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The 1.35-Ma-long terrestrial climate archive
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Abstract. Since the first pollen analyses from core material in the 1960s, the limnotelmatic sequence of
Tenaghi Philippon, located within the subsurface of the Drama Basin of NE Greece, has been recognized as
an exceptional archive of terrestrial climate and ecosystem dynamics for the Quaternary in Europe. The pol-
leniferous sequence covers the last ~1.35 Ma continuously, spanning at least 19 consecutive glacial-inter-
glacial cycles. Analyses of Tenaghi Philippon as based on the drillcores from the 1960s were restricted to a
millennial-scale resolution. Because the original cores have deteriorated, the archive’s potential for analyzing
abrupt (i.e., centennial- to decadal-scale) climate and ecosystem change has long remained unexplored.
Therefore new drilling campaigns were carried out in 2005 and 2009 to recover the 0—60 m and 50-200 m
depth intervals of the archive, respectively. The new cores (recovery: 97.8 and 99.0 %, respectively) allow
characterization of the evolution of abrupt climate and ecosystem variability across the full range of climatic
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boundary conditions realized during the late obliquity-dominated ‘41-ka world” and the eccentricity-domi-
nated ‘100-ka world’. The resulting climate data will also assist paleoanthropologists in resolving the disper-
sal dynamics of archaic and modern humans into Eurasia. In light of these new research initiatives, and be-
cause much of the previous literature on Tenaghi Philippon is from sources that are partially difficult to access,
we here provide a review of the geological evolution of the Tenaghi Philippon archive, its present-day envi-
ronmental conditions and its exploration history. We further give a synopsis of recent work based on the new

cores and discuss the perspectives for future studies.
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1. Introduction

In light of the increasing anthropogenic influence on
the Earth’s climate system, understanding the mecha-
nisms, magnitudes and regional differentiation of cli-
mate change is a prerequisite for extending the lead
time for mitigation and adaptation (e.g., Piontek et al.
2014). This holds particularly true for climate change
that occurs on short (i.e., decadal to centennial) time
scales. During the late Quaternary, such abrupt change
has repeatedly affected the Earth, with temperatures
locally increasing by ~ 10 °C within human time scales
(Severinghaus et al. 1998, Grachev and Severinghaus
2005). Available evidence suggests that abrupt climate
change may also recur in the near future, with poten-
tially severe consequences for ecosystems and human
societies (National Research Council 2002, Alley et al.
2003).

Temporally highly resolved records of the pattern
and timing of short-term climate change over the last
800 ka as superimposed on long-term, Milankovitch-
band climate signals have been obtained primarily
from ice cores from the high latitudes (e. g., Dansgaard
et al. 1993, EPICA community members 2004, Barker
et al. 2011). Considerably less information on the
characteristics of short-term climate variability during
that time, and notably the impact of this variability on
terrestrial ecosystems, is available for the middle and
lower latitudes. These latitudes harbor, however, the
majority of the world’s population; hence, they will
witness the strongest socio-economic consequences of
future climate change.

Located in an intermediate position between the
climate systems of the higher (i.e., influenced by
the westerlies and the Russian High) and lower (i.e.,
monsoonally influenced) latitudes, the Mediterranean
region is highly susceptible to short-term climate
change. For the past centuries, this climatic sensitivity
is documented for a large number of different settings.
During the Little Ice Age, the southern Balkans expe-

rienced a marked increase in the frequency of cold
spells in winter, which repeatedly caused crop failures
and ultimately famines (Xoplaki et al. 2001). Marine
instrumental data from the early 1990s show a dis-
placement of deep-water production from the Adriatic
to the Aegean Sea after a series of particularly cold
winters in the Aegean region (Roether et al. 1996).
In line with these observations, a marked temperature
rise and a precipitation decrease across the Mediter-
ranean region are predicted for the next decades (Inter-
governmental Panel on Climate Change 2013, Lionel-
lo et al. 2014, and references therein).

For the late Quaternary, valuable insights into the
short-term climate variability of the Mediterranean
region have become available through high-resolution
proxy records from the Aegean Sea and its border-
lands. They document a strong sensitivity to short-
term climate change for both the marine (e. g., Rohling
et al. 2002, Schmiedl et al. 2010, Kotthoff et al. 2011)
and the terrestrial realm (e.g., Kotthoff et al. 2008a,
Fleitmann et al. 2009, Pross et al. 2009, Miiller et al.
2011). Notably, climate information from biotic prox-
ies such as pollen is available for this region across the
full range of climatic boundary conditions experienced
during the Quaternary. The persistence of glacial tree
refugia along the northern borderlands of the Aegean
Sea allows for a minimum time lag between atmos-
pheric forcing and vegetation response as it may result
from taxon-specific migration times (Tzedakis 1993).
This is in contrast to western and Central Europe
where plant migration lags have notoriously hampered
the understanding of abrupt climate change under
boundary conditions other than those realized during
full interglacials (Miiller et al. 2003, Koutsodendris et
al. 2012).

In view of the above, the terrestrial climate archive
preserved in the Philippi peatland of the Drama Basin
(Macedonia, NE Greece) plays a key role. This
archive, widely termed “Tenaghi Philippon”, has been
appreciated as harbouring a unique record of terrestrial
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climate and ecosystem dynamics for the Quaternary in
Europe since the initiation of pollen-based vegetation
analyses in the late 1960s (Wijmstra 1969). The promi-
nent role of the Tenaghi Philippon archive is due to
(1) its stratigraphical length, which comprises the last
~1.35Ma and at least 19 consecutive glacial-inter-
glacial cycles (Tzedakis et al. 2006); (ii) its likely
stratigraphical completeness as suggested by its cli-
matostratigraphical similarity with deep-sea (Wijmstra
and Groenhart 1983) and ice-core records (Fletcher et
al. 2013); (iii) its exceptionally low liability to sedi-
ment redeposition, resulting from its peat-dominated
lithology and the morphological characteristics of the
Drama Basin, i.e., large size and low intra-basinal
topographical gradients; (iv) its proximity to glacial
refugia of thermophilous plants, which minimizes the
time lag between climate forcing and vegetation re-
sponse as documented in pollen data (Tzedakis 1993);
and (v) its strategic position along a prominent ho-
minid migration route, which allows to constrain the
environmental conditions under which archaic and
modern humans dispersed into Europe (Miiller et al.
2011, Tourloukis and Karkanas 2012, Hublin 2014).
Climatostratigraphical analyses of the Tenaghi Phi-
lippon archive as accessible through the first generation
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of coring campaigns from the 1960s were restricted to
a temporal resolution within the Milankovitch time
band. Because the cores from these campaigns have de-
teriorated, its potential for deciphering the magnitude
and tempo of abrupt climate change has long remained
unexploited. Therefore, in 2005 a campaign was initi-
ated to re-drill the upper 60 m of the archive; the high-
quality cores obtained allow the characterisation of
short-term climate variability from the Holocene to
Marine Isotope Stage (MIS) 9c (~312 ka BP; Pross et
al. 2007, Fletcher et al. 2013). Stimulated by this suc-
cess, a second, larger-scale drilling campaign was car-
ried out in 2009 in order to recover the remainder of the
archive, allowing to extend the analysis of short-term
climate variability into the early Pleistocene.

