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Abstract

The Marathousa Member, Middle Pleistocene strata in the fluvio-lacustrine Megalopolis basin, southwest Greece,
displays distinct but complicated lithological cycles comprising first-order alternation of lignites and detrital muds and
second-order alternation expressed by frequent intercalation of organic layers. Palynological evidence indicates that
the lithological cycles are driven by the Earth’s orbital forcing. All the lignite seams yield temperate oak forest
whereas the detrital beds provide semi-arid steppe mainly of Artemisia. This means that the first-order lithological
cycle represents the glacial/interglacial cycle (i.e., the 100-kyr eccentricity cycle), providing a timescale of at least 350
kyr to the Marathousa Member. Pollen also detects smaller-scale climate fluctuations in many of the subordinate
organic layers, with the total number of fluctuations being five in a complete lignite—detritus couplet. This means that
the second-order lithological cycle reflects the 21-kyr insolation cycle. A tentative phase relation between the
lithological cycles and the astronomical cycles is shown based on palynostratigraphy and electron spin resonance
dating. Lacustrine environments with increased water tables are implied for the glacial periods sedimentologically, in
contrast to local swamp vegetation for the interglacial periods. The subordinate organic layers were formed under
intermediate environments (climate, water depth, etc.) between full glacials and interglacials. © 2002 Elsevier Science
B.V. All rights reserved.
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ent periods and environments. These lithological
cycles consist of a dozen couplets of marl, detritus
(silt/clay) or organic beds (lignite/sapropel), show-
ing rhythmic alternation in ca. 100-m composite
sections [1-5]. Understanding the origins and for-
mation processes of these lithological cycles can
lead to the acquisition of remarkably age-secured
geological archives with cyclic paleoclimate and
paleoenvironmental records.

It has been accepted that long-term climate
changes are controlled by variation in the param-
eters of the Earth’s orbit [6,7]. For marine depos-
its beneath the Mediterranean Sea, a linkage be-
tween sedimentary cycles and astronomical cycles
has been indicated [8-10]. Correlations are an-
chored by frequent paleomagnetic polarity rever-
sals as well as marine biostratigraphy based on
planktonic foraminifera and calcareous nanno-
plankton. Good agreements between the cali-
brated duration of a lithological cycle and the
computed duration of an astronomical cycle se-
cure the linkage. This has led to the establishment
of the astronomical polarity time scale (APTS)
[11,12], which provides standard astronomical
ages for major geomagnetic events of the Neogene
to the Quaternary.

Recently, the above cyclostratigraphic tech-
niques have also been applied to continental de-
posits without reference to marine biostratigraphy
[13-16]. In many cases, small continental basins
have higher sedimentation rates than large ocean-
ic basins. Hilgen et al. [17] have stressed the ad-
vantage of continental basins as logical places to
detect Milankovitch cycles more directly, because
of their isolation from oceanographic processes
with intrinsic non-linear mechanisms. Most of
the above case studies for continental basins,
however, have been restricted to the Neogene
with detailed APTS [18] and unprecedented ma-
rine reference sections [3]. In the Pliocene lacus-
trine Ptolemais basin of northern Greece, rhyth-
mic alternation of white/beige marl and blackish
lignite has been anchored by four paleomagnetic
subchrons (Thvera, Sidufjall, Nunivak and Cochi-
ti), attributed to the 21-kyr insolation cycle on the
basis of correlations with astronomical target
curves [19]. Lignite seams were attributed to in-
solation minima (cold stages) with lowered lake

levels, while marl beds were assigned to insolation
maxima (warm stages) with increased precipita-
tion and probably high lake levels.

Unfortunately, unambiguous correlations with
the orbital parameters are more difficult for Pleis-
tocene continental deposits. Since 1 Ma, in partic-
ular, geomagnetic polarity reversals have been less
frequent, and the 100-kyr glacial cycle has become
dominant together with other persistent Milanko-
vitch cycles [6,7]. This can give a complex of lith-
ological cycles with different orders to late Pleis-
tocene sediments. The Megalopolis basin is one
example of (Plio—)Pleistocene continental basins
in the Mediterranean region. The Marathousa
Member, which comprises Middle Pleistocene la-
custrine deposits in the Megalopolis basin, dis-
plays distinct but complicated lithological cycles
consisting of blackish lignite, dark gray silty clay
and light gray fine-grained detritus. Unlike the
Ptolemais basin [19], the lignite seams at Mega-
lopolis cannot be attributed to glacial periods be-
cause of the previous palynological work [20] re-
porting temperate oak forest from the lowermost
lignite seam (Lignite I), suggesting a warm stage
(interglacial/interstadial). However, limited infor-
mation on paleoclimate has hindered understand-
ing of the origins and formation processes of the
lithological cycles.

