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Samenvatting

De bewegingen van de Aarde om haar as en om de Zon zijn niet constant. Periodieke vari-
aties zorgen voor klimaatsveranderingen op Aarde, zoals de ystijden. In de geologie, vooral
in sedimenten die afgezet worden op de zeebodem, in een meer of in een moeras, zien we
zulke klimaatsveranderingen terug. Door nu deze sedimenten te bestuderen, kunnen geolo-
gen informatie over het klimaat van miljoenen jaren geleden terugvinden. Met die infor-
matie kunnen nauwkeuriger voorspellingen gedaan worden over klimaatsveranderingen in
de toekomst. Bovendien biedt de specifieke periodiciteit van de klimaatsvariaties de
mogelijkheid om heel precies te bepalen hoe oud gesteentenlagen zijn.

Zwalkende Aarde

De bewegingen van de Aarde worden beinvloed door de aantrekkingskracht van andere
planeten en de maan. De Aarde ‘zwalkt’ in feite over haar baan rond de Zon. Voor dit
onderzoek waren twee van die zwalkende bewegingen belangrijk (zie Figuur 1). Ten eerste
was dat de excentriciteit van de Aardbaan. De Aarde draait namelijk om de Zon in een baan
die regelmatig van vorm verandert. Deze vorm verandert — van cirkel naar maximale ellips
en terug — met perioden van ongeveer 100.000 en 400.000 jaar, en dit heeft invloed op het
klimaat op Aarde. Wanneer de baan een cirkel is, is de afstand van de Aarde tot de zon
gedurende het hele jaar constant, dus de Aarde ontvangt elke dag van het jaar evenveel
warmte van de zon. Wanneer de aardbaan ellipsvorming is, staat de zon in één van de
brandpunten van de ellips. De Aarde staat dan gedurende een deel van het jaar dichter bij de
zon en ontvangt meer dan gemiddelde zonnestraling, en de rest van het jaar er juist verder
vanaf. Gedurende het hele jaar ontvangt de Aarde 1 4 1,5% minder zonnestraling dan wan-
neer de baan cirkelvorming is.

eccentricity
400 000 & 100 000 yr

precession
21000 yr

Figure 1. Eccentriciteit is de verandering in de baan van de Aarde om de Zon. Precessie is de tolbeweging van de
rotaties van de Aarde.



Samenvatting

Ten tweede kennen wij op Aarde seizoenen door de scheefstand van de rotatieas ten
opzichte van het baanvlak van de Aarde om de Zon. Het is op het noordeljjk halfrond
zomer op 21 juni omdat de noordpool dan maximaal naar de zon toe gekeerd is, en op 21
december is de situatie omgekeerd. De rotatieas zelf beweegt ten opzichte van het baanvlak.
Dit is vergelijkbaar met de beweging van een tol die bijna uitgedraaid is. Terwijl de tol zelf
nog een behoorlijke draaisnelheid heeft, zie je de as een trage beweging maken, waarbij de
top langs een cirkel beweegt, terwijl de punt op z'n plaats blijft. De rotaticas van de Aarde
maakt deze beweging ook, waarbij het middelpunt van de Aarde stilstaat, en de twee polen
in 21.000 jaar een cirkel beschrijven. Dus over 10.000 jaar staat de Aarde aan de andere kant
van de Aardbaan wanneer de zomer begint.

Als de baan van de Aarde een perfecte cirkel zou zijn, zou dit verschuiven van de seizoenen
verder geen invloed hebben op het klimaat. Maar omdat de aardbaan een ellips is, kan het
dus gebeuren dat het op het noordeljjk halfrond winter is als de Aarde het dichtst bij de zon
staat, en dan zijn de winters zacht. Een half jaar later — als het zomer is — staat de Aarde het
verst van de zon af. De zomers op het noordelijk halfrond zijn dan koel, en het ijs op de
noordpool en in de bergen smelt dan bijna niet, zoals tijdens de ijstijden. In de omgekeerde
situatie zijn de noordelijke winters streng, maar de zomers warm. Kortom, als de aardbaan
een ellips is, veroorzaakt de precessie een cyclus van afwisselend veel en weinig contrast
tussen de seizoenen. Als de aardbaan cirkelvormig is, heeft precessie weinig invloed, en is
het contrast tussen de seizoenen steeds middelmatig.

Klimaatsveranderingen vastgelegd in gesteenten

Al deze astronomische bewegingen beinvloeden het klimaat op Aarde. Ze veroorzaken
bijvoorbeeld ijstijden, maar ook minder drastische klimaatsveranderingen (van koel en
droog naar warm en vochtig), die we allemaal terug kunnen vinden in gesteenten. In het
Middellandse Zeegebied, bijvoorbeeld, zijn veel sedimenten uit de laatste vijf miljoen jaar
te vinden. Een groot deel van die sedimenten zijn oorspronkelijk gevormd op de bodem
van de Middellandse Zee, maar ze liggen nu op het land en zijn dus gemakkelijk te bestud-
eren. In die sedimenten is een regelmatig patroon van gekleurde lagen te zien. Dat patroon
komt overeen met de periodieke variaties van beide astronomische bewegingen. We kun-
nen dus concluderen dat de samenstelling van het sediment beinvloed is door het klimaat,
dat cyclisch veranderde als gevolg van de astronomische bewegingen. De zee is dus eigen-
lijk een soort camera, met het sediment als film, die veranderingen in het klimaat
opgenomen heeft. Door die film beeldje voor beeldje te bekijken — dus door het sediment
laagje voor laagje te bestuderen — kunnen we de klimaatsvariaties van vijf miljoen jaar gele-
den reconstrueren. Bovendien kunnen we de typische periode waarmee het klimaat veran-
dert gebruiken om vast te stellen hoeveel tijd er nodig is geweest om een gesteentenlaag te
vormen. Als we ergens een vast ijkpunt hebben — bijvoorbeeld de top van de zeebodem die
overeenkomt met het heden — kunnen we zulke gesteentenlagen tellen en de ouderdom
van een bepaalde laag nauwkeurig bepalen.

De variaties in het klimaat zijn op de bodem van de zee niet zo goed te merken als op het
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Samenvatting

land. De camera heeft als het ware een filter voor de lens zitten, die sommige zaken wel
doorlaat, en andere niet. Om het totale plaatje te kunnen zien, moeten we ook naar films
van andere camera’s kijken. Die hebben een ander filter op hun lens, dat andere zaken
tegenhoudt en doorlaat. Desondanks, door te combineren, wordt het beeld toch vollediger.
In dit onderzoek hebben we sedimenten bestudeerd die niet op de bodem van de zee zijn
gevormd, maar op het land, zodat het beeld van het klimaat completer kan worden. Ook
kunnen we zo het effect van klimaatsveranderingen op verschillende soorten sedimentaire
afzettingen gaan begrijpen, en kunnen de lagen van allerlei soorten gesteenten nauwkeurig
gedateerd worden.

In dit proefschrift worden de resultaten beschreven van een onderzoek naar sedimenten die
gevormd zijn in ondiepe meren en moerassen. De ‘filters’ van een meer of moeras zijn op
twee punten minder handig dan die voor een diepe zee. Ten eerste is een meer of moeras
veel ondieper, en kan makkelijk een periode droog vallen. Als het niet onder water staat,
wordt er geen sediment bewaard — soms verdwijnt er zelfs sediment door erosie — en zit er
in feite een ‘hiaat’ in de opname van het klimaat. Ten tweede is een meer of moeras vaak
kleiner dan een zee, dus de rand is nooit ver weg. Lokale gebeurtenissen — die bij een zee
alleen aan de rand invloed hebben — kunnen de opname van het klimaat in het meer- of
moerassediment verstoren of zelfs verbergen. Een aardbeving kan bijvoorbeeld een aardver-
schuiving veroorzaken die de sedimentlagen in een meer door elkaar roert, zodat het oor-
spronkeljjke patroon niet meer herkend kan worden. In dit onderzoek moesten we dus
rekening houden met deze ongewenste verschijnselen. Dat hebben we gedaan door steeds
verschillende verticale doorsneden (secties) te bekijken. De overeenkomsten tussen die sec-
ties zijn waarschijnlijk veroorzaakt door het klimaat, terwijl de verschillen een lokaal
fenomeen suggereren. Ook kun je hiaten op deze manier vaak herkennen: omdat het
moment van droogvallen en weer onderlopen vaak niet overal tegelijkertijd gebeurde, zie
je dat de secties elkaar aanvullen.

Om te bewijzen dat de regelmatige lagen die we in de gesteentenlagen herkenden inder-
daad veroorzaakt zijn door die astronomische klimaatsvariaties, moesten we aantonen dat
iedere laag gemiddeld evenveel tijd vertegenwoordigt als zo’n typische astronomische peri-
ode. Die gemiddelde tijdsduur kun je uitrekenen als op een aantal niveaus in de sectie de
precieze ouderdom bekend is. Die ouderdommen hebben we bepaald met magnetostrati-
grafie, de techniek die gebruik maakt van het patroon van de historische omkeringen van
het aardmagneetveld. In het verleden is het aardmagneetveld herhaaldelijk en onregelmatig
omgekeerd. Er is inmiddels precies bekend wanneer het naar het noorden en naar het
zuiden wees. In gesteente zitten korreltjes die magnetisch zijn, en die zich dus gedragen als
een kompasnaaldje. Zolang het gesteente zacht is, kunnen die korreltjes draaien, maar als
het door hard geworden is, zitten ze vast. Door de magnetische richting van het sediment te
meten, kun je dus bepalen welke lagen gevormd zijn in een noordgericht (normaal) mag-
neetveld, en welke in een omgekeerd veld. De magnetische ‘streepjescode’ die zo ontstaat
kan vergeleken worden met de bekende magnetische tijdschaal. De niveaus in het sediment
waar de magnetische richting omkeert zijn dus tijdslijnen, waarvan we precies weten hoe
oud ze zijn. Het aantal lagen tussen twee magnetische tijdslijnen gedeeld door de tijdsduur
van het interval geeft de gemiddelde duur van een laag.
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Samenvatting

Doordat we nu precies wisten hoe oud het gesteente was, konden we het patroon van de
sedimentlagen vergelijken met het patroon in de berekende, periodicke veranderingen in
de astronomische bewegingen van de Aarde, en zo is van iedere laag precies bekend hoe
oud die 1s. Ook konden we het sediment laag voor laag vergelijken met de even oude gek-
leurde lagen in de Middellandse Zee sedimenten.

Uitkomsten van dit onderzoek

Voor dit proefschrift zijn drie fossiele meren op bovenstaande manier onderzocht en met
elkaar vergeleken. Het sediment dat in deze meren is afgezet is nu goed te bestuderen door-
dat er dagbouw mijnen in gegraven zijn voor bruinkoolwinning.

Hoofdstuk 1 & 2: Bij Ptolemais in Noord Griekenland lag vier 4 vijf miljoen jaar geleden
een ondiep meer, dat iedere twintigduizend jaar veranderde in een moeras. Dit werd
veroorzaakt doordat bij een droger klimaat (veroorzaakt door astronomische bewegingen)
het waterniveau van het meer zakte en riet de kans kreeg om het hele meer te overgroeien.
In dit moeras was zoveel dood plantenmateriaal, dat er niet genoeg zuurstof was om het te
verteren, zodat het in bruinkool kon veranderen. Na tienduizend jaar werd het klimaat
weer vochtiger, en steeg het waterniveau in het moeras. Daardoor verdronk het riet en
ontstond er weer een open meer waar kalk afgezet werd. We kunnen dit nu nog terug zien
in een afwisseling tussen bruinkool en kalklagen (zie Figuur 2). Naast precessie kunnen we
ook andere astronomische perioden herkennen in dit oude meer, maar veel minder
duidelijk.

Hoofdstuk 3: Bij Megalopolis in Zuid Griekenland was een miljoen jaar geleden een ander
soort meer, met een steile en een flauw hellende kant. Aan de steile kant spoelde zand en
klei het meer in, aan de flauwe kant waren rietmoerassen. Als het klimaat warm en vochtig
was, groeide het riet tot ver in het meer, en werd er in het hele meer veel organisch mate-
riaal bewaard dat we nu terugvinden als bruinkool. Iedere honderdduizend jaar werden de
zomers kouder en droger door de veranderende excentriciteit van de Aardbaan (er was dan
een ystijd in de Alpen en het noorden van Europa), waardoor het riet niet goed meer kon
groeien. Sediment werd dan niet meer tegengehouden door planten en kon zo ver het
meer in spoelen om klei- en zandbanken te vormen. Andere typische perioden kunnen we
wel herkennen, maar het patroon wordt gedomineerd door de honderdduizend jaar afwis-
seling in excentriciteit.

Hoofdstuk 4: In het zuidwesten van Roemenié lag vier miljoen jaar geleden een meer dat
heel erg veel leek op dat in Megalopolis. We vinden dezelfde afwisseling van bruinkool en
klei, die ook hier gerelateerd is aan klimaatsveranderingen om de honderdduizend jaar,
teweeggebracht door excentriciteit. Vier miljoen jaar geleden waren er echter geen ijstij-
den, zoals o.a. in het even oude Ptolemais sediment is te zien, waar precessie (twintig-
duizend jaar) het patroon in het gesteente bepaalde.

Uit de verschillen en overeenkomsten tussen deze drie meren kunnen we opmaken dat niet
het globale klimaatsregime (bijvoorbeeld wel of geen ijstijden) bepalend was voor de
astronomische periode waarmee de gesteentenlagen afwisselen, maar het soort meer.
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Figure 2. Regelmatige afwisseling van kool- en kalklagen in de mijnen van Ptolemais in Griekenland. De lagen
zijn ongeveer 1 m dik.

Honderdduizend jaar is dominant in meren met veel klei- en zandaanvoer, waar de
hoeveelheid begroeiing bepalend is, en twintigduizend jaar is dominant in kalkmeren, waar
het meerniveau bepalend is.

Hoofdstuk 5: Onder het sediment in Ptolemais dat in hoofdstuk 1 & 2 beschreven is, ligt
nog ouder meersediment, dat met name aan de randen van het bekken goed te zien is,
bijvoorbeeld in de mijn bij het dorpje Lava. Dit meer onderging ook veranderingen
veroorzaakt door periodieke klimaatsvariaties, maar veel minder extreem dan de eerder
genoemde meren. Fysische eigenschappen van het sediment die we in heel veel lagen
gemeten hebben laten daardoor ook een subtiel veranderende curve zien. Met zo’n curve
konden we kwantitatief vaststellen dat er ook in dit meer periodieke veranderingen in het
sediment zitten die veroorzaakt zijn door precessie.

Hoofdstuk 6: Ook in Rhodos, in een bekken van 3 4 4 miljoen jaar oud met heel grof sed-
iment (veel zand en grind) was een regelmatige afwisseling te zien in de lagen. Deze is
veroorzaakt door een regelmatige verandering in het bekken van een moerassig meer waar
veel planten in groeiden via een ondiep open meer naar de delta van een rivier. Met behulp
van paleomagnetisme konden we aannemelijk maken dat de 30 meter dikke afwisselingen
dezeltde periode hebben als precessie. Het patroon was echter niet duidelijk genoeg om het
precies te vergelijken met de astronomische bewegingen.

13
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Hoofdstuk 7: Tenslotte hebben we gekeken of magnetische eigenschappen geschikt zijn om
klimaatsveranderingen vast te leggen, zoals uit diverse onderzoeken is gebleken. Zowel in
Ptolemais als in Megalopolis 1s gebleken dat er geen verband is tussen de sediment afwis-
selingen en de gemeten magnetische eigenschappen.

Met dit onderzoek is de basis gelegd voor een veelheid aan vervolgonderzoek in deze sedi-
menten. Doordat nu precies bekend 1s hoe oud iedere laag is en hoeveel tijd er in een laag
vertegenwoordigd is, kunnen de in het sediment geregistreerde klimaatsveranderingen in
verschillende secties vergeleken worden. Op termijn kunnen we op die manier gaan begri-
jpen hoe variaties in de baan van de aarde klimaatsveranderingen veroorzaken.

14



Prologue

Geologists want to unravel the long and complicated history of the Earth. Thus, they need
to understand the concept of time. Relative time control through superposition enables to
discover the order of occurrence of geological processes. Absolute age data are needed to
study the duration of geological processes, a requirement to understand the underlying
mechanisms. The range of tools for obtaining age control has improved and expanded over
the past centuries.

Already in the seventeenth century, Steno laid the foundation for stratigraphy by putting
forward his principle of superposition. He stated that when a sedimentary layer is deposited,
it must be deposited on top of the underlying layer, which must thus be older (Steno, 1669).
Fossils found in the sediments could be used to correlate strata that contained the same fos-
sils over large distances, thereby implicitly assuming that extinctions and first occurrences
are synchronous events. Hence, biostratigraphy has grown into a very successful dating tool,
especially for marine sediments which have abundant, often globally occurring microfossils.
A major breakthrough in the perception of geological time came when the creationist
Hutton shifted the paradigm of the limited biblical time scale to a virtually ‘eternal” earth
(Hutton, 1795-1899). Now every imaginable geological process, however slow, was feasi-
ble. A physical restriction to this eternity came shortly after the discovery of radioactive
minerals by Becquerel. Since 1906, the radioactive decay of suitable isotopes is used to
determine the time elapsed since the formation of a mineral, and provides us with a measure
of the absolute age of rocks — and of the Earth itself. Of course, these minerals should have
formed at the same time as the rocks they are part of. This is not always the case; sediments,
for example, consist of minerals that are older than the time of deposition.

In 1954, magnetostratigraphy was added to the scope of geological dating methods
(Hospers, 1954). Iron bearing minerals in rocks can record the direction of the ambient
magnetic field, and preserve this ‘palacomagnetic’ information over geological time. In the
beginning of this century it was discovered already that certain rocks had palacomagnetic
directions parallel to the present--day field, while others, of a different age, were magne-
tised in the opposite direction (Brunhes, 1906; Matuyama, 1929). This was caused by fre-
quent reversals of the Earth’s magnetic field during the geological past. The global and
simultaneous character of magnetic polarity reversals makes them very suitable as time
markers. Integration of these magnetic data and radiometric dating led to the first geomag-
netic polarity time scale (GPTS) (Cox et al., 1963), that has been revised and updated many
times since (e.g. Cande and Kent, 1995).

The accuracy and detail of the geological time scale was recently greatly improved with a
new technique: astronomical tuning. The hypothesis that regular variations in the Earth’s
orbital parameters cause climate cycles that are recorded in the geological archive was
already put forward in the previous century, at first related only to the Pleistocene ice ages
(Adhémar, 1842; Croll, 1864). This astronomical theory of the ice ages was put on a firm
mathematical basis by the Serbian civil engineer Milutin Milankovitch (1941). He calculated
the orbital motion of the Earth over time, based on the influence of the gravitational forces
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of the Sun, the Moon and the planets. From that, he derived the amount of solar radiation
(insolation) received over the Earth during the summer. This calculated insolation was
dominated by the frequencies related to eccentricity, obliquity and precession. His theory
initially seemed to be confirmed by a good correlation with Alpine river terraces that were
attributed to glacial periods. However, these terraces later proved to be of tectonic origin
and have much younger ages than initially inferred, one of them even containing a rusty
bicycle frame. Moreover, (often incorrect) radiometric age determinations were inconsis-
tent with Milankovitch’s predicted glacial and interglacial periods, and the theory was
strongly disputed. Improved radioactive dating, the combination of magneto- and bios-
tratigraphy and the study of more complete records clarified the Pleistocene time scale by
the late 1960’s. This brought forward the major discovery that the oxygen isotope ratios of
foraminifera — which is an indication of the amount of land ice at the time these fossils were
living — from deep-sea cores were undoubtedly related to the astronomical periods of
Milankovitch (Hays et al., 1976; Shackleton and Opdyke, 1973). More recently, the same
periods were also recognised in older, pre-ice age times. (Herbert and Fisher, 1986; Olsen,
1986; Shackleton et al., 1990). These periods are expressed as regular fluctuations in cli-
mate-sensitive physical or chemical parameters or as cyclic sedimentary layers. A succession
of astronomically forced sedimentary cycles can then be correlated in detail to a calculated
insolation curve, as was suggested already in 1895 by Gilbert (1895). This has evolved into
an astronomically tuned (polarity) time scale (APTS) for the last 10 million years
(Shackleton et al., 1990; Hilgen, 1991; Shackleton et al., 1995; Hilgen et al., 1995; Lourens
et al., 1990), that proved to be much more precise and accurate than previous time scales
(Wilson, 1993; Renne et al., 1994). The APTS is mainly based on marine records, because
they tend to be more continuous in both lateral and stratigraphic sense, and because they
contain more or less uniform global fossil foraminiferal transitions. Especially Mediterranean
sections proved to be suitable, because the sediments in this semi-enclosed marine basin are
particularly susceptible to astronomically induced climate cycles.

Hence, cyclostratigraphy has improved the geological time scale, but more importantly, it
has furthered our knowledge of climate changes. However, the mechanisms behind the
forcing of climate cycles are not fully understood yet. The climatic response to the astro-
nomical cycles is often not linear and affected by oceanic feedback processes. Moreover,
marine sediments record a signal not only of local climate changes, but also of global ocean-
ic variations. Valuable additional information for unravelling climatic forcing mechanisms
must thus be found in continental environments. These environments are more perceptible
to external controls such as climate. On the other hand, influences such as local basin archi-
tecture, tectonics and biological events are recorded much better as well, and might thus
overprint or obscure the climatic signal. Furthermore, continental records are often thought
to be discontinuous and highly variable in a lateral sense, a big handicap for studying series
of lithological cycles. Still, incorporating continental records into the astronomically tuned
time scales and palacoclimate databases will be indispensable for a good understanding of
(astronomically forced) climate changes.
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Summary of the present work

A multi-disciplinary research program at the Faculty of Earth Sciences in Utrecht aimed at a
correlation of the continental and marine realm from the Mediterranean Neogene. The
objective was to compare lithological patterns and forcing characteristics, and to unravel the
process of astronomical forcing of climate. The expertise in magnetostratigraphy,
cyclostratigraphy, sedimentology, palacontology, palynology, isotope chemistry and organic
chemistry 1s combined to characterise continental basins. This thesis reports on the first
phase of the program: time control through providing an astronomically tuned cyclostrati-
graphic frame for the studied continental records.

The continental sedimentary basins for this study had to meet several criteria. First of all,
they need to be time-equivalent to the (astronomically tuned) marine sections in the
Mediterranean, and thus of Late Miocene, Pliocene or Pleistocene age. Secondly, they must
display a regular sedimentary pattern likely to be proven as an expression of astronomically
forced climate cycles. Finally, the sediments have to be exposed in sufficiently large out-
crops to apprehend lateral variations in the cyclic pattern and discover possible unconformi-
ties. All these criteria were met in open pit coal mines in Greece and Romania — where
rhythmic coal seams are perfectly exposed over large distances — and in regularly layered
coastal badlands in southern Rhodes

The research strategy proceeded as follows. A first-order age estimate from regional geology
and (small mammal) fossils was established, then detailed age calibration points were found
by means of magnetostratigraphy and — if possible — radiometric dating. Following this sec-
ond order time control, a cyclostratigraphic framework for the basin fill was constructed.
We then demonstrated that astronomical periods were present in these sedimentary cycles
and established the relation between the lithological and astronomical phases. Finally, the
lithological cycle pattern was tuned to an astronomical target curve, resulting in a highly
accurate time frame.

Our work started in the Lower Pliocene lignite mines of Ptolemais in northern Greece.
Meter-scale lignite and carbonate beds alternate in a regular pattern. Three parallel sections
provided ample data to compose the magnetostratigraphic (Chapter 1) and cyclostrati-
graphic frame (Chapter 2). This enabled us to prove that precession forced the sedimenta-
ry cycles. Initially, the phase relation was not clear, causing two opposing models. We found
inconsistencies in the tuning of one model, and coherence in the other model. Therefore,
we interpreted that lignite layers represent minima, and carbonate layers maxima in solar
radiation. Additional palynological and organic petrological studies showed that the lignite
was accumulated in a swamp, and the carbonate beds in a deeper lake. This implies an
increase in precipitation during periods with warmer summers, and confirms earlier obser-
vations in the Mediterranean of increased humidity during insolation maxima. Each cyclic
layer was correlated to a peak in the summer insolation curve, and thus to the marine refer-
ence section, except for a small interval in the middle of the Ptolemais succession.

To obtain an additional, independent age control, several of the intercalated volcanic ash lay-
ers in Ptolemais were radiometrically dated. These ages essentially confirm the precessional
forcing, but the absolute ages are systematically 100—200 kyr younger than the magnetostrati-
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graphic ages. An attempt at tuning the cycles with the radiometric ages as tie points failed
because the patterns did not match. We discuss this discrepancy in more detail in Chapter 2.
The second study area was the Pleistocene Megalopolis basin in southern Greece, also a lig-
nite mine (Chapter 3). In contrast to Ptolemais, the sediment in Megalopolis is composed
of detrital material (clay, silt, sand) alternating with lignite, and the layers are ~10 meters
thick. Thinner lignite cycles occur in between the main lignite seams. Combined bio- and
magnetostratigraphy resulted in only one time control point: the base of the present normal
polarity Brunhes Chron. Palynological data suggest a climatic origin for the sedimentary
cycles that can be related to glacial-interglacial alternations. It appears that the pattern of the
main sedimentary cycles fits well with eccentricity, and the smaller cycles with insolation.
Here, the lignite represents the warm phase (maximum in eccentricity or insolation).
Despite the good fit with eccentricity, we found that some discrepancies exist in compari-
son with marine 88O records (the so-called ‘400-kyr’ or ‘Stage 11’ problem). We suggest
that the sedimentary record of Megalopolis, and therefore the local climate, was influenced
directly by eccentricity, and not by the global Pleistocene glacial climatic regime.

From a third lignite basin in Romania, we studied the early Pliocene Lupoaia section
(Chapter 4), which is time-equivalent to Ptolemais, but has a sedimentary environment
similar to the middle Pleistocene Megalopolis section. Magnetostratigraphy yielded three
age calibration points that connects the lignite seams with eccentricity maxima, as in
Megalopolis. Based on these three studies on lignite basins, we conclude that the astronom-
ical period that was dominantly recorded in the sediment is determined by the sedimentary
environment, rather than by the global climatic regime (Chapter 4).

The link between astronomical forcing and sedimentation was further explored in the
Messinian lacustrine deposits from the southern margin of the Ptolemais Basin (Chapter s).
A small mine with a massive lignite seam at the base provides access to a succession of lacus-
trine marls with regularly intercalated dark-coloured marl layers. Gamma ray and magnetic
susceptibility records quantify these subtle lithological changes. The fine-grained marl yield-
ed a good palacomagnetic signal. Together with the small-mammal fauna, this provided
accurate age control and allowed spectral analysis of the gamma ray and susceptibility
records. This showed that the lithological cycles have the same period as precession, and
that obliquity also influenced the record. Palynological data suggest that the dark-coloured
layers represent periods of decreased humidity. Correlation of the cycles to the insolation
curve results in precise ages for the recorded polarity reversals, that confirm and refine the
astronomical polarity time scale for the Messinian.

The hypothesis that sedimentary cycles in continental successions can be astronomically
forced was finally tested in the relatively high-energy environment of the middle Pliocene
fluvio-lacustrine Apolakkia Formation on Rhodes (Chapter 6). The basic sedimentary
cycle in this formation is recognised in two of the three studied sections. the base of a cycle
1s formed by a palustrine facies association with mainly organic-rich marl, that gradually
changes into a shallow lacustrine facies. The top is formed by coarse grained sand and con-
glomerate beds of a delta-plain association. Based on the magnetostratigraphy, it is likely
that the cycles were forced by precession. Since no typical modulation pattern was recog-
nised in the cycles, no attempt was made at tuning them to the insolation curve.
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Another aim of this research was to assess the potential of magnetic parameters to serve as
climate proxies. Many magnetic parameters can be measured relatively quickly compared to
conventional climate indicators, and several reports have been published that they can reli-
ably record climate changes. The successions from Ptolemais and Megalopolis — well-
understood in terms of palacoclimatic cycles — were therefore ideal to test the potential of
magnetic parameters as climate proxies (Chapter 7). We found that in Ptolemais the mag-
netic characteristics were not related with lithology. In Megalopolis, a strong secondary
magnetic phase was discovered, carried by greigite. This greigite was found to be abundant
in clay and absent in lignite or organic-rich lithologies. Despite this clear relation with
absolute lithology, no relation was found with the phases of the sedimentary cycles.
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Magnetostratigraphy-based astronomical tuning
of the early Pliocene lacustrine sediments
of Ptolemais (NW Greece) and bed-to-bed

correlation with the marine record

Abstract

Continental deposits from the early Pliocene lacustrine Ptolemais basin in NW Greece dis-
play rhythmical alternations of lignite and marl beds. Three parallel sections from this area
are studied using magnetostratigraphy and cyclostratigraphy. The presence of the greater
part of the Gilbert Chron enables the recognition of astronomical periodicities in the suc-
cession. Especially the precessional influence is evident, as it determines the lithological
cycles. The continental Ptolemais composite section is correlated to the most recent astro-
nomical time scale - and thus to the marine reference section: the Rossello composite from
Sicily (Langereis et al., 1991) - on a bed-to-bed scale. It is concluded that lignite corre-
sponds to an insolation minimum (beige layer in the Rossello composite), and marl to an
insolation maximum (grey layer in the Rossello composite). This implies a precipitation
increase during insolation maxima in early Pliocene continental Greece.

This chapter is published as: van Vugt, N., Steenbrink, J., Langereis, C.G., Hilgen, F.J. and Meulenkamp, J.E.,
1998. Magnetostratigraphy-based astronomical tuning of the early Pliocene lacustrine sediments of Ptolemais (N
Greece) and bed-to-bed correlation with the marine record, Earth and Planetary Science Letters 164(3-4), 535-551.



Chapter 1

Introduction

Palacoclimate and -environment reconstructions are a key to understanding modern climate
changes, and geological deposits are a natural archive for past climate. The Milankovitch
climatic periodicity, for example, can be recognised as cyclic patterns in the lithology of
sediments. Hilgen (1987) studied such patterns in Mediterranean Neogene marine records.
Individual sapropels and carbonate cycles in the Trubi and Narbone Formations were cor-
related to precession cycles (Hilgen, 1991a; 1991b) and later to peaks in the summer insola-
tion curve (Lourens et al., 1996) using the Lago solution (Laskar, 1990). Shackleton et al.
(1995) obtained similar results in the Pacific Ocean by matching gamma-ray variations in
deep sea cores to the Bergo insolation time series (Berger and Loutre, 19971).

For a better understanding of the climatic response to astronomical parameters, the conti-
nental record should be studied as well. Lacustrine sediments in particular can give valuable
information on the palacoclimate and -environment, as demonstrated by Kent et al. (1995)
and Olsen et al. (1996) in the Triassic Newark Basin. The sedimentary cycles they studied
have frequencies similar to the present day values for astronomical variables. However,
there is no reliable astronomical solution for the Triassic to establish a detailed correlation,
nor is there a time-equivalent marine record to compare the climatic response with.

We have started an extensive programme to make bed-to-bed correlations between conti-
nental and marine sediments in the Mediterranean, in particular to the Rossello Composite
(Langereis et al., 1991), which is the basis for the Pliocene astronomical polarity time scale
(APTS) (Hilgen 1991a; 1991b; Lourens et al. 1996). One of the main goals of this pro-
gramme 1s to reconstruct the palacoclimate and -environment of the Neogene, both in the
marine and continental realm. So far, we have focused on the lacustrine, rhythmically bed-
ded lignite and marl alternations in Ptolemais, Northern Greece. The purpose of this article
is to provide a magnetostratigraphic framework for the Ptolemais basin fill and, - with the
cyclostratigraphic frame provided by Steenbrink et al. (1999) - correlate the lithological
cycles with the marine record and a suitable astronomical time series. Together with the
sedimentological study and the *°Ar/39Ar ages (Steenbrink et al., 1999) this will be the basis
tor further palacoclimate studies on the Ptolemais area.

Geological setting

The elongated palacolacustrine basin of Ptolemais is located between Florina and Kozani,
approximately 100 km west of Thessaloniki (Figure 1). It is part of a 250-km long graben
system that opened in the Late Miocene and was divided into sub-basins in the Pleistocene
(Mercier et al., 1989; Pavlides et al. 1986). Displacement along normal lystric faults related
to this Pleistocene tectonic phase caused a bedding tilt of up to 15° NNW. The basement
consists of metamorphic schists in the west, and crystalline limestone in the east (Kaouras,
1989). Large-scale lignite quarries in the eastern half of the basin provide expansive
unweathered outcrops. The three studied sections are named after the pits in which they
were located: Vorio, Komanos and Tomea Eksi (Figure 1).
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Figure 1. Geological sketch map of the Ptolemais basin, V (K, T) is location of Vorio (Komanos, Tomea Eksi) section
(after Papakonstantinou, 1979).

The basin fill has been divided into three formations: the Lower Formation, the Ptolemais
Formation and the Upper Formation Ehlers, 1960). The Lower Formation overlies the
crystalline basement, and is composed of lacustrine carbonate-rich marls. Only the top of
this formation 1s exposed. The Upper Formation consists of fluvio-lacustrine marls with
intercalated clay, sand and conglomerate beds.

Of main interest to this study is the Ptolemais Formation, that was dated as early Pliocene
(Early Ruscinian, MN Zones 14 and 15) on the basis of palacontologic data from small
mammals (van de Weerd, 1978; de Bruin, pers. comm.) and gastropods (Gramann, 1960).
The Ptolemais Formation is subdivided into three members: the Kyrio, Theodoxus and
Notio member (from bottom to top). The lowermost (Kyrio) member typically shows a
rhythmic alternation of lignite and organic-rich grey marl beds, forming 30 lithological
couplets with an average thickness of 2 m. In few localities, however, massive lignites with-
out marl represent the Kyrio member. In the middle (Theodoxus) member, white marls
alternate with thin lignites or dark grey organic-rich marls. One thick lignite layer divides
this member in two. Because of the large lateral changes in bed-thickness and lithological
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expression, the rhythmic pattern is not as clear as in the other members. We estimate that
there are six cycles with a typical thickness between 4 and 6 m each. The uppermost
(Notio) member features nine of the same couplets as the Kyrio member, followed in one
section by 11 couplets in which the lignite phase is represented by a dark brown clay bed,
and 1in other sections by banded xylite. The couplets in the entire Ptolemais Formation can
be recognised and correlated across most of the basin. Intercalated volcanic ash layers verity
this correlation, and show that the rhythmic alternations are synchronous. They represent
basin-wide lithological changes rather than lateral facies shifts (Steenbrink et al., 1999). We
labelled the couplets in each member with a number, ascending towards the top (K1-30,
T1-6 and N1-20).

The lithology of the Theodoxus and Notio members in the Komanos quarry differs from
that in the two other sections. Starting gradually and laterally discontinuous from cycle K28
upwards, the lignites are replaced by thin brown horizons, and instead of grey marls we
tound beige marls lacking any organic material and with a loose, brittle texture. Samples
from this part tend to break into little pieces shortly after retrieving them or during labora-
tory treatment. The likely cause for this alteration is oxidation of the organic material dur-
ing deposition of overlying layers.

Above cycle K13 in Tomea Eksi, the regular alternation is disturbed by lens-shaped layers
cutting into the underlying sediment, indicating unconformities. The first recognisable
lithological cycle above this interval 1s K23. In Komanos, we find field evidence for a hiatus
in approximately the same interval; a shallow scouring surface between cycles K18 and K19
is a sign for erosion, the thin palacosol on top of this surface is interpreted as a period of
non-deposition. For a more detailed (cyclo)stratigraphic description we refer the reader to
(Steenbrink et al., 1999).

Sampling and laboratory methods

The three parallel sections, Vorio, Tomea Eksi and Komanos, in the Lower and Ptolemais
Formations were sampled for palacomagnetic studies (see Figure 1 for locations). An electri-
cal drill was used to take oriented rock samples with a diameter of 2.5 cm. In the laborato-
ry, these cores were cut into specimens with a length of 2.2 cm. The average stratigraphic
distance between the sampling sites was 40 cm. Intervals around polarity reversals were later
re-sampled with sampling intervals as small as 2 cm. Non-lignite lithology was preferred,
because we knew from test samples that pure lignite does not give meaningful palacomag-
netic results. The outcrops in the mines were less than a year old, so hardly any digging was
necessary to reach the unweathered rock. The lithology and thickness of the layers and the
position and orientation of the samples were minutely recorded in field journals.

Bulk susceptibility was measured on a KLY-2 Kappa bridge. The natural remanent magneti-
sation (NRM) was measured on a 2G SQUID cryogenic magnetometer. Specimens with a
negative (diamagnetic) susceptibility and an NRM below 10 HAm™" were discarded because
test samples did not give consistent magnetic directions in this situation. The lignitic sam-
ples were progressively demagnetised in an alternating field (AF) up to 125 mT. The other
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samples were thermally demagnetised with temperature increments of 30 and 50°C, up to
570°C. The delicate samples from the top of the Komanos section were exposed to alter-
nating field treatment to prevent them from falling apart during demagnetisation. Twenty
samples were progressively magnetised in a DC pulse field to acquire an isothermal rema-
nent magnetisation (IRM). After each step, the remanence of the samples was measured on
a JR 5 spinner magnetometer. After saturation, the IRM was thermally demagnetised, and
susceptibility was measured after each temperature increment.

Results

Magnetic properties

Many low-intensity samples did not give any sensible result, and were therefore discarded.
The description of the characteristics of the remaining samples is divided in thermal and
alternating field treatment.

