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Abstract A deep drilling campaign was performed at
Lake Van (Turkey) to enhance the understanding of the
paleoenvironmental conditions of the Middle East. Cores
were collected, and the sediments are mainly composed of
clayey silts and tephra deposits. Spectral gamma ray data
were acquired (0-210 m below lake floor), and the uranium
data were used for cyclostratigraphic studies to estimate
the sedimentation rates and the time of deposition. Detec-
tion and analysis of climate cycles require continuous sedi-
mentation and cannot be applied to these sediments which
include numerous tephra layers. Therefore, these layers
were removed, and a synthetic log was created (cumula-
tive thickness of the tephra ~50 m; remaining lacustrine
sediments ~160 m). High amplitudes were detected and
correlated to Milankovi¢ cycles. Their evolution was ana-
lyzed using the sliding window technique. The sedimenta-
tion rates varied from 22 to 33 cm/ka in the upper section.
The sediments between the lake floor and a depth of 210 m
were deposited over a period of 587 ka. Our results agree
with core interpretations (e.g., correlation of total organic
carbon with marine isotope stages) which suggest a time
span of deposition of 600 ka. High-frequency cycles were
detected and correlated with interstadials from the North
Greenland 8'80 record for the past 75 ka. The two datasets
agreed closely. We conclude that climate signals, even on
sub-Milankovi¢ scale, are imprinted in uranium of these
sediments, and cyclostratigraphic methods are applicable if
event layers are subtracted from the sediment record.
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Introduction

In the framework of the International Continental Scien-
tific Drilling Program (ICDP), a drilling campaign was
carried out in the summer of 2010. The objectives of the
project (PALEOVAN) were to enhance the understanding
of the paleoclimatic and paleoenvironmental conditions of
the Middle East for the past 500 ka. Multiple cores were
collected from two boreholes with total depths of 140 m
(Northern Basin site) and 217 m (Ahlat Ridge site; Fig. 1a).
The Ahlat Ridge (AR) site is located in a deep basin (water
depths of 360 m). Pre-site seismic surveys indicated that
a continuous sedimentary sequence is preserved at AR,
which increases the potential to yield a complete paleoenvi-
ronmental and paleoclimatic record (Litt et al. 2009).

A comprehensive set of downhole logging data was
acquired in hole D at AR. In this paper, we present results
from spectral analysis applied on spectral gamma ray
(SGR) data. Further results of statistical evaluations (clus-
ter analysis) on downhole logging and X-ray fluorescence
(XRF) scanning data from split cores to reconstruct the
sediment record are published by Baumgarten et al. (2014).

Paleoenvironmental investigations on sediments are fea-
sible only if a robust age—depth model can be achieved.
Because incomplete core recovery often occurs when
coring unconsolidated sediments, continuously recorded
downhole logging data and following evaluations are
extremely valuable to fill core gaps or for independent
testing of core interpretation. The challenging sedimen-
tary record of Lake Van, which includes several meters
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of tephra layers that are difficult to drill, can be analyzed
using the in situ physical properties achieved by down-
hole logging.The main objectives of this contribution
are as follows: (1) analysis and interpretation of orbit-
ally driven cyclicities recorded by physical properties due
to their sensitivity to changes in sediment characteristics
and (2) development of an age—depth relationship based
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on cyclostratigraphic characteristics of downhole logging
data.

Even though orbital cycles have been interpreted
in numerous marine records (Barthes et al. 1999;
Golovchenko et al. 1990; Jarrard and Arthur 1989; Molinie
and Ogg 1990a) and several lacustrine sedimentary
sequences (Bogota-A et al. 2011; Kashiwaya et al. 2010;
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Prokopenko et al. 2006), this approach pre-requires con-
tinuous sedimentation and preservation of the cycles. The
sediment record of Lake Van is by its nature not well suited
for identification of cycles because they are intersected by
frequent tephra layers (event stratification). We hypothesize
that, after subtraction of these discontinuities, cyclostrati-
graphic methods can still be applied and cycles (assumed
as orbitally driven) can be detected and interpreted.

We focused our interpretation on the SGR data acquired
at the AR because this site represents the longest drilled
sedimentary section in the lake and is assumed to be a con-
tinuous record that covers the longest period of time. Fur-
thermore, the AR site is the main focus of the PALEOVAN
project, and the evaluations done by other working groups
are most detailed. Based on these framework conditions,
this site, so far the best studied, has the highest potential for
cyclostratigraphic studies.

Regional setting

Lake Van (38°38'N, 42°54’E) in eastern Anatolia (Tur-
key) has a surface area of more than 3,500 km? and is the
fourth largest terminal lake in the world. It is located in the
vicinity of the Red Sea, the Arabian Sea and the Black Sea
and near the Bitlis-Potiirge suture in the Eastern Anatolian
Accretionary Complex (Fig. 1b). The tectonic setting is
controlled by the underthrusting of the Afro/Arabian plate
(to the north) under the Anatolian/Eurasian plate (Litt et al.
2009). The lake basin forms the eastward continuation of
the Mus basin, from which it is separated by the Nemrut
volcano (Cukur et al. 2013). Lake Van’s basin was formed
by this active fault system (Litt et al. 2009). Historic earth-
quakes, most recently in 2011, indicate that the region is
tectonically active. Lake Van is assumed to be older than
550 ka (Cukur et al. 2013). The volcanoes across eastern
Anatolia are related to the tectonic collision (Keskin2003),
and post-collisional volcanism began at 8—6 Ma (Sumita
and Schmincke 2013a). The link between the volcanoes
and the tectonic setting is still under debate (Keskin 2005).
The Siiphan and Nemrut volcanoes (Fig. la) have con-
tributed significantly to the volcanic deposits of Lake Van
(Sumita and Schmincke 2013b). Large parts of its catch-
ment are covered by volcanic deposits (Degens et al. 1984);
thus, they are likely a major source of terrestrial material
in the lacustrine sediments. These sediments are composed
mainly of clayey silts and tephra deposits. The former con-
sist predominantly of authigenic carbonates, clay minerals,
quartz and organically rich layers (Stockhecke et al. 2014a).
The climate in the region is affected by several atmospheric
elements, including the mid-latitude westerlies (Chavaillaz
et al. 2013; westerly jet streams; which are triggered by the
equator-to-pole gradient), the Mediterranean subtropical