This paper presents detailed palynological re-
sults to provide the paleoenvironmental back-
ground to the Marathousa Member. A loss-on-
ignition analysis was performed to quantify the
lithological changes. FElectron spin resonance
(ESR) dating was carried out to yield a new age
control point for the Marathousa Member.

2. Geology, chronostratigraphy, modern climate
and vegetation

The Megalopolis Basin is an intermontane ba-
sin located near the center of the Peloponnesos
Peninsula, SW Greece (37°25'N, 22°10'E, 400 m
a.s.l.) [21] (Fig. 1). The eastern margin of the ba-
sin consists of normal faults extending from NW
to SE, leading to active tectonic subsidence and
deposition during the Pliocene and the Pleisto-
cene. The stratigraphic framework of the Mega-
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Fig. 1. Geological map of the Megalopolis basin, SW Greece (after [21]). Localities of the studied section as well as parallel
Marathousas and Choremiou sections [16] are shown. At present, the Holocene and part of the Pleistocene deposits have been

scraped off due to opencast coal mining.

lopolis basin was established by Vinken [22]. The
Plio—Pleistocene, which overlies the Paleogene
marine basement unconformably, consists of six
formations of Makrision, Trilofon, Apidhitsa,
Choremi, Potamia and Thoknia from the base
upward (Table 1). These represent two large-scale
progradation cycles from swamp/lacustrine envi-

ronments in the Makrision and Choremi forma-
tions to fluvial/terrestrial environments in the
Trilofon/Apidhitsa and Potamia/Thoknia forma-
tions. The Marathousa Member forms the lower
half of the Choremi Formation. It consists of la-
custrine muds yielding freshwater bivalve and os-
tracod fossils [23], intercalated with lignite seams
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Table 1
Stratigraphy and first-order chronology for the Plio—Pleistocene in the Megalopolis basin, SW Greece (after [22])
Formation Member Sediment type Origin Climate Period
(Holocene) sand, gravel fluvial, erosion warm Holocene
Thoknia sand, gravel fluvial cold Pleistocene
brown loam erosion warm Pleistocene
Potamia sand, gravel fluvial cold Pleistocene
brown loam erosion warm Pleistocene
Choremi Megalopolis sand, gravel fluvial cold Pleistocene
Marathousa lignite, clay, silt lacustrine warm Pleistocene
Apidhitsa sand, gravel fluvial cold Pleistocene
Trilofon sand, gravel, marl fluvial cool Pliocene
Makrision lignite, marl lacustrine warm Pliocene

ca. 20 m thick. Three opencast coal mines are
present in the Megalopolis basin, providing
cross-sections up to 25 m high. The lignites in
the Marathousa Member have been studied re-
peatedly for geological and economical reasons,
summarized into five major lignite seams (Lignites
I, 11, III, IV and V) [16,20].

A first-order timescale for the Marathousa
Member was provided by paleontology and mag-
netostratigraphy. The Marathousa Member does
not yield extinct Tertiary-type pollen such as
Taxus, Taxodium, Sequoia, Tsuga, Keteleeria or
Liquidambar, which characterize the Pliocene
Makrision Formation [22]. Cheek teeth of Mus
cf. spretus occurred in Lignite III, giving a Biha-
rian age (middle Pleistocene) to the Marathousa
Member [16]. Van Vugt et al. [16] also detected
reversed paleomagnetic polarity near the base of
the Marathousas and Choremiou sections. Due to
a certain paleomagnetically gray zone near the
reversal, the Brunhes/Matuyama paleomagnetic
boundary was suggested in the upper part of Lig-
nite I or the overlying detrital bed. There was no
strong evidence determining the upper limit of the
Marathousa Member.

The present climate type of the Megalopolis
basin is Mediterranean. Most rain falls in winter,
while summers are hot and dry. The Megalopolis
basin is located to the west of the mountains near
the center of the peninsula, which interrupts the
westerly winds and creates a rain shadow in the
eastern flank. This geographic property gives rel-
atively high precipitation (750-1000 mm/yr) to the
Megalopolis basin. Mean January temperatures

are 7-9°C, resulting in warm, frost-free winters.
This is in contrast to the northern Greek inlands
where winter frost occurs [24].

The natural vegetation around Megalopolis
comprised Mediterranean evergreen woodlands
of Pinus halepensis, Quercus ilex etc., but this veg-
etation has been completely destroyed by severe
tree cutting and sheep grazing. At present, sec-
ondary maquis of Quercus coccifera, Pistacia len-
tiscus, Olea etc. extends to the mountain summits.
Small patches of deciduous forest exist in the mid-
altitude zones (~ 700 m), consisting of Quercus
pubescens, Fraxinus ornus, Carpinus orientalis, Os-
trya carpinifolia and Acer monspessulanum. At
higher altitudes (700-1700 m), Abies cephalonica
forms montane forests [24].