In light of these new research efforts, and because
much of the previously available information on Te-
naghi Philippon has been published separately in a
number of different sources that are partially difficult
to access, we here provide a review of the geological
evolution of the Tenaghi Philippon archive, its present-
day environmental setting and its exploration history.
Moreover, we give a synopsis of the outcome of recent
studies, provide selected new data, and discuss the per-
spectives for future research.
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Fig. 1. Relief map of the Drama Basin and its vicinity in northeastern Greece. Dotted white rectangle marks position of the

close-up map shown in Fig.2.
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Fig.2. Aerial view of the Philippi peatland with locations of drill sites. White dots mark positions of selected shallow
(up to 12 m) drillings of Christanis (1983) and Kalaitzidis (2007), white asterisks mark positions of deep drillings TF-II and
TF-III of Wijmstra and co-workers. Yellow asterisks mark positions of TP-2005 and TP-2009 drill sites. Letters A and A’
mark endpoints of transect shown in Fig. 3. See text for discussion.

2. The Tenaghi Philippon site

2.1 Geological and topographical
framework

The Philippi peatland, which includes the Tenaghi Phi-
lippon drill sites and covers a surface area of ~55 km?,
is situated in the southeastern part of the intramontane
Drama Basin of northeastern Greece (Figs. 1, 2). With
an approximate size of 700 km?, the Drama Basin rep-
resents the largest of numerous low-elevation graben
structures in northeastern Greece and the Balkanides
that formed as a result of post-orogenic, arc-parallel ex-
tension starting in the late early or middle Miocene; the
grabens are bound by normal faults and tend to become
younger from east to west (compare Dumurdzanov et al.
2005, and Hoffmann et al. 2010). Reaching an elevation
of ~200 m a.s.l. in its northern part and ~40 m in the
south, the Drama Basin is bounded by mountain ranges
to the north (Phalakron Range, up to 2,232 m high),
west (Menikion Range 1,963 m), south (Pangacon
Range 1,956 m) and east (Lekanis Mountains, 1,150 m);
in the southeast, the Symvolon Range (477 m) separates
the basin from the Aegean Sea (Fig.1).

Geologically, the basement and graben shoulders
consist of Permian to Eocene metasediments (predom-
inantly marbles; Del Moro et al. 1990, Kilias and
Mountrakis 1990), and Cretaceous to Oligocene gran-
ites and granodiorites (Sklavounos 1981, Eleftheriadis
and Lippolt 1984, Soldatos and Christofides 1986).
Despite the existence of (unpublished) seismic survey
and borehole log data, the Neogene succession of the
Drama Basin is still poorly known; its overall thick-
ness is estimated at ~2,000 m (Kaouras et al. 1991).
During the Miocene and particularly the Pliocene,
fluvial, lacustrine and terrestrial strata were deposited;
today, they outcrop along the western border of the
basin (Bornovas and Rondogianni-Tsiambaou 1983).
Marine ingressions, as they extended into the adjacent
Strymon Basin to the west during the Tortonian, late
Messinian and Calabrian, did not reach the Drama
Basin (Gramann and Kockel 1969). From the early
Pleistocene onwards, limnic and telmatic conditions
prevailed across much of the basin, at times covering
an area of ~ 150 km? (Christanis et al. 1998). They re-
sulted in a thick sequence of marls, calcareous clays,
and notably lignite and fen peat (compare Fig.3).
Along the basin margins, these autochthonous sedi-
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ments interfinger with coarse-grained alluvial fans de-
rived from the surrounding slopes. During periods of
enhanced tectonic activity, the alluvial fans advanced
transiently towards the basin center, thereby causing
repeated disruptions of the telmatic depositional set-
ting. These advances are documented as clastic in-
terbeds separating the subsurface lignite seams in the
central part of the Drama Basin (Kaouras et al. 1991,
Filippidis et al. 1996).

Owing to a southeastward shift of the basin de-
pocenter, telmatic conditions ceased in the central
Drama Basin after the Last Interglacial (Eemian),
whereas in the Philippi peatland they continued into
the Holocene and were only terminated through large-
scale drainage efforts from the 1930s onwards. As re-
vealed through drillings in the 1960s and 1970s per-
formed by the Greek Institute of Geology and Mineral
Exploration (IGME) and the Public Power Corpora-
tion of Greece (PPC) (Melidonis 1981), these process-
es yielded a sedimentary sequence that consists near-
exclusively of fen peat and reaches a thickness of near-
ly 200 m. This makes the Philippi peatland the thickest
known peat-dominated succession in the world (Chris-
tanis et al. 1998). The peat has an estimated dry weight
of nearly 1 Gt (Melidonis 1981); its rank increases
with depth to the ‘soft brown coal’ stage (Teichmiiller
1968). Based on analyses of Holocene and Lateglacial
material, the peat originates mainly from Cyperaceae,
namely Carex spp. and Cladium mariscus.Its ash yield
ranges from 11.4 to 53.4% (Christanis 1983), and its
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geochemical and organic petrographical composition
shows distinct differences between the Lateglacial and
the Holocene owing to changes in hydrology and
source areas (Christanis 1983, Kalaitzidis and Christa-
nis 2004, Kalaitzidis et al. 2006, Kalaitzidis 2007).
The lower part of the peat sequence in the Philippi
peatland is likely correlative to the lignite sequence
known from the subsurface of the central Drama Basin
(Kaouras et al. 1991).

In the 1980s, numerous reconnaissance wells were
drilled in the Drama Basin by IGME and PPC in order
to constrain the extent of the Philippi peat deposit; this
led to the discovery of the Drama Basin lignite de-
posits (Broussoulis et al. 1991, Kaouras et al. 1991).
The mineable lignite reserves are estimated at 0.96 Gt,
making the Drama Basin the second largest lignite
deposit in Greece (Koukouzas et al. 1997). However,
the deposit has yet remained unexploited, and further
exploration rights expired in 2005. Because the com-
petitiveness of lignite-fired electricity generation has
decreased over the recent past, future exploitation ap-
pears currently unlikely (Commission of the European
Communities 2008).

At present, the Drama Basin is drained by several
streams that discharge into the Angitis River, which
itself forms a tributary of the Strymon River flowing
from western Bulgaria into the North Aegean Sea. The
southern Drama Basin, including the Philippi peat-
land, is additionally drained by channels and ditches
that were built in the 1930s and 1940s in order to fa-
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Fig. 3. Geological transect across the Philippi peatland, showing subsurface lithology to a depth of ~20 m. See Fig.2 for

location of transect. Modified after Christanis (1983).
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cilitate an agricultural use of the area; they also flow
into the Angitis River (Georgakopoulos et al. 2001).
A shallow unconfined aquifer is situated ~1-1.5m
below the surface in the central part of the basin,
whereas there is a karstic aquifer on the basin margins.
The two aquifers are unconnected (Georgakopoulos et
al. 2001).