high-pressure system and the Siberian high-pressure sys-
tem (Akcar and Schliichter 2005; Stockhecke et al. 2012).
The position of Lake Van between prevailing arid and
humid regions makes it sensitive to climatic changes. Lake-
level terraces surrounding Lake Van have recorded past
changes in the hydrological system (Landmann et al. 1996;
Litt et al. 2009). The lake water has an alkaline character-
istic, which is likely due to volcanic inputs of CO, (Degens
et al. 1984). The current local climate is continental, with
dry and warm summers (mean temperature >20 °C), cold
winters (mean temperature <0 °C) and precipitation during
winter and spring (Landmann et al. 1996; Stockhecke et al.
2012).

The lake level is currently at 1,647 m asl and has under-
gone significant changes (hundreds of meters) since the
lake’s initial formation (Cukur et al. 2013). Extensive
investigations, including shallow coring to depths of 8-9 m
and surface geophysics, began in the 1970s. These cores
revealed an annual resolution of at least 15 ka (Landmann
et al. 1996). The sedimentation rates in the Holocene were
determined by varve counting in short cores and ranges
from 30 to 100 cm/ka (Degens et al. 1984). Additional
short cores (3—9 m) were drilled at AR in 2004 (Fig. 1a).
By correlating prominent ash layers in the short cores with
those found in cores drilled in 2009, Litt et al. (2009) esti-
mated a mean sedimentation rate of 50 cm/ka.

Lake Van contains several deep basins, and the Tatvan
basin was targeted for drilling (Fig. 1a) (Litt et al. 2009).
The AR site is located in the Tatvan basin, and multiple
cores were collected to a total depth of 217 m with an over-
all core recovery of 91 %. This site is assumed to yield a
complete paleoenvironmental and paleoclimatic record
because the results from a pre-site seismic survey indicate
that an undisturbed sedimentary sequence is preserved (Litt
et al. 2009). Additionally, the location of the deep basin far
from the lake shore decreases the likelihood of mass-flow
deposits in the sediments, which occur close to the south-
ern shore in Lake Van (Cukur et al. 2013).

Materials and methods
Data acquisition, preprocessing and processing

Hole D at AR was drilled with a diameter of 149 mm.
Water-based mud was used with additives (citric acid) to
compensate for the high pH (9.8) of the lake water. The
SGR data, including the potassium (K), thorium (Th) and
uranium (U) contents, were recorded with the slimhole
tool (SGR 70, Antares, Germany) of the Leibniz Institute
for Applied Geophysics. The sampling rate was 10 cm, and
the logging speed was 3 m/min. The vertical resolution
(minimum bed resolution) which can be achieved depends
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Fig. 2 Varying intensity of
solar radiation affects the
climate, which influences the
properties of the deposited sedi-
ments. Several variations can be
detected by physical and chemi-
cal properties of the sediment
record and are reflected in the
downhole logging data
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among the tool specification (size of the BGO crystal:
5 x 15 cm) on formation characteristics, e.g., the contrast
of values between a thin bed (reference) and its neighbor
bed and the absolute value range (Theys 1991). Therefore,
we can estimate the vertical resolution only as 15-20 cm.
Descriptions of this logging tool are given by Barrett et al.
(2000) and Buecker et al. (2000), and the physical prin-
ciples are described by Rider and Kennedy (2011). Hole
D was first drilled to 118 m below lake floor (mblf) and
extended to a final depth of 217 mblf in a second phase of
drilling.

SGR was recorded through the drillpipe directly after
each drilling phase and covers the complete drilled sedi-
ment record. The software GeoBase® (Antares, Germany)
was used for data acquisition, preprocessing and processing.
After depth matching of the logs, the two sections (0-118
and 118-217 mblf) were spliced for further analysis.

The environmental correction of the SGR was calcu-
lated to take into account the disturbance due to drilling
(Lehmann 2010). The uncorrected and corrected data dif-
fer only by a constant factor; thus, the original data were
used for the evaluations because potential periodicities in
the data are not affected by an offset in the absolute values.
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Cyclostratigraphic analysis

Variations of the solar insolation on the Earth are a major
control of the climate (Milankovi¢ 1920) and therefore
affect the properties of deposited sediments (Rachold and
Brumsack 2001). Several periodicities have been defined
for the solar variations in the Quaternary (Berger and Lou-
tre 2010), including eccentricity (E: 100 ka), obliquity (O:
41 ka) and precession (P,: 23 ka and P,: 19 ka). The 100 ka
E cycle is known to be dominant in paleoclimate records,
particularly for the last 900 ka.

Variations in sediment characteristics, which are con-
trolled by varying climatic conditions, are detectable by
their different physical properties (Lamont-Doherty Earth
Observatory Borehole Research Group 2001). Possible
responses of downhole logging data to (climate-driven)
variations in sediment characteristics are shown in Fig. 2.
Cyclostratigraphic studies of downhole data have been
successfully performed on gamma ray (Molinie and Ogg
1990b; Wonik 2001), resistivity (Golovchenko et al. 1990),
seismic velocity (vp) (Jarrard and Arthur 1989) and mag-
netic susceptibility (Barthes et al. 1999). Such cyclici-
ties can be interpreted as repeated sedimentary sequences,
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which are characterized by varying physical properties.
If the cycles can be successfully correlated with orbital
cycles, the depth scale can be converted to a timescale and
mean sedimentation rates can be determined (Molinie and
Ogg 1990a).