3. Materials and methods

The sampled section is located about 2.5 km to
the southwest of Megalopolis city (Fig. 1). In
1994, the section consisted of a series of outcrops
with a total height of 70 m, forming the southern
margin of one of the opencast mines. Blackish
lignite seams ca. 20 m thick alternated with detri-
tal beds of light gray to greenish gray silty clay
(Fig. 2). Bedding planes were sharp and flat with
no meaningful lateral changes throughout the sec-
tion.

Nine lithostratigraphic units consisting of four
lignite seams alternating with five detrital beds are
recognized (units 1-9) (Fig. 3). This first-order
lithological cycle is frequently intercalated with
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Fig. 2. Photograph of 15-27-m interval of the studied section, Megalopolis, SW Greece.

subordinate dark gray-colored layers. In field ob-
servation, this second-order lithological cycle oc-
curs less regularly resisting a comprehensive de-
scription. In this paper, 13 major subordinate
layers within the units are labelled (layers A-M)
with the aim of searching climate signals. The
dark gray layers at unit boundaries are not la-
belled, because these probably reflect glacial/inter-
glacial transitions rather than representing inde-
pendent climate events. Further information on
each lithological unit follows, beginning from
the base upward.

Unit 1 (0-5.0 m). Greenish-gray silt/clay. Dark
gray layers interbedded near the top of the unit.

Unit 2 (5.0-20.5 m). Blackish lignite with fre-
quent dark gray silt/clay layers of ca. 1 m thick-
ness. Five of the subordinate layers are prominent

and are labelled (layers A-E). A minor band of
reddish silt with carbonate fractions occurs at
14 m in the stratigraphic level. The lignite seam
contains abundant organic fractions in the lower
part, and is slightly laminated in the upper part.
The dark gray-colored bed at the top of unit 2 is
recognized as a transitional zone between units
and is not labelled.

Unit 3 (20.5-33.25 m). Greenish-gray silt/clay.
Dark gray silty clay occurs at 22.5-24.5 m, and is
labelled F. The sediments contain very fine-
grained sands in the upper part of the unit.

Unit 4 (33.25-41.5 m). Blackish lignite with
dark gray silt/clay bands. Two subordinate layers
are prominent and are labelled G and H. Brown-
ish-gray silt occurs at the top of the unit. At 34 m,
small (<5 mm) gastropod shells are abundant. A
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Table 2

Phase relations between the studied section and the parallel Marathousas and Choremiou sections [16] of the Middle Pleistocene

Marathousa Member, Megalopolis, SW Greece

Studied section

Marathousas and Choremiou sections

Lithological unit Small cycle

Local pollen zone

Lignite seam Small cycle

Unit 9 MP 9
Unit 8* MP 8
Unit 7 MP 7
Unit 6* MP 6
Unit 5 layer I, J MP 5
Unit 4* MP 4
Unit 3 layer F MP 3
Unit 2* MP 2
Unit 1 MP 1

Lignite V
Lignite IV

layer h, j
Lignite III

layer g
Lignite II
Lignite I

Asterisks indicate lignitic units alternating with detrital units.

carbonate concretion probably of a biogenic ori-
gin exists at 37.5 m.

Unit 5 (41.5-54.0 m). Light gray to greenish-
gray silt/clay. Sediment materials are generally
fine with few sand grains. Organic/lignitic beds
are interbedded at 44-45 m and 49-50 m, labelled
I and J, respectively.

Unit 6 (54.0-59.5 m). Blackish lignite with dark
gray silt/clay bands labelled K and L. Near the
base of the unit, sediments are lighter in color
containing abundant bivalve shells.

Unit 7 (59.5-63.5 m). Greenish-gray silt/clay.
Very fine-grained sands are contained at 62-63 m.

Unit 8 (63.5-65.5 m). Blackish lignite with a
dark gray silt band labelled M. The lignite con-
tains abundant organic fractions.

Unit 9 (65.5-70.0 m). Greenish gray silt/clay.
Sediment materials are coarser around 68 m.

From a test paleomagnetic analysis, we know
that the sampled section is normally magnetized
throughout the sequence. This means that the sec-
tion is time-equivalent to the upper parts of the
Marathousas and Choremiou sections, which are
the parallel sections described in the northern part
of the basin [16]. Phase relations between the sec-
tions are summarized in Table 2. The lignitic units

2,4, 6 and 8 correspond to Lignites II, III, IV and
V, respectively. The subordinate layers in unit 5
(layers I and J) are the counterparts of layers h
and j in the Marathousas and Choremiou sec-
tions. Layer F in unit 3 corresponds to layer g.
The overall lithological cycle patterns show good
agreements between the sections.

