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ABSTRACT

LATE PLEISTOCENE-HOLOCENE CLIMATIC CYCLES FROM LAKE
VAN SEDIMENTS

Zeki Bora ON

Master of Science (M.Sc.)

Institute of Natural and Applied Sciences
Department of Geological Engineering
Supervisor: Asst. Prof. Dr. Murat Ersen AKSOY
Co-supervisor: Asst. Prof. Dr. Mehmet Sinan Ozeren
June 2013, 75 pages

Search for periodicity in the climatic records has been a matter of interest among the
scientists since Joseph Adhemar. For this study, we have looked for the global and
possible regional climate cycles within Lake Van ICDP sediment cores.

Borehole undisturbed sediment cores reaching to a composite depth of 145.5 were
recovered in 2010 from 245 m water depth in the Northern Basin of Lake Van,
within framework of International Scientific Continental Drilling Programme
(ICDP). The cores were sampled and analysed by iITU-EMCOL team for project
work funded by TUBITAK. The team carried out the core analyses. The
geochronological analysis with the age model for the drilled sequence reveals the
record extends back to 90400 years at the base of the sequence.

The geochemical results obtained by the XRF Core Scanner (X-ray Fluorescence)
method for elemental analyses and mass spectrometric method for stable isotope
analyses in total carbonate were subjected to Fourier transform after filtering and
detrending. Since the time dimension of the data is unevenly spaced we chose the
method of Lomb-Scargle Periodogram, which is an application of Fast Fourier
Transform, and used it to search for the periodicities.

The results of the analyses of the longest climate records so far obtained from
Anatolia show the presence of the precession cycle (21 ka), harmonics of the
Milankovitch cycles (16.7, 12.3, 10.65, 9, 5.8, 4.25, 3.6 and 2.6 Kka),
Dansgaard/Oeschger and Bond cycles (1500 years), 1200 year periodicity, solar
cycles (200, 86 and 22 years) and 125, 65, 41, 33 year periodicities in the data sets.

Keywords: Lake Van, Late Pleistocene, Periodicity, Climate cycles, Paleoclimate



OZET

VAN GOLU COKELLERINDE GEC PLEYISTOSEN-HOLOSEN
IKLIM KAYITLARININ DONGUSELLIGI

Zeki Bora ON

Yiiksek Lisans Tezi
Fen Bilimleri Enstitiisii
Jeoloji Miihendisligi Anabilim Dali
Danisman: Yrd. Dog¢. Dr. Murat Ersen AKSOY
Ikinci Danisman: Yrd. Dog. Dr. Mehmet Sinan OZEREN
Haziran 2013, 75 sayfa

Periyodik iklim dongiilerinin (6rnegin Milankovi¢ dongiileri) arastirilmasi, ozellikle
Joseph Adhemar’dan bu yana, bilim insanlar1 arasinda ilgi uyandiran bir konu
olmustur. Bu ¢alismada kiiresel kabul edilen ve muhtemel yerel iklim dongtileri Van
Goli ICDP ¢okel karotlarinda arastirilmastir.

Uluslararas1 Kitasal Sondaj Programi (ICDP) ile 2010 yilinda Van Goli Kuzey
Havzasinda 245 m su derinliginden 145,5 m uzunlugunda bozulmamis karot
almmistir. TUBITAK tarafindan desteklenen bir proje ile bu karotlar ITU-EMCOL
ekibi tarafindan orneklenmistir. Ayni ekip alinan karotlarda izotop, XRF ve toplam
organik/inorganik karbon analizeri yapmis Ve stratigrafik istifin yas modelini elde
etmistir. Bu ¢alismalara gére incelenen sondajin stratigrafik kesitinin yas1 90400 yil
oncesine degin uzanmaktadir.

X-1smlar1 Floresans (XRF) yontemi ile elde edilen element analiz sonuglar ile
toplam karbonattan elde edilen durayli oksijen ve karbon izotopu analiz sonuglari; bu
calismada zaman serileri olarak ele alinip veriler filtrelenip detrend edildikten sonra
sonuglarda Fourier doniisiimii ile dongiisellik aranmistir. Veriler zaman boyutunda
esit araliklarla dagilmadigi icin yontem olarak, Hizli Fourier Doniisiimiiniin bir
uygulamasi olan, Lomb-Scargle Periyodogram spektral metodu se¢ilmistir.

Anadolu cografyasinda ilk kez bu uzunlukta elde edilen veri setlerinin dongiisellik
analizleri, Van Golii ¢okellerinde Milankovi¢ dongiilerinden olan ekinokslarin
deviniminin (21 ka), Milankovi¢ dongiilerinin harmoniklerinin (16.7, 12.3, 10.65, 9,
5.8, 4.25, 3.6 and 2.6 ka), Dansgarrd/Oeschger ve Bond dongiilerinin (1500 yil),
1200 yillik bir dongiiniin, solar dongiilerin (200, 86 ve 22 yil), ve 125, 65, 41, 33
yillik dongiilerin varligin1 géstermektedir.

Anahtar Kelimeler: Van Golii, Geg Pleistosen, Déngiisellik, klim Déngiileri
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1. INTRODUCTION

1.1.  Historical Perspective

Sir Norman Lockyer (1872) stated the following:

“Surely in meteorology, as in astronomy, the thing to hunt down is a cycle, and if
that is not to be found in the temperate zone, then go to frigid zones, or the torrid
zones and look for it, and if found, then above all things, and in whatever manner,

lay hold of, study it, record it, and see what it means.”

The search for periodicity in the climatic records has been a matter of interest since
the early nineteenth century. We, as humanity, try to understand the behaviour of the

past climates and try to make projections onto future.

Before the 19™ century, people had problems to explain the erratic boulders,
moraines or polished rocks, which were mostly apart from their source rocks and
they thought that these morphological features are the remains of a biblical flood.
However, some scientists of the time chose to explain the erratics with the theory of
glaciers like Hutton in 1795, Playfair in 1802, Venetz in 1821 and Esmark in 1827.
James Hutton discussed the existence of the erratics and the u-shaped valleys, which
he observed in the Jura while he was a medical student in Paris. John Playfair, a
student and a close friend of Hutton, recognized that it was impossible that such
boulders like weighing 2500 tons can move all the way over hills and valleys,
separating from the source rock of them. So he thought that these boulders must have
been transported by the immense power of the glaciers, that is to say, glaciers once
covered these areas, which are now ice-free. But the valid explanations of Hutton
and Playfair couldn’t enlighten the society. In 1821 Ignace Venetz, a Swiss engineer,
wrote a book about a climate change and according to him this was clearly observed
by the moraines of the Alps (Hutton, 1795; Playfair, 1802; Venetz, 1821; Forbes,
1843; Seylaz, 1962; Davies, 1968; Andersen, 1992; Bard, 2004). Nearly at the same
time, most probably, unaware of Venetz, Jens Esmark, a Norwegian geologist, had

come to the similar results, yet he deduced the extension of ice cover was global. He
1



suggested that, in the formation of the solar system the Earth was a huge comet and
its orbit’s eccentricity (i.e. how much the orbit of the Earth around the Sun deviates
from a circle, with the Sun located at one of the focal points of the resulting ellipse)
was so great. Therefore the Earth enters an ice age at aphelion, leaves the ice age
when it was at perihelion and this was a periodic behavior, so according to him the
ice ages belonged to the formation of the Earth (Esmark, 1827; Andersen, 1992;
Bard, 2004). While these hypotheses were being created, Jean de Charpentier
insisted on the idea of ice age and made Louis Agassiz convince on the idea. Jean de
Charpentier, stated that the geometry and the way of the standing on the ground of
these blocks do not represent a horizontal, i.e. fluvial, transportation. Therefore to
explain all these features, the appreciation of the glacier morphology and the extent
of the glaciers were needed at the mid 19™ century (de Charpentier, 1836, 1837;
Bard, 2004). Louis Agassiz named the term “Ice Age” after the observations on Aar
Glacier and according to him most of the northern Europe was covered by ice
moreover he changed the name ice age to “Great Ice Age” after his observations in
North America in 1846 (Agassiz, 1840; Summerfield, 1991; Bard, 2004"; Turney,
2008).

After the ice age concept had come to life, Joseph Adhémar (1842) proposed that the
ice age was not a single event. According to his hypothesis, glaciations must be
periodic and controlled by the celestial mechanics (Bard, 2004). He concluded that,
precession of the equinoxes is responsible for the insolation difference of the
hemispheres and hence responsible for the ice ages. Precession of the equinoxes is
the combination of the precession of the Earth’s axis (which is presented by
Hipparchus of Nicaea in about 130 B.C.) and precession of the Earth’s orbit.
According to him the northern and the southern hemispheres enter to an ice age
regularly and after an interval of 10.5 ka the seasons will be reversed. Therefore, he
correctly deduced the period of the precession of the equinoxes, which is
approximately 21 ka (Allaby, 2004; Bard, 2004).