2.2 Climate

Located close to the northeastern limits of the Mediter-
ranean climate region, eastern Macedonia (and thus
also the Drama Basin) is exposed to a characteristic
Mediterranean seasonal regime modified by continen-
tal influence. Winters are generally colder (with the fre-
quent occurrence of frost) than under a Mediterranean
climate sensu stricto; notably, they are punctuated by
anomalously cold and windy episodes connected to
southward outbreaks of polar air masses from the Russ-
ian High (Saaroni et al. 1996). Moisture availability,
which is mainly linked to the penetration of westerly
storm tracks across southern Europe and Mediter-
ranean cyclogenesis, exhibits a strong seasonal pattern,
with most precipitation occurring during the cold sea-
son; however, summers are generally wetter than under
Mediterranean climates, thereby being reminiscent of
Central European conditions (Xoplaki et al. 2003, Lio-
nello et al. 2006, and references therein).

Based on the period 1975-2004, the mean annual
temperature in the southeastern Drama Basin is
14.4°C; mean July and January temperatures are 25.4
and 5.4°C, respectively. The mean annual precipita-
tion amounts to 459 mm, with September being the
driest (mean: 18 mm) and December (mean: 55 mm)
the wettest months (www.geoclima.eu).

The Drama Basin and its surroundings exhibit a
strong mesoclimatic differentiation owing to the re-
gion’s pronounced topography and close proximity to
the Aegean Sea. In particular, winters are much colder
on the basin floor than at comparable elevations along
the nearby coast. This effect is mainly due to the kata-
batic flow of cold air masses from the surrounding
mountains into the basin plain; it is further enhanced
by the intense nocturnal radiation and snow cover on
the ground (Flocas and Angouridakis 1979). As a con-
sequence, the Drama Basin ranks among the localities
with the lowest minimum temperatures for Greece
(Flocas and Angouridakis 1979). Comparable scenar-
ios occur widely in intramontane basins of eastern
Macedonia. One of the best known examples comes
from the town of Kato Nevrokopi, which is located

within an intermontane plain ~15km NNW of the
Drama Basin at an elevation of ~500 m. As a result
of the topography-induced mesoclimatic effects de-
scribed above, Kato Nevrokopi has yielded the lowest
temperature (—28°C) ever reported in Greece; in the
winter of 2008/09, mean daily temperatures remained
below freezing over 70 out of 90 days, and they did
not rise above —10.6°C for several days (Dotsika et al.
2010).

2.3 Present-day vegetation

Considering the significance of Tenaghi Philippon for
pollen-based climate and ecosystem reconstructions,
the composition of the vegetation surrounding the Dra-
ma Basin merits special attention. The original vegeta-
tion of the basin and its surroundings has been altered
strongly by human activities. Specifically, the vegeta-
tion on the mountain slopes surrounding the basin has
been affected by the region’s long tradition of cattle
grazing (Karagiannakidou and Kokkini 1988), and the
once extensive Philippi fen has undergone a near-com-
plete transformation into arable land since the 1930s
(Wijmstra 1969, Christanis 1983). Today, this land is
used almost exclusively for corn production.

The formerly abundant aquatic environments in
the Philippi fen prior to land-reclamation efforts were
home to water plants such as Nymphaea alba and
Polygonum amphibium. Within the telmatic zone that
prevailed along the basin margins, herbaceous ele-
ments included Iris pseudacorus, Phragmites commu-
nis and Typha angustifolia; wetland trees comprised
Alnus sp., Betula pendula, Populus sp., and Salix sp.
(Lavrentiadis 1956, Wijmstra 1969).

Depending on orientation and elevation, the slopes
of the mountain ranges surrounding the basin are today
covered by woodlands and scrublands; up to an alti-
tude of ~250 m a.s.l., these are mainly formed by Ar-
butus unedo, Calycotome villosa, Cistus salviifolius,
C.monspeliensis, Erica arborea, Juniperus sp., Paliu-
rus aculeata, Pistacia terebinthus, and Quercus ilex
(Wijmstra 1969). Above ~300 m, a scrub zone with
Carpinus orientalis and evergreen Quercus (Q.coc-
cifera and Q.ilex) is present, while the first trees of
C.orientalis and evergreen Quercus (Q.coccifera)
along with Castanea sativa, Lonicera etrusca, and
Vitis silvestris appear at ~450 m. Acer sp., Cornus
mas, Corylus avellana, Crataegus monogyna, Ostrya
carpinifolia, Pinus nigra, deciduous Quercus (e.g.,
Q.frainetto, Q.pubescens, Q.petraea), and Tilia to-
mentosa are the dominant trees and shrubs at higher
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altitudes, with P.nigra occurring from ~600m to
~ 1,600 m; Abies alba and A.borissii-regis are also
present (Wijmstra 1969, Karagiannakidou and Kok-
kini 1987, Dafis et al. 1997). Fagus appears from
~450 m upwards and reaches altitudes of up to
1,600 m, with Fagus-dominated forests being mainly
confined to east-facing slopes (Karagiannakidou and
Kokkini 1987, Karagiannakidou et al. 1995, Tsiripidis
and Athanasiadis 2003). It is noteworthy that Betula
pendula and Picea abies occur in the Pangaeon and
Rodopi Ranges, respectively, which represents the
southernmost occurrences of these taxa in the Balkans
(Dafis et al. 1997). Sub-alpine and alpine meadows,
which harbour abundant local and regional endemics
(Dafis et al. 1997), extend mainly above ~ 1,600 m
(Quézel 1968, Karagiannakidou and Kokkini 1987,
Karagiannakidou et al. 1995).

3. Exploration efforts
in the 1960s to 1990s

With the aim of characterizing the lateral extent, verti-
cal thickness and depth distribution of subsurface peat
and lignite, the first drilling operations in the Drama
Basin were economically rather than scientifically mo-
tivated. These reconnaissance wells, which also made
possible an initial palynological study (van der Ham-
men et al. 1965), reached a depth of ~390 m (Christa-
nis et al. 1998). They yielded important information on
the architecture and sedimentary succession of the
basin that, together with the results of unpublished
seismic surveys, paved the way for the scientifically
motivated coring campaigns carried out in the Philippi
peatland during the 1960s and 1970s.

The first of these scientific drilling campaigns,
conducted in 1963, yielded the 120-m-long core TF-II
from the center of the Philippi peatland (Wijmstra
and Groenhart 1983; Fig.2). The core consists mainly
of peat; it was subsequently analyzed palynologically
at a resolution of 20 cm by Wijmstra (1969; 0—30 m),
Wijmstra and Smit (1976; 30—78 m), and Van der Wiel
and Wijmstra (1987a; 78—120 m).

In 1976 (Van der Wiel and Wijmstra 1987b) or 1977
(Wijmstra and Groenhart 1983), a second core (TF-I1I)
was recovered ~1km west of the TF-II drillsite
(Fig.2). It penetrated a palynologically productive
succession of peat and clay to a depth of 197.8 m; fur-
ther downhole and to the final depth of 280 m, palyno-
logically barren clays and sands were encountered. Pa-
lynological samples were taken at least every 30 cm,

except for intervals where core loss precluded such a
resolution (Mommersteeg et al. 1995); the results were
published for the core interval from 112.8 to 197.8 m
by Van der Wiel and Wijmstra (1987b).

