GFZ

Helmholtz-Zentrum
PorTspaAam

Originally published as:

Weber, M. E., Tougiannidis, N., Kleineder, M., Bertram, N., Ricken, W., Rolf, C., Reinsch,
T., Antoniadis, P. (2010): Lacustrine sediments document millenial-scale climate variability

in northern Greece prior to the onset of the northern hemisphere glaciation. - Palaeogeography
Palaeoclimatology Palaeoecology, 291, 3-4, 360-370

DOI: 10.1016/j.palae0.2010.03.007



*Manuscript
Click here to download Manuscript: Weber_et_al_revised_PALAEO5110_20100218.docLlick here to view linked References

Lacustrine sediments document millennial-scale climate variability in

northern Greece prior to the onset of the northern hemisphere glaciation

Weber**, M.E., Tougiannidis®, N., Kleineder®, M., Bertram®, N., Ricken®, W., Rolf’, C.,
Reinsch®, T. and Antoniadis?, P.

*Institute for Geology and Mineralogy, Zuelpicher Str. 49a, 50935 Cologne, Germany
°Leibniz Institute for Applied Geosciences, OT-Grubenhagen, 37574 Einbeck, Germany
‘GeoForschungsZentrum Potsdam, Telegrafenberg, 14407 Potsdam, Germany

National Technical University of Athens, Heroon Polytechniou Str. 9, 15780 Zografou-

Athens, Greece

*Correspending author.
E-mail address:|michael.weber@uni-koeln.de|(M.E. Weber)

ADSITACE ...ttt ettt ettt e et e et e e b e e e ta e e e be e e taeeaabee e taeeaabee e taeeeabaeetaeeatseeetaeenareeennes 1
Introduction and RatiONAle .............coecuiiiiiiiiiii ettt ereeenes 2
L0CAtioN ANd SELLINE .....eecvieeeieiiiieieeie ettt ettt et ettt e st e et e et e bt e bt e bt e sbeesaeeenseenseenseesaeesnneeaseenne 3
L 3 4 oY USSP 6
RESUILS ..ttt ettt ettt et e et e et et e et e e n e e st en e et e es e et e ebeent e seeneenteeneenteeas 8
Ground-truth Strati@raPRY .......cccveiciiiiiieie ettt e e s e e s e e steestreseressbessseesseessnas 8
Cyclic variability of high-resolution non-destructive data ..........c.ccccevveviercieecreeneeseeienen. 9
ASITONOMICAL TUNIIE ....viivieviieiiieeiieteeteeetteste et e ebeebeesteesteestseesseesseesseesseesssesssessseesseesessseesssesssesssennns 11
SPECLIAL ANALYSIS ..uviiiieitiiiiiiciietieiee sttt ettt e ste et e st e e beebeebeestaesaseesseesbeesbeessaesssesssessseesseenseensens 13
D DT T & USSR 15
ACKNOWIEAGIMENLS .....cvviiiiiiiiciiiciieieeie ettt e ere v e e ste e teestaeeebeeebeesbeesbe e baesssessseesseesseesaesssesssesssenens 18
FIGUIE CAPLIONS ...viivviiiiiiieciiecite ettt et et e st e et e et e eabeebeesteestsessseasseesbeesseesssesssessseasseesseessasssaesssesssensns 20
TaADLE CAPLIONS.....eciieiieiieriieeiteete et este et e sttesttesteeabeenbe e seeseessaesseessseesseesseessaeseesssesnsesnseanseenseenseennees 22
LAteTature CIEATION ....cevevieiieiieiteieet ettt ettt ettt b e ettt a et sb e et sbeest e bt sbe et e sbeeatenees 23

Revised version (Febuary 2010). Journal — Palaeo 3
8 Figures, ca. 6000 words.


mailto:Michael.weber@uni-koeln.de
http://ees.elsevier.com/palaeo/download.aspx?id=153066&guid=156126de-1692-414d-8760-bfa6161479e7&scheme=1

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Weber et al. Lava Paper -1-

Abstract

We investigated two lignite quarries in northern Greece for orbital and suborbital
climate variability. Sections Lava and Vegora are located at the southern and northern
boundaries of the Ptolemais Basin, a northwest southeast elongated intramontane basin that
contains Upper Miocene to Lower Pliocene lacustrine sediments. Sediments show cyclic
alterations of marl-rich (light), and coal-rich or clay-rich (dark) strata on a decimeter to meter
scale. First, we established low-resolution ground-truth stratigraphy based on paleomagnetics
and biostratigraphy. Accordingly, the lower 67 m and 65 m that were investigated in both
sections Vegora and Lava, respectively, belong to the Upper Miocene and cover a time period
of 6.85 to 6.57 and 6.46 to 5.98 Ma at sedimentation rates of roughly 14 and 22 cm/ka. In
order to obtain a robust and high-resolution chronology, we then tuned carbonate minima
(low L* values; high magnetic susceptibility values) to insolation minima.

