

The similarity between precession amplitude and eccentricity
provides confidence in our age model, especially when considering
that the GR record was not tuned to precession but correlated to the
LRO4 benthic stack only. It is not expected that this leads to artificial
similarity. Additionally, the algorithm accounts for correlation-
induced signal properties (Zeeden et al. 2015, 2019).

4.4. Integration of cluster lithology in age-depth models

As a final step, we merge information about the timing and
sediment characteristics as derived by cluster analysis (Fig. 9). At
the DEEP site, sharp contrasts in physical sediment properties allow
direct linkage of cluster classes (see Chapter 3.5 ‘Cluster analysis’) to
MISs. Difficulties arise when glacial/interglacial changes are not
distinctive (e.g., the relatively “warm” glacials MIS 14 and 18 in
Fig. 7). and the sedimentation does not completely switch from
predominant calcareous silty clay deposition to predominant silty
clay deposition or vice versa (e.g., ~215 mblf in Fig. 6 or ~550 ka,
which is estimated to be MIS 14, in Fig. 9). This shows that the
sedimentation is sensitive to short, suborbital climate change and
that sedimentation changes do not strictly occur at MIS boundaries.
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Despite these effects, physical properties at the DEEP site reflect
most MISs for the last ~1 Ma.

Additional information about the characteristics of past envi-
ronmental changes is provided by the patterns of cluster classes.
Sharp contrasts at the bases of interglacials reflect quick changes in
the sedimentary system from cold to warm conditions, while

12

changes in cluster classes during the transition from interglacials to
glacials document smoother environmental changes (e.g., MIS 19,
17 and 11 of the DEEP record in Fig. 9), as they are known from
global climate and ice volume records, including the LR04 benthic
stack (e.g., Lisiecki and Raymo, 2005; Imbrie and Imbrie, 1980).
The linkage of cluster lithology to MIS at Pestani is more
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challenging. Especially in sediments younger than 450 ka, no clear
differentiation of cluster classes exists. In the central part of the
Pestani record (960—450 ka), linkage of sediment properties to
MISs is possible, although the MIS linkage at Pestani is not as
distinct as that at DEEP. At Cerava, the upper part (MIS 6—8) is not
differentiated by cluster analysis, but in the older part of the record
(>300 ka), the cluster classes are in good agreement with the
boundaries of most MISs. In both cases, fluid-sediment interactions
may have led to changes in sediment conditions, which superim-
pose the in situ sediment properties (see increasing R towards the
top; Fig. S3). These post-drilling effects could be responsible for the
disordered classification of certain segments during the cluster
analysis.

4.5. Data quality and uncertainties

Geophysical datasets have to meet certain requirements to
provide robust age estimates:

1. Complete/continuous records (MMD or hiatuses are factors
adding uncertainty to stratigraphic records).

2. High sedimentation rates (in relation to the vertical resolution of
borehole logging tools and seismic data).

3. Distinct changes in climate-sensitive sediment proxies (e.g.,
high organic matter or CaCO3; accumulation during interglacials
and low organic matter and CaCOs3 during glacial periods).

4. Preservation of certain orbital parameters in the sediment suc-
cession for cyclostratigraphic analysis (e.g., precession signals
are essential for the use of the timeOptTemplate method).

The geophysical datasets used in this study meet the listed
criteria in different ways. Data from DEEP offer the best quality
dataset for the purpose of age estimation. This is demonstrated by
the good similarity of the age-depth models from the DEEP site
derived in this study by geophysical data and the age-depth model
derived for the drilled core by means of a combination of dating
methods (Wagner et al., 2019). The criteria are less well met at the
Pestani and Cerava sites. Uncertainties emerge at Pestani between
MIS 1 and MIS 6, where correlation of the GR log to the LR04
benthic stack is difficult, and at Cerava, where cyclostratigraphic
investigations are impeded due to missing precession signals and
possible MMDs and/or clinoforms. Nevertheless, distinct changes in
climate-relevant sediment proxies and information from seismic
reflectors can be traced throughout large parts of the Ohrid basin.
This allows for the transfer of age information between individual
sites and enables the first reliable age estimations based on
geophysical data alone at these sites. Generally, we suggest that our
age-depth models are reliable at resolutions greater than glacial/
interglacial variability, possibly ~40 ka.

5. Conclusions

This study examines an integrated approach to derive age-depth
estimates and lithological descriptions based on geophysical data
alone. We use seismic data to trace prominent marker horizons to
identify time-equivalent horizons at different drill sites. An age-
depth model is established through the correlation of downhole
logging data to the LR04 benthic stack (Lisiecki and Raymo, 2005)
and by implementation of cyclostratigraphic analysis. We perform
cluster analyses on geophysical downhole logging data to generate
artificial lithological logs and integrate them into age-depth
models.

Sedimentation rates at the three sites, DEEP, Pestani and Cerava,
increase towards the tops of the records. During specific glacials or
interglacials, opposite patterns of SR at the different sites show that
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the sedimentation in Lake Ohrid is diverse. This is underlined by
seismic data, which show undisturbed sedimentation at DEEP and
more disturbed sedimentation at Pestani and Cerava. While sedi-
ment properties are able to reflect most of the glacial/interglacial
cycles at DEEP, a direct link of sediment properties to MISs is more
challenging at Pestani and Cerava sites.

The data for such an investigation have to meet several criteria
regarding quality and quantity. An important aspect for cyclo-
stratigraphic analysis is the continuity of the records. Only the DEEP
record features no hiatuses or larger MMDs, while sedimentation at
Pestani and Cerava is more discontinuous or disturbed. Our study
also shows the importance of detailed (seismic) pre-site surveys
and a careful selection of drill sites to meet the necessary criteria for
robust (cyclostratigraphic) analysis. Various measurements (e.g.,
geophysical downhole logging and seismic surveys) are required,
and multiple statistical methods (e.g., cyclostratigraphy and cluster
analysis) must be applied to obtain the first reliable age-depth
models and lithological interpretations based on geophysical data
alone. This approach has the potential to improve future drilling
projects by delivering age-depth models and descriptions of sedi-
ment properties before core opening or in cases where no (suitable)
core material is available.
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The nature of half-precession (HP) cycles (~9000—12,000 years), although identified in numerous re-
cords, is still poorly understood. Here we focus on HP signals in Lake Ohrid and in a variety of different
marine and terrestrial proxy records from Europe and the Northern Atlantic region. Our study examines
the temporal evolution of the HP signal from the early/middle Pleistocene to the present, discusses the
results across the latitudes of the Mediterranean and Europe, and assesses the potential of the HP to
reflect the connectivity of climate systems over time.

We apply filters on the datasets that remove the classical orbital cycles (eccentricity, obliquity, pre-
cession) and high frequency signals to focus exclusively on the bandwidth of the HP signal. Evolutionary
wavelet spectra and correlation techniques are used to study the evolution of frequencies through the
different records.

Next to a connection of HP cycles to interglacials, we see a more pronounced HP signal in the younger
part of several proxy records. Although the HP signal is present in all of the investigated sites, we observe
a more pronounced HP signal in the southeast compared to records from the north. The latter is
consistent with the assumption that HP is an equatorial signal and can be transmitted northward via
various pathways. The appearance of HP signals in mid- and high-latitude records can thus be an in-
dicator for the intensity of the mechanisms driving these pathways. The African Monsoon probably plays
a major role in this context, as its magnitude directly influences the climate systems of the Mediterra-
nean and Southern Europe.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Handling Editor: A. Voelker

1. Introduction
1.1. Characteristics of half-precession cycles and state of the art

After Milutin Milankovi¢ published his theories on orbital cycles
in the first half of the 20th century, it took decades until these were
accepted as catalysts for warm/cold periods (Milankovi¢, 1920,
1941; Hays et al., 1976). Since then, major progress was made in
cyclostratigraphy and the impact of orbital forcing on the climate
system (e.g. Weedon, 2003; Hinnov, 2000 and references therein).
Most studies focused on the role of the three major cycles (eccen-
tricity, obliquity, precession), while sub-Milankovi¢ frequencies
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(T. Wonik).
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(less than 15 ka) usually received only secondary attention. In this
study, we specifically address cycles between 12 and 9 ka. This
frequency band, referred to as half-precession (HP), is a harmonic of
the 23—19 ka precession cycles (Berger et al., 1997). The HP signal is
considered to be most intense in the intertropical zone, as it results
from the twice-yearly passage of the sun across the equator (Short
et al.,, 1991; Berger et al., 2006). Studies on marine records first
proved the occurrence of HP (e.g. Hagelberg et al., 1994; Hinnov
et al., 2002). HP cycles were also described as a response to
monsoon rainfall in lacustrine records from Africa (Trauth et al.,
2003; Verschuren et al., 2009; Scholz et al., 2007). Deposits from
the Chinese Loess Plateau suggest that mid-latitude terrestrial re-
cords are able to reflect HP signals which originate from the East
Asian summer monsoon in the tropical Pacific Ocean (Sun and
Huang, 2006). Similar observations about the HP signal were
made by Turney et al. (2004) who suggest that climate variations in
the tropical Pacific Ocean exert an influence on North Atlantic
climate through atmospheric and oceanic teleconnections on