Thermal demagnetisation generally reveals two non-viscous NRM-components (a viscous
component is removed at 150-200°C): a characteristic, normal or reversed component that
decays towards the origin until ~390°C, and a low intensity component that does not decay,
but forms a cluster near the origin above ~500°C (Figure 2a), often in the direction
west/down. The susceptibility increases at ~ 390°C, and decreases again after ~520°C. A
small number of samples, with high intensities, have only one component above 200°C,
that reaches its maximum unblocking temperature at ~500°C (Figure 2b). Many samples
show a large intensity decrease between 150 or 200°C and 230°C followed by no decay
until 320°C. This is caused by an exothermal reaction of the organic material in the rocks
during heating. This reaction caused the samples to reach temperatures as high as 320°C,
although the furnace was set at 230°. Consequently, the intensity decreased according to the
actual (higher) temperature, and no further decrease would occur in the next steps, until the
previously reached temperature was exceeded. Around polarity reversals, some samples
have a high temperature (HT) component (between 350-390 and §40°C) with a polarity
opposite to the lower temperature component (Figure 2¢). Although the unblocking tem-
perature spectra generally overlap, the two polarities can be separated.

Alternating field demagnetisation shows two types of behaviour. In both types a viscous
component is removed at §-15 mT. The most common type I (Figure 2d) reveals a single
characteristic magnetisation that is fully demagnetised at 60/80 mT. Near reversals, the
magnetisation sometimes contains two components, a low coercivity (LC: 15-25/40 mT)
and a high coercivity component (HC: 25-60/80 mT), with opposite polarities and over-
lapping coercivity spectra (Figure 2¢). The other type (II) only occurs in the Komanos sec-
tion, and mainly in the top part of this section. The magnetic remanence is fully demagne-
tised between 80 and 125 mT (Figure 2f). Generally, only one component can be recog-
nised in these samples, but occasionally two directions with opposite polarities can be seen
(Figure 2g). Type-I intensity-decay curves are concave, with a large intensity decrease at
low coercivities and a small decrease at higher coercivities (Figure 2h). The intensity of type
II samples decreases more linearly (Figure 2h).
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Figure 2. Demagnetisation diagrams. Closed (open) circles denote the projection on the horizontal (vertical)
plane. For details see text. Figure 2h is an intensity decay curve during alternating field demagnetisation of a typ-
ical type | and type Il sample (see text for discussion). Figure 2i shows IRM acquisition diagrams of some character-
istic samples. Typically, saturation is reached at fields of 100-200 mT; only occasionally higher fields (up to ~400
mT) are needed. The top part of Komanos consistently shows higher than average saturation fields.

In summary, samples with HT/LT (HC/LC) components with opposite polarities occur
near reversals. In the same intervals, consecutive samples may have different polarities, even
when they have only one component. This can only mean that these directions were not
acquired simultaneously. van Hoof and Langereis (1991) described similar features in the
marine Rossello composite section from Sicily. They concluded that their LT component
was of earlier origin, whereas their HT component was acquired later, during early diagen-
esis. This ‘delayed acquisition’ was caused by cyclically changing redox conditions in the
buried sediment. In Ptolemais, however, the pattern is not as consistent as on Sicily. Instead
of one component carrying the earlier direction (LT), and the other the delayed one (HT),
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we find a seemingly random connection between the characteristics of a component (HT
vs. LT or HC vs. LC) and its polarity. Nevertheless, the exact position of a reversal is deter-
mined by those intervals in which the HT and LT (HC and LC) consistently have the same
polarity, meaning that a reversal is always positioned on top of an interval with mixed polar-
ities.

Most samples reach IR M-saturation at fields between ~125 and ~200 mT, but saturating
fields up to 500 mT are occasionally encountered (Figure 21). Together with the maximum
unblocking temperatures and coercive forces, this indicates that (titano) magnetite and/or
iron sulphides could carry the NRM. The type-II samples from the top of Komanos consis-
tently saturate at higher than average fields (Figure 21), suggesting the NRM 1is carried by an
oxidised magnetite.

Magnetostratigraphy

The magnetic directions derived from the demagnetisations are plotted versus stratigraphic
level for each section, with respect to the cyclostratigraphic frame for the Ptolemais
Formation (Figure 3). The Vorio section reveals two normal polarity intervals, one in the
lower half of the Kyrio member - containing the distinctive ash layer in cycle K7 - and one
in the Notio member. In the middle part of Vorio, where the lithology consists of lignite
only, both normal and reversed samples occur more or less at random; we regard the polar-
ity pattern for this interval as inconclusive. In the Tomea Eksi section, we recognise the
same two normal intervals. In addition, we find another two normal intervals in the middle
(above K14) and top (around K23-28) of the Kyrio member. At the transition between the
Theodoxus and Notio members we found no reliable data. All samples in the top so m of
the Lower Formation (not completely shown in Figure 3) recorded reversed polarity. In the
Komanos section, we find a matching polarity pattern in the largest part of the Kyrio mem-
ber, with the three normal intervals approximately around the same cycles (see also Table
1). In the top of the section, where the lithology and magnetic properties are different from
those in the rest of the basin fill, the polarity pattern is not consistent with the two other
sections. Based on field observations and analysis of the demagnetisation and IR M-acquisi-
tion diagrams, we suggest that the organic material has been oxidised after deposition and
burial, thus changing the mineralogy. The newly formed or altered magnetic minerals in
the sediment are then (re)magnetised and preserve a younger remanence, with possibly a
different polarity. The palacomagnetic results of the upper half of the Komanos section are
therefore not used for the construction of a composite magnetostratigraphy.

Ptolemais composite section

Through careful comparison of outcrops throughout the mining area, local features are sep-
arated from consistent (i.e. laterally continuous) patterns. These consistent cycle patterns are
used to construct a cyclostratigraphic composite section for the Ptolemais basin (Figure sa),
see (Steenbrink et al., 1999) for details. The palacomagnetic results of the different sections
are integrated into a polarity pattern for the composite section. Because we find clear indi-
cations for delayed acquisition, we consider the position of each polarity boundary in the
composite section to be at the highest (youngest) level with consistent polarity (Table 1).
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Figure 3. Palaeomagnetic results, polarity zones, stratigraphic names, cycle numbers and lithology of three
Ptolemais sections. Closed (open) circles denote reliable (less reliable) characteristic components; triangles denote
high-temperature or high-field components. In the polarity column, black (white) indicates normal (reversed)
polarity, while shaded indicates undetermined polarity. In the lithological column, black (shaded) indented beds
denote lignite (marly/clayey equivalent of lignite) beds, shaded (white) protruding beds denote grey (beige) marl
beds; thin extra protruding layers denote volcanic ash layers and dark-shaded layers in the Kyrio Mb. in Vorio
denote sand lenses.

The resulting composite Ptolemais magnetostratigraphy reveals four normal and five
reversed intervals. Because the Ptolemais Formation was deposited during the ecarly
Pliocene (van de Weerd, 1978; de Bruin, pers. comm.), there is only one option for corre-
lation to the APTS (Lourens et al. 1996). Hence, the four normal intervals represent the
Thvera, Sidufjall, Nunivak and Cochiti Subchrons in the Gilbert Chron (Figures 4, s5a).

With the palacomagnetic reversals as age-calibration points, we can determine the average
duration of the lignite-marl couplets. In Figure 4a, the APTS is plotted versus the cumula-
tive number of Ptolemais-cycles and their corresponding polarity. It appears that lines con-
necting consecutive reversals have similar slopes, with the exception of the Sidufjall and
overlying reversed Subchron where the line is significantly less steep. The upper boundary
of the Sidufjall, on top of cycle K18, coincides with the earlier mentioned unconformity. A
scouring surface and palacosol were interpreted as erosion and non-deposition respectively.
If we assume a three-cycle gap at this point in the Ptolemais column, all the calibration
points can be linearly correlated with a slope of 21.6 £ 0.5 kyr per couplet (Figure 4b).
Since this agrees very well with the average period of a precession cycle, we believe that the
lithological cycles in Ptolemais are related to precession by its influence on the
Mediterranean climate, as also found for the carbonate cycles in the marine Rossello record

Table 1: positions of the magnetic reversal horizons

Vorio Komanos | Tomea Eksi [ Composite i-cycle Ptol i-cycle RC Age, Ma
U. Cochiti mN7 IN9 IN9 403 403 4.188
L. Cochiti mN3 IN1 - IN2 mN3 414 413 4.300
U. Nunivak 1K29 1IK29 433 433 4.493
L. Nunivak mK22 below K23 mK22 446 445 4.632
U. Sidufjall top K18 above K16 top K18 464 460 4.799
L. Sidufjall IK16 1K15? IK16 469 469 4.896
U. Thvera base mK11 IK11 base mK11 478 478 4.998
L. Thvera mK2 / IK3? 1IK2 K2 497 500 5.236

Table 1. Position of polarity reversals in the Ptolemais sections, K, T and N refer to the member; numbers refer to
the cycle in that member; | and m refer to the phase (lignite or marl). Composite means the Ptolemais composite
section; i-cycle Ptol (RC) denotes the insolation cycle correlated to the lithological cycle in which the reversal was
found in the Ptolemais (Rossello composite) section. Ages of reversals after [5]. Italics denote the position of the
hiatus rather than of the true upper Sidufjall reversal.
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(Hilgen, 19971; Lourens et al. 1996). Independently from our method, a similar average
duration of the lithological cycles in Ptolemais of 21.8 0.8 was derived with 39Ar/4°Ar
dates (Steenbrink et al., 1999).

PTOLEMAIS - composite

correlation with the APTS

50 50
40 40
30

20

number of cycles
]
number of cycles

10 o

56 54 52 50 48 46 44 42 40 56 54 52 50 48 46 44 42 40
age in Ma

Figure 4. Cumulative number of cycles in the Ptolemais composite section and their polarity versus the APTS. Black
(white) denotes normal (reversed) polarity. T, S, N and C indicate the Thvera, Sidufjall, Nunivak and Cochiti
Subchrons respectively. (a).There are clearly two linear segments through Thvera and Sidufjall, and through
Nunivak and Cochiti, respectively. (b). Incorporating a 3 cycle hiatus allows a single linear correlation through all
Subchrons.

Discussion

Correlation to an astronomical target curve

The next step is to correlate the Ptolemais-cycles to a suitable astronomical curve, e.g. cli-
matic precession from the astronomical solutions Bergo (Berger and Loutre, 1991) or Lago
(Laskar, 1990). Precession curves include the modulating effect of eccentricity and have
proved successful in astronomical calibration of sedimentary cycles (Hilgen, 1991a; 1991b).
The precession index does not include the influence of obliquity, however, although oblig-
uity is clearly reflected in marine lithological cycles. Early studies on Mediterranean sapro-
pel sequences (Rossignol-Strick, 1983) used a monsoon index derived from a low-latitude
insolation gradient. More recently, Lourens et al. (1996) suggested the use of 65°N summer
(average of June and July) insolation as a target curve, because it better expresses the influ-
ence of obliquity. They concluded that a consistency in phase relationships through the
Pliocene and Pleistocene is best maintained using Lago with present-day values for both the
dynamical ellipticity of the Earth and tidal dissipation. The 65°N insolation is now general-
ly used as a target curve for both mid and low latitudes (Lourens et al., 1996; Hilgen et al.,
1995; Langereis et al., 1997, ShACKLETON AND Crowhurst, 1997). The i-cycle codifi-
cation of insolation peaks, introduced in (Lourens et al., 1996), shall be used here for easy
reference.
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In Mediterranean sapropel sequences as well as in the carbonate cycles of the Rossello com-
posite a maximum in summer insolation (warm summers and generally more precipitation)
corresponds to a grey layer or a sapropel (both enriched in organic material), and a mini-
mum in insolation (relatively cool summers and less precipitation) corresponds to a beige or
homogeneous layer. This phase relation between Mediterranean marine lithology and inso-
lation was determined by correlating the sapropels of the past 500 kyr with oxygen isotope
stage boundaries as age calibration points (Rossignol-Strick, 1983; Vergnaud-Grazzini et al.,
1977) and by "C dating of the youngest sapropel in the Mediterranean (Hilgen et al., 1993
and references therein). The Ptolemais Formation is of Pliocene age, and studies on modern
basins in the area (Loh, 1992; Bottema, 1974) did not (aim to) determine the modern conti-
nental or lacustrine equivalent of a sapropel. To derive an independent conclusion on a pos-
sible phase relation, we preferred not to make any a priori assumption. Therefore, we tried
both option I: lignite corresponds to minimum insolation (beige or homogeneous layers in
the marine record); and option II: lignite corresponds to maximum insolation (organic-rich
layers in the marine record). Fortunately, option I was clearly more consistent and caused
fewer discrepancies than option II, as is discussed below. This means that a lignite is corre-
lated to a minimum in insolation (cool summers and generally arid) and marl to a maximum
(warm summers and generally humid). This implies that the organic-rich layers in the
Rossello composite are thus correlated with the relatively organic-poor layers (marl) in
Ptolemais and vice versa.

A difficulty with Ptolemais is the lack of a straightforward cyclic representation of eccen-
tricity, e.g. small and large scale clusters of precessionally forced cycles or a measurable
quantity (e.g. carbonate content) that reveals the typical periodicities of eccentricity. Hilgen
(1991a,b) used such observations to make a first (400 kyr eccentricity) and second (1oo kyr
eccentricity) order correlation to the astronomical target curve. In other cases (e.g. /shack-
leton et al., 1995), an age model for the geological record is constructed based on low-reso-
lution features such as magnetostratigraphy and biostratigraphy. Such a model is then pro-
gressively refined and finally calibrated to an astronomical target curve. Our approach is
based on the magnetostratigraphy of Ptolemais and the position of the corresponding rever-
sal horizons in the astronomically calibrated Rossello composite. The time scale of Lourens
et al. (1996) correlates the Rossello section with the summer insolation time series. This
time scale thus provides the approximate position of the Ptolemais reversal horizons with
respect to insolation. This is only an approximate correlation because of possibly different
delayed acquisition of the magnetic remanence between the Rossello and Ptolemais sec-
tions. Thus, the fact that a reversal horizon in the Rossello 1s correlated to a specific insola-
tion cycle does not necessarily imply that the corresponding reversal in Ptolemais 1s found
in the same insolation cycle.

We start our correlation where the lithological cycles are most pronounced: around the
Cochiti Subchron in the Notio member and around the Thvera Subchron in the lower half
of the Kyrio member. The polarity reversals provide a first order correlation to the insola-
tion time series. The lithological cycles around the Cochiti Subchron, for example, should
be recognised in the insolation pattern around ~ 4.25 Ma (Fig. sa).
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Figure 5. (a) Magnetostratigraphy, stratigraphic names, cycle numbers and lithology of the Ptolemais composite
section (see also caption to Figure 3) correlated to 65°N summer insolation, eccentricity (dotted) and the marine
Rossello composite section; i-cycle codification of insolation peaks, indicated on the right hand side, after Lourens
(1996). T, S, N and C denote the Thvera, Sidufjall, Nunivak and Cochiti Subchrons respectively. In the lithological
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column of the Rosello section, black (shaded) indented beds denotes grey (beige) marls, and white protruding
beds denote white carbonate-rich marls. (b) Enlargement of the tuning of the Notio member. Correlation lines
connect lignites in Ptolemais, insolation minima and the corresponding beige layers in the Rossello composite.
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Tuning of cycles N1-19

The first eight cycles of the Notio member are very regular, but cycle Ng and the lignite
phase of N1o are not well developed (Figure s5a, b). An alternation of thin lignite and marl
layers represents these cycles in Tomea Eksi, while in Vorio a thin lignite and a dark clay
can be recognised as the lignite phases of N9 and 10 respectively. Since cycle N1 contains
the first regular lignite phase above the a-typical Theodoxus member, this lignite is correlat-
ed to i-cycle 419, 1.e. the first insolation minimum with a relatively high amplitude after a
series of low-amplitude oscillations (caused by a 400 kyr eccentricity minimum). In the
Rossello section a transition from double, high-carbonate cycles (Rc 40-41) to regular
cycles occurs at the same level (Re-cycle 42). Cycles N2-8 are then correlated to consecu-
tive insolation peaks, and cycle N9 and the lignite of N1o to the moderate amplitude inso-
lation peaks 403-401. The marl of cycle N5 is in most outcrops thicker than average and its
top half often contains numerous thin lignite beds. In our correlation, this marl corresponds
to i-cycle 410, an insolation maximum with a relatively long duration.

The uppermost cycles of the succession (N10-20) are dominated by marl and can only be
distinguished by their thin lignite phases that are occasionally represented by brown clay
layers rather than real lignite (Figure sb). The lignite phases of N1o, 14, 15, 17 and 19 are
represented by thin clay layers; while N11, 12, 13, and also N16 and N2t have relatively
thick lignites or dark clays. This pattern fits excellently with the high-amplitude minima
399, 397, 395 and with 389 and 379 and the lower amplitude cycles in between. The rela-
tively dark N14-marl and the thin N18-marl are now correlated to the low-amplitude max-
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ima 392 and 384 respectively. The only significant inconsistency with the Rossello-compos-
ite pattern is the thick beige layer in Rc §1: its equivalent is a thin dark clay layer (lignite-
phase of N10), correlated with a low-amplitude, long-duration insolation minimum (401).

Tuning of cycles K1-18

The Kyrio member has fairly constant and regular cycles up to cycle K14, except for the
first two cycles (K1-2). Although cycles K1 and 2 are developed in Tomea Eksi only, and
therefore their expression may just represent a local phenomenon, it appears that K1 has an
ordinary lignite, while its marl and the overlying lignite of K2 are merged into an alterna-
tion of thin layers of lignite and marl. Despite the lack of lateral continuity, it is remarkable
that the pattern of these two cycles followed by a long series of regular cycles fits very well
with the insolation pattern near the 400 kyr eccentricity minimum at 5.22 Ma. Cycles K1
and K2 are thus correlated to i-cycle 499/498 and 497/496 respectively, and the overlying
cycles K3-14 to insolation peaks 495-472. The only inconsistency is cycle Kg, which has,
despite the regular overall thickness, a relatively thin and less pronounced lignite, overlain
by a thicker marl. The transition between the lignite and the marl is gradual, and an erro-
neous position of this boundary may explain the different thickness ratio. It remains con-
spicuous, however, that in our correlation this less pronounced lignite K9 corresponds to
the highest amplitude insolation minimum between 4 and 5§ Ma (i-cycle 483), especially
since this cycle is not prominent in the Rossello composite section (Rc 13).

The lignite phases of cycles K15 and 18 contain many thin marl beds, while K17 does not
even have a lignitic interval. The thickness of the combined marl bed of K16-17 led to the
interpretation of K17 as a separate cycle. The less pronounced or absent lignites in this
interval are correlated to the low amplitude insolation minima connected with the eccen-
tricity minimum at 4.9 Ma. Similar considerations for the marl beds (the intercalation of
thin lignite layers throughout the marl of K16-17) lead to correlation to the low amplitude
1-cycles 468-466. Supportive for this correlation are the similarities between the cyclic pat-
terns of the Ptolemais and Rossello sections. The absent beige layers in Rc¢ 19 and double
cycle Rc 21 in the Rossello composite correspond very well to the less pronounced lignite
K15 and absent lignite K17 in Ptolemais.

Tuning of cycles K19-30

With the detailed correlation so far, the reversal horizons corresponding with the upper
Thvera and lower Sidufjall as well as with the upper and lower Cochiti in Ptolemais coin-
cide with those in the Rossello composite section (and thus with the reversals in the APTYS)
within an interval of less than one cycle (or less than 21 kyr) (Table 1). It seems therefore
reasonable to expect the same small difference for the Nunivak reversal horizons, even
despite a possible difference in delayed remanence acquisition. The most remarkable feature
in the Nunivak interval is the very thin or sometimes even absent marl of cycle K27. Either
insolation maximum 436 (with very low amplitude) or 440 (with relatively low amplitude,
caused by the high amplitude of neighbouring maxima 442 and 438) is the best candidate
for correlation to cycle K27. The marl of K25 is also thinner than average, and marl K29
was found to be very thin in Tomea Eksi, but average in Komanos and in a (not published)
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outcrop near the Vorio field. For the equivalent of a high-amplitude insolation maximum
(438 and 442) we expect a marl enhanced in thickness and/or in appearance. Marl K24 has
both, marl K26 is thicker than average, and marl K28 is in some outcrops enhanced, in oth-
ers not. Altogether, the preferred correlation for this interval connects thin or absent marl
K27 to the lowest-amplitude maximum 436, which means that enhanced marls K24 and
K26 are correlated to high-amplitude maxima 442 and 438 respectively, and marls K25 and
K29 to i-cycles 440 and 432 respectively. The correlation is extended straigthforwardly
downwards to cycle K21 and upwards to K3o.

For the interval K19-20, the correlation with the insolation time series is not unambiguous,
because there is no distinct or typical cyclic pattern, and the connection with underlying
cycles 1s disturbed by the inferred hiatus. While cycle K19 appears to be a regular cycle, K20
has a thick heterogeneous marl phase and might be composed of two or even three cycles.
We estimated earlier that the hiatus probably represents three cycles. Exactly three insola-
tion cycles above the insolation maximum (i-cycle 464) correlated to the uppermost marl
below the hiatus, K18, a prominent, normal-amplitude insolation cycle is present (i-cycles
457-456). We correlate K19 to this cycle. That leaves three cycles for K2o, of which the
upper- (450) and lowermost (454) maxima and the lowermost minimum (455) have
reduced amplitude. For reasons of consistency cycle K20 is thus divided into three cycles (a,
b and ¢), and correlated to the three insolation cycles. Considering the appearance of this
interval in the Rossello composite (Figure sa), where i-cycle 454 lacks expression, we sug-
gest that the marl of K20a might be absent, and that the increased number of thin lignite
layers just below the top of the thick marl phase of K20 marks lignite K2oc.

Tuning of cycles T1-6

The Theodoxus member is now confined to the insolation peaks between i-cycles 429 and
420. As mentioned earlier, the bed thickness 1s laterally variable; a metres thick marl layer
can disappear over a distance of only 100 m. The only constant beds are thin lignite T2,
thick lignites T1 and T3 and the two ash layers in cycles T4 and T'5. The extraordinarily
thick lignite of T3 is correlated to the relatively high-amplitude minimum 425. T1 and T2
are thus necessarily correlated to the double insolation maximum 426-428 and the upper
part of the Theodoxus member should correspond to the remaining two and a half insola-
tion cycles. This upper part, however, was interpreted as three and a half lithological cycles
(marl phase of T3 and T4-6), but the cyclic pattern is difficult to recognise in this particular
interval. In the Rossello composite, the beige layer (Rc 40) corresponding to the extra
thick lignite T3 is very thick, while the beige below (Rc 39) is absent. The number of
cycles in the Rossello-equivalent of cycles T3-6 corresponds to the number of insolation
peaks, although these (double) cycles are again difficult to recognise.

Alternative correlation of cycles K19-T6

To explore the discrepancy between the number of insolation peaks and the apparent num-
ber of lithological cycles in the Theodoxus member, an alternative correlation has been
examined (Figure 6). In this alternative correlation, all lithological cycles between K19 and
T6 are correlated to two insolation cycles older than in the previously discussed correlation.
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Figure 6. Alternative correlation in the interval 4.6-4.4 Ma. The tuning of cycles to insolation is only slightly less
consistent than in the preferred correlation, but a major disparity with the Rosello composite is introduced by the
discrepant position of the Nunivak reversal boundaries. See also caption to Figure 5a

The marl of thick cycle T3 is correlated to the double insolation maximum 426-428, intro-
ducing one extra lithological cycle. I-cycle 425 should then represent an enhanced lignite
phase, but it does not. The marls of K29 and K28 (both with varying thickness) are then
correlated to the lowest-amplitude maximum 436 and to the high-amplitude maximum 438
respectively, and the enhanced marl of K24 1s correlated to the relatively low-amplitude i-
cycle 446. When this alternative correlation is extended downwards, assuming that cycle
K20 indeed represents three insolation cycles, it follows that the hiatus between K18 en K19
is reduced to one (low-amplitude) insolation cycle (463/462). Since, moreover, this insola-
tion cycle could well be incorporated in K19, the hiatus would be eliminated.

In addition to the inconsistencies between the lithological and insolation pattern, the alter-
native correlation makes the Nunivak Subchron significantly too old. This can only be
explained by a two-cycle delayed acquisition of magnetic remanence in this specific interval
in the Rossello composite, which is unlikely considering the consistency of the APTS with
other studies (Shackleton et al., 1995; Wilson, 1993; Renne et al., 1994; Hall and Farrell,
1995; Clement et al., 1997).

Phase relation between lithology and insolation

Lignite was previously argued to correspond to an insolation minimum, with cool sum-
mers, and marl to an insolation maximum, with warm summers. This preferred phase rela-
tion is particularly clear in intervals with alternating high- and low-amplitude insolation
peaks, occurring at times of low eccentricity minima. The precession amplitude is then
reduced, resulting in a relatively larger effect of obliquity on insolation. Such interference
patterns are for example observed at ~ 4.45 Ma and 4.53 Ma. In these intervals, relatively
high-amplitude minima and maxima are correlated to the thick lignites of T1 and T3 and to
the thick marls of T1 and T2 respectively, and low-amplitude minima and maxima to the
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thin lignite of T2 and to the thin or absent marl of K27 respectively. No matching litholog-
ical and insolation patterns would be found in this interval if the inverse phase relation were
used. The same holds for cycles K14-17 and N13-16, where some lignite and marl beds are
more prominent or thicker than others and can only be correlated to insolation if the pre-
ferred phase relation is used.

In conclusion, organic material was preserved during periods with cooler summers (insola-
tion minima), whereas marl was preferentially deposited during periods with warmer sum-
mers (insolation maxima). Combined sedimentological observations and gastropod assem-
blages (Steenbrink et al., 1999) and preliminary palynological data (van Hoeve, pers.
comm.) all suggest that lignite corresponds to a reed swamp environment, and marl to a rel-
atively deeper lake. Hence, the lake level was higher at times of increased summer insola-
tion and lower at times of reduced summer insolation, implying that the amount of precip-
itation and related run-oft dominated evaporation in controlling the lake level. This is in
agreement with the inferred precipitation increase in the eastern Mediterranean northern
borderlands during an insolation maximum, i.e. when the Earth resided in perihelion dur-
ing boreal summer (Rossignol-Strick, 1987; Rohling and Hilgen, 1991). A similar humidi-
ty-temperature relation was found for marine environments in the Mediterranean during
the Pliocene (de Visser et al., 1989; van Os et al., 1994; Tzedakis, 1993).

Eccentricity

The influence of precession on the lithology 1s evident in the Ptolemais sequence, but an
expression of 1oo-kyr eccentricity is only found in the typical clustering of the uppermost
ten cycles of the Notio member. A few other 1oo-kyr minima can be recognised as cycles
with anomalous thickness and/or expression fitting the insolation curve (caused by the
increased relative importance of obliquity). Expression of the 100-kyr cycles is especially
lacking within the 4o0o0-kyr maxima around 5.05 and 4.6 Ma. In these intervals, the eccen-
tricity time series shows little variation and/or relatively high minima (Figure sa), caused by
a ~2 Myr-eccentricity cycle with a minimum at ~ 4.65 Ma.

The most pronounced 400 kyr minima in the Rossello composite section are found around
5.25 and 4.4 Ma. The very same intervals have an unusual lithology in Ptolemais: beige
marls around 4.4 Ma and the lacustrine marls of the Lower Formation around 5.25 Ma. The
Lower Formation marls, however, continue further downwards and are still found well
below the 400-kyr eccentricity minimum, so, in addition to astronomically forced climate,
other factors must have influenced the long-term changes in lithology.

Lower Thvera discrepancy

The polarity reversal horizons in Ptolemais typically deviate less than one i-cycle (i.e. less
than half a lithological cycle) from the APTS, except for the lower Thvera, which differs
three i-cycles, i.e. 1'/, lithological cycle (Table 1). Its position could be determined from
the Tomea Eksi section as well as from the Komanos section. Although in the latter section
the cyclic pattern was unclear below cycle K4, the reversal was recorded just above the vol-
canic ash layer dividing cycles K1 and 2, and well below the ash layer in lignite K3, thus
confining the position to K2.

37



Chapter 1

Since the Ptolemais age of the reversal is too young compared to the APTS, delayed acqui-
sition in Ptolemais cannot explain the discrepancy. Therefore, we argue that the position of
the lower Thvera in the Rossello composite might be too old. A close look at the results of
van Hoof and Langereis (1992) from their detailed lower Thvera record in the Rossello
composite, reveals that their two uppermost samples are reversed, indicating that the actual
reversal horizon could be located higher in the stratigraphy than they interpreted.

Conclusions

A reliable magnetostratigraphy of the lacustrine deposits of Ptolemais has been established.
Despite the occurrence of delayed acquisition of magnetic remanence, the difference in the
positions of the reversal horizons between Ptolemais and the APTS/Rossello composite is
less than half a lithological cycle (~10 kyr), except for the lower Thvera. The resulting time
frame proves that astronomical forcing of climate determines the continental lacustrine
environment, in particular through the influence of climatic precession.

The most important result of this study is the unprecedented accuracy of the correlation of
continental (i.c. lacustrine) sequences to the marine realm through tuning to the insolation
time series, a correlation we consider reliable on a bed-to-bed scale. Typical patterns co-
occur in the same cycles and in the same climatic phases in both the continental and marine
records, implying that the argued phase relation is correct, 1.e. that lignites were deposited
in dryer periods with cooler summers, and marls in more humid periods with warmer sum-
mers.

Thus, the results provide a highly accurate time frame, which will enable detailed and com-
parative palacoclimate studies in both marine and continental environments.
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Sedimentary cycles and volcanic ash beds in
the lower Pliocene lacustrine succession of
Ptolemais (NW Greece): Discrepancy between

4°Ar/39Ar and astronomical ages

Abstract

A high-resolution cyclostratigraphy for the rhythmically bedded lignite-marl sequences of the lower
Pliocene Ptolemais Formation is combined with 4°Ar/39Ar dating results of intercalated volcanic ash beds.
Detailed field reconnaissance in three open-pit lignite mines reveals three end-member sediment types: lig-
nites, composed primarily of organic material; grey marls, a mixture of carbonate and organic material; and
beige marls, almost exclusively composed of carbonate. These lithologies are arranged in two basic types of
sedimentary cycles: lignite-grey marl and lignite-beige marl cycles. A cyclostratigraphic composite section
comprising 56 lignite-marl cycles is constructed which combines the consistent cycle patterns from three
parallel sections. The concordant positions of 20 volcanic ash beds in these sections confirm the cyclostrati-
graphic correlations and indicate that the lignite-marl cycles result from regional, basin-wide forcing rather
than lateral facies migrations.

49Ar/39Ar ages on sanidine and biotite separates from nine volcanic ash beds were obtained by multiple total
fusion and incremental heating experiments. The 4°Ar/39Ar ages range between 5.00 £ 0.05 and 4.04 £
0.04 Ma and are, in general, consistent with the stratigraphic order. A least square linear regression using the
measured “°Ar/39Ar ages gives an average duration of 21.8 & 0.8 kyr per lignite-marl cycle. Evidently, the
lignite-marl cycles in the Ptolemais Formation are linked to the precessional variation in the Earth's orbit
through its influence on Mediterranean climate. For the first time, 4°Ar/39Ar dating results, totally indepen-
dent from any other dating and or tuning technique, confirm the astronomical theory of climate change.
The 4°Ar/39Ar ages of the volcanic ash beds show a constant ~200 kyr (~4.5%) age discrepancy with the
astronomical ages of the same ash beds. This inconsistency remains difficult to explain. The discrepancy is
unlikely to have resulted from erroneous astronomical ages, through incorrectness in the astronomical tun-
ing, inaccuracies of the magnetostratigraphic data or the orbital time-series used, and/or errors in the
APTS. The 4°Ar/39Ar dating results neither give clear indications for a possible source of error. From the
excellent data set it is evident that neither loss of radiogenic 4°Ar, nor an underestimation of the contribu-
tion of Ca- and K-derived Ar isotopes could have caused the discrepancy. Moreover, the discrepancy is also
beyond the errors in the systematic variables, like the decay constants of 4°K or the ages for the neutron flu-

ence monitors.
This chapter is published as: Steenbrink, J., van Vugt, N., Hilgen, F.J., Wijbrans, J.R. and Meulenkamp, J.E.,

1999. Cyclostratigraphy and #° Ar/39 Ar dating of lower Pliocene lacustrine sequences of the Ptolemais Basin, NV
Greece, Palaeogeography, Palaeoclimatology, Palaeoecology 152, 283-303.
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Introduction

It has long been realised that marine sedimentary cycles may reflect climate oscillations
that are controlled by the Earth's orbital cycles (Gilbert, 1895; Barrell, 1917). During the
last decades, deep-sea oxygen isotope records fully confirmed that Pleistocene glacial
cycles are driven by orbitally controlled variations in the solar radiation reaching the
earth surface (Emiliani, 1955; Shackleton and Opdyke, 1973; Hays et al., 1976; Imbrie
et al., 1984). More recently, the astronomical forcing and geochronological application
of Milankovitch-type sedimentary cycles in deep marine Pliocene and Miocene records
in the Mediterranean have been explored in detail (Hilgen, 1991; Krijgsman et al., 1995;
Lourens et al., 1996). The tuning of such astronomically induced sedimentary sequences
to computed time series of past variations in the Earth's orbit (or to derived target
curves, e.g. insolation or ice sheet volume) has led to the construction of an astronomi-
cally calibrated polarity time scale (APTS) for the marine record which has been
extended back to 12 million years (Hilgen et al., 199s5; Krijgsman et al., 1995;
Shackleton et al., 1995).

Orbital influences are not restricted to open marine systems, but are found in all types of
sedimentary environments, including lacustrine successions (Bradley, 1929; Van
Houten, 1964; Fischer, 1980; Anderson, 1982). Ideally, sections with a continuous
cyclic pattern and good time control are used in studying the role of orbital forcing.
Cyclostratigraphic studies on lacustrine sediments are hampered by a large degree of lat-
eral variability, the scarcity of long continuous outcrops and the general lack of direct
and precise time control. Yet, the complete and almost undisturbed lacustrine sequences
of the lower Pliocene Ptolemais Formation in the intermontane Ptolemais Basin (IN'W
Greece) are an exception. These successions are excellently exposed in open-pit lignite
mines and show an often prominent alternation of lignite-marl cycles. Intercalated vol-
canic ash beds throughout the entire Ptolemais Formation serve as important time
marker horizons for stratigraphic correlations. 4°Ar/3°Ar dating of these volcanic ash
beds provides significant time calibration points for the record and concomitant magne-
tostratigraphic studies (Van Vugt et al., 1998) give accurate time control as well.

In this paper, the cyclostratigraphic properties of the Ptolemais Formation will be dis-
cussed along with 4°Ar/39Ar dating results on nine intercalated volcanic ash beds. The
49Ar/39Ar ages will be compared with astronomical ages for the same volcanic ash beds.
The former ages are based on the radioactive decay of 4°K. The latter ages were inde-
pendently obtained by magnetostratigraphic calibration to the APTS and subsequent
correlation of the sedimentary cycles to computed astronomical target curves by Van
Vugt et al. (1998). Their paleomagnetic data, combined with the cyclostratigraphic
framework and 4°Ar/39Ar dating results presented in this paper, provide the necessary
high-resolution time frame for further paleoclimate and paleoenvironment studies on
the Ptolemais area.
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Geological setting and stratigraphy

The elongated intermontane Ptolemais Basin 1s part of a NN'W-SSE trending graben
system that extends over a distance of 250 km from Bitola in the Former Yugoslavian
Republic of Macedonia (F.Y.R.O.M.) to the village of Servia, south-east of Ptolemais,
Greece (Fig. 1). The depression is filled with a s00-600 m thick succession of upper
Miocene to lower Pleistocene, predominantly lacustrine sediments with intercalated lig-
nite seams and fluvial deposits, schematically indicated in Fig. 1.

The basin is bounded by two fault systems, which can be related to two extensional
episodes (Pavlides and Mountrakis, 1986; Mercier et al., 1989). The first, Late Miocene
episode resulted in the origin of the basin in response to NE-SW extension. The sec-
ond, Pleistocene episode of NW-SE extension resulted in the development of a
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Figure 1: Left: Simplified geological map of the Ptolemais Basin in NW Greece showing the location of the Vorio
(V), Komanos (K) and Tomea Eksi (T) sections (modified after Papakonstantinou, 1979). Right: Generalised stratig-
raphy of the Neogene sedimentary sequence in the Ptolemais area. Lithology slightly modified after
Anastopoulos & Koukouzas (1972); Formations and members after Ehlers (1960); MN and MNQ (micro-mammal)
zones from Van de Weerd (1979), Koufos and Pavlides (1988).
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sequence of sub-basins. Currently, the basin is situated about 700 metres above sea level.
The depression is surrounded by the mountain-ranges of Vermio (2052 m) to the east
and Askio (2111 m) to the west, which are mainly composed of Palacozoic schists and
Mesozoic limestones (Brunn, 1956; Kaouras, 1989) (Fig. 1).

Following previous investigations (Ehlers, 1960; Anastopoulos and Koukouzas, 1972)
three basin-wide lithostratigraphic units can be recognised in stratigraphic order: the
Lower Formation, the Ptolemais Formation and the Upper Formation (Fig. 1). The
Lower Formation is approximately 300 metres thick and unconformably overlies the
pre-Neogene basement. Information is mainly derived from drillings. It is predominant-
ly composed of lacustrine (sometimes diatomaceous) marls with some prominent inter-
calated lignite seams. Plant remains from the middle part of the Lower Formation point
to a late Miocene age (Gregor and Velitzelos, 1995).