For cyclostratigraphic analysis, the sedimentation is
considered to be continuous over the analyzed time inter-
val. Additional event deposition (thick turbidites or vol-
canic ash layers) or erosional events (hiatuses) disturb con-
tinuous sedimentation and—if not corrected for—produce
erroneous estimates of sedimentation rates. Artificial time
series have been examined to determine the impact of geo-
logical disruptions, such as hiatuses, on time series analy-
sis (Stage 1999). He introduced hiatuses in the amount of
15 % of the original time series which have been found to
significantly change the spectrum. Because the depth scale
is converted to a timescale, the vertical resolution of the
downhole logging tools and the sedimentation rate control
the temporal resolution. Generally, the vertical resolution
that can be achieved by spectral analysis is defined by the
Nyquist frequency (two times the sampling rate; Molinie
and Ogg 1990a). Thus, for SGR with a vertical resolution
of 15-20 cm and a mean sedimentation rate of 30 cm/ka, a
time resolution of c. 1.0-1.3 ka can be achieved.

Sedimentation rate variations for the recorded data can
be detected using the sliding window method (Molinie
and Ogg 1990b; Wonik 2001). The spectral analysis is
calculated for a certain depth interval (window size), and
the window is then shifted downward continuously at a
specific step. The calculation is repeated, and the results
are displayed at the center of each window, resulting in a
three-dimensional spectral plot. The optimal window size
is determined empirically. The window needs to be as short
as possible to maximize the length of the resulting plot but
long enough to cover the signal. For example, a 30-m-long
E cycle cannot be detected properly by a 20-m-long win-
dow. A window that is too short will smear the signal.

The window length and step size used for this dataset are
indicated in the results section. The characteristic periodicities
were identified by application of spectral analysis (Jenkins and
Watts 1969; Priestley 1981) performed as fast Fourier trans-
form (Windowed Fourier transform; Torrence and Compo
1998), by using MATLAB (MathWorks®). In addition to the
Milankovié cycles, higher-frequency signals (sub-Milankovi¢)
have been recorded by the North Greenland 3'*0 record
(NGRIP), which indicates 24 Greenland Interstadials (GIS)
over the past 123 ka (Andersen et al. 2004; North Greenland
Ice Core Project members 2004). These rapid warming events
(Dansgaard—Oeschger cycles; Dansgaard et al. 1993) have a
periodicity of approximately 1.5, 3 and 4.5 ka which are mul-
tiples of 1.5 ka (Rahmstorf 2002; Alley et al. 2001).

Several high-frequency fluctuations have been observed
in Quaternary paleoclimate records, such as in pollen

(Mueller et al. 2011), total organic carbon (Prokopenko
et al. 2001) or carbonate contents (Wagner et al. 2010).
Depending on sedimentation rates and the resulting tem-
poral resolution, even climate signals in the range of sub-
Milankovi¢ frequencies can be detected using downhole
logging techniques (Paulissen and Luthi 2011).

Data preparation for spectral analysis

Discontinuities in the sedimentary process, such as event
stratifications (Schwarzacher 2000) that were not depos-
ited at “normal” sedimentation rates, cause uncertainties
in linking the sediment thickness to time. Therefore, an
approach was needed to eliminate the numerous tephra lay-
ers (=event deposits; deposited almost instantaneously)
from the Lake Van record.

A continuous lithological profile is the first step to iden-
tify these layers. It was reconstructed based on cluster anal-
ysis of several downhole logging data as well as additional
parameters from XRF scanning of split cores (Baumgarten
et al. 2014). The vertical resolution of the cluster analysis
is controlled by the input data which range from c. 2 cm
(resistivity from dipmeter) to c¢. 20 cm (magnetic suscep-
tibility). The combined vertical resolution cannot be deter-
mined precisely, but we consider thin lithological layers
(<15 cm) below the detection limit. After the integrated
interpretation of the results of the cluster analysis and the
composite lithological profile from visual core descriptions
(compiled by Stockhecke et al. 2014a), the tephra deposits
were separated clearly. They are generally characterized by
higher mean gamma ray (GR) values (>40 gAPI) than the
lacustrine deposits. Thus, this value was used as a cutoff,
and layers with GR values above 40 gAPI were interpreted
as tephra and removed from the profile. Border effects and
thin tephra layers below minimum bed resolution cannot be
excluded.

To run the spectral analysis on a continuous depth sec-
tion, a synthetic depth scale was created. For example,
after removing the 9-m-thick tephra layers from 120 to
129 mblf, the upper part of the log was manually shifted
down; hence, the log was shortened by 9 m. After eliminat-
ing approximately 50 m of tephra, the resulting “synthetic
log” (composed mainly of lacustrine clayey silts) was
160 m long. The spectral analysis was performed on this
record. Figure 3a shows the result of this processing step
for the uranium log (U_g;,).

Compaction
Because of the unconsolidated nature of the lacustrine sedi-
ments, compaction (and associated porosity reduction) of

the material needs to be taken into account. Compaction is
primarily controlled by sediment depth because lithostatic
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The compaction of sediments can usually be described by  (1989). The exponential decrease in porosity (n) with depth
an exponential trend, and we have applied an exponential  (z) was estimated as (Athy 1930; Brunet 1998):
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n(z) = no * e P9 (1

where ny, is the initial porosity, and S is the coefficient of
compaction.

Assuming that the compaction of the sum of the GR data
and their spectral components can be described in a simi-
lar manner as the porosity (Eq. 1), the respective residuals
were computed.