Although these analyses were carried out at relative-
ly low temporal resolution (mean: ~1.7 ka), the ob-
tained tree-pollen curve was recognized to show a
close correlation to the benthic 8'80 record of deep-
sea core V28-239 from the East Pacific (Wijmstra and
Groenhart 1983, Van der Wiel and Wijmstra 1987b,
Wijmstra and Young 1992). Aided by the detection of
the Jaramillo subchron between 195 and 210 m in core
TF-III (Van der Wiel and Wijmstra 1987b), this corre-
lation yielded a first, tentative assignment of MIS
numbers to the Tenaghi Philippon pollen record. The
spliced pollen record from cores TF-II and TF-III was
estimated to span the past ~900 ka (Van der Wiel and
Wijmstra 1987b) respectively ~975 ka (Mommersteeg
et al. 1995), an age that was later corrected to
~1.35 Ma (Tzedakis et al. 2006).

Insights into the vegetation dynamics during inter-
glacial-glacial cycles as derived from the TF-II and
TF-III cores were presented by Wijmstra et al. (1990),
and Wijmstra and Young (1992). They identified typi-
cal interglacials at Tenaghi Philippon to start with rel-
atively warm, humid conditions favouring the growth
of open woodlands characterized by the occurrence of
Pistacia. This phase was followed by a transition to
evergreen oak forests that themselves were replaced
by summergreen open forests. Towards the end of
interglacials, arboreal elements decreased, giving way
to a steppe vegetation with Artemisia and Chenopodi-
aceae as it prevailed during glacials. Ecological inter-
pretations based on the partially high percentages of
Chenopodiaceae and other Amaranthaceae in the core
were presented by Smit and Wijmstra (1970).

Its exceptional length and apparent stratigraphic
completeness led to the recognition of Tenaghi Philip-
pon as one of the most prominent terrestrial paleo-
climate archives in Europe, and the pollen counts of
Wijmstra and co-workers provided the palynological
dataset for a large number of subsequent paleoclim-
atically and paleoceanographically oriented studies
(e.g., Mommersteeg et al. 1995, Martrat et al. 2004,
2007, Tzedakis 2007, Miiller and Pross 2007, Leroy et
al. 2011).

While the millenial-scale resolution reached by Wi-
jmstra and co-workers may at least to some extent re-
flect the scientific focus prevailing at that time, it can
also be attributed to limitations in core recovery that
for parts of the material precluded higher-resolution
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work. The cores from the TF-II and TF-III campaigns
have long decomposed owing to their high organic
matter content and are no longer available for analyses
(H. Hooghiemstra 2014, pers. comm.). As a conse-
quence, the potential of Tenaghi Philippon for ana-
lysing short-term variability in vegetation and climate
dynamics has long remained untapped.

Independent of the deep drillings described above,
a considerable number of shallow (up to ~12 m long)
cores spanning the Holocene and Lateglacial part of
the Tenaghi Philippon sequence have been recovered
using handheld coring devices (Greig and Turner
1974, Turner and Greig 1975, Christanis 1983, Chris-
tanis et al. 1998, Kalaitzidis and Christanis 2002,
Kalaitzidis 2007). The coring sites are widely distrib-
uted over the Philippi peatland (Fig.2), which allowed
reconstruction of the depositional conditions during
the Late Glacial and Holocene, and development of a
spatially differentiated view of the shallow subsurface
lithology.

The cores documented that the sediment is well suit-
ed for the preservation of tephra layers, thereby indi-
cating the potential of the Tenaghi Philippon archive
for tephrostratigraphical and tephrochronological re-
search. Early work by Christanis (1983) revealed the
presence of four macroscopically visible tephra layers;
two of them were attributed to the widely known Y2
(Cape Riva eruption of Santorini, Aegean Arc; ~22 ka
BP according to Wulf et al. 2002) and Y5 (Campanian
Ignimbrite, Italy; ~39 ka BP according to Pyle et al.
2006) tephras.

The other two layers, with depositional ages of
~19ka BP and 3.6—4.0 ka BP, were tentatively cor-
related with unknown eruptions from Santorini and
Campi Flegrei, respectively (Christanis 1983). The
original interpretation of Christanis (1983) was disput-
ed by St. Seymour et al. (2004), who generated the first
glass chemical data and interpreted the older unknown
tephra layer (~19 ka BP) to represent the Y2 tephra.
This conundrum was later resolved through analysis of
the TP-2005 core (compare Section 4.1). Neverthe-
less, already these early findings documented that
due to its geographical position Tenaghi Philippon can
provide an integrated record of eruptions both from
the Italian and the Aegean volcanic provinces; this is
in contrast to other long terrestrial archives from the
western Balkans such as Lake Ohrid (Sulpizio et al.
2010) and Lake Prespa (Sulpizio et al. 2010, Da-
maschke et al. 2013) where tephras from the Aegean
Arc have remained undetected.

4. Tenaghi Philippon revisited:
The 2005 and 2009 coring
campaigns

4.1 The 2005 coring campaign

In light of the scientific need to understand better the
mechanisms and consequences of short-term climate
change as outlined above, a campaign was initiated
in the early 2000s to recover a new deep core from
Tenaghi Philippon. With a focus on maximizing core
recovery, this campaign aimed at retrieving the upper
60 m of the archive (Pross et al. 2007). Drilling took
place over three weeks in April 2005 3.4km west
of the TF-II locality of Wijmstra and co-workers (co-
ordinates: 40°58.40'N, 24°13.42'E; 40 m a.s.l.; see
Fig.?2 for site location). As previous reconnaissance ef-
forts had shown that the peat was too soft to be recov-
ered through wireline coring, the drilling contractor
STOLBEN (Zell an der Mosel, Germany) used a non-
rotating probe driven by a pneumatic hammer system
(“Diisterloh hammer”) on a WIRTH Ecol drill rig.
After recovery, the material was split into work and
archive halves, lithologically described, photogram-
metrically scanned, and sampled. It is now stored at
—15°C at the Institute of Earth Sciences, University
of Heidelberg, and partially also at the Department of
Geology, University of Patras.

The retrieved core TP-2005 covers the interval
from the Holocene to MIS 9c; its bottom has an age
of ~312ka BP (Fletcher et al. 2013). The high core
recovery (mean: 97.8 %) allowed the first decadal- to
centennial-scale palynological analyses at Tenaghi
Philippon, with a five- to tenfold increase in resolution
from earlier work. The palynological preparation
protocol comprised sediment freeze-drying, weighing,
spiking with Lycopodium spores, treatment with HCI
(10%), NaOH (10%), HF (when necessary; 40%),
heavy-liquid separation with Na, WO, x 2H,0O (when
necessary), acetolysis, sieving through a 7 um mesh,
and slide preparation using glycerine jelly.