Besides the known dominance of orbital precession and eccentricity, we detected a
robust hemi-precessional cycle in most parameters, most likely indicative for monsoonal
influence on climate. Moreover, the insolation-forced time series indicate a number of
millennial-scale frequencies that are statistically significant with dominant periods of 1.5 —

8 kyr. Evolutionary spectral analysis indicates that millennial-scale climate variability
documented for the Ptolemais Basin resembles the one that is preserved in ice-core records of
Greenland. Most cycles show durations of several tens of thousands of years before they
diminish or cease. This is surprising because the generally argued cause for Late Quaternary
millennial-scale variability is associated with the presence of large ice sheets, which cannot
be the case for the Upper Miocene. Possible explanations maybe a direct response to solar
forcing, a influence on the formation of North Atlantic Deep Water through the outflow of

high-salinity water, or an atmospheric link to the North Atlantic Oscillation.
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Introduction and Rationale

Since the pioneering work of Hays et al. (1976) and Imbrie et al. (1984) it has been
proved that cyclic changes in the earth orbital parameters (Milankovitch, 1941), namely
eccentricity (413 kyr, 123 kyr, 95 kyr), obliquity (41 kyr), and precession (19 kyr, 23 kyr), led
to changes in the earth energy budget that were large enough to be preserved in marine
sediments. Theoretical calculation of Berger (1976) and Berger and Loutre (1991) supported
their concept. Henceforth, cyclic variability in sediment strata was used to develop detailed
orbital chronologies.

Magnetic polarity stratigraphy is an excellent and independent tool to retrieve
chronometric information. It is based on polarity changes of the Earth’s magnetic field as
documented in the geomagnetic polarity timescale (GPTS, Cande and Kent, 1995). Langereis
and Hilgen (1991) and Hilgen et al. (1995) provided the first astronomical age scale for the
Pliocene Capo Rosello sections in Sicily based on the GPTS. Their work was further
substantiated by Krijgsman et al. (1995).

A low-resolution, orbital-based chronology for the continental Ptolemais Basin was
introduced by Steenbrink et al. (1999) and van Vugt et al. (1998; 2001). They ascribed cyclic
changes of carbonates and lignites to orbital variability: maxima in lake carbonate correlate to
maxima in insolation (and minima in precession). Accordingly, lignite maxima correlate to
minima in insolation (i.e., beige layers in Capo Rosello). Also, they carried out extensive

physical dating using *°Ar/*°Ar (e.g., Kuiper, 2003) and delivered a high-quality composite
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stratigraphy for the Ptolemais Basin (Steenbrink et al., 2006). Therefore, there is a robust and
reliable low-resolution magnetic stratigraphy we could base our investigations on.

Millennial-scale variability ranges in the suborbital frequency band and has proved to
be a persistent climate element in the Late Quaternary, where it is typically associated with
large continental ice sheets (Bond et al., 1992; Dansgaard et al., 1993; Bond and Lotti, 1995),
as well as in earlier times (e.g., Bartoli et al., 2005). As for the Ptolemais Basin, Kloosterboer-
van Hoeve et al. (2006) found millennial-scale variability in a pollen record covering one
precession cycle. Also, Steenbrink et al. (2003) found indication for millennial-scale
fluctuations in a color reflectance record over one eccentricity cycle.

So far, there is no high-resolution record that would cover a large portion or even the
entire lignite/carbonate alteration in the Ptolemais Basin. Our goal therefore was to collect
high-resolution and continuous paleoclimate proxy data to reconstruct both orbital and
suborbital climate change through time by analyzing two Upper Miocene quarries (Lava and
Vegora) in northwestern Greece. We generated multiproxy data (sediment color, magnetic
susceptibility, and natural gamma) to gain differentiated insight into past climate variability
during a time prior to the onset of northern hemisphere glaciation.

Figure 1 should be placed here

Location and setting

The Ptolemais Basin (Fig. 1) is a SSE — NNW elongated Basin that formed during the
Late Neogene in northwestern Greece (Pavlides and Mountrakis, 1987). It contains a limnic
archive of Upper Miocene to Quaternary continental strata (up to 800 m thick; Anastopoulos
and Koukouzas, 1972) with an extended Lower Pliocene alteration of lignites and carbonates.

The depositional history reflects interaction of orbital forcing and tectonic movement
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(Steenbrink et al., 2006). Through continued Pleistocene extension, the Basin is further
subdivided into the basins of Florina-Vevi, Amynteon-Vegora, Ptolemais, and Kozani-Servia
(Antoniadis et al., 1994), which comprise a number of active coal mining fields
(Tougiannidis, 2009) and outcrops. The deposits are highly fragmented due to fault tectonics.
The Vegora section in the north (Amynteon-Vegora Sub-Basin) and the Lava section in
the south (Kozani-Servia Sub-Basin) are the focus of this paper (Fig. 1). Stratigraphically,
both belong to the Komnina Formation. The Komnina Formation is divided into the
lowermost Servia-Member, followed by the Lava member and concluded by the Prosilio
member. Both outcrops investigated here, belong to the Lava member. These fluvial, deltaic,
and limnic deposits overlie the pre-Neogene basement of the Pelagonian Zone. Transgression
during the Upper Miocene favored conditions for coal marsh formation in the limnic Kozani-

Servia-Basin and led to the formation of the Komnina Formation.