Sediment samples for pollen analysis and loss-
on-ignition analysis were collected in 1994 by ab-
seiling from the top of the outcrops. The studied
section consisted of staircase-like outcrops ca. 25
m high, easily integrated into a composite section
based on flat, distinct bedding planes. Approxi-
mately 10 g of sediments were collected from
the lignite every 50 cm. The sample size in the
detrital units was ~50 g. For ESR age determi-
nation, fossil bivalve shells were collected near the
bottom of unit 6 (54 m in the stratigraphic level).
Surface sediments approximately 30 cm in thick-
ness were removed to reach fresh materials. Ma-
trix sediments around the shells were also col-
lected and sealed carefully to prevent any
moisture loss. The ESR samples were transported
without being subjected to artificial X-ray radia-
tion at airports, and were analyzed at the Depart-
ment of Earth and Space Science, Osaka Univer-

«—

Fig. 3. Results of pollen analysis for the Middle Pleistocene Marathousa Member, Megalopolis, SW Greece. Dotted pattern
shows a five-fold magnification. In the lithological column, black indented beds represent lignite whereas white protruding beds
represent detrital clay/silt. Shaded beds represent dark gray organic layers. Dotted beds contain very fine-grained sands.
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sity, Japan. The palynological samples were ana-
lyzed in the pollen laboratory at the International
Research Centre for Japanese Studies, Kyoto, Ja-
pan.

For the pollen analysis, sediment samples were
milled and bathed in 10% HCI solution overnight
to remove any calcium carbonate. After excess
HCI was rinsed off, the samples were boiled in
10% KOH solution for 10 min to remove humic
acids. The resulting suspension was cleaned by
repeated centrifugation and decanting to remove
clay-sized particles. Fossil pollen was extracted
from heavier particles by heavy liquid flotation
using ZnCl, solution. Finally, the samples were
acetolysed and mounted in glycerol solution.
More than 300 pollen grains from trees and herbs
excluding aquatics were counted for each sample
and used for pollen sums for percentage calcula-
tions. Percentages of wetland pollen and spores
were calculated based on a separate total pollen
sum.

The procedure for loss-on-ignition analysis fol-
lowed the method given in Dean [25]. Approxi-
mately 0.3 g of dry sediments were ignited at
550°C in a muffle furnace overnight, and the re-
sulting weight losses were measured gravimetri-
cally to determine total organic carbon (TOC).
Additional ignition at higher temperature to mea-
sure carbonate carbon was omitted, because HCI
treatment did not generate observable reactions
indicating the presence of significant quantities
of carbonate.

Pretreatment for ESR dating followed the
method of Ikeya [26]. After moderate ultrasonic
cleaning, shell samples were etched in 10% HCI
solution for 1 min to remove surface layers with
high y-ray influence. The etched shells were milled
into grain sizes of 100-250 um. Approximately 1 g
of final CaCO3; powder was obtained. The initial
ESR signal intensity was measured using an
X-band spectrometer at Osaka University. Addi-
tive irradiation of y-rays from ®Co source was
performed up to a dose of 10 kGy, and the values
of the enhanced ESR intensity were plotted on a
saturation curve to calculate the total dose (TD)
of the materials. The matrix sediments were used
to calculate the annual dose rate (D). After being
dried at 70°C for 3 days, the sediments were sub-

jected to the y-ray spectroscopy to estimate con-
centrations of 23U, 22Th and “°K. The ESR date
(T) was finally determined by dividing TD by D.

4. Results
4.1. Pollen

Nine local pollen zones (MP 1-9) were estab-
lished based on variations in AP/NAP (arboreal
pollen/non-arboreal pollen) (Fig. 3). Even-num-
bered zones were dominated by tree pollen of
Quercus and Pinus, whereas odd-numbered zones
were dominated by Compositae herbs (Artemisia,
Tubuliflorae and Liguliflorae). The forest phases
also showed high frequencies of Gramineae, but
the Gramineae were associated with abundant
Cyperaceae and/or Sparganium/Typha, and prob-
ably derived from a reed swamp rather than from
regional grasslands. An abundance of wetland
grass pollen in lignite seams has consistently
been observed from a marl lake in Southeast
Greece [27]. Zone boundaries were placed where
tree assemblages were replaced by herbaceous as-
semblages and vice versa. The resulting zonation
was in agreement with lithological changes. Pollen
preservation is generally good in the lignite seams,
whereas eroded grains occur in the detrital units.
Frequent fluctuations were observed among Arte-
misia, Tubuliflorae and Liguliflorae, but these
were not used for further subzonation because
the ecological significance of the variations re-
mains uncertain.