After the acceptance of ice age concept by the community, an astronomic cause for
the ice ages wasn’t that popular till James Croll’s research. James Croll, in his early
life, had almost no formal education and worked as a millwright, a house joiner, a tea

merchant, a hotel manager and an insurance salesman. When he was 38 years old he
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was hired as a janitor by the Glasgow Andersonian College and Museum in 1859 and
he got the chance to spend time in the library (Oldroyd, 1996; Turney, 2008). In
1864 he published his first paper, “On the Physical Cause of the Climate Change
During Geological Epochs”, and three years later two more papers showed up.
According to him the ice ages are mainly controlled by celestial mechanics and there
exists three parameters, which are namely: the precession of the equinoxes, the
change in the obliquity of the Earth’s axis of rotation and the change of the Earth’s
orbits eccentricity and the affect of these astronomical parameters have to cause
alternating cold periods in both hemispheres, moreover his calculations showed that
the last ice age began 240000 years before present and the last warm period lasted
for 80000 years. He argued that the decrease in the sunlight received favors the
accumulation of snow and the increase of the area covered by snow, hypothetically,
would amplify the accumulation of snow, which is called positive feedback (Croll,
1864, 1867a, 1867b; Bard, 2004; Berger, 2012). With these assumptions Croll made
a projection of the climate by taking account of the astronomical parameters, for
three million years before present and for one million years after present (Croll,
1875). Croll’s ideas gained a serious popularity; also his ideas were argued in
Charles Darwin’s book “The Origin of Species”, 6 edition (Darwin, 1872; Berger,
2012). In 1909 Penck and Briickner studied on the alluvial terraces observed around
tributaries of Danube and they claimed the existence of four major glaciations, which
they named Giinz, Mindel, Riss and Wiirm, and these results seemed to support
Croll’s multiple quasi-periodic glaciations theory (Penck and Briickner, 1909; Bard,
2004; Berger, 2012).

However serious criticisms began to blame Croll’s theory, depending on two bases.
The first test was alternating glaciation of the two hemispheres idea seemed to be
wrong. Geomorphological observations were pointing; the glaciations were
synchronous in both hemispheres. Another test of the theory of Croll was made on
his calculation of the duration of the present warm period. According to the
observations the estimated duration seemed to be much shorter than 80000 years, as
Croll suggested (Bard, 2004; Berger, 2012).

In 1941 Milutin Milankovitch, a Serbian civil engineer and an astronomer, took the

idea of Croll and made the calculations in a much more mathematical fashion and
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applied the theory on to the ideas of Penck and Briickner’s four step glaciation.
Furthermore he was the first to complete a full astronomical theory of Pleistocene ice
ages in mathematical detail (Milankovitch, 1941; Berger, 1988; Grubic, 2006;
Berger, 2012; Petrovic, 2012).

Milankovitch’s theory of ice ages did not arouse interest until the work of Hays et al.
(1976). Hays et al. (1976) showed for the first time that quasi-periods of 100, 41, 23
and 19 ka are present in the past climate records, and since then it has been studied
by many researchers (Milankovitch, 1941; Imbrie, 1982; Berger, 1988; Berger, 2012
and references therein).

In 1981 Ghil and Le Treut proposes a new model which tries to understand the
oscillations of the climate at higher frequencies, namely between 1/5 and 1/15 ka™.
Their model is governed by three nonlinear equations that describe: (1) The
evolution of the globally averaged temperature of the ocean-atmosphere system
owing to changes in the radiation balance, (2) the evolution of polar ice caps owing
to changes in precipitation budget and to motions of the underlying bedrock, and (3)
the visco-elastic response of the crust and upper mantle to ice load variations (Kallen
et al. 1979; Ghil and Le Treut, 1981; Le Treut and Ghil, 1983; Ghil and Childress,
1987; Le Treut et al., 1988). With these assumptions Le Treut et al. (1988) creates a
simple isotopic model and calculates, by assuming the 41, 23 and 19 ka orbital
periodicities as true astronomical ones, periodicities of 109, 14.7, 13, 11.5, 10.4 and
9.5 ka with spectral analysis, which are the harmonics of the orbital periodicities

assumed.

The oxygen isotope data gathered from the ice cores show rapid oscillations during
the Wiirm glacial (~115-10 ka BP) period, which give the characteristic sawtooth
shape of the graphic of the data. Such events occurred 24 times that represent an
abrupt warming phase in the glacial time. This cyclic behavior is called Dansgaard-
Oeschger cycles and are thought to have a ~1500 year periodicity (Dansgaard et al.,
1983; Dansgaard et al., 1984; Dansgaard et al., 1993; Mayewski et al., 1997; Alley et
al., 2001; Ganopolski and Rahmstorf, 2002). These oscillations are thought to have
been driven by salt oscillations in the North Atlantic (Broecker et al., ). A similar
oscillation pattern, with ~1500 year periodicity, is claimed to occur in the Holocene
and is called Bond cycles (Bond et al., 1997; Mayewski et al., 1997; Bianchi and
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McCave, 1999; Bond et al., 1999; Bond et al., 2001; Wanner and Butikofer, 2008). A
possible cause of this abrupt warming event depends on the changes in the
thermohaline circulation of North Atlantic and the stochastic resonance behavior of
the system or on solar variations (Bond et al., 1999; Alley et al., 2001; Bond et al.,
2001).

Among the mentioned astronomical cycles the climate of the Earth has a strict bound
to some other astronomic variations. The first one, Sun’s variability which mainly
controls the direct energy output of the Sun by ions streaming from Sun’s spots that
generate a magnetic field acting like a shield (Broecker, 2002; Gray et al., 2005).
Solar variability is thought to be periodic and there are some numbers, which are
accepted in the society. Among all, 11 year Schwabe and the harmonic of it 22 year
Hale cycles are the most prominent ones (Sonett et al.,, 1997). Moreover the
Gleissberg cycle (~80-90 year), the Suess cycle (~180-208 year), the Hallstadtzeit
cycle (~2400 year) and newly proposed ~6000 year cycle are thought to be
periodicities of solar variations (Damon and Sonnet, 1991; Sonett et al., 1997,
USGS, 2000; Vasiliev and Dergachev, 2002; Lean, 2005; Xapsos and Burke, 2009).
The second variability is the lunar variability which is effective on tides and it is also
thought to have effects on climate. It is called Saros Cylce and has a length of 18.6
year (Hoyt and Schatten).

1.2.  Studies on Climate Cycles around Lake Van Region

Since the 19" century scientists have developed that climate of the Earth has its own
periodic/quasi-periodic oscillations whereas that kind of studies are nearly absent in

Turkey and in nearby geographies.

Rohling et al. (2002) found 2300 years of periodicities within the records of Aegean
Sea cores covering the last 13 ka. Fleitmann et al. (2003) found 205, 132, 105, 90, 60
and 50 years of periodicities at the stalagmite records of Qunf cave in Oman, which
span the last 10 ka. Prasad et al. (2004) searched for periodicities within the varve
records of Lake Lisan (the Pleistocene lake, ancestor of the Dead Sea in lIsrael),
which spans the interval between 26 — 17 ka BP. Lamy et al. (2006) found 800 and
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500 years of periodicities within Black Sea and Red Sea core records. Jones et al.
(2006) searched for the periodicities in Lake Nar core and found 135, 58 and 33
years of periodicity. Finally Fleitmann et al. (2009) studied the stalagmites of Sofular
Cave in Zonguldak, Northwest Turkey, and they report that they found 500 years of
periodicity within the records, which span the interval between 24 ka and 51 ka BP.

The studies, listed above, for Turkey implies that this geography needs more studies
on the cyclic behavior of the climate/paleoclimate records. So one can ask if the
cycles, which are thought to be global, did really affect Anatolia’s past climate?
Moreover, does Anatolia have its own system apart from the global cycles? We
think, the results that are gathered within this study will be a representative of

paleoclimate cycles (see Stockhecke et al. 2012), at least, for the Van region.

1.3.  Aimand Scope

A 144 m undisturbed sediment core, which spans the last 90.4 ka, drilled at the
northern basin of Lake Van (Fig. 1.1) by ICDP and the geochemical records
gathered by ITU EMCOL scientists make it possible to search for the cycles in this
sediment core data and try to understand the dynamics of the past climate of Lake
Van region. This thesis looks for the cycles in the chemical records over time basis
with the help of spectral methods. For that much long sediment core one can expect

to see the following global climatic cycles:

1. The precession of the equinoxes cycle of the Milankovitch-Croll theory,
which is approximately 21 ka.

2. The 1500 year cycle which is outlined by many researchers for the Late
Pleistocene.

3. The solar cycles, namely Schwabe, Hale, Gleissberg, Suess, Hallstadtzeit.

Lake Van is a highly tectonically and volcanically active region. The region is on the
border of Mediterranean climate and continental climate. Its sedimentation shows
varve structures according to seasonal patterns (Landmann et al., 1996a; Stockhecke

et al., 2012). Apart from the cycles mentioned above, the own oscillations of the
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Lake Van region may exist and search for them may reveal the dynamical behavior
of the lake and the regional climate.

1.4, Study Area

1.4.1. Geography of the region

Lake Van is the fourth largest closed lake and the largest alkaline lake of the world,
which is surrounded by the Euphrates basin in the west, Tigris basin in the south and
Arax basin in the east. The lake is on a high plateau located 1,650 m above sea level
within the contractional province between the Eurasian and Afro-Arabian plates. The
surface area of the lake is 3,602 km? and its drainage area covers 12,520 km?. Today

there are many small and large rivers draining into the lake (Table 1.1, Fig. 1.1).

