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THE ‘CROSSROADS’ PROJECT

This edited volume collects twenty eight of the con-
tributions presented at the closing symposium of 
the ERC Consolidator project ‘CROSSROADS’, 
which took place in Tübingen in February 2022, 
shortly before the conclusion of the project. As 
such, it represents a large part of the work con-
ducted under the ‘CROSSROADS’ research um-
brella, showcasing the activities and results of the 
project.

‘CROSSROADS’ was awarded in 2016 and 
started its activities in April 2017. Building on the 
results of the previous ERC Starting Grant ‘PaGE’ 
(e.g., Harvati and Tourloukis, 2013; Harvati et 
al., 2018), it focused mainly on Greece with the 
goal of further extending the known palaeolithic 
record of the country through targeted, systematic 
fieldwork; developing a chronological and palae-
oenvironmental framework for this record; and 
re-evaluating already existing, but understudied, 
fossil human remains. The ‘CROSSROADS’ re-
search agenda was conducted in collaboration with 

multiple partners in Greece and internationally, 
including, most prominently, the Ephorate of Pa-
laeoanthropology–Speleology  (EPS) of the Hel-
lenic Ministry of Culture; the Weiner Laboratory 
at the American School of Classical Studies at Ath-
ens (ASCSA); the Aristotle University of Thessa-
loniki (AUT); and the National and Kapodistrian 
University of Athens (NKUA). The project’s exten-
sive collaborative network in Greece and beyond 
is evident in the list of authors and contributions 
included. 

In the five years of the project, the ‘CROSS-
ROADS’ team conducted multiple field cam-
paigns. These included targeted archaeological sur-
veys: the MegaPal five year survey (2018-2022) in 
the Megalopolis Basin, a collaboration between the 
EPS and the ASCSA, under the direction of Dr. Pa-
nagopoulou, Dr. Karkanas and Prof. Harvati (e.g., 
Konidaris et al., 2022; chapters in this volume); 
the survey of the Mygdonia Basin, conducted in 
collaboration with the AUT and directed by Prof. 
Kotsakis (this volume); and our survey in Epirus, 
in collaboration with the NKUA under the direc-

http://dx.doi.org/10.15496/publikation-97666
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tion of Prof. Kourtessi-Philippakis (this volume). 
Our fieldwork also included the excavation/test ex-
cavation of several sites: the Early Pleistocene pale-
ontological site Tsiotra Vryssi, Mygdonia Basin, in 
collaboration with the AUT under the direction of 
Profs. Koufos and Kostopoulos (e.g., Konidaris et 
al., 2015); the Lower Paleolithic elephant butcher-
ing site Marathousa 1, Megalopolis Basin, in col-
laboration with the EPS under the direction of Dr. 
Panagopoulou (e.g., Panagopoulou et al., 2018); 
and the test excavation at Morphi, Epirus, in col-
laboration with the NKUA under the direction of 
Prof. Kourtessi-Philippakis (this volume). 

We conducted extensive sampling for dating 
and applied multiple dating methods to develop a 
chronological framework for our sites (e.g., Tour-
loukis et al., 2018; Konidaris et al., 2021; multiple 
chapters in this volume). We also worked on re-
constructing paleoenvironments, the latter mainly 
focused on the extremely well-preserved record of 
the Megalopolis Basin, which allowed for the ap-
plication of multi-proxy approaches (e.g., Bludau 
et al., 2021; multiple chapters in this volume) and 
a high-resolution reconstruction of the basin’s hab-
itat, illustrated on the cover of the volume. Addi-
tionally we were also able to collect two drill cores 
to analyze the Megalopolis paleoenvironment 
through time, a still ongoing project (this volume). 

Finally, we re-examined and re-evaluated 
hominin fossils from Greece and beyond, includ-
ing the elusive Megalopolis molar (Röding et al., 
2021) and the Mugharet el’Aliya remains from 
Morocco (Röding et al., 2023; this volume). Most 
importantly, we were able to conduct a compre-
hensive analysis and re-dating of the human fos-
sil remains from the Apidima cave site in Mani, 
Southern Greece, through our collaboration with 
the Museum of Anthropology of the School of 
Medicine of the NKUA. This important work re-
sulted in the identification of the earliest known 
dispersal of early Homo sapiens in Eurasia, as well 
as other insights (Harvati et al., 2019; Harvati et 

al., 2021; this volume), and led to the new ERC 
Advanced Grant project ‘FIRSTSTEPS’ and the 
currently ongoing excavation of the Apidima site.

OVERVIEW OF THE VOLUME

Given the ‘CROSSROADS’ research agenda, there 
could be multiple ways to organise the contribu-
tions in this volume. A temporal and geographic 
principle, rather than thematic, was chosen, in or-
der to best showcase related work (for example, the 
multiple lines of research undertaken in the Meg-
alopolis Basin). The book is organised in three sec-
tions: section one collects six contributions from 
earlier periods, from the late Miocene to the early 
Pleistocene, represented in Northern Greece; sec-
tion two is by far the largest one, presenting sev-
enteen contributions on the Middle Pleistocene 
Megalopolis Basin; and section three focuses on 
the late Middle and Late Pleistocene, with four 
contributions from Greece and beyond.