0277-3791/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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orbital timescales. In comparison to marine records, terrestrial re-
cords (lacustrine and loess) are usually relatively short. The longest
terrestrial record mentioned in the references above has an age of
175 ka (Trauth et al., 2003), while marine records often span longer
periods with millions of years (e.g. Hagelberg et al., 1994; Grant
et al., 2017). Controversy is still ongoing about how HP affects
climate and is transferred into geological records (Hinnov et al.,
2002; De Vleeschouwer et al., 2012, and references therein). In
this context, it is important to recognize that insolation forcing is
only one step in an astronomical theory of paleoclimate (Berger
et al, 2006), and that astronomical climate forcing can act
nonlinear and complex (e.g. Meyers, 2019; Liebrand and de Bakker,
2019).

1.2. Aim of the study

HP is observable in various marine (e.g. Hagelberg et al., 1994;
Grant et al., 2017) as well as terrestrial records (e.g. Antoine et al.,
2013; Colcord et al., 2018) but is often not described in detail or
further investigated (e.g. Hodell et al.,, 2013). In some of the just
referenced records and Lake Ohrid data (see chapter 1.3 ‘Setting of
Lake Ohrid’), HP cycles are very distinctly developed.

In our study, we use various proxy records in and around Europe
to characterize and quantify the HP signal. We (1) investigate HP
cycles in Lake Ohrid and (2) set the results in temporal and spatial
connection to other records containing clear HP cyclicity. We
observe HP over a period of more than 1 Ma in Lake Ohrid and in
other long-term records with (in)direct impact of climate systems
influencing Europe. Further, we show that HP is also present in
high-latitude records, even if not very pronounced and/or super-
imposed by the main orbital cycles (eccentricity, obliquity, pre-
cession). We assess the influence of HP on records from Europe and
surrounding regions with the aim to better understand its spatial
and temporal occurrence. Assuming that the HP signal originates in
tropical regions (Hagelberg et al., 1994; Short et al., 1991), its in-
fluence on Europe is largely determined by how the signal is carried
northward. As an example, the Nile River transmits information
from tropical Africa to the Mediterranean Sea (e.g. Rohling et al.,
2015; Rossignol-Strick, 1985). The occurrence of HP in mid-to
high-latitudes can thus be used as a measure of connectivity be-
tween tropical and subtropical/temperate/subpolar climate zones
in the past.

1.3. Setting of Lake Ohrid

Lake Ohrid is located on the Balkan Peninsula between Albania
and North Macedonia. It is considered Europe's oldest lake, and
therefore it is a valuable archive for studies that focus on changes in
local (hydro)climate during the last ~1.36 Ma (e.g. Wagner et al,,
2014, 2019). Simplified, the succession consists of two types of
hemipelagic sediments: calcareous silty clay deposited during in-
terglacials and clastic, silty clay deposited during glacials (Francke
et al,, 2016). Several layers of volcanic ash allow tephrostrati-
graphic analyses, which are the basis for the development of a
robust age-depth model besides the borehole logging data (Leicher
et al., 2016; Wagner et al., 2019; Ulfers et al., 2022).

The present day climate around Lake Ohrid is mostly a Medi-
terranean type climate with hot/arid summers and typically rainfall
maxima during mild winters (Schemmel et al., 2016). The principal
climate systems of the region are highlighted in Fig. 1. There is a
pronounced sensitivity to the variability of atmospheric circulation
patterns, such as the Siberian High intensity, the North Atlantic
Oscillation modes (NAO"/NAO™), and the monsoon systems (e.g.
Schemmel et al., 2016; Lionello et al., 2012; Wanner et al., 2001).
Southward displacement of the westerly track reflects growth of

2
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the Fennoscandian ice sheet (Unal-imer et al., 2015). Proxy records
from Lake Ohrid and climate models suggest that North Atlantic
low-pressure systems entering the Mediterranean Sea are
strengthened during periods of low continental ice volume. This
increases the winter rainfall in the Mediterranean Sea (Wagner
et al., 2019; Kutzbach et al.,, 2014). Wagner et al. (2019) also
demonstrate a connection of Lake Ohrid's precipitation proxies
with Mediterranean sapropels. The latter are organic rich layers in
marine sediments which indicate enhanced African monsoons ac-
tivity (e.g. Rohling et al., 2015; Rossignol-Strick, 1985).

2. Material and Methods
2.1. Data description and pre-processing

Multi-proxy studies as from Li et al. (2019) are of significant
value as they allow to assess the individual suitability of a proxy to
reflect astronomical forcing. The records used in this study include
a variety of proxies, time intervals, and locations around Europe
and the North Atlantic.

The datasets from Lake Ohrid are from an ICDP drilling
campaign in 2013. Geophysical downhole logging was conducted
by the Leibniz Institute for Applied Geophysics and several
continuous data sets of physical properties were obtained. The
parameters used in this study are gamma radiation (GR, including
concentrations of U, K, Th) and magnetic susceptibility (MS), each
with a vertical resolution of 10—20 cm. Principals of logging tech-
niques are described in Rider and Kennedy (2011), details about the
logging procedure in Lake Ohrid are given by Baumgarten et al.
(2015). Pre-processing of data was performed with the GeoBase®
(Antares, Germany) and WellCAD® software (Advanced Logic
Technology, Luxembourg). The GR in Lake Ohrid is connected to
detrital input of clay minerals, which contain radioactive elements
like U, K and Th. The detrital input is higher in glacials due to
increased erosion in the hinterland caused by reduced vegetation
(Vogel et al., 2010).

Core based analyses of sediments from Lake Ohrid are obtained
after the creation of a composite record. The proxies used in this
study are listed in Table 1. Total inorganic carbon (TIC) and total
organic carbon (TOC) contents were determined at the University of
Cologne and relative quartz concentrations (Qz) at the University of
Bern using Fourier transform infrared spectroscopy.

The majority of carbonates in the sediments of Lake Ohrid is
endogenous calcite, which is formed predominantly by the
photosynthetically induced formation of calcite crystals in the
epilimnion. The precipitation occurs at warm temperatures, as long
as Ca®* and HCO3 ions are available (Francke et al., 2016; Vogel
et al, 2010). This supply is provided during interglacials by
increased karst flow through the mountains consisting of limestone
east of Lake Ohrid. The source of the increased hydrological pres-
sure is the elevated Lake Prespa on the eastern side of the mountain
range (Wagner et al., 2010).

Palynological investigations were conducted by several in-
vestigators across European laboratories. Deciduous oak pollen
represent the combined percentages of Quercus robur and Quercus
cerris types (Q.dec), which are commonly used as an indicator for
mid-elevation, relatively humid forest across the Mediterranean.
Relative abundances of arboreal pollen excluding Pinus pollen
(AP.Pin) are based on the sum of the total terrestrial pollen
excluding Pinus owing to overrepresentation and potential long-
distance transport of this taxon. In general, pollen abundance de-
creases in glacials (Sadori et al, 2016; Wagner et al., 2019;
Hooghiemstra, 2006).