To date, the newly generated pollen data comprise
the Holocene (Pross et al. 2009, Peyron et al. 2011),
MIS 2—-4 (Miiller et al. 2011), MIS 5 (Milner et al.
2012, 2013), and MIS 7e-9c¢ (Fletcher et al. 2013).
They have revealed an extreme sensitivity of the
Tenaghi Philippon archive in recording abrupt climate
change, including both warming events during glacial
(Miiller et al. 2011, Fletcher et al. 2013) and cooling
events during interglacial boundary conditions (Pross
et al. 2009, Milner et al. 2013). The pollen data show
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a close correspondence with Greenland ice-core
records throughout the last 73 ka (Pross et al. 2009,
Miiller et al. 2011), indicating a close coupling be-
tween the North Atlantic climate system and the NE
Mediterranean region. This highlights the potential of
a long, highly resolved pollen record from Tenaghi
Philippon to serve as a proxy-based template for
short-term climate variability in the northern hemi-
sphere beyond the range of Greenland ice cores, which
do not yield reliable climate information pre-dating the
Last Interglacial because of ice disturbation and fold-
ing (NEEM community members 2013). From a more
regional perspective, data from the new cores allow
the identification of short-term environmental pertur-
bations in the northern borderlands of the Aegean
Sea as they may occur during times of marine sapropel
formation (compare Konijnendijk et al. 2014, and
Rohling et al. 2015). This is due to the close proximity
of Tenaghi Philippon to the Aegean Sea and thus to a
pivotal source of Mediterranean deep-water formation
(Wu et al. 2000, Zervakis et al. 2000).

4.1.1 Early Holocene

For the early Holocene, Pross et al. (2009) analyzed
the climatic impact of the 8.2 ka BP climatic event on
the vegetation surrounding Tenaghi Philippon. In the
pollen data, which show a close structural correspon-
dence with the 8'30 signal in Greenland ice cores, the
event is expressed in a marked deforestation, mainly
at the expense of temperate and thermophilous trees
(Fig.4). This vegetation turnover had originally been
interpreted to represent the Younger Dryas due to its
pronounced expression (Wijmstra 1969), a view that
was supported by the radiocarbon dates available at
that time. Later radiocarbon dating series of plant re-
mains, bulk peat and pollen extracts, and tuning to the
pollen record from marine core SL 152 (NE Aegean
Sea; Kotthoff et al. 2008b), revealed a strong, materi-
al-dependent hard-water effect at Tenaghi Philippon
for the early Holocene of up to ~1.2ka (Pross et al.
2009). The ages derived from the radiocarbon dating
series and the tuning to the SL 152 record converge at
~11.0ka BP (Pross et al. 2009), and the radiocarbon
dates for pre-Holocene core intervals are consistent
with the ages of detected tephra layers (Miiller et al.
2011, Albert et al. 2015). This suggests a linkage of
the hard-water effect to the prevailing hydrological
regime. The pollen data from the TP-2005 core as
available for MIS 1-3 suggest the highest humidity for
the early Holocene (Miiller et al. 2011), which is con-
sistent with the observation that carbonate precipita-

tion in the Philippi peatland was enhanced during that
time due to the activity of karst springs contributing
dissolved inorganic carbon from the Pangaeon Range
(Christanis 1983, Kalaitzidis and Christanis 2002,
Kalaitzidis 2007). Hence, the magnitude of the hard-
water effect at Tenaghi Philippon is climatically driv-
en; interglacial conditions (with higher humidity)
caused a strong hard-water effect via the carbon input
of active karst aquifers, whereas glacial climates (with
drier conditions) lead to a strong reduction of the hard-
water effect due to the reduced supply of these aqui-
fers.

Pollen-based climate reconstructions yield an en-
hanced temperature seasonality for the 8.2 ka BP cli-
matic event at Tenaghi Philippon, with >4°C cooler
winters and ~2°C cooler summers; annual precipita-
tion declined by ~30 %, with a decrease in winter pre-
cipitation and an increase in summer precipitation
leading to a reduced seasonal hydrological contrast
(Pross et al. 2009, Peyron et al. 2011). Because the
cooling (particularly in winter) strongly exceeds the
values yielded by model simulations and proxy data
representing coastal settings of the Aegean Sea, Pross
et al. (2009) invoked particular mesoclimatic condi-
tions for the Tenaghi Philippon site in order to recon-
cile this discrepancy. Their explanation relies on the
katabatic flow of cold air from the surrounding moun-
tains into the basin, combined with an increased influ-
ence of cold spells originating from the Russian High.
Topography-induced mesoclimatic effects resulting
from the katabatic flow of cold air masses characterize
the present-day climate in numerous intermontane de-
pressions of NE Greece, including the Drama Basin
(Flocas and Angouridakis 1979, Dotsika et al. 2010).
Hence, the observations connected to the 8.2ka BP
event allow to link mesoclimatic processes as they are
operating in the Drama Basin today to those at work
during the early Holocene. An impact of the 8.2 ka BP
climatic event on vegetation has recently also been de-
scribed by Panagiotopoulos et al. (2013) for the Lake
Prespa basin, ~270 km to the west of the Drama Basin.

4.1.2 Last Glacial

A major contribution from the study of long pollen
sequences from southern Europe over the past four
decades has been the documentation of interstadials
during the last Pleniglacial (MIS 4-2) (e.g., Wijmstra
1969, Florschiitz et al. 1971, Follieri et al. 1988, Brauer
et al.2007). In hindsight, the subsequent debate regard-
ing the number and climatic significance of these
episodes, which are characterized by weak forest ex-
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pansions (e. g., Pons and Reille 1988, Pons et al. 1992),
highlights the critical importance of data with high
temporal resolution. Exhibiting approximately millen-
nial-scale resolution, the pioneering studies cited above
typically reported five to seven palynologically-de-
fined interstadial episodes, without coherent patterns of
timing or amplitude between sites. However, the debat-
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ical interstadials and high-latitude warming events can,
to a great extent, be resolved through intensification of
analytical effort, at least at ecologically sensitive sites
with robust independent chronologies. In this manner,
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provide unambiguous indications of event-for-event
linkage between environmental change in the Mediter-
ranean region and high-latitude climate variability,
thereby extending the evidence for a close coupling of
short-term climate change to the North Atlantic climate
system beyond the Holocene. They show that intersta-
dials characterized by short-term expansions of tree
populations interrupted the general dominance of dry
steppe biomes (Fig.4). The age model, which is mainly
based on radiocarbon dates and further augmented by
imported ages of tephra layers, allows the correlation of
all interstadials at Tenaghi Philippon with Greenland
interstadials and vice versa. While all Greenland inter-
stadials were linked with increases in tree populations
facilitated by precipitation increases at Tenaghi Philip-
pon, Greenland stadials were linked with dry steppe to
desert-steppe biomes (Fig.4).

From a paleoanthropological perspective, these
findings, in concert with the proximity of Tenaghi
Philippon to the gateway for the immigration of
anatomically modern humans (AMH) into Europe, are
instrumental in constraining the climate conditions
and timing of this process. Based on previously avail-
able archeological and genetic evidence, Miiller et al.
(2011) suggested that the ultimately successful spread
of AMH from Asia Minor into Europe occurred during
Greenland interstadial 12 (~47 ka BP) when the onset
of climatically favourable conditions rapidly convert-
ed the desert-steppe environment in the northern
Aegean region into an open woodland. Because the
climatic impact of preceding Heinrich event HS on the
northern Aegean region was as severe as that of the
glacial maximum of MIS 4, Miiller et al. (2011) further
postulated a decisive role of this cooling event in the
demise of Neanderthals and the dispersal of AMH
across Europe. Recently, unexpectedly early evidence
for the presence of AMH in Italy (Benazzi et al. 2011)
and Great Britain (Higham et al. 2011), and for expan-
sions of technocomplexes in western Eurasia (Hublin
2014) has become available. It has posed new ques-
tions regarding the timing of the earliest spread of
AMH within Europe, the degree this spread was cli-
matically or demographically driven, and the process-
es involved in the replacement of Neanderthal popula-
tions. These questions notwithstanding, its stratigraph-
ic completeness, high temporal resolution, and strate-
gic position with regard to the corridor of AMH immi-
gration into Europe should allow the Last Glacial
record from Tenaghi Philippon to serve as a climatic
and environmental anchor point for future research on
the colonisation of Europe by AMH. This is particular-

ly the case where co-located tephra horizons can be
identified, allowing direct synchronization between
archeological records and the Tenaghi Philippon pa-
leoarchive (e.g., Lowe et al. 2012).