4.1.1. Zone MP 1 (0-5.0 m)

Zone MP 1 is dominated by Compositae. Tree
taxa, excluding Pinus, are absent in the lower
part, whereas Q. pubescens-type, Q. ilex-type, Ul-
musl/Zelkova and Olea increase in the upper part.

4.1.2. Zone MP 2 (5.0-20.5 m)

Zone MP 2 shows high AP values (40-80%),
subdivided into MP 2a-2f. Subzones MP 2a, 2c
and 2e correspond to typical lignite subunits,
dominated by Q. pubescens-type associated with
Q. ilex-type, Ulmus/Zelkova, Carpinus betulus,
Olea, Ericaceae, etc. By contrast, subzones MP
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2b, 2d and 2f correspond to layers A, B-C and
D-E in lithology, yielding more abundant Pinus,
Abies, Chenopodiaceae, Artemisia and/or Tubuli-
florae. Subzone MP 2e is marked by the highest
values of Quercus (pubescens- and ilex-types) in
the sequence. Subzone MP 2f shows regularly
moderate frequencies of Pinus, Abies and Artemi-
sia.

4.1.3. Zone MP 3 (20.5-33.5 m)

Zone MP 3 is dominated by Compositae, but
the AP increase into 30-40% in and around layer
F. Quercus pubescens-type is abundant in 22-26 m
(i.e., MP 3b). In subzone MP 3c, Pinus and Abies
persist but temperate trees almost disappear.

4.14. Zone MP 4 (33.5-41.5 m)

Zone MP 4 shows high AP values (50-80%).
Subzone MP 4a is dominated by Q. pubescens-
type, associated with Q. ilex-type, Olea, Erica-
ceae, C. betulus, Ulmus/Zelkova, etc. No Artemisia
but Gramineae are abundant. The end of this di-
versified palynoflora is signified by the deposition
of layer G where Artemisia increases to moderate
values. Subzone MP 4b differs from MP 4a by the
absence of Olea and Ericaceae as well as a prom-
inent peak of Q. pubescens-type. Artemisia shows
an increase in the beginning of this subzone. Sub-
zone MP 4c shows abundant Pinus with higher
but moderate frequencies of Abies and Artemisia.

4.1.5. Zone MP 5 (41.5-53.5 m)

Zone MP 5 is dominated by Compositae espe-
cially in subzones MP 5a, 5c and Se. Subzones
MP 5b and 5d, containing layers I and J in lithol-
ogy, show increases in Q. pubescens-type whereas
Quercus is almost absent in subzones 5a and 5c.
Pinus and Abies are persistent during subzones
MP Sa-c. Artemisia shows very high values in
subzone MP 5c.

4.1.6. Zone MP 6 (53.5-59.5 m)

Zone MP 6 shows high AP values (30-80%).
Subzone MP 6a provides the lowest value of
NAP minus Gramineae in the record (9%). Prom-
inent peaks of Ulmus/Zelkova and Olea are very
characteristic. The top of this subzone is marked
by layer K in lithology. Subzone MP 6b shows

more abundant Pinus, Artemisia and Tubuliflorae.
A decline of AP is observed in layer L. Subzone
MP 6c¢ is recognized by returns to a short but
significant forest phase. Abies yields the maximum
value (8%) in the record.

4.1.7. Zone MP 7 (59.5-63.75 m)

Zone MP 7 is dominated by Compositae. Tem-
perate trees are rare whereas Pinus and Abies are
persistent during MP 7.

4.1.8. Zone MP 8 (63.75-65.5 m)

Zone MP 8 is dominated by Q. pubescens-type
with very low values of Artemisia. Layer M yields
a single spectrum with lower AP. Pinus and Abies
appear to persist during the zone.

4.1.9. Zone MP 9 (65.5-70.0 m)

Zone MP 9 is dominated by Compositae. Tree
taxa other than Pinus are completely absent in the
upper part of the zone.

4.2. Loss on ignition

Results from loss-on-ignition analysis indicate
that the lithological changes seen in the studied
section are geochemically expressed as variations
in TOC. Zones MP 1, 3, 5, 7 and 9 are charac-
terized by low TOC, while zones MP 2, 4, 6 and 8
show generally high TOC. In the blackish lignite,
the TOC shows high values (50-70%), whereas the
light-colored detrital muds contain little organic
carbon (< 5%). The uppermost lignite in unit 2
exceptionally shows lower carbon contents (30—
40%) than other typical lignites. The ignition
loss result also indicates a moderately organic
composition in the subordinate layers, with the
TOC of 10-30%.