Additionally, we use datasets with various climate-sensitive
proxies in the European and North Atlantic regions for
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Fig. 1. Overview of data locations used in this study. Schematic atmospheric circulation patterns affecting the Mediterranean are indicated by arrows (after Schemmel et al., 2016).
Dashed line represents influence of Asian Monsoon Systems. North Atlantic Oscillation (NAO) in positive and negative mode influencing the Westerlies and thus heat and moisture
transport towards the Mediterranean (for details see Wanner et al., 2001). Selected sites have met at least one of the following criteria: Possibly covering long time intervals,
sufficient resolution to record half-precession cycles, obvious presence of half-precession cycles and data availability. 1. Lake Ohrid, Albania/North Macedonia; 2. Tenaghi Philippon,
Greece; 3. ODP Site 967, Eastern Mediterranean; 4. Lake Van, Turkey; 5. Dolni Véstonice, Czech Republic; 6. IODP Site U1385 “Shackleton site”, Iberian Margin; 7. NGRIP, Greenland;
8. Synthetic record, Greenland; there is no position given in the synthetic record, we therefore use the center of Greenland for latitude dependent analysis with this record (see
Table 1 for details). Map data are from the US National Oceanic and Atmospheric Administration (NOAA; Amante and Eakins, 2009).

comparison with the Lake Ohrid records (Table 1; Fig. 1). The wet-
dry index from ODP expedition 967 in the Eastern Mediterranean is
a combination of a sapropel/monsoon run-off proxy yielded by XRF
data and a dust record from the same site. This results in a new
index for changes in relative humidity and aridity in Northwest
Africa (Grant et al., 2017; Larrasoana et al., 2003). The Ca/Ti ratio
measured in cores from the Iberian Margin is a proxy that reflects
relative changes of biogenic carbonate and detrital sediment,
whereas biogenic carbonate is increased during interglacials
(Hodell et al., 2015; Thomson et al., 1999). The Greenland synthetic
temperature record (GLy_syn) is based on the thermal bipolar
seesaw model, which proposes opposite temperature responses in
the two hemispheres (Broecker, 1998; Stocker and Johnsen, 2003).
Temperature changes are estimated using methane-tuned tem-
perature records from Greenland and Antarctica to reconstruct the
Greenland records beyond the present limit (Barker et al., 2011).
The total organic carbon content in Lake Van (L.Van.TOC) is con-
nected to productivity and lake level fluctuations. Both are associ-
ated with glacial-interglacial variability, with increased TOC during
warmer/wetter periods as a result of higher lake levels and
increased productivity (Stockhecke et al., 2014b). For more details
about paleoenvironmental characteristics of the proxies from
Table 1, please see references therein.

Most of the analyzed records spans over more than the last 1 Ma
(Tab. 1). Each dataset has its own time resolution spanning from
0.05 ka in the synthetic temperature record from Greenland
(GLr_syn) to ~2 ka in the pollen records from Lake Ohrid (Q.dec and
AP.Pin). Several utilized methods require equally spaced sampling
in time. This is why we interpolate each dataset to its individual
mean resolution for further analysis. We utilize the age-models

3

created in the original studies listed in Table 1 (see references
therein for details about methods of age-model construction).

2.2. Time series analysis

For data analyses we use the ‘astrochron’ package for the open-
source software ‘R’ (Meyers et al., 2021; R Core Team, 2021). The R
code is provided as Supplement Material 02.

We perform wavelet analyses according to the method of
Torrence and Compo (1998) and Liu et al. (2007) using a Morlet
mother wavelet. As described above, the datasets are evenly
spaced, each at its individual mean resolution. To emphasize the
focus on the HP signal, our plots cover only the periodicities be-
tween 25 ka to 4 ka.

We apply a Taner bandpass filter (Taner, 1992) to all datasets in
the time domain. Taner filters are well established in the field of
cyclostratigraphy as they are convenient to apply and filter prop-
erties can be adjusted precisely (Zeeden et al., 2018). The roll-off
rate of Taner filters can be set steeply (in our case almost vertical
at the cutoff frequency, Fig. 2), while the shape of e.g. Gaussian
filters allows areas outside the edges of the cutoff frequencies to
pass (Kodama and Hinnov, 2014). Given that the HP signal has a
narrow bandwidth (12—9 ka), it is important for our study that this
is sharply cut from other frequencies. The cutoff frequency of the
used filters is set between 1/13 and 1/8.5. Fig. 2 illustrates the filter
settings using the amplitude spectrum of GR in Lake Ohrid as an
example. This proxy has already proven suitable in previous studies
to characterize orbital cycles (Baumgarten et al., 2015; Ulfers et al.,
2022). Spectra of Lake Ohrid: GR, K, TIC, Q.dec; Eastern Mediter-
ranean, ODP wet-dry index; Lake Van, TOC; Iberian Margin, Ca/Ti
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Proxy datasets used in this study. The eight proxies highlighted in bold are discussed and displayed in more detail (e.g. Figs. 3 and 4). All other records are shown in the
Supplement Material 01. *This is not a generalization, but valid for the listed site (i.e. in Lake Ohrid GR is a proxy for detrital input). The proxy descriptions are simplified. For

details see the corresponding references.

Site Parameter Abbreviation Proxy for* Age Reference
[ka]
Lake Ohrid Gamma radiation GR Detrital input (high GR = high input) 0 Baumgarten et al.
—1081 (2015)
Ulfers et al. (2022)
Lake Ohrid Uranium concentration U Detrital input (high U = high input. May be biased by organic 0 Ulfers et al. (2022)
matter (TOC) —1081
Lake Ohrid Potassium concentration K Detrital input (high K = high input) 0 Baumgarten et al.
—1081 (2015)
Ulfers et al. (2022)
Lake Ohrid Thorium concentration Th Detrital input (high Th = high input) 0 Ulfers et al. (2022)
—1081
Lake Ohrid Magnetic susceptibility MS Magnetic minerals (may be biased by diagenetic processes 61 Ulfers et al. (2022)
—1081
Lake Ohrid Total inorganic carbon TIC Hydrology (high TIC = high temperature and/or Kkarst runoff) 1 Wagner et al. (2019)
—1364
Lake Ohrid Total organic carbon TOC Biologic productivity and organic matter delivery and burial 1 Wagner et al. (2019)
—1364
Lake Ohrid Relative sedimentary quartz Qz Detrital input (high Qz = high detrital input). 2 Wagner et al. (2019)
—1363
Lake Ohrid Deciduous oak pollen Q.dec Vegetation catchment (indicator for mid-elevation, relatively 0 Wagner et al. (2019)
(Q.dec) humid forest) —1362
Lake Ohrid Arboreal pollen without AP.Pin Vegetation catchment 0 Wagner et al. (2019)
Pinus —1362
Greece - Tenaghi Philippon Arboreal pollen TPhi.AP Vegetation catchment 0 Tzedakis et al.
—1101 (2006)
East. Mediterranean ODP wet-dry index wet-dry Relative humidity and aridity 4 Grant et al. (2017)
- ODP 967 index —3000
Turkey - Lake Van Total organic carbon LVan.TOC Biologic productivity and organic matter delivery and burial 1-264 Stockhecke et al.
(2014a)
Czech Republic - Dolni Magnetic susceptibility DolVes.MS  Aeolian sedimentation and loess deposits 22 Antoine et al. (2013)
Veéstonice -126
Atlantic - Iberian Margin  Sea surface temperature IbM.SST Temperature 0 Rodrigues et al.
—1017 (2017)
Atlantic - Iberian Margin Ca/Ti IbM.Ca/Ti  Detrital input and bioproductivity 0 Hodell et al. (2015)
—1429
Greenland 3'%0 NGRIP.5'80  Temperature 0-120 NGRIP members,
2004
Greenland Synthetic temperature GLy syn Temperature 5-798 Barker et al. (2011)

variability

and Greenland, synthetic temperature, are included in Supple-
mentary Material 03. Even if the HP signal in Fig. 2 does not appear
obvious at first view, there are several peaks above the AR(1) 99%
confidence level in Fig. 2b. Additional information on the detection
of the HP signal and its significance is provided in Supplementary
Material 04, again using the example of GR in Lake Ohrid.

Subsequently we create an envelope for the filtered signal using
the Hilbert transform function. The envelope is then smoothed
using a Taner low-pass filter with a cutoff frequency of 0.0125 (£ 80
ka). This filter will omit high-frequency amplitude components not
related to eccentricity, but capture all eccentricity components
(here the ~100 ka and ~405 ka) to allow a reasonable comparison
with eccentricity as from the calculations of Laskar et al. (2004).

We determine the Pearson correlation coefficients between the
original data and the Taner-filtered signal to provide a quantitative
evaluation of the HP signal in the stratigraphic series. This is con-
ducted using the ‘surrogateCor’ function, which is included in the
‘R’ package ‘astrochron’ (Meyers, 2014; R Core Team, 2021). The
statistical significance of the obtained coefficients is assessed using
1000 Monte Carlo simulations. We use this method for entire re-
cords as well as for intervals of special interest (e.g. the time after
the Mid-Pleistocene Transition). We employ the same approach to
determine the correlation between eccentricity and the filtered
signal from the Hilbert envelope.

To illustrate how the correlation between the original data and

4

the Taner-filtered signal (and thus the clarity of the HP cycle) evolve
with time, we use the moving window cross-correlation after
Sageman and Hollander (1999). In this method, two stratigraphic
series are compared using a certain window size. In our study we
select a 100-ka-window to display the long-term evolution of the
HP signal.