The next higher Ptolemais Formation, with a thickness of approximately 110 metres,
has been subdivided into the Kyrio, Theodoxus and Notio members (Fig. 1). The low-
ermost Kyrio member consists of rhythmic alternations of lignite and grey marl beds
(Fig. 2a). These alternations pass laterally into a succession predominantly composed of’
lignite with only minor intercalations of marls and/or sand lenses. The base of the Kyrio
member reflects the onset of Pliocene lignite accumulation in the Ptolemais Basin. The
first abundant occurrence of the characteristic freshwater gastropod Theodoxus mace-
donicus defines the base of the next-higher unit. The middle Theodoxus member
includes two predominantly beige-coloured marl intervals, separated by a prominent
lignite bed (Fig. 2b). The distinctive change in colour from beige to grey marls marks
the transition towards the next-higher unit. This uppermost unit, the Notio member, is
composed of lignite-grey marl rhythmites (Fig. 2¢). In the upper part of this unit, the
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Figure 2: a) (previous page) Komanos open pit mine. Lignite-grey marl cycles K5 to K11 of the Kyrio member.
Arrows denote positions of the volcanic ash beds in cycles K5, K7 - the so-called layer 9 (Van de Weerd, 1983) -,
K10 and K11. b) Vorio open pit mine. Lignite-beige marl cycles T3 to T6 of the Theodoxus member, and lignite-
grey marl cycles N1 (poorly developed) and N2 from the Notio member. Arrows denote positions of the volcanic
ash beds in cycles T4, T5 and N2. c¢) Tomea Eksi open pit mine. Lignite-beige marl cycles T5 and T6 of the
Theodoxus member, and lignite-grey marl cycles N1 to N4 of the Notio member. Arrows denote positions of the
volcanic ash beds in cycles T5, N2 and N3.
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lignite-grey marl rhythmites pass laterally into banded xylite. Pollen, mollusc and
micro-mammal studies indicate an early Pliocene age for the Ptolemais Formation
(Vetoulis, 1957; Gramann, 1960; Van de Weerd, 1979).

The Upper Formation unconformably overlies the Ptolemais Formation; it consists of
up to 200 metres of fluvio-lacustrine marls with intercalated clay, sand and conglomer-
ate beds (Fig. 1). The succession includes a vertebrate fauna of Pleistocene age
(Velitzelos and Schneider, 1973; Koufos and Pavlides, 1988).

In this contribution, we will only consider the cyclostratigraphy and 4°Ar/39Ar dating
results for the Ptolemais Formation. In a forthcoming paper, we will discuss the strati-
graphic framework for the Lower Formation.

Sediment types and cyclostratigraphy

Ideally, continuous cyclic successions are used in studying the role of orbital forcing.
Such ideal conditions do not exist everywhere in the Ptolemais record. The sediments
show a considerable degree of lateral variability. Moreover, in some parts of the
sequence, the occurrence of fossiliferous lenses and discontinuous channel fills may
reflect periods of erosion and non-deposition. Both the lateral variability and local pres-
ence of minor gaps in the sedimentary record hamper a straightforward interpretation of
the succession in terms of sedimentary cycles.

Detailed field reconnaissance in three open-pit lignite mines (Fig. 1) reveals that the
successions in each open-pit contain both intervals in which the cyclic alternations of
lignites and marls is very prominent, and intervals where indications for cyclic sedimen-
tation are less obvious or even absent. We logged representative sections in the three
open-pits, focusing on the rhythmic lignite-marl patterns. Through careful comparison
of outcrops all over the mining area, local features could be separated from consistent
(i.e. laterally continuous) patterns. The results will be discussed below. Firstly, the sedi-
mentological characteristics of the three main sediment types constituting the rhythmic
alternations - lignite, grey marl and beige marl -will be considered. Secondly, the two
basic types of sedimentary cycles, i.e. lignite-grey marl and lignite-beige marl cycles,
will be dealt with. Finally, the cyclic patterns of alternating lignite and marl beds are dis-
cussed for each stratigraphic unit, thus providing the basis for a cyclostratigraphic com-
posite section showing an ‘ideal’ succession of cycles for the Ptolemais Basin.

End-member sediment types

The Ptolemais Formation contains two major sediment types: dark-coloured lignites
and light-coloured marls. Considering colour, composition and fossil content, grey and
beige marls can further be distinguished. For this study, the terminology of Bates and
Jackson (1987) 1s used, defining marl as a soft, earthy material, largely composed of car-
bonate precipitated in freshwater lakes and ponds. The three sediment types - lignite,
grey marl and beige marl - are so-called end-members; i.e. they form the primary com-
ponents of a variety of lithologies. One of the general characteristics of the three sedi-
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ment types is the low concentration of non-combustible material such as terrigenous
clastics or siliceous microfossils (diatoms). In contrast, organic and carbonate compo-
nents together constitute generally more than 95% by weight. Of primary interest in
this study are the rhythmic alternations of lignite and marl beds in the Ptolemais
Formation. Therefore, only the sedimentological properties of these sediment types will
be discussed in the following section.

Lignites. The lignites of the Ptolemais Formation are primarily composed of fine-
grained organic material. Larger fragments of fossil plant tissue (mainly reed and root
remains) are common, wood remains are rare. Both massive lignites without macro-
scopic structure and finely bedded lignites occur. The lignite beds contain fossiliferous
levels mostly in lags with small mammal associations, fish remains, freshwater pelecy-
pods and gastropods. The total organic matter content is around 90%. As a rule individ-
ual lignite beds of lignite-marl cycles are some dm to 2 m thick (Figs. 2a, ¢ and 3). Thin
(cm-scale) lignite layers are present within most marl beds.

The extensive character of the lignite beds, their composition as well as the faunal con-
tent of the associated strata suggest formation in a reed swamp environment. Van de
Weerd (1983) came to the same interpretation based on palynological studies. This is in
accordance with the classification of the lignites as huminite-rich brown coals by
Cameron et al. (1984) and Kaouras (1989).

Grey marls. The grey marls represent a mixture of predominantly homogeneous car-
bonate and organic plant debris. Bioturbation, chiefly by roots, is pervasive. The rich
biota is dominated by shallow-water lacustrine gastropods (e.g. Planorbis planorbis,
Valvata cristata and Lymnea stagnalis) and ostracods, and furthermore characterised by the
near-absence of aquatic macrophytes. Seeds of typical reed plants are abundant. The
samples contain up to 30% of organic matter and between 70 and 95% of carbonate by
weight. Individual grey marl beds, often with thin lignite interbeds, are up to 2 m thick,
and can generally be traced from one section to another. Such beds are only found in
the Kyrio and Notio members (Figs. 2a, ¢ and 3).

The lateral extent, composition and gastropod assemblages of the grey marl beds point
to deposition in a flat marginal, shallow lacustrine environment with abundant plant
growth. This is also indicated by the intense bioturbation and general absence of aquat-
ic macrophytes, which prefer more open lacustrine conditions (Dean and Fouch, 1983).
Beige marls. The beige marls contain as much as 95% carbonate and only a few percent
of organic matter. Calcite is the predominant carbonate mineral. The organic fraction is
dominated by aquatic plant fragments. The biota is dominated by lacustrine bottom-
dwelling gastropods (e.g. Theodoxus macedonicus and Valvata hellenica) and stem encrusta-
tions of the chlorophyte Chara. Root imprints are generally absent. Individual beige
marl beds have a thickness between 0.2 and 2 metres, showing large lateral thickness
variations both within and between the open-pit mines studied. The beige marl beds
are mainly found in the Theodoxus member (Figs. 2b and 3).

The gastropods Theodoxus macedonicus and Valvata hellenica prefer open lacustrine condi-
tions devoid of bottom vegetation (Gramann, 1960). The chlorophyte Chara thrives in
littoral lacustrine conditions, with a lower limit of deposition normally between four
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Figure 3: Lithostratigraphy and cyclostratigraphy of the Vorio, Komanos and Tomea Eksi sections. In the lithologi-
cal column, black (grey) intended beds denote lignite (marly equivalent of lignite) beds, grey (white) protruding
beds denote grey (beige) marl beds, thin extra protruding layers denote volcanic ash beds and dark grey indented
layers in the basal part of Vorio denote sand lenses. Dashed lines correlate individual ash beds. The sedimentary
cycles have been numbered from base to top for each member where ‘K’ refers to the Kyrio member (cycles K1-
30), ‘T’ to the Theodoxus member (cycles T1-6) and ‘N’ to the Notio member (cycles N1-20).
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and six metres below lake level (Dean and Fouch, 1983). The absence of lamination
suggests shallow, oxygenated conditions. Comparison with recent analogues (Murphy
and Wilkinson, 1980) leads us to suggest that the Ptolemais beige marls were deposited
on the marl bench platform and/or slope. The observed large lateral variability of indi-
vidual beige marl beds is consistent with this interpretation.

Basic types of sedimentary cycles

The occurrence on various scales of alternating dark-coloured lignites and light-
coloured marl beds 1s the most obvious characteristic of the Ptolemais Formation (Figs.
2 and 3). These sedimentary colour couplets represent rhythmic lignite and marl alter-
nations. On a metre scale two basic types of sedimentary cycles can be distinguished:
lignite-grey marl and lignite-beige marl cycles.

Lignite-grey marl cycles. The bipartite lignite-grey marl cycles display black-grey colour
alternations. This type of cycle ranges in thickness from 1.1 to 2.5 m and consists of
some dm to 2 m of black-coloured lignite at the base followed by a grey marl bed, usu-
ally with cm-thick lignite interbeds (Figs. 2a, ¢). Lignite-grey marl cycles are clearly
developed in the Kyrio and Notio members (Fig. 3). The lignite and marl segments of
individual cycles display considerable lateral variations in thickness. For instance, the
cycles in the Notio member of the Tomea Eksi section have considerably thicker lignite
beds than those in the Vorio section (Fig. 3). The grey marl segments of the same cycles
show an opposite trend, that is, thicker in the Vorio section with respect to the Tomea
Eksi section.

Lignite-beige marl cycles. Individual bipartite lignite-beige marl cycles display black or
brown and beige colour alternations and range in thickness from 1.0 to 5.5 m. Such
cycles are most pronounced in the Theodoxus member and consist of a basal black lig-
nite or dark-coloured marl bed topped by a beige marl bed (Figs. 2b and 3). The beige
marl beds display a subtle colour banding. The lignite-beige marl cycles show consider-
able lateral variation between the sections, both in cycle-thickness and in thickness of
individual lignite and beige marl beds (Fig. 3).

Cyclostratigraphic framework

Evidently the cyclicity is not uniform throughout the entire sequence; specific intervals
show quite regular lignite-marl cycles, whereas others are composed of less well devel-
oped cycles. In addition, the type of cyclicity, 1.e. lignite-grey marl or lignite-beige marl
is confined to specific intervals. The cyclostratigraphic details will be presented below in
stratigraphic order for each member, where ‘K’ refers to Kyrio, ‘T’ to Theodoxus and
‘N’ to Notio. The sedimentary cycles have been numbered from base to top for each
member: K1-30 for the Kyrio member, T1-6 for the Theodoxus member and N1-20
for the Notio member (Figs. 2 and 3).

Kyrio member

Considering the expression and lateral consistency of the alternating lignite and marl
beds, the Kyrio member was subdivided into three stratigraphic intervals. The lower
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interval, spanning cycles K1 to K12, consists of clear lignite and marl alternations in at
least one section. The same holds for the upper interval, cycles K23 to K3o. The sedi-
mentary expression of lignite and marl alternations in the middle interval, which con-
tains cycles K13 to K22, is less pronounced in the studied sections.

Cycles K1 to K12. Cycles K1 to K12 are apparent as rhythmic alternations of lignite and
grey marl beds in the Tomea Eksi section (Fig. 3). In the Komanos section, cycles K4 to
K12 show essentially the same cyclic lignite-grey marl alternations (Figs. 2a and 3). The
occurrence and number of volcanic ash layers in both sections in the cycles K2, K3
(three ash beds), K4, Ks (two ash beds), K7, Kro, K11 and K12 confirm the cyclostrati-
graphic correlations, and show that the rhythmic alternations are synchronous.
Additional evidence for the proposed correlation between the two sections is provided
by cycle Ko, which has a poorly developed basal lignite bed in contrast to the other
cycles in this part of the sequence. The general lack of grey marl beds in the Vorio sec-
tion impedes the recognition of individual cycles. However, the unusually thick vol-
canic ash layer in cycle K7 - the so-called layer 9 (Van de Weerd, 1983)- as well as the
consistent presence of additional, particular, mm-thick volcanic ash beds below and
above this ash bed enables a detailed correlation with the corresponding interval of the
pronounced cyclically bedded Komanos and Tomea Eksi sections.

Cycles K13 to Kzz. The cyclostratigraphic interpretation of this interval is not very
straightforward. Only the Komanos section comprises alternating lignite and grey marl
beds. In the Vorio and Tomea Eksi sections the corresponding interval consists of an
extensive, thick lignite seam with only a few, subordinate marl intercalations; abundant
fossiliferous lenses suggest episodes of erosion and/or non-deposition. Even in the
Komanos section, the expression of the sedimentary cyclicity is not very distinct. The
basal lignite layers of cycles K15, 17 and 18 alternate with thin grey marl beds. This
holds in particular for cycle K17, which contains alternating thin lignite and marl layers
extending from marl K16 to lignite K18. The thickness of the combined marl bed of
K16-17 led to the interpretation of K17 as a separate cycle. The interval between K19
and K21 lacks a clear cyclicity. It contains a distinct basal lignite bed, followed by alter-
nating lignite, grey and beige marl beds. The banded interval is approximately three
times thicker than the average cycle thickness. Therefore, it might represent three
cycles (K2oa, b, and c), but the lack of distinct lignite layers hampers an unambiguous
cycle definition for this interval.

Cycles K23 to Kzo0. Cycles K23 to K29 in Komanos and Tomea Eksi are apparent as
rhythmic alternations of lignite and grey marl beds. The expression of the cyclicity is
clearer in Tomea Eksi due to the presence of more prominent basal lignite beds as com-
pared to Komanos. Notable is the fact that the marl segments of cycles K27 and K29 in
Tomea Eksi are very thin or sometimes even absent in contrast to the other cycles
which have a ‘normal’ marl segment. In Komanos the marl segments of cycles K25 and
K27 are thinner than average. Cycle K30 comprises a pronounced beige marl bed. The
general lack of marl beds in the Vorio section prevents a clear recognition of sedimenta-
ry cycles in the corresponding interval of cycles K23 to K3o.
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Theodoxus member

The Theodoxus member consists of two beige marl beds with thin lignite intercalations,
separated by a prominent lignite bed. The lower marl bed is separated in two by a thin
lignite bed and therefore interpreted to comprise two lignite-beige marl cycles, Tt and
T2 (Fig. 3). The upper part of the Theodoxus member includes a banded beige marl
bed with some two to four thin lignite seams. However, the lack of distinct lignite beds
and the great lateral changes in bed-thickness hinder an unambiguous cyclostratigraphic
interpretation for this interval. In the Vorio section, the expression of the cyclicity is
most clear, showing three light-dark alternations (Fig. 2b). Therefore, this upper beige
marl interval 1s interpreted to portray cycles T4, T's and T6 (Fig. 3). The prominent lig-
nite bed in Vorio separating the lower and upper beige marl bed contains a grey marl
bed, which might suggest that it includes an extra cycle. Therefore cycle T3 is num-
bered as T3a and T3b (Fig. 3). The volcanic ash beds in cycles T4 and T's confirm our
cyclostratigraphic correlations, showing that these lignite-marl cycles in the different
sections are synchronous.

Notio member

In view of the expression and lateral continuity of the lignite and marl alternations, the
Notio member was subdivided into two parts. The lower interval, spanning cycles N1
to N10, consists of clear lignite and marl alternations in all three sections. Alternating
lignite and marl beds in the upper interval, spanning cycles N11 to N22, are only found
in the Vorio section.

Cycles N1 to N1o. In all three studied sections, this interval displays a clear rhythmic
alternation of lignite and primarily grey marl beds (Fig. 3). Ten complete lignite-grey
marl cycles are recorded in the Tomea Eksi and Komanos sections. In the Vorio section,
the first cycle (N1) 1s poorly developed or missing. In Vorio and Komanos, the basal lig-
nite beds are generally thinner than in Tomea Eksi. Consequently, the cyclicity is more
distinct in the latter section. Again, the occurrence, position and number of volcanic ash
layers in cycles N2 (two ash beds), N3 (two ash beds), N4, N5 and N6 confirm our cor-
relations between the different sections, and show that the lignite-marl cycles are time-
equivalent. Additional evidence is provided by the relatively thick grey marl bed of
cycle N5 and the lack of a distinct basal lignite bed in cycles Ng and N1o.

Cycles N11 to Nzo. In the Vorio section, ten additional lignite-grey marl cycles have
been recorded. In these cycles, grey marl beds alternate with thin lignite beds. Some
characteristic cycle patterns can be distinguished in addition to the basic cycle repeti-
tion. Cycles with distinct lignite (N11 to N13, and N16) alternate with cycles in which
lignites are weakly developed (N14, N15, and N17 to N19). In the Tomea Eksi section,
lignite predominates above cycle N1o, whereas in the Komanos section grey marl pre-
dominates, which in both cases impedes a further recognition of sedimentary cycles for
this interval.
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Chapter 2

Argon geochronology

We performed both incremental heating and laser total fusion 4°Ar/3°Ar dating on the
Ptolemais volcanic ashes complementing our cyclostratigraphic study. Nine ash beds
were analysed, three from each stratigraphic member (Fig. 3). Isotopic dating focused
on the sanidine populations of these ash beds, because of the generally good preserva-
tion and high K-content of the individual crystals. In general, the biotite crystals have
been partially altered to chlorite and are therefore less suitable for dating. The only
exception is the ash bed in cycle T's in the Theodoxus member, which contains fresh
and unaltered biotite crystals. Because of their continuity and uniform thickness, the ash
beds are interpreted as primary fall-outs, with only limited post-depositional transport.
All but one appear as a few-mm to three-cm thick partings. Ash bed K7 - the so-called
layer 9 (Van de Weerd, 1983) - about 10 m above the base of the Ptolemais Formation,
has a thickness of about 25 cm. Explosive acid volcanic activity is common in the area
from Miocene to Recent, and thought to be related to subduction related magmatism
(Kolios et al., 1980).

Methods

Bulk samples with a weight of ca. 1 kg were washed and sieved to separate the > 125
Mm fraction. An optimum sieve fraction between 125 Im and soo hm was selected for
further separation. Mineral separates of sanidine and biotite were concentrated by stan-
dard heavy liquid and magnetic separation techniques, and finally by hand-picking the
clear (fresh) phenocrysts under a binocular microscope. Sample purity and mineralogy
of the sanidine separates was assessed by non-destructive X-ray fluorescence (XRF)
analyses on the actual separates. The K/Ca ratios for all separates were ~10, which is
indicative for the K-feldspar sanidine.

4°Ar/39Ar analyses were performed in 1996 and 1997 (irradiation runs VU16 and VU21)
on the argon laser-probe facility (VULKAAN) at the Free University in Amsterdam, the
Netherlands. A detailed description of techniques is given by Wijbrans et al. (1995).
Approximately s0-mg aliquots of the purified mineral separates were wrapped in Al foil
and loaded in § mm ID quartz reactor vials. Irradiation with fast neutrons was done in
the Oregon State University TRIGA reactor in the cadmium shielded CLICIT facility
for 2 hrs (VU16) and 7 hrs (VU21). To monitor the variation in neutron flux over the
entire length of the irradiation vials, neutron fluence monitors were loaded at the top
and bottom positions of the tube and between each set of four or five unknowns. The
monitor mineral used in VU16 was sanidine DR A from the trachite from Drachenfels,
Germany (Wijbrans et al., 1995). The age used for this standard has been determined by
intercalibration against Taylor Creek Ryolite sanidine (sample TCR 85Goo3 of
Dalrymple et al., 1988). The error-weighted mean age of 48 analyses vs. an age of 27.92
Ma for TCR was 24.99 * 0.14 Ma for DRA (Wijbrans et al., 1995). The age of TCR 1s
relative to a K-Ar age of 162.9 Ma of the primary standard SB-3 biotite (Lanphere,
1990). VU21 was monitored with DRA, TCR and FCT sanidines. An internally con-
sistent J-curve was calculated from multiple analyses, using and age of 27.92 Ma for
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TCR, 24.99 Ma for DRA and 27.62 Ma for FCT. The age of 27.62 Ma for FCT is
based on unpublished, internal calibrations of multiple irradiation runs with TCR and
DRA.

Subsequent to irradiation, the samples were transferred into 2 mm diameter wells in a
copper sample holder for laser fusion, placed in an ultra-high-vacuum extraction line
and preheated to 200 °C for 24 hrs in order to remove undesirable large quantities of
atmospheric argon from the line. The samples were fused using a focused continuous
ion laser beam (max. 18 W), applied for 6o to 9o seconds. After an additional §-min of
clean-up, the isotopes of the purified argon gas were measured using a Mass Analyser
Products LTD 215-50 noble gas mass spectrometer. Beam intensities were measured in
peak jumping mode over the mass range 40-36 on a secondary electron multiplier and
regressed to the height at the time of the inlet. The laser incremental heating experi-
ments consisted of 8 to 14 individual steps, degassing approximately 50 grains. We defo-
cused the laser beam and increased the power of the laser for each subsequent step. In
the laser total fusion experiments, five separate splits of approximately 25 grains were
analysed. Here, we used a focused laser beam.

Each analysis was corrected for mass discrimination and a total system blank at the five
Ar mass positions. System blanks were measured between every five steps. Mass dis-
crimination during this study as monitored by aliquots of air from an on-line air pipette
system was 1.0029 per mass unit for VU16 and 1.0038 for VU21. The total system
blanks for this project were in the range 1.1-6.0 exp-17 moles for m/e=40, 0.4-4.3 exp-
19 moles for m/e=39, 1.1-5.3 exp-19 moles for m/e=38, 1.7-2.5 exp-18 moles for
m/e=37 and 3.3-7.9 exp-19 moles for m/e=36. The neutron fluence parameter ] was
calculated from five to twelve replicate total fusion analyses of 10 to 15 grains of the
monitor standards. J for each point in the quartz tube was determined using a second
order polynomial regression between individual standards, what resulted in best-fit
curves with R? of 0.98 (VU16) and 0.93 (VU21). Reproducibility of each monitor
point along the J curve suggests that errors in the J value are around 0.3%; this error was
propagated into the age calculations for each analysis. MSWD calculations were also
made to test for scatter about the mean. Ages were calculated using the decay constants
of Steiger and Jaeger (1977). All the error assignments throughout this paper are + 20.

Results

The results from the incremental heating experiments are presented in age spectrum
diagrams (Fig. 4). Age plateaux are reported in this study, because the uniformly high
radiogenic Ar yields of individual gas fractions (90-99.9%) generally precluded regres-
sion in 1sotope correlation diagrams. Plateau gas fractions were selected from age spectra
using the criteria of Fleck et al. (1977), whereby a plateau consists of at least three suc-
cessive incremental heating steps, showing consistency within 20 error and carrying
>50% of the total 39Ar gas released. The apparent ages calculated for each step are inter-
nally concordant; all age spectra are essentially flat and satisty the plateau criteria. They
yielded plateaux for 90.3-99.8% of the total released 3°Ar (Table 1), which i1s typical for
thermally undisturbed volcanic sanidine (Duffield and Dalrymple, 1990). Discordant gas
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Figure 4: 40Ar/39Ar laser incremental-heating spectra for sanidine and biotite separates from nine of the
Ptolemais volcanic ash beds. Plateau definitions are as described by Fleck et al. (1977). For the location of the ash
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fractions are limited to initial increments showing high variance and low radiogenic
argon yields. Weighted mean ages based on inverse variances were calculated for the
plateaux, demonstrating that the main part of the Ptolemais Formation spans an interval
from approximately 5.0 to 4.0 Ma (Table 1). The plateau ages are generally consistent
with stratigraphic position. *°Ar/39Ar ages of the volcanic ash beds from the lower
Kyrio member are systematically older than those from the middle Theodoxus member,
while the volcanic ash beds from the upper Notio member have the youngest ages.
Even within the three members, the ages are generally in agreement with the strati-
graphic order. Noteworthy is that the biotite separate of sample SLM3T yielded an
~120 kyr older plateau age than the sanidine separate of the same sample.

All nine sanidine separates were also analysed via single-step total fusion. The results are
summarised in Table 1. From all but three sanidine separates, all individual replicate
analyses are concordant within the error limits of their weighted mean value. Their
apparent 4°Ar/39Ar ages are in excellent agreement with their stratigraphic order. For
sanidine VLM2T, 4 out of 5 total fusion ages are indistinguishable at the 95% confidence
level. The remaining run has a 6o kyr younger apparent age. Sanidine SL5L and SL7L
gave less reliable *°Ar/39Ar dating results. Two individual runs of SLsL gave ~8o kyr
older ages than the weighted mean value. Total fusion experiments on SL7L gave rather
divergent results, with only three concordant analyses out of five after irradiation run
VU16. Of the remaining two runs of SL7L one age was ~80 kyr older, while the other
was ~540 kyr older. Analogous to the first experiment, individual analyses for SL7L after
irradiation run VU2t showed considerable scatter around the mean with ages ranging
between 4.989 and §.119 Ma and a MSWD value of 16.38 (Table 1).

The volcanic ash bed from cycle T4 yielded two independent age estimates from sam-
ples collected at two localities, SLM2T and VLM2T. Both the single fusion and incre-
mental heating experiments gave “°Ar/39Ar ages, which were not statistically different at
the 95% confidence level. For all samples, single fusion and incremental heating experi-
ments yielded ages that were indistinguishable (Table 1). Moreover, laser total fusion
experiments on sanidine separate SLM2T yielded concordant weighted mean ages after
irradiation runs VU16 and VU21 (Table 1). These experiments altogether have demon-
strated the good reproducibility of the dating experiments.

Discussion and conclusions

Ptolemais composite section

All sections exposed in the Vorio, Tomea Eksi and Komanos open-pit mines contain
both intervals in which rhythmic alternations of lignites and marls are very prominent,
and intervals were indications for rhythmic sedimentation is less obvious or absent. The
uniform presence of volcanic ash beds in these sections confirms the cyclostratigraphic
correlations and indicates that the lignite-marl rhythmites represent regional, basin-wide
sedimentary cycles rather than lateral facies migrations. Intervals without a clear expres-
sion of cyclicity often contain discontinuous fossiliferous levels or sand lenses, indicating
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Table 1: All samples are from the Tomea Eksi section, except VLM2T which is from the Vorio section (see also Fig.
3). Cycle number is from base of the Ptolemais Formation. APTS (astronomical) ages were obtained by linear inter-
polation of the sedimentation rate between astronomically dated calibration points, i.e. the lignite midpoints
(see Van Vugt et al., 1998). 4°Ar/3%Ar ages! are quoted against TCR sanidine of 27.92 Ma (Wijbrans et al., 1995)
and “°Ar/39Ar ages? against TCR sanidine of 28.34 Ma (Renne at al., 1998), both calculated with A = 5.543310710 yr-
1 and 4°K isotopic abundance of 0.01167 % (Steiger and Jaeger, 1977). 4°Ar/3°Ar ages® are quoted against TCR of
28.16 Ma, calculated using the intercalibration coefficients between GA-1550, FCT and TCR of Renne et al. (1998),
the branching coefficients of Endt (1990) and isotopic abundance of 4°K of 0.01167 % (Garner, 1975). 3%Ar(%) is
the percentage of total released 3%Ar used in the plateau age. nl and n2 are the number of increments and single
fusion experiments used for the plateau and total fusion ages, respectively. MSWD is the mean squared weighted
deviation. A is the difference between the APTS and 4°Ar/3°Ar ages. Isotope interference corrections from mea-
surements of CaF, and Fe-doped K-silicate glass were (3Ar/37Ar)., = 0.000264 + 0.0000017; (3°Ar/37Ar)., =
0.000673 + 0.0000037; (“°Ar/3°Ar),. = 0.00086 + 0.00007. Errors are reported at 20 analytical precision. Copies of
the full “°Ar/3%Ar data set are available on the first authors’ request.

a dominance of local (e.g. topography) over regional (e.g. climatically induced) control.
To demonstrate that the lignite-marl cycles in the Ptolemais basin are linked to orbital
variations one must minimise these local effects. Any single section in the studied open-
pit mines does not fulfil this purpose. In contrast to most deep-marine environments,
local control generally plays an important role on facies development in shallow lacus-
trine deposits (Platt and Wright, 1992). Fortunately, the regular and consistent (i.e. lat-
erally continuous) cyclic patterns for a particular stratigraphic interval are always present
in at least one of the sections. The cyclostratigraphic Ptolemais composite section incor-
porates those intervals and thus shows an ‘ideal’ succession of lignite-marl cycles for the
Ptolemais Basin.

Altogether, the Ptolemais composite section reveals 6 sedimentary cycles; 30 cycles in
the Kyrio member (K1-30), 6 cycles in the Theodoxus member (T1-6) and 20 cycles in
the Notio member (N1-20). From the Tomea Eksi section, cycles K1-12, K22-30 and
N1-10 have been incorporated in the composite section. Cycles K13-21 are taken from
the Komanos section. All cycles from the Theodoxus member (T1-6) and the upper 11
cycles from the Notio member (N11-20) in the composite section are selected from the
Vorio section (Fig. s).

Precessional origin of lignite-marl cycles

The positions of the volcanic ash beds are well defined within the cyclostratigraphic
composite section, and hence their 4°Ar/39Ar ages provide the age-control necessary for
calculating the average duration of a lignite-marl cycle. From each of the nine volcanic
ash beds dated, we used both the plateau ages from the incremental heating experiments
and the weighted mean ages from the total fusion experiments. We plotted these versus
the cumulative sedimentary cycle numbers from the base towards the top of the
Ptolemais composite section (Fig. 6). The slope of a linear best-fit line through the data
points equals the average duration of a lignite-marl cycle. A least square linear regres-
sion using all 22 radiometric ages gives an average duration of 21.8 * 0.8 kyr for the
deposition of a lignite-marl cycle. This duration is in excellent agreement with the 21.7
kyr average periodicity of astronomical precession. Evidently, the lignite-marl cycles in
the Ptolemais Formation are linked to the precessional variation in the Earth's orbit
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Ptolemais Astrochronology “Ar/®Ar ages
composite Van Vugt et al., 1998 this study
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Figure 5: Composite section showing the succession of lignite-marl cycles in the Ptolemais Formation. Magnetic
polarity and partial sections are indicated to the left of the sedimentary cycle numbers and stratigraphic mem-
bers. In the polarity column, black (white) indicates normal (reversed) polarity. T, S, N and C indicate the Thvera,
Sidufjall, Nunivak and Cochiti Subchrons, respectively (for details see Van Vugt et al., 1998). Also shown is the

comparison of incremental-heating and total fusion 40Ar/39Ar ages of
ages for the same beds. Astronomical ages were obtained by linear

nine volcanic ash beds with astronomical
interpolation of the sedimentation rate

between astronomically dated calibration points, i.e. the lignite midpoints (Van Vugt et al., 1998). Solid lines,
which connect astronomical and 40Ar/39Ar ages, represent the VU16 sanidine separates. Dashed lines mark the
VU21 sanidine separates, and dotted lines the VU21 biotite and VU10 mixed sanidine/plagioclase separates,

respectively. All errors in the 40Ar/39Ar ages are at 2s analytical precisio
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through its influence on Mediterranean climate. To our knowledge, this is the first time
that 4°Ar/3%Ar dating results - totally independent from any other dating and or tuning
technique - confirm the astronomical theory of climate change.

Independently from our method, an astronomical control on the deposition of the sedi-
mentary cycles has also been suggested by Van Vugt et al. (1998). They correlated the
magnetic polarity sequence of the Ptolemais succession to the Astronomical Polarity Time
Scale (APTS) and found an average duration of the lithological cycles of 21.6 £ 0.5 kyr.

Comparison of Ar/Ar and astronomical ages

The correlation of individual lignite-marl cycles to computed astronomical target curves
by Van Vugt et al. (1998) resulted in astronomical ages for all sedimentary cycles - and
thus for the intercalated volcanic ash layers. These astronomical ages have been obtained
totally independent from our radioisotopic chronology. These two age estimates for the
volcanic ash beds are compared in Table 1 and Fig. 5. It is striking that all 4°Ar/3%Ar
ages are significantly younger than the corresponding astronomical ages. For the sani-
dine separates, the discrepancies between the two ages are close to 200 kyr (~4.5%).
Such an age difference is beyond stated uncertainties, and so the astronomical ages must
either be too old, or the *°Ar/39Ar ages too young (or both). Below, we will evaluate
the possible sources of error in both age estimates.

Ptolemais volcanic ash beds
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Figure 6: Laser incremental-heating and total fusion 40Ar/39Ar ages of Ptolemais volcanic ash beds plotted vs.
their corresponding cumulative sedimentary cycle number from the base of the Ptolemais Formation. Simple lin-
ear regression yields an average period of 21.8 + 0.8 kyr for a lignite-marl cycle, which is in excellent agreement
with the average periodicity of astronomical precession.
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The accuracy in the orbitally tuned chronology depends ultimately on (1) the correct-
ness of the tuning, (2), the accuracy of the magnetostratigraphic data of the sedimentary
succession studied, (3) accuracy of the orbital time-series used, and (4) errors in the
APTS.

The orbitally tuned chronology used the magnetostratigraphy and biostratigraphy of the
Ptolemais composite and the age of the corresponding reversal boundaries in the astro-
nomically dated Rossello composite section (Langereis and Hilgen, 1991) for a first
order calibration; see Van Vugt et al., 1998. Sedimentary cycles in the Rossello section
were calibrated to the summer insolation time series by Lourens et al. (1996), thus pro-
viding astronomical ages for the magnetic reversal boundaries as well. The thus obtained
astronomical ages for the magnetic reversal boundaries served as approximate tie-points
for the astronomical tuning of the sedimentary cycles in the Ptolemais composite.
Subsequent tuning to insolation resulted in astronomical ages for all the sedimentary
cycles in the Ptolemais succession. The tuning shows a good-fit between insolation and
typical sedimentary cycle patterns, like the well developed cycles in the Notio member
or the absence of an apparent cyclicity in the Theodoxus member. Furthermore, the
positions of the reversal boundaries generally appear within the same lithological cycle
as in the APTS/Rossello composite (Van Vugt et al., 1998). Consequently, we consider
the orbital tuned chronology to be accurate within one precession cycle, that is less than
21 kyr, and believe that the discrepancy unlikely originated from incorrectness in the
orbital tuning.

The alternative 1s that the magnetostratigraphy of the Ptolemais succession is subject to
error. The Ptolemais magnetostratigraphy reveals a dominantly reversed polarity with
four normal intervals (Fig. 5). Given its early Pliocene age (Van de Weerd, 1979), these
normal intervals have been correlated to the four normal Subchrons of the Gilbert
Chron; see Van Vugt et al. (1998) for details. A possible source of error might be
delayed acquisition of the magnetic remanence. However, delayed acquisition of the
magnetisation in the Ptolemais sequence cannot explain the discrepancy between
49Ar/39Ar and astronomical ages. This would result in older astronomical ages for the
volcanic ash beds rather than younger ages. Again, support for the correctness of the
magnetostratigraphy comes from the fact that the positions of the reversal horizons gen-
erally appear within the same lithological cycle as in the APTS/Rossello composite
(Van Vugt et al., 1998). Thus, errors in the Ptolemais magnetostratigraphy cannot
explain the age discrepancy.

Inaccuracy of the orbital time series will not result in a 200-kyr difference between the
astronomical and radioisotopic ages at 4 or 5 Ma. Continuing improvements of the
astronomical calculations resulted in a solution that is very accurate for at least the last 3
Ma (Quinn et al., 1991). Because of its complexity, the error in the astronomical solu-
tion is difficult to estimate. It is believed to be less than ~0.03 radians for the Earth’s
longitude and pole position at 3.0 Ma, which is of the order of only a few 100 yr. Thus,
inaccuracy in the orbital solutions can at most generate a negligible error in the astro-
nomical age estimates.

As explained above, Van Vugt et al. (1998) use the astronomical ages of the magnetic
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reversal boundaries in the Rossello section - on which the APTS is based - as approxi-
mate tie-points for the orbital tuning of the sedimentary cycles in Ptolemais. These
astronomical ages were derived from correlation of a detailed record of carbonate cycles
to astronomical time series (Hilgen, 1991; Lourens et al., 1996). Therefore, the discrep-
ancy might be explained by too old astronomical ages for the reversal boundaries in the
Rossello section. This might result from delayed acquisition of magnetisation or by an
incorrect correlation of the sedimentary cycles to the astronomical time series. Both
options seem unlikely. Detailed magnetostratigraphic studies of the Rossello section
(Van Hoof and Langereis, 1991; Langereis and Hilgen, 1991) limit the influence of
delayed acquisition to less than two sedimentary cycles, that is less than 42 kyr.
Independent support for the correlation of the carbonate cycles to the astronomical
time series came from GRAPE density (Shackleton et al., 1990, 1995) and dust flux
(Tiedemann et al., 1994) oscillations in deep-sea records. Further confirmation for the
APTS came from a study by Wilson (1993), who showed that the astrochronology
resulted in a more consistent and steady history of sea floor spreading rates.
Consequently, a systematic error in the age of the reversal boundaries in the Rossello
composite section seems unlikely.

Thus, it is tentatively concluded that the discrepancy between the astronomical and iso-
topic ages for the Ptolemais volcanic ash beds cannot be explained by systematically too
old astronomical ages. In addition to errors in the orbitally tuned chronology, the other
option might be that the 4°Ar/39Ar age estimates are systematically too young. Too
young isotopic ages may result from (1) partial loss of radiogenic 4°Ar, (2) an underesti-
mation of the contribution of Ca- and K-derived Ar isotopes, (3) uncertainties in the
age of the neutron-fluence monitor or primary standards, and/or (4) errors in the values
of the decay constants of 4°K.

Neither loss of radiogenic 4°Ar, nor an underestimation of the contribution of Ca- and
K-derived Ar isotopes are likely causes for the discrepancy. Incremental heating experi-
ments allow for evaluation of the possible influence of radiogenic argon loss. The gen-
erally uniform distribution of the *°Ar/39Ar ratios (Fig. 4) suggests a closed system with
no influence of post-depositional alteration or thermal disturbances (Hess and Lippolt,
1986). The low coalification stage of the lignites (Cameron et al., 1984; Kaouras, 1989)
also argues against possible thermal disturbances. The contribution of neutron produced
Ar isotopes from Ca and K is not a significant source of error in this study either, as
indicated by the uniformly high K/Ca ratios of the dated separates (Table 1).