Table 1.1. Main rivers flowing to Lake Van (Ciftci et al., 2008)

Name of the river Flow point Length (km)

Zilan Ercis 70
Bendimahi Ercis 90
Delicay Ercis 55
Karasu Van Merkez 148
Nesap Gevas 145
Memedik Saray 60
Gevas Gevas 14

The distribution of the bottom of the lake is as follows: 27% of the lake area has
relatively shallow water and termed as lacustrine shelf, 63% of the area is the steeper
lacustrine slope and 10% of the lake area is the deep flat plain. Flat plain, called Tatvan
Basin, has 445 m average depth and its deepest point is recorded as 451 m (Kempe et al.,
1978; Wong and Degens, 1978).

1.4.2.  Geology of the region

The lake is a volcanic dammed lake, which originated according to Wong and Finckh

(1978) at least 60 ka ago, according to Saroglu and Giiner (1981) at the middle
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Pleistocene, according to Cukur et al., (2013) ~550 ka ago, and was a part of the
Zilan, Bendimahi and Murat river system. All the three publications state that, with
the eruption of Nemrut volcano, during the constructional phase of Nemrut, the lava
of the volcano dammed the ancient Murat Valley and consequently the lake formed.
Lake Van-Mus Basin was separated into two sub-basins as a consequence of eruption of

Nemrut Volcano (Saroglu and Giiner, 1981).

Three tectonic units constitute the Eastern Anatolia high plateau, namely Eastern
Rhodope-Pontide arc, Eastern Anatolian Accretionary Complex and Bitlis Potiirge
Massif. The region’s neotectonic evolution starts as shortening of Eastern Anatolia
between the Arabian and Eurasian plates in the Middle Miocene, some more than 15 Ma
ago. Tectonic forces generated east-west trending inclined folds and the region has
become undulated. Moreover accompanying to tectonism, volcanism has caused
variations on morphology such as asymmetry of folds, east-west trending vertical
developed at the north-south borders of the basins, like Mus Basin. For now the basin
faces strike-slip faulting rather than thrusting as a consequence of shortening (Saroglu
and Giiner, 1981; Dewey et al., 1986; Sengor et al., 2003; Sengor et al., 2008).

At the south of the lake the Southeastern Taurids is mainly composed of
metamorphic units of the Paleozoic aged Bitlis Massif which is characterized by
albite, albite-quartz, garnet micaceous schist, marble, phyllite, politic slate,
recrystallized limestone, quartzite and radiolarites over a gneissic core. On the
eastern side of the lake the Upper Cretaceous aged ultrabasics, flysch deposits,
limestones and Oligocene aged conglomerates, sandstones, mudstones and
limestones form the flatlands of the city of Van and its surroundings. On the northern
and western shore there lie the Plio-Quaternary volcanic mountains and the eruptions
create the units, which are basaltic, dacitic and andesitic rocks. There are four
stratovolcanoes surrounding the lake. On the lake’s western shore, Nemrut caldera
stands 2948 m a.s.l., still active. According to Yilmaz et al. (1998) last eruption was
in 1441 A.D. but Aydar et al. (2003) object this date and calls for the 1597 A.D. In
the northwest Mount Siiphan stands 4158 m a.s.l., inactive for the last 10,000 years.
Meydan Volcano (3290 m a.s.l.) is at the north of the lake, and Tendiirek Volcano,
still active (3584 m a.s.l.) stands on the northeast of the lake. (Degens and Kurtman,
1978; Kurtman and Baskan, 1978; Degens et al., 1984; Kipfer et al., 1994; Yilmaz et

al., 1998; Aydar et al., 2003; Keskin, 2003; Sengor et al., 2003; Sengor et al., 2008;
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Kuzucuoglu et al., 2010, Fig. 1.2).

Fig. 1.2 Simplified geological map of the Lake Van region. (Mutlu et al, 2012).

1.4.1. Paleoclimate and today’s climate of the region

To understand today’s climate one should take a look at the Cenozoic cooling. Today

still there are many debates about the causes of the ongoing cooling. There are some

opinions about the cause (For a detailed summary see Denton, 1999; Zachos et al.,

2001). After the Eocene Thermal Maximum (~51 Ma), when the deep sea

temperatures were 12°C warmer than today (Savin et al., 1975), first ice caps in

Antarctica began to form some 45.5 Ma ago (Ehrmann and Mackensen, 1992). After
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this time a gradual cooling was on the way, but Tertiary is marked by three major
cooling events. After a 17 Ma lasting of cooling trend a major temperature decline
marks the boundary of Eocene and Oligocene, some 34 Ma ago, which caused the
formation of Antarctic ice sheets. The second major decline of the temperatures is
dated between 17 to 15 Ma ago at middle Miocene that formed permanent Antarctic
ice sheets. Earth’s climate faced the third decline at the start of Quaternary, 2.6 Ma
ago (Miller et al., 1987; Denton, 1999; Zachos et al., 2001). Quaternary Period was
the time of glacials and interglacials, which occurred quasi-periodically. The interval
of 2.52-0.95 Ma was dominated by the obliquity bandwidth of 41 ka and after 0.95
ma the 100 ka frequency took the control of the climate oscillations (Denton, 1999).

The last interglaciation, namely Eemian, had its warmest period, which at that time
was warmer than today and had smaller or equal to today’s ice volume, around 122
ka BP (CLIMAP Project Members et al., 1984). The temperatures fell by more than
2°C in the deep oceanic waters after 122 ka BP (Broecker and Denton, 1990; Denton,
1999). For the last glacial, the times of massive discharges of icebergs into the North
Atlantic, that are observed as ice-rafted detritus in marine cores, are called Heinrich
events and six of them are defined for the last 60 ka BP (Heinrich, 1988; Bard et al.,
2000; Hemming, 2004, Fig. 1.3). The timing of Heinrich events coincides well with
the fluctuations of the ice core data observations (Bond et al., 1993). According to
these data Heinrich events are cold periods followed by warm intervals. After the
detailed 6180 values gathered from the Greenland ice cores it was observed that the
climate was highly irregular during the last glaciation and the abrupt transitions of
the climate from a colder phase (stadial) to a warmer phase (interstadial) are called
Dansgaard/Oeschger cycles (Dansgaard et al., 1983; Dansgaard et al., 1984). Last
glaciation reached its maximum around 20 ka. BP The temperatures and the amount
of atmospheric greenhouse gases began to increase until 14.5 ka BP, after that time
Earth faced a cold spell, namely Younger Dryas, from 12.7 ka until 11.7 ka BP
(Cuffey and Clow, 1997; Clark et al., 2012). Bard et al. (2000) call the Younger
Dryas event as a Heinrich event and named it as HO. The warm period Holocene,
which is rather stable than Wiirm, starts 11.7 ka BP (Gradstein et al., 2012).

11
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Fig. 1.3 The high resolution of North Greenland Ice Core Project (Andersen et al., 2004) oxygen
isotope record that spans the last 123,000 years. H1 to H6 are the Heinrich events and the
numbers up to 25 are the documented Danzs,ggg;d/Oeschger events (Clement and Peterson,
During the last glaciation, Lake Van had experienced lake level fluctuations, which
left terraces as proofs around the lake. Kuzucuoglu et al. (2010) have found four
transgression series, first of them dated back to 115 ka BP and the second of them is
dated back to 100 ka. BP According to Kuzucuoglu et al. (2010) the first
transgression may be the result of either volcanism or tectonic events but the second
transgression is associated with the relative warm or moist period of the region
between 100 ka BP and 35 ka BP. The next two transgressions are dated to 26 ka BP
and 20 ka BP, which are moist times of Eastern Mediterranean (Roberts and Wright,
1993; C)gretmen, 2012). After that time a regression of the lake is documented in the
varves of the lake. Around 15 ka BP the lake has completely dried according to
Landman et al. (1996b) but the study of Northern Basin composite core by Ogretmen
(2012) shows that the level of the lake has dramatically dropped but the whole lake
didn’t dry. After 14.6 ka BP lake level rose and had a regression around 9 ka BP and
this regression coincides with Caucasian and Central Asian low lake levels which is
in contrast with the Indo-Arabian lakes (Roberts and Wright, 1993; Landmann et al.,
1996b). During the Holocene, lake level rose up to its highest-level around 7.5 ka BP
and dropped to today’s level around 3 ka BP (Landmann et al., 1996b). Moreover,
unlike Western Anatolia the occurrence of the advance of the forests in Holocene is
relatively late. At sites close to the sea, in Turkey, the forestation was complete
around 9 ka BP whereas in Van region yet it was not complete 6 ka BP and among

this period steppe-fire frequency was high. Both suggest dry spring and summer
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during the early Holocene (Roberts and Wright, 1993; Wick et al., 2003). Around 4
ka BP the region’s climate reached today’s wetter conditions (Degens et al., 1984;
Wick et al., 2003; Ogretmen, 2012).

Climate systems cannot be explained by monotonic concepts; moreover the climate
of the eastern Mediterranean is complex enough and has not been yet fully
understood (Akgar and Schliichter, 2005).

Anatolia’s weather is under the control of marine and continental tropical air masses
and marine and continental polar air masses (Fig. 1.4). These systems are controlled
by movements of subtropical and subpolar high pressure systems through north and
south according to seasons. With the movement of the subtropical high pressure
system to the north the region experiences drier conditions. In winter, the subtropical
high pressure system moves southward and the region gets under the effect of
Siberian high pressure system and the polar and continental air masses take the
control of the region (Harding et al., 2009).