Section Vegora

The open-pit mine of Vegora (latitude 40° 42° N, longitude 21° 44’ E) is located at the
southwestern edge of the Vegoritis Lake. It is about 1 km? in size and has been abandoned in
the year 2000. A detailed description can also be found in Steenbrink et al. (2006). Due to
access restrictions, only the lowermost 67 m of the section was investigated (see Fig. 2a). The
lowermost unit contains 1.5 m thick gray marls, followed by a 8.5 m thick xylit layer. The
unit above is 30 m high and contains clayey marls intercalated with silty to sandy fossil-rich
layers, and a 1-m thick sandy conglomerate at the top. The uppermost unit is 26 m high and
consists of gray to beige marl to clay that is rich in plant fragments, diatoms and ostracods.
Occasionally, there are taphocoenosis of diatom-rich sections, which can be considered

diatomites. The uppermost unit is completed by a 3-m thick fining upward conglomerate
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sequence. Above the section investigated in detail, there are 11 m of clayey marls with sandy
layers. Velitzelos and Gregor (1990) confirmed the age of the lignites by plant relics.
Steenbrink et al. (2006) dated the marls using **Ar/*’Ar. Above that, there are 52 m of altering
laterites, conglomerates and clayey marls, presumably belonging to the Prosilio member (see

Fig. 2a).

Section Lava

The Lava section is located in an active lignite quarry of the small village Lava (latitude
40° 16’ N, longitude 21° 57° E), which is about 100 kilometers southwest of Thessaloniki and
a few kilometers south of Servia (longitude 21,95°E, latitude 40,26°N; Fig. 1). A detailed
description can also be found in Steenbrink et al. (2000). Access restrictions allowed for
detailed sampling only from 0 to 65 m (see Fig. 2b). The lowermost part is 12 m thick and
contains two lignite seams of 5 m and 4 m thickness, respectively. Both seams show zebra
structures, i.e., lignite alternates with conglomerate, sand, clay, and marl (Tougiannidis,
2009). Specifically the lower seam is enriched in xylit. The two seams are separated by a 3-m
thick marl-clay-sand alteration. This lower Komnina Formation was dated as Late Miocene
using mammalian fossils (Tetralophodon longirostris; KAUP, 1832), plant remnants, and
charophytes (Antoniadis et al., 1994; Steenbrink et al., 2000).

The section above contains 7 m of light green to olive green clay marls, which are
overlain by 12 m of cyclically bedded gray clayey marls. The next section is 22 m thick and
alteration of cm- to dm-thick lignite horizons, gray to green clay marls, and brown clays. The
upper 9 m consists primarily of gray marls and cm-thick clay horizons.

Figure 2 should be placed here
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Methods

The methods of this study rely primarily on high-resolution non-destructive
investigations that have been accomplished with a number of tools. The measurements were
done on clean and fresh (scraped with a spatula) surfaces. A total of approximately 13,200
color measurements were carried out with a Minolta Chromatometer CM—2002 at 1-cm
increments, using the so-called “L*-a*-b*” color system which provides three color values for
each measurement: The L* axis is the black-white color component, known as lightness or
grey value. The a*axis is the green/red component and the b*axis is the yellow/blue
component (details see Weber, 1998). Together, the three parameters describe coordinates in
a spherical system (16 million possible variations). The difference between two successive
color coordinates (AE*ab) was calculated as AE*ab = V(AL*) >+ (Aa*) * + (Ab*) % Since
AE*ab contains the variability of all three color components, we refer to it as the whole color
difference.

Natural gamma radiation was measured with a gamma-scintillometer and a broadband
sensor. The conversion from the measured counts per second (cps) to the international
standard API was achieved by using the formula API=12*2.2*NGR (cps). The broadband
sensor measures gamma-ray in an energy-field from 60 KeV to 2.8 MeV. To find the
appropriate balance between speed and data quality, we chose a measurement time of ten
seconds and averaged two analyses. The measurement increment was 6 cm. The same
increment was chosen for magnetic susceptibility measurements, which were achieved with a
mobile kappameter. Accordingly, we collected a total of roughly 2,200 measurements for
natural gamma and magnetic susceptibility.

Paleomagnetic measurements were made on discrete samples in the lab. We determined

natural remanent magnetization (NRM) and alternating-field demagnetization (AF). These
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measurements were used to generate the characteristic remanent magnetization (ChRM) (see
Fig. 3). A total of 180 samples were retrieved at 50-cm intervals on average. We used
completely oriented diamagnetic sample cubes of 12 cm”. Remanent magnetization was
measured in X and y direction using a cryogenic spin magnetometer (2G Enterprises). We
applied alternating-field demagnetization (AF) before inclination and declination was
measured. Using orthogonal projections (Zijderveld, 1967), we corrected the values for noise
before using them for magnetostratigraphy.