In addition, too young 4°Ar/3%Ar ages may result from errors in the ages of the (prima-
ry and secondary) standards. 4°Ar/39Ar dating is a relative dating method, i.e. *°Ar/39Ar
ages are quoted relative to primary standards whose ages are determined by the
4K /4°Ar method, or on secondary standards whose ages are based on 4°Ar/3%Ar inter-
calibration with primary standards. Recent intercalibrations of several internationally
used standards have eliminated intercalibration of standards as a significant source of
error in *°Ar/3%Ar dating (Baksi et al., 1996; Renne et al., 1998). Until now however,
the absolute ages of 4°Ar/3°Ar monitor standards remain an unresolved issue. In our age
calibration we have used an age for the monitor standard TCR sanidine of 27.92 Ma,
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quoted relative to a K-Ar age of 162.9 Ma of the primary standard SB-3 biotite
(Lanphere et al., 1990). Baksi et al. (1996) reported an age for TCR sanidine of 28.0
Ma, cited relative to a similar age for SB-3 biotite. Renne et al. (1998) obtained a total
fusion age of 28.34 Ma for TCR, based on 54 isotopic measurements. Their age for
TCR is quoted relative to a 4°Ar/4°K age of 98.79 £ 0.96 Ma for the primary standard
GA-1550. It should be noted that this age is somewhat older than but statistically indis-
tinguishable from the age of 97.9 * 0.9 Ma calculated from the original data of
McDougall and Roksandic (1974). Using the equation of Dalrymple et al. (1993), we
have recalculated our 4°Ar/3%Ar ages with an age of 28.34 * 0.28 Ma for TCR as sug-
gested by Renne et al. (1998). This reduces the 4.5% age discrepancy by ~1.5% (Table
1), to a still significant ~3% discrepancy.

Inaccuracies in the values of the decay constants might also be a source of error for our
4°Ar/39Ar ages. Beckinsale and Gale (1969) summarised the available determinations of
the specific activities for the various decay modes of 4°K. These data were combined
with a new atomic abundance for 4°K (Garner et al., 1975) to calculate the decay con-
stants recommended by Steiger and Jaeger (1977). These calculations gave a total decay
constant A of 4°K of (5.543 & 0.010) X 107'° year, and a half life of (1.250 £ 0.002) X 109
year. We have used these values in our age calculations. It 1s noteworthy that these val-
ues are at odds with values used since 1973 by the nuclear physics and chemistry com-
munities. Endt (1990) cites a half-life of (1.277 £ 0.008) X 109 year for +°K, based on
branching coefficients of 89.33% for B decay and 10.67% for electron capture decay,
and a value of (1.178 £ 0.004) X 107> % for the 4°K abundance. The value for the iso-
topic 4°K abundance was based on measurements done by Nier (1950) and Reuterswird
(19506). It deviates significantly from the generally accepted isotopic abundance value for
49K of (1.167 £ 0.0004) X 107> % as determined by Garner et al. (1975). The latter value,
which was calculated from standards of known composition, prepared by gravimetrical-
ly mixing, is probably more accurate than the ones by Nier (1950) and Reuterswird
(1956), who used older, less accurate techniques. Therefore, we have used the value of
Garner (1975) in our work. We have recalculated the age of GA-1550 of Renne et al.,
(1998), using only the branching coefficients of Endt (1990) and neglecting the isotopic
abundance value for 4°K as reported in Endt (1990). Instead we take the isotopic abun-
dance for 4°K of Garner et al. (1975), the 4°K concentration of Renne et al. (1998) and
the 4°Ar* measurements of McDougall and Roksandic (1974). The age of GA-1550 1s
recalculated to 98.23 Ma. With this value for GA1550 and the intercalibration factors
for GA1sso, FCT and TCR of Renne et al (1998) the age of TCR 1is recalculated to
28.16 Ma. We have again recalculated our own #°Ar/39Ar ages with this value for TCR
(Table 1). This resulted in a reduction of the age discrepancy of ~1% compared to the
original values (Table 1), but still leaving an ~3.5% (140-175 kyr) discrepancy.

The mineral sanidine is generally believed to be the ideal mineral for 4°Ar/39Ar dating,
because of its high K O content and resistance against weathering (McDougall and
Harrison, 1988). Therefore, we have focussed on the sanidine populations in the
49Ar/39Ar experiments. In general, the biotite crystals in the Ptolemais ashes have been
(partially) altered to chlorite, and are, consequently, less suitable for dating. The only
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exception is the ash in cycle T'5 in the Theodoxus member, which contains fresh and
unaltered biotite crystals. For comparison, we have also dated a biotite separate of this
ash (sample SLM3T), which yielded a ~120 kyr older plateau age than the sanidine sep-
arate of the same sample (Table 1, Fig. 5). Therefore, the biotite separate SLM,T result-
ed in an (uncorrected) *°Ar/39Ar age that is in closer agreement with the astronomical
age than the experiment on pure sanidine separates. However, given the fact that from
one ash only biotite and sanidine minerals have both been dated, and considering the
uncertainties in the corrections discussed above, no far reaching consequences can be
drawn from this inconsistency. Moreover, the literature is replete with examples to the
contrary (e.g. Spell and McDougall, 1992; Turrin et al., 1994; Izett and Obradovich,
1994; Smith et al., 1996; Hilgen et al., 1997).

In conclusion, the ~200 kyr age discrepancy between the astronomical and 4°Ar/3%Ar
ages of the volcanic ash beds in the Ptolemais composite remains difficult to explain.
The discrepancy is beyond the errors in both the astronomical and the *°Ar/39Ar ages.
Possible sources of error in the astronomical ages include incorrectness of the tuning,
inaccuracies of the magnetostratigraphic data or the orbital time-series used, and/or
errors in the Rossello section — on which the APTS is based. However, none of these
seems to have significantly contributed to the ~200 kyr discrepancy. The other option is
that the 4°Ar/3%Ar age estimates are systematically too young. From the excellent
4°Ar/39Ar data set it is evident that neither loss of radiogenic *°Ar, nor an underestima-
tion of the contribution of Ca- and K-derived Ar isotopes are significant sources of
error. Moreover, only part of the discrepancy might result from the use of erroneously
young ages for the neutron fluence monitors, and/or incorrect values for the decay
constants of 4°K. Clearly, as noted by Renne et al. (1998), improved determination of
decay constants and absolute ages of monitor standards are necessary to increase the
accuracy of the 4°Ar/3%Ar method. Our ongoing research aims at a more robust inter-
calibration of 4°Ar/3°Ar and astronomical time using astronomically dated volcanic ash
beds in both marine and continental successions.
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Magneto- and cyclostratigraphy and
mammal-fauna’s of the Pleistocene lacustrine

Megalopolis Basin, Peloponnesos, Greece

Abstract

The Pleistocene Megalopolis basin contains lacustrine silt, clay and marl with regularly
intercalated lignite seams. Mammal fauna’s that were collected from four levels indicate
a late Early to Late Biharian age (middle Pleistocene). The magnetostratigraphic study
revealed the Matuyama-Brunhes boundary in the section. Reversal excursions were not
recorded or indistinguishably overprinted by delayed acquisition of magnetic rema-
nence.

The regular pattern of lignite seams is argued to be related to 100 kyr eccentricity, with
the lignite intervals corresponding to eccentricity maxima. Smaller-scale lignite cycles
are correlated to insolation maxima. This interpretation leads to the conclusion that
organic material was preserved during warm and humid periods, while predominantly
detrital material was deposited during relatively cool and dry intervals.

Generally, 8'*0O minima correspond to eccentricity maxima in the Pleistocene.
However, the interglacial oxygen isotope stages 19 and 11, which correspond to very
low-amplitude eccentricity maxima, have a normal amplitude. Interestingly, the pattern
of lignite seams in Megalopolis corresponds much better to the eccentricity curve than
to the 88O record. This suggests that environmental/climatic changes on the
Mediterranean continent are forced by a mechanism different from the on that forces
glaciations as reflected by marine 8'%O records.

This chapter was co-authored by: van Vugt, N., de Bruijn, H., van Kolfschoten, M. and Langereis, C.G.
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Introduction

Sediments are a natural archive for the Earth’s climate. The many studies on
Mediterranean sedimentary sections have provided a wealth of palacoclimatic informa-
tion. A multi-disciplinary research programme on continental-marine correlations in
the Mediterranean aims to study different non-marine Neogene sedimentary environ-
ments. High-resolution time frames for such deposits, established through correlation
with marine reference sections and/or astronomical target curves, are the basis for vari-
ous detailed studies that enhance our understanding of the coupling between astronom-
ical parameters, palacoclimate and palacoenvironment in different realms. Miocene
floodplain and distal alluvial environments from the western Mediterranean are current-
ly being investigated (Abdul Aziz et al., 2000; Krijgsman et al., 1994), as well as a
Pliocene shallow lacustrine carbonate-lignite system from northern Greece (Steenbrink
et al., 1999; van Vugt et al., 1998). A study on much younger (Pleistocene) lacustrine
deposits is presented here.

The lignite-containing lacustrine sediments in the Megalopolis basin have been studied
for geological and mining purposes since 1962 (Liittig and Marinos, 1962; Vinken,
1965). More recently, various studies in the Megalopolis lignite mines have contributed
to the Pleistocene palacoclimate records (Benda et al., 1987; Nickel et al., 1996, among
others). The detailed study by Nickel et al. suggests that lignites were formed during an
interglacial or interstadial, thus hinting at a cyclic origin for the groups of lignite seams.
The present study aims at identifying such a cyclic origin, finding the periodicity and
correlating the cycles to an astronomical solution. Palacontology and magnetostratigra-
phy provide the first-order time control.

Geological background

The intramontane lacustrine Megalopolis Basin is located in the middle of the
Peloponnesos peninsula in southern Greece (Figure 1), at the boundary between
Mesozoic limestones of the Pindos zone and Eocene flysch of the Tripolitza Group
(Vinken, 1965). The eastern margin of the basin is formed by NE-SW trending normal
faults, that have been active since the Late Miocene.

Upper Pliocene lacustrine and fluvial units overly the limestone and flysch basement,
followed by Pleistocene fluviatile conglomerates of the Apiditsa Formation in the west-
ern and central part of the basin (Figure 1). The overlying Choremi Formation, espe-
cially it’s Marathousa Member, with lacustrine clay, silt, lignite, and some sand beds in
the centre of the basin, and fluvial sediments at the margins is of main interest to this
study. Fluvial terraces and braided channel deposits constitute the top of the Pleistocene
basin fill (Vinken, 1965).

Three open pit lignite mines provide large, unweathered exposures of the Marathousa
Member. The lignite has previously been divided into three major coal seams (Lohnert
and Nowak, 1965), divided by clay, silt and sand partings of s-30 m thick. This classifi-
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cation is in close agreement with the cyclic pattern distinguished in the Marathousa
member (see below). Based on this cyclic interpretation, we prefer to arrange the lignite
seams into four groups: I-IV (Figure 2), of which groups III and IV belong to Lohnert’s
uppermost (Panagiatis) group.

The lignite layers exposed in the mines are thickest in the western part of the mines and
wedge out towards the east, as opposed to the detrital layers, that are thickest in the east
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Figure 1: Geological sketch map of the Megalopolis basin and stratigraphic column of the basin fill (not to scale).
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and become thinner towards the west. This 1s in accordance with the half-graben con-
figuration of the basin, with major subsidence along the steep faults in the east, provid-
ing accommodation space for the abundant detrital sediment from the steep relief.
Along the western margin, where subsidence was moderate, the lake bottom dipped
gently, enabling swamps to accumulate organic material for prolonged periods of time.
The northernmost mine, the Kiparissia field, is closest to the western margin of the
basin. Here, the Marathousa Member is represented by a single massive lignite without
detrital interbeds.

Marathousas section Choremiou section S

vertical scale in m

horizontal scale in km
o 00 0.5 1.0 1.5

20 *

Figure 2: Schematic cross section through the Megalopolis basin. Roman numerals indicate the major coal seams,
arrows indicate the positions of the two samples sections.

Vertebrate remains from the Marathousa Member

The occurrence of mammalian fossils in deposits exposed in the Megalopolis Basin has
been mentioned in several papers published in the 19™ century or in the first half of the
20" century. Melentis described the Pleistocene larger mammal remains excavated from
six different localities near the village of Megalopolis in a series of papers (1961; 1963a;
1963b; 1965a; 1965b; 1965¢; 1965d; 1965¢). The fossils came from six fossiliferous hori-
zons ranging in age from the Early to the Late Pleistocene (Melentis, 1961). The strati-
graphical position of these finds is not clear and the faunal data can therefore not be
used to date the deposits (Vinken, 1965). In 1962 and 1963 a team of German geologists
collected mammal fossils from the Marathousa Beds during a detailed geological survey
of the Megalopolis Basin. The faunal remains were described by Sickenberg (1975) who
identified eleven species of larger mammals (carnivores, Mammuthus meridionalis,
Hippopotamus antiquus, four different cervids including Praemegaceros verticornis, a water
buffalo, a horse and Stephanorhinus etruscus). He referred the fauna to the Early
Biharian. A remarkable specimen in the fossil assemblage from the Marathousa Member
is an upper M3 of a hominid. The oldest evidence for the presence of hominids in
Europe, according to Sickenberg (1975).

Sickenberg’s opinion about the stratigraphical position of the Marathousa Member was
modified by Benda et al. (1987), who assumed a late Villanyian age for the lower lignite
bed exposed in the Thoknia open cast lignite mine, on the basis of its smaller mammals.
In the early eighties, de Bruijn and van der Meulen took samples from four levels in the
same mine (Thoknia 1-4), all these yielded an unpublished, small collection of fossil
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CHO1l [ CHO2 | CHO3| CHO4
Pisces (Cyprinidae) X X X X
Aves indet. 4 1
Amphibia:
Rana (ridibunda) sp. 11 42 11
Reptilia:
Emys orbicularis 3 9 5
cf. Coronella austriaca 1
Elaphecf. E. longissima 1
Natrixsp. 47 94 40
Natrix natrix 2 2
Vipera berusgroup 1
Mammalia:
Soricidae indet. 1 1
Castor fiber 1 12 1
Sciuruscf. Vulgaris 1
Pliomys aff. episcopalis 4
Mimomys aff. savini 30 30 43 36
Mimomys sp. 1 1
Apodemus cf. sylvaticus 1
Apodemus sp. 15
Mus cf. spretus 39
Mus sp. 1
Muridae gen. et p. indet. 1
Mustelidae indet. 1 1
Hippopotamus sp. 1
Cervidae indet. 3 1

Table 1: List of taxa represented in the levels CHO 1, 2, 3 and 4 and the number of specimens. Please note that the
fauna CHO 1 has not yet been investigated for the presence of amphibians and reptiles.

vertebrates. The Marathousa Member was sampled again for mammalian remains in the
Choremiou section in 1995 by Doukas, Theocharopoulos and de Bruijn to contribute
to the discussion on the stratigraphical position. Six hundred kg of matrix was screen
washed from four different levels with mammalian remains; the two lowermost faunas
(CHO 1 and CHO 2) come from lignite I, CHO 3 from the base of lignite I and CHO
4 from lignite III (Figure 6). The samples are rich in both botanical and faunal remains;
mammalian fossils are, however, not very abundant. The identified specimens from the
four levels are listed in Tabler.

Fish remains such as pharyngeal teeth of carp-like fish (Cyprinidae) are numerous in the
four different levels. The bird remains (referred to as Aves indet.) represent various
species which clearly differ in size. Frogs, turtles and snakes are most abundant among
the herpetofauna of CHO 2, 3 and 4 (Holman & Van Kolfschoten, in prep.).
Insectivore remains are rare; in the assemblage CHO 1 there is only the labial part of an
upper P4 dext. and in CHO 4 a lower m2 dext. Both specimens closely resemble the
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corresponding elements of the living Crocidura suaveolens. The beaver teeth from
Choremi are rather small in comparison to the living north European Castor fiber, but
hardly differ from those from the Middle Pleistocene of Mauer (Germany) (Mai, 1979).

Voles

There are three different voles represented in the Choremi faunas. Pliomys aff. episco-
palis, characterized by rooted, high crowned molars and by the absence of crown-
cementum in the re-entrant angles occurs only in fauna CHO 3. The occlusal pattern of
the Pliomys molars (Plate 1: Figure 1a) as well as the height of the enamel free areas
(Plate 1: Figure 1b) resembles that of Pliomys episcopalis. The molars are, however, larger
than the type material from Betfia (length m1 from CHO 3 3.04 — 3.15, length of m1
from Betfia + 2.8 mm.). Other Pliomys species such as Pl. simplicior and Pl. hollitzeri are
smaller. The large size of the molars from CHO 3 assigned to Pliomys aff. episcopalis may
be an endemic feature.

A large vole characterized by high-crowned molars with roots and crown-cementum in
the salient angles is the most abundant vole in all four assemblages. The upper M3 and
the lower m1 do not show the presence of a Mimomys islet; one molar shows the pres-
ence of a Mimomys ridge (which disappears towards the base of the crown). The molars
show a negative enamel differentiation. In size the m1 is similar to M. ostramosensis
(Table 2); the morphology of the M3 from Choremi, however, differs (Plate 1: Figure
2). The molars have a much deeper posterior lingual re-entrant angle which results in
two isolated triangles. The posterior dentine triangle of the upper M3 of M. ostramosen-
sis 18 broadly confluent with the posterior loop.

Another large vole is Mimomys rex. Characteristic for this species is the morphology of
the anteroconid with a deep lingual as well as buccal re-entrant angle. The occlusal pat-
tern of most of the teeth from Choremi does not show these characteristics. The buccal
re-entrant angle of these molars is very shallow, the lingual angle is more prominent
(Plate 1: Figure 3) but still less well-developed than in the molars of Mimomys rex.
However, in CHO 2 and CHO 4 there are a few molars with better developed re-
entrant angles in the anteroconid (Plate 1: Figure 4). These molars resemble the molars
from Thoknia, described and figured by Benda et al. (1987). They assigned the speci-
mens from Thoknia to Mimomys rex because of their large dimensions and the morphol-
ogy of the anteroconid. In the assemblages from Choremi, only a minority have this
morphology; the occlusal pattern of most of the larger m1 resembles that of Mimomys

N range X
CHO 1 4 3.45 - 3.82 3.68
CHO 2 2 3.61 - 3.67 3.64
CHO 3 6 3.38-4.01 3.74
CHO 4 2 3.34-3.40 3.37

Table 2: Length of the m1 of Mimomys aff. savini from CHO 1-4.
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Plate 1: Voles from Choremi (Megalopolis Basin, Peleponnesos). Figure 1: Pliomys aff. episcopalis m1 sin. (Ch 3-39);
Figure 2-4: Mimomys aff. savini; Figure 2: M3 sin. (Ch 1-23); Figure 3: m1 dext. (Ch 3-31); Figure 4: m1 sin. (Ch 2-
31). a: occlusal surface; b: lingual view. All figures approximately x25

savini. The Choremi molars are, however, larger than the type material of M. savini
from West Runton (England) (length m1: 3,08 — 3,56 mm; x 3.33 mm) (Table 2).
Because of the large size of the molars we prefer to assign the material to Mimomys atf.
savini, assuming that the larger voles represent a single species. We include the Mimomys
rex morphotypes into the population of Mimomys aft. savini. A medium-sized Mimomys
species could be identified in the assemblages CHO 2 (M1) and CHO 4 (m2). These
two molars have a Mimomys pattern, are rooted and show the presence of crown-
cementum in the re-entrant angles. They are, however, too small to be assigned to
Mimomys aft. savini.
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Mous

The isolated cheek teeth of a species of Mus from Choremi are morphologically and
metrically similar to extant Mus spretus (Plate 2, Table 3). similar teeth are present in the
uppermost sample taken from the Thoknia section (Th 4) and in the associations col-
lected from the base of cycle II (CHO 3) and from the lignite of cycle III (CHO 4).
This suggests that the immigration of this species 1s documented within the Marathousa
member. The main interest of these occurrences is that they date the FAD of Mus in
Greece between 700 and 750 thousand years before present (see cyclo-magnetostrati-
graphic discussion below). This is considerably later than the first record of the genus in
N. Africa (Pliocene of Ichkeul, (Jaeger, 1975)), but may be roughly coeval with the old-
est known occurrences from the Carpathian basin (Tarkd; Janossy, 1986) and from the
South of France (Le Vallonet; Chaline, 19771).

Tooth Species Length N Width
position
range mean mean range
M1 Mus spretus (extant) 16.8-19.0 18,2 12 11,1 10.5-11.6
Mus cf. spretus (TH 4) 16.9-18.3 17,8 3 11,1 10.8-11.6
Mus cf. spretus (CHO 4) 17.9-18.5 18,1 _ 10,5 10.2-10.8
M2 Mus spretus (extant) 9.5-11.8 11 12 10 8.0-10.7
Mus cf. spretus (TH 4) 10.3-11.6 10,9 4 10,1 10.0-10.2
Mus cf. spretus (CHO 4) 22.0-12.0 11,4 5 9,8 9.7-10.0
M3 Mus spretus (extant) 5.9-7.0 6,6 4 7,3 6.8-7.5
Mus cf. spretus (TH 4) - - -- - -- - -
Mus cf. spretus (CHO 4) - - 6 1 6,3 - -
ml Mus spretus (extant) 14.8-16.0 15,5 10 9,3 8.8-10.0
Mus cf. spretus (TH 4) 14.8-15.8 15,3 5 9,4 9.2-9.5
Mus cf. spretus (CHO 4) 14.7-15.7 15,3 7 9,2 8.9-9.5
m2 Mus spretus (extant) 9.8-11.3 10,4 10 9,1 8.7-9.7
Mus cf. spretus (TH 4) 10.0-11.4 11 6 9,2 8.7-9.5
Mus cf. spretus (CHO 4) 9.0-10.9 14 9,2 8.7-9.8
m3 Mus spretus (extant) 6.7-7.9 7,2 5 6,3 6.0-6.8
Mus cf. spretus (TH 4) - - -- - -- - -
Mus cf. spretus (CHO 4) 6.7-8.0 7,3 9 6,6 6.3-6.8

Table 3: Length and width of the cheek teeth of extant Mus spretus from Paradision (island of Rhodes) and of the
Pleistocene material from the Megalopolis Basin (Peleponnesos); TH 4 indicates the sample Thoknia 4 from De
Bruijn and Van der Meulen (unpublished), CHO 4 is from this study.

76



Megalopolis

Plate 2: Mus spretus from Paradision Rhodes (extant), Figure 1: M1 sin., Figure 2: M2 sin., Figure 5: m1 dext.
(reversed), Figure 6: 6 m2 dext. (reversed). Mus cf. spretus from CHO 4, Figure 3: M1 sin., Figure 4: M2 sin., Figure
7: mlsin., Figure 8: m2 sin. All figures approximately x35
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Since the dental morphology of different fossil and extant species of Mus is very similar,
identification of our material to species level would require a detailed analysis of all the
material available, a job that is out of the scope of this study (for a review of fossil
occurrences of Mus see Auffray et al., 1990). Using the criteria that were developed by
Darviche and Orsini (1982) on the basis of biochemically screened specimens of Mus
spretus and Mus musculus from the South of France shows that the material from the
Megalopolis basin is very similar to extant Mus spretus. The only difference detected is
that the anterolabial cinqulum of the M2 is better developed in our material than in the
reference material of M. spretus from the island of Rhodes. We therefore identify the
specimens from Megalopolis as Mus cf. spretus.

Other than the material of Mus cf. spretus the levels II and IV of the Thoknia section and
the levels III and IV of the Choremiou section yielded some isolated cheek teeth of
Apodemus. Judging by size there seems to be more than one species represented. One
Apodemus M2 from Th II lacks the tg entirely and may therefore be referable to A. maas-
trichtiensis (van Kolfschoten, 1985) from the Middle Pleistocene of Maastricht-Belvédere.

Larger mammals

Two fossils (a fragment of an upper M2 in CHO 1 and a lower p3 in CHO 3) indicate
the presence of a medium-sized mustelid. Hippopotamus sp. is represented by an upper
tusk found in CHO 3. Three molar-fragments and an incisor indicate the occurrence of
a deer (Cervidae indet.) in size intermediate between the extant roe deer (Capreolus
capreolus) and the red deer (Cervus elaphus).

Environmental conclusions

The mollusc associations from the four samples CHO 1 to 4, identified by W. Kuyper
(Leiden University), consist of freshwater species; remarkable is the absence of terrestri-
al species. The herpetofauna is also dominated by (semi)aquatic species and indicates,
just as the mollusc-fauna, a permanent, quiet body of water with abundant aquatic veg-
etation. Peripheral to the aquatic setting there has been a marshy area with some forest.

(Bio)stratigraphical conclusions

The only species that is well represented in the four Choremi faunal assemblages,
Mimomys atf. savini, does not show any difference in morphology or size between differ-
ent levels, suggesting that the four faunas do not differ much in age. This supports the
assumption that there is no major stratigraphical hiatus in the Choremiou sequence.
The biostratigraphical position of the four faunal assemblages is, however, not very
clear. The biostratigraphically important genus Microtus is absent and the other voles are
difficult to identify with certainty since we most probably deal with populations with
some endemic characteristics. The genus Mus, occurring in the in the uppermost assem-
blages (CHO 3 and 4), however, indicates that, for the upper part of the sequence, we
are dealing with Late Biharian deposits. Mus appears in Central Europe during the
Middle Pleistocene; since the genus is known from Late Biharian faunas such as Tarko
and Le Vallonet.
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Mus cf. spretus is also present in the fauna Thoknia 4 together with the Late Biharian
Microtus arvalidens. Based on the assumed continuity in the section we conclude that the
entire Marathousa Member either dates from the Late Biharian, or that the lower part of
the sequence has a late Early Biharian and the upper part a Late Biharian age. This con-
clusion slightly modifies earlier (bio)stratigraphical correlations, in particular that pub-
lished by Benda et al. (1987). They assume a Late Villanyian age for the Marathousa
Member because of the presence of Mimomys rex and the absence of Microtus in the
fauna from the lower part of the Thoknia sequence. The assignment of the larger voles
to Mimomys rex has been questioned above. What remains 1s the absence of Microtus. It 1s
important to realize that the number of specimens is restricted and that there are only
three species of voles represented in the fauna. This might explain the absence of the
genus Microtus. However, there might be a taphonomical explanation. The complete
absence of terrestrial molluscs in the faunas CHO 1 to 4 and the dominance of aquatic
species in the herpetofauna indicate specific environmental conditions, that are unfavor-
able for the terrestrial voles such as Microtus.

Sickenberg’s (Sickenberg, 1975) conclusion that the Marathousa Member dates from the
Early Biharian is based on the correlation between the larger mammal fauna from the
Megalopolis Basin and other European faunas with an Early or Middle Pleistocene age.
The Biharian is a biozone based on smaller mammals. The correlation of the smaller
mammal biozonation to the larger mammal biozonation is still unsatisfactory, which
makes a correlation of a larger mammal fauna to the smaller mammal biozonation prob-
lematic in some cases. Moreover, Sickenberg’s definition of the Biharian differs from
the original definition used by e.g. Kretzoi (1965) and van der Meulen (1973). Faunas
with an early Middle Pleistocene age (e.g. Voigtstedt) date, according to Sickenberg
(1975), to the Early Biharian. This indicates that there is no contradiction between
Sickenberg’s and our results.

On the basis of the mammalian record, the sedimentary cycles Il and III have a Late
Biharian age and cycle I with the faunas CHO 1 and CHO 2 is only slightly older and
has a late Early Biharian or a Late Biharian age. This conclusion confirms that the
palacomagnetic reversal indicated in deposits in between cycle I and II can be correlat-
ed with the Matyama/Brunhes transition.

Palaeomagnetic sampling and laboratory methods

Two sections were sampled for palacomagnetic analysis: one in the Marathousas mine,
and a second one in the Choremiou mine. The Marathousas section begins at the base
of lignite I and ends 65 m higher, above a series of dark clay bands overlying lignite IV
(Figures 2 and 4a). The sample spacing in this first section was ~2 m, with 51 samples in
total. The more detailed Choremiou section starts ~20 m below lignite I and ends ~20
m above lignite IV (Figures 2 and 4b). Samples (380 in this section) were generally
taken every ~o0.4 m, but were as closely spaced as 6 cm in intervals where reversals or
excursions were expected (based on the results from the parallel Marathousas section).
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An electrical drill was used to take oriented rock samples with a diameter of 2.5 cm. In
the laboratory, these cores were cut into specimens with a length of 2.2 cm. The sam-
ples below the first lignite were obtained from a vertical core with a diameter of 10 cm,
drilled by the Greek national mining company, and could only be oriented in a vertical
sense (up/down). Non-lignite lithology was preferred, because pure lignite usually does
not give meaningful palacomagnetic results (van Vugt et al., 1998). Sand occurs often in
lenses that incise underlying sediments, so they represent discontinuities in the succes-
sion. Therefore, sand was avoided, were possible, by shifting the sampling/logging track
sideways. The outcrops in the mines were less than a year old, so digging was hardly
necessary to reach the fresh rock. The Marathousas section was primarily logged to
enable identification of the sample positions, not for cyclostratigraphic purposes, there-
fore the presentation of Marathousas shows less detail than that of Choremiou.

The natural remanent magnetisation (NRM) was measured on a 2G squid cryogenic
magnetometer. The non-lignitic samples were thermally demagnetised with tempera-
ture increments of 30 and 50°C, up to 600°C. The lignitic samples were progressively
demagnetised along three axes in a static alternating field (AF) up to 130 mT. At high
alternating fields, the samples acquired a gyroremanent magnetisation (GRM) (Dankers
and Zijderveld, 1981; Stephenson, 1993), concealing the NRM. Therefore, above fields
of so mT, we followed the method of Dankers and Zijderveld (1981), in which the
samples are initially demagnetised along two orthogonal axes, without measuring resid-
ual remanence, followed by demagnetisation along the third orthogonal axis and the
first two axes, with measurement of the residual remanence along the demagnetised axis
after each treatment.

Cyclostratigraphic frame for the Marathousa member

The lignite occurrences in Megalopolis are concentrated in 10-20 metre-thick seams,
which alternate with 12-25 metres-thick layers that contain clay, silt and sand. This
alternation is regular in the stratigraphic section as well as in a lateral sense, so we inter-
preted them as sedimentary cycles (roman numerals I-1V in Figures 2 and 4). The clay-
silt-sand sequence between lignites I and II is approximately twice as thick as the other
detrital units. Lignite V is very clear, but does not necessarily represent a full cycle,
because it 1s much thinner than the other lignite cycles. Above lignite V, the clay-silt
unit is thicker than average. In the top of the Choremiou section, no cycles could be
distinguished above lignite IV, where the sediment contains many small carbonate con-
cretions, and layers are indistinct. The cyclostratigraphy for the upper part is therefore
based on the Marathousas section only.

Smaller scale cycles are also present. These are defined by the regular occurrence of lig-
nite or dark brown clay layers in the detrital phase of the larger-scale cycles. These lay-
ers are generally made of lignite in the western part of the basin, and pass into thinner
and/or less organic layers towards the east. The regularly intercalated and laterally con-
tinuous detrital layers in coal seam IV were also interpreted as small-scale cycles. The
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small-scale cycles were discovered during the second field study, when the lower half of
the Marathousas section could not be reached anymore because of mining activities.
Therefore, the cyclic pattern in the detrital layers between I and III is based on the
Choremiou section only.

In the detrital unit between I and II, six sub-cycles (a?f) could consistently be distin-
guished at regular stratigraphic intervals (Figure 6). Cycles a and ¢ have genuine lignite
beds; the other cycles are lignitic towards the west, but characteristically consist of dark
clay. Cycle f seems thinner than average, but the boundary with the overlying lignite (II)
is transitional. The detrital unit between II and III contains one prominent lignite bed,
signifying at least one cycle (g), but there might be more cycles present in this unit.
Between lignite 11T and 1V, two distinct lignite layers occur (h and j), with h being consis-
tently thinner than j. Lignite j contains a thin tephra layer, thus confirming the cyclostrati-
graphic correlation between both sections. This tephra layer is in all places located in the
top part of the lignite layer, indicating that the lignite-detrital alternations represent syn-
chronous palaco-environmental changes rather than lateral facies shifts. Above lignite 1V,
more or less regular lithological alternations exist in the detrital units, but the pattern was
not apparent. There generally are three prominent lignites or dark layers that we inter-
preted as small-scale cycles k, 1 and m (I might be a large-scale cycle and is also called V).
within the lignites I, II and III, there are many interbeds; some of them are lenticular
(not drawn in Figure 4), but others are continuous over the length of the outcrop (~3
km). These non-lignite (clay, silt and occasionally marl/carbonate) layers occur irregu-
larly, thus inhibiting cyclic interpretation. Only lignite IV is consistently divided into
cyclic parts: the small-scale cycles O, B and y (Figure 4).

Palaeomagnetic results

The NRM intensities vary between nearly zero and ~10% JAm™"; clay and silt have gen-
erally higher intensities than organic-rich lithologies. A small, randomly oriented vis-
cous component is in all cases completely removed at 15 mT or 200°C, and from the
samples with reversed polarity it can be seen that there 1s hardly any present-day-field
component present in these unweathered rocks (Figure 3b). The separate-axis measure-
ment method after alternating field demagnetisation removes the largest part of the
gyroremanent magnetisation, but directions still tend to move away from the stable (15-
so mT) direction, so some remaining influence cannot be excluded. Therefore, only
the data points acquired at fields between 15 and so mT are used to obtain the direction
of the characteristic remanent magnetisation (ChRM). Thermal demagnetisation also
has a limitation, at 390°C. Some samples have reached their maximum unblocking tem-
perature at 390°C, but most were not yet fully demagnetised, while both the intensity
and direction of the remanence sometimes showed drastic changes above this temperature.

Rock magnetic investigations (van Vugt et al., 2000b) have shown that when the inten-
sity of the characteristic component in samples from Megalopolis 1s higher than 103
MAmM™, the sample 1s dominated by secondary greigite. These samples were discarded in
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Figure 3: Demagnetisation diagrams Figures a and b show unambiguous normal and reversed polarity, respective-
ly; c is clearly missing the origin, d might pass the origin, but is uncertain.

this study. The samples that were used probably contain a mixture of magnetite and a
ferrimagnetic iron sulphide (van Vugt et al., 2000b). Low-intensity data are more sensi-
tive to disturbances. In order to reduce the risk of interpreting noise, the samples with
intensities <100 HAm™" were not used for magnetostratigraphy.

The Zijderveld diagrams have been divided into three categories: a line straight towards
the origin, either from a reversed or from a normal direction (Figure 3a, b); a line clear-
ly missing the origin (Figure 3¢); and an uncertain group (Figure 3d). The samples from
the core (between —20 and o m) were interpreted based on their inclination only.
Interpretation of the samples from the first group was straightforward, and the direc-
tions are plotted in Figure 4 as black dots connected with a line. The directions indicat-
ed by the straight lines clearly missing the origin were interpreted as secondary, with the
primary magnetic polarity being opposite (large white circles). With the great circle
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method the primary directions were approximated (large asterisks). The directions cal-
culated from the third group of samples (small grey circles) are considered to be not
very reliable, but a great circle analysis was used as a very rough estimation of the possi-
ble primary direction (small asterisks).

Discussion

Magnetostratigraphy

Both the Marathousas and Choremiou sections recorded reversed polarity at the base,
and normal polarity in the rest of the section (Figure 4). In the Choremiou section there
are many samples near the reversal with a normal (low-T/low-Field) component and a
probably or possibly reversed primary remanence remaining after 5o mT or 390°C. This
indicates that (part of) the magnetic remanence was acquired some time after deposi-
tion. This delayed acquisition causes the position of a polarity reversal to be at least as
high as the highest sample that recorded the pre-reversal polarity. The position of the
reversed-to-normal polarity transition in this section is therefore at least higher than 23
m, but there is a single, possibly reversed sample at 37.3 m (ME 77, see Figure 3c¢). This
could be an indication for a reversal excursion, but remanence acquisition is so much
delayed that the chance of recording a very short polarity event is negligible. We there-
fore regard the polarity between 23 and 38 m (lower half of the detrital interval above
lignite I) to be uncertain. In the Marathousas section, there are no indications for
reversed polarity above 12 m (middle of lignite I), but the sample spacing was much
larger. These two sections are exactly parallel, so, according to the principle of delayed
acquisition, the reversal is positioned at the highest possible level, i.e. the level from the
Choremiou section.

Since previous palynological and palacontological data (Benda et al., 1987; Liittig and
Marinos, 1962; Vinken, 1965) point to a middle Pleistocene age for the studied sedi-
ments, the normal interval can theoretically represent the Olduvai, Jaramillo or
Brunhes (sub)Chron. The Jaramillo lasts only 8o kyr, the Olduvai 157 kyr. If the nor-
mal polarity interval in Megalopolis would represent a part of the Olduvai subchron,
the sedimentation rate would be at least §7 cm/kyr, which is extremely high for lig-
nite deposits. Moreover, since the present palacontological study indicates a late Early
Biharian or a Late Biharian age for lignites I and II, the normal interval is considered
to represent the lower part of the Brunhes Chron (the only prolonged normal polari-
ty period in the Pleistocene), and the recorded reversal the Matuyama-Brunhes
boundary.

Phase relationship

In their pollen analysis of (the lowermost) lignite 1 of Megalopolis, Nickel et al. (19906)
found the palacoclimate to change from a temperate intermediate to a (warmer)
Mediterranean climate from the base of the lignite upwards, and a possible opposite
trend towards the top of lignite I, but their section was too short to certify this last
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Figure 4: Palaeomagnetic results, polarity zones, large-scale cycles (roman numerals), small-scale cycles (letters)
and lithology of the Megalopolis sections. Black dots denote primary magnetic directions; large white circles
denote overprinted directions with the primary direction being opposite, asterisks denote approximations of
these primary directions derived from the great circle method; small grey circles and asterisks belong to the
uncertain group (see text). In the polarity column, black (white) indicates normal (reversed) polarity, while shaded
indicates undetermined polarity. In the lithological column, black (shaded) indented beds denote lignite (dark-
clay equivalent of lignite), shaded (white) protruding beds denote detrital (sand) layers, and the +++line indicates
the position of the volcanic ash layer.

observation. They interpreted a lignite to represent an interglacial or interstadial. In a
similar sedimentary setting in Lupoaia (Romania) from the lower Pliocene, with more
time control points (Radan and Radan, 1996; Radan and Radan, 1998; van Vugt et al.,
2000a), the alternation of lignite and detrital beds was found to have an average period
of ~100 kyrs, with the lignites corresponding to eccentricity maxima (van Vugt et al.,
20002).