North Atlantic Oscillation (NAO) is mostly responsible for the climate of Europe,
Mediterranean and North Africa (Hurrel, 1995; Visbeck et al., 2001; Visbeck, 2002;
Harding et al., 2009). Station-based index of NAO is defined as the the sea surface
pressure differences between two stations, one lie in subpolar and the other lie in
subtropical regions of North Atlantic, which are Stykkisholmur/lceland and Ponta
Delgada/Azores (Rogers, 1997) or Stykkisholmur/iceland and Lisbon/Portugal
(Hurrel, 1995) or Reykjavik and Gibraltar (Jones et al., 1997). In the so-called
positive mode of NAO, which is the sea level pressure below normal over Iceland
and above normal over Azores, Europe faces stronger than average westerlies, USA
faces more southerly flows than average and the Canadian Arctic, west Greenland
and the Mediterranean faces anomalous northerly flows. In the negative mode of
NAO, which is relative higher pressure over Iceland and relative lower pressure over
Azores, creates colder air on Europe and USA and a stormy weather over
Mediterranean in winters (Hurrel et al., 2001; Wallace and Hobbs, 2006, Fig. 1.5).
According to Cullen and deMenocal (2000), Anatolia is the easternmost limit of
NAO and in the positive mode of NAO colder and drier conditions persist in

Anatolia. For example, northern Syria retains NAO signals but much weaker than
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Turkey and they find no significant correlation in Irag. Furthermore they claim that
Tigris streamflows and especially Euphrates streamflows are associated with NAO.
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Fig. 1.4. Mean positions of the main circulation systems affecting the region, namely Polar
Front Jet (PFJ), Subtropical Jet (STJ), Intertropical Convergent Zone (ITCZ), and the pressure
systems affecting the region, namely Continental Polar Air Mass (cP), Marine Polar Air Mass
(mP), Continental Tropical Air Mass (cT), Marine Tropical Air Mass (mT) (Litt et al., 2009;
modified from Wigley and Farmer, 1982).

Kutiel and Benarorch (2002) defined an oscillation system that is effective on
Eastern Mediterranean. They named it as North Sea-Caspian Pattern (NCP). NCP is
calculated by taking the difference of geopotential heights at upper level atmospheric
values over the North Sea and Caspian Sea. According to them, the negative index of
NCP brings an increased southwesterly anomaly circulation towards the Balkans,
western Turkey and the Middle East and higher temperatures plus aridity is
observed, whereas positive index brings northwesterly circulation towards the Black
Sea and creates colder conditions than the normal conditions (Kutiel and Benarorch,
2002; Kutiel et al., 2002; Goktiirk, 2005; Giindiiz and Ozsoy, 2005; Kutiel and

Tiirkes, 2005, Fig. 1.6).
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Fig. 1.5. The differences between the negative and positive modes of NAO (Hoerling et al.,
2010).

Fig. 1.6. Anomaly circulation of NCP a) during its negative phase, b) during its positive phase
(Kutiel and Benarorch, 2002).
Lake Van region experiences continental climate, according to Koppen-Geiger
climate classification it falls into Ds climate type, i.e. it is mainly a humid, cold mid
latitude climate but has dry summers (Peel et al., 2007, Tiirkes, 2010). Monthly
average temperatures are below 0°C between December and February and around
20°C during summer, long term monthly average temperature is 9.2°C (Turkish State
Meteorological Service, 2013). Annual precipitation is around between 380-700 mm
(Elkatmis, 2008). The eastern Mediterranean’s climate differs from the western
Mediterranean climate by its dryness and larger temperature differences between
15



summer and winter (Harding et al., 2009). Erol (2011) calls the eastern
Mediterranean’s climate as continental Mediterranean. As the region precipitation
mostly shows up itself at the end of the spring and at the beginning of summer,
according to Erol (2011), that situation is called Late Mediterranean Precipitation
Regime. This shows that the region lies in a transition zone between Mediterranean
winter precipitation regime and mid latitude continental summer regime. According
to Unal et al. (2003) the region is climatically on the border of southeastern
Anatolian region and eastern Anatolian region. Yet, the occurrence of the oro-
mediterranean type forest on the southwest of the lake and the steppe type forests on
the north and east is another indicator of the region being a transitional climatic zone
(Roberts and Wright, 1993).

Annually the lake loses 4.2 km® of water by evaporation, balances it by surface
runoff of 1.7 km?®, and by precipitation of 2.5 km* (Kempe et al., 1978). Lake level
fluctuations has been recorded since 1944 and according to Kempe et al. (1978) the
correlation of the solar activity and the lake level fluctuations is visible to eye with a
clear periodicity. Between 1944 and 1970 the lake level fluctuates regular and
periodic (Kempe et al., 1978), however for the period of 1985-1995 the level rose
significantly and Kadioglu et al. (1995) claim that these fluctuations are closely
related to meteorological phenomena. Therefore this shows that, as a closed lake,

Lake Van is sensible to climatic/meteorological changes.

Stockhecke et al. (2012) report that the annual particle cycle of the lake is suitable
for varve formation which can be used to study past climates. According to their
study, the sedimentation is controlled by seasonal patterns. Higher particle fluxes are
observed in spring by precipitation and snowmelt. In winter nearly no flux is
observed but in summer carbonate flux is high and according to the study these
conditions are ideal for varve formation and so paleoclimate studies (Landmann et
al., 1996a; Stockhecke et al. 2012, Fig. 1.7). Moreover dust storms must be effective
for the summer fluxes which must also be considered as a sediment parameter
(Huguet et al., 2012).
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Fig. 1.7. An example of the laminated sediments of Lake Van. The black layer shows a tephra
layer (Litt et al., 2009).
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2. MATERIALS AND METHODOLOGY

For this thesis we have used the chemical data of the 144 m long composite sediment
core of Paleovan project carried out by International Continental Drilling Programme
(ICDP) (see Litt et al., 2012) from the Northern Basin of Lake Van. ITU EMCOL
scientists carried out lithological description and sampling of the cores. They
established a composite stratigraphic section and age model for the site and studied
the lake level changes using multi-proxy analyses, such as XRF core scanner and

stable isotope analyses, and varve counting (Ogretmen, 2012; Cagatay et al., 2013).

2.1.  Materials and Analytical Methods

This thesis uses the data generated by the ITU EMCOL team during the course of a
TUBITAK project entitled “High resolution water level changes of Lake Van during
Pleistocene-Holocene” (Cagatay et al., 2013)

2.1.1. Cores

In the framework of Paleovan project during summer 2010 the ICDP Expedition
5034 retrieved 144 m long undisturbed sediment cores, named Van5034 1, at the site
called Northern Basin (NB) which is 5 km offshore from Ahlat, 245 m below lake
level at 38.7051 N latitude and 42.568 E longitude (Fig. 2.1).

2.1.2. Itrax X-Ray fluorescence (XRF) core scanner

Itrax Core Scanner provides high-resolution optical and radiographic images and
elemental profiles of sediment cores. This instrument consist of a central measuring
tower incorporating an X-Ray focusing unit and a range of sensors which are optical-
line camera, laser topographic scanner, X-Ray line camera for measuring the
transmitted X-Rays and high count rate XRF detection system. It is optional to scan

entire length of samples from 1 centimeter to 200 pm.
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Fig. 2.1. Bathymetric map of Lake Van. NB (Northern Basin) and AR (Ahlat Ridge) show the
locations of the core drilling sites (Stockhecke et al., 2012).
The Northern Basin core from Lake Van was analyzed, in ITU EMCOL laboratories,
with 500um step-size, counting for 10 seconds, and optical image resolution is 50pum
pixel* for sediment cores. XRF Core Scanner analyzed the following elements’
intensity: Al, Si, P, S, Cl, Ar, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge,
As, Se, Br, Rb, Sr, Y, Zr, Nb, Mo, Cd, Sb, |, Cs, Ba, La, Ce, Hf, Ta, Pb, Th, U.

2.1.3. Total organic (TOC) and total inorganic carbon (TIC) analyses

TOC/TIC analyses are performed in ITU EMCOL laboratories by EMCOL scientists
with Shimadzu TOC/TIC Analyzer. The samples of 50-100 mg, which have been
pounded in an agate mortar after dried at 60°C, have been analyzed to calculate the
total carbon (TC) and TIC percentage and TOC percentage is calculated by
subtracting the TIC percentage from the TC percentage.

The analysis of sample’s TC calculation mainly depends on the analyzer’s detection
of CO, gaseous amount while burning the samples at 900°C. To calculate the amount
of TIC, after adding 85% phosphoric acid to the sample, the sample is heated at
200°C. Within this process the amount of the CO, gaseous is detected by the
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analyzer to estimate the TIC percentage. These analyses have the precision of better
than 2% at 95% confidence level (for details, see Cagatay et al., 2013).

2.1.4. Stable isotope analyses

880 and 8™C analyses are performed from the bulk carbonate of the laminated
sediment samples in Environmental Geochemistry Laboratory at University of
Arizona by using mass spectrometry. For the stable isotope measurements, this
device establishes a precision down to 0.02% (Becker and Dietze, 2000; Becker,
2002).

2.1.5. AMS radiocarbon dating

Three samples of plant remains are sent to University of Arizona, Environmental
Geochemistry Laboratory and Accelerator Mass Spectrometry is used to date these
samples. After the AMS **C dating is established the ages are converted to calendar

year using IntCal option of Calib 6.1 computer software (Reimer et al., 2004).