We used Analyseries software (Paillard et al., 1996) to perform astronomical tuning
experiments and to construct age-depth models. Orbital parameters for the time frame 7 —

6 Ma were calculated in 1 kyr increments for eccentricity, obliquity, precession, using the
solutions provided by (Laskar et al., 2004). Orbital insolation was calculated for the month of
June at 40°N to reflect the energy budget of the site.

To achieve comparable results for the analysis of suborbital frequencies, data in the
time domain were first pre-treated in several ways. The average sample resolution for
sediment color is roughly 43 yr for section Lava and 76 cm for section Vegora. Therefore, we
re-sampled those data sets every 40 and 80 yr, respectively. The average sample resolution of
magnetic susceptibility and natural gamma is roughly 258 and 456 yr, which have been re-
sampled at 250 and 450 yr, respectively, for sections Lava and Vegora. Then we applied a 3-
point smoothing to all data sets to eliminate high-frequency noise. Finally, we suppressed the
orbital amplitude (which is mostly the dominant signal) by applying a high-pass filter of 0.1
cycles/kyr to the data sets, so that only periods shorter than 10 kyr are visible in the spectra.

In order to study the resulting time series for frequency pattern and to compare them to
orbital time series, we developed a software package called ESALAB to conduct both bulk

and evolutionary spectral analysis (ESA). This program relies on the Lomb (1976) and
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Scargle (1982; 1989) algorithms, which provide an estimate of the spectrum by fitting
harmonic sine and cosine components to the data set. It has two decisive advantages: the input
data can be unequally spaced and the resulting spectra are robust and of high resolution. For
the Fourier transformation, window length and step size are adjustable, and the window type
is selectable among Hanning, Haming, Blackman, sinz, and boxcar. Besides the data, the
output consists of graphic files for bulk and ESA spectra. With a sample increment of 1 cm,

the Nyquist frequency is 0.5 cm’, i.e., the spatial resolution is 2 cm for spectral analysis.

Results

Ground-truth stratigraphy

We established ground-truth stratigraphy for section Lava first by conducting
paleomagnetic measurements (see Table 1). Section Lava shows very stable inclination and
declination values. Only at 29 m there is a distinct change in polarity (Fig. 3a), which must be
associated with the lower boundary of chron C3An.2n. According to the spreading-rate age
scale of Krijgsman et al. (1999), which was specifically designed for this time slice, this
reversal is 6.731 Ma old.

Table 1 should be placed here

To obtain additional ground-truth stratigraphic information, we compared our survey to
the one that has been carried out by (Steenbrink et al., 2000). This was not an easy or
straightforward task since the surveys haven’t been carried out at the exact same locations and
the conditions in the outcrop have changed over the years. However, the fossil findings at the
top of our section in 63 m could be correlated to “key bed II”” of their study; those from 27 m
depth to “key bed I”’. Three further age control points could be taken confidently to match

their tuning points (option 1) for cycles 1, 4, and an unnamed cycle underneath “key bed 117,
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in 18, 48, and 60 m, respectively (see Table 1 for details). As a result, sedimentation rates are
fairly constant (22 — 23 cm/ka). Only the topmost section (above 60 m) decreases to 14
cm/ka. This finding is consistent with the interpretation of Steenbrink et al. (2000), who also
argued for a decrease close to the top of the section that we have studied.

Figure 3 should be plfreitaced here

Section Vegora shows a much more scattered paleomagnetic pattern (Fig. 3b). The
correlation to the polarity time scale of Krijgsman et al. (1999) reveals chron C3An.2n (6.37
Ma) at the base of the section with normal polarity. Since the xylite-rich seam in the lower
part could not be used for paleomagnetic measurements, we follow the interpretation of
(Steenbrink et al., 2006), who determined the top of chron C3An.2n just above the seam
based on one sample, where we determined scattered data (in 12.73 m depth). Another
interval of normal polarity was detected between 24.96 m and at 61.44 m, indicating the base
and top of chron C3An, with ages of 6.28 Ma and 6.1 Ma, respectively. We took these three
age control points for the low-resolution age model of section Vegora (see Table 1).
Comparison reveals systematically thicker sediments for the survey of Steenbrink et al.
(2006). This could be due to lateral thickness variability in facies, or, more likely, mistakes in
measuring the thicknesses in the outcrop when changing from one terrace to another.

To summarize the ground-truth stratigraphy, the measured samples from section Lava
cover a period from 6.85 to 6.57 Ma, whereas section Vegora covers a period from 6.46 to
5.98 Ma. Accordingly, section Vegora is stratigraphically younger than section Lava, and

both represent an Upper Miocene succession of almost 900 kyr with a gap of roughly 110 kyr.