A new palynological study (Okuda, in prep.) in Megalopolis on a 7o0-metre section that
contains lignites II to V shows a typical alternation between Quercus (oak) and
Artemisia pollen (Figure 5). Artemisia, indicative for cold and dry conditions, is abun-
dant in the detrital intervals. Quercus, representative for a relatively warm and humid
climate, occurs mainly in the lignites. The lignite-detrital alternation thus coincides
with an alternation between warm/humid and cold/arid climate respectively. This leads
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to the interpretation that the lignite seams in Megalopolis represent the warm phase in a
cyclically changing climate. These warm periods could be either interglacials or intersta-
dials, as Nickel et al. (1996) suggested already.

Smaller scale cycles may tentatively be recognised in the pollen diagram, but the sample
resolution is generally too low to confirm them. Only in the lignite of small-scale cycle
g two samples were taken, which both have a high arboreal pollen content, indicating a
warm and humid phase. Also within lignite II, where small-scale cycles could not be
distinguished in the lithology, there is some suggestion for small-scale cyclicity in the
pollen record. At 6o and §3 m, a minor drop in Quercus that coincides with a peak in
Artemisia suggest two short cold and arid periods in an otherwise warm and humid
period. Further palynological research on a higher-resolution sample set is needed to
confirm these small-scale variations.
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Figure 5: Simplified pollen diagram, after (Okuda, in prep.).
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If the large scale cycles represent glacial-interglacial alternations, which would be quite
logical considering the regularity and the omnipresent quasi-periodic (~100 kyr) occur-
rence of ice ages during the late Pleistocene (e.g., Imbrie et al., 1993; Imbrie et al.,
1984; Raymo, 1997b and references therein), the average sedimentation rate would be
21 cm/kyr. If, on the other hand, the lignite seams would represent interstadials, which
are approximately precession-related (~20 kyr) in the late Pleistocene, the average sedi-
mentation rate would be 105 cm/kyr. This seems too high for such a lacustrine-marsh
environment. For comparison, the sedimentation rate in the lignite-carbonate Ptolemais
basin (N Greece) is 10 cm/kyr (van Vugt et al., 1998), and in the lignite-clastic Lupoaia
succession (Romania) it is 18 cm/kyr (van Vugt et al., 2000a). Therefore, we interpret
the large-scale cycles to be caused by eccentricity-forced climate changes, and the small-
scale cycles to represent precessional cycles. Both types have lignite as the warm/humid
phase in the climate cycle, and the detrital beds as the cold/arid phase.

The phase relationship between lithology and astronomical parameters must be estab-
lished independently and can never be assumed based on the results in other continental
basins. This is illustrated by the fact that lignite formation in the Pliocene Ptolemais
basin in N. Greece happened during the opposite phase than in Megalopolis, i.e. during
insolation minima (cool and dry climate). The carbonate-lignite alternation in Ptolemais
is primarily caused by lake level fluctuations as a result of precipitation variations (van
Vugt et al., 1998; van Hoeve, pers. comm.). In other words, when humidity increased,
the Ptolemais lake level rose and marsh vegetation drowned, enabling carbonate precip-
itation to increase; during more arid conditions, the lake level lowered and the lake was
overgrown by reed swamp vegetation, creating anoxic conditions in which organic
material was preserved. The forcing mechanism for Megalopolis is not clear yet, but a
possible explanation is that during cold and dry periods, vegetation around the basin
and/or along the lake margins that could trap the sediment was scarce, so erosional
products could be transported far into the basin, where they formed the detrital beds.
When the climate became warmer and more humid, conditions for vegetation
improved, and large quantities of organic material were preserved. Detailed studies
(palynology, organic petrology and/or sedimentology) within the current cyclostrati-
graphic frame will be needed to further test this hypothesis.

Astronomical tuning

Preferred tuning based on the sedimentary pattern

Recognition of the typical pattern caused by superposition of the 400 kyr cycles on 100
kyr-eccentricity would make the presumed relation between the large-scale cycles and
eccentricity more credible. The Matuyama-Brunhes boundary is recorded in the extra-
thick detrital interval above lignite I. This interval could well correspond to the 400 kyr
minimum at 0.78 Ma, around the Matuyama-Brunhes boundary (Figure 6). The regular
pattern formed by lignites II-1V and the detrital intervals in-between matches the three
prominent eccentricity maxima at 0.7, 0.6 and 0.5 Ma. Lignite 1 (V) is much thinner,
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Figure 6: Megalopolis composite section (polarity, cyclostratigraphy and lithology; see also caption to Figure 4)
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87



Chapter 3

which is in agreement with the low-amplitude 100 kyr-maximum at 0.4 Ma. In conclu-
sion, the large-scale coal seam pattern correlates well with the eccentricity pattern
between 0.9 and 0.35 Ma.

In the Mediterranean, the best fitting target curve for the Pliocene and Pleistocene is
generally considered to be the 65°N summer insolation (average of June and July) as
calculated by Laskar (1990), because it best matches the marine geological record
(Lourens et al., 1996). The small-scale cycles are correlated to this insolation curve as
illustrated in Figure 6. The thick lignitic part of cycle ¢ is correlated with high-ampli-
tude i-cycle 74, and the very thin non-lignitic phase of cycle e is connected to the very
low-amplitude insolation minimum 69. The interval between lignites II and III appears
to contain only one small-scale cycle (g), that is correlated to long-duration i-cycle 6o.
Cycles h (thin) and j (thick) are correlated to the consecutive low and relatively high
amplitude i-cycles 52 and 50, respectively. I-cycle 50 also has a long duration. In this
correlation, the lignite seams are supposed to represent two insolation minima, consis-
tent with the two colder phases observed in the pollen record of lignite 1I.

The stratigraphic levels of the midpoints of all lignites are plotted versus their astronom-
ically tuned age (Figure 6, inset). The resulting sedimentation rate is fairly constant
throughout the section, without any sudden changes or outliers that would imply ero-
sion and major hiatuses.

Alternative tuning based on palynological data

The pollen record of Okuda (in prep.) shows a distinct peak in Olea (Olive trees) in
three samples around the base of lignite IV. This could be interpreted as a short period
that was distinctly warm, and possibly warmer than any other sampled interval. Based
on the pollen record alone, it would seem valid to correlate this peak to the warm inter-
glacial stage 11. The consequence of correlating the underlying lignite seams with sub-
sequently older eccentricity maxima or interglacial stages is that the Brunhes-Matuyama
boundary below lignite II then has an age that is one cycle too young. This would
imply a considerable hiatus in the record, which is of course possible in a continental
environment. The most likely position for such an unconformity would be the lower
boundary of lignite II. This boundary is formed by an irregular transition zone that is
locally cut by the overlying lignite. The rich CHO 3 fauna was found in this transition
zone, indicating a, possibly prolonged, period of non-deposition.

Correlation of the sedimentary cycles with the insolation curve — based on the assump-
tion that one large-scale cycle is missing below lignite II — does neither result in a good
fit for the small-scale cycles g-j, nor for the cycles O-y. Therefore, the first correlation is
preferred.

Consequences

The details in the pattern of lignites and lignite seams matches very well with the astro-
nomical target curves of insolation and eccentricity. The correlation with 88O curves
or stacks (Bassinot et al., 1994; Imbrie et al., 1984) or ice volume curves (Imbrie and
Imbrie, 1980; Paillard, 1998), however, reveals some important differences (Figure 6).
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We compare the Megalopolis section to the Pacific 830 record from ODP core 849,
because this is generally considered to be a very detailed record. The critical features are
the same in all marine 'O records, including those from the Mediterranean Sea.
Prominent interglacial stage 19 (~780 ka) is not represented by a prominent lignite in
Megalopolis (interval between lignite I and II). The same holds for stage 11 and corre-
sponding lignite V. Stage 17 (~680 ka) is significantly less pronounced than stage 15
(~600 ka) in the 'O records, whereas the corresponding lignites (I and 111, respec-
tively) show hardly any difference within the width of the outcrops (~3 km).
Apparently, the pattern of lignite seams in Megalopolis was forced by eccentricity and
not by (whatever forced) the glacial-interglacial cycles as recorded in the world oceans
by stable oxygen isotopes.

The oxygen isotope variations in the world oceans are mainly a reflection of the global
ice volume. Isotope records from the Mediterranean basin document regional climate
changes superimposed on the global signal. The much higher amplitude of 8'O varia-
tions in Mediterranean records is associated with reduction in surface-water salinity as a
regional response to global increase in ice volume and decrease of temperature (Ganssen
and Troelstra, 1987; Howell et al., 1998; Thunell et al., 1990; Vergnaud-Grazzini et al.,
1986; Williams et al., 1978, among others). Apart from differences in amplitude, the
Mediterranean isotope records of Sites 963, 964 and 967 from the eastern Mediterranean
are comparable with oceanic oxygen isotope records at the critical stages 19 and 11
(Howell et al., 1998; Kroon et al., 1998). So, either the forcing of the regional (conti-
nental) Mediterranean climate was different from the eccentricity forcing of the lignite
pattern in Megalopolis, or, more probably, the Mediterranean marine isotope records
are influenced more by global factors than by regional climate.

Conclusions

The Megalopolis section is dated as Pleistocene with magnetostratigraphy (lower
Brunhes) and palacontology (Late Biharian). Subsequent astronomical tuning of the lig-
nite pattern gave ages of ~9oo ka for the base of the section and ~350 ka for the top.
Each lignite seam represents an eccentricity maximum, individual lignites represent
insolation maxima. Not all the astronomical cycles are recognised in the lithology. Most
notable is that low-amplitude eccentricity maxima lack expression as lignite seams,
although they are recorded as normal interglacial stages in the marine oxygen isotope
records (from both the Mediterranean Sea and the open oceans). Apparently, the
regional Mediterranean climate was either forced by a different mechanism than the one
determining the lignite-detrital alternations in Megalopolis, or the Mediterranean
marine isotope records are influenced much more by global factors than by the regional
climate.
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Dominant expression of eccentricity versus
precession in the lithology of Mediterranean

continental (lacustrine) deposits

Abstract

Milankovitch forcing of climate 1s expressed in the sedimentary record as lithological
cycles that can have one or more of four typical periods related to precession (21 kyr),
obliquity (41 kyr) and eccentricity (100 and 400 kyr). In several Mediterranean continen-
tal successions that have recently been studied, striking differences in the expression of
particularly precession and eccentricity appear. In this paper, we present the results of an
additional upper Pliocene lacustrine section from Lupoaia (southern Romania). We
compare the cyclic expression in this lignite-detrital basin in detail with the time-equiv-
alent lignite-carbonate basin of Ptolemais (northern Greece), the middle Pleistocene lig-
nite-detrital basin of Megalopolis (southern Greece) and the Miocene carbonate-clay
basin of Orera (north eastern Spain). From this comparison, it appears that carbonate
basins dominantly express precession, while detrital basins dominantly express eccentrici-
ty in their lithological cycles. This can be explained by a more linear response to insola-
tion forcing in carbonate basins than in detrital basins. Alternatively, it can be explained
by the low amplitude of 100-kyr eccentricity at the times the carbonate sections were
deposited. This reduced roo-kyr amplitude 1s caused by minima in the 2.3 5-Myr eccen-
tricity cycle, that co-occurred with the deposition in both carbonate basins. Finally, the
expression of 100-kyr eccentricity appears to be independent of glacial cyclicity.

This chapter is submitted as: van Vugt N., Langereis, C.G. and Hilgen, F.]. Dominant expression of eccentricity ver-
sus precession in the lithology of Mediterranean continental (lacustrine) deposits, to Palaeogeography, Palacoclimatology,

Palaeoecology.
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Introduction

Lithological cycles in sediments are now widely accepted as having been caused by
astronomically forced climate cycles. Precession has a pronounced influence on seasonal
contrast and has an opposite effect on each hemisphere. It can change monsoon systems
that can in turn affect depositional systems. Obliquity causes fluctuations in the seasonal
contrast between summer and winter and its effect increases towards higher latitudes,
simultaneously on both hemispheres. Obliquity may enhance the climatic effect of pre-
cession on one hemisphere, while it reduces the effect on the other hemisphere.
Eccentricity mainly modulates the effect of precession, it has itself very little effect
(<0.1%) on the incoming solar radiation. The classic Milankovitch target curve of sum-
mer insolation incorporates all these effects and its frequency spectrum is dominated by
precession, but obliquity 1s clearly discernible as well; eccentricity is virtually absent.
Yet, the periods of eccentricity (100 and 400 kyr) are clearly expressed in many geolog-
ical records (e.g. Imbrie et al., 1984; Fischer et al., 1991; Hilgen, 1991a; Olsen and
Kent, 1996). This can be explained by non-linear response mechanisms, such as the
asymmetric response mechanism of Clemens and Tiedemann (1997) that preferentially
introduces variance into the climate system during the warmer portions of the eccen-
tricity cycle. The spectral peaks at the eccentricity-frequencies of their truncated insola-
tion curve are comparable to those in oxygen-isotope records, demonstrating that
eccentricity can indeed cause strong 100 and 400-kyr lithological cycles. Another type
of non-linear response is used in Paillard’s ice-age model with multiple steady states and
predefined insolation-related rules (Paillard, 1998). This model can successfully simulate
late Pleistocene d'®O time series, which occurred approximately every 100 kyrs.
Alternatively, a combination of truncated response and post-depositional effects such as
bioturbation may smear the precession cycles and transfer nearly all power from the pre-
cession frequencies to eccentricity (Fischer et al., 1991).

Recently, many Neogene Mediterranean records from widely different continental
environments have been studied: from alluvial to lacustrine ( Krijgsman et al., 1997; van
Vugt et al., 1998; Steenbrink et al., 1999; Abdul Aziz et al., 2000; van Vugt et al., 2000).
In this paper we present the results from one more continental section from southern
Romania. In all these successions, Milankovitch-type cyclicity is expressed in the lithol-
ogy. The most apparent astronomical periods in these successions are precession and
eccentricity, but generally one of them 1s dominant. We will compare three of these
continental sections in detail, all lignite bearing lacustrine successions; two of them are
overlapping in time. It will become apparent that the dominant astronomical period
expressed in these records is not necessarily related to the geological era and its predom-
inant climate type in which they were deposited. Instead, the sedimentary environment
or basin setting seems to be crucial for whether eccentricity or precession is the domi-
nant astronomical period. Finally, similarities and differences with the other
Mediterranean continental records will be discussed.
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Expression of eccentricity vs. precession in Mediterancan deposits

Geological backgrounds

The three successions discussed here were all deposited in lacustrine basins and are now
exposed in open-pit lignite mines (see Figure 1 for locations). The first is the lower
Pliocene Ptolemais composite section from the elongated intra-montane basin between
Kozani and Florina in northern Greece (van Vugt et al., 1998; Steenbrink et al., 1999).
The 100 m thick succession consists of a rhythmic alternation of metre-scale lignite and
carbonate layers, that can be recognised and correlated across the basin. Intercalated vol-
canic ash layers serve as isochrons, and prove that the rhythmic lithological changes are
synchronous. These sedimentary cycles occur in a regular pattern, except in a 10 m
thick interval in the middle of the succession, where the expression of the cycles is less
clear. The sediment is almost solely formed by either carbonate or organic material; the
detrital fraction is generally less than a few percent.

Lupoaia

N . BUKAREST #
BELGRADO °

SOPHIA
°

Ptolemais

AR
Megralmp@) [

Figure 1: Map of the northern border of the eastern Mediterranean. Capital cities (dots) and locations of studied
sections (squares) are indicated.
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The second succession is the middle Pleistocene Megalopolis section that was deposited
in the half-graben near Megalopolis, southern Greece (van Vugt et al., 2000). This 135
m thick succession contains four s-30 m thick lignite seams in otherwise detrital sedi-
ments (clay, silt, sand). The lignite seams can be correlated over a large part of the basin,
and a volcanic ash layer confirms that the lithology changes are synchronous. In addi-
tion to the large-scale cyclicity, smaller scale cycles were observed within the detrital
intervals as 0.5-2 m thick lignite or organic-rich clay layers alternating with clay, silt
and/or sand.

The third succession is the lower Pliocene Lupoaia section from the Oltenia basin near
the city of Motru, south-west Romania. This section belongs to the Motru coal com-
plex, a member of the Jiu-Motru Formation, that consists of several thick coal seams (~5
m) that are labelled with roman numerals by the mining company. These lignites are
separated by ~15 m thick intervals of clay, silt and sand. Most lignite seams occur in this
regular alternating pattern, and therefore a lignite and overlying detrital interval are
called a sedimentary cycle. In the Lupoaia mine, lignite seams V to XV are exposed, but
our study focussed on an interval with a clear cyclic expression: the 8o-metre long sec-
tion between lignites V and IX. Subdivision of lignites V and IIX might point to an
additional small-scale cyclicity, but lateral continuity of these small-scale cycles should
be verified outside the single studied mine before defining these as sedimentary cycles.
The magnetostratigraphy for the complete exposed succession was performed by
(Radan and Radan, 1998), below we discuss the results of the interval between lignites
V and IX.

Magnetostratigraphy of Lupoaia

The palacomagnetic analysis of the Lupoaia section is based on the analysis of 78 mag-
netostratigraphic sites, cored in the field with an electrical portable drill. The natural
remanent magnetisation (NRM) was studied in the laboratory by means of standard
stepwise thermal demagnetisation procedures and measured on a 2G Enterprises hori-
zontal DC SQUID magnetometer. A selection of samples was exposed to a pulse field
to acquire an IRM and subsequently thermally demagnetised.

The samples generally have a viscous component that is completely removed at 210°C.
Several samples have a component that is removed between ~200 and 300-330°C: the
low temperature (LT) component (Figure 2a and b). Most samples have a stable higher-
temperature component that generally fully unblocks at 390° or 420°C (Figure 2a and
¢); maximum unblocking temperatures higher than 450°C are rarely observed (figure
2b). The LT component can be anti-parallel to the HT component or have an interme-
diate direction (Figure 2a and b respectively), but mostly, only one of these components
could be reliably determined in a single sample (Figure 2¢).

In both the IRM acquisition and demagnetisation diagrams two types of behaviour can
be distinguished. The first type shows a steep increase in IRM at low fields, but satura-
tion is not reached until ~6oo mT. The IRM strongly decreases on heating up to

96



Expression of ecccentricity vs. precession in Mediterancan deposits

a Lu24.2| b LU43.1| ¢ LU 29.1
up/w up/W
300°C ’\._.\
N
330°C
450C)
sC 420° 390°C
450 o
o e N 360°C
330°C
210°C
240°C
100C 180°C
N@/K
2°C X
24.35m a0 47.37Tm 47.37Tm
d e f
NRM-decay SIRM-acquisition
viscous LT HT/ChRM
1. 1.0 — 1.
0. 0.8 0.
2 2 ! 2
£ B / S
S o S 0.6/ S 0.
£ £ i £
s o So0.4 s o
4 @ ] 4
z %) K )
0 0.29 11 0.
/
/
S ;
0. T T i T ) 0.0 T T T T T 0. T T T ] "
0 100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600
Temperature puls (mT) Temperature (°C)

Figure 2; upper panel: Thermal demagnetisation diagrams of typical samples; black (white) dots indicate horizon-
tal (vertical) projection. a) LT (up till 300 C) and Ch component (300-420 C) have opposite polarities. b) LT (up
till 330 C) and Ch component (330-450 C) are not opposite. c) only Ch component distinguishable. Lower panel:
d) normalised intensity plot of NRM during thermal demagnetisation; SIRM acquisition (e) and thermal demag-

netisation (f); dashed line: magnetite + iron sulphide, solid line: greigite.

~300°C and total unblocking occurs at s80°C. These samples are interpreted to contain
magnetite and a ferrimagnetic iron sulphide. The IRM of the second type increases
slowly at low fields and saturation is reached at ~600 mT. The maximum unblocking
temperature of 400°C points to a ferrimagnetic iron sulphide carrying the IRM, proba-
bly greigite, which is very common in fresh-water sediment.
The maximum unblocking temperature of the LT component (300-330°C) indicates
that this remanence is probably carried by a ferrimagnetic iron sulphide. Since greigite
decomposes upon heating between 270 and 350°C and the Curie temperature for
pyrrhotite is 325°C (Torii et al., 1996), they could both be the carrier of this compo-
nent. These iron sulphides commonly form as an authigenic phase, i.e. they are formed
after deposition, and the moment of remanence acquisition is therefore uncertain.
Furthermore, the LT component changes polarity almost every other sample. Hence,
we do not use this component for magnetostratigraphy.
The HT component unblocks at higher temperatures (390-420°C or higher), which
indicates that magnetite could be the remanence carrier, but the chemical reaction of
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iron sulphides upon heating to ~400°C obscures the typical magnetite Curie tempera-
ture that was indeed observed in the IRM experiment. Since the directional results of
these samples provide a sensible polarity pattern, we take this component as the charac-
teristic remanent magnetisation (ChRM). It is assumed to be of (near) primary origin.
The lowermost part of the section (lignite V), and the interval from lignite VII up to
IIX have a normal polarity (Figure 3). The middle and uppermost parts are reversed.
From previous work in the Lupoaia mine (Radan and Radan, 1998), it is known that
the uppermost reversed interval continues at least up till lignite XV (Figure 3).
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Figure 3: Lupoaia section with the magnetic polarity pattern. Left hand side: latitude of the virtual geomagnetic
pole (larger dots = more reliable data); inferred magnetic polarity (black = normal, white = reversed, grey =
uncertain); cycle numbers and lithology from this study. Right hand side: lithology; sample positions and inferred
polarity as reported by [Radan, 1998 #261].
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Expression of ecccentricity vs. precession in Mediterancan deposits

Assuming an on average constant sedimentation rate, this section represents consecu-
tively part of a normal polarity period, two short periods with subsequently reversed
and normal polarity, and a reversed interval that lasted at least three times as long as the
short periods. Since the Dacian-R omanian stage boundary occurs in this section, it is
assigned a Pliocene age (Andreescu, 1981; Alexeeva and al., 1983). Then there are only
two possible subchrons to correlate the long reversed interval to: the top of the Gilbert
Chron or the base of the Matuyama Chron. The reversed upper Gilbert is preceded by
several short normal subchrons (Cochiti, Nunivak, Sidufjall and Thvera subchrons).
Since our polarity pattern is not consistent with the base of the Matuyama, we conclude
that the polarity pattern in Lupoaia represents the upper part of the reversed Gilbert
Chron, and the normal intervals can be correlated to the Nunivak and Cochiti sub-
chrons.

Astronomical forcing and tuning of the sedimentary cycles in Lupoaia

Astronomical forcing of sedimentary cycles can be demonstrated by analysing the aver-
age duration of the cycles, provided that age calibration points such as polarity reversals
are available. When the average period of the cycles in the time domain 1s constant and
identical to one of the known Milankovitch periods, astronomical forcing 1s a likely
cause. Figure 4 (after van Vugt et al., 1998) illustrates how the 7 well-defined polarity
reversals from Ptolemais were used in this way to show that the sedimentary cycles have
the same average duration (21.6 £ 0.5 kyr) as the climatic precession cycle (21.7 kyr,
(Berger, 1984)).
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Figure 4: Polarity column of Ptolemais (left hand side) and Lupoaia (right hand side) in number of cycles versus

age (APTS). T = Thvera, S = Sidufjall, N = Nunivak, C = Cochiti subchron. The lines indicate the average duration of
a sedimentary cycle: 21.8 kyr for Ptolemais and 105.7 kyr for Lupoaia.
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Expression of ecccentricity vs. precession in Mediterancan deposits

Similarly, the three polarity reversals in the Lupoaia section enable examination of the
average duration of the sedimentary (lignite) cycles. In Figure 4, the number of sedi-
mentary cycles and their polarity is plotted versus the astronomical polarity time scale
(APTS). The three age calibration points are linearly related, suggesting a constant dura-
tion for the sedimentary cycles. The slope of the regression line gives an average dura-
tion of 105.7 * 5.6 kyr for a sedimentary cycle if a lignite — although stratigraphically
thinner than a detrital interval — is assumed to represent half a cycle. If a lignite is
assumed to represent a lesser amount of time (1.e. less than half a cycle), the slope of the
regression line does not significantly decrease. This period is in accordance with the
~100 kyr period of eccentricity, and strongly suggests a causal relation that allows astro-
nomical tuning of the cycles. We can then construct an age model which has sufficient
resolution for an accurate correlation with other successions.

The Nunivak and Cochiti reversals are astronomically dated (Lourens et al., 1996) and
their positions with respect to eccentricity are thus determined (Figure sb). Correlation
of the Lupoaia polarity pattern with the Astronomical Polarity Time Scale (APTS),
shows that the lignites correspond to eccentricity maxima, as is the case in the similar
Megalopolis basin (van Vugt et al., 2000). This assumes that NRM acquisition is not
significantly delayed. Part of the NRM is recorded in authigenic ferrimagnetic sul-
phides, but this component was not used to determine the direction of the ChRM, and
thus to determine the polarity pattern. Indications for systematic delayed acquisition
were not observed in either the LT or HT components. Moreover, it is not likelye that
any delay amounts to more than ~50 kyr in this succession. If the NRM acquisition
were untraceably delayed, this would occur much sooner in the organic-rich layers than
in the detrital layers, because (partial) oxidation of abundant organic material often
causes the magnetic mineralogy to change. Since all three reversals in this section are
recorded in a lignite, any untraceable delay of that amount would have to have
occurred in the detrital beds.

The phase relationship between lithology and eccentricity is therefore established: the
lignites correlate to maxima, the detrital intervals to minima in eccentricity. Tuning of
the succession is straightforward (Figure sb): lignite V contains the top of the Nunivak
and 1s correlated to the eccentricity maximum around 4.50 Ma and thin lignite VI cor-
responds to the low-amplitude eccentricity maximum around 4.41 Ma. Lignites VII and
IIX, which contain the lower and upper Cochiti reversals respectively, are correlated to
the maxima around 4.32 Ma and 4.22 Ma, and lignite IX is correlated to the maximum
around 4.12 Ma. Correlation of lignites X and higher in the Lupoaia mine is not as
straightforward, and we have refrained from doing so.

Figure 5: Astronomical tuning of the discussed lacustrine sections. Left hand panel: Ptolemais [van Vugt, 1998
#124]. Lithology: black (shaded) indented beds = lignite (marly equivalent of lignite); white (shaded) protruding
beds = white (grey) carbonate. Carbonate layers are correlated with insolation maxima. Central panel: Lupoaia.
Lithology: see caption to Figure 3. Lignite seams are correlated with eccentricity maxima. Right hand panel:
Megalopolis [van Vugt, in prep. #249]. Lithology: black (shaded) indented beds = lignite (organic-rich equivalent
of lignite); shaded (white) protruding beds = clay or silt (sand) layers. Large-scale cycles are indicated by roman
numerals, small-scale cycles by arabic numerals. Lignite seams are correlated with eccentricity maxima, small-scale
lignites with insolation maxima. The numbers in the %180 record indicate oxygen isotope stages.
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In summary, we argue that the lower Pliocene cyclic deposits from Lupoaia are forced
by eccentricity, with lignite representing the eccentricity maxima. During the
Pleistocene, eccentricity maxima corresponded to warm periods (interglacials), while
glacial periods occurred during eccentricity minima (Hays et al., 1976). In the (early)
Pliocene, however, there was no eccentricity-related glacial-interglacial climatic
regime. The suppressed amplitude of the insolation cycles during eccentricity minima is
likely to have resulted in a generally colder climate, but without further data from this
succession (e.g. pollen), a palacoclimatic interpretation must remain tentative.

Orbital forcing in continental records

a. Lignite dominated lacustrine basins

The lower Pliocene Ptolemais section (northern Greece) was deposited during the
Gilbert Chron. The upper half of the section has recorded the Nunivak and Cochiti
subchrons (Figure sa) and overlaps with the Lupoaia section. The sections are very dif-
ferent, however, in two ways: the lithology and the dominant astronomical period.
Although both sections contain lignite, the other lithology consists mainly of carbonate
in Ptolemais, as opposed to detrital clay, silt and sand in Lupoaia. Furthermore, the lig-
nite-carbonate cycles from Ptolemais are 2 m thick, whereas the lignite-detrital cycles
from Lupoaia are ~20 m thick. As demonstrated in Figure 4, the sedimentary cycles in
Ptolemais are related to precession (21.7 kyr). The cyclic pattern fits with summer inso-
lation when lignite is correlated with insolation minima and carbonate with maxima
(van Vugt et al., 1998), but eccentricity (100 kyr) is hardly expressed. In Lupoaia, how-
ever, precession is not unambiguously recognised, whereas eccentricity is dominantly
expressed in the lithology. In marine Mediterranean records of the same age, both pre-
cession and eccentricity are clearly expressed in the sedimentary record (e.g. Hilgen,
1991b). Apparently, the response of these continental basins to astronomically forced
climatic changes is different for each continental environment and different than in
marine environments.

An answer to what determines this response may be found in the Pleistocene
Megalopolis basin in southern Greece. It has a similar lithology as Lupoaia: fluvio-lacus-
trine sands, silts and clays alternating with lignite seams of 7-20 metres thickness, which
were defined as sedimentary cycles (van Vugt et al., 2000). In addition to these promi-
nent cycles, thinner lignite or organic-rich clay layers (up to 2 m) could be recognised as
small-scale cycles in several intervals (Figure 5¢). The Matuyama-Brunhes boundary was
recognised near the base of the section, but apart from this single polarity boundary, no
other accurate age control point was found. The pollen signal showed that the large-
scale cycles are climatically induced, similar to glacial-interglacial phases, with the lig-
nite representing the warm and humid phase. The large-scale cycles were assumed to be
related to eccentricity, and the small-scale cycles to precession. The hypothesis of 1o0-
kyr eccentricity forcing was supported by a good fit of the prominent large-scale cyclic
pattern with the typical 400-kyr minimum in the 100-kyr eccentricity cycles, and of the
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small-scale cycles with insolation. Furthermore, the age model provided a realistic and
constant sedimentation rate throughout the succession. It appeared that the lignite
seams represent eccentricity maxima, the detrital intervals eccentricity minima, while
the small-scale lignite or organic-rich clay layers are correlated to precession minima
(summer insolation maxima). In summary, the cycles in Megalopolis look very similar
to those in Lupoaia and they are dominated by the same astronomical period and more-
over have the same phase relationship. Contrary to Lupoaia, which was deposited dur-
ing a warm (early Pliocene) period, Megalopolis was deposited during the middle
Pleistocene ice age regime, when 100 kyr (eccentricity) became the dominant astro-
nomical (quasi-)period controlling glacial cyclicity (Hays et al., 1976; Imbrie et al.,
1984).

Although the cyclic pattern in Megalopolis fits closely with the eccentricity curve, it is
strikingly distinct from typical open-ocean d'O records, which reflect the variation of
global ice volume (van Vugt et al., 2000). During low-amplitude 100-kyr eccentricity
maxima (due to 400-kyr eccentricity minima), the lignite cycles in Megalopolis are
restrained or underdeveloped, whereas every 100-kyr eccentricity cycle is expressed as a
glacial-interglacial alternation in the marine -'*O records, regardless of eccentricity
amplitude (the ‘qoo-kyr or Stage-11 problem’ (Imbrie and Imbrie, 1980)). The sapropel pat-
tern in Mediterranean Sea cores shows a similar contrast with d"®O records. The (ghost)
sapropels formed at 20-kyr insolation maxima, but generally not during low eccentrici-
ty periods (e.g. Langereis et al., 1997; Kroon et al., 1998; Passier et al., 1998). The oxy-
gen isotope stages corresponding to these low 10o-kyr eccentricity maxima (OIS 19 and
11) are clearly recognisable, and neither suppressed nor less well developed in the avail-
able d"8O records from these cores (Langereis et al., 1997; Kroon et al., 1998). Thus, the
Mediterranean oxygen isotope records mainly follow changes in global ice volume.
Evidently, not the ice ages (glacial-interglacial alternation), but a mechanism more
directly related to orbital (eccentricity) forcing of regional climate determined the
prominence of the sedimentary cycles in both the Mediterranean Sea and the continen-
tal Megalopolis basin (van Vugt et al., 2000).

In conclusion, eccentricity is not expressed in the lignite-carbonate cycles of Ptolemais,
which 1s unlike the time-equivalent marine records. In the overlapping Lupoaia section,
only eccentricity is clearly expressed, which is also in contrast to the marine records.
The Megalopolis section is dominantly forced by 1oo-kyr eccentricity, roughly similar
to time-equivalent marine records. Strikingly, both Megalopolis and Lupoaia have the
same type of sedimentary cycles (lignite-detrital) and are dominantly forced by the same
astronomical parameter. The type of sedimentary setting, rather than the global climatic
regime, apparently determines by which astronomical parameter the system is domi-
nantly forced. From these three case studies, it would appear that lacustrine carbonate
basins are dominantly forced by precession, whereas lacustrine detrital basins are domi-
nantly forced by eccentricity. Maybe carbonate basins are more sensitive to small
(threshold) changes, and detrital basins need larger fluctuations to change their sedimen-
tary environment.
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b. Other Mediterranean continental basins

Does this observed relation between lithology (i.e. type of sedimentary cycles) and
dominant astronomical period also apply to continental basins without lignite? Several
(fluvio-)lacustrine records from the Mediterranean are described in the literature, but
astronomically forced sedimentary cycles are not always recognised and rarely reported.
A perfect example of a cyclical succession is the magnetostratigraphically dated Miocene
Orera section from the Calatayud Basin in NE Spain. It contains a cyclic alternation
between lacustrine carbonate and marl/clay layers, with a period of 19-23 kyr, which is
likely precession-related (Abdul Aziz et al., 2000). In addition, larger-scale 400-kyr
cyclicity could be distinguished and — less clear — a 5-cycle clustering in the lower and
upper part of the succession, that is probably related to roo-kyr eccentricity. Both the
lithology (carbonate) and the dominant astronomical period (20 kyr) in the Orera sec-
tion are thus more or less similar to those in Ptolemais.

A second example is the Miocene Armantes section from the Calatayud Basin in NE
Spain. This section contains very pronounced asymmetric large-scale (10 m) cycles of
reddish silt (red bed) that gradually changes into an indurated bed of whitish (ground-
water) caliches with a relatively sharp top. Magnetostratigraphy (Krijgsman et al., 1994)
has shown that the average period of these cycles is 111 kyr, suggesting that it is related
to the 1oo-kyr eccentricity cycle (Krijgsman et al., 1997). Large-scale cycles contain up
to five pink (silty) caliche beds, more closely spaced towards the top of each large-scale
cycle, suggesting a precessional origin. Based on palacoclimatic reasons, the prominent
large-scale white limestone beds are correlated to eccentricity maxima, the small-scale
pink limestones to precession minima (summer insolation maxima). Although this sec-
tion contains carbonate, it is mainly formed by precipitation from groundwater, as
opposed to the lacustrine carbonate in Ptolemais and Orera. There 1s a large detrital
component (silt), similar as in Megalopolis and Lupoaia, although it is on average finer
grained. The most obvious astronomical period is eccentricity, but precession is locally
well-expressed. The strong saw-tooth like asymmetry in the carbonate content of the
cycles in Armantes is different from the other Mediterranean sections and reminds of
the asymmetric Late Pleistocene glacial cycles. They might therefore, like the glacial
cycles, be caused by a highly non-linear response mechanism.

The Pliocene fluvio-lacustrine Apolakkia Formation on Rhodes has a very high sedi-
mentation rate (80-140 cm/kyr, based on magnetostratigraphy) and a large detrital
input. The section contains some limestone beds of mainly pedogenic origin. Van Vugt
and Langereis. (submitted) reported that the thick (~25 m) sedimentary cycles have
approximately the same period as precession. So, although the section contains coarse-
grained detrital sediment, the dominant period is not eccentricity but precession.
Finally, there are the loess sequences, which are not really Mediterranean, but we men-
tion them because they are important continental successions for palacoclimate studies.
The most famous loess sequences are no doubt from the Chinese loess plateau, but near-
er to the Mediterranean, loess is found in central Europe. The magnetic susceptibility
records of the Late Pleistocene Chinese and European loess are broadly in good agree-
ment with the marine d"8O record, revealing roo-kyr as the dominant period. The
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coherence implies a strong causal relation between climatic forcing of northern hemi-
sphere ice sheets and Chinese loess deposition/soil formation (Maher and Thompson,

1999).

c. Possible explanations

The dominant expression of eccentricity in the detrital Megalopolis and Lupoaia basins
must be explained by some non-linear response to insolation forcing. The mechanism
of (Fischer et al., 1991), that invokes bioturbation to diminish the expression of preces-
sion in favour of eccentricity is not applicable here, because of two reasons. Firstly, the
sedimentation rate is three to four hundred times higher here than it was in their deep
marine core, so bioturbation could hardly mix the sediment as deep as the thickness of a
precession cycle. Secondly, precession cycles are typically absent from the lignite seams
in Megalopolis, that were deposited in an anoxic lake where burrowing animals could
not live and deep-rooting plants such as trees did not grow (Mulder et al., submitted).
The dominance of eccentricity might be explained by a mechanism somewhat similar to
Paillard’s model (Paillard, 1998), that was designed to explain the late Pleistocene ice
ages. The 1oo-kyr cycles in the middle to late Pleistocene Megalopolis section could —
because of their deposition during the global ice age regime — be related to the glacial-
interglacial cycles. However, van Vugt and others (2000) showed that the pattern of
these cycles did not match ice-volume-related d'80 records, but was instead similar to
the eccentricity curve. This suggests that those cycles were not related to the 1oo-kyr
glacial cycle. The 100-kyr cycles in the Lupoaia section cannot have been influenced by
glacial cycles, because the early Pliocene was a warm period during which only minor,
obliquity-controlled, glacial cycles intermittently occurred. Nevertheless, Paillard’s idea
of multiple steady states could be used for a model with two sedimentary-environment
states (a lignite-accumulating swamp versus a fluvio-lacustrine basin that deposits detri-
tal sediment), which respond non-linearly to insolation. An additional feature of this
model should be that the depositional environment has a memory, which requires the
system to remain in one steady state for a certain amount of time before it can pass back
to the other state. This amount of time should exceed the duration of half an eccentric-
ity cycle to explain the dominance of eccentricity in our detrital basins. An additional
eccentricity effect could be introduced into such a model by using a truncated insola-
tion response (Clemens and Tiedemann, 1997).