2.1.6. Age model

ITU EMCOL scientists established the age model by AMS 'C analysis, varve
counting, Marine Isotope Stage correlations and tephra layer correlations. The tephra
layers, dated by varve counting by Landman (1996), Landmann et al. (19964,
1996b), Cagatay et al. (2013) and dated by “°Ar/**Ar dating method by Sumita and
Schminke (2013), are correlated with the Marine Isotope Stages. These data are then
correlated with the core records and by using AnalySeries software the data are

converted to the age model (Fig. 2.2).
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2.2.  Methodology of Spectral Analysis
All the calculations mentioned in this section are performed on MATLAB software.

2.2.1. Simple moving average

Natural time series are generally accepted as a combination of the signal and noise.
To separate these two, generally linear filters are used to smooth the series
(Bloomfield, 2000). Simple moving average, explained below, is the method to filter

the time series that we have used in this thesis.
Suppose we have a time series h(t) such that

Generally mathematical representation of the filtering process is called the
convolution and represented by;

N3
b ()= ) lemh(t=m)] (2.2)
m=—N1
where N; and N are positive integers and N1+N; is called the order of the filter and
Cm IS the vector of filter weights. If one chooses N1=N, say N, and ¢, as a constant,
say c, that is;

1

- 23
CToaN+T (23)

then the filter is called the simple moving averaging (Chatfield, 1996; Bloomfield,
2000; Trauth, 2010). Whenever the window exceeds the data for the boundary
values, to avoid the loss of information, we preferred to calculate the average for the

values that fall inside the window.

2.2.2. Detrending

In the long-term climate time series might have a trend, e.g. Cenozoic cooling trend

after Eocene thermal maximum (Denton, 1999). This trend can cause a small pseudo-
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frequency show up in the calculations and is better to remove this trend (Muller and
MacDonald, 2000). In this thesis we have detrended the series by subtracting the

arithmetic mean of the series from the data vector.

2.2.3.  Spectral analysis

2.2.3.1. Periodogram

To search for periodicities in time series, Fourier Transform method and its
applications are essential. Periodogram is the simplest way of finding the frequencies

of series.

Suppose we have a data set of equally spaced in time with N elements. Let the
discrete data set be defined as follows;

hk = h(tk), tk = kAt,k = 0,1 N =1 (24)

In the equation (2.4) h represents for the values of the data in time and At represents
the difference between consecutive time elements. Since a transformation of a data
set having N elements cannot have outputs more than N elements, with the Nyquist
frequency principle, probable frequencies will lie in the closed interval,

1 1
=555 (2.5)
and the frequencies can be found at the values;
n N N
=—n=—= .= 2.6
h=Na =77 2 26

If we draw an analogy between the continuous and discrete Fourier transforms, we

get;
® N-1
H(fn) = f thZTEifntdt ~ hkeznifntkﬂt
—0oo k=0
N-1 (2.7)
= At Z hkeZHikn/N_
k=0
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The final summation in (2.7) is called the discrete Fourier transform of the N points
hg (Press et al., 2007). The spectral power P of the frequencies is calculated as

follows;

P(fu) = [H(f,)1?/(NAD). (2.8)

2.2.3.2. The normalized Lomb-Scargle Periodogram

The main difference of the Lomb-Scargle Periodogram (LSP) from the “classical”
periodogram is that for a given time series of unequally spaced data set, you don’t
have to interpolate the data, which most of the time results in loss of information
(Scargle, 1982).

Suppose we have N data points that are unequally spaced in time and let these data

points to be defined as;

The mean and the variance of the hy’s are defined as

N-1
1

R= NZ hye (2.10)

k=0

and

1 N-1
2o~ — )2 211
0? =1 lkZOmk ) @1y

Instead of evaluating the data on a per-time interval basis, by defining the t given
below, LSP evaluates the data on a per-point basis (Press et al., 2007);

N-tsin4nft,

t 4 =
an (4mf7) N-dcos 4nft,

(2.12)

and the normalized LSP, spectral power as a function of f, is defined for each
frequency f by (Lomb, 1976; Scargle, 1982);
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1 [2N=a(hy — h)cos (2rf (&, — T))]2
PO =302\ [3iog cos?@nf (6 — D)

(2.13)

- =\ - 2

[Z8=3 (A = R)sin@rf (t — )] }
[XRzo sin*(@nf (e —T)] )

But it is obvious that the algorithm above is rather slow and it takes time to make the

calculations. Therefore in this thesis we have used the algorithm presented by Press

and Rybicki (1989), namely fast computation of the LSP.

Let
N-1
S, = Z (b — R)sin(2nfty), (2.14)
k=0
N—-1
Cp = 2 (R — B)cos (2nfty) (2.15)
k=0
and
N-1
s, = Z sindnfty, (2.16)
k=0
N-1
C, = Z cosAnfty, (2.17)
k=0

then by trigonometric addition/subtraction theorems and cosine double angle formula

we can rearrange the following as;

kzzo(hk — R)cos(2nf (t, — 7)) 018)

= Cp cos(2nf1) + Sy sin(2nfT),
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N-1
Z (hi — R)sin(2rf (t, — 1))
k=0

(2.19)
= S, cos(2nft) — Cp sin(2nf1),
Z cos?(2nf (t, — 1))
k=0 (2.20)
L C 4 ! S, sin(4
=5+56 cos(4nft) + 52 sin(4nf1),
2 sin?(2nf (&, — 7))
k=0 (2.21)

N 1 1. .
=3"3 C, cos(4nft) — 552 sin(4rf7).

Since t¢’s are not evenly spaced Sp, Cp, S; and C, cannot be calculated by Fast
Fourier Transform. Press and Rybicki (1989) define a new method, which they call
as extirpolation or reverse interpolation. Extirpolation provides evenly spaced data
from given unevenly spaced data with the help of Lagrange interpolation by
replacing the function value at an arbitrary point by several function values on a
regular mesh such that sums over the mesh are a good approximation to sums over
the original arbitrary point. Suppose that the function h(t), known at unevenly spaced

discrete points defined as;
h(t) = h (2.22)

and g(t) is a function which can be evaluated anywhere. Let t, be a sequence of
evenly spaced points on a regular mesh then g(t) can be approximated by Lagrange

interpolation as
g(t) ~ Z wi () g (i) (2.23)
k

where the w(t) are Lagrange polynomial interpolation weights (see for details Press

et al., 2007). And the extirpolation process is as follows;
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N-1 N-1
hig(t;) = h; [Z wi (t) g (&)
=0 j=0 k
- (2.24)
= Z hJWk(tj) g(ty) = Z hig(Ei)
k |j=0 K
where
N—-1
j=0

So (2.14), (2.15), (2.16) and (2.17) can be calculated by Fast Fourier Transforms, by
replacing the required vectors gathered by (2.24) instead of h; and g(t;) and then the
calculations of (2.18), (2.19), (2.20) and (2.21) are straightforward (Press and
Rybicki, 1989).

2.2.3.3. Probability distribution of the Lomb-Scargle Periodogram

Scargle (1982) states that the normalized LSP obeys the exponential distribution and
Horne and Baliunas (1986) empirically show that, for a value of chosen M, the

statistical significance level of the peaks can be calculated for the level z chosen as;

P(>z)=1-(1—e )M (2.26)

Within this thesis we have chosen the value of M as equal to the length of the series
and the length of the frequency sequence as equal to the twice of the length of the
series (Press et al., 2007).
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3. RESULTS AND DISCUSSION

3.1. Results

We have investigated the periodicity of the records of the Van5034_1 core data with
the help of the methods described in the previous section. These calculations, in fact,
pick the sinusoidal frequencies, which lie in the geochemical data of the cores and

the frequencies found are interpreted as paleoclimate cycle signals.

We have discussed the data in three sections; firstly, for all the data spanning the
90400 years, secondly for the data spanning the last 13500 years and lastly for the
data spanning the last 1000 years. For the first part 8*°0, §*3C, TIC and TOC data
were used. We couldn’t use the XRF data for that period since the data’s resolution
was not suitable to gather meaningful results; it had gaps and the accumulations of
the data were scattered. Therefore XRF data were chosen to analyze the last 13500
years, because the scattering of the accumulation of the data was high and among all,
the Holocene cycles may give interesting results for today’s climate. And lastly the
data were analyzed for the last 1000 years to check for short periods. And also, the
stable isotope and organic/inorganic carbon data’s resolutions were not suitable to

reevaluate for shorter periods, since the data did not have sufficiently high resolution.

The reader should read the plots below as the horizontal axis representing the
frequency component with the year™ unit and the vertical axis representing the

relative power component of the distinct frequency values.

For some disciplines, like, economics or remote sensing engineering, the value of the
power of a frequency has meanings but for paleoclimate data the power of a
frequency is only a relative indicator among all the frequencies in a plot (Muller and
MacDonald, 2000).
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3.1.1.  Spectral analysis results of 0-90.4 ka interval

For all the data, spanning the last ~90 ka, we preferred the simple moving average of
order three. The statistically significant, over 95% confidence level, periods are listed

below.

Oxygen isotope data is a good proxy to determine the temperatures at which the
geological formations were laid down and for closed lakes, it is assumed to be
relative humidity/aridity and, especially in closed lakes, evaporation/precipitation
indicator (Urey, 1947; Emiliani, 1955; Wick et al., 2003; Gat, 2010). Spectral
analysis of stable oxygen isotope (5'°0) data gives periodicities of 33000, 21300,
12500, 10650, 9050, 4700 and 1375 years (Fig. 3.1).