4.1.3 Last Interglacial and
antepenultimate glacial

For the Last Interglacial, approximately concurrent
with MIS 5e, the new pollen data from core TP-2005
indicate a marked intra-interglacial climate variability
that was most pronounced towards the end of the
interglacial (Milner et al. 2012). Centennial-scale
changes in forest cover and composition occurred on
multiple occasions, documented by repeated expan-
sions of cool mixed forest and/or steppe elements at
the expense of temperate tree populations. Notably, the
fluctuations in temperate tree pollen percentages ex-
hibit a ~ 1500 a cyclicity during the declining stage of
the interglacial, reminiscent of the ~ 1500 a cycles pre-
viously detected for the Holocene, the Last Glacial and
the Last Interglacial (Bond et al. 1997, 2001, Miiller et
al. 2005). As the origin of these cycles is probably
linked to circulation changes in the North Atlantic
(Debret et al. 2007), their documentation at Tenaghi
Philippon provides further evidence for a close cou-
pling to the North Atlantic climate system.

While virtually all findings based on the TP-2005
core as portrayed above derive from pollen data, Mil-
ner et al. (2012) demonstrated the potential of the core
material for integrated studies using different, inde-
pendent climate proxies. Combining mineralogical,
macrofossil and pollen data, they inferred an enhance-
ment in the seasonality of precipitation for the early
part of the Last Interglacial (130—119 ka BP); notably,
the time window studied also comprises the interval of
sapropel S5 deposition (129.5-121.4 ka BP; Ziegler et
al. 2010) in the eastern Mediterranean Sea. By consid-
ering the seasonal aspect of proxy sensitivity, Milner
et al. (2012) reconciled the seemingly contradictory
pollen- and speleothem-based information with re-
spect to the hydrological regime. With regard to sapro-
pel formation, their data provide information on co-
eval terrestrial climate dynamics. For the interval
corresponding to sapropel S5, they infer an enhanced
winter precipitation in the northern borderlands of the
Aegean Sea. This finding is in line with information on
the early Holocene sapropel S1, for which a ~50 % in-
crease in winter precipitation in the northern border-
lands of the Aegean Sea relative to ‘pre-sapropel” con-
ditions has been reconstructed (Kotthoff et al. 2008a).
On the other hand, a significantly enhanced freshwater
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flux into the eastern Mediterranean Sea from the
northern borderlands during sapropel formation has
also been disputed (Osborne et al. 2010). In any event,
future analyses of sapropel-correlative time slices
from Tenaghi Philippon will serve to identify which
patterns emerge for the hydrological regime in the
northern borderlands of the Aegean Sea at times of
sapropel formation and to what extent these patterns
are a consistent feature of the Mediterranean climate
system during the Quaternary.

While high-resolution palynological data covering
the antepenultimate glacial (MIS 9a—c, 8 and 7; 312—
240 ka BP) have recently been published (Fletcher et
al. 2013), equivalent analyses of MIS 7a—d and 6 are
currently in progress. Upon completion, they will yield
a palynological record of terrestrial climate and
ecosystem dynamics in the eastern Mediterranean re-
gion during the last ~312 ka in unprecedented tempo-
ral resolution. As such, they will be instrumental in
identifying the intervals and ultimately the boundary
conditions for large-amplitude, short-term climate
fluctuations beyond the range of Greenland ice cores;
in particular, they will allow ground truthing of the
synthetic record of millenial-scale Greenland climate
variability as it has been constructed based on the ther-
mal bipolar seesaw model (Barker et al. 2011).

4.14 Macro- and cryptotephra layers

The Tenaghi Philippon archive consists predominantly
of peat, which is ideally suited to preserve inorganic
solids supplied by atmospheric deposition (Shotyk et
al. 1998), and is located within the dispersal regions

of tephras from the Aegean and Italian volcanic pro-
vinces. As such, the archive holds great potential for
establishing an integrated tephrostratigraphical sche-
me for the eastern Mediterranean region. The youngest
part of the archive (comprising MIS 3-1) has long
been known to preserve macrotephras that are impor-
tant stratigraphic markers within the central and east-
ern Mediterranean region (compare Section 3). Specif-
ically, these are the Y2, Y3, and Y5 tephras, today
dated at ~22, ~29 and ~39 ka BP, respectively (Wulf
et al. 2002, Pyle et al. 2006, Albert et al. 2015, com-
pare Fig.5).

A pilot study carried out on the depth interval 15—
6 m of the TP-2005 core (equivalent to ~46—11 ka BP;
Miiller et al. 2011) has revealed the presence of multi-
ple cryptotephra layers, i.e., a much higher number of
cryptotephras layers than visible tephra equivalents
(Fig.6). As has been the case with other paleo-records
in the Mediterranean region (e.g., Bourne et al. 2010,
Damaschke et al. 2013), this significantly increases
the potential of Tenaghi Philippon as a recorder of
volcanic events. The detection of these additional
isochrons are of particular value because they, as with
visible tephra layers, can be used to (i) directly import
proximal or distal tephra ages (e.g., “*Ar/*°Ar dates)
where existent and (ii) allow synchronisation to other
records where the same tephra has been registered.
This can be achieved in distal localities via geochem-
ical correlation of the volcanic glass component,
specifically the measurement of major, minor and
trace elements. Increasingly it is possible to gain these
data even when analysing low numbers and small vol-

Fig.5. Microphotographs of tephra shards from the TP-2005 core. Shown example is from the visible tephra layer at
12.87 m depth (Y-5 tephra). Note large fluted shards, platy cuspate shards and highly vesicular shards. A = Transmitted light
microscopy, B = scanning electron microscopy. Black scale bars equal 100 pm.
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tephra shard counts for selected depth intervals of the TP-2005 core. (A) Depth interval 15—-6 m below surface (corresponding
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et al. 2011; Lowe et al. 2012). Total tree pollen percentages (Miiller et al. 2011) are given for climatostratigraphic context.
(B) Detail of depth interval 15—13 m, with shard numbers per gram of dry sediment for individual cryptotephra layers.

canic shards associated with cryptotephra layers (see
Lowe 2011, and references within). For Tenaghi Phi-
lippon, this has been demonstrated recently by Albert
et al. (2015); they have correlated a cryptotephra to
proximal and distal volcanic units using both the more
traditional Electron Probe Micro-Analysis method
alongside Laser Ablation Inductively Coupled Plasma
Mass Spectrometry and Secondary Ion Mass Spectro-

metry, which allow trace element concentrations to be
determined.