Cyclic variability of high-resolution non-destructive data
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A total of six sediment-physical and optical data sets (L*, a*, b*, AE*ab, magnetic
susceptibility, and natural gamma) were either measured non-destructively or derived
indirectly. Most of them characterize facies changes and show striking cyclic variability
(Figs. 4 and 5); others may remain rather complex or inconclusive. The advantage of using a
number of different climate proxy records is that various aspects of changing sediment
composition and supply and the relation to climate forcing can be addressed simultaneously.

Figure 4 should be placed here

Specifically sediment lightness shows a striking pattern in both sections with brighter
(marl-rich) and darker (clay-rich or coal-rich) intervals, and the coal seams as the darkest
parts. Therefore, L* is generally a good indicator for either calcium carbonate contents (see
also Weber, 1998) or organic carbon.

The whole color difference AE*ab also reveals a very striking pattern of both low- and
high-frequency variability, in the orbital and millennial frequency band, respectively. Both
sections show high-amplitude internal variations and elevated values within the coal seams
(Figs. 4 and 5). Only section Lava displays an overall decrease toward the top.

For section Vegora, b* values show an increase within the beige marls between 40 m
and 60 m (Fig. 5). Higher b* values reflect elevated contents of yellowish iron oxides as
indicated by the presence of hematite and goethite for the upper part of section Vegora. Low
b* values refer to bluish components, abundant in bitumen or coal (e. g., the upper seam of
section Lava at 10 m (see Fig. 4), or provided by sulfides.

The variation between red and green sediment — color value a* — provides an indication
for the redox conditions, although the signal might be influenced by secondary (diagenetic)

overprint. For section Vegora, there is a certain similarity between color values a* and b*,

10
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specifically for the increase within the beige marls caused by higher contents of iron oxides.
However, for section Lava, there is no striking correlation between a* and b*.

Gamma-ray logs provide a measurement for the amount of radioactive elements.
Specifically within expansive clay minerals, radioactive elements accumulate. Hence, the
gamma-ray log can be used as a grain-size indicator with lower contents in coarser (sandier)
sediment. Accordingly, section Vegora shows a number of distinct coarsening up and fining
up cycles, whereas section Lava reveals a less distinct pattern. Marl-rich sediment usually
shows lower gamma values. For the coal seams, the two sections show opposite trends. While
section Vegora shows minimum gamma-ray values, section Lava displays elevated values in
the lowermost 8 m, calling for an additional sediment supply source containing radioactive
elements. Uranium, for instance, could then be absorbed by the organic components of the
lignite.

Magnetic susceptibility measurements give an estimate of the extent to which sediments
may be magnetized. Usually, clay-rich sediment exhibits higher magnetite contents and
hence, magnetic susceptibility is enhanced. Generally, both sections display low-amplitude,
high-frequency variability. Values for section Lava are about an order of magnitude higher on
average than those for section Vegora. Specifically within the coal seam of section Vegora,
values are low.

Figure S should be placed here

Astronomical tuning
The tuning process provides the quantitative correlation of the cyclic lignite marl
alterations to orbitally-calibrated time series according to Laskar et al. (2004), using the

climate proxy records described above, and relying on the magnetic polarity time scale of

11
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Krijgsman et al. (1999) as ground-truth stratigraphy. Accordingly, we first generated low-
resolution age models for sections Lava and Vegora by using the stratigraphic fix points of
Table 1 (see blue dots in Fig. 6). These first age models are sufficient to conduct spectral
analysis in order to study the relative contribution of individual orbital frequencies.

The highest orbital frequency present in the Ptolemais Basin is the precession cycle
(Steenbrink et al., 1999). Pollen studies of Steenbrink et al. (2000) in the Lava section showed
that dark-colored marls correspond to relatively dry periods, whereas light-colored marls
represent more humid periods. Since humid climate in the Mediterranean occurred during
insolation maxima (e.g., Emeis et al., 2000), we used the insolation curve for the month of
June at 40°N according to Laskar et al. (2004) and tuned individual carbonate minima to
insolation minima. Thereby, we increased the resolution of the age models without violating
the boundaries provided by Table 1. Depending on which of the proxy records we used, this
procedure provided between 14 and 24 additional age control points. Since we followed the
strategy of Steenbrink et al. (2000; 2006) of tuning insolation minima to dark intervals, we
obtained about the same resolution in the tuned age models as they did. The tuning offers a
certain degree of freedom, so that the resulting age scales may differ slightly from one
parameter to another. However, the established correlation between climate proxy variability
and orbital parameter is striking, specifically for magnetic susceptibility and L* (Fig. 6). In
most cases, the tuning revealed two carbonate peaks for every insolation cycle, a fact that has
also been found in other records (Vollmer et al., 2008). As a whole, we are confident that our
method provides a sound high-resolution age model with fix points at (ideally) all insolation
minima.