4.3. ESR dating

The ESR date (T) for shell samples from the
base of unit 6 (54 m in the stratigraphic level) was
determined as 0.37+0.11 Ma (2c). The total dose
(TD) and annual dose rate (D) were calculated as
170 £ 50 Gy and 0.47 £ 0.01 mGy/yr, respectively.
Average concentrations of 2U, 2*?Th and *°K in
the matrix sediments, on which the annual dose



152 M. Okuda et al. | Earth and Planetary Science Letters 201 (2002) 143-157

rate is based, were 2.3+0.1 ppm, 8.2+0.2 ppm
and 1.9 £0.0%, respectively.

5. Discussion
5.1. Vegetation and climate

The palynological results yield a continuous
profile of vegetation and paleoclimate throughout
the Marathousa Member. The lignitic units 2, 4
and 6 (Lignites II, IIT and IV) are characterized
by temperate forest of Quercus (oak) associated
with Ulmus/Zelkova, Acer, Carpinus, etc. This as-
semblage is consistent with the interglacial paly-
noflora of southern Europe [27-29]. Mediterra-
nean evergreen trees (Q. ilex-type, Olea and
Ericaceae) occur in the lower parts of the lignite
seams, as the consequence of full vegetation devel-
opment in the early forest phases. Temperate de-
ciduous trees increase subsequently, followed by
conifer trees in the upper parts. This vegetation
succession is reminiscent of the ‘interglacial vege-
tation succession’, representing sequential tree ex-
pansion in Late Pleistocene interglacial episodes
[30]. The warm climate with reduced effective
moisture in the early interglacial periods allows
the growth of Mediterranean evergreen trees.
The oak-dominated palynoflora in the lignite
seams are consistent with the previous pollen
data from basal Lignite I [20]. By contrast, detri-
tal units 1, 3, 5, 7 and 9 represent cold Artemisia
steppe. Abundant Tubuliflorae and Liguliflorae
occur, and this flora is generally common to the
last glacial flora in the Eastern Mediterranean
[27,31]. All these vegetation reconstructions are
coherent, providing interglacial origins for the lig-
nite seams and glacial origins for the detrital beds.

The attribution of a complete lignite-detritus
couplet to a glacial/interglacial cycle gives units
1-6 a time coverage of approximately 300 kyr.
The ESR dating yields a radiometric age of
0.3710.11 Ma for the basal part of unit 6. Using
0.78 Ma as the age of the Brunhes/Matuyama pa-
leomagnetic boundary [32,33], which lies below
unit 1 at Megalopolis [16], the time interval of
units 1-6 falls within the range of 300-520 kyr.
These two estimated time ranges are in agreement.

One of us [16] has suggested a reasonable average
sedimentation rate (21 cm/kyr) for the Marathou-
sa Member by giving the 100-kyr periodicity to
the lignite—detritus alternation also.

5.2. Astronomical cycles

The reconstructed paleoclimate history points
out the astronomical forcing on the lithological
cycles at Megalopolis. The first-order cycle is ob-
viously attributed to the 100-kyr component of
the orbital eccentricity cycle [34,35]. Here we in-
dicate that the second-order lithological cycle of
the Marathousa Member is also astronomically
induced. In many cases, recognition of orbital
forcing on sedimentary cycles is accomplished by
first demonstrating a climatic origin for the cycle
and subsequently finding an average duration that
is consistent with one of the known Milankovitch
periods. In this study, the palynological results
detect meaningful climate changes in and around
the labelled layers. Subordinate organic layers in
the detrital units (layers F, I and J) show increases
in Quercus at the expense of Artemisia, represent-
ing temporal expansion of open oak forests within
steppes. The second-order cycle appears some-
what intricate in the lignite seams, but many of
them do provide meaningful changes in the pollen
record. The lower Quercus values around layers
G, H, etc reflect temporal deforestation. Two la-
belled layers B and E, with no independent paly-
nological changes, are here included into compo-
site layers B-C and D-E. We note that the
subordinate organic layers generally show inter-
mediate features between the lignites and detrital
muds both in the pollen and TOC records. These
are logically the result of intermediate climate
conditions between full glacials and interglacials
(i.e., interstadials in glacial periods and temporal
coolings in interglacial periods). Therefore, small-
er-scale climate fluctuations are recognized in and
around layers A, B-C, D-E and F in units 2-3,
and layers G, H, I and J in units 4-5. The unla-
belled layers at unit boundaries are not considered
because they probably represent transitional zones
between glacials and interglacials instead of inde-
pendent climate events. The total number of cli-
matic subunits in a complete lignite—detritus cou-
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plet is thus five, giving an approximately 20-kyr
periodicity for the climate fluctuations. This is in
agreement with the 21-kyr insolation (precession)
cycle, which was deduced from the 65°N summer
insolation [34] and is now recognized as a reliable
external target curve [36]. We suggest that the
second-order lithological cycle in the Marathousa
Member is regulated by the insolation cycle. This
is currently based on a rough calculation, but it
provides a likely scenario when comparable case
studies from the Ptolemais basin, northern Greece
[19] and the Lupoaia basin, southern Romania
[37] are considered.