The role of spectral gamma ray data for cyclostratigraphic
studies

The imprinting of orbital (climate) signals in sediments
requires mechanisms for the response of the observed
parameter to changes in climatic conditions. GR data have
been used for cyclostratigraphic analyses, and variations in
the natural radioactivity are often linked to the abundance
of clay minerals or differences in clay mineralogy (Serra
1986; Rider and Kennedy 2011). However, the spectral
components have the potential to yield more detailed infor-
mation than the sum of the natural radioactivity. The roles
of K, Th and U in changing climatic conditions require fur-
ther investigations, in particular for lacustrine sedimentary
climate archives.

The spectral components have several sources in sedi-
ments. The host minerals for K are mainly feldspars, micas
and clays, whereas Th originates from feldspars, clays,
phosphates and Th-bearing minerals such as monazite. U
occurs in feldspars, clays and heavy minerals (e.g., zircon)
and is also associated with organic matter (Rider and Ken-
nedy 2011; Schnyder et al. 2006).

The Th/K ratio is often considered to be indicative of
humid versus arid periods because it reflects the kaolinite/
illite distribution, which increases during weathering in
humid conditions (Grabowski et al. 2013). The more solu-
ble components U (and K) are likely removed by intense
weathering in conjunction with higher concentrations of
Th, which leads to increased Th/U (and Th/K) ratios in
the remaining sediments. The presence of a climate signal
requires the assumption that the signature of the minerals
is preserved during transport and deposition (Ruffell and
Worden 2000), and thereafter strong diagenesis is an issue
(Schnyder et al. 2006). Several investigations have shown
that the Th/K ratio is not necessarily a climate indicator for
humidity (Grabowski et al. 2013). Schnyder et al. (2006)
found no direct correlation between the U content and the
total organic carbon (TOC) content of the analyzed (pre-
vailing marine) sediments. They proposed that oxic versus
anoxic conditions of the water masses cause the signal and
trigger U degradation (redox-dependent) in organic-rich
intervals. Nowaczyk et al. (2013) performed a multi-proxy
study, including TOC content, of the lacustrine sediments
of Lake El’gygytgyn and found a correlation between high

TOC contents during glacial conditions with anoxic lake
bottom water, which favors the preservation of organic
matter. However, an inverse correlation was observed for
several super-interglacials (Melles et al. 2012) that were
accompanied by TOC preservation during oxic conditions
and intermediate TOC contents. They suggested that an
increased flux of organic matter caused TOC preservation.

The lithological record of the AR site is composed of cores
from seven boreholes, which were described and correlated
to create a composite profile (Stockhecke et al. 2014a). They
used meters of composite depth below the lake floor (mcblf)
as the reference for the profile, which spans 219 m. Carbona-
ceous clayey silts make up the majority (76 %) of the lacus-
trine facies. The visual core description revealed 15 lithologi-
cal units. Two prominent lithotypes, “laminated clayey silts”
and “banded clayey silts,” can be linked to interglacial and
glacial conditions, respectively (Stockhecke et al. 2014a).
They observed strong fluctuations in the TOC values in the
Lake Van record, which reflect the content of organic matter
in the sediments. These fluctuations suggest a strong response
of the organic matter to climatic variations. The banded
clayey silts were deposited during cold/dry climate condi-
tions with low productivity (low TOC), high eolian and flu-
vial terrigenous input and oxic bottom water conditions dur-
ing (prevailing) regressive lake levels. The laminated clayey
silts formed during warm/wet climate periods with higher
lake productivity (higher TOC) under anoxic conditions at the
water—sediment interface, most likely during lake level rises
(Stockhecke et al. 2014a).

U ions have an affinity for organic matter and are insol-
uble under anoxic conditions (Rider and Kennedy 2011;
Schnyder et al. 2006). Therefore, they are expected to be
more concentrated in the carbonaceous clayey silts of
Lake Van if the productivity, transport and preservation
of organic material, and therefore the content of humic
organic matter, in sediments increase. Thus, variations in
the U content are expected and may be imprinted as climate
signals in the U values.

Climate-driven variations of terrigenous input (e.g., of
K and Th into Lake Van’s sediments) could be reflected in
the SGR values. Furthermore, high (chemical) weathering
intensity during humid interglacial periods are expected to
be reflected as higher Th/U and Th/K ratios compared to
drier glacial periods.

Results
Compaction
The exponential regression was calculated using Eq. 1 for

all four datasets (GR, Th, U and K). The resulting formula
and figures for the uranium data (U.y;,) is presented below:
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Fig. 4 3D spectral plot of the

U, data of the lacustrine sedi-

ments. The correlated orbital
cycles and interval borders

are marked. The synthetic log
(160 m long) was analyzed
using a window length of

66 m and step size of 1 m.
U,..—residuals of U data after

res
detrending, E eccentricity

(100 ka), O obliquity (41 ka),
mblf meters below lake floor

29 8.1 4.8

y=0.95x% 00012

where z is the depth in m.

The quasi-linear fit (Fig. 3b) shows a minor trend; thus,
the residuals after detrending (U, Fig. 3c) differ only
slightly from the original data U, We consider compac-
tion to be of minor importance for this dataset. The U

res
data were used for all subsequent analyses.

Milankovié cycles and sedimentation rates from the sliding
window technique

GR, K, Th and U were analyzed by spectral analysis. How-
ever, the cyclicity is most pronounced for the U data. There-
fore, the U data (U,,,) was used for further interpretation.