The cryptotephra layers were detected using the
stepped density separation technique as advocated by
Turney (1998), but with the modifications outlined by
Blockley et al. (2005). Contiguous sediment samples
were taken, physically and chemically processed, and
visually analysed using a high-powered binocular
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microscope with cross-polarising filters. Tephra shard
concentrations were calculated as shards per gram dry
weight.

To date, only a small part of the Tenaghi Philippon
archive has been analysed for cryptotephra content,
and it is likely that a rich tephrostratigraphic record
awaits to be uncovered in the older part of the se-
quence. This could make Tenaghi Philippon a key
record in both augmenting and understanding the
longer-term volcanic evolution of the Eastern Mediter-
ranean region as well as allowing the environmental
and temporal placement of key tephra layers.

4.2 The 2009 coring campaign

To analyze short-term climate and ecosystem variabil-
ity in earlier (i.e., older than ~312 ka BP) intervals of
the Quaternary, a second, larger-scale coring campaign
was carried out at Tenaghi Philippon in 2009; its
aim was to recover the remainder of the polleniferous
sequence to a depth of ~200 m. Technologically, the
drilling operations greatly benefitted from the experi-
ences gained during the TP-2005 campaign. They
had shown that a simple, pneumatic-hammer-driven
system yielded high-quality cores in peat-dominated
lithology only to a depth of ~60 m. Limiting factors
were a decrease of the hammering force with depth,
an increasing loss of the circulating water into the side-
wall even when long-chained polymers were added,
and, as a result of the latter, an increasing risk of the
casing becoming stuck.

4.2.1 On-site operations and core processing
Drilling operations were carried out over five weeks in
April and May 2009 at a site located 4.4 km and 1.0 km
ESE of the TP-2005 and TF-II localities, respectively
(coordinates: 40°57'39.5"N, 24°16’03.1"E, 40 m
above sea level; Fig.2). The drilling contractor GEO-
MECHANIK (Wohringen, Germany) used a RB 50
rotary drilling rig; the drilling technique comprised a
500-kg hammer driving the probe into the sediment,
overwashing with a rotating pipe to the base of the
probe, and final retrievement of the sediment-filled
probe. Bentonite, sodium carbonate and carboxyme-
thyl cellulose were used as additives to the drilling
fluid.

Immediately after recovery, the individual, 1-m-
long core segments were stored at ~4°C. Core pro-
cessing (including splitting into work and archive
halves, lithological description, and photogrammetric
scanning) was carried out at the International Ocean

Discovery Program (IODP) Core Repository, Univer-
sity of Bremen, Germany. The cores are now curated
at the Biodiversity and Climate Research Center,
Frankfurt, and the Institute of Earth Sciences, Univer-
sity of Heidelberg, at —15°C.

4.2.2 First results and outlook

The campaign yielded the core TP-2009, which has a
recovery of 99.0% and spans the depth interval from
50 to 200 m. Lithologically, the core consists predom-
inantly of peat; from ~ 171 m downcore, the sediment
comprises primarily coarse-grained clastics in a clayey
matrix. As a basis for further evaluation, a palynolog-
ical skeleton diagram was produced at 0.5 m resolution
based on 301 samples (Figs.7, 8). The palynological
preparation protocol was identical with that followed
for the TP-2005 core (compare Section 4.1). An aver-
age of 510 pollen grains and spores were counted per
sample; freshwater algae were also registered.

4.2.2.1 Age control
The age model presently available for core TP-2009
relies primarily on the visual correlation of key fea-
tures in the arboreal pollen curve to the LR0O4 stack of
benthic oxygen isotope records (Lisiecki and Raymo
2005) as shown in Fig.7. This procedure is based on
the fact that the pollen signals from the old TF-II and
TF-III cores exhibit a close correlation with marine
isotope stages (Wijmstra and Groenhart 1983, Tzeda-
kis et al. 2006), an observation further substantiated
for the late Quaternary through the high-resolution
pollen data from the TP-2005 core as discussed above.
Additional stratigraphic information comes from
the fact that sediment samples to a depth of at least
127.70 m exhibit normal polarization (E. Appel, pers.

Fig.7. Comparison of the Tenaghi Philippon climate
archive as represented by pollen data from the TP-2005 und
TP-2009 cores with insolation and key climate records.
(A) Eccentricity (Berger and Loutre, 1991); (B) Mid-June
insolation at 65°N (Berger and Loutre 1991); (C) LR04
stack of benthic oxygen isotope records (Lisiecki and Ray-
mo 2005); (D) Deuterium-based Antarctic surface tempera-
ture (EDC; Jouzel et al. 2007); (E) and (F) Overview tree-
pollen records for Tenaghi Philippon cores TP-2005 (E; after
Pross et al. 2007 and Miiller et al. 2011) and TP-2009. Pollen
percentages were calculated excluding pollen from aquatics
and spores. Records (C) and (D) are plotted against their
previously published chronologies, records (E) and (F) are
plotted against core depths.
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comm. 2014). This suggests that the core interval
above this depth belongs to the Brunhes magneto-
chron. However, the interpretation of paleomagnetic
reversals in the TP-2009 core as stratigraphic markers
must take into consideration that the lock-in depth for
the permanent acquisition of post-depositional rema-
nent magnetization is located below the paleo-sedi-
ment/water interface where coeval signals from sur-
face proxies such as pollen are deposited (compare
Zhou and Shackleton 1999, Liu et al. 2008). Hence,
paleomagnetic signals can apparently ‘lead’ bio- or
climatostratigraphical signals of the same age in a
given sedimentary archive. This effect has previously
been described for the TF-III core, where the position
of the Matuyama—Brunhes boundary (~773 ka BP ac-
cording to Channell et al. 2010; ~786 ka BP according
to Sagnotti et al. 2014) is not preserved within the core
interval representing the MIS 19 interglacial, but in
the interval corresponding to MIS 20 (Tzedakis et
al. 2006). Magnetostratigraphic work towards refining
the exact positions of the Matuyama—Brunhes bound-
ary and the Jaramillo event (1.07-0.99 Ma; Pillans
and Gibbard 2012) in core TP 2009 is currently under
way. Additional chronostratigraphic refinement will
come from the analysis of microtephras as currently
being performed for the TP-2005 core (compare Sec-
tion 4.1). Besides yielding a unique record of volcanic
activity and providing a step forward towards a better
correlation of environmental archives in the Eastern
Mediterranean region (compare Lowe et al. 2012), it
will allow a precise splicing of the TP-2009 and TP-
2005 cores.