3. Results
3.1. Wavelet analysis

The results of the wavelet analyses of the eight highlighted re-
cords in Table 1 are given in Fig. 3. A compilation of all examined
records is available in Supplement Material 05. In many records,
clear precession signals (period between 19 and 23 ka; e.g., in
Fig. 3e and g) or high-frequency signals (period <8 ka; e.g., Fig. 3g
and h) are evident. The focus in this study is on the frequency range
of HP (9—12 ka), indicated by the white dashed lines in Fig. 3.

Within the last 1 Ma, the HP signal in the different proxy records
reveals quite different characteristics. In the borehole data (Fig. 3a
and b), we observe that a distinct HP signal is visible more common
in interglacials (e.g. MIS 15, 13, 11, 7). This pattern is even more
evident in the core data from Lake Ohrid (Fig. 3c and d). In partic-
ular in the TIC record, one can observe a direct link of the HP signal
to interglacials and its disappearance in glacials.

-61-



A. Ulfers, C. Zeeden, S. Voigt et al.

Quaternary Science Reviews 280 (2022) 107413

Amplitude - Ohrid GR

a) Eccentricty
5 | ' Oblilquitv 1713 Filter 1/8.5
H
4|
|
1 \\\ P ‘ Precession Half-
31| | precession

Amplitude

iy
: /‘\L’J %

A Wy 1| |
IR I e it i s

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Frequency
b) 11/13 Filter 1/8.5
Half-precession
0.8 [ 1
= "
ELLE N N A
i f \ [\ A //\ N & [\
£ 04 L \,\ _l\ [\ / V| N [\ — Al
<< .t/ — zt E\ 4\'\: - - - _,/— - -L - I‘/\\; Ji\\\— J_ \\ l_/\/ \\\ / \\l
0.2 \Ir\f ¥ TAT\ /;\\1 ===z jY/: FlAEE E 5\ F A% £=1
N\ / ) \J V/ \/
ol W N\ .
0.08 0.09 0.1 0.11
Frequency

Fig. 2. Amplitude spectrum of gamma radiation record from Lake Ohrid. Filter settings in blue (13—8.5 ka) focusing on half-precession (12—9 ka). The filter is selected wider than
HP's actual bandwidth to account for uncertainties. In a) with complete frequency range up to 0.2 (= 5 ka) including Milankovi¢ cycles. In b) focusing on the spectra within the filter
settings. In both figures dashed lines from top to bottom represent AR(1), 99%, 95% and 90% confidence levels, respectively. The original data and the resulting filtered signal are
displayed in Fig. 4a. All datasets examined in this study are filtered in this way, GR only serves as an example here. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)

The HP signal is also subject to (quasi-periodic) variations in the
ODP wet-dry index (Fig. 3e). Even though the tendency is still to-
wards a connection of HP and interglacials, there are glacials with
clear HP signal as well (e.g. MIS 16 and 12). The TOC data from Lake
Van is the shortest record presented here (Fig. 3f). The HP signal is
most evident in MIS 11, in the transition from MIS 7/6, and MIS 5,
i.e. mostly in interglacials. In the Ca/Ti record from the Iberian
Margin (Fig. 3g) the HP signal is well recognizable, but a clear
assignment to interglacials or glacials is not possible. For example,
the two most prominent maxima are at the transition between MIS
13/12 and MIS 9/8. Pronounced minima are located in glacials (e.g.,
MIS 22, 18, 6), but there are also glacials with a strong HP signal
(e.g., 20,14, 12). In the record from Greenland, a clear connection of
HP to glacial/interglacial variability is not visible. It looks as if the
HP signal is permanently present in the record. However, this also
applies to other periods (outside the range of HP). In particular, the
low-frequency signals (<8 ka) are pronounced. The only slightly
recognizable pattern is a tendency for the HP signal to be stronger
in the interval younger than ~340 ka.

3.2. Correlative estimates

Fig. 4 shows a selection of investigated records from this study.
Examining the original data (black lines), it is apparent that the
amplitude variation of most proxies is increased in interglacials. For
example, Lake Ohrid TIC hardly exhibits any variations during
glacials. Although TIC is showing the common feature of “low-
variability in glacials” particularly prominent, a similar pattern is
present for most parameters, whether downhole-, geochemical-,
pollen- or synthetic data.

Comparing the original data (black lines in Fig. 3) with the
filtered signal (thin red lines), we can observe a similarity of strong
peaks in some time intervals of all proxies. This is especially
prominent during interglacials and in transitions from interglacials
to glacials. A good example is MIS 13 and its transition into MIS 12,
where several cycles with a period of 13—8.5 ka are visible in the
GR, the K, the Q.dec and the Ibm.Ca/Ti (Fig. 4a, b and 4d; Supple-
ment Material 01). Similar observations are made for MIS 7. Even
though individual cycles in the original record are absent (e.g. in TIC
at ~228 ka) or weak (in GR and IbM.Ca/Ti at ~228 ka), this is a good
illustration of sub-Milankovi¢ cycles in interglacials. In some re-
cords, these cyclic patterns proceed into the next glacial as seen for
example in MIS 6 (Q.dec, L.Van.TOC, and IbM.Ca/Ti; Fig. 4d, f and
4g).

The relation of eccentricity (Fig. 4i) to the signal of the filtered
HP envelopes (Fig. 4, purple) is more complex and the respective
proxy records have to be examined individually. In some parts, the
amplitudes are in phase or just slightly offset. To give two examples
of such a case, we point out to the Lake Ohrid GR between MIS
15—11, or to the younger section (<530 ka) of the IbM.Ca/Ti (Fig. 4a
and g). Cases with no apparent correlation between eccentricity
and filtered signal can be observed e.g. for Lake Ohrid K between
MIS 11-5 or in wet-dry index between MIS 16—8 (Fig. 4b and e).

In Fig. 4, we qualitatively display some relationships between
HP and orbital cycles. To quantify these relations, we determine the
Pearson correlation coefficients for complete records or for in-
tervals of particular interest (see chapter 2. ‘Material and
Methods’). The Pearson correlation coefficients between the orig-
inal data (black lines in Fig. 4) and the Taner filtered signal (thin red
lines in Fig. 4) for each entire record are listed in Fig. 5. When
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Fig. 3. Wavelet analyses for different proxy signals over the last 1 Ma. Marine isotope stages are indicated in red (interglacials) and blue (glacials) numbered above/below age axes.
Reddish background color highlights interglacials. In all spectra high power is indicated by red color, while low power is blue. The period ranges from ~4 to 24 ka, thus even contains
the precession signals. The interval of HP (9—12 ka) is located between the dashed white lines. Especially in core data from Lake Ohrid (c and d), the HP signal is stronger in
interglacials compared to glacials. In the record from Greenland (h) no connectivity of the HP signal at a certain age is recognizable. All other records exhibit, at least partially, a
relationship between HP and interglacials. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Eight of the investigated records (GR, K, TIC, Q.dec, wet-dry index, L.Van.TOC, Ibm.Ca/Ti, Gl syn and obliquity, eccentricity) with original data (black), the signal after
applying the bandpass filter (thin red line) and its envelope (thick red line). The purple line represents the lowpass-filtered envelope which omits high-frequency amplitude
components not related to eccentricity (detailed information on filter settings in chapter 2. ‘Material and Methods'). At the top are obliquity and eccentricity from Laskar et al.
(2004). Abbreviations of proxies as in Table 1. Y-axes are for original data only. We do not show axes for the filtered signals to avoid unambiguity. Background color is red for
interglacials and blue for glacials. Numbers of MIS stages are indicated above the abscissa at the figure bottom. Tie points for tuning of the downhole logging data are given in the
Supplement Material 06. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

-64 -



A. Ulfers, C. Zeeden, S. Voigt et al.

examining the correlation coefficients, the fact that low variability
is present in glacials needs to be considered. Generally, signals from
glacials, where we usually see a lower correlation, drag down the
overall correlation values. However, even if these values are
generally low, they are of statistical relevance (p-value is constantly
<0.01). This is also confirmed for the shorter records: Loess from
Dolni Veéstonice (126—22 ka), 580 from Greenland ice (120—0 ka),
and TOC from the Lake Van record (264—1 ka; see Table 1 for
details).