33000

21300

151~ 2050 1375

3
Frequency x 10

Fig. 3.1. Normalized LSP of the 5'°0 data, filtered by simple moving average over three
consecutive samples, spanning the last 90400 years. The average interval of the data is 315
years. The dashed line shows 95% confidence level.

In closed lakes Carbon isotope data is covariant with oxygen isotope data, but in
hyper-alkaline lakes this assumption may fail. But it is sensitive to the organic
productivity and the volume changes of the closed lakes (Talbot, 1990; Li and Ku,
1997; Leng et al., 2006, Roberts et al., 2008). Spectral analysis of stable carbon
isotope (8*3C) data gives periodicities of 33000, 21000, 16500, 12500, 10300, 5750,

4150, 1375 and 640 years (Fig. 3.2).
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Fig. 3.2.. Normalized LSP of the 8**C data, filtered by simple moving average over three
consecutive samples, spanning the last 90400 years. The average interval of the data is 315
years. The dashed line shows 95% confidence level.

TOC is a representative of organic productivity in the lake (Meyers, 1997; Budziak

et al., 2000, Cohen, 2003) Spectral analysis of TOC data gives periodicities of
36000, 22600, 17200, 12500, 11000, 5830, 3900, 3650, 3500 and 2600 years (Fig.

3.3).

36000
's

22600

3o 17200

2073 112500 11000

i 5830 3650 gsgg

LQQQ: j / /2600

Frequency x 10

Fig. 3.3. Normalized LSP of the TOC data, filtered by simple moving average over three
consecutive samples, spanning the last 90400 years. The average interval of the data is 315
years. The dashed line shows 95% confidence level.
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TIC represents the inorganic carbon content in the lake which depends on biogenic
and terrestrial carbonate (Li and Ku, 1997; Akger On, 2011). Spectral analysis of
TIC data gives periodicities of 30100, 21300, 16450, 11660, 10650 and 3650 years
(Fig. 3.4).

sol- 30100

16450

20

10

-3
Frequency x 10

Fig. 3.4. Normalized LSP of the TIC data, filtered by simple moving average over three
consecutive samples, spanning the last 90400 years. The average interval of the data is 315
years. The dashed line shows 95% confidence level.

3.1.2.  Spectral analysis results of 0-13.5 ka interval

For all the data, spanning the last ~13.5 ka, we preferred the simple moving average
of order 50 and resampled every one element of the data from 50 consecutive
elements. The statistically significant, over 95% confidence interval, periods are

listed below.

It is shown that calcium may be an indicator of past climates (Richter et al., 2006).
We use calcium normalized to titanium (Ca/Ti) to normalize with the detrital input
and to get a better indicator of biogenic calcium (Akger On, 2011; Cagatay et al.,
2013). Spectral analysis of Ca/Ti gives periodicities of 2450, 2000, 1540, 1225,
1020, 885 and 770 years (Fig. 3.5).
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Frequency

Fig. 3.5. Normalized LSP of the Ca/Ti data, spanning the last 13500 years, filtered by simple
moving average over fifty consecutive samples and sampled one sample from every fifty
consecutive data, making the average sample interval 19 years. The dashed line shows 95%
confidence level.

Strontium normalized to calcium is an indicator of evaporative process since
aragonite prefers strontium as a constituent, whereas calcite prefers magnesium
(Cohen, 2003). Spectral analysis of Sr/Ca gives periodicities of 2550, 1580, 1150,

830, 690, 550 and 480 years (Fig. 3.6).

Manganese normalized to Titanium (Mn/Ti) is a redox indicator (Cagatay et al.,
2013). Spectral analysis of Mn/Ti gives periodicities of 1500 and 300 years over
95% confidence level, 408 and 273 years over 80% confidence level (Fig. 3.7).

Iron (Fe) is a representative of detrital input and a redox indicator (Richter et al.,
2006). Spectral analysis of Fe gives periodicities of 2450, 2073, 1540, 1100, 815,
760, 415 and 370 years (Fig. 3.8).
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Fig. 3.6. Normalized LSP of the Sr/Ca data, spanning the last 13500 years, filtered by simple
moving average over fifty consecutive samples and sampled one sample from every fifty
consecutive data, making the average sample interval 19 years. The dashed line shows 95%
confidence level.
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0.005 0.01 0.015
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Fig. 3.7. Normalized LSP of the Mn/Ti data, spanning the last 13500 years, filtered by simple
moving average over fifty consecutive samples and sampled one sample from every fifty
consecutive data, making the average sample interval 19 years. The upper and lower dashed
lines show 95% and 80% confidence level respectively.
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Fig. 3.8. Normalized LSP of the Fe data, spanning the last 13500 years, filtered by simple
moving average over fifty consecutive samples and sampled one sample from every fifty
consecutive data, making the average sample interval 19 years. The dashed line shows 95%
confidence level.

3.1.3.  Spectral analysis results of 0-1 ka interval

For all the data, spanning the last ~13.5 ka, we preferred the simple moving average
of order 4 and resampled every one element of the data from 4 consecutive elements.

The statistically significant, over 95% confidence interval, periods are listed below.

Spectral analysis of Ca/Ti gives periodicities of 195, 126, 83, 64, 41, 33, 22 and 19
years (Fig. 3.9).

Spectral analysis of Sr/Ca gives periodicities of 121, 65, 47, 41, 33, 27 and 19 years
(Fig. 3.10).

Spectral analysis of Mn/Ti gives periodicities of 125, 95, 65, 55, 47, 34, 29, 27 and
22 years (Fig. 3.11).

Spectral analysis of Fe gives periodicities of 277, 194, 129, 108, 84, 65, 41, 33 and
27 years (Fig. 3.12).
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Fig. 3.9. Normalized LSP of the Ca/Ti data, spanning the last 1000 years, filtered by simple
moving average over four consecutive samples and sampled one sample from every four
consecutive data, making the average sample interval 1.25 years. The dashed line shows 95%
confidence level.
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Fig. 3.10. Normalized LSP of the Sr/Ca data, spanning the last 1000 years, filtered by simple
moving average over four consecutive samples and sampled one sample from every four
consecutive data, making the average sample interval 1.25 years. The dashed line shows 95%
confidence level.
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Fig. 3.11. Normalized LSP of the Mn/Ti data, spanning the last 1000 years, filtered by simple
moving average over four consecutive samples and sampled one sample from every four
consecutive data, making the average sample interval 1.25 years. The dashed line shows 95%
confidence level.
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Fig. 3.12. Normalized LSP of the Fe data, spanning the last 1000 years, filtered by simple
moving average over four consecutive samples and sampled one sample from every four
consecutive data, making the average sample interval 1.25 years. The dashed line shows 95%
confidence level.

3.2. Discussion

The periodicities found in this thesis are summarized in Table 3.1.
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Table 3.1 Statistically significant spectral peaks (ka) gathered by LSP analysis for the 0-90.4 ka
interval in Van5034_1 records. The significance level is chosen to be 95%. “*” denotes the
arithmetic mean of two close values mentioned in the results section. B’s on the first column
represent the bands.

(0)Van5034 1 5°0 oC TOC TIC Mean Stand. Dev.
B1 33 33 36 30.1 33.025 2.409
B2 21.3 21 22.6 21.3 21.55 0.714
B3 16.5 17.2 16.45 16.717 0.419
B4 125 125 125 11.66 12.29 0.42
B5 10.65 10.3 11 10.65 10.65 0.286
B6 9.05 9.05 -
B7 5.75 5.83 5.79 0.056
B8 4.7 4.15 3.9 4.25 0.409
B9 3.65 3.58* 3.65 3.63 0.04
B10 2.6 2.6 -
B11 1.375 1.375 -

According to their variability | have divided the periodicities into eleven frequency
bands and calculated the mean and standard deviation within these bands. The
relatively strongest period found in the analyses is ~33 ka. This number may
correspond to the change in the obliquity of Milankovitch cycles (~41 ka), because
of the relatively short length of ~90 ka record, or it may correspond to 35.4 ka,
harmonic of the Milankovitch cycles (Yiou et al., 1994). In my opinion, since it is
more powerful than the adjacent precession peak it is the obliquity cycle. The second
band with a mean ~21.5 ka is clearly the precession of the equinoxes cycle. In
relatively long records, it shows up as two distinct spectral peaks, namely 23 and 19
ka, but in relatively shorter cycles it may show up as a single 21.7 ka peak, as in our
situation (Ruddiman, 2008). But there is one question here to be answered, which we
couldn’t find it. Our results show that the precession cycle is relatively weaker than
the right sided neighboring peaks (~16.7 ka) in the analyses except the oxygen
isotope data, which should have to show more power according to global results, if it

is the obliquity cycle,

Furthermore the other dominant peaks through the analyses are 16.7, 12.3, 10.7, 9,
5.8, 4.3, 3.6, 2.6 and 1.4 ka. It seems, more or less, all of these significant peaks
except 1.4 ka lie in the Ghil and Le Treut model GLT (Table 3.2). Also Short et al.
(1991) argue that a ~10 ka and a ~12 ka climatic cycle must persist on equatorial
regions according to their energy balance climate model, however they add that
tropical convective processes may export these oscillations to higher latitudes.
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Table 3.2 Theoretical periods of GLT which correlate with our results.