A feasible geological explanation for such a mechanism could be that the weathering of
source rock to produce abundant detrital sediment during warm and humid periods
requires a long time (say 40 kyr). After such a prolonged, densely-vegetated period, the
local climate became colder and dryer and the weathered material was eroded and
deposited in the basin. During cold and dry intervals following short vegetated periods
(1.e. during insolation minima in an eccentricity maximum), there might not have been
enough detrital material available to bury the swamp vegetation (in the whole basin),
and organic material was still preserved in the lignite seams. Occasionally, detrital mate-
rial was deposited during eccentricity maxima, but only in lenticular sediment bodies or
when the basin was nearly filled up (e.g. as observed in cycle IV in Megalopolis).
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Figure 6: Eccentricity [Laskar, 1990 #150] and its filtered 2.35-Myr component; the amplitude of the 100-kyr eccen-
tricity cycle is reduced during 2.35-Myr minima. The largest part of the Ptolemais section was deposited during a
2.35-Myr minimum, as opposed to the Lupoaia and Megalopolis sections. The marine Rossello section [Hilgen,
1991 #12] covers a whole 2.35-Myr cycle; its largest part was deposited during a period with large-amplitude 100-
kyr cycles, which are clearly expressed in the lithology. The lower part, which corresponds to a 2.35-Myr minimum,
lacks expression of the 100-kyr cycle in the lithology, like the parallel Ptolemais section.

The lacustrine calcium carbonate systems of Ptolemais and Orera apparently responded
more linear to insolation forcing, because precession is so distinctly expressed.
However, the lack of a — dominant — expression of the 1oo-kyr cycle can also be
explained otherwise. Both the Ptolemais section and the largest part of the Orera sec-
tion were deposited during a period that the amplitude of the roo-kyr eccentricity cycle
was reduced. Low 1oo-kyr amplitudes regularly occur because there is — apart from the
well-known 100 and 4o0-kyr eccentricity cycles — also a 2.35 Myr eccentricity cycle
that periodically reduces the magnitude of the 1oo-kyr cycle. Coincidentally, the
Ptolemais section and the middle part of the Orera section were deposited during such a
2.35-Myr eccentricity minima (Figure 6, Orera not shown). The top of the Ptolemais
section correlates with an interval with clear Too-kyr cycles, but the fact that the basin
was nearly filled up may explain why this period is not clearly expressed in the litholo-
gy. This means that there might still be some non-linear response mechanism in lacus-
trine calcium carbonate basins, but that cannot be checked in these two basins.
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Improved precision of the Messinian APTS
from sedimentary cycle patterns in the lacustrine

Lava section (Servia Basin, NW Greece)

Abstract

A high-resolution cyclostratigraphy and magnetostratigraphy is presented for the upper
Messinian lacustrine Lava section from the Servia Basin in Northwest Greece. The sec-
tion contains fifteen distinct sedimentary cycles of alternating dark and light-coloured
marls, while the gamma-ray attenuation record reveals an additional five to six cycles.
The cycles in the lower half of the section are on average 5.3 m thick, as opposed to the
cycles in the upper part that have an average thickness of 3.1 m. Palynological results
point to a common cause for these cycles and define the lithological alternations in
terms of periodic changes in humidity, where the light marls represent the humid peri-
ods and the dark marls the relatively dry periods.

Field evidence and shifts in average gamma-ray values point to a rather abrupt decrease
in sedimentation rate, which coincides with the decrease in cycle thickness. This is con-
firmed by the magnetostratigraphy, which recorded four reversals that — given the bios-
tratigraphic constraints from the Lava locality — could be correlated unambiguously to
subchrons C3An.1n and C3An.2n of the geomagnetic polarity time scale. With this
magnetostratigraphic time control, the average duration of the cycles can be calculated
to be constant in the entire section, and similar to precession. The astronomical origin
of the cycles is confirmed by the results of spectral analyses of gamma-ray and suscepti-
bility time series.

The sedimentary cycles in the upper part of the Lava section are unambiguously tuned
to insolation; there are two options for tuning the cycles in the lower part. The tuning
results in accurate ages for the sedimentary cycles and polarity reversals that confirm the
astronomical tuning of (Krijgsman et al., 1999), but define more precisely the astronom-
ical polarity time scale.

This chapter is submitted as: Steenbrink, J., van Vugt, N., Kloosterboer, M.L. and Hilgen, F.J. Improved precision of
the Messinian APTS from sedimentary cycle patterns in the lacustrine Lava section (Servia Basin, NW Greece), to
Earth and Planetary Science Letters.
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Introduction

The astronomical theory of climate change, according to which climatic oscillations are
linked to perturbations in the Earth’s orbit (Adhémar, 1842; Croll, 1864; Milankovitch,
1941), 1s at present widely accepted. During the last decades, deep-sea oxygen isotope records
have convincingly demonstrated that Pleistocene glacial cycles are driven by orbitally con-
trolled variations in solar radiation (Emiliani, 1955; Shackleton and Opdyke, 1973; Hays et
al., 1976; Imbrie et al., 1984). More recently, the recognition of Milankovitch cycles in sedi-
mentary records of especially marine deposits has enabled in the development of very accu-
rate time scales for the entire Neogene marine record, and in combination with magne-
tostratigraphy this has resulted in an astronomically tuned polarity time scale (APTS)
(Lourens et al., 1996; Hilgen et al., 1997; Shackleton and Crowhurst, 1997; Shackleton et al.,
1999). For the Messinian, the APTS i1s based on the integrated stratigraphy of several marine
sections in the Mediterranean (Krijgsman et al., 1999). The astronomical tuning of these sec-
tions 1s confirmed by open-ocean calcareous nannofossil biochronology from ODP Sites 853
and 926 and by their implications for sea-floor spreading rates (see Krijgsman et al., 1999,
Table 1). The magnetostratigraphic data were derived from the Spanish Sorbas Basin
(Krjjgsman et al., 1999) and the Cretan Faneromeni section (Krijgsman et al., 1994). Because
of the moderate quality of the palacomagnetic signal in these sections, the astronomical ages
of the polarity reversals in the APTS are not well constrained (uncertainties of 20 to 6o kyr).
Not only marine, but also continental sediments provide important archives of environ-
mental and climatic change in the geological past. In fact, continental settings are
expected to register orbitally induced climate changes more directly because they are
not influenced by complex oceanographic processes which include linear and non-lin-
ear feed-back mechanisms. Until now, the role of astronomically induced climate varia-
tions in the deposition of sedimentary cycles in continental settings has often been
underestimated. Sedimentary cycles are often linked to autocyclic processes such as tec-
tonics and base-level change. However, Bradley (1929) already suggested that varves
and sedimentary cycles in the Eocene Green River Formation are climatically linked
and astronomically controlled. Since then, orbital forcing has been demonstrated for
several continental deposits. The best known example is the Triassic lacustrine succes-
sion of the Newark Basin (Olsen and Kent, 1996; Kent and Olsen, 1999).

Long and continuous cyclically-bedded continental successions are also present in the
Mediterranean area. Recent studies demonstrated a strong orbital control on sedimenta-
tion for the late Miocene marginal lacustrine-floodplain sequences in the Calatayud
Basin in Spain (Abdul Aziz et al., accepted), for the lower Pliocene lignite-marl alterna-
tions in the central part of the Ptolemais Basin in northern Greece ( van Vugt et al.,
1998; Steenbrink et al., 1999), and for the middle Pleistocene lignite seams in the
Megalopolis basin (van Vugt et al., 2000).

In this paper, we present the results of an integrated study on the cyclically bedded
Messinian lacustrine Lava section. Astronomical tuning of the sedimentary cycle pattern
combined with a reliable magnetostratigraphy offers a unique opportunity to confirm
and define more precisely the APTS ages in the Messinian.
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Geological setting

The intramontane lignite-bearing Servia basin is located approximately 100 km south-
west of Thessaloniki and is part of an elongated NNW-SSE trending graben system that
extends over a distance of 120 km from Bitola in former Yugoslavia (F.Y.R.O.M.) to
Servia in northern Greece (Figure 1). The graben system belongs to the Pelagonian
Zone, which is the westernmost zone of the Internal Hellenides (Brunn, 1956) and
developed in the late Miocene by late-Alpine NE-SW extensional movements. A
Pleistocene episode of NW-SE extension resulted in the development of several sub-
basins, e.g., the basins of Florina, Ptolemais and Servia (Pavlides and Mountrakis, 1987).
The basins are flanked by mountain ranges that are primarily composed of Mesozoic
limestones, Upper Carboniferous granites and Palacozoic schists (Brunn, 1956) (Figure
1). The basin fill comprises a ~600 m thick late Miocene to late Pleistocene succession
of predominantly lacustrine sediments with intercalated lignite seams and fluvial
deposits, which can be divided into a number of basin-wide lithostratigraphic units
(Ehlers, 1960; Anastopoulos and Koukouzas, 1972) (Figure 1).

In this study, we focus on part of the lower Komnina Formation, which was dated as
late Miocene (Turolian, lower part of mammal zone MN 13) on the basis of palaconto-
logical data from small mammals (de Bruijn et al., 1999), plant remains (Velitzelos and
Gregor, 1990) and charophytes (Antoniadis and Rieber, 1997). The Komnina
Formation is ~300 m thick, unconformably overlies the pre-Neogene basement and is
predominantly composed of lacustrine (diatomaceous) marls and clays, with some inter-
calated lignite seams, fluvial sands and conglomerates. This subsurface information is
mainly derived from drillings and from outcrops in open-pit lignite mines in the Florina
basin (Achlada and Vevi mines), Ptolemais basin (Vegora mine) and Servia basin (Lava
and Prosilion mines) (Figure 1).

Studied section and sampling

The Lava section is exposed in a private lignite open-pit, situated a few kilometres
south of Servia and close to the deserted village of Lava in the footwall block of a major
fault system that runs ENE-WSW and forms the southern margin of the Servia basin
(Figure 1). The Lava depression has a NNW-SSE orientation and is bounded by base-
ment faults, which strike in the same direction.

We selected the Lava mine for this study for a number of reasons. It has the most com-
plete succession of the Komnina Formation. The sediments that crop out in the Lava
mine display a distinct sedimentary cyclicity and, in contrast to some of the other mines,
are all fine-grained, which is preferred for our palacomagnetic study. Moreover, a bios-
tratigraphic age constraint to calibrate these palacomagnetic data is provided by a fossil-
iferous level with small mammal remains (de Bruijn et al., 1999).
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Figure 1: Geological map of the Florina, Ptolemais and Servia basins. The inset shows the exact location of the
Lava mine. Sketched stratigraphic column of the basin fill after IGME Geological map of Greece, Ptolemais sheet
62, 1997.

The Lava section has a thickness of 130 m (Figure 2). The basal ~20 m of the section con-
tains two (xylite-type) lignite seams, which are separated by homogeneous clays and lam-
inated marls with abundant charophyte oogonia and freshwater gastropods. The upper
~110 m consists chiefly of lacustrine marls and clays with abundant leafs (among which the
characteristic late Miocene Glyptostrobus europeus (Velitzelos and Gregor, 1986)), freshwa-
ter diatoms and ostracods, and show a distinct cyclicity. Rather abrupt changes towards
more clayey and organic-rich sediments occur twice in the lithology, namely between 6o
and 67 m and between 85 and 88 m in the section. At 41.6 m in the section, a § cm thick
bed full of gastropods 1s found (key-bed I) and at 73.2 m, a 5 c¢m thick clay bed is found
with abundant fish teeth and vertebrae (key-bed II). These two layers have a constant
thickness over the entire mining area and were also recognised in the five km westerly sit-
uated Prosilion mine, which supports their potential use as marker-beds.

Detailed logging and sampling of the Lava section was done in two campaigns. In 1994
we logged and sampled the section from the base up to 115 m, an upward extension was
done in 1997. We took oriented palacomagnetic samples, cored with a portable drill at
194 levels over a stratigraphic interval of 130 meters, which corresponds to an average
spacing of 67 cm (resulting in an average temporal spacing of ~3.5 kyr). Additional non-
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oriented samples were taken at the same levels for chemical and pollen analyses. During
the 1994 sampling campaign, the gamma-ray signal was measured seven-fold at each
sampling level with a UGr135s differential gamma spectrometer, a portable apparatus
equipped with a Nal crystal. Data were measured in the TC2-mode, detecting all ener-
gies above 400 kea. The low-field bulk magnetic susceptibility of the samples was mea-
sured in the laboratory on a KLY-2 susceptibility bridge. The natural remanent mag-
netisation (NRM) was studied in the laboratory by means of standard stepwise thermal
demagnetisation procedures and measured on a 2G DC SQUID magnetometer.

Cyclostratigraphy of the Lava section

The lacustrine marl succession that constitutes the upper ~110 m of the Lava section
shows a marked succession of an alternating pattern of light- and dark-coloured marls
on various scales. The dark-coloured marl beds are faintly laminated, enriched in organ-
ic matter and/or clay. The light-coloured marl beds are homogeneous and enriched in
carbonate. The most prominent colour variations occur on a scale of 3 to 5 metres. We
defined a basic sedimentary cycle as one such 3 to s metres thick dark-light marl cou-
plet. We numbered the distinct dark marl beds, which we defined as the base of a sedi-
mentary cycle, in ascending order from the base of the Lava section upward. Faintly
developed (or very thin) dark-coloured marl beds are also present in different parts of
the section (see below), but these were not numbered.

The Lava section contains 15 distinct sedimentary cycles. Sedimentary cycles are not
present throughout the entire section, but are found primarily in two intervals. The first
interval forms the lower part of the marl succession, it starts from ~20 m in the section,
just above the second lignite, and continues up to ~60 m in the section. It contains
seven regular cycles (cycles 1 to 7) of alternating dark- and light coloured marl beds,
which have an average thickness of 5.1 £ 0.7 metres. The dark-coloured marl bed of
cycle s 1s the most prominent one in this interval. Within the light-coloured marl beds
of cycle 6, which is very carbonate-rich and distinctly yellowish coloured, two addi-
tional thin dark-coloured marl beds are present. The dark-coloured marl bed of cycle 7
is composed of one thin, and two thicker dark-coloured marl beds (Figure 2).

The second interval is found in the upper part of the section, between roughly 9o and
120 m and contains eight cycles that are arranged in two clusters. The lower cluster
comprises four well-developed cycles (cycle 8 to 11), with an average thickness of 3.3 +
0.6 metres. Especially the dark marl beds of cycles 10 and 11 are very distinct and clay-
rich. The upper cluster contains four sedimentary cycles (cycles 12 to 15), of which the
three lower cycles (cycles 12 to 14) are very regular both in thickness (~3.3 metres) and
appearance, and have prominent dark-coloured clay beds. Cycle 15 is relatively thin
(2.3 metres), its dark marl bed is strongly lignitic and the light marl segment of this cycle
contains abundant freshwater gastropods and is composed almost exclusively of carbon-
ate. In between these two clusters lies a more homogeneous interval in which a few
cm-thick dark-coloured clay beds are intercalated: four at around 105 m and one at
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around 108 m, suggesting that two more cycles might be present in this interval (Figure 2).
The two intervals with well-developed sedimentary cycles are separated by an interval
that runs from ~60 to 9o m in the section and lacks an obvious lithological cyclicity.
This interval is not homogeneous, but the difference between the dark- and light
coloured marl beds is less pronounced. This makes subdivision into sedimentary cycles
arbitrary. There are a few prominent dark-coloured marl beds, but these are very thin
(<10 cm) and not regularly spaced (Figure 2).

Gamma-ray and susceptibility

The gamma-ray intensity and low-field magnetic susceptibility records of the Lava sec-
tion were measured to quantify the subtle light-dark colour variations that we observed
in the field. Moreover, spectral analysis of these records in either the depth or time
domain enables an objective estimate of periodic characteristics. The gamma-ray (GR)
intensity is mainly a function of the Uranium-content (ten Veen and Postma, 1996) and
Uranium tends to be more abundant in both detrital minerals and organic-rich sedi-
ments. The low-field susceptibility (K) is positively influenced by the concentration of
ferri-magnetic and paramagnetic (clay) minerals and negatively by diamagnetic material
(carbonate). Both gamma-ray and susceptibility are thus good parameters to describe the
alternation of organic-rich clay layers and carbonate-rich marl layers.

The GR and K records are marked by a high variability showing a close correlation
with the lithological variation (Figure 2). More precisely, they reveal relatively high val-
ues in the dark-coloured clay-rich beds and low values in the light-coloured carbonate-
rich beds. The GR record reflects all sedimentary cycles as recognised in the field. In
addition, the GR recorded another five or six minima and maxima in the interval
between ~60 and ~90 m, where no distinct sedimentary cyclicity was observed. These
maxima correspond to thin darker (clay) layers, which suggests that cyclicity is present
in this interval as well, but less distinct than in the rest of the section. Sedimentary
cycles 2—7 and 9—16 can be recognised as peaks in the K record, but k does not show
any regular minima and maxima in the non-cyclic interval. The GR record shows a
much smoother curve than the K record, because K is measured on discrete samples,
while the gamma spectrometer measures the GR intensity of a sphere with a diameter
of 25 cm. Two sharp increases in the mean GR value between 60 and 67 m and
between 85 and 88 m co-occur with two earlier described lithological changes towards
more clayey and organic-rich sediments. The K record, on the other hand, does not
show any pronounced change in its mean value.

The variance spectra of the GR and K records in the depth domain show that power is
concentrated in two broad bands (Figure 2). One is centred at ~5.4 metres and the other
at ~3.1 metres. These two values are indistinguishable from the average cycle thickness
in the lower and upper part of the section, which arrived at 5.1 £ 0.7 and 3.3 * 0.6
metres, respectively. Further confirmation of cyclicity in both the GR and K records
with periods close to those of the sedimentary cyclicity is given by applying a Gaussian
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bandpass filter to the GR and K records (centred at 5.4 and 3.1 m). The filtered records
centred at 5.4 m follow the GR and K records — and thus the lithological cyclicity — best
in the lower half of the section, while the filtered records centred at 3.1 m reproduce
the cyclicity best in the upper part of the section (Figure 2). The shift from a dominant-
ly 5.4 m-scale cyclicity towards a 3.1 m-scale cyclicity is especially obvious from the fil-
tered GR record and occurs between 60 and 67 m, coinciding with the first increase of
the mean GR values. The question remains, however, whether these two types of
cyclicity are forced by two different mechanisms or a single one? The thickness-ratio of
the two cycle types is close to the ratio of the dominant periods of obliquity and preces-
sion. So, if the cycles are astronomically controlled, the thicker cycles might be related
to obliquity, and the thinner ones to precession. Alternatively, both scales of cycles are
controlled by the same (orbital forcing) mechanism and thus have the same duration.
This second scenario implies a decrease in sedimentation rate.

Palynology of sedimentary cycles

To determine whether a single mechanism is at work during the formation of the lower
and upper cycles of the Lava section, we conducted a palynological study on two cycles
from the lower part of the section and two from the upper part (Figure 2). From the
palynological data, vegetational changes throughout the different cycles can be recon-
structed, giving information on forcing mechanisms. The palynological data are
expressed as percentages of a pollensum including all spores and pollen, and excluding
fungi and algae (Figure 3).

For all cycles investigated, mixed deciduous/coniferous forests appear to have been
widespread in the mid-altitude uplands surrounding the intramontane sedimentary
basin. Montane forests with Pinus, Cedrus, Abies and Fagus dominated at higher eleva-
tions. Lowland elements, characteristic for fringing swamp vegetation around the lake,
are mainly represented by Taxodium.

The available palynological evidence points to continuously wet and warm-temperate
climatic conditions. This is notably apparent from the records of conifer pollen. Cathaya
presently occurs in mid-altitude forests in China where annual precipitation is in excess
of 2000 mm (Farjon, 1990). Tsuga is nowadays restricted to mountanous regions in Asia
and North America where similarly high precipitation is available throughout the grow-
ing season (Farjon, 1990). An annual precipitation between 1000-1500 mm in higher
altitudes can be inferred from the occurrence of Cedrus (Farjon, 1990). Cedrus forests
nowadays occur only in high mountains around the eastern Mediterranean basin.
Humid warm-temperate conditions were also inferred from studies on macroflora of the
Lava mine (Velitzelos and Gregor, 1986). Additional evidence that conditions may have
been generally moister than at present is provided by the conspicuous absence of dry-
tolerant sclerophyllous evergreen-species of Quercus, characteristic of modern
Mediterranean vegetation. The subordinate presence of Juniperus may be controlled
more by substrate than by (low) precipitation.
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Figure 3: Pollendiagram of cycles 4, 5, 13 and 14 from Lava. The results are presented as percentages of a pollen-
sum including all pollen and spores, excluding fungi and algae. The grey bands indicate dark marls. Herbs are a
sum of mainly Poaceae, Asteraceae and Chenopodiaceae; Lowland consists of Taxodium and some Salix and
Alnus; Aquatics are a sum of Cyperaceae, Nuphar and Ceratophyllum; Ferns are a sum of Polypodiaceae and
Osmunda. Quercus robur type consist only of deciduous species of Quercus.

Superimposed on these generally wet conditions, palynological data for cycles 13 and 14
indicate periods of relatively increased precipitation that more or less coincide with the
deposition of the light-coloured marls. Analogous to Holocene vegetation development
in the eastern Mediterranean region (van Zeist and Bottema, 1982), a marked spread of
Pinus at the expense of Cedrus can be interpreted as an increase in precipitation at high-
er elevations, resulting in downward expansion of Pinus into the mid-altitude deciduous
forests. Similarly, increased montane humidity may also be responsible for an expansion
of Fagus at the cost of Abies.

The pollen spectra of cycles 4 and 5 have generally higher amounts of Fagus and Quercus
compared to the upper cycles. This may be due to higher (winter) temperatures in the
lower cycles. Cyclic changes in precipitation are less obvious in the pollen records of these
lower cycles than in cycles 13 and 14, which is in agreement with the less-pronounced
lithological changes in these lower cycles. Apparently, climate was more equable during
deposition of these lower cycles. Yet, careful inspection of the pollen curves suggests sim-
ilar patterns for the relation between Pinus and Cedrus, as well as Fagus and Abies.
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Palynological data of both the lower and upper cycles indicate that climate was general-
ly humid and warm-temperate, but cyclic changes in precipitation could be inferred.
Periods with increased precipitation occurred during deposition of the light marls, both
in the lower as well as in the upper cycles. The results suggest that the sedimentary
cycles in the Lava section are forced by a single mechanism. Comparison with results
from the cyclically-bedded Ptolemais formation indicates that dominantly precession-
controlled variations in regional climate are the most likely cause for the formation of
the Lava cycles (van Vugt et al., 1998; Steenbrink et al., 1999)

Palaeomagnetic analysis

A high-resolution chronology is a prerequisite for studying the role of orbital forcing on
sedimentation patterns and may confirm our hypothesis of a single mechanism causing
the formation of the sedimentary cycles. A number of methods is used to construct a
high-resolution chronology in continental sections: 1) magnetic polarity reversal stratig-

LA 1381
a L LAO0141 | b oW

200°C
20°C

230°C
410°C

380°C!

410°C

N
51.16 m 17.85m
IRM demagnetisation
1.0
0.8 -
206
‘@
2
2
o S04+
° Eoh 1% o0
of o
° :a“ R 0.2
® 0.0 T T T T T
0 100 200 300 400 500
S Temperature (°C)
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directions: black (white) circles indicate downward (upward) projection. D) Thermal IRM demagnetisation.
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raphy. (Heller and Liu, 1982; van Vugt et al., 1998; Kent and Olsen, 1999); 2) a closely
spaced 4°Ar/39Ar data set of intercalated volcanic ash beds (McDougall, 1985; McDougall
et al., 1992; Steenbrink et al., 1999), or 3) varve countings of the sediments under study
(Bradley, 1929; Anderson, 1984). Only a very limited part of the Lava section is (annual-
ly) laminated, and no volcanic ash layers were found, so the last two methods, varve
counting and 4°Ar/39Ar dating, could not be used to build our time frame. The fine-
grained sediments have a good potential, however, for the use of magnetostratigraphy.
Thermal demagnetisation reveals a two-component NRM (Figure 4a-b). The low-tem-
perature (up to 200°C) component generally has a random direction, but it may be
approximately parallel to the present-day field in the slightly weathered uppermost part
of the section. The characteristic remanent magnetisation is isolated above 200°C and
shows both normal and reversed polarities. These normal and reversed ChRM direc-
tions are almost antipodal (Figure 4¢). Above ~400°C, both direction and intensity of
the remanence change in many samples, indicating the presence of iron-sulphides
(pyrite). To find the maximum unblocking temperatures, some samples were given an
IRM that was thermally demagnetised. The samples have a maximum unblocking tem-
perature of 500°C or higher, indicating magnetite (Figure 4d).

The declinations and inclinations of the ChRM compose a well-defined magnetic
polarity pattern in the Lava section, with two reversed and two normal intervals (Figure
5). Given the constraint that the mammal assemblage from Lava belongs to the lower
part of MN13 (de Bruijn et al., 1999), we find a unique correlation with the geomag-
netic polarity time scale, in which the lower normal polarity interval represents
C3An.2n, and the upper normal interval C3An.1n (Figure s).

Astronomical forcing of the sedimentary cycles

Recently, two new time scales have been proposed for this interval by Krijgsman and others
(1999), one astronomically tuned and one based on sea-floor spreading rates. Although the
spreading-rate (SR) ages are statistically indistinguishable from the astronomically tuned ages
(APTS), there is a notable difference in the duration of the polarity intervals (Table 1). The
APTS and SR ages are significantly older than those from previous time scales, which were
based on marine magnetic anomaly spacings in the South Atlantic and on ~10 Myr spaced
age calibration points (Cande and Kent, 1992; Cande and Kent, 1995). These carlier time
scales were presented ‘pending further refinements such as the results of high-precision
radiometric and astronomical dating methods’, as stated by the authors. Since these refine-
ments are now presented by Krijgsman and others (1999), we will not use the CKo9s ages in
this discussion, but prefer the SR ages; the results of our calculations based on ages from the
—statistically similar — APTS as well as on those from the CKos ages (Cande and Kent, 1995)
are listed in Table 1.

With the magnetostratigraphic time control, the average sedimentation rates in the two
complete polarity zones in Lava can be calculated. As expected from other observations,
the sedimentation rate in the lower interval 1s higher than in the upper interval. There is

119



Chapter 5

CSR time scale LAVA
6.0 ! , r 130
15 L 120
14 [
13 [
12 L 110
62 Il / | | [T [
11 :
T - 100
9 L
bl L 90
6.4 [ »
s [ s
= [ooiod 80 %
S .- @ . [ [ €
) [ £
2 rIii7d F70 5
>
6.6 [ o
60 ©
= .
L s
6 50 2
\ 5 | — [ s
6.8 — | [ 4
4 = ‘ L 40
3 ‘ [
) 2 | [ 30
1 | [
7.0 ‘ :,20
‘ [
2 | | [
< | | +10
© [
72 °© N Lo
180 360 90
declination inclination

Figure 5: Palaeomagnetic directions of the Lava section and correlation of the polarity pattern to the constant
spreading rate time scale (Krijgsman et al., 1999). For explanation of the lithological column see Figure 2.

no reason to assume that this shift in sedimentation rate co-occurs with a polarity rever-
sal, in fact, the shift is probably located between 60 and 67 m, where there is a shift in
both the thickness of the cycles and the average GR attenuation. We assume that the
shift 1s located at 60 m, because this resulted in more consistent cycle periods than high-
er positions. The sedimentation rate for the reversed polarity zone was extrapolated
downwards to 6o m. This yields a new, virtual age control point, with which the aver-
age sedimentation rate for the lower part of the normal polarity zone is determined.
Combining these sedimentation rates with the average length of the sedimentary cycles
in each interval results in an average duration for the cycles of 19.9 + 5.4 to 23.0 £ 3.1
kyr for the thin sedimentary cycles, and 22.8 £ 4.0 kyr for the thick cycles (Table 1).
When we assume that the shift in sedimentation rate is located at 67 m, the duration of
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the thick cycles changes to 25.8 * 3.3 kyr. This value 1s within error to the period based
on the sedimentation-rate change at 6o m. The periods of the thin cycles (in the middle
and upper part of the section) are unaffected. The similarity of the periods of the thin
and thick cycles confirms the hypothesis that the cycles have the same cause, and the
average duration strongly suggests that the cycles were forced by precession. This con-
firms the palynological results and their comparison with the Ptolemais Formation.
Moreover, a dominant precession forcing as early as 6.8 Ma is in agreement with the
theory of Schenau and others (1997) that primarily precession-induced dry-wet oscilla-
tions controlled the Mediterranean climate during (at least) the last To Myr.

Using the APTS ages results in a longer duration for the reversed interval. Extrapolation
of the corresponding sedimentation rate leaves a negative amount of time for the lower-
most part of the (shorter) normal zone, and therefore a highly inconsistent average
duration of the cycles (Table 1). Assuming the sedimentation-rate shift at 67 m results in
a very small amount of time for the lowermost part of the normal zone and consequent-
ly a short cycle duration (9 kyr). The CKgs time scale results in an even more inconsis-
tent average duration. Since we had already strong, independent indications for a single
duration of the cycles, these data support the SR time scale of Krijgsman and others
(1999).

Table 1: palaeomagnetic age models for the Lava section

Reversal Position Lava section KRIJ99 KRIJ99 CK95

APTS age SR age APTS age GPTS age
C3An.1n (o) 120.1 + 0.8 | 6.273 = 0.005 6.28 6.26 £ 0.02 6.137
C3An.2n (y) 96.4 +0.1 | 6.433 +0.001 6.43 6.44 £ 0.01 6.269
C3An.2n (o) 442 +1.4 | 6.699 + 0.005* 6.73 6.71 +£0.03 6.567

6.731 + 0.010*

Polarity interval Length |Cycle thickness| Duration Sed rate Duration Sed rate Duration Sed rate
C3An.1r 23.6+0.9 3.1+0.8 150 0.16 +0.01| 180+22 0.13+0.02 132 0.18 +0.01
C3An.2n 523+14 43+1.0 300 0.17 £0.01 270 £ 32 0.19 £ 0.02 298 0.18 £0.01
Polarity interval Length |Cycle thickness| Sed rate Period Sed rate Period Sed rate Period
C3An.1r 233 3.1+0.8 0.16 +0.01 199+54 | 0.13+0.02 238+7.1 | 0.18+0.01 175+4.8
C3An.2n 36.4 3.6+0.5 0.16 £0.01 23.0+3.1 | 0.13+0.02 276+5.0 | 0.18+0.01 20.2+27
(from 60 m up)
C3An.2n 15.9 53+05 0.23+0.04 228+4.0 -2.2 - 0.17+0.02 31.3+4.7
(from 60 m down)

Table 1: Upper panel: Palaeomagnetic age models for the Lava section. Position (m) of reversal horizons in the
Lava section and ages (Ma) of the corresponding reversals based on spreading rates (SR), astronomical tuning
(APTS) both from (Krijgsman et al., 1999), and sea-floor anomalies (GPTS) from (Cande and Kent, 1995). The error
estimates in the astronomical ages refer to the uncertainty in the exact stratigraphic position of the magnetic
polarity reversal with respect to the astronomically dated cycles. * Correspond to the two astronomical ages for
C3An.2n(0), related to the two correlation options (Figure 7). Middle panel: Length (m) of and average cycle
thickness (m) in the polarity intervals. Duration (kyr) of and average sedimentation rate (m/kyr) in these intervals
according to the different time scales. Note the difference in sedimentation rate between the two polarity inter-
vals for both the SR and APTS time scales. Lower panel: As middle panel, with the sedimentation rate from sub-
chron C3An.1r extrapolated down to 60 m. Note the similarity of the average cycle periods and the period of pre-
cession for the SR age model, and divergent periods for the other age models.
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Figure 6: Maximum entropy variance spectra of the GR (length of filter is 12.8% of the series) and K time series
(length of filter is 11.2% of the series), computed with the Analyseries program (Paillard et al., 1996) and investi-
gated in the frequency range 102 to 101 cycle/kyr. The time series are generated from the SR ages for the rever-
sals and our virtual age control point (see text), and re-sampled with 2.5-kyr intervals. The shaded areas indicate
the width of the obliquity and precession frequency bands, as used for the filtered records in Figures 7 and 8.
Numbers indicate cycle periods (kyr).

Spectral analysis of proxy records provides an objective estimate of periodic properties
in time series of data. To be useful in testing the orbital hypothesis, the data must be
transformed into geological time series. We constructed GR and K time series by linear
interpolation between and extrapolation beyond the control points, provided by -— in
our case — the SR ages of the palacomagnetic reversals of Krijgsman and others (1999)
and the extra age control point that we calculated for the 6o-m level in the section
(Table 1). The original data set was re-sampled with an interval of 2.5 kyr to obtain a
regular sampling desirable for processing the signal.

The variance spectra of the GR and K records vs. age are given in Figure 6. Both the
spectra reveal peaks in two frequency bands. The first frequency band includes period-
icities close to the obliquity period of 41 kyr and 1s located at 38.0 kyr in the GR and
44.0 kyr in the K record. The second frequency band includes periodicities close to the
precession periods of 23 and 19 kyr. A 20.3-kyr periodicity is present in the GR record
and the K spectrum reveals a prominent peak at a period of 23.0 kyr. These results indi-
cates that both the GR and K records, and thus the sedimentary cyclicity, have a strong
orbital control that is dominated by precession and to a lesser extend by obliquity.
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Astronomical tuning of the sedimentary cycles of Lava

The sedimentary cycles of Lava are now proven to be related to precession. Moreover,
the pollen study has shown that the dark-coloured marl beds correspond to relatively
dry periods, while the light-coloured marl beds correspond to humid periods. In the
Mediterranean area, relatively humid (and warm) climate occurred during summer
insolation maxima, while the opposite regime occurred during insolation minima
(Rohling and Hilgen, 1991). The dark-coloured marls can thus be correlated to insola-
tion minima and the light coloured marls to an insolation maximum (Figure 7).
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Figure 7: Tuning of the sedimentary cycles in Lava to 650N summer insolation (Laskar, 1990; Laskar et al., 1993).
Cycles that were not expressed in the lithology, but were clearly present in the GR or K record are indicated with
an asterisk. The correlation of the lower cluster (cycles 1-7) is not certain, two likely options are indicated. The fil-
tered precession components of GR and K are shown for comparison. The polarity pattern in the time domain is
derived from our tuning and compared with the APTS and SR time scales (Krijgsman et al., 1999).
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Considering that the sedimentary cycles are related to precession, typical clusters of 3-4
cycles, as observed in the upper part of the section (cycles 8-11 and 12-14), portray
maxima in 100-kyr eccentricity cycle. With the upper two magnetic polarity reversals as
approximate tie-points we can now tune these clusters to groups of high-amplitude
insolation cycles related to the eccentricity maxima at ~6.4 and ~6.3 Ma.

Next, individual sedimentary cycles can be tuned to insolation. Cycle 11 has the most
prominent organic-rich layer, and the underlying dark marl beds are alternatingly
reduced and enhanced in GR and, to a lesser extend, K. Therefore, cycle 11 is correlated
to the high-amplitude minimum at 6.4 Ma, and the underlying cycles to consecutively
older minima. The dark marls of cycles 12 to 14 are very prominent, they are therefore
correlated to the cluster of three high-amplitude insolation minima around 6.3 Ma.

In the middle of the section, no cycles were recognised in the lithology nor in the K
record. The GR record, however, showed several distinct cycles in this interval, that are
indicated in the column by an asterisk (Figure 7). These cycles are correlated to a series
of relatively high-amplitude insolation minima between 6.55 and 6.6 Ma, with the most
prominent dark clay bed (key bed II) corresponding to the highest amplitude insolation
minimum. The GR peak immediately below cycle 8 is very wide, and likely covers two
cycles (see also filtered record, Figure 2). In that case, an extra correlation line could
tentatively be drawn below the one indicated in Figure 7.

The cycles in the lower part of the section (1-7) show no typical clustering, and they
can thus not be tuned using the eccentricity modulation of insolation. Therefore, we
suggest two likely correlations for cycles 1 to 7. Cycles 5, 6 and 7 have the most pro-
nounced lithological expression. The first option assumes two cycles between 6o and 70
m (each ~s m thick, similar to the average thickness of the thick cycles) and correlates
cycles 5-7 to three consecutive insolation minima with slightly higher amplitudes than
the minimum below (~6.71 Ma). Cycles 1 to 4 are correlated to consecutive insolation
minima. The second option assumes three cycles between 60 and 70 m (each ~3 m
thick, similar to the average thickness of the thin cycles) and correlates cycles 2-7 to one
insolation cycle older than the first option. In this option, the prominent light-coloured
carbonate bed of cycle 6 is correlated to the high-amplitude insolation maximum at
~6.68 and the carbonate lithology of cycle 1 and below is correlated the high-amplitude
insolation maximum at ~6.79 and 6.85 Ma.

The filtered precession components of GR and K, plotted for comparison in Figure 7,
generally fit with insolation. Small differences most probably originate from errors in
the SR age model.