The records from the south (TOC from Lake Van, wet-dry index
from ODP site 967) tend to have higher correlation values (Fig. 5)
than those from the north (3'®0 and synthetic records from
Greenland). In between are the records from the Iberian Margin,
from the Tenaghi Philippon in Greece and most of the records from
Lake Ohrid. The correlation coefficients of the different proxies
from Lake Ohrid show a wide spread. The maximum value is 0.26
for one of the pollen records (Q.dec; which is at the same time the
highest value of all long term (>1 Ma) records). The lowest corre-
lation coefficient of 0.17 is reached in the TIC record (here we have
to consider the effect of “low-variability in glacials” described
above). The average value for all records of Lake Ohrid results in a
correlation coefficient of 0.20 + 0.03.

The highest correlation (Lake Van, TOC) occurs in a relatively
short and young record. This is (at least partly) due to the effect of
older parts of the long records generally showing little relation
between the original record (black lines in Fig. 4) and the filtered
signal (thin red lines in Fig. 4), which lowers their mean correlation
coefficient values. To test this variability over time, we determine
the correlation coefficients for the time range from 621 ka until
recent and for the range from 243 ka until recent. The trend of low
values in the north and higher values in the south persists, but the
overall correlation coefficients are higher, the younger the time
interval. For details see Supplement Material 07.
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Fig. 5. Correlation coefficients between the original record (black line in Fig. 4) and the
bandpassed signal (thin red line in Fig. 4). This table includes all of the investigated
data of this study. It has to be taken into account, that three records are significantly
shorter (DolVes.MS = 126—22 ka), NGRIP.3180 = 120—0 ka), and L.Van.TOC = 264—1
ka). All other records cover more than 800 ka. Note that all correlations are significant
at >99% confidence. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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3.3. Moving window correlation

Further investigations on the time dependency of the correla-
tion coefficients are possible using the moving window correlation
as by Sageman et al. (1999); see chapter 2. ‘Material and Methods’.
Fig. 6 shows the temporal development of correlation coefficients
between original data and the filtered signal (black and thin red
line in Fig. 4) of selected proxy records. Overall, the values vary
between ~0—0.6 with negligible exceptions of negative correlation
(e.g., IbM.Ca/Ti at 232 ka or Q.dec between 885 ka and 845 Kka,
Fig. 6g and d).

Correlation coefficients are generally higher in the younger part
of the records (Fig. 6). Linear fits through the respective running
correlation coefficients illustrate this increase. The clarity of the HP
signal increases towards the younger parts. The only exception is
the record from Lake Van, which is too short for statements about
the long-term evolution of the coefficients (Fig. 6f). Despite this
divergence of the Lake Van data to the other records, it follows a
trend described in the subsequent paragraph.

To some extent, the moving window correlations follow the
405-ka-eccentricity cycle (E4os). Although it may be overprinted by
effects of the glacial-interglacial variability, we see several simi-
larities between the E405 and the pattern of correlation coefficients
(Fig. 6) which are high between 600 and 500 ka, and around 200 ka.
A good contrary example is MIS 11 where the minimum in E4gs5
coincides with minima in correlation coefficients in all shown re-
cords. The maximum of E495 around MIS 8—6 is reflected in the
correlation coefficients of most proxies. Even in glacials, high values
in the correlation coefficients are reached (e.g., MIS 8 in the records
from Lake Ohrid or MIS 6 in the wet-dry-index from ODP 967 and
the Ca/Ti record from the Iberian Margin; Fig. 6a, e and 6g). To some
extent this is also true for the older E495 maximum (see maximum
in MIS 15—13 in GR or Q.dec; Fig. 6a and d), but a clear response is
not apparent in this part of the records.

We see a stronger connection of HP to the long-term eccentricity
during the last ~621 ka, therefore we focus on this time interval for
further investigations on the ~100-ka-eccentricity cycle (E1po). We
correlate eccentricity to the smoothed envelope derived from the
HP signal (purple lines in Fig. 4). The crossplots in Fig. 7 show a
wide range of correlation coefficients (r from 0 to 0.74). We notice
that the correlation values are highest for the parameters measured
on the sediment core of Lake Ohrid (Fig. 7c and d). For most other
proxies a clear relationship, and thus the role of Ejgp onto HP, is
ambiguous. As described in chapter 2.2 ‘Time series analysis’, we
use low-pass filter to assess eccentricity components of the HP
amplitude. While a specific eccentricity filter may give clearer re-
sults, the applied approach tests if the long term components of the
HP amplitude match eccentricity, or if these are influenced by other
effects. It should be noted that low correlations do not necessarily
mean that there is no relationship between E1gp and the smoothed
HP envelopes. A delayed response of the HP signal to Ejgp is not
traceable with this method. For instance, the R-value in the Ca/Ti
dataset is O (Fig. 7g). Nevertheless, in Fig. 4g we see that the HP
envelope (purple line) and the eccentricity (Fig. 4i) are nearly
parallel during the last ~500 ka. A systematic offset of ~20 ka is
enough to cause this decrease of the correlation value.

We also examined the records for a correlation between oblig-
uity and the envelope of the HP signal (thick red lines and obliquity
in Fig. 4. An unambiguous correlation could not be found for any
record (see Supplement Material 08).
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4. Discussion
4.1. Detection of the half-precession signal

We use several different methods to characterize the HP signal
and its intensity through time. In this regard, all methods have their
advantages and challenges, and it is also necessary to consider the
different properties of the records.

Power/amplitude spectra are a common tool in cyclo-
stratigraphy. In case orbital cycles are prominently present in a
record, they can be recognized rapidly and clearly (Fig. 2; Supple-
ment Material 03). However, amplitude spectra usually represent
the complete record and thus also parts where HP is weak and/or
superimposed by other frequencies. For this reason, it is possible to
get the impression of there being no HP in a record, even though
the HP signal is significant in certain time intervals (Supplement
Material 04).

Wavelet analysis is an effective method in cyclostratigraphy to
assess the variation of signal intensity through depth or time. We
can observe the evolution of the HP throughout a record and pro-
vide evidence for the occurrence of HP at certain intervals (Fig. 3;
Supplement Material 05). An example is the TIC content in Lake
Ohrid, where HP is mostly linked to interglacials (Fig. 3c). Wavelet
analysis is challenging to interpret when other frequencies super-
impose the HP, especially in records with a prominent contribution
of high-frequency signals. The synthetic temperature record from
Greenland is an example for this feature (Fig. 3h). Overall, this
method is suitable for characterizing the occurrence of HP at spe-
cific intervals within a record, but straightforward quantification
and comparison between different records is challenging.

Therefore, we apply an approach with correlation between
original data and filtered data (see chapter 2.2 ‘Time series anal-
ysis’). With this method we can examine a complete record or
certain parts of it and obtain one correlation coefficient value for
each record (or parts of it). This facilitates comparison with records
from other regions (Fig. 5; Supplement Material 07). The moving
window correlation after Sageman and Hollander (1999) enables
(like the wavelet analysis) the characterization of the HP signal over
time. The size of the window should be selected properly; a small
window leads to high fluctuations of the correlation coefficients
over time, a too large one can lead to smoothing of the coefficients
over a longer period of time.

4.2. Characteristics of half-precession in paleoenvironmental
records

In many climate records, interglacials have a complex structure
with multiple peaks and troughs in proxy values representing
variable climate conditions (e.g. Lang and Wolff, 2011; Railsback
et al,, 2015). An example is the LR04 stack of marine benthic oxy-
gen isotopes (Lisiecki and Raymo, 2005), where several interglacials
are separated into substages (e.g. MIS 7a-e, MIS 5a-e). Albeit in
these particular cases the subdivision is strongly related to pre-
cession, this example shows that proxy signal variations tend to be
stronger in interglacials compared to glacials. Similar observations
have been made in a lacustrine record from Lake Baikal, where
interglacials can be interrupted by short cold periods (Prokopenko
et al, 2006). Any proxy should be evaluated individually for its
suitability to assess HP signals. Most proxies record the HP signal
more accurately in interglacials, but we can distinguish them from
proxies that are also capable to record HP in glacials. Even if we
group these proxies, the transitions between these groups are
smooth.
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4.2.1. Interglacial-sensitive proxies

In general, the HP signal in all records examined in this study is
more pronounced in interglacials than in glacials. However, there
are some cases where the difference between the quality of HP in
interglacials is particulary increased compared to glacials.

In our study, the most exceptional case of interglacial sensitivity
is the TIC-content in Lake Ohrid (Figs. 3¢ and 4c). TIC is highly
climate sensitive and reflects hydrologic variability. Its amount in
Lake Ohrid's sediments is influenced by various factors such as
authigenic formation of calcite in the sediments, as well karst
runoff triggered by warm conditions (Francke et al., 2016; Wagner
et al.,, 2010, 2019; Vogel et al., 2010).