Corresponding combinations of f; (19 ka), f, (23 ka) GLT
and f; (41 ka)

Bl f3 41
B2 f- f3 35.4
B3 f&f; 23 | 19
B4 2f,-f, 16.2
B5 2f,-f3 12.36
B6 fi+f, 10.4
B7 2f,+f3 9
B8 4f, 5.75
B9 4f, +f3 4.26
B10 3f;+3f, 3.46
B1l 2f;+5f,+2f; 2.69

There are many different results supporting our results given in Table 3.1 (see Table

3.3 and for locations see Fig. 3.13). These results are gathered from ice core (Yiou et

al., 1991; Mayewski et al., 1997), marine core (Pestiaux et al., 1988; Hagelberg et
al., 1994; Yiou et al., 1994; Wara et al., 2000), pollen (Mommersteeg et al., 1995),
and Neogene lake sediment data (Kloosterboer-van Hoeve et al., 2006; Weber et al.,
2010).

Table 3.3 Worldwide spectral examples of some previous studies, correlating with our results,

numbers are represented in ka. In the uppermost row given numbers represent the references

in the following order: (1) Pestiaux et al., 1988, (2) Yiou et al., 1991, (3) Hagelberg et al., 1994,
(4) Yiou et al., 1994, (5) Mommersteeg et al., 1995, (6) Mayewski et al., 1997, (7) Ortiz et al.,
1999, (8) Wara et al., 2000, (9) Kloosterboer-van Hoeve et al., 2006, (10) Weber et al., 2010.

) @ ®) ) ©) ©® | ] © |19
B1 38
B2 24 (18 [23[19[23[19[ 21 [ 19 | 225
B3 16 16.1 16
B4 14.1 12 127 12 125

103 11
B5 11.1 10 113 105 10 [ 10
B6 7.35 9.1 8 | 8 8
B7 6.57 5 5.9 6.1
B8 | 47 |5.43/49 4.9 45 | 5
B9 3.65 32
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Table 3.3. cont'd

1) O] ®3) (4) Q) © (M6 © | Q)

B10 2.5 2.45 2.3 2.5

B11 1.45 1.5 1.5

Apart from the GLT, the 5.8 ka periodicity may be matched up with a newly found
solar variability, which is declared as 6 ka, mentioned by Xapsos and Burke (2009).

2.6 ka periodicity, moreover found by analyses performed on 13.5 ka spanning XRF
data as ~2.5 ka, may have different meanings. It exists in GLT model and it may
refer to the ~2.3/2.4 ka solar cycle, namely Hallstadtzeit cycle (Damon and Sonnet,
1991; Sonnet et al., 1997; USGS, 2000; Vasiliev and Dergachev, 2002).

The periodicity of ~1.4 ka occurring in oxygen isotope data and in all the XRF data
as ~1.55 ka, most probably, correspond to the Dansgaard/Oeschger cycles for Late
Pleistocene and Bond cycles for Holocene that are referred in many studies (Bond et
al., 1997; Alley, 1998; Bond et al., 1999; Alley et al., 2001; Lockwood, 2001;
Schulz, 2002; Hinnov et al., 2002; Rahmstorf, 2003; Wanner and Butikofer, 2008;
Turner et al., 2008). The Dansgaard/Oeschger cycles may be an indicator of the
region’s relation with the North Atlantic. Apart from the 2.5 and 1.5 ka periodicities
the ~1.2 ka periodicity also seems to be dominant for the XRF records of the last
13.5 ka (Table 3.4). This periodicity may be a result of North Atlantic thermohaline
circulation variability (Chapman and Shackleton, 2000).

Table 3.4 Statistically significant spectral peaks (ka) gathered by LSP analysis for the 0-13.5 ka
interval in Van5034_1 records. The significance level is chosen to be 95%. “*” shows the values
chosen between 80 and 95% significance level.

Ca/Ti Sr/Ca Mn/Ti Fe Mean | Stand. Dev.
Bl 2450 2550 2450 2483 58
B2 2000 2073 2037 52
B3 1540 1580 1500 1540 1540 33
B4 1225 1150 1100 1158 63
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Table 3.4. €ontd

Ca/Ti Sr/Ca Mn/Ti Fe Mean | Stand. Dev.
B5 1020 1020
B6 885 830 815 843 37
B7 770 760 765 7
B8 690 690
B9 550 550
B10 480 408* 415 434 40
B11 300* 370 335 49
B12 273 273
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Fig. 3.13 Locations of the previous studies (Table 4.2). The numbers written on the map are a representative of the numbers in front of the names in the Table 4.2.
“*» is an indicator of several core samples drilled near the same location.



The results of the spectral analyses performed over the last millennia (Table 3.5) give
the 198 year Suess solar cycle, 86 year Gleissberg solar cycle, 22 year Hale solar
cycle and 19 year Lunar Saros cycle. Moreover, according to our results, 125, 65, 41

and 33 and 27 year cycles dominate the last 1000 years.

Table 3.5 Statistically significant spectral peaks (ka) gathered by LSP analysis for the 0-1 ka
interval in Van5034_1 records. The significance level is chosen to be 95%.

CalTi Sr/Ca Mn/Ti Fe Mean | Stand. Dev.

Bl 277 277

B2 195 194 195 0
B3 126 121 125 129 125.3 3.3
B4 108 108

B5 83 95 84 87.3 6.7
B6 64 65 65 65 64.8 0.5
B7 55 55

B8 47 47 47 0
B9 41 41 41 41 0
B10 33 33 34 33 333 0.5
B11 27 27 27 27 0
B12 22 22 22 0
B13 19 19 19 0
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4. CONCLUSIONS

According to this study the results of the spectral analyses of the geochemical data of

Lake Van show the following;

1. The ~33 ka periodicity, which is present in the oxygen and carbon
isotope, TOC and TIC records, may corresponds to the 41 ka obliquity cycle
of Croll-Milankovitch theory or to the 35 ka sub-Milankovitch band of GLT.
2. The ~21.5 ka periodicity present in the records, clearly corresponds to
the 21.7 ka precession cycle of Croll-Milankovitch theory.

3. The 16.7, 12.3, 10.65, 9, 5.8, 4,25, 3.6 and 2.6 ka periodicities, have
equivalents in GLT as subharmonics of Milankovitch obliquity and
precession forcings. Moreover the 5.8 ka periodicity may correspond to 6 ka
solar cycle and similarly 2.6 ka periodicity may correspond to 2.4 ka solar
cycle, namely Hallstadtzeit cycle.

4. The ~1.5 ka periodicity in oxygen isotope data for the Late
Pleistocene stands for the Dansgaard/Oeschger cycles and in XRF data for
stands for the Holocene Bond cycles.

5. For the XRF data of the last 13.5 ka years 1200 year periodicity is
persistent which may be a result of North Atlantic variability (Olafsdottir,
2010).

6. For the last 1000 years the XRF records show the solar variability
cycles which are ~200, 86 and 22 years. Also Lunar Saros cycle (19 years) is
being observed in these records.

7. The records of the last 1000 years also show 125, 65, 41 and 33 year
periodicities.

Among the periodicities given above cycles of 1200, 125, 65, 41 and 33 years, which
are not discussed as global, remain as an enigma. The obvious direction to solve this
problem is to use different data around Van region, by this way it would be easier to

make comment on these cycles, which may be noise or originated by own dynamics
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of the region or related to some other mechanism (see for example; Chapman and
Shackleton, 2000; Olafsdottir, 2010).
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APPENDICES

Appendix A. Ghil and Le Treut model (GLT)

After the successful explanations of climatic oscillations due to external forces on the
order of 10* and 10° years (Milankovitch, 1941; Broecker and van Donk, 1970; Hays
et al., 1976) still two problems appearing in the spectral solutions remained to be
solved. First is the 100 ka dilemma. This is the 100 ka periodicity of the sediment
records, which is theoretically caused by the changes in the eccentricity of the
Earth’s orbit and theoretically should be the weakest of the three of the astronomical
causes, namely precession, obliquity and eccentricity variation, in Milankovitch
theory, however eccentricity is observed as a dominant peak rather than the others
(Hays et al., 1976; Imbrie and Imbrie, 1980; Imbrie et al., 1993, Muller and
MacDonald, 1997; Muller and MacDonald, 2000). The second problem is the
periodicities observed in the spectral analysis between the 5 ka and 15 ka band (see
Table 4.2). The astronomical theories do not have an explanation for these observed

spectral peaks.

Le Treut and Ghil (1983) offer a simplified model to explain these problems. Their
model depends on the interactive mechanisms of the atmosphere, ocean,
precipitation, ice caps and the visco-elastic behavior of the crust and the upper
mantle to ice load variations, which result in a self-sustained oscillating climate
system (Kallen et al., 1979; Ghil and Le Treut, 1981; Le Treut and Ghil, 1983; Le
Treut et al., 1988; Ghil 1994). GLT is described by three nonlinear equations that
describe: (1) the evolution of the globally averaged temperature, (2) the evolution of
polar ice caps, (3) the isostatic reply of the crust and the upper mantle to the ice load.
The rough explanation of the model’s self-sustained oscillating mechanism given by
Ghil (1994) is as follows (The symbol ”=" below should be read as “positively

correlated with”, not a linear proportionality).