Figure 6 should be placed here

12
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The resulting age-depth relationship is rather uniform for section Vegora (Fig. 6 center),
implying relatively stable conditions. Sedimentation rates range from 13 to 16 cm/kyr with
and average of 14 cm/kyr, which is less than the 18 cm/ka deduced by Steenbrink et al.
(20006), a difference that has already been discussed for the ground-truth stratigraphy (Table
1). Accordingly, eccentricity cycles occur roughly every 14 m, obliquity cycles every 6 m,
and precession cycles every 3 m. Section Lava has higher sedimentation rates (20 —

25 cm/kyr, averaging 22 cm/kyr), except for the top part (above 60 m, younger than 6.59 Ma),
where sedimentation rates decrease to roughly 14 cm/kyr. So for most part of the section,
eccentricity cycles occur every 22 m, obliquity cycles every 9 m, and precession cycles every
4.5 m. The overall sedimentation rate difference between sections Lava and Vegora implies
that the northern boundary of the Ptolemais Basin received about one third less of sediment

than the southern boundary during the Upper Miocene.

Spectral analysis

Initial spectral analysis in the depth domain showed some cyclic behavior of most
proxies with average cycle length of about 4.5 to 5 m for section Lava and 2.5 to 3 m for
section Vegora. However, spectral analysis in the depth domain remains ambiguous because
slight changes in sedimentation rate might diminish the amplitude of the response beyond
recognition. Therefore, we consider this only qualitative information. We believe that depth
series should first be transformed into the time domain using (with solid age control points)
before spectral analysis and orbital tuning are conducted, specifically if many high-resolution
proxies have been measured and can hence be used for the process.

Since we used orbital parameters as tuning targets, these frequencies are obviously

present in bulk spectra. Orbital precession is most dominant, since it contributes a substantial
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part to the insolation forcing in low-to-mid latitudes. Orbital eccentricity modulates the
amplitude of the precession cycle (Imbrie et al., 1993) and is therefore also significant for the
Ptolemais Basin (Steenbrink et al., 2006), specifically in the lower sedimentation-rate sites of
the Ptolemais Basin (Tougiannidis, 2009). Obliquity has only a minor impact, which is not
surprising since this frequency is mainly dominant at higher latitudes (e.g., Weber et al.,
2001), where it is mostly associated with the presence of larger ice sheets (e.g., Ruddiman,
2004). Compared to our results, Steenbrink et al. (2006) found a more robust obliquity cycle
in some parts of section Lava. However, our study focuses on the suborbital frequency band,
where, so far, no study is available at high resolution and over longer time scales.

The study of suborbital frequencies requires high-resolution, at least precession-forced
age models. Without the 20 kyr control, spectral power in the suborbital frequency band is not
persistent enough over longer time scales (for instance when only ground-truth stratigraphy is
applied). On the other hand, when precession tuning is applied, a number of significant
millennial-scale frequencies are detectable in evolutionary spectra.

Figure 7 should be placed here

Several important findings should be pointed out. First, apparently there is no
centennial-scale variability preserved. Even unsmoothed color time series in the lower part of
section Lava did not show any spectral power, although the temporal resolution would be
more than sufficient (i. e., 40 to 50 yr). However, rhythmic bedding in the cm to dm band can
be observed in the outcrop. Either this type of bedding is not cyclic, or, more likely, post-
sedimentary compaction operates different on the various facies types, thereby altering the
depth-age relationship that has originally been established. Because the age control points are

only precession-controlled at best, this issue cannot be resolved here.
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Second, all data sets reveal the presence of millennial-scale frequencies. In most cases
bulk spectra indicate significant variability every 1 to 8 kyr. Third, opposed to orbital-scale
frequencies, millennial-scale cycles are not persistent throughout the record. Rather, they

occur over several tens of thousands of years before decrease in amplitude or disappear.

Discussion

Cyclic changes in color between marl-rich (light) and clay-rich or lignite-rich (dark)
sediment indicate periodic changes in humidity. The sites are located in a continental setting
at low- to mid-latitudes. Here, insolation changes as the ultimate driver of humidity changes
have a strong precessional component. Sediments were deposited in shallow water (van de
Weerd, 1983; Kaouras, 1989) of an intramontane lacustrine basin. The coal formation at the
base of section Lava started at approximately 7 Ma. During this time the dominantly marly
successions in Sicily changed to diamictites. The diatomite formation south of Crete followed
with a 200-300 yr time lag. Between 7 Ma and 6 Ma both, northwestern Greece and the
marine Mediterranean were affected by a decrease of ferrigenous sediment supply (Steenbrink
et al., 2006). According to the pollen studies of Kloosterboer-van Hoeve et al. (2006) dark-
colored marls of the Ptolemais Basin, which are mostly enriched in clay and/or organic
carbon, correspond to relatively dry periods, whereas light-colored marls represent more
humid periods. During the Messinian Salinity Crisis (Upper Miocene; Butler et al., 1999),
slab tectonic events led to the closure of the straight of Gibraltar. As a result of the separation
of the Atlantic Ocean from the Mediterranean Sea, sea level dropped several km until
approximately 6 Ma (Krijgsman et al., 1999), when evaporitic sediment precipitated in the
oceanic basin and the Prosilio member established in the Ptolemais Basin with fluvial and

alluvial deposits at section Vegora (above the interval investigated here). Exactly at that time,
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the limnic depocenter must have shifted away from the boundaries of the Ptolemais Basin as
documented by the termination of deposition at site Vegora.