4.2.2.2 Climatostratigraphical results

Based on the millenial-scale temporal resolution as
yet available, the TP-2009 pollen data record at least
twelve glacial/interglacial cycles (MIS 8/9 to MIS
30/31; Figs.7, 8) as well as a number of pronounced

Fig. 8. Simplified pollen record from Tenaghi Philippon
based on the new TP-2009 core plotted against core depth.
Semi-transparent curves indicate 10x exaggerated percent-
ages of selected taxa. The percentages of algae and fern
spores were calculated relative to the pollen sum of terres-
trial taxa. AP = arboreal pollen; NAP = non-arboreal pollen;
MIS = Marine Isotope Stage. The record is based on 301
samples. The extremely high AP values at 196.5, 194.5,
193.5, and 188.0 m depth are likely due to low counting
sums in the respective samples, which are from horizons
with low pollen yield.

stadials and interstadials. Although the exact temporal
extent of the TP-2009 core remains to be determined,
it is clear that the core documents climate and vegeta-
tion dynamics throughout the eccentricity-dominated
‘100-ka world’ through the Middle Pleistocene Tran-
sition at least into the terminal part of the obliquity-
dominated ‘41-ka world’. In general, glacials/stadials
were characterized by steppe biomes dominated by
Artemisia and Chenopodiaceae; deciduous tree taxa
occurred only in low numbers, and frost-sensitive
Mediterranean tree taxa such as evergreen Quercus
were almost constantly absent. Moreover, strong gla-
cials (such as MIS 22, 16 and 12) exhibit high abun-
dances of freshwater algae (Botryococcus, Coelas-
trum, Pediastrum, Zygnemataceae) (Fig.8). In con-
trast, interglacials/interstadials were characterized by
pronounced forest expansions, with temperate and
Mediterranean broadleaved/evergreen tree taxa being
most abundant during intervals of large forest popula-
tion size.

Below ~ 175 m, the regular pattern of glacial/inter-
glacial cycles as documented in the pollen data for
further upcore is less clear. A number of samples be-
low ~188 m (i.e.,at 196.5,194.5,193.5, and 188.0 m)
exhibit extremely high arboreal pollen (AP) percent-
ages (Fig.8). These values partially exceed the maxi-
mum AP percentages reached elsewhere in the record
and can probably be attributed to the low counting
sums in the respective samples, which are from hori-
zons with low pollen yield.

Between ~ 190 m and ~ 175 m, percentages of non-
arboreal pollen remain at high levels typical of glacial
intervals further upcore; pollen from Mediterranean
tree taxa are almost constantly absent (Fig.8). A simi-
lar pattern is evident in the original pollen data from
the depth interval ~191 m to ~176 m in core TF-III,
i.e., pollen zone 46 of Van der Wiel and Wijmstra
(1987b). These authors consider the pollen assem-
blages from this interval to represent a different vege-
tation composition and succession, with an overrepre-
sentation of local elements, than observed further
upcore; they ascribe the differences to a tectonically
induced prevalence of a fluvial rather than a limnic or
telmatic depositional setting. A higher-energy deposi-
tional regime, with a higher sedimentation rate than
further upcore, is documented by the presence of
coarse-grained clastics and the frequent occurrence
of reworked ‘Tertiary’ pollen types in the respective
intervals of both the TF-III and TP-2009 cores. Ad-
ditional support for a high sedimentation rate, which
would have caused a ‘stretching’ of the respective
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pollen record in comparison to further upcore, is in-
voked by Van der Wiel and Wijmstra (1987b) by their
interpretation that the Jaramillo subchron (1068—
987ka BP; Channell et al. 2002) encompasses the
depth interval from 210 to 195 m in the TF-III core;
this interpretation, which was also adopted by Mom-
mersteeg et al. (1995), yields a sedimentation rate of
~0.2m/ka. However, Van der Wiel and Wijmstra
(1987b) also emphasize that the TF-III core yielded
only very weak paleomagnetic signals, which renders
it difficult to confidently identify the position of the
Jaramillo subchron.

In an effort to climatostratigraphically reconcile
the pollen data of Van der Wiel and Wijmstra (1987b)
from the respective core part with variations in global
ice volume as documented in the benthic oxygen iso-
tope record, Tzedakis et al. (2006) applied an orbital
tuning procedure to the original pollen data; notably,
they excluded the presumed top of the Jaramillo sub-
chron in the TF-III core as a magnetostratigraphic
control point. This procedure yields a close correspon-
dence of the tree-pollen curve with the marine isotope
stratigraphy extending to MIS 44 (~1.35Ma). As a
secondary effect, it results in a sedimentation rate for
the clastics-dominated core interval of ~0.2 m/ka,
which agrees with the original assumption of Van der
Wiel and Wijmstra (1987b) based on their presumed
position and extent of the Jaramillo subchron in the
TF-III core. Given the high degree of agreement be-
tween the TF-III and TP-2009 cores as it emerges from
the available palynological and sedimentological data,
the TP-2009 core allows the two scenarions outlined
above to be tested, with important implications for the
age/depth relationship and consequently the temporal
extent of the polleniferous succession in the deep sub-
surface of the Philippi peatland. If the tuning proce-
dure of Tzedakis et al. (2006) is correct, the Jaramillo
subchron should be located within the depth interval
from 160 to 157 m in the TF-III core and, by extension,
at similar depths in the TP-2009 core.

4.2.2.3 Ongoing work and perspectives

for future studies

In light of the apparent stratigraphic completeness of
the Tenaghi Philippon archive, exceptional bioclimatic
sensitivity of the Tenaghi Philippon site and high core
recovery rates of the TP-2005 and TP-2009 drilling
campaigns, the new cores from Tenaghi Philippon
have great potential for an advanced reconstruction
of terrestrial climate and ecosystem dynamics in the
eastern Mediterranean region spanning from the early

Pleistocene into the Holocene. With a minimum age
of ~1.1 Ma, the cores cover the full range of climatic
boundary conditions from the late obliquity-dominat-
ed ‘41-ka world’ throughout the Middle Pleistocene
Transition and ultimately the eccentricity-dominated
‘100-ka world’. In particular, they can yield insights
into the development of decadal- to centennial-scale
climate and ecosystem dynamics at one location,
thereby allowing to circumvent uncertainties as they
would arise through the stacking of shorter-term
records from multiple locations.

These features guarantee the new cores from Tena-
ghi Philippon a prominent position among the high-
quality terrestrial climate records recently retrieved
from the greater eastern Mediterranean region, such as
Sofular cave (~670 ka; Badertscher et al. 2011), Soreq
and Peqiin caves (~ 250 ka; Bar-Matthews et al. 2003),
Lake Van (~600 ka; Litt et al. 2014, Stockhecke et al.
2014), Dead Sea (~240 ka; Neugebauer et al. 2014),
Yammouneh Basin (~400 ka; Gasse et al. 2015), and
Lake Ohrid (> 1.2 Ma; Wagner et al. 2014). At the
same time, the integration of data from these terrestrial
key records with datasets from marine drillcores from
the eastern Mediterranean Sea (e.g., Kroon et al. 1998,
Ziegler et al. 2010, Konijnendijk et al. 2014, Rohling
et al. 2014) will ultimately yield a spatially resolved
understanding of climate dynamics in the greater east-
ern Mediterranean region for ‘deeper-time’ intervals
of the Quaternary, significantly extending beyond the
last glacial/interglacial cycle. Such a framework of
climate and ecosystem data will also assist paleoan-
thropologists in resolving the dispersal dynamics and
migration corridors of archaic and modern humans
from Africa into Eurasia.

The chronology for the TP-2009 core is currently
being refined through magneto- and tephrostratigra-
phy. Also ongoing are paleoclimatically oriented stud-
ies of the core material comprising palynology, stable-
isotope geochemistry, organic geochemistry, and coal
petrology. Upon completion, they will yield new in-
sights into the characteristics of short-term (decadal-
to centennial-scale) climate variability and their im-
pact on terrestrial environments in the eastern Mediter-
ranean region.
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