According to energy balance models, overall averaged temperature (T) change of the
Earth is negatively correlated with the albedo of the planet (o),
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— = —q. (A1)

The albedo is defined as the reflectivity of the light and since the effects of the
clouds on albedo is not well understood, this model uses the term albedo as surface
albedo. It is clear that the change in sea and continental ice is the most responsible of
surface albedo, here the albedo used in this model is albedo of the ice (Ghil and
Childress, 1987). So albedo increases with the ice volume (V),

a=V. (A.2)
Equations (A.1) and (A.2) gives
dr
=~ _y. A3
=V (A3)

The volume of the ice sheets is determined by the net snow and ice precipitation (p)

over the ice sheet, that is;

av
—_= A4
=P (A4)
and
P = Pac — Pab (A-5)

where pac is the net accumulation and pg, is the net ablation. Because of the
activation and intensification of the hydrologic cycle, net accumulation rate on ice
sheets is positively correlated with the temperature (Robin, 1977, Lorius et al.,
1979), i.e.

pac = T (A6)

By assuming that the effect of T on py is stronger than the effect of T on pay, We can

rewrite (A.6) as;
p=T. (A7)
Equations (A.4) and (A.7) gives the following,

av

= (A.8)

If we rewrite (A.3) and (A.8) together, it is seen that they form an oscillatory system,
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liPORE A9
o 14 (A.9)
dav
— =T, A.10
o T (A.10)

Furthermore the isostatic sinking of the bedrock caused by the ice-mass growth move
the snow line poleward and reduces the accumulation area. Hence ablation increases

with the visco-elastic behavior of the lithosphere. Therefore;

dp
LI A.ll
dt v, ( )
and by rewriting (A.4)
dv
—= A.12
dt P, ( )

we can have another oscillatory system (Ghil and Childress, 1987; Ghil, 1994).

Le Treut and Ghil (1983) simulated an isotope model with the oscillator described in
GLT. Taking the orbital frequencies, namely obliquity and precession, as f;=1/19 ka"
! £,=1/23 ka™* and f5=1/41 ka™ and used them to calculate the frequencies that the
oscillator will create. The spectral power shows that the oscillator creates harmonics
and subharmonics of the orbital frequencies, i.e.

3
> (A13)
j=1
where r; is an integer. Moreover with this model they offer an answer to the 100 ka

dilemma, that is f;-f,= 1/109 ka™ (Le Treut and Ghil, 1983; Le Treut et al., 1988,
Yiou et al, 1994).
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Appendix B. Plots of the 90400 year data

Fig. B2: Plot of $**C data for the last 90400 years.
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Appendix C. Plots of the 13500 year XRF data

b T T T

120 —

100 —

80—

60 |-

40

20

5 I I |

|
[} 2000 4000 6000 8000 10000
Age (years)

Fig. C1: Plot of Ca/Ti data for the last 13500 years.

12000

14000

Sr/Ca
®
T

5 I | I | |

[} 2000 4000 6000 8000 10000
Age (years)

Fig. C2: Plot of Sr/Ca data for the last 13500 years.
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Appendix D. MATLAB Codes Used in the Thesis

Sliding Average

Below MATLAB algorithm is retrieved from Giugliano (2002).
function out = slidingavg(in, N)

if (isempty(in)) | (N<=0)
disp(sprintf('SlidingAvg: (Error) empty input data or N null."));
return;

end

if (N==1)

out =in;

return;

end

nx = length(in);

if (N>=(2*(nx-1)))

out = mean(in)*ones(size(in));
return;

end

out = zeros(size(in));

if rem(N,2)~=1

m = N/2;

else

m = (N-1)/2;

end

for i=1:nx,

if ((i-m) <1) & ((i+m) <= nx)
out(i) = mean(in(1:i+m));

elseif ((i-m) >=1) & ((i+m) <= nx)
out(i) = mean(in(i-m:i+m));
elseif ((i-m) >=1) & ((i+m) > nx)
out(i) = mean(in(i-m:nx));

elseif ((i-m) < 1) & ((i+m) > nx)
out(i) = mean(in(1:nx));

end

end

Resampling
function [xsampled,tsampled]=sample(x,t,k)

xsampled=zeros(floor(length(x)/k),1);
tsampled=zeros(floor(length(x)/k),1);
for i=1: (floor(length(x)/K))
xsampled(i)=x(i*K);
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tsampled(i)=t(i*k);
end

Fast Algorithm of LSP

Below MATLAB algorithm is retrieved from Saragiotis (2008), which is a
translation of the C++ code in Press et al. (2007).

function [P,f,alpha] = fastlomb(x,t,varargin)

if nargin < 2,

error("%s: there must be at least 2 inputs.’,mfilename);
end

MACC = 10;

[x,t,hifac,ofac,a_usr,f,fig] = init(x,t,varargin{:});
nt = length(t);

mx = mean(x);

X = X-mXx;

vX = var(x);

if vx==0,

error('x has zero variance');

end

nf = length(f);

nfreq = 2”nextpow2(ofac*hifac*nt*MACC);
tmin = t(1);

tmax = t(end);

T = tmax-tmin;

fac = 2*nfreq/(T*ofac);

[wk1,wk?2] = extirpolate(t-tmin,x,fac,nfreq, MACC);
W = fft(wkl);

reftl = real(W(2:nf+1));

imftl = imag(W(2:nf+1));

W = fft(wk?2);

reft2 = real(W(2:nf+1));

imft2 = imag(W(2:nf+1));

hypo = sqrt(reft2./2+imft2./2);

hc2wt = 0.5*reft2./hypo;

hs2wt = 0.5*imft2./hypo;

cwt = sqrt(0.5+hc2wt);

swt = (sign(hs2wt)+(hs2wt==0)).*(sqrt(0.5-hc2wt));
den =0.5*nt + hc2wt.*reft2 + hs2wt.*imft2;
cterm = (cwt.*reftl + swt.*imft1)./2./den;

sterm = (cwt.*imftl - swt.*reftl).”2./(nt-den);

P = (cterm+sterm)/(2*vx);

P =P();

M = 2*nf/ofac;

alpha=1 - (1-exp(-P))."M;

alpha(alpha<0.1) = M*exp(-P(alpha<0.1));
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if fig

figure

styles = {":',-.","=-'};

a =[0.05];

La = length(a);

z = -log(1-(1-a).~(1/M));

hold on;

fori=1:La
line([f(1),0.87*f(end)],[z(i),z(i)],'Color','r",'LineStyle’,styles{ceil (i*3/La)});
text(0.9*f(end),z(i),strcat(\alpha = ',num2str(a(i))), fontsize',10);
end

if ~isempty(a_usr)

[tmp,ind] = intersect(a_usr,a);

a_usr(ind)=[];

La_usr = length(a_usr);

z_usr = -log(1-(1-a_usr).~(1/M));

fori=1:La usr
line([f(1),0.87*f(end)],[z_usr(i),z_usr(i)],'Color','’k','LineStyle’,styles{ceil (i*3/La_usr
)}k

text(0.9*f(end),z_usr(i),strcat(\alpha = ',num2str(a_usr(i))), fontsize',10);
end

z=[zz_usr];

end

plot(f,P,'b");

set(gca, FontSize',12)

title("\bfLSP','fontsize',15)

xlabel(‘Frequency'); ylabel('Power’)

xlim([0 f(end)]); ylim([0,1.2*max([z"; P]]);

hold off;

end

end

function [x,t,hifac,ofac,a,f,fig] = init(x,t,varargin)
if nargin<6,a=1J;

else a = sort(varargin{4});
a=a();

end

if nargin < 5, ofac = 4;
else ofac = varargin{3};
end

if nargin < 4, hifac = 1;
else hifac = varargin{2};
end

if nargin < 3, fig = 0;

else fig = varargin{1};

end
if isempty(ofac),
ofac =4;
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end

if isempty(hifac),

hifac = 1;

end

if isempty(fig),

fig=0;

end

if ~isvector(x) ||~isvector(t),

error('%s: inputs x and t must be vectors',mfilename);
else

X =x(); t=1();

nt = length(t);

if length(x)~=nt

error('%s: Inputs x and t must have the same length',mfilename);
end

end

[t,ind] = unique(t);

x = x(ind);

if length(x)~=nt, disp(sprintf(WARNING %s: Double entries have been
eliminated',mfilename));

end

T =t(end) - t(1);

nf = round(0.5*ofac*hifac*nt);

f = (1:nf)'/(T*ofac);

end

function [wk1,wk?2] = extirpolate(t,x,fac,nfreq, MACC)
nt = length(x);

wk1 = zeros(2*nfreq,1);

wk2 = zeros(2*nfreq,1);

forj=1:nt

ck =1+ mod(t(j)*fac,2*nfreq);

ckk =1 + mod(2*(ck-1), 2*nfreq);
wk1 = spread(x(j),wk1,ck, MACC);
wk2 = spread(1 ,wk2,ckk,MACC);
end

end

function yy = spread(y,yy,x,m)

nfac =[1 12 6 24 120 720 5040 40320 362880];
n = length(yy);

if X ==round(x)

yy(x) = yy(x) +y;

else
i1 = min([ max([ floor(x-0.5*m+1),11), n-m+1 ]);
i2=il+m-1;
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nden = nfac(m);

fac = x-i1;

fac = fac*prod(x - (i1+1:i2));

yy(i2) = yy(i2) + y*fac/(nden*(x-i2));
forj=i2-1:-1:i1

nden = (nden/(j+1-i1))*(j-i2);

yy() = yy(i) + y*fac/(nden*(x-);
end

end

end
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