Also pollen records commonly display the feature of low-
variability in glacials, even if not as pronounced as in TIC (e.g.
Fig. 4d). This is because certain plant species are completely absent
in strong glacials (Wagner et al., 2019; Sadori et al., 2016; Tzedakis
et al., 2006).

4.2.2. Proxies capable of recording HP in glacials

The low-variability in glacials is a general property within many
climate sensitive proxies, and may complicate analyses of HP. To
address this feature, it is necessary to use proxies that are related to
amplitude variations also during glacial conditions. In context of
Lake Ohrid, this is especially valid for the relative amount of quartz
(Qz in Supplement Material 01) and K-concentrations (Fig. 4b). Both
are indicators of detrital input (Wagner et al., 2019; Francke et al.,
2016).

The wet-dry index introduced by Grant et al. (2017) is based on a
sapropel/monsoon index and a dust record (Larrasoana et al.,
2003). This approach is advantageous because the record shows
amplitude variations in warm and cold periods, while the vari-
ability of other records tend to not encompass both glacials and
interglacials equally. Since the index is sensitive to monsoon runoff,
it has a stronger connection to low latitude regions than the other
examined records.

Hodell et al. (2013) described sub-Milankovi¢ cycles in a power
spectrum as harmonics of the precession cycle in the Ca/Ti record.
However, their study did not focus further on periods shorter than
precession. Our focus on the bandwidth between 1/13—1/8.5 fa-
cilitates a more detailed investigation of HP in the Ca/Ti record.

4.3. Temporal occurrence of half-precession

The time scale quality of a record can have a relevant impact on
the detectability of HP cycles. When time scales are not accurate, HP
cycles may appear longer or shorter, and fall out of our filter win-
dow. We assume that the used age datasets are robust and that
uncertainties in the age-depth calculations do notaffect our overall
results. In addition, we address this issue setting the Taner band-
pass filters from 8.5 to 13 ka, allowing for imperfect time scales
with some distortion, and longer than the actual length of HP cycles
(9.5—11.5 ka; Berger et al., 1997). This ensures that the HP signal is
detected despite small errors in the time scales.

We observe that the HP signal is generally stronger in in-
terglacials than in glacials. This may be due to the different re-
sponses of the proxies to environmental changes, and not an actual
weakening of the HP signal in glacial periods (see chapter 4.2
Characteristics of half-precession in paleoenvironmental records’),
or an increased HP influence on climate systems during in-
terglacials. HP cycles are very distinctive in some interglacial re-
cords. Examples are MIS 7 and MIS 13 in most records of Lake Ohrid
(Fig. 4a, b and 4c; Supplement Material 04), MIS 5 of the wet-dry
index from the Eastern Mediterranean (Fig. 4e) and pollen from
Lake Ohrid (Fig. 4d). However, depending on the selection of a
proxy and its sensitivity to environmental changes, we occasionally
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Fig. 8. Correlation coefficients as proxy for the relative contribution and clarity of the HP signal at the investigated sites in different time intervals (a—d). Lake Ohrid data is bold.
Values marked with asterisks (*} are from data sets that are shorter than the time interval specified in the respective title (see Table 1 for exact time span of individual records).
Average values (@) and standard deviations are from sites where multiple datasets are available (two records from the Iberian Margin and ten from Lake Ohrid), Note that the
correlation values generally increase towards the younger intervals (from a-d; as the linear trends in Fig. 6).

recognize HP in glacials. Examples are MIS 12 in the Ca/Ti from the
Iberian Margin (Fig. 4g) or MIS 16 and MIS 12 in the wet-dry index
from the Eastern Mediterranean (Fig. 4e).

In addition to the variability of the HP signal between in-
terglacials and glacials, we see a consistent trend of increasing HP
signal towards the recent (Fig. 6). A possible explanation for this
trend is the change from the 40-ka to the 100-ka world during the
Mid-Pleistocene Transition (MPT; Shackleton and Opdyke, 1976).
Since precession is modulated by eccentricity, a similar effect may
be expected for the HP signal. This idea is supported by the pres-
ence of a positive correlation between HP and eccentricity (Figs. 6
and 7) in the younger part (<621 ka) of the investigated records,
but the absence of such a relation between HP and obliquity
(Supplement Material 08).

If assuming a relation of HP to eccentricity, one may expect a
weaker expression of HP in an obliquity dominated world. Such
conditions prevailed before and partly during the MPT ~1.25 to 0.7
million years ago (Pisias and Moore, 1981; Clark et al, 2006;
Mudelsee and Schulz, 1997). The length of most examined records
in this study does not allow assessment of HP before MPT. In the
records from Lake Ohrid, the MPT is partly covered and we see an
increase of HP intensity during and after the MPT. After MIS 16, the
HP signal is more prominent and follows partly the E4g5 cycle while
before MIS 16 (in the younger part of the MPT) the clarity of the HP

11

signal vanishes (Fig. 6). Therefore, the HP signal in Lake Ohrid ap-
pears to be not only affected by glacial or interglacial conditions,
but also by orbital eccentricity and specifically the E4q5 cycle.

4.4, Spatial occurrence of half-precession around Europe

The correlation coefficients between the paleoclimate proxy
datasets and HP filters listed in Fig. 5 are an indicator of the clarity
of HP signal in each record. Fig. 8a shows those values on a map of
Europe and the North Atlantic. In shorter and younger time in-
tervals, this relation persists and the gradient between the regions
even increases (Fig. 8a—d and Fig. 9a—d). The r-values in Greenland
remain almost equally low while values in the Eastern Mediterra-
nean increase clearly from 0.26 to 0.41. The records from the Iberian
Margin and Lake Ohrid (which are - from a spatial point of view -
between the Eastern Mediterranean and Greenland), show inter-
mediate changes in the clarity of the HP signal over time. Thus, we
observe a trend of stronger HP signal in data from the southeast to
weaker HP signal in the northwest. Fig. 9 illustrates this relation-
ship with respect to latitude for four time intervals. The pattern of
higher correlation coefficients in the south - and thus higher clarity
of HP - is even stronger in the younger part of the records (Fig. 9d).

In Figs. 8 and 9, we use an average r-value for all sites with
multiple datasets (two datasets on the Iberian Margin, ten datasets
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Fig. 9. Correlation coefficients between original data (black lines in Fig. 4) and bandpassed signals (thin red line in Fig. 4) as proxy for the clarity of HP cycles against latitude for the
investigated sites. Time intervals as in Fig. 8. Uncertainty estimated as explained in Supplement Material 09. We use the average standard deviation for sites where multiple datasets
are available (two records from the Iberian Margin and ten from Lake Ohrid). Dashed line is a linear fit with slope values given in each subplot (a—d). The relationship between
latitude and clarity of HP (here correlation) is changing through time. The difference in HP clarity between the Mediterranean region and Greenland is increasing through time from
a) longest time interval to d) youngest interval. Also note that data marked with asterisks (*) are from records that are shorter than the time interval specified in the respective title
(see Table 1 for exact time span of individual records). 1. Lake Ohrid, Albania/North Macedonia; 2. Tenaghi Philippon, Greece; 3. ODP Site 967, Eastern Mediterranean; 4. Lake Van,
Turkey; 5. Dolni Véstonice, Czech Republic; 6. IODP Site U1385 “Shackleton site”, Iberian Margin; 7. NGRIP, Greenland; 8. Synthetic record, Greenland (see Table 1 for proxy details
and Fig. 1 for location on the map). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

in Lake Ohrid). Especially in records from Lake Ohrid, the range in r
from 0.17 to 0.26 is relatively wide (Fig. 5). Despite this range we see
an increase of average values towards the recent (Fig. 9).

Several studies demonstrated HP cycles in low latitude records
(e.g. Hagelberg et al., 1994; Trauth et al., 2003). The HP signal is
expected to be strongest in equatorial regions where the twice-
yearly passage of the sun over the equator creates a precession
harmonic at 10—12 cycles/ka (Hagelberg et al., 1994; Short et al,,
1991). HP from a lacustrine record in East Africa illustrates the
connection of HP cyclicity to the monsoonal system (Verschuren
et al., 2009). The previous findings that HP is a mainly tropical
signal is in agreement with our investigations. The closer a record is
to the influence area of a monsoon system, the stronger is the HP
signal. In our study, this is most evident in the ODP 967 (Grant et al.,
2017) and Lake Ohrid records (Wagner et al., 2019). Towards higher
latitudes the HP signal decreases gradually, but weak signals are
still found in records from Greenland. High and low latitudes in the
North Atlantic appear decoupled prior to the initiation of Northern
Hemisphere glaciation, but strongly coupled thereafter (deMenocal
et al.,, 1993; Hagelberg et al., 1994).