The sliding window method was applied by choos-
ing a window length of 66 m and a step size of 1 m (see
“Cyclostratigraphic analysis” section) on the 160-m-long
synthetic log. These parameters remain unchanged for the
complete analysis. Because each spectrum is allocated to
the center of the window, the plot has a total length of 94 m
(Fig. 4). The resulting 3D spectral plot shows a clear break
in the observed dominant wavelengths from bottom to top,
and the plot can be subdivided into two intervals based on
the intensity of the spectral amplitude. Interval I is 67 m
long and extends from the bottom of the analyzed section
to 120 mblf, while interval II is 93 m long and extends
from 120 mblf to the top of the section.

The amplitudes are highest in interval II, which indi-
cates stronger cyclicity in the younger part of the sequence.
Wavelengths longer than 7 m have higher amplitudes in
both intervals.
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Interval 1

Several high amplitudes were observed with wavelengths ())
of 22.0, 16.5 and 8.3 m. The high amplitude of A =22.0 m
occurs from the bottom of the interval to 139.0 mblf with
a slight decrease in energy from 165.6 to 161.1 mblf and
a subsequent recovery. The high amplitude of A = 16.5 m
occurs from the bottom of interval I to 153.0 mblf with
increasing amplitudes from 167.8 mblf. The high amplitude
of A = 8.3 m starts at the bottom of interval I and extends
to 135.4 mblf with a low energy level and increases slightly
toward the top (starting from 140.3 mblf).

We suggest that two of the high amplitudes are corre-
lated with orbital cycles: eccentricity with A = 22.0 m and
obliquity O with A = 8.3 m. A change in the system can
be detected by comparing the signals over the complete
sequence. Therefore, the borehole is subdivided at the
center of the low-amplitude section (120 mblf) from the
base upwards into the next interval (II). The average sedi-
mentation rate was calculated using Eq. 2:

Sedimentation rate [@] = wavelength(cm)/orbital cycle(ka)  (2)
ka

Assuming that the correlations of the high amplitudes

with orbital cycles are correct for E, the sedimentation rate

results in 22 cm/ka (=22 m/100 ka). The calculated sedi-

mentation rates were used to estimate the time span of the
analyzed section:

Time span[ka] = interval length (cm)/sedimentation rate [%‘n} 3)
a

The time span of interval I is 305 ka (= 6,700 cm/22 cm/ka).
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Interval I1

Two high amplitudes were detected by the sliding win-
dow analysis at A = 33.0 m and A = 13.2 m. The first
amplitude increases in the lower part of interval II
(99.6 mblf) and continues to the top and contains
strongly increasing spectral energy from 64.9 mblf. The
high amplitude of A = 13.2 m begins at 95.1 mblf and
continues to the top of interval II at an approximately
constant energy level.

An additional high amplitude of A = 4.4 m begins at
136.7 mblf and continues to 62.9 mblf. It is characterized
by lower energy than the other high amplitudes.

Two of the amplitude maxima can be linked to
Milankovi¢ cycles for interval II: E at A = 33.0 m and
O at A = 13.2 m. The correlations of E and O suggest an
average sedimentation rate for interval II of 33 cm/ka. The
time span of interval II was determined to be 282 ka using
Eq. 3.

The age of the sedimentary record of Lake Van from O to
210 mblf was calculated as the sum of interval I and II and
is 587 ka.

Sub-Milankovi¢€ cycles over the past 75 ka

After identifying Milankovié cycles in the U record and
estimating the sedimentation rates and the age of the bot-
tom sediments, the data were investigated for higher-
frequency signals (sub-Milankovi¢). The NGRIP record
(North Greenland Ice Core Project members 2004), which
includes numerous GIS that are most pronounced over the
past 75 ka, was used for correlation.

Using the determined sedimentation rate of 33 cm/ka
and the time span of interval II, the U data were plotted
versus age for the last 80 ka as:

cm
33k— % 80 ka = 2640 cm = 26.4 m
a

Concise features of the NGRIP record (GIS) can be
visually correlated with the U data between 13 and 75 ka
(Fig. 5) based on trends and patterns of both datasets,
as indicated by red lines and labels. The correlation of
some GIS (1, 3-5, 8 and 11) are questionable and are
marked by dotted lines. The U data were depth matched
according to the correlation to compensate for minor
shifts (up to 1 ka) on the timescale. After subjective
visual correlation of these both independent datasets, a
spectral analysis was run on the correlated time inter-
val (13-75 ka) to objectively identify cyclicities in the
8180 and U data (Fig. 6a, b). The periodicity of 1.5 ka
occurs in the NGRIP and the U data and is labeled in
both datasets.

Discussion
Evolution of sedimentation rates

The interpretation of the sliding window plot based on the U
data (see Fig. 5) shows that the intensities and positions of
the correlated Milankovi€ cycles are not constant in the Lake
Van record. Our correlations suggest a gradual evolution in
interval I from being dominated by the E cycle in conjunc-
tion with weak obliquity to an increase in O at 140.3 mblf.
In the lower part of interval II, the E cycle appears diffuse,
and the energy begins to increase significantly at 64.9 mblf.
E is strong in both intervals, but it is even more distinct in
the upper interval II. The precession cycle appears to be of
minor importance because it was not detected. However,
the additional high amplitudes at the bottom of interval I
(AL = 16.5 m = 75 ka cycle) may have been caused by pre-
cession (75 ka: multiple of the 19-ka-long P, cycle).

As mentioned in the “Cyclostratigraphic analysis” sec-
tion, paleoclimate studies of the Quaternary have shown
that the E signal is the dominant Milankovié cycle and is
particularly pronounced from 900 ka to the present (Berger
and Loutre 2010). However, higher-frequency cycles
(O and P) have been interpreted in several records from
Quaternary terrestrial archives (Berger and Loutre 2010;
Bogota-A et al. 2011; Kashiwaya et al. 2010; Prokopenko
et al. 2006).