The quality of the correlation can be tested by applying a Gaussian bandpass filter cen-
tred at 41 kyr to the GR record. Since the Lava record was tuned to the dominantly
precession-related peaks of insolation, and thus independent of obliquity, a good fit
between the filtered record and obliquity would suggest that the tuning is correct. The
GR record was filtered twice, once for either age model (based on both tuning options)
(Figure 8). The filtered components are almost identical in the uppermost part of the
records, where the age models are identical, and they are in phase with obliquity, indi-
cating that the tuning in this interval is correct. The lowermost parts of the two filtered
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Figure 8: Filtered GR and K records with a broad Gaussian bandpass filter centred around 41 kyr, plotted on top
of obliquity (Laskar, 1990; Laskar et al., 1993). Two different age models were applied, according to the two cor-
relation options of cycles 1-7 in the Lava section. The filtered components are almost identical and in phase with
obliquity in the upper part of the records. The first option results in negligible amplitude in the lowermost parts;
the second option shows higher amplitudes, that are almost in phase with obliquity, and is thus preferred.

records are clearly distinct: the first option (left-hand side in Figure 8) results in negligi-
ble amplitude for the 41-kyr component in this interval, so the phase cannot be com-
pared; the second option (right-hand side in Figure 8) results in a higher amplitude, and
the cycles are almost in phase with obliquity. Obliquity filtering of the K records
showed the same pattern (not shown). Therefore, we have a strong preference for the
second correlation option.

We can now assign astronomical ages to the polarity reversals of the Lava section (Table
1). The positions of all the reversals are well-defined (Figure 3 and Table 1), and the
unambiguous astronomical tuning of cycles 8-15 results in high-precision ages for the
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C3An.2n(y) and C3An.1n(o) reversals. The two correlation options for cycles 1-7
results in two possible astronomical ages for reversal C3An.2n(o), the older of which is
preferred. Comparison with the APTS ages shows that all our reversals are within the
error limits of the APTS ages, but have a higher precision (Table 1). The SR ages of the
upper two reversals cannot be distinguished from our astronomical ages; the SR age of
the lower reversal is within the error limits of our preferred tuned age.

Conclusions

A reliable magnetostratigraphy is established for the late Messinian Lava section, which
results in an age of ~6.9 Ma for the base and ~6.2 Ma for the top of the section. The
cycles in the Lava section, as expressed in the lithology, gamma-ray attenuation and sus-
ceptibility records have the same duration and are forced by climatic precession.
Palynological data indicate that dark marls were deposited during summer insolation
minima (dryer periods with cooler summers), and light marls in maxima (more humid
periods with warmer summers). Astronomical tuning of the cycles yields absolute ages
for the polarity reversals that confirm and define more precisely the APTS ages of
Krijgsman and others (1999).
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Magnetostratigraphic dating of a Pliocene
fluvio-lacustrine succession on Rhodes (Greece)
and the recognition of astronomically forced

sedimentary cycles

Abstract

Astronomically forced sedimentary cycles are presently recognised in widely different
sedimentary environments. Coarse grained continental sedimentary facies were so far
not considered to be suitable for registration of climatic cycles. In this paper, we present
a study on the fluvio-lacustrine Apolakkia Formation from Rhodes, Greece. Bio- and
magnetostratigraphic results show that the succession was deposited during the middle
Pliocene. The sections belong to the upper Gilbert and the Gauss Chron. Three differ-
ent facies associations alternate in ~30-metre thick lithological cycles, that are forced by
precession. Yet, these cycles do not permit a reliable astronomical tuning, mainly
because the sedimentation rate is very high (1.09-1.41 m/kyr) and the records are not
long enough to recognise the typical patterns of long-period (eccentricity)
Milankovitch cycles.

This chapter is submitted as: van Vugt, N. and Langereis, C.G. Magnetostratigraphic dating and the recognition of
astronomically forced sedimentary cycles in a Pliocene fluvio-lacustrine succession on Rhodes (Greece), to

Palaeogeography, Palaeoclimatology, Palaeoecology.
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Introduction

The natural human habit of observing and trying to understand what we observe has led
to a tendency in stratigraphy to classify elements as part of a recurring pattern, and sub-
sequently study the characteristics and the underlying mechanisms of such cyclic sedi-
mentary patterns. Generally, one favours one of two explanations for these cycles: auto-
cyclic, i.e. caused by the system itself, e.g. a moving riverbed in fluvial deposits, or allo-
cyclic, 1.e. forced by a recurring external factor. This external forcing can be episodic,
with an irregular period (e.g. tectonic events), or truly cyclic with a constant period
(e.g. resulting from orbitally forced climate changes).

Orbital forcing is increasingly considered to have an important influence on the geolog-
ical record in widely different sedimentary environments. This concept was first put
forward by Adhémar (1842), and was elaborated by Croll (1864) and Milankovitch
(1941). As already suggested by Gilbert (1895), the principle of orbital forcing is now
used to measure the amount of time present in sediments, and was the basis for the
high-precision astronomical time scale for the Pliocene and Pleistocene (Hays et al.,
1976; Hilgen, 1991a; Hilgen, 1991b; Imbrie et al., 1984; Joyce et al., 1990; Lourens et
al., 1996; Raymo et al., 1989; Shackleton et al., 1990; Shackleton et al., 1995).

The concept of astronomical cycles was used at first in deep marine deposits, but these
cycles have now been recognised in turbidites (Weltje and de Boer, 1993), deep lake
deposits (Olsen and Kent, 1996) and shallow lacustrine environments in humid (van
Vugt et al., 1998; Steenbrink et al., 1999 and arid climate systems (Abdul Aziz et al., in
press). Astronomical forcing has not been conclusively demonstrated in alluvial deposits,
ultimately because accurate time control — which is essential for determining periodici-
ties — 1s difficult to establish in coarse-grained sediments (Weltje et al., 1994).

This paper discusses a Pliocene fluvio-lacustrine basin-fill on Rhodes, with a high sedi-
mentation rate. The fine grained marl layers that alternate with sand and conglomerate
beds are suitable for palacomagnetic sampling, thus providing the possibility of magne-
tostratigraphic time-control. The succession was surveyed for regularly recurring fea-
tures, aimed at resolving whether these could be astronomically forced or not, based on
the palacomagnetic age data.

Geological background and studied sections

The Island of Rhodes is placed at the eastern end of the Hellenic Arc. The backbone of
the 1sland is formed by a series of stacked tectonic units (Mutti et al., 1970). The
Neogene sedimentary history of Rhodes has been divided into four successive phases
(Meulenkamp et al., 1972). From the Miocene till the Early Pliocene, there was mainly
erosion. During the Pliocene, the island was part of a large fluvial and lacustrine basin
that continuously subsided, providing ample accommodation space for the large supply
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of clastics from the east and northeast. The area was fragmented by block faulting in the
late Pliocene, and fresh water limestone (travertine) was deposited in the south, while
lagoonal and fluvial deposits from this period are found in other parts of the island. In
the Pleistocene the area became separated from the mainland and open marine deposi-
tion occurred along the present coastline.

Our study focuses on the middle Pliocene basin in the southern part of the island, near
the villages of Monolithos and Apolakkia (Figure 1). No lithostratigraphic formations
have been officially formalised in the Neogene continental succession. We refer to
(Meulenkamp et al., 1972) for their definitions. The oldest stratigraphic unit is the
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Figure 1: Geological sketch map of the Apolakkia Formation, SW Rhodes.
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Istrios Formation, consisting mainly of conglomerates. The Apolakkia Formation dis-
cordantly overlies this unit (Duranti, 1997). It comprises an alternation of marl, (lignitic)
clay, lignite, silt, sand and conglomerate, with abundant freshwater gastropods
(Willmann, 1981) and some mammal remains. The fauna in the Apolakkia Formation is
of middle and late Ruscinian age (MN zone 15, lower-middle Pliocene) (van de Weerd
et al., 1982; Benda et al., 1987). The top of the Apolakkia Formation is a transition
towards the travertines of the concordant Monolithos Formation. Especially the
Apolakkia Formation 1s well exposed in the cuestas and badlands along the south-west
coast of the island.

In the southern part of this area, beds are dipping ~20° E-ESE; in the northern part they
dip ~25° WINW. Several large faults run through the area; in the south they are parallel
to the coast line (N-S) or the eastern edge of the basin (NE-SW), and in the north they
run NNW-SSE. We have logged and sampled four sections near the coast that are not
disturbed by faults with a displacement larger than a few metres. The Kefalall section
near the village of Apolakkia is 230 m long and contains 86 sampled levels. The previ-
ously studied Kefala I section (Duranti, 1997) lies to the west of Kefala II, separated by a
normal fault. The stratigraphic displacement on this fault wasprobably less than 100 m,
based on pattern recognition in both sections. Published small-mammal findings come
from this section (van de Weerd et al., 1982).Twelve orientated hand samples were
taken from this 230 m long section to compare the polarity with the supposedly partly
parallel Kefala II section. The Aspropetres section in the south is ~600 m long, with
additional, less minutely logged, up- and downward extensions of ~200 m each for
palacomagnetic purposes. In total, orientated hand samples were collected at 77 levels.
The Agios Georgios section in the northern part of the basin is composed of two partly
overlapping subsections. The composite length 1s 370 m, and 25 levels were sampled.
The uppermost 130 m are exposed in relatively small outcrops (up to ~70 m wide).
Finally, the stratigraphically highest Monolithos section is located at the monumental
Furni cliff, forming the northern boundary of the exposed basin. This 300-m section
contains the uppermost part of the Apolakkia Formation, with 22 sampled levels, and
the base of the Monolithos Formation (travertine). Large mammals found in this loca-
tion indicate a Pliocene age (Benda et al., 1987).

Sedimentology/(cyclo)stratigraphy

Essentially following the analysis of Duranti (1997), six main lithofacies are distinguished
in the Apolakkia Formation (Table 1). They are: 1) light beige marl, either with lacus-
trine fossils (deposited in a shallow open lake) or with mud cracks (deposited in a regu-
larly emerging lake margin), 2) dark grey silty marls with abundant organic matter or
autochtonous lignite (deposited in a marginal swamp); 3) silt with root traces and nodu-
lar carbonate concretions, indicative of paleosol formation; 4) medium sand in thin
sheets (typical flood plain deposit), which frequently pass laterally in §) normally grad-
ed, internally stratified, broad lenses of pebbly sandstones, transported from the NE and
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Lithofacies Description Facies association
1 Light beige marl with lacustrine fossils (i, m
Light beige marl with mud cracks
2 dark grey silty marl with abundant organic matter 1, (1)
autochthonous lignite
3 silt with roots and carbonate concretions 1, (I, m
4 medium sand in thin sheets ()
5 graded, internally stratified sand |
6 unstructured conglomerate
lacustrine carbonate 1=
sand lenses
sand with symmetric ripples
Facies association Contains lithofacies:
I: delta plain 3and5
II: palustrine Mainly 2, also 1, 3 and 4
I1l: shallow lacustrine 1, 3, 2 and 4 (in Monolithos also lacustrine carbonate)

Table 1: Lithofacies and facies associations of the Apolakkia Formation. Facies associations in brackets indicate
that the lithofacies is not the main constituent.

deposited by hyper-concentrated flows and flash-floods in an alluvial environment and
6) disorganised conglomerates, rarely displaying faint cross-bedding, deposited by debris
flows. The debris of the latter lithofacies has an aberrant petrographic composition and
was supplied from the south. Additional less abundant lithotacies are: white lacustrine
silty carbonate with abundant fresh water gastropods; concave channel-fill sand lenses;
and sand beds with symmetric ripples, interpreted as littoral lacustrine.

The Apolakkia Formation consists of an alternation of these lithofacies. On a large scale
(tens of metres), this alternation appears to be cyclic. In order to describe this cyclicity,
three facies associations are distinguished: the delta plain, palustrine and shallow lacustrine
facies associations, after (Duranti, 1997). The sub-aerial delta plain association consists of
graded sand, silt and calcretes (abundant carbonate concretions in palacosols) (lithofacies
s and 3). This coarse grained association is often distinctive in the topography as a dip
slope. The palustrine association is dominated by dark marl and lignite (lithofacies 2),
with minor intercalations of beige marls, palacosols and sand sheets (lithofacies 1, 3 and
4). The depositional environment of the palustrine facies is a regularly flooded swamp
or vegetated mud flat along the margin of a lake. The shallow lacustrine association con-
sists of an alternation of lacustrine marl, pedogenic carbonate (palacosols), lignite and
sand (lithofacies 1, 3, 2 and 4), deposited in the margin of a large lake with varying
water level, regularly causing desiccation. In the Monolithos section, this facies associa-
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tion also contains lacustrine limestone and sand with ripples, and is then interpreted as
less affected by alluvial supply.

In the central part of the Aspropetres section (Figure 3a and 4a), the cyclic pattern is
very distinct: the (top of the) delta plain association generally crops out as a dip slope,
tollowed by dark organic-rich layers of the palustrine facies association (often covered by
low vegetation). Upwards, the thickness, frequency and darkness of these beds decrease,
and the beige marl, silt and sandstone of the shallow lacustrine facies association predomi-
nate. This is followed by the next coarse-grained interval of the delta plain association,
and so on. In the lower part of the Aspropetres section, the palustrine facies association is
less well developed, but the coarse-grained layers still make dip slopes, that are followed
by the shallow lacustrine association, occasionally with more dark beds in the basal part.
These cycles are on average 36 m thick, and are also recognised in the nearby Kefala I
section (Duranti, 1997) and the upper part of the Kefala II section. The upward exten-
sion of the Aspropetres section is characterised by generally coarser grained sediment,
and no lithological cycles are apparent.

Thick conglomerate beds, separated by fine grained units with traces of paleosols, pre-
vail in the Ayos Georgios section, suggesting a more proximal, alluvial environment.
No regular ordering of the facies associations was apparent (Figure 3b), and lithological
cycles were not defined in this section.

In the cycles from the Monolithos section (Figure 3¢ and 4b), the palustrine association
is not always recognised, and the marginal lacustrine association can appear different
because of the lacustrine limestone and sandstone beds. Nevertheless, since the regularly
spaced coarse grained beds are laterally continuous over the width of the exposure (sev-
eral hundreds of metres), we feel we can safely interpret these as cycles. Even more so
since these distinctive coarse beds are on average 25 m apart, which is of similar magni-
tude as in Aspropetres and Kefala. If they indeed represent cycles forced by the same
mechanism as in Aspropetres, it follows that the sedimentation rate in the Monolithos
section would be lower than in the Aspropetres section.

Palaeomagnetism

In all sections, oriented hand samples were taken from holes deeply dug below the
weathered crust, to avoid overprint of the magnetisation in the palacomagnetic samples
by weathering. In the laboratory, 2.5 cm-diameter cores were drilled from these hand
samples, and these cores were cut into 2.2 cm-long specimens.

Methods

For each sample, AMS and bulk susceptibility were measured on a KLY-3 Kappa
bridge. Subsequently, the NRM was measured on a 2G-SQUID magnetometer and the
samples were thermally demagnetised in steps of 50°C. A series of rock magnetic exper-
iments was carried out on selected samples, to find out which minerals carry the rema-
nence, and whether there is a difference between weathered and fresh rocks. A selec-
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tion of unheated specimens from the Agios Georgios section was therefore progressive-
ly magnetised in a DC pulse field to acquire an isothermal remanent magnetisation
(IRM). After each step, the remanence of the samples was measured on a JR§ spinner
magnetometer. Finally, the magnetisation as a function of temperature was measured in
air on a modified horizontal translation Curie balance (Mullender et al., 1993). For this
measurement, samples of 70-100 mg were used, from nine different levels. The heating
and cooling rate was 10°C/min, the maximum temperature was 700°C and the applied
magnetic field cycled between 150 and 300 mT.

Results

The AMS ellipsoids are all strongly oblate, with the minimum axis, after tilt-correction,
approximately vertical. This indicates a dominantly sedimentary magnetic fabric. The
maximum axis of the ellipsoid strikes 5209 which is parallel to one of the sediment sup-
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Figure 2 a & b: typical demagnetisation diagrams of a fresh (a) and a weathered (b) sample. Dots (circles) indicate
the horizontal (vertical) projection of the magnetic direction. c: Relative magnetisation versus applied field in an
IRM acquisition experiment. Three groups can be distinguished: open triangles indicate fresh samples, dots indi-
cate weathered samples and open circles indicate an example of a fresh clay sample that does not saturate below
800 mT. d: IRM intensity decrease during stepwise heating: fresh clay samples show a linear decrease (dots),
weathered samples and sand have a concave pattern (circles), and fresh silt shows intermediate
behaviour(squares). e & f: Curie-balance experiment. During heating, the fresh clay sample has a peak above 400
oC (e), whereas the coarser grained and weathered samples show no such increase in magnetisation (f).
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Figure 3: Schematic representation of the Aspropetres (a), Agios Georgios (b) and Monolithos sections (c). Dots
(circles) indicate reliable (less reliable) palaesomagnetic directions, and white (black) indicates reversed (normal)
polarity. The lithological column shows coarse grained beds from the delta plain facies association (dip slopes in
Aspropetres) as protruding. Dotted indicates sand or conglomeratic sand, circles indicate coarse conglomerate.
Light shading indicates marginal lacustrine facies association, dark shaded is palustrine facies association.

ply directions (INE), but also parallel to the current extension direction of the Hellenic
arc in this area (Duermeijer et al., in press). The bulk susceptibility ranges between 200
and 3000-107° SI units, with an average of 750-107% SI units.

The NR M-intensity varies between 100 and 70 ooo HAm™, with an average of 3000
MAmM™ in the Aspropetres and Monolithos sections and 17 ooo HAm™ in the generally
coarser-grained Agios Georgios section. The demagnetisation diagrams of unweathered
material show generally one component, which is fully demagnetised after heating till
500-650°C (Figure 2a). The samples from weathered rocks have an additional low-tem-
perature component, that is completely removed after 250°C (Figure 2b). Occasionally,
samples having below-average intensities acquire a magnetisation in the final steps of the
demagnetisation process that deviates from the characteristic, stable direction. Data from
those steps were not used for calculating the characteristic component. The Kefala and
Aspropetres sections have recorded only reversed polarities, the Agios Georgios and
Monolithos sections show both normal and reversed polarities (Figure 3).

The IRM acquisition typically shows three types of behaviour (Figure 2¢): 1) saturation
at ~200 mT in fresh sandstone, limestone and some of the fresh clay samples, indicative
of magnetite; 2) saturation between 300 and soo mT in all weathered rock samples,
probably caused by an additional high coercive mineral derived from oxidation (weath-
ering); and 3) no saturation below 8oo mT in the other fresh clay samples, indicative of
ferrimagnetic sulphides. Thermal demagnetisation of the SIRM shows two end-type
intensity decay curves, both having a maximum unblocking temperature above 600°C
(Figure 2d). The first type shows a decay with a significant portion of the SIRM still
present just below the maximum unblocking temperature, and occurs in fresh clay and
limestone samples. The second type already decreases strongly at low temperatures and
only slightly above ~400°C, and occurs in weathered rock samples and sandstone. Silt
and silty clay samples have an intermediate intensity decay curve. The Curie balance
results for fresh clay samples show a peak in the heating curve starting at 390°C, which
is typical for the alteration of pyrite into magnetite. The Curie point is $80°C, identify-
ing magnetite (Figure 2¢). The other lithologies have no such pyrite peak, and the
Curie point lies at §80°C (magnetite) for fresh silt, and slightly higher, up till 610°C for
coarser material and weathered rocks. This is typical for cation-deficient (maghemised)
magnetite (de Boer, 1999).

From these experiments we conclude that the fresh samples contain magnetite, a stable
carrier for NRM directions. In addition, iron sulphides are occasionally present in fresh
clay. Weathering has caused (partial) oxidation of the magnetite, especially in coarser-
grained samples. The weathering overprint — is present — is easily removed at 250°C and
has not obscured the primary NRM.
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Monolithos

Figure 4: a) Part of the Aspropetres section clearly showing the regular sequence of dip slopes, indicated by lines
and numbers (cf. Figure 3), and the dark palustrine facies (arrows). b) The Monolithos section with the coarse
beds (indicated by arrows and ‘cgl’) and travertine in light shades.

Discussion

Magnetostratigraphy

The 8oo-metres long Aspropetres section is completely reversed, as are the downward
extension and the nearby Kefala I and II sections. The Agios Georgios section has
reversed polarity at the base and normal polarity in the rest of the section. The strati-
graphical distance covered by the unexposed interval between the Agios Georgios and
Monolithos sections is estimated — with a topographical map and average bedding ori-
entation — to be 200-350 m. The Monolithos section contains the upper boundary of
the Apolakkia Formation, and is therefore the youngest of the studied sections. The
polarity is normal at the base and at the top, with a reversed interval of ~70 m in
between.
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A first order age estimate for the Apolakkia Formation comes from mammal palacontol-
ogy. Remains of Mimomys occitanus that were found in the Kefala section led to the cor-
relation of this formation to MN 15 and is thus of upper Ruscinian age (van de Weerd
et al., 1982; Benda et al., 1987; Opdyke et al., 1997) correlate MN 15 to the reversed
upper part of the Gilbert Chron (4.2-3.6 Ma), based on data from Spain. In addition, de
Bruin (pers. comm.) found that the fauna from the lower part of the Ptolemais basin in
N. Greece belongs to MN 14 (Lower Ruscinian), which was correlated to the lower-
most normal subchrons in the Gilbert Chron (~s Ma) (van Vugt et al., 1998). The long
reversed interval from the Aspropetres section can thus only represent the top of the
Gilbert Chron (Figure s). The Monolithos section is younger, but still Pliocene (Benda
et al., 1987), and the normal-polarity intervals in that section must therefore represent
part of the Gauss Chron. Since the Agios Georgios section lies stratigraphically a few
hundreds of metres below the Monolithos section, the normal interval in Agios
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Figure 5: The polarity patterns of the studied sections on a single scale correlated to the polarity time scale
(Lourens et al., 1996). On the left-hand side is the preferred option (see text) on the right-hand side is the alter-
native. Inferred sedimentation rates are indicated for each interval.
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Georgios must also be part of the Gauss Chron. The completely reversed Kefala section
is too short to be correlated to a specific polarity interval, but might overlap with the
Aspropetres section.

The only complete polarity interval that is preserved here is the reversed interval in the
Monolithos section. This interval could represent either the Mammoth or the Kaena
subchron (Figure 5). The sedimentation rate for this interval would then be either o0.55
or 0.81 m/kyr, respectively. Additional information on sedimentation rate comes from
the continuous part of the Aspropetres section. This 8oo m long section represents (part
of) the upper Gilbert Chron, so the minimum sedimentation rate in the Aspropetres
section 1s 1.35 m/kyr.

The largest part of the Agios Georgios section is normal. Since this section is older than
the Monolithos section, this normal interval can represent either the lowest or the mid-
dle normal subchron of the Gauss Chron. Correlation to the middle subchron would
imply that the reversed interval in Monolithos represents the Kaena, and that not only
the 280-metre normal interval from Agios Georgios, but also the unexposed interval and
the lower normal from Monolithos together represent the 91 kyr normal subchron. This
would lead to an anomalously high sedimentation rate of 5.9-7.5 m/kyr. The only alter-
native is thus that the normal interval from Agios Georgios must belong to the lowest
normal subchron. The reversal in this record thus represents the Gilbert-Gauss boundary.
If the reversed interval in Monolithos represents the Kaena subchron, the two normal
intervals and the gap in between would represent the period from the base of the Gauss
Chron, through the Mammoth subchron till the subsequent normal subchron (Figure s,
left-hand side). In this case, the sedimentation rate for the normal and partly unexposed
interval 1s 1.11-1.43 m/kyr, depending on the exact stratigraphic distance between the
two sections. This is approximately similar to the rates in the other intervals and consis-
tent with the comparable types of lithology. If, on the other hand, the reversed interval
in the Monolithos section represents the Mammoth subchron, the unexposed interval
and the normal polarity intervals below and above would represent only the lowermost
normal subchron in the Gauss Chron (Figure s, right-hand side). This would yield an
average sedimentation rate for this interval of 1.97-2.54 m/kyr, much higher than the
0.55 m/kyr for the inferred Mammoth. Moreover, the upper normal interval in the
Monolithos section, that would then represent the normal subchron between the
Mammoth and Kaena subchrons, would have a sedimentation rate of >1.37 m/kyr, at
least twice as much as during the supposed Mammoth, which is not consistent with the
observed identical lithology. In a fluvio-lacustrine system such as this, the sedimentation
rate on a small scale is not at all expected to be constant. However, unless there are large
scale sea level changes or important tectonic events, the sedimentation rate on a large
scale (hundreds of metres) will vary only a little, or follow a trend caused, for instance,
by a gradually changing rate of basin subsidence. Although the Agios Georgios section
consists of generally coarser material, which indicates a more alluvial environment with
possibly higher sedimentation rates than the fluvio-lacustrine facies, we prefer the cor-
relation with the more consistent sedimentation rates, and we conclude that the
reversed polarity interval in the Monolithos section must be the Kaena subchron.

140



Magnetostratigraphy & astronomical cycles on Rhodes

Astronomical forcing?

To test for astronomical forcing in a geological record with regular lithological cycles,
detailed time control is necessary to determine whether the average periodicity of these
cycles matches one of the known astronomical frequencies. In Aspropetres, the average
thickness of the observed lithological cycles is 36 m. With a minimum sedimentation
rate of 1.35 m/kyr this renders a maximum average duration of 27 kyr/cycle. For
Monolithos, the average duration lies between 24 and 33 kyr/cycle, depending on the
exact number of cycles (3 to 3.5) in the Kaena interval (Figure 3¢). The average period
of the precession cycle (22 kyr) is comparable, and the number of precession cycles in
the Kaena (3.5), according to the APTS (Lourens et al., 1996), is similar. We suggest
that (at least in Monolithos) the lithological cycles are astronomically forced, with pre-
cession as the dominant parameter. We do refrain, however, from astronomical tuning
of the cyclic patterns. First of all, the phase relation must remain speculative, since cli-
mate information (e.g. pollen) was not preserved in the sediment. Secondly, the number
of cycles in the Monolithos section is too low to determine an unambiguous pattern fit.
The Aspropetres section could be long enough, but there are no age calibration points.
Larger scale cyclic features in the lithology, which might be caused by obliquity or
eccentricity, were not recognised in the field. Looking at the lithological logs (Figure
3), however, there is a striking absence of cycles in some parts. In the top of the
Aspropetres section and in the Agios Georgios section, the sediment is generally coarser
(conglomerates and sands) and deposited in a more proximal environment, and litho-
logical cycles are not apparent. This absence of sedimentary cycles was also observed in
the deep marine Rossello section (Hilgen, 1991b) and the lacustrine Ptolemais section
(van Vugt et al., 1998), where such intervals typically correspond to 400 kyr eccentrici-
ty minima. Intervals with an explicit expression of precessional cycles in these succes-
sions correspond to eccentricity maxima. Based on our correlation, the base of Agios
Georgios and the top of Aspropetres approximately corresponds to the 40o0-kyr mini-
mum around the Gilbert-Gauss boundary, but whether they overlap or not cannot be
established. Monolithos and the body of Aspropetres clearly correlate with the goo-kyr
maxima at 3.85 and 3.0 Ma respectively. A possible scenario to explain this observation
is that during an eccentricity maximum, when the Mediterranean climate was warm and
humid (Rossignol-Strick, 1983), a lake existed. When the climate became colder and
more arid, during an eccentricity minimum, the lake would retreat, forcing the alluvial
environment to extend. Upon return of more humid conditions, the sedimentary sys-
tem would revert to (fluvio)lacustrine. This scenario is consistent with the trend
towards coarser sediment in the top of the Aspropetres section, the generally more
proximal sediment in the Agios Georgios section (eccentricity minimum around
Gilbert-Gauss transition), and the return to fluvio-lacustrine sediments in the
Monolithos section (eccentricity maximum around Kaena).

The change in lithology from the Apolakkia Formation to the travertines of the
Monolithos Formation can now be estimated to have lasted 40-60 kyr (2-3 cycles). This
change from detrital clastic sedimentation to chemical carbonate precipitation implies
that the supply of clastics temporarily stopped, although some (pebbly) sandstone occur
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between the two travertine beds and above the uppermost travertine (not shown in the
log). Since we cannot think of a viable climatological explanation, the environmental
transformation was probably caused by a tectonic event which must have occurred
around 2.95 Ma. A phase of tectonic quiescence, for example, could have stopped the
sediment supply temporarily, giving rise to carbonate precipitation in shallow, over-sat-
urated water.

Conclusions

The fluvio-lacustrine Apolakkia Formation was deposited during the middle Pliocene.
On the basis of magnetostratigraphy in conjunction with a consistent pattern of sedimen-
tation rates, we conclude that the Agios Georgios section contains the Gilbert-Gauss
boundary. Similarly, we argue that the Monolithos section contains the Kaena subchron.
From these time constraints we suggest that the 25-3s m thick regular lithological cycles
in the Aspropetres and Monolithos sections are forced by precession. Other astronomi-
cal periods are too long to observe in the field, but eccentricity might have influenced
the facies change from fluvio-lacustrine to more proximal and back that coincides with
the presence and absence respectively of a clear expression of lithological cycles in dif-
ferent intervals of the Apolakkia Formation.

The transition from the fluvio-lacustrine Apolakkia Formation to the travertine
Monolithos Formation around 2.95 Ma is likely tectonically induced.
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Rock-magnetic properties of lignite-bearing
lacustrine sediments from the Megalopolis and
Ptolemais Basins (Greece) as possible climate

proxies

Abstract

Rock-magnetic parameters may be used as palacoclimate indicators in sediments.
Their interpretation is often not straightforward, however, and comparison with more
conventional proxies is necessary to understand the variations in the magnetic signal.
This study presents some magnetic results from two lacustrine lignite-basins that are
well-known in terms of Milankovitch-scale palacoclimate variations, to test their
potential as reliable climate proxies in this type of setting.

From measurements on NRM intensity, bulk susceptibility, acquisition and demag-
netisation behaviour of ARM and IRM we concluded that the alternating lignite and
carbonate beds from the Ptolemais basin have magnetite as the main magnetic mineral
in all lithologies except possibly pure lignite, which may contain ferri-magnetic sul-
phides. This could not be proven, because thermal experiments cause combustion of
the lignite and destroy the samples.

Based on the same kind of experiments, with some additional Curie balance experi-
ments, we found that the magnetic properties of the lignite and detrital sediments
from the Megalopolis basin are dominated by the occurrence of authigenic greigite in
clay without visible organic material, and the absence of greigite in organic-rich
lithologies. The main magnetic mineral in these lithologies is probably magnetite.
Although the magnetic parameters are strongly lithology-related, they show no appar-
ent correlation with the cyclic pattern in the Megalopolis.

This chapter was co-authored by: van Vugt, N., Langereis, C.G. and Dekkers M.].
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Introduction

Conventional palacoclimate and —environment data like (quantitative) palacontologi-
cal and palynological records or maceral analyses are laborious and time-demanding.
Magnetic parameters may be good alternatives and have the advantage that they are
quickly measurable. They can indicate different sources of sediment supply, different
geochemical conditions or several phases of diagenetic alteration in the sediment, all
related to changes in the sedimentary environment. Several authors suggest that the
magnetic characteristics of sediments are reliable palacoclimate and/or palacoenviron-
ment proxies in marine (e.g. von Dobeneck and Schmieder, 1998; Maher and
Thompson, 1999) and continental (loess, lacustrine) records e.g. (Maher and
Thompson, 1999). The interpretation of magnetic data in terms of climate changes is
not always straightforward, however, and extensive studies that compare magnetic data
with more conventional climate indicators are necessary to understand the variations
in the magnetic signal.

A multi-disciplinary research programme on continental-marine correlations aimed to
unravel the mechanisms of past climate changes provides an opportunity to compare
various types of data from the same sections. This study reports the results of magnetic
experiments on samples from two lacustrine basins with astronomically forced lignite
cycles, to test how magnetic parameters compare with the climatically-induced litho-
logical cycles. The first basin is the lower Pliocene Ptolemais basin in northern
Greece, where precession dominantly forced the lignite-carbonate alternation ( van
Vugt et al., 1998; Steenbrink et al., 1999). The second is the middle Pleistocene
Megalopolis basin from southern Greece, that has eccentricity dominated cyclic lignite
seams in otherwise detrital sediment (van Vugt et al., 2000).

Geological setting, lithology and sampling

Ptolemais

The elongated intermontane Ptolemais basin in northern Greece is part of a Late
Miocene NNW-SSE trending graben system that extends over a distance of 250 km,
with a width of 10-20 km. The depression is filled with a so0-600 m thick succession
of Upper Miocene to Lower Pliocene predominantly lacustrine sediments with inter-
calated lignite seams and fluvial deposits. A Pleistocene tectonic episode divided this
graben into a series of sub-basins along the main basin axis, among which is the
presently studied Ptolemais basin. The most important part of the stratigraphy 1s the
Lower Pliocene Ptolemais Formation; it contains approximately 110 m of rhythmically
alternating metre-scale lignite and marl beds. Four open cast lignite mines provide
easy access to the sediments from this Formation. Three main lithologies were distin-
guished in the succession: lignite, grey marl and beige marl.

The lignite contains ~90% organic material, mostly fine grained, with some larger
fragments of fossil plant tissue, but wood remains are rare. Rarely, thin (cm-scale) marl
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beds are incorporated in a lignite layer. The lignite was formed in a reed swamp envi-
ronment (Steenbrink et al., 1999). Organic petrology has indicated that the swamp or
mire was mainly fed by meteoric or telluric water, i.e. not influenced by groundwater.
(Mulder et al., submitted).

The grey marl represents a mixture of unlithified freshwater carbonate (called ‘marl’
(Steenbrink et al., 1999)) and organic plant debris. The amount of organic matter in
the marl varies between 5 and 30%. Roots of water plants and shallow-water lacustrine
gastropods and ostracods are abundant. A marl bed may contain many thin (mm- to
cm-scale) lignite beds. The marl was deposited in a flat marginal shallow lacustrine
environment with abundant plant growth (Steenbrink et al., 1999). Based on field
observations, the lithology of each sample in these marl beds was defined as marl, lig-
nitic marl (high organic content), lignitic clay or clayey marl. Clay or clayey is a field
description and indicates that the texture of the sediment is smooth and soft like clay,
but in the laboratory it turned out that 9s% of the sample (by weight) was still com-
posed of carbonate and/or organic material.

The beige marl beds occur locally or replace, in certain parts of the stratigraphy, the
cyclic grey marl beds. These beige marls contain mainly calcite and only a few percent
of organic material. Roots are absent and the biota is dominated by lacustrine bottom-
dwelling gastropods and stem encrustations of the chlorophyte Chara. This beige marl
was deposited in an oxygenated marl bench platform or slope (Steenbrink et al., 1999).
Besides these main lithologies, there are several irregular layers and lenses of fine- to
medium-grained green sand in the northernmost mine (Vorio). Apart from these, the
amount of detrital material in the section is very low. The organic material mainly
comes from plants that grew in the basin and the carbonate precipitated from the lake
water.

The pattern of the 2-metre thick sedimentary cycles is correlated to northern hemi-
sphere summer insolation, indicating that the cycles were mainly forced by climatic
precession (period ~21 kyr), with the lignite beds corresponding to insolation minima
(dry periods with cool summers) and the marl beds to insolation maxima (humid peri-
ods with warm summers) (van Vugt et al., 1998).

Three sections were previously studied (van Vugt et al., 1998) in the Ptolemais basin.
For the present study, 18 standard palacomagnetic samples from the Tomea Eksi sec-
tion were used. For comparison, some of the experiments were also done on samples
from the Vorio section (9) and the Komanos section (11). The sample sets used for this
study were selected to represent the different lithologies present in the Ptolemais
Formation.

Megalopolis

The intramontane lacustrine Megalopolis Basin 1s located in the middle of the
Peloponnesos peninsula in southern Greece, at the boundary between Mesozoic lime-
stones of the Pindos zone and Eocene flysch of the Tripolitza Group (Vinken, 1965).
The eastern margin of the basin is characterised by NE-SW trending normal faults,
that have been active since the Late Miocene. The basin is filled with Upper Pliocene
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to Pleistocene lacustrine and fluvial deposits. Of main interest to this study is the mid-
dle Pleistocene Marathousa Member in the Choremi Formation (Vinken, 1965), that
contains lacustrine clay, silt and some sand with intercalated lignite seams. The fluvi-
atile Marathousa sediments near the basin margins were not incorporated in this study.
Three open pit lignite mines facilitate large, unweathered exposures of the lacustrine
part of the Marathousa Member.

The lignite occurs in 10-20 m thick seams that alternate with detrital intervals that
contain clay and silt and some sand lenses. The lignite seams are interpreted as large-
scale sedimentary cycles. In addition, smaller-scale sedimentary cycles occur, mainly as
thin (€ 2 m) lignite or organic-rich clay layers in the large-scale detrital intervals, but
also in one of the large-scale lignite seams as regular, laterally continuous (organic-
rich) clay beds. The clay and silt beds can be homogeneous, or contain macroscopic
plant remains. Frequently, levels with carbonate nodules occur, indicating palacosol
formation.

The palaco-environmental interpretation for the lignite indicates a swampy recess with
dynamic anastomosing channels, causing a mosaic of treeless fens and (possibly dry)
forests (Mulder et al., submitted). This swamp was mainly fed by groundwater, the
level of which must have been close to the surface. There is no detailed interpretation
for the detrital intervals, but pollen of gramineae and cyperaceae indicate that the envi-
ronment was probably still wet, but since organic material was not preserved in large
quantities, this water must have been oxygenated.

The large-scale cycles have been argued to be eccentricity-forced, with the lignite
representing the warm and humid 1oo-kyr eccentricity maxima and the detrital inter-
vals representing cold and arid eccentricity minima. The small-scale lignite or organic-
rich clay layers that occur in some intervals are correlated to insolation maxima, also
representing warm and humid phases (van Vugt et al., 2000). This is opposite to the
Ptolemais basin, where lignite formed during dry and cool periods.

The 28 samples used for this study were taken from three subsections of the
Choremiou section, located in the southernmost field in Megalopolis. Twelve samples
were taken from a lignite seam without a clear expression of small-scale cycles, six
samples span nearly two small-scale cycles in a large-scale detrital interval, and a sub-
section of eleven samples covers 1_ small-scale cycles within a large-scale lignite seam.
Each of these subsections contains at least one sample with an anomalously high NRM
intensity, flanked by samples with regular intensities.