The presence of a hemi-precession cycle in L* time series of the Ptolemais Basin has
also been documented by Steenbrink et al. (2003). It could point to an increased monsoonal
influence. Since higher L* values indicate elevated carbonate content, there must have been
two carbonate precipitation events over the course of one precession cycle. Hemi-precession
carbonate cycles have, for instance, been described by Vollmer et al. (2008) for Triassic playa
sediment that has been deposited under monsoonal influence. The two carbonate precipitation
events were most likely created when equinoxes were in perihelion and aphelion,
respectively. Sun and Huang (2006) found hemi-precession cycles in Chinese loess during
interglacial times, when northern hemisphere ice shields were small. During those times, the
response to obliquity was diminished and the summer monsoon reached further north.

Millennial-scale climate cycles are well known from Late Quaternary ice cores from
Greenland (Dansgaard et al., 1993), where they are called Dansgaard-Oeschger cycles (DO),
or from Antarctica (Epica community members, 2006), where they are referred to as Antarctic
Isotopic Maxima (AIM). The main frequency here is 1.5 kyr (Bond et al., 1997) and,
specifically for the northern hemisphere, groups of 3 to 5 cycles form so-called Bond cycles
with periods from approximately 5 to 9 kyr. At the end of a Bond cycle, massive iceberg
calving occurred in the North Atlantic, the so-called Heinrich events (Bond et al., 1992).
These were peak cold times with significantly reduced production of North Atlantic Deep
Water and cold climate in Europe. Subsequent melting led to a massive freshwater signal in
the North Atlantic (Broecker, 2000), before abrupt temperature rise led to strengthening of the
thermohaline convection in the North Atlantic and to warmer temperatures in Europe.

Accordingly, the spectral evolution of millennial-scale frequencies in the §'*0 record of the
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GRIP ice core (data from Grootes et al., 1993) shows a concentration of spectral power
between 3 and 8 kyr (Fig. 8b) with a minor impact of 1.5 kyr. The evolutionary spectrum
reveals that these cycles are not persistent throughout the record. This is not surprising since
the duration between Heinrich events (and thereby Bond cycles) has a tendency to shorten
during the last glacial cyle. Specifically during Marine Isotopic Stage (MIS) 3 the presumed
threshold in the North Atlantic freshwater balance was crossed regularly (Stocker, 1998), so
that the 1.5 kyr cycle occurred consistently over 30 to 40 kyr, whereas before and after, lower
millennial-scale frequencies prevail.

Figure 8 should be placed here

For the Ptolemais Basin, indication for the presence of millennial-scale frequencies
have been found for short time series (Steenbrink et al., 2003; Kloosterboer-van Hoeve et al.,
2006). Our climate proxy records show, for the first time, substantial millennial-scale
variability between 1.5 and 8 kyr over the entire time of preservation. As in Greenland,
specific cycles last for several tens of thousands of years before they diminish or fade (Fig.
8a). The northern hemisphere did not experience massive glaciation until the Upper Pliocene
around 2.8 — 2.5 Ma (e.g., Tiedemann et al., 1994), or between 3.6 and 2.4 Ma (Mudelsee and
Raymo, 2005) as recently argued. Hence, the Upper Miocene sections investigated here were
unlikely influenced by glaciation. Therefore, the similarity between the Late Quaternary
climate record of Greenland ice and the one preserved in northern Greece lacustrine sediment
may either be coincident or there is a common underlying cause that cannot be attributed to
the presence and processes associated with large ice sheets. If the latter is true, the Late
Quaternary millennial-scale variability might not associated with ice sheets at all; instead, it

might be a general mode of climate variability.
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The major millennial-scale cycle dominating the glacial record of Greenland ice is the
1.5 kyr cycle. We also found the 1.5 kyr cycle in sections Vegora and Lava. As commonly
argued (e.g., Bond et al., 1997), this cycle should be associated with large ice sheets. On the
other hand, recent modeling studies (e.g., Braun et al., 2005) argue that the 1.5 kyr cycle
might be a solar cycle, resulting from the interplay of the Gleisberg (roughly every 85 — 90
yr) and the deVries (roughly every 200 — 220 yr) cycles. Their model produced the 1.5 kyr
cycle when forced by periodic freshwater input into the North Atlantic every 87 and 210 yr.
In other words, a substantial part of the millennial-scale climate variability might have an
external (solar) source. This would be a process that could link Atlantic and eastern
Mediterranean climate without invoking large ice sheets because freshwater flux at the
surface is directed from the Atlantic into Mediterranean (Robinson et al., 1993), whereas the
outflow of high-salinity intermediate and deep waters from the Mediterranean, in turn, has an
impact on the formation of North Atlantic Deep Water by delivering the required enhanced
salinity. Kloosterboer-van Hoeve et al. (2006), on the other hand, concluded that changes in
pollen associations could be linked to the North Atlantic Oscillation (NAO), with a more
positive NAO during winter, leading to drier atmospheric conditions in northern Greece, and
a more negative NAO in summer, leading to wetter conditions in the eastern Mediterranean
(Hurrell, 1995), because atmospheric moisture transport from the Atlantic takes a more
southern trajectory during these times. Future research will have to solve the question which

of the proposed teleconnections had the largest impact.
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Figure Captions