SECTION 1 - THE EARLY RECORD: 
MYGDONIA AND NORTHERN GREECE

Section one starts with the geometric morpho-
metric assessment of a phalanx of Ouranopithecus 
macedoniensis, one of only two postcranial elements 
known for this late Miocene taxon (Kunze et al., 
this volume). This analysis found that the phalanx 
most likely originates from the foot, rather than 
the hand, as originally considered, and shares some 
attributes with terrestrial primates. Chitoglou et al. 
(this volume) is the first of four chapters on Tsiotra 
Vryssi, focusing on the remains of rhinocerotids 
from this site. Karakosta et al. (this volume) pres-
ent the canids from the same site, while Gkeme et 
al. (this volume) analyse the equid remains. Katsa-
goni et al. (this volume) present the preliminary 
results of the taphonomic analysis of the equids, 
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which suggest that the Pachycrocuta giant hyena 
may have been the agent of bone accumulation at 
the site. The section concludes with the chapter of 
Thompson et al. (this volume), presenting the re-
sults of the Mygdonia Basin archaeological survey.

SECTION TWO - THE MIDDLE 
PLEISTOCENE: ARCHAEOLOGICAL AND 
PALEOENVIRONMENTAL RESEARCH IN 
THE MEGALOPOLIS BASIN

Section two starts with the geological overview of 
the Megalopolis Basin by Kranis et al. (this vol-
ume). It continues with several contributions fo-
cusing on the Marathousa 1 site: Jacobs et al. (this 
volume) and Schaller et al. (this volume) present 
the dating results from single-grain optical dating 
and cosmogenic nuclide burial dating of the site, 
respectively. Giusti et al. (this volume) present 
an updated taphonomic study of the site. Guib-
ert-Cardin (this volume) summarise the results of 
the use-wear analysis of the lithics from Marathou-
sa 1, which point to use in both animal butcher-
ing and plant processing activities. Roditi et al. 
(this volume) present the preliminary results of 
the stable isotope analysis of one of the elephant 
individuals excavated in Marathousa 1, aiming to 
reconstruct the its life history, as well as paleoenvi-
ronmental conditions at the site during its lifetime. 
Kyrikou et al. (this volume) present the palynolog-
ical analysis from Marathousa 1, while Butiseacă 
et al. (this volume) summarise the first results for 
biomarker analysis and temperature reconstruc-
tion for the same site. Vlachos et al. (this volume) 
summarise results from the analysis of reptiles, im-
portant paleoclimatic indicators, at the site.

The remaining chapters of section two present 
the results of the MegaPal survey: Karkanas et al. 
(this volume) offer an overview of the survey and 
the new sites discovered in its framework. Bludau 
et al. (this volume) introduce the drill cores from 

the Megalopolis Basin and preliminary results 
from ongoing analyses. Grün et al. (this volume) 
present the first results from U-series dating of the 
new sites discovered during the MegaPal survey. 
Athanassiou et al. (this volume) present the new 
large mammal fauna from Kyparissia 4, while van 
Kolfschoten et al. (this volume) introduce the voles 
from this site and their chronological implications. 
Perini et al. (this volume) presents the first results 
of the magnetostratigraphic analysis of the Kypa-
rissia and Choremi sections. Boni et al. (this vol-
ume) focus on the molluscs from Marathousa 1, 
Marathousa 2 and Kyparissia 4, with the goal of 
reconstructing the paleoenvironment at these sites. 
Papadopoulou et al. (this volume) present the first 
analysis of ostracod remains from the site Kyparis-
sia 4, aiming to assess the climatic conditions, in-
cluding temperature and precipitation, at the site. 
Finally, Konidaris et al. (this volume) present the 
fossil macaques from Megalopolis, including new 
material from Kyparissia 4. 

SECTION THREE - THE LATE MIDDLE 
AND LATE PLEISTOCENE: RESULTS FROM 
GREECE AND BEYOND

Section three starts with an investigation of the 
breakage pattern of the Apidima Cave A Middle 
Pleistocene crania by Beier et al. (this volume), 
aiming to assess potential trauma or taphonom-
ic damage. Röding et al. (this volume) present 
the new analytical method of surface registration 
and its application to highly fragmentary fossil re-
mains, such as those from Mugharet el’Aliya, Mo-
rocco. Tourloukis et al. (this volume) introduce the 
geoarchaeological and chronological results from 
Morphi and Popovo, Epirus. Finally, Thompson et 
al. (this volume) introduce the first analysis of the 
lithics collected during survey and test excavation 
at the same sites. 
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CONCLUSION