The results for interval I (up to 340 ka) and the recovery
of E starting at 225 ka (interval II) confirm that the 100-ka
cycle has a strong influence in the Lake Van record. The
amplitude of the E cycle prevails over the other signals for
the older part (interval I). However, the O cycle appears to
be equivalent to the E cycle for the youngest 215 ka.

In general, when fewer waves are contained in a time
series, the likelihood for detection of the signal is lower.
For interval II (sedimentation rate of 33 cm/ka), the low-
frequency 100-ka cycle (A = 33 m) could only be recorded
with a maximum of three times in the sediment section
(interval length: 93 m). The O signal appears to have a
strong effect as well, particularly in the shallower part of
the section. In contrast to E, a maximum of eight O cycles
(A = 13.2 m) can be present in interval II, which could con-
tribute to the higher spectral energy and the equal energy
level compared to E.

A disturbed unit was recognized at 185-168 mcblf
(the reference depth of the composite profile) and is likely
associated with discontinuities in the sedimentary record
(Stockhecke et al. 2014a). This might cause the less well-
defined spectral peaks in interval I compared to the younger
section.

Our evaluation showed that the sedimentation rates
increased significantly from 22 cm/ka in interval I to 33
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cm/ka in interval II; the change occurred at approximately
120 mblf. The exact depth cannot be determined because
the spectral analysis was calculated for a 66-m-long win-
dow. The results at a specific depth are therefore affected
by the 33 m above and 33 m below the center of the win-
dow. However, our results suggest that a change occurred
in the sedimentary system and that the intervals can be
divided at 120 mblf (282 ka).

The sedimentation rates were used to calculate the
time span of the system, though we are aware that ages
are needed to determine an absolute chronology. Several
aspects of the data preparation process (Fig. 3a) might pro-
duce artifacts that affect the calculated sedimentation rates
and time span:

1. The procedure was based on a cluster analysis. Tephra
layers that are thinner than the minimum bed resolu-

@ Springer

tion (<15-20 cm) cannot be resolved. Hence, we can-
not preclude the occurrence of thin tephra layers that
might affect the spectral analysis and their interpreta-
tion. An incomplete removal of the event stratification
would lead to an overestimation of the thickness of the
lacustrine sediments and hence to an overestimation of
the sedimentation rates.

2. Minor portions of the intercalated lacustrine sediments
could also be cut out of the record, which might intro-
duce small gaps that would result in a loss of the origi-
nal sediment thickness and hence an underestimation
of the sedimentation rates.

All of the available data should be used to generate a
robust age model. Litt et al. (2009) proposed a sedimenta-
tion rate of 50 cm/ka for the AR site. Because that estimate
was based on short cores (3—9 m overall length), it does



Int J Earth Sci (Geol Rundsch) (2015) 104:1639-1654 1649
Fig. 6 a Amplitude spectrum 35 A T T

of NGRIP 3'%0 record (North

Greenland Ice Core Project _

members 2004) for 13-75 ka. 30 b R T T |
The NGRIP data were 1 :

smoothed with a non-recursive w
filter. Several high-frequency I

signals are indicated by spectra 25 b ...........

peaks. The associated cyclicity |
(1.5 ka) is labeled. b Amplitude
spectrum of residuals of U data |
after detrending (U,,,) in the
lacustrine sediments from 13 to
75 ka. The periodicity of 1.5 ka
is evident in this dataset and is

indicated by a red label

amplitude

An T T
' B :
|
TR e LR RN i
|
T T T PR
| 3
I P S S S S S S S
® | :
T | :
S L] :
% (1 }
£ 3 ‘IJ.‘“\, | 15 ,,,,, 4
© || {4 i I
0 L L ! 1 ! 1 : L L“‘"""‘\k.;\:ryﬂ“v'y\fl;x\‘v‘& /\."f‘m" \AAi»«J“v‘-J
0 0.2 04 0.6 0.8 1 12 14 1.6 1.8 2

not contradict our results of 33 cm/ka for the interval from
120 mblf to the lake floor (interval II). Stockhecke et al.
(2014b) determined that the Lake Van record covers a time
span of approximately 600 ka. These estimates are based
on correlations of TOC trends with marine isotope stages
(MIS) and nine “°Ar/*°Ar ages (Litt et al. 2014) and thus

wavenumber (1/m)

are based mainly on proxy data, the interpretation of which
is ambiguous. The estimated sedimentation rates must be
verified with dating methods. A chronology from radiomet-
ric dating (e.g., “°Ar/*°Ar-dating of the tephra) is pending,
and the few preliminary ages from below 130 mblf pro-
vide only a rough estimate. The tephra deposits on the land
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Fig. 7 Comparison of the age—depth models from spectral analy-
sis (red line) and core correlation (averaged after Stockhecke et al.
2014b) (black line). The increase in the sedimentation rates coin-
cides with the >9-m-thick tephra layer and suggests a change in the
sedimentary system at approximately 270-300 ka; mblf meters below
lake floor

surrounding Lake Van are well dated, but the correlation
with the tephra layers in the lake’s stratigraphy is pending
(Sumita and Schmincke 2013b). Therefore, further dating
is of great importance for verification of the age model.

Nevertheless, the age model of Stockhecke et al. (2014b)
shows a change in the sedimentation rates from ~23 cm/ka
to ~36 cm/ka at approximately 121-131 mcblf (~270—
290 ka). This is consistent with the results of the spectral
analysis of the U, data (Fig. 4) and both age—depth rela-
tionships are displayed in Fig. 7. The age—depth model
from core analysis (Stockhecke et al. 2014b) was simplified
(averaged) for comparability purposes.