Figure 1. Location map of the Ptolemais Basin in northern Greece, containing the Florina,
Ptolemais, and Kozani Sub-Basins. Research sections Lava and Vegora (red stars) are located
at the southern and northern boundaries, respectively. Basic stratigraphy and lithology is

shown to the right. Modified after Papakonstantinou (1979) and van de Weerd (1983).

Figure 2. Photographs from sections Vegora (top) and Lava (bottom). Both show Upper
Miocene lignites and marls. For location see Figure 1.; Pr mb = Prosilio Member; Lv mb =

Lava Member

Figure 3. Sediment color, lithology, inclination, and declination of sections Vegora (left) and
Lava (right). Age assignations to Chron C3An.2n and C3An.1n are according to age scale of
Krijgsman et al. (1999). The grey star in section Vegora (left) refers to *°’Ar/*’Ar data
determined by Steenbrink et al. (1998).The orange star in section Lava (right) represent
stratigraphic marker bed (key bed I, according to Steenbrink et al., 2000). Black stars
represent polarity changes. Bone-like object at top (key bed II) of section Lava refers to
mammal fossil (right Tibia-Fragment of a Cervidae, pers. com. Prof. W. von Koenigswald)
finding (Tougiannidis, 2009). Note that the two sections combined provide an almost
continuous Upper Miocene record between 6.9 Ma (bottom of section Lava) to 6 Ma (top of

section Vegora).

Figure 4. Non-destructive data from section Lava. From left to right are color, lithology,
sediment lightness (L*), red-green component (a*), yellow-blue component (b*), whole color
difference (AE*ab), magnetic susceptibility, and natural gamma. Note that L* provides an
estimate for either organic carbon or carbonate; a* indicates the redox state, and b* yields

information about the iron oxide content. Shaded areas refer to coal seams.
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Figure 5. Non-destructive data from section Vegora. From left to right are color, lithology,
sediment lightness (L*), red-green component (a*), yellow-blue component (b*), whole color
difference (AE*ab), magnetic susceptibility, and natural gamma. For further explanation see

Figure 4.

Figure 6. Sediment lightness (L*) and magnetic susceptibility records from section Vegora
(left) and Lava (right) tuned versus orbital insolation at 40°N for the month of June (data from
Laskar et al., 2004). Note that carbonate minima (magnetic susceptibility maxima) were tuned
to insolation minima according to the procedure introduced by Steenbrink et al. (2000, 2006).
Center panel gives age depth relationships for the two sections. Note that blue points results
from ground-truth stratigraphy given in Table 1, whereas red points are additional insolation

tuning points.

Figure 7. Spectral analysis of color component L* for sections Vegora (left) and Lava (right).
Bulk spectra (top) were calculated using REDFIT software (Schulz and Mudelsee, 2002). Red
line shows the 90 % confidence interval. Evolutionary spectral analyses (bottom) were
calculated with ESALAB software (see chapter methods) with a window size of 50 kyr and a

shift of 5 kyr from one analysis to the next.

Figure 8. Spectral analysis for the central part of section Lava (left) and for the GRIP ice core
(right) from Greenland. Bulk spectra (top) were calculated using REDFIT software (Schulz
and Mudelsee, 2002). Red line shows the 90 % and 95 % confidence interval. Evolutionary
spectral analyses (bottom) were calculated with ESALAB software (see chapter methods)

with a window size of 20 kyr and a shift of 2 kyr from one analysis to the next.
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Table Captions
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Table 1. Ground-truth stratigraphy for sections Lava (top) and Vegora (bottom). Ages of

magnetic reversals rely on Krijgsman et al. (1999); correlation points on Laskar (2004).

Section Lava has been correlated to cycles determined by Steenbrink et al. (2000); section

lava to those determined by Steenbrink et al. (2006).

Section Sthzm)ﬁm( t[r:?spgt‘u(::lny’) Remark Age (Ma) Sf:ti:‘(img;n
et al. (2000)
LAVA 27.8 18 Cycle 1 6.780 0.23
41.8 27 Key bed | 6.740 0.22
44.2 29 C3An.2n (o) 6.731 0.22
57.8 48 Cycle 7 6.646 0.23
69.8 60 Unnamed cycle 6.594 0.14
73.5 63 Key bed Il 6.572 0.14
Steenbrink
et al. (2006)
VEGORA 73.5 61.44 C3An.1n (t) 6.010 0.14
37.5 24.96 C3An.1n (o) 6.280 0.14
16.5 12.73 C3An.2n (t) 6.370 0.14
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