To conclude, I would like to thank my co-authors 
and long-term collaborators for their exception-
al research contributions and strong team spirit 
which made ‘CROSSROADS’ such a successful 
and prolific project, as evidenced by the breadth 
and scope of the work presented here. It was a 
great pleasure working with you, and I hope that 
our collaborations continue well into the future! 
I warmly thank Dr. Melania Ioannidou, without 
whose invaluable support and contributions nei-
ther the ‘CROSSROADS’ closing conference, nor 
this volume would have been possible - thank you! 
I also thank Dr. William Snyder and Kim Apholz 
for their help in formatting and copyediting this 
volume, as well as Elli Baier, Karin Kiessling and 
Monika Doll for their organizational and admin-
istrative support. This work would not have been 
possible without the generous funding of the Eu-
ropean Research Council (StG Nr. 283503; CoG 
Nr. 724703) and the Deutsche Forschungsgemein-
schaft (DFG FOR 2237; HA 5258; Leibniz award 
2021). Finally, I am immensely grateful to the 
University of Tübingen, the University President 
Bernd Engler, the late Dean Wolfgang Rosenstiel 
and Dean Thilo Stehle for their unwavering sup-
port through the years. 
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The early record: Mygdonia and Northern Greece1





1.1  INTRODUCTION

Ravin de la Pluie (RPl) in the Axios valley, Greece, 
is one of the three localities where the material of 
the Late Miocene ape Ouranopithecus macedonien-
sis has been found to date (de Bonis et al., 1974; 
de Bonis and Melentis, 1978; Koufos and de Bo-
nis, 2006; Koufos et al., 2016). The material from 
RPl is rich; it includes maxillary and mandibular 
remains, multiple isolated teeth, and just a few 
postcranial specimens, which to date represent the 
only postcranial remains associated with this spe-
cies: two phalanges (proximal: RPl-86, intermedi-
ate: RPl-87).

A first analysis of the phalanges was conduct-
ed in 2014 (de Bonis and Koufos, 2014). In that 
study, de Bonis and Koufos followed a compara-
tive approach, using multivariate analyses of linear 

measurements to assess morphological similarities 
to extant and fossil primates. De Bonis and Koufos 
concluded that both phalanges likely belong to the 
hand, but that an allocation to the foot cannot be 
excluded due to the lack of comparative material 
from the same species. However, since the pha-
langes are the only postcranial remains associated 
with this species so far, identifying them as either 
manual or pedal phalanges, as well as allocating 
them to a ray, is crucial. Having this information 
would allow for further, more detailed examina-
tions, such as more accurate comparative analyses 
and reconstruction of locomotor behavior. There-
fore, the goal of this study is to contribute to the 
identification of the intermediate phalanx RPl-87 
through the application of three-dimensional (3D) 
geometric morphometrics (GM). Geometric mor-
phometrics is a statistical analysis of form (shape 
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and size) in which, in contrast to traditional mor-
phometrics, geometric information of the inves-
tigated structures can be retained throughout the 
analysis to provide a more detailed evaluation of 
shape differences (Slice, 2007). By comparing the 
shape of the better-preserved phalanx RPl-87 with 
manual and pedal intermediate phalanges of extant 
primates, we aim to address the following research 
questions:
1.	Does RPl-87 belong to the foot or the hand?
2.	What ray can RPl-87 be assigned to?
3.	Does the specimen show morphological affini-

ties to extant primates?

1.2  MATERIALS AND METHODS

Our comparative sample consists of scans of in-
termediate phalanges of Gorilla gorilla (n=23, 4 
individuals), Pan troglodytes (n=24, 4 individuals), 
Pongo pygmaeus (n=24, 5 individuals), Papio hama-
dryas (n=15, 2 individuals), and Macaca arctoides 
(n=7, 1 individual) from the American Museum of 
Natural History Mammal Collections downloaded 
from MorphoSource.org. Manual and pedal pha-
langes from the second to fifth ray were selected 
for the shape analysis. Generally, it was attempted 
to keep the number of individuals low by includ-
ing hand and foot bones from the same individual. 
However, this was not possible in some cases due 
to issues with preservation or scan quality. More-
over, a second intermediate phalanx from G. goril-
la had to be removed as it presented as an outlier 
throughout the statistical analyses. Since the ana-
tomical side of RPl-87 could not be determined so 
far, we analyzed bones from left and right anatom-
ical sides together.

1.2.1.  SHAPE ANALYSIS

The shape analysis was conducted in R-Studio (R 
version 4.1.2 for Windows; R Core Team, 2021) 
using the geomorph package (Adams and Otáro-
la-Castillo, 2013). Eleven fixed landmarks were 
placed in geometrically corresponding positions 
(Table 1) together with 70 surface semilandmarks.

No Orienta-
tion*

Descritpion*

1 Medial Most distal point of the medial 
head condyle

2 Lateral Most distal point of the lateral 
head condyle

3 Medial Most palmar point of the 
medial head condyle

4 Lateral Most palmar point of the 
lateral head condyle

5 Distal, 
dorsal up

Most dorsal point of the 
medial half of the head

6 Most dorsal point of the 
lateral half of the head

7 Proximal, 
palmar up

App. midpoint of palmar 
border of proximal articular 
surface, often most palmarly 
projecting point

8 App