12

When comparing different data from different regions, several
aspects like the catchment areas or regional environmental
changes need to be considered. As an example, we examine the
records from Lake Ohrid and the ODP 967 core from the eastern
Mediterranean (Grant et al., 2017). Although both are basically a
two component system (Lake Ohrid: non calcareous clay/calcar-
eous clay (Francke et al., 2016); ODP 967: detrital input/sapropels
(Grant et al., 2017), they differ by the extent of their catchment area.
Local geological influences like tectonic movement in the catch-
ment area of Lake Ohrid may affect the recording of climate signals.
In comparison, the ODP core with its catchment of large parts of
Africa will not be as sensitive to such small-scale events. However,
in lake environments we often observe high sedimentation rates
and thus, a good temporal resolution, which in turn is advanta-
geous for the preservation of (Sub-)Milankovi¢ cycles. The same
holds for terrestrial records like the loess record from Czech Re-
public (Supplement Material 01; Antoine et al., 2013; Fuchs et al.,
2013). Due to better resolution, the HP signal is preserved very
well in certain short time intervals (e.g. early MIS 5), but such re-
cords cover only a short time interval (e.g., 126—22 ka). Marine
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records are often more constant regarding preservation of changes
in environmental conditions over long time periods, but often have
lower sedimentation rates. All of this needs to be considered when
analyzing records in terms of short orbital cycles (and other high-
frequency signals). Not only the type of proxy is relevant for the
preservation of HP, but also the regional environmental conditions
of the location from which the record originates.

4.5. Implications for the origin of half-precession in the studied
region

Until now HP is poorly understood and only described in single
records. Heinrich (1988) demonstrated the existence of an 11 + 1 ka
cycle based on the occurrence of ice rafted debris in marine sedi-
ments of the North Atlantic, as increased ice runoff occurred during
solar radiation maxima/minima. Also Hinnov et al. (2002) proved
the occurrence of HP in high latitudes and suggested a link to
Dansgaard-Oeschger events. On the other hand, there are consid-
erably more studies describing the origin of HP in equatorial re-
gions as a result of the two insolation maxima per precession cycle
(e.g. Berger et al., 1997; Laepple and Lohmann, 2009; Trauth et al.,
2003). Here, we analyze HP in a suite of records in order to better
understand its spatial occurrence allowing to discuss its climatic
origin.

We observe a clear gradient in the intensity of HP in European
and North Atlantic regions. The signal is clearest in the southeast,
and may be influenced by the Asian and/or African monsoonal
systems. However, the HP signal (even if significantly weaker) in
the high latitudes like Greenland cannot be directly affected by the
low latitude monsoon systems. Sun and Huang (2006) and also
Turney et al. (2004) demonstrated that information about HP can
be transferred from low to high latitudes. We suggest that when
information (about HP) propagates via atmospheric and/or oceanic
teleconnections, more of the information dissipates as the distance
from the source of the HP signal increases. Additionally, other
(orbital) signals may overprint the HP signal in high latitudes (e.g.
Short et al., 1991; Hodell et al., 2013).

Alternatively, the HP signal in high latitudes may have a
different mechanistic origin from the HP in low latitudes. In low
latitudes the HP is a predominantly interglacial feature, possibly
because the high precession amplitude during high eccentricity
transports signals from one hemisphere over the equator to the
other hemisphere. Contrary, in Greenland HP occurs regardless of
variability between glacials and interglacials, albeit at comparably
weak levels.

In Figs. 8 and 9, we demonstrate that the clarity of HP signal is
stronger in the southern records and is generally increasing to-
wards the recent. Our results suggest that the HP signal originates
in the south and that this pattern is partially transported to high
latitudes. We illustrate that despite a pronounced increase of the
HP in the south, it is only weakly transported to the high latitudes
of the Greenland records.

Assuming that the main source of the HP signal is in equatorial
regions and that HP signals in high-latitude records must be
transmitted from there, we see the potential of HP as an indicator
for the connectivity between low- and high-latitude climate sys-
tems over time, at least in the European/North Atlantic region.

In this context our analysis shows strongest HP and connectivity
of the Iberian Margin to the tropics during interglacials and espe-
cially in the high-eccentricity (high precession amplitude) interval
of MIS 7 (Fig. 6). Contrary, little HP is transmitted to the Mediter-
ranean region during the glacials, though the strongest HP signals
occur in the eastern Mediterranean, where the signal is carried via
the Nile River.

Kaboth-Bahr et al. (2018) suggest that the monsoonal influence
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on the water density structure in the Mediterranean affects the
variability of the Mediterranean Outflow Water (MOW), which
effectively transmits a low-latitude orbital pacing to the East
Atlantic off Iberia and via atmospheric moisture transport to the
European continent. In the late Quaternary, low precession ampli-
tudes led to less severe dry phases in North Africa and thus less
prominent peaks in MOW strength. If we consider the MOW as a
transport mechanism for the HP signal, this is in agreement with
the low HP signature in the low precession amplitude phases
during MIS 14 and 11 in the Iberian Margin record (Fig. 6g). In
contrast there was a phase with high MOW production caused by
particularly pronounced aridity phases during MIS 6 within the
E4oo-maximum (Kaboth-Bahr et al., 2018; Trauth et al., 2009).
Again, we can see a connection of the HP records from the Medi-
terranean to the Iberian Margin as the increased MOW probably
transferred the HP signal during MIS 6 (Fig. 6e and g). This implies
an astronomically forced shift of climate systems over the Medi-
terranean region. One prominent driver is the Nile discharge, which
modulates the Mediterranean circulation and even influences the
outflow of the Mediterranean Sea into the Atlantic Ocean.

5. Conclusions

The good temporal resolution and the continuity of the records
in Lake Ohrid provide excellent prerequisites for cyclostratigraphic
studies. In a suite of sedimentary proxies, there is recurrent evi-
dence of HP cycles from the Mid-Pleistocene to the recent. The
expression of HP cycles is generally stronger in the younger parts of
the data (<MIS 16) and during interglacials. The latter may partly
result from the natural behavior of proxies.

In several records from Lake Ohrid, a relationship between HP
and eccentricity cycles exists. Even a connection to the long term
405-ka-eccentricity cycle is apparent after the Mid-Pleistocene
Transition. However, a correlation between the HP envelope and
obliquity is absent. We interpret this as a relation of HP and pre-
cession and its amplitude.

HP is present in all examined datasets between Greenland and
the Eastern Mediterranean, although the proxies are dominated by
different climate systems. The reasons for the appearance of the HP
signal in different records may be diverse, but we see a distinct
trend from weaker HP signals in the North Atlantic to a stronger
signature in the Eastern Mediterranean region. The clarity of the HP
signal between the Atlantic and the Mediterranean appears to be
gradual, as are the transitions between the causative climate sys-
tems. We suggest that the equatorial HP signal is transported
northward via different modes. Besides Nile water discharge and
Mediterranean Outflow Water, the connected Monsoon systems are
one major driver in this process. The sediment succession from
Lake Ohrid appears to be a link between the high and low latitudes
climate systems; Wagner et al. (2019) describe a connection to the
African monsoon. We identify a similar influence of low latitudes
on Lake Ohrid expressed as the distinctness of the HP signal in the
records.