There is another comparable palynological da-
taset obtained from Tenaghi Philippon (Drama),
NE Greece [38]. This was based on frequency
analyses applied to time series of different vegeta-
tion types transformed from the past 975000-yr
pollen record [28,29,31]. Using the moving win-
dow technique, periods of 95-99 ka, 40-44 ka
and 19-21 ka, related to the orbital forcing,
were recognized in the lower Middle Pleistocene.
In particular, the 19-21-ka cycle seen in the var-
iation curves of local vegetation types implies an
influence of the precession cycle on hydrological
balance in the Drama basin. This supports our

ne isotope
(Site 849)

- £
ES
T ] %-“_3 E Il Broad-leaved trees
g 32% @ & | convertes
S e 2-¢g =
> = E“S— > 22 | xericherbs S
g EEgd8 5 :
r 28552 23 :
» S8s£fE 2 |
W spaa 3 = .
70 :
| L
/“
T,
34
037 ----
+0.11 .
\ss
\40
\42
\44
\46
48
L
I
.
I
S

50

100%

= . T - 300
Q i >9:
S :
Q( ‘%11—400
< L _
2
< )13 - 500
= .

»  min

A
H
g

Fig. 4. Tentative correlation between the lithological cycles in the studied section, astronomical cycles [34] and marine oxygen iso-
tope stratigraphy [40,41]. Intercorrelation between the external target curves is after van Vugt et al. [16]. The i-cycle codification
of insolation peaks is based on Lourens et al. [36]. In the Iversen-type pollen diagram, ‘xeric herbs’ contain Compositae (Artemi-
sia, Tubuliflorae and Liguliflorae), Chenopodiaceae, Plantago and Caryophyllaceae. ‘Conifer trees’ contain Pinus, Abies, Juniperus
and Ephedra. In the lithological column, layers B and E with no meaningful palynological changes are included in composite

layers B-C and D-E.



154 M. Okuda et al. | Earth and Planetary Science Letters 201 (2002) 143—157

arguments in the time-equivalent Megalopolis ba-
sin. There is no strong evidence to address the
presence or absence of the 41-kyr obliquity cycle
at Megalopolis.

5.3. Tentative time frame

Recognition of astronomical cycles in a geolog-
ical record can allow astronomical calibration
techniques [9,39] based on ‘tuning’ of sedimentary
cycle patterns to variations in the Earth’s orbital
parameters. Unfortunately, the lack of sufficient
time control prevents the unambiguous tuning
for the studied section. Here we suggest a tenta-
tive phase relation between the lithological cycles
and external target curves [34,40,41] (Fig. 4). This
is based on assumptions that unit 6 correlates
with marine isotope stage (MIS) 11 and that no
major hiatuses occur throughout the sequence.
The ESR date of 0.37x0.11 Ma (2c) at the
base of unit 6 points to MIS 9 (ca. 330 ka) or
MIS 11 (ca. 420 ka) as likely marine counterparts
for the unit. Of these two candidates, MIS 11 is
palynologically preferred because of the unique
unit 6 palynoflora with abundant Ulmus/Zelkova.
In the Ioannina basin, NW Greece, a prominent
peak of Ulmus/Zelkova was reported from the
MIS 11 phase [42]. We also note that unit 6 is
marked by the higher frequencies of Olea. The
warmer MIS 11 interglacial [43,44] may have al-
lowed an expansion of elm on wetter mountain
flanks (mid elevation) of western Greece (includ-
ing loannina and Megalopolis) and a simulta-
neous spread of olives in drier southern Greece
(including Megalopolis), at the beginning of
MIS 11. As to the continuity of the section, it is
possible that small hiatuses occur at the unit
boundaries. However, large hiatuses (containing
one or more glacial cycles) are unlikely to exist
because the studied section nowhere extends back
to the Brunhes/Matuyama paleomagnetic bound-
ary (i.e., MIS 19). The timescale proposed in Fig.
4 provides counterparts for the insolation peaks
28-58 [36].