Laboratory methods

The used samples were standard palacomagnetic cores (2.5 ¢cm diameter; 2.2 ¢cm
length); low-field bulk susceptibility (K) and natural remanent magnetisation (NRM)
were measured as part of the standard treatment for all samples of the Ptolemais and
Megalopolis sections. The NRM was measured on a 2G Enterprises DC SQUID mag-
netometer (noise level 1-107"* Am?), K on an AGICO KLY-2 susceptibility bridge
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(noise level 4-107% SI). The samples were progressively demagnetised in a magnetically
shielded furnace or by the static three-axis alternating field (AF) method. To prevent
concealing of the NRM by a gyroremanent magnetisation (GRM) (Stephenson, 1993)
induced in many of the Megalopolis samples at alternating fields higher than 50 mT,
we followed the method of (Dankers and Zijderveld, 1981), in which the samples are
brought into a cyclic state by initially demagnetising along two orthogonal axes, with-
out measuring residual remanence, followed by demagnetisation along the third
orthogonal axis and the first two axes, with single-axis measurement of the residual
remanence after each treatment.

The samples from Tomea Eksi (Ptolemais) and from Megalopolis were progressively
magnetised along the cylindrical axis in an alternating field up to 200 mT with a steady
parallel DC bias field of 0.03 mT. This anhysteretic remanent magnetisation (ARM)
was subsequently AF demagnetised in a single step (Tomea Eksi), or in 11 steps
(Megalopolis) up to 200 mT. The same sample set was then progressively magnetised
in a pulse field up to 2000 mT (PM4 pulse magnetiser) to acquire an isothermal rema-
nent magnetisation (IRM). After each step, the remanence of the samples was mea-
sured on an AGICO JR 5 spinner magnetometer. After saturation, the Tomea Eksi
samples were stepwise thermally demagnetised until maximum unblocking was
reached, except for the lignite samples, which combust when heated above ~200°C.
The Megalopolis samples were also thermally demagnetised in five steps up to 280°C.
After each demagnetisation step, the sample was saturated again in a pulse field (2000
mT) and measured, to check for a chemical reaction of the magnetic minerals.
Susceptibility was measured again after heating to 280°C. The samples from the Vorio
and Komanos sections in Ptolemais were only given a progressive IRM that was subse-
quently thermally demagnetised.

Finally, the magnetisation of some samples from both basins was measured in a modi-
fied horizontal translation type Curie balance (Mullender et al., 1993) during several
heating and cooling runs. The results of these experiments were fully dominated by
paramagnetic behaviour. Three samples from Megalopolis were qualitatively concen-
trated by putting a quantity comparable to approximately two specimens in 96%
ethanol and ultrasonically and mechanically breaking them into small pieces. After
decanting, on average ten times, the remaining material was panned on a watch glass
with a hand magnet attached below it. The residue on the watch glass was dried in air
for a few hours at 35°C, leaving approximately 0.25-0.40 g of concentrated material.
Curie balance experiments were run on each of the concentrates (average sample
weight: §5 mg), with five incremental heating and cooling runs between room tem-
perature and 350°C, and a final run up to 600°C (heating/cooling rate: 10°C/minute).
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Results

Ptolemais

The results from Ptolemais are displayed per section (Figure 1, upper panel) and per
lithology (Figure 1, lower panel). As can be seen from these figures, the different sec-
tions and most lithologies cannot be distinguished based on the measured values,
except maybe for the lignite samples, which have distinctly lower NRM values and
rather low k and IRM values.

K: The initial susceptibility for all the Ptolemais samples is on average (34 £ 59)-1070 SI
units, but the samples from Vorio and Komanos have a much smaller range (-15 — 53)
than the Tomea Eksi samples (-8 — 239). The average K for Tomea Eksi is (56 £ 78)-107.
NRM: The mean NRM of the Ptolemais samples measured in this study is 1.45 £ 2.31
mAm~', this is comparable to the mean NRM of all the samples that were used to con-
struct the magnetostratigraphy of the three sections in Ptolemais (van Vugt et al.,
1998), which is ~1.30 mAm™". The only lithology with a distinctly low NRM intensi-
ty is lignite, there is no notable difference between the sections.
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Figure 1: Susceptibility, NRM and IRM intensity of Ptolemais sorted by section (upper panel) and by lithology
(lower panel). Susceptibility in 106 SI units, NRM (solid dots, mean: open circle) and IRM (open triangles, mean:
solid triangle) in mAm-L. Lithologies: M = marl, CM/MC = clayey marl of marly clay, LC = lignitic clay, LM = lignitic
marl; L = lignite.
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Ptolemais | N | k(20°) | k (max/20°Cy* NRM ARM IRM NRM/ARM | ARM/IRM | NRM/IRM
(mA/m) | (mA/m) [ (mA/m) (E-3) (E-3)
2 mean |18 56 330% 1,81 15,23 312 0,08 43,00 4,04
L‘:‘j std. dev. 78 160% 3,01 21,10 411 0,05 23,60 3,69
E range -8-239| 100-640% 0.00-10.88| 0.28-79 | 8-1609 0.002-0.17 13-80 00-113

Table 1: Results from the Tomea Eksi section from Ptolemais. N = number of samples; k (20°C) = low-field suscepti-
bility at room-temperature, k(max/20°C) = maximum k over initial k during heating; NRM/ARM/IRM =
natural/anhysteretic/isothermal remanent magnetisation.

ARM: The ARM was only measured on Tomea Eksi samples ( Table 1) and is on aver-
age 13 times higher than the NRM intensity. The normalised ARM acquisition curves
show two types of behaviour: most samples are saturated at 8o mT, only six samples
are still not saturated at 150 mT. This behaviour seems to be mainly unrelated to
lithology, although many of the lignite samples have such a high coercivity.
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Figure 2: Normalised IRM intensity during acquisition (a) and thermal demagnetisation (b) of Ptolemais samples;
solid lines: low coercivity; dashed lines: relatively high coercivity; dotted lines: intermediate coercivity; light-
coloured lines suffered from combustion of organic material (see text); c) susceptibility during heating of samples

from different lithologies.
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IRM: The IRM intensity for all Ptolemais samples is on average 225 £ 306 mA/m,
and 1s approximately 140 times higher than the NRM intensity. The lignite samples
have a distinctly lower than average IRM intensity, which is however very high (2500
times) compared to the NRM intensity for these samples. The normalised IRM acqui-
sition curves show three types of behaviour (Figure 2a): saturation below 180 mT, sat-
uration between 800 and 1500 mT (90% saturation at ~20omT) and an intermediate
group. All the lignites belong to the (relatively) high-coercivity group, as do the two
other samples that did not reach ARM saturation at 150 mT.

Thermal demagnetisation: Only minor differences are observed when the SIRM’s are
thermally demagnetised (Figure 2b). The maximum unblocking temperature of all sam-
ples lies between soo and 560°C. Samples with a high organic content show a strong
intensity decrease between 200 and 250°C, followed by a plateau, which is related to
the combustion of the organic material in the furnace (lignite samples were not heated
for this reason). This exothermal process heats the samples well above the set furnace
temperature. The following 3 to 4 heating steps will not cause much change, because
the samples have been exposed to those temperatures already. The intensity of the low-
coercivity group decreases most regularly, while the high-coercivity samples decrease
relatively more at lower temperatures (< 250°C). Susceptibility monitoring after each
thermal demagnetisation step of the Tomea Eksi samples shows different behaviour for
each lithology (Figure 2c¢). The single lignitic clay sample has a more or less constant K;
both the grey and beige marl and clayey marl samples show a peak in susceptibility at
450°C (marl) or 500°C (clayey marl) and the lignitic marl samples strongly increase at
200°C (combustion), but the decrease above 450°C shows that the effect related to the
peak observed in the other lithologies is probably present here as well.

Megalopolis

The NRM in Megalopolis often has a small viscous component that is completely
removed at 15 mT AF; the remaining characteristic component is fully demagnetised
at 150 mT AF. The intensity of this ChRM varies between nearly zero and ~100
mAm™, with an average of ~2.5 mAm™'; clay and silt have generally higher intensities
than organic-rich lithologies. The broad range in NRM intensities might indicate dif-
ferent sources or generations of magnetic minerals. In our experiments we distin-
guished two end-member types of behaviour that are likely related to two magnetic
phases; a high-intensity type and a low-intensity type.

High-intensity type: Five samples belonged to the high-intensity type (see Table 2 and
Figure 3 left panel), that was only found in samples without visible organic material,
their lithology often being clay. These samples have an NRM intensity decrease —
between AF fields of 15 and 150 mT, the interval in which the characteristic compo-
nent is removed — of more than 1 mAm™". Their susceptibility is higher than 150107
SI units, and their maximum unblocking temperature is between 350 and 380°C
(Figure 3a). The ARM intensity is relatively low, on average twice as high as the
NRM intensity; the SIRM intensity is on average 8600 mAm™', 1.e. ~650 times as high
as the NRM intensity.
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Megalopolis | N | k(@20°) |k(@280°/20°)  NRM ARM IRM | NRM/ARM | ARM/IRM | NRM/IRM | lithology
(mA/m) (MA/m) | (mA/m) (E-3) E-3)
> mean | 5 304 81% 11,30 20,83 8.600 0,52 4,10 155
£ £ [std. dev. 146 20% 899 1356 | 7829 0,29 373 6560 | clay (@)
_C.E range 174-541 48-102% 24-24 10-43 1-21E3 | 0.23-0.92 2-11 1.2-813
mean 8 135 118% 0,39 2,27 261 0,15 13,20 1,70 clay or silt
g std. dev. 71 28% 0,33 1,39 269 0,10 6,25 0,89 with org.
£ range 45-232 | 95-170% | 0.014-0.906| 0.22-4.12 13-821 | 0.06-0.33 5-20 0.6-3.0 |material (6)
> mean |15 83 483% 0,08 0,79 96 0,09 24,20 2,03 lignite or
%g std. dev. 53 648% 0,08 0,46 238 0,05 10,70 1,11  |organic-rich
TE | range 36-223 | 98-2264% | 001-032 | 026-197| 13-947 | 003-019 | 2-37 01-43 | clay(14)

Table 2: Megalopolis results per intensity-group. See also caption to Table 1. The last column lists the lithology of
most samples in each group, the percentage indicates how many samples from this group belong to the men-
tioned lithologies.

The NRM and ARM intensity decay curves have a convex shape at low fields and
change to concave above ~s50 mT (Figure 3b, NRM not shown). This results in a
median destructive field (MDF) of more than 40 mT. The IRM acquisition curve
(Figure 3c) shows that the largest part (~60%) of the SIRM is acquired between 60 and
150 mT pulse field; only ~35% of the SIRM is acquired up to 60 mT. Upon heating (up
to 280°C 1in a magnetically shielded furnace), the SIRM intensity — induced at room
temperature after each thermal demagnetisation step — decreases (Figure 3d), indicating
a chemical reaction of magnetic grains to less-magnetic material. This is supported by
the fact that K decreases or is stable between room temperature and 280°C (Table 2).
Low-intensity type: Fifteen samples belonged to the other, low-intensity end member
(see Table 2 and Figure 3 right panel). All these samples contain visible organic mater-
1al, their lithology is generally lignite or organic-rich clay. The NRM intensity
decrease — between AF fields of 15 and so mT — is less than 0.1§ mAm™"'. The maxi-
mum unblocking temperature is distinctly higher than 380°C and in some samples it
can be determined to be near s00°C (Figure 3e). Determination of the true maximum
unblocking temperature 1s often inhibited because both the intensity and direction of
the NRM may change drastically above 380°C. The magnetic susceptibility is general-
ly below 150-107° SI units. The ARM intensity is relatively high: on average ten times
as high as the NRM intensity; the SIRM is on average 96 mAm™', i.e. 500 times as
high as the NRM intensity (Table 2).

The NRM and ARM decay curves are concave and the MDF is less than 35 mT (Figure
3f). The largest part of the SIRM (~65%) 1s acquired at low pulse fields, up to 6o mT;
~25% between 60 and 150 mT and ~10% at higher pulse fields (Figure 3g). Upon heat-
ing (up to 280°C), the SIRM (induced at room temperature after each heating step) and
magnetic susceptibility increase, generally by much more than 200%, indicating a chem-
ical reaction that produces more magnetic material (Figure 3h and Table 2).
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MEGALOPOLIS

‘high-intensity" ‘low-intensity’
upiw upw
ew
380°C N 500°C
350°C
320°C
290°C
260°C
230°C
200°C
- 1 - -1
NRM = 8.638 mAm NRM = 1.015 mAm 100°C
100°C
a 20°C e
100%+ 100%¢
75%- 75%
509 § 509
o & 50%
25%- 25%-
09 T T : . 0% T T ! *
50 100 150 200 0 50 100 150 200
b applied AF (mT) f applied AF (mT)
IRM AIRM IRM AIRM
100% 100%:
L 209 L
75% 20% 75% 20%
50% 50%
[ 10% [ 10%
25% 25%
0% Fo% 0% F 0%
0 200 400 600 0 0 200 400 600 800
c applied pulse field (mT) g applied pulse field (mT)
200% 6009
150% o
E = 400%
1009 o
@ 100 &
200%
50%:
0% T T T T T ) 0% = T T T T T 1
0 50 100 150 200 250 300 (o] 50 100 150 200 250 300
d temperature ("C) h temperature ("C)

Figure 3: Magnetic behaviour of examples of the two end member types of Megalopolis. Left panel: high-intensi-
ty type; right panel: low-intensity type. a&e: demagnetisation diagrams; closed (open) circles denote the projec-
tion on the horizontal (vertical) plane; demagnetisation temperature or alternating field intensity for each step is
indicated; the intensity of the remanent magnetisation is shown at 230C or 15 mT. b&f: normalised ARM intensi-
ty during AF demagnetisation. c&g: line with dots represents normalised IRM intensity during remanence acquisi-
tion in a pulse field (left vertical axis) and histogram shows relative increment in IRM for each field step (right
axis). d&h: upper curve: normalised SIRM induced at room temperature after heating, lower curve: normalised

IRM decay during thermal demagnetisation.
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Eight samples showed mixed behaviour, with characteristics generally intermediate
between those of the end members (Table 2). These are usually samples containing
visible organic material.

The Curie balance results (Figure 4) show that the concentrated sample from the high-
intensity type has a total magnetisation of ~0.21 Am>kg™" that decreases irrecoverably
between 200 and 350°C, indicating a chemical reaction. Between 420 and 600°C there
1s a magnetisation peak, upon cooling to room temperature, the magnetisation slightly
increases again to approximately half its initial value. The low-intensity type samples
have a much lower initial total magnetisation (0.022-0.043 Am’kg™"), that gently
decreases upon heating. This decrease is recovered in the successive heating runs until
300°C. A slight, irrecoverable decrease is seen between 300 and 350°C. One sample
had a peak in magnetisation between 430 and 600°C, and the final total magnetisation
was slightly higher than the initial value. The total magnetisation of the other sample
ended slightly lower than its initial value (not shown).

Discussion & conclusions

Magnetic mineralogy of Ptolemais

The ARM saturation at low alternating field and IRM saturation at low pulse field
combined with the maximum unblocking temperature slightly below §80°C indicate
(fine grained) magnetite as the most important carrier of the remanence for all the
studied lithologies except maybe lignite. The lignite consistently has a higher coerciv-
ity, but it does reach IRM saturation at 1500 mT, suggesting partly-altered ferri-mag-
netic iron sulphides, and/or maybe partly-oxidised magnetite. Thermal experiments to
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Figure 4: Curie balance results (in air) of magnetically concentrated samples from Megalopolis.
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check this mineralogy were not performed on lignite, because of the combustion of
the samples at temperatures of 200°C and higher (in air).

The marl samples have a peak in susceptibility at high temperatures (~450°C) caused
by the oxidation of iron sulphides. These must be non-magnetic iron sulphides,
because they were not detected by any of the remanent magnetic experiments; it is
probably pyrite, which is very common in organic-rich environments. The lignitic
marl samples do not show the same peak, caused by the combustion of the organic
material. However, the decrease in susceptibility above ~450°C suggests that iron sul-
phides are oxidised in these samples as well. Maximum susceptibility is reached at
lower temperatures for the marls and lignitic marls than for the clayey marls, possibly
caused by the lower porosity of clay, which hinders the transport of air inside the
sample.

The only lithology that can be distinguished based on univariate analysis of the mea-
sured magnetic parameters is lignite, with its low NRM, ARM, and IRM values, espe-
cially low NRM/ARM and NRM/IRM ratio’s and high coercivity. The range of
other lithologies are magnetically similar, so no curve with subtle variations that might
be indicative of climate changes can be made in Ptolemais.

Magnetic mineralogy of Megalopolis

The maximum unblocking temperature between 350 and 380°C in the high-intensity
samples points to an iron sulphide as the main magnetic mineral. The combined high
NRM, ARM and IRM intensities and K values indicate a relatively high concentration
of magnetic material with respect to the other end-member type, suggesting an
enrichment of magnetic minerals in these samples. The chemical reaction during heat-
ing towards less-magnetic material points to greigite as the dominant remanence-bear-
ing mineral (Torii et al., 1996). The convex intensity decay curve and the high gyrore-
manent magnetisation point to a single domain grain size (Snowball, 1997a; Snowball,
1997b). Greigite commonly occurs as an authigenic phase in fresh water lakes with a
high influx of organic matter (Snowball, 1991; Jelonowski et al., 1997; Snowball and
Torii, 1999). Authigenic means formed during or (shortly) after deposition, for greig-
ite most often as a consequence of bacterial sulphate reduction, although greigite-pro-
ducing bacteria may occur as well. When greigite is chemically formed, it generally
shows stable single-domain type behaviour (Snowball and Torii, 1999), as is the case
for our samples. The bacteria that mediate the formation of greigite can live at consid-
erable depth below the sediment-water contact — up to several hundreds of metres in
full marine environments, but complete sulphate removal can also occur at depths of
less than one metre in near-shore marine environments (Goldhaber and Kaplan, 1982).
The moment of remanence acquisition in greigite can therefore not be determined.
The magnetic polarity pattern in the Megalopolis section showed a zone of alternating
normal and reversed directions around the Matuyama-Brunhes boundary, indicating
delayed remanence acquisition (van Vugt et al., 2000). Exclusion of the greigite-bear-
ing samples resulted in a polarity transition interval with less normal-polarity data
points, suggesting that they were indeed formed post-depositionally.
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Figure 5: Results from Megalopolis displayed per cyclic phase (see text). DET/LIG (det/lig) indicates the detrital/lig-
nite phase of the LARGE-SCALE (small-scale) cycles. LIG-? indicates samples from a large-scale lignite without sub-
division into small-scale cycles. Different symbols indicate the end-member types of magnetic behaviour (see
text).

The mineralogy of the other end-member type is uncertain. The IRM 1is saturated at
~600 mT, which is too low for hematite and too high for pure magnetite. The maxi-
mum unblocking temperature well above 380°C still points to an iron oxide, so par-
tially oxidised magnetite is likely to carry the remanence in these type of samples. The
peak in one of the Curie balance curves indicates that non-magnetic iron sulphides
(pyrite) may be present in these samples. In the intermediate samples, probably some
greigite formed, but not enough to dominate the magnetic signature.

The results from Megalopolis are also displayed per cyclic phase (Figure s), i.e. divid-
ed into groups corresponding to the two phases (lignite vs. detrital) of the large-scale
cycles and similar for the small-scale cycles. It should be noted that, although a lignite
lithology always corresponds to a lignite-phase, the other lithologies can correspond
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to different phases, depending on the under- and overlying lithologies. For example,
an (organic-rich) clay may represent either a small-scale detrital phase in a large-scale
lignite, or a small-scale lignite phase in a large-scale detrital unit. Despite this confus-
ing definition, the pattern of the lithological phases i1s clear in the field, because a clay
—silt cycle in the eastern end of the basin changes gradually via an organic-rich clay —
silty-clay cycle to a lignite — clay cycle in the western end. From Figure 5 it can be
seen that low values for any of the parameters mainly occur in the large-scale lignite
phase, but this phase has not only low values. The only distinct group is the small-
scale lignite phase in the large-scale lignite phase (LIG-lig), with consistently low val-
ues for all parameters. The other phases cannot be distinguished in a univariate analy-
sis of the measured magnetic parameters.

Comparison

Since the greigite in Megalopolis is related to early diagenesis, we will compare only
the low-intensity samples from Megalopolis with the samples from Ptolemais (Tomea
Eksi). These samples all probably have magnetite as the main remanence carrier. The
intensity of NRM, ARM and IRM is lower in Megalopolis than in Ptolemais (even
when the intermediate ‘mixed-behaviour’ type is included in the comparison), and
their ratios are comparable, suggesting a lower magnetite concentration in
Megalopolis.

The origin of the magnetite in both basins is probably different: since the detrital
input in the Ptolemais basin is negligible, the magnetite could only have been blown
in as dust or formed in situ. The Megalopolis basin has a high detrital input, it is
therefore reasonable to assume the magnetite is of detrital origin. The lower concen-
tration in Megalopolis than in Ptolemais seems thus strange; it might be caused by the
type of basement around the Megalopolis basin, which 1s limestone, metamorphic
quartz-rich facies and flysch.

The low-field magnetic susceptibility 1s somewhat higher in Megalopolis, in accor-
dance with the higher content of detrital components (e.g. clay) and the lower car-
bonate content.
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Epilogue

The time frames constructed in this thesis will place the results of the other compo-
nents of our multi-disciplinary research project on a firm foundation. Palynological
studies from several parts of the Ptolemais section have already enhanced our under-
standing of interactions between climate and environment, and these will be published
later this year in another thesis. Another quantitative palynological study of the
Megalopolis succession, in combination with sedimentological research, will start this
year and focuses on short-term climate-induced environmental variations. The stratig-
raphy and basinal evolution of the entire Ptolemais basin, including the late Miocene
successions, will be correlated in detail to the marine record, to compare the syn- or
diachrony of major lithological changes, in particular in terms of climatic and environ-
mental change. The accurate ages presented in this thesis, have allowed to date fauna
localities for the first time. Examples are the hominid from Megalopolis and an ape
from Ptolemais.

An additional goal of this component was to understand the acquisition mechanisms of
palacomagnetic signals (environmental magnetism) and appreciate the reliability of this
signal as a recorder of geomagnetic variations, especially in cyclic sedimentary records.
An environmental-magnetic study of the magnetomineralogy in these basins will ben-
efit from the abundance of environmental constraints based on the other programme
components.

In each succession described in this thesis, we have searched for cyclic or rhythmic
patterns in the stratigraphy, and tried to match them with climatic cycles, in particular
to those cycles already known — and proven to be orbitally forced — from marine
Mediterranean successions. We especially selected our sections for their potential (at
first sight) to express such cycles, and we are aware of the fact that our techniques may
not readily apply to all possible sedimentary environments. However, it is good to
realise that we applied our methods in environments that many previously thought
were unsuitable for this kind of analysis. Since the aim of the entire multi-disciplinary
research programme has been to study a wide range of environments along a gradient
from full continental to deep marine, other environments suitable for cyclostratigraph-
ic studies and astronomical tuning will no doubt be discovered, and this will likely
continually enhance our understanding of the mechanisms that relate the expression of
sedimentary systems to orbital and thus climatic forcing. An additional goal of this
component was to understand the acquisition mechanisms of palacomagnetic signals
(environmental magnetism) and appreciate the reliability of this signal as a recorder of
geomagnetic variations, especially in cyclic sedimentary records.
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TPOXIAKEXZ EIIAPAXEIZ TOY A. NEOTENOYXI XE

AIMNAIEX AEKANEX THX MEXXOT'EIOY ‘
MATNHTOZTPQMATOT PAGIKH KAI KYKAOZTPOMATOTPAGIKH MEAETH

O1 neprotpogés g I'mg yopo amd tov dEova g kot yopo amd tov ‘HAo dev eivor otobepéc.
ITeprodikég peraforés mpokorodv oty I'm khpoticés arloyés, Onmg ov emoyég TV
noyet@vav. O kKApoticég avtég aArayés avayvapiloviar yemioywd kuping og Wipota Tov
&yovv omotedel oTov Puod g BGAaccag, o Auveg 1) o PaAtovg. Ot yewAdyot pe Tnv perétn
Tov ENpaTov ovTdV Teipvouy TANPoeopieg Yo To KANpo Tpv and ekatoppvpa yxpdvio. Ot
TANpopopieg OVTEG YPNOULOTOOVVIOL GTO TOVG EMIGTIHOVES Y. KOAAitepn mpdyvaon Tev
KMUOTOAOYIKAV 0Alaydv Tov péAdovtog. Enuthéov, 1 kabopiopévn meplodik6tnta ovTtdv TV
KMUOTOAOYIKGOV 0AAaydV TPocOEPEL TNV duvoTodTNTe ToV 0KPLPolg Kaboplopol g nAwiag
g nuatoyevoic axorovbiagc.

Ot 10 onuavtikég HeTAPOAEG OTNV TPOXIA TNG YNG YOPO 0d Tov NA0 gival 1) EKKEVTIPOTITO KoL
1 peténtoon Tov wonuepidv. H ekkevipdmta deiyvel 1o ndco empunkng givon 1 Tpoyid, m.y.
gy eivon xuiducn 1 eMenyoedric. H exkevipdtnto  petafaAieton meplodikd kon vrbpyet Evog
Koichog ov Sopkei 100.000 étn xar GAAog &vag mov diapxei 400.000 émn. H petdntoon tav
onuepudv duaypdpet éva TAnpn kvKro ke 21000 &tn. 'Hon o1 apyaiot EAAnveg yvaplov Tig
neptddovg avtég ol omoieg opyoTEPE CVLUTEPIAAPONKAV OTO YewKevipud poviého Tov
ovunavtog and tov Kiavdio ITtolepaio.

Ov ootpovopkoi avtoi kdKhol mpokorodv Teploducég petaPorés g mOGHTNTOG NALKTG
Beppdtirog Tov POGvelL oTNV YN Kot cuVERHG Kot oto Khipa. Tlapaderypa ot mayetddelg emoyéce,
eixav oav otia peydheg nepiddovg pe kpvo, Kodokoaipio 6To fopelo nuseaipto, 6Tov Ta X1ovia
00 yewdve dev Elewwoav ota Pouvd, dnuovpydviog otpdpate mhyov. Ot yewhdyou
avayvopitovy Ta ixvn ToV ToyeT@dOV ENOXAV COv XopayEG OTO TETPAOUATO 1] GOV HOPOIVES.
AXré ko acBeveic kKhpotikég oAloyég denoav Ta ixvn tovg otnv yewioyia, kuping ota
otpdpata Tov Knpatev. IToAld npote mov oynupotiotkov Kotd o tehevtaio 5 ek. &
Bpiokovtal oty meproyn g Meooyeiov. ‘Eva peydio tpuipo tev iinudrev ovtdv omotétnkev
otov PuBd g Bardoong aAld ofjpepa Ppickovion otnv Enpd Kévovtag Tnv peAétn TOvg
gokoAn. H epodvion ckodpav o€ xpdue oTpopdtov o ovtd To Kipate cCuPEavVoLV UE TS
neplodikég PeTafoAEg Tng TpoYLis TG YNG. Etvar Aowév mpopavég 611 odvBeon tov Enudtmv
ennpedodnke and 1o KAipa, mov dAkale meplodikd AOY® TV  OOTPOVOUK®OV UETOPOADY.
Mrmopovpe Aoutdv va modpe ot 1) Bdhacoa givon pic potoypoewn pnyovi kot to inpe. sivar
TO QMTOYPOPIKO AN 6TO omoio Kataypdpovrol o1 kKhpotkég petaforéc. Ilapatnpdvrag o
o\ eucdva pe eikdva, dnradn peretdviog To KNHOTO OTPONE PE OTPOUL, AVATUPIOTOVUE TIG
KMpoTucég PETABOAES TOV 5 K. ETQOV TPV 0O CTIHEPQ

Ot Khpatikég givar mo évtoveg otnv Enpd and 6tL otov Pubd g BdAaccas. Eivar cav pua
QOTOYPUEIKY pnyovi £xel éva eIATpo 6TOV GAKO TNG MOV EMTPENEL 08 GARA OVTIKEINEVD VO
mePAooVV kol oe GAla Oyl Mio mAfipng ewéva Siveton omd QAL and SQOPETIKEG
QoTOYpuPIKEG Unyavés pe Swpopetikd oidtpa. Etot, ywo pio mhfpn swdéve tov kAipatog,
peketdpe wWhnora mov £yxovv oxnuatictel oty Enpd, o Aipvn 1 og Baito. H dorpiPny ot
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)€l 6OV OVTIKEINEVO TNV HEAETN TV IENUATOV amd Tig Atyvitikég Aekdveg tng TTtodepoidag ko
™G Meyahomoris oy EALGSo kon g Aexdvng Lupoaia oty Povpovio xefdg kot tov
notapolpvaiov tnuatov g Arolaxiciog otnv Pddo.

Téooepo pe mévte ekotoppvpa ypdvia mpv and ofpepa vanpye Kovrd otnv [Ttolspoido po
Mpvn pcpod Babovg M omoia dArale oe PoATo kabe 20 yik. £tn. Eneidn to khipa éywve Enpd,
ASY® TOV GAAYOV OTNV UETARTOOT TOV ONUEPLAV, 1| GTABLT TOV VEPOoPOPOL opilovia éneoe
Ko avamtoyOniav ektetapévol karapmdves. To o&uydvo tav védrev g Alpuvng dev ftov
apKeTO MOTE VO SWAVGEL TIG TEPACTIEG TOCOTNTEG TOV VEKPOD GUTIKOD OPYRVIKOD VAKOD TO
onoio PETETPANT) GUV TM YPOV® GE Aryvitn. Aéko XIAddeg xpovwe apydtepa 1o KA £ytve kou
TAAL VYOS K 0 VIPoPSpog opilov avéPnke. Or kohapdveg e&apavicTnray Kot dnpovpyHonKe
pio avorytiy Auvn pe ovvénewn v Kobilnon avBpakuod viuwol. Iiuepa wapaTnpsitor ovtd
oTNV EVOALUYT] TOV OTpOUATOV Atyvitn Kot pépyag oto WPt TG AeKavng.

v Meyokomoin vrnipxe €va eKaToppdplo Xpovia mpv and ofuepa ma Aipuvn Soupopetikod
OOV, pe omdTopes KMTOEG T OVATOMKE KoL OPOAEG oTo JVTIKG. ATO TG andTopes KAMThES,
éupog kar pydog éngoav oTn Muvn Kou 6Tl opoiés avartoxbnkav kadopibves. Otav to
KMpa fitav Leotd kor vypo o1 kohapidveg kotéhafav peydho Tufpo TG AMUvng Kot HEYOAN
TOGOTITTO. OpyovIcoD VAIKOD dwtnpriOnke dnpiovpydvrog tov onuepvod Atyvitn. Ava ekotd
yMbdeg ypovia eEartiag g aAAayfg TG EKKEVIPOTNTOG THG TPOXIES NG YNG To KoAoKaipio
Eywav yoyxpdrepa kor Enpotepa (Tig idieg emoyég  B. Evphnn xoivntetor omd ndyovg), pe
anotéleopo ot korapibveg vo glapavictovv. To nuo tote Ywpig To GUTIKE EPTOSIOL
gEamlhOnke otV Aipvn dnpovpydviag oTpdUOTe GOV Kot apyilov.

Zanv NA. Povpavia vrfipye npv and 4 ek. £t pw Aipvn épowe pe ot tng Meyokomoing. O
d1eg evolhayég Ayvitn kou apyilov epgavifovion ko1 €6 ov omoieg oyetrilovtor pe TIg
KMpotikég oAAayés avd ekotd yddeg ypovie mov ogeilovion otig peTaPOAEG TG
EKKEVTIPOTNTOG TNG YNG. Agv vrdpyovv Opwg mhyor otnv Evphnn npv and 4 ek. £t 6nwg
oaiveral og npora g idog nhuciag n.y. ITtolepaic.

Ot 1peig avtég Ayvirikég Aekdveg £xovv petagd Tovg opodtnTeg Kot Srpopés and Tig onoisg
vroroyiovpe 6Tt o1 EVOAAOYEG TOV OTPOUATOV 6T0 npoToyevég TApope efoptdvior and
AOTPOVOUIKEG EMSPACELS Kot OYL Ol TOV YEMAOYIKO XPOVO 1) TIG MOYKOOUIEG KAUATOAOYIKEG
ouvOnkes. Evaldayég ava 100 yih. €t emkpatodv e AMPves TpOQOOOTODUEVEG e GUUO KoL
dpytho 6mov 1 mocdTNTA TOV PULTIKOY VAWKOV £xel kpiowo poéAo. O Aipves pe avBpaxikd
Anata, 6mov 1 oTadun TV VEATOV Toug Tailel onpavTiKG PONo, VIOKEWTOL GE EVOAAOYEG
ava 20 yuk. &t

Ztv P6do, n Aekavn nhkiog 3-4 ek. ypovio Tpv omd GNUEP, TANPAOVETIL On6 adpoUEPEG
itnuo, 6mov Kat TOPATNPOVVTOL KAVOVIKEG EVAALNYEG TMV OTPOUGTMV.

Avt6 opeileton otV Kavovikh adlayn Tng Aekdvng and Poitd@dn Alpvn oe pryn avoyrh Aipvn
oe motdo OéAta. Me tnv Ponfea Tov TOAGONAYVNTIGHOD OMOSEKVOOVUE OTL OL EVOALOYEG
TV oTpoudToV pe Thyog 30u. sival 160XpOVES LE TNV UETANTOOT TOV WoTUEPLDY. AVTd Sdpng
dev eivan 0pKkeTd GOPEg MOTE VO GLYKPIOEL LETTOUEPAG LLE TIG TPOYLOKESG KIVIGELS TNG YTIC.

163



164



Acknowledgements

The care, attention and support of many people have helped me complete this thesis
and relieved the lonely feeling it gave me from time to time. The freedom of conduct-
ing research is terrific and geological field work is the best way there 1s to gather data.
At other times, I gave myself a hard time; wanting to compose the perfect first draft of
a new chapter just resulted in nothing on the screen. Luckily, such a stage never lasted
long. I have experienced the last months of completing this thesis as one of the nicest
periods, with many people supporting me, (former) colleagues, friends and family
alike. Thank you all for being there for me.

There are several people I specifically want to acknowledge. First of all my professor
Cor Langereis, for doing a great job. His supervision was friendly, critical and always
aimed for my growth and development. I'll remember the pleasant atmosphere during
our field trips, scientific discussions and the Fort-borrels. Further supervision was pro-
vided by Frits Hilgen, Mark Dekkers and Johan Meulenkamp. Frits taught me the ins
and outs of observing sedimentary cycles in the field and he was willing to listen to
and comment on crazy theories about these cycles. Mark was a walking rock-magnetic
encyclopaedia available to me at all times. I sometimes found he was splitting hairs
over technical details, but I must admit that his precision improved the manuscript.
Johan, as leader of the multi-disciplinary research program, set up the contacts with
our Greek and Romanian counterparts, and with his broad exposure to Mediterranean
sections he focused this research program on suitable basins.

The co-operation with my team-members Marloes Kloosterboer and Joris Steenbrink
has been very important to me. From our first field trip to our last collective paper, we
formed a good team. This close co-operation might easily have led to conflicts, but I
have never experienced any competition between us. Furthermore, sharing experi-
ences of ups and downs during this research has motivated me to continue at times |
might have quitted had I been on my own. Thanks for being wonderful buddies.

An important aspect of this research, and also the most enjoyable one, has been the
field work. Innumerable trips to Greece and Romania led friends and family to com-
ment on my supposed travel-agency job, but they never accepted my invitation to join
me in the dusty lignite mines. Palacomagnetic sampling cannot be done alone, and I
want to thank everyone who accompanied me in the field. In addition to all the peo-
ple mentioned so far, these are: Hans de Bruin (taught us barbarians how to have a
decent field lunch), Konstantin Doukas (the program’s ambassador in Greece), Kostas
Theocharopoulos (showed us how to hunt for beaver-teeth), Wout Krijgsman (my
drilling teacher and worm-beater), Erik Snel (the indispensable digging champion with
an extraordinary memory, who almost managed to split my skull with a flying rock on
Rhodes), Charon Duermeijer (good fun in the heat wave, even despite her locking in
the car keys), Sorin and Maria Radan from Romania, Rob Satter, Hendrik-Jan Bosch,
Davide Duranti and Sander Ernst.

Essential for conducting research is the free exchange of scientific ideas and com-
ments. [ have enjoyed the discussions with Joris, Marloes, Wout, Hayfaa Abdul Aziz,

165



Luc Lourens, Pauline Kruijver, Sorin and Maria, Masaaki Okuda and last but not least:
Cor and Frits.

The Fort Hoofddijk laboratory, located in the botanical gardens of the university, has
been an agreeable place to work in. I have especially appreciated the positive, profes-
sional and gezellige atmosphere brought forward by my room mates and the support of
Tom and Carla Mullender. I thank Henk for helping me with (sometimes hopeless)
measurements of many ‘black stuff’ samples.

I am grateful for the critical and compassionate love of my friends, who never tired of
my enthusiastic lessons in geology. They accept me for who I am, yet do not permit
me to be any less. Finally, I thank my parents, who have supported me in all my
choices and actions through life, without ever making me feel pressured. Tenslotte
bedank ik mijn ouders, die mij op iedere mogelijke manier ondersteund hebben in al mijn
keuzen en ondernemingen, zonder me ooit druk op te leggen.

166



Curriculum Vitae

Nicole van Vugt werd geboren op 12 december 1970 in Leende. Zij begon haar mid-
delbare schoolopleiding aan het Hertog Jan College te Valkenswaard in 1983, alwaar
zij haar Atheneum B diploma behaalde in 1989. Datzelfde jaar begon zij aan de studie
geofysica aan de Universiteit Utrecht. Een jaar later startte ze haar studie geologie, die
met een doctoraal examen geologie/geofysica afgesloten werd in 1995. Aansluitend
werkte ze als onderzoeker in opleiding voor ALW/NWO op het Paleomagnetisch
Laboratorium ‘Fort Hoofddijk’ van de Universiteit Utrecht. Vanaf maart 2000 is ze
werkzaam als geoloog bij Shell International Exploration and Production in Rijswijk.

167