Changes in the sedimentation rates in a lacustrine system
can be affected by lake-level fluctuations. Regressive trends
in conjunction with basinward movement of the lakeshore
could have increased the supply of terrestrial material.
However, the lake level of Lake Van was likely subjected to
repeated changes of up to hundreds of meters (Cukur et al.
2013). Therefore, we do not consider this process as a pos-
sible explanation for the distinct change at approximately
282 ka, whereas the average sedimentation rate remained
approximately constant during the deposition of interval I
(305 ka) and interval II (282 ka).

The change in the sedimentation rates indicates a change
in the sedimentary system. Its occurrence coincides with
the >9-m-thick tephra layer (V-206; Stockhecke et al.
2014a) with a top depth of 120 mblf (Baumgarten et al.
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2014), which suggests a period of very strong volcanic
activity. The large amount of tephra deposited in the lake
sediments suggests large-scale subaerial deposits in the
catchment. This additional terrestrial material could have
contributed to an increase in erosion and deposition into the
lake by surface runoff.

The cyclic signal with a wavelength of ~4 m (136.7-
62.9 mblf; see (Fig. 4) could not be correlated with an
orbital signal, and we can only speculate about the cause.
The SGR tool was run though the casing, so an attenuation
effect caused by joint connections, which have a greater
wall thickness, could have caused the signal. However, the
drillpipes are approximately 6.24 m long and their connec-
tors are >6 m apart; thus, we can preclude their influence.
For this depth section (136.7-62.9 mblf), the removed
tephra layers tend to occur at intervals of 4 and 2 m. We
propose that the high amplitude (A = 4 m) might be caused
by the data preparation process that was performed on the
record, whereas the removal of frequent tephra layers at
intervals of 4 and 2 m (multiples that may contribute to the
4 m signal) could have generated this artificial signal. Fur-
ther, it might have been generated by boundary effects at
the transition from tephra to lacustrine deposits. At these
boundaries, parts of the tephra layers may still be present
and the GR would be increased at their vicinity.

The role of compaction

The compaction and associated reduction in sediment
thickness need to be taken into account to estimate the sedi-
mentation rates and perform further calculations. However,
the role of compaction of the Lake Van sediments, which
were likely influenced by the deposition of thick tephra lay-
ers, is difficult to determine. The compaction is expected
to differ from “normal” compaction in lake systems, which
are controlled by the overburden pressure of pelagic sedi-
mentation. The deposition of large amounts of tephra (e.g.,
the >9-m-thick tephra layer at 120 mblf) had an impact on
the compaction of the underlying sediments. Further, large-
scale lake-level changes and associated changes in water
depth and hydrostatic pressure have probably influenced
the compaction as well.

To estimate the effect of compaction of sediments and
calculate the original thickness (decompacted), several
parameters are required. Essential are the initial porosity
(surface porosity) and the compaction coefficient (Brunet
1998), the latter can be determined by evolution of poros-
ity with increasing depth [Eq. (1)]. The porosity reduction
with greater depth depends strongly on sediment charac-
teristics [texture, grain size, grain shape and sorting (Serra
and Serra 2003).

Porosity can be achieved by core analysis, e.g., the
Archimedean method or nuclear magnetic resonance
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(NMR) or derivated indirectly from other physical proper-
ties as bulk density. The cores from Lake Van were meas-
ured before processing (splitting and sampling) by a multi-
sensor core logger (MSCL) to estimate bulk density, but
the data were not usable because of poor data quality. In
general, the disadvantages of physical properties from core
analysis are the non-in situ conditions due to relief of pres-
sure, disturbance during drilling and core handling in par-
ticular for unconsolidated sediment cores. Therefore, no
further approaches to estimate density or porosity were
made subsequently.

In situ porosity can be achieved by downhole logging,
by either direct measurements of neutron porosity or devi-
ated from other parameters, e.g., bulk density. However, the
employment of the density and neutron porosity logging
tools from LIAG was not possible because these radioac-
tive tools were not authorized for import into Turkey. After
Erickson and Jarrard (1998), porosity can be derived from
sonic data (vp). However, because of malfunctions of the
sonic tool, vp data could only be recorded partly (section of
80 m; see Baumgarten et al. 2014).

Another approach for estimation of compaction would
be the use of standard curves (Athy 1930; Brunet 1998)
that provide values for, e.g., silts, which could be used as
an approximate for compaction of the lacustrine clayey
silts in Lake Van. However, no compaction curves are avail-
able for the tephra layers, which are in Lake Van addition-
ally heterogeneous and differ strongly in sorting (fine ash
to coarse pumice).

The effect of compaction seems not very strong in
Lake Van as indicated by the following: (1) evaluation of
the effect on the physical properties (see “Compaction”)
and (2) the section of vp data (30-110 mblf; published in
Baumgarten et al. (2014), which has mean values of 1,550
m/s and only a minor trend of increasing velocity with
depth (approximately 100 m/s per 100 m) was observed.

The correlated orbital cycles (expressed as distinct
wavelengths in the spectral analysis) are expected to be
affected by compaction. If the effect of compaction was
not compensated completely by the exponential regression,
additional compaction would have reduced the sediment
thickness, the wavelengths in the succession would also
have undergone compression, and the sedimentation rates
would be underestimated. Thus, the calculated sedimenta-
tion rates for interval I and IT of 22 and 33 cm/ka, respec-
tively, must be considered as minimum values.

(Sub-) Milankovi¢ cycles and small-scale fluctuations
in the sedimentation rate

After the correlation of several Milankovi¢ cycles and the
match between the U data and GIS from NGRIP, which
was performed by visual correlation (Fig. 5) as well as

objective spectral analysis (Fig. 6), we suggest that a cli-
mate signal is present in the U concentration data. The cor-
relation of higher TOC during interglacial and interstadial
periods (Stockhecke et al. 2014a) suggests the adsorption
of U on organic matter and preservation under anoxic con-
ditions. The current properties of the water column in Lake
Van were investigated by Stockhecke et al. (2012), and the
bottom water conditions in the deep Tatvan Basin (and AR)
are characterized as anoxic.