A reasonable time—depth relationship with an
almost linear sedimentation curve and an average
sedimentation rate of 0.2 mm/yr is deduced from
Fig. 4 (Fig. 5). A decline in the uppermost part of
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Fig. 5. A provisional time-depth relationship for the studied
section of the Marathousa Member, Megalopolis, SW
Greece. Note that this curve is based on a tentative time
frame in Fig. 4.

the accumulation curve suggests decelerated ag-
gradation near the termination of lacustrine envi-
ronments. This is consistent with fluvial deposits
of the Megalopolis Formation which stratigraph-
ically overlie the Marathousa Member [22] (Table
1). Our timescale can also give a coherent chro-
nostratigraphy for the late Pleistocene deposits
above the Megalopolis Formation. It is feasible
that the Thoknia and Potamia formations, a
pair comprising brown loams and fluvial sands/
gravels (Table 1), represent the last glacial cycle
(stages 5-2) and the penultimate glacial cycle
(stages 7-6), respectively.

Nevertheless, the original aim of Fig. 4 is to
confirm the influence of astronomical forcing on
the Megalopolis basin, and we emphasize that the
proposed time frame is tentative. The correlation
is not robust yet and some alternatives can exist
under the current time control. For example, unit
3 with a highly herbaceous flora could be an
equivalent of the extensive MIS 12 glacial [29].
This could create an optional chronology correlat-
ing units 2, 4 and 6 with MIS 13, 11 and 9, re-
spectively. This does not explain the unique unit 6
palynoflora but is consistent with the ESR age.
One of us [16] has suggested another alternative
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that correlates Lignites II, III, IV and V (i.e.,
units 2, 4, 6 and 8) with MIS 17, 15, 13 and 11,
respectively, based on paleomagnetic and cyclo-
stratigraphic results from the parallel Marathou-
sas and Choremiou sections. This option is, at
present, less consistent with the pollen and the
ESR results, however.

5.4. Local environments and hydrological balance

We feel it necessary to address sedimentary en-
vironments and moisture balance in the Megalo-
polis basin. Both lithological and palynological
features, which show lignites with emergent
aquatic herbs such as Cyperaceae and Gramineae
(probably Phragmites), provide local swamp veg-
etation for the interglacial periods. The subordi-
nate layers consisting of gyttja-like organic muds
with molluscan shells indicate increased lake lev-
els. By contrast, the glacial deposits yield little
biological evidence. As to lithological features,
the inorganic muds with few coarse materials im-
ply lacustrine environments with high water ta-
bles. This appears to be inconsistent with a few
recent lake level studies in Greece reporting low-
ered lake levels at the Last Glacial Maximum
(LGM) (e.g., [45]). Nevertheless, our implication
is consistent with regionally synchronous high
LGM lake levels in the northern Mediterranean
to the Middle East [46,47]. Reduced evapotrans-
piration resulting from low temperature and/or
increased cloudiness during full glacials [48] al-
lows the coincidence of increased runoff into the
lake and reduced soil moisture [49,50]. This ex-
plains the high lake levels and simultaneous
semi-arid steppes at Megalopolis. The dark gray
layers were formed under intermediate local envi-
ronments between the lakes and swamps. Abun-
dant Nymphaea in layers F, I and J suggests water
depths <3-5 m [46].

There is no evidence giving a fluvial origin for
the glacial deposits. The detrital muds are massive
with generally fine grain sizes. Nevertheless, sev-
eral bands of very fine-grained sands are associ-
ated with abundant Liguliflorae pollen that is not
common in the glacial palynoflora of Greece. This
may indicate strengthened river influences. Other-
wise, it may be the result of differential preserva-

tion of pollen grains. The detrital muds have sig-
nificantly lower pollen concentrations with poorer
pollen preservation. Although such features are
common for glacial deposits in the Mediterranean
(e.g., [42]), these put a certain restraint on strict
interpretations for glacial environments based on
a single palynological dataset.

6. Conclusions

This paper aims to demonstrate the astronom-
ical origins of lithological cycles in the lignite-
bearing Marathousa Member, Megalopolis, SW
Greece. Palynological evidence reveals the climate
origins of the thick lignite seams and thin organic
layers, attributing the different lithological cycles
to the 100-kyr eccentricity cycle and the 21-kyr
insolation cycle, respectively. Paleoenvironments
and sedimentation in this small continental basin
are regulated by the Earth’s orbital forcing
through variations in temperature and hydrolog-
ical balance. There is no strong evidence to ad-
dress the obliquity cycle at Megalopolis. A tenta-
tive phase relation with external target curves is
shown to demonstrate the probability of astro-
nomical forcing on the Megalopolis basin. All
counterparts of insolation peaks 28-58 [43] can
be seen in the lithological cycle, giving a provi-
sional time coverage of ca. 300-650 kyr to the
studied section.
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