HP is a relevant part of natural climate variability - also in
Europe especially in interglacials. Its probable origin in low lati-
tudes and the possible transmission of the HP signal to high lati-
tudes gives HP the potential to be an indicator for the
interconnectivity of paleoclimate systems.
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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/3**Ar-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 mbilf) 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 LRO4 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
fir Angewandte Geophysik (LIAG) durchgefiihrt. Die gewonnenen Daten wurden benutzt um
stratigraphische und paldoklimatische 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 vollstandig geklart.
Lediglich eine Tephra-Lage im unteren Drittel der lakustrinen Sequenz wurde mit der “°Ar/3°Ar-
Methode auf 797.3 + 1.6 ka datiert. Die in dieser Arbeit eingebundene Publikation zu Lake
Towuti enthdlt das erste kontinuierliche Alters-Tiefen-Modell der Seesedimente. Unter der
Annahme, dass die Exzentrizitat hauptsachlich fur orbital induzierte Veranderungen der
Sedimentzusammensetzung verantwortlich ist, haben wir die magnetische Suszeptibilitat aus
den Bohrlochmessungen zyklostratigraphisch analysiert. Diese Methode ermdoglicht die
Berechnung der Sedimentationsrate (SR), und Veranderungen, wie z.B. eine erhohte SR
wahrend Wachstumsphasen von Diatomeen. Unser Alters-Tiefen-Modell wurde an die oben
erwdhnte Tephra-Lage ,eingehdngt’, deckt 77 % der lakustrinen Fazies von Lake Towuti ab und
erstreckt sich von 903 + 11 ka (~84 mblf) bis 131 + 67 ka (~19 mblf). Zusatzlich wurde aus einer
Reihe von Bohrlochdaten mittels Clusteranalyse ein kiinstliches lithologisches Profil der
Sedimentsequenzen konstruiert. Die Ergebnisse stimmen mit den Kernbeschreibungen lberein
und Abschnitte mit Kernverlusten werden durch die kiinstliche Lithologie beschrieben. Dies ist
besonders im unteren Bereich der Bohrung von Bedeutung, da hier die groBten Kernverluste

auftraten.
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Es wurden somit nicht nur die fir die Publikation relevanten Fragenstellungen bearbeitet und
erfolgreich beantwortet, sondern auch ein wichtiger Beitrag fir 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 hierfir
komplett auf die Verwendung von Kernmaterial verzichtet wurde. Lake Ohrid ist hierfiir sehr
gut geeignet, da ein Vergleich der im Bohrloch gemessenen, natirlichen Gamma-Strahlung mit

der globalen 8§'80-Referenzkurve groRe Ahnlichkeit zeigt.

Seismische Daten liefern die Grundlage fir 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 fur weitere Analysen zur Altersbestimmung an Pestani und
Cerava gelegt. Mittels Korrelation zur globalen ,LRO4 benthic stack’ Referenz und
zyklostratigraphischer Methoden wurden jeweils unabhangig voneinander die SR der einzelnen
Sites bestimmt. Die unterschiedlichen Wege zur Berechnung der SR bei DEEP zeigen dhnliche
Ergebnisse. So betragt 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 fir 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 fiir Pestani und

Cerava Alters-Tiefen-Modelle erstellt werden.

Aus den verschiedenen Bohrlochparametern wurde fir alle drei Bohrlokationen mittels
Clusteranalyse ein komplettes lithologisches Profil erstellt. Ein Abgleich der Ergebnisse ist nur
mit der veréffentlichten Kernbeschreibung der oberen ~250 mblf von DEEP mdglich. Hier ist die
Ahnlichkeit des kiinstlichen 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 kiinstlichen lithologischen Profilen erkennbar. Alle diese Erkenntnisse wurde ohne Sichtung
des Kernmaterials erlangt und liefern einen wichtigen Beitrag fiir weitere Arbeiten im SCOPSCO-

Projekt.
Halb-Préizessionssignale im Ohridsee und im europdischen Raum

Ausgehend von der Frage nach dem Ursprung der visuell sichtbaren Halb-Prazessions(HP)-
Zyklen in Teilen der Daten aus dem Ohridsee wurden diese mit anderen Proxydaten in und um
Europa hinsichtlich des Vorhandenseins und der Intensitdat von HP verglichen. Wie aus den
vorherigen Studien ersichtlich, bieten die Sedimente im Lake Ohrid hervorragende
Bedingungen fiir zyklostratigraphische Untersuchungen. Ergdnzend zu den Bohrlochdaten
wurden nun auch Kerndaten aus dem SCOPSCO-Projekt hinzugezogen. Bei den europaischen
Vergleichsdaten handelt es sich um sehr unterschiedliche Proxies: Es sind beispielsweise marine
Kerne aus dem Mittelmeer und dem ,Iberian Margin‘ vor der Kiiste Portugals, Gber Europa
verteilte terrestrische Sedimentarchive bis hin zu Daten aus dem Gronland-Eis in die Analysen
eingebunden. Es wurde darauf geachtet zeitlich moglichst lange Archive zu benutzen, um ein
Bild der HP Uber 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 stid(6st)lichen Daten ausgepragt, nimmt Richtung Norden ab und
ist in Gronland quasi nicht mehr nachweisbar. Der Grund hierfiir kénnte im &quatorialen
Ursprung des Signals liegen. Je weiter von den niedrigen Breiten entfernt, desto schwacher ist
das Signal. Es wird jedoch vorgeschlagen, dass unterschiedliche
atmospharische/ozeanographische Prozesse das Signal in hohere Breiten transportieren
konnen. Wenn sich dies bestatigt, konnte das HP-Signal als Indikator fiir die Konnektivitat
zwischen den Klimasystemen der niedrigen und der hohen Breiten gesehen werden. Besonders
der afrikanische Monsun, der Nil und der Ausfluss des Mittelmeers durch die Strafle von

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

Uber die zeitliche Entwicklung des HP-Signals kdnnen wir sagen, dass die Intensitat wihrend

der letzten 1 Ma vor allem im jingeren Teil (<621 ka) zunimmt. AuBerdem beobachten wir eine
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Zunahme des Signals in interglazialen Perioden. Einige Proxies zeigen keine Variabilitat in
Glazialen und sind daher nicht in der Lage, kurze orbitale Zyklen in bestimmten Abschnitten
aufzuzeichnen. AuRerdem ist festzuhalten, dass einige Proxies einen Zusammenhang des HP-
Signals sowohl zum 100 ka als auch zum 405 ka Zyklus der Exzentrizitdt aufweisen. Der Ursprung

dieser Merkmale bedarf weiterer Untersuchungen.

Das HP-Signal ist also nicht nur in (sub-)tropischen Sedimentarchiven zu beobachten, sondern
konnte durch verschiedene Mechanismen in hohere Breiten transportiert werden. Dabei ist

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

Mit der Publikation zur HP wurde ein weiterer Schritt zum besseren Verstandnis dieses Signals
gemacht. Dennoch wird weiterhin viel Forschung nétig sein, um die Hintergriinde der
Entstehung und der Evolution der HP Uber ldngere Zeitraume vollstandig zu verstehen. Auch
hierbei kdnnen Bohrlochmessungen zum Einsatz kommen, vorausgesetzt, dass das Verhaltnis
aus vertikaler Auflésung der einzelnen Sensoren in den Bohrlochsonden zur Akkumulationsrate
im Sedimentkorper ausreichend ist, um diese Signale aufzuzeichnen. Die raumlichen
Zusammenhange der HP koénnen mit der Hinzunahme weiterer Datensdtze 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 riicken 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 maoglicherweise
nicht durch Bohrlochmessgerdte nachweisbar, jedoch kénnen Untersuchungen an marinen
Sedimentkernen trotzdem erfolgreich sein. Hierbei konnen Gerate wie MSCL und/oder XRF-
Logger die gewlinschte Auflosung liefern. Das Potenzial mariner Kerne besteht darin, dass diese
oft Uber das Pleistozan hinausreichen und somit eine Beurteilung der HP in der tieferen

Vergangenheit erlauben.

Die hier vorgestellten Publikationen befassen sich mit der Rekonstruktion paldoklimatischer
Bedingungen in Seesedimenten. Dafiir wurden hauptsachlich geophysikalische Bohr-

lochmessungen und z. T. auch seismische Daten verwendet. Auch wenn Bohrlochmessungen
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schon seit dem friithen 20. Jhd. fir industrielle Zwecke genutzt werden, ist deren Verwendung
in der Paldoklimatologie, im speziellen fir die Altersbestimmung, relativ neu. Mit der
Weiterentwicklung dieser Methoden werden die Alters-Tiefen-Modelle zukiinftig praziser und
zugiger, moglicherweise direkt im Anschluss an eine Bohrkampagne, vorhanden sein. Trotzdem
werden klassische Methoden zur Altersbestimmung (Tephra-, Magneto-, Biostratigraphie) am
Sedimentkern weiterhin noétig 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 Variabilitdt dieser Daten konnen Sedimentationsprozesse
erklart werden, auch wenn die Bohrkerne noch nicht gedffnet 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 paldogeowissenschaftlichen Community
weiter ausgebaut und gefestigt. Die Vorteile liegen auf der Hand, wenn man z.B. die
Schnelligkeit, mit der die Ergebnisse vorliegen, berticksichtigt, oder die Qualitat/Kontinuitat der
aufgezeichneten Daten. Es hat sich gezeigt, dass Bohrlochdaten das Potential haben, einen
Grof3teil von paldoklimatischen Fragestellungen erfolgreich zu beantworten und aus diesem

Grund in zukiinftigen 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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