The detection of Milankovi¢ cycles in the U data sug-
gests a strong response of these sediments to glacial ver-
sus interglacial conditions. In addition, the U concentra-
tion appears to react to the higher-frequency interstadials
(Dansgaard—Oeschger events; DO), which suggests strong
sensitivity and response of the sedimentary system to
changing climate conditions.

Even though sub-Milankovi¢ cycles were detected by
visual correlation and spectral analysis between NGRIP
and U for the time period of 13-75 ka, no indication of
higher-frequency signals could be determined by the slid-
ing window method (see Fig. 4).

With the selected window size of 66 m, the first spec-
trum is allocated at a depth of 33 m (=38.9 mblf; see
“Cyclostratigraphic analysis””). However, a good visual
correlation was determined only for the upper part of the
record (<75 ka/24.8 m). The lack of higher-frequency sig-
nals in the sliding window plot (Fig. 4) supports the obser-
vation that these signals are most pronounced in the last
75 ka of the record and that either the signals are absent in
the older part or their energy level is too low to be detected
by spectral analysis.

The potential of a possible climate signal for all spec-
tral components was suggested (see “The role of spectral
gamma ray data for cyclostratigraphic studies”), but the
Th and K data do not appear to be suitable for cyclostrati-
graphic analysis in this case.

The tephra deposits from the area surrounding Lake Van
are likely a major source of K-, Th- and U-rich particles
into the sediments by surface runoff, which could have
masked a (slight) climate signal in the lacustrine sediments.
Therefore, we suggest that background sedimentation
of volcanic material overprinted the signal from Th to K.
However, the spectral analysis results indicate that climate
signals were recorded by the U data. The strong mobility
of U makes post-depositional relocation likely. Periods of
higher production and preservation of organic matter might
therefore be indicated by higher concentrations of U. Fur-
ther investigation of the processes of U enrichment during
interglacial/interstadial periods and the apparent lack of
climate signals in the Th and K contents could not be per-
formed with our methods.

A reasonable approach to verify the observed cycles
would be to directly compare the sedimentary record and
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the spectra. A repeated sediment succession, which is
expressed as a cyclic signal in the spectral analysis, should
be evident in the sediments (e.g., cyclic development of
clay or carbonate content). However, the sedimentation
rates calculated from core data and cyclostratigraphic anal-
ysis of downhole data are difficult to compare in the Lake
Van sediments. The insufficient core recovery and the use
of core material for destructible methods (e.g., pore water
analysis) prevent directly linking the cores from hole D at
AR to the downhole logs. In addition, the cycles are diffi-
cult to detect visually because of the frequent abundance of
tephra layers that intersect the lacustrine facies.

The good agreement between the results from the spec-
tral analysis and the interpretation of the cores is promis-
ing. Thus, we assume that possible discontinuities (hia-
tuses, event stratification) in the Lake Van record are of
minor significance. As the data show, the major signals can
be detected and used for cyclostratigraphic studies.

The minor vertical shifts on the timescale, which were
identified by visually matching the NGRIP and the U data,
indicate possible fluctuations in the sedimentation rate.
Short-term increases or decreases would affect the applied
timescale, which is based on an average sedimentation rate
of 33 cm/ka. However, the vertical and thus temporal reso-
lution of the downhole data itself and the estimated sedi-
mentation rates, which were calculated using a 66-m-long
window (selected by testing), prevent a consideration at
greater levels of detail.

Furthermore, the tephra deposits that are up to tens of
meters thick (Baumgarten et al. 2014) must have com-
pacted the underlying sediments more than pelagic sedi-
mentation alone. The detected shifts between the U data
and §'®0 records might also be due to nonlinear compac-
tion, which could have affected the sediment thickness and
therefore produced shifts in the timescale.

However, even if the compaction was nonlinear due to
irregular compaction caused by the settling of tephra on top
of the sediments or strong lake-level changes, it appears
to have had little impact on the sediment characteristics
because the U record generally correlates well with the
NGRIP.

Conclusions

Are cyclostratigraphic methods still applicable even if the
boundary conditions are that challenging as in the Lake Van
record?

Even though the lacustrine facies of Lake Van are
intersected by numerous tephra layers, construction of
a 160-m-long synthetic log of only the lacustrine sedi-
ments allowed orbital cycles (eccentricity and obliquity)
to be detected by spectral analysis. The correlated high
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amplitudes can be used to calculate sedimentation rates and
their evolution from 22 cm/ka in an early stage of Lake Van
to 33 cm/ka at approximately 282 ka using the sliding win-
dow method. The time span of the sediment record from
0 to 210 mblf was calculated as 587 ka. The good agree-
ment between the results of the spectral analysis of the U
data and the core interpretations supports our hypothesis
that orbital signals can be detected and used for cyclostrati-
graphic studies.

Additional detection of sub-Milankovié cycles by visual
correlation between the NGRIP and U data and objective
spectral analysis of both records indicates a strong response
not only to low-frequency glacial vs. interglacial climate
changes but also to short-term fluctuations (Dansgaard—
Oeschger events) during the last glacial period. The role of
compaction appears to be of minor importance for this data-
set because several GIS are well correlated. This is consist-
ent with our results; the compaction can be calculated using
an exponential regression and results in only a slight differ-
ence between the residuals (U,.) and the original data (U,g;,).

The sedimentological data from cores and the uranium
signals from downhole logging should be compared in
detail for an increased understanding of the sedimentary
processes that generate such climate signals in lacustrine
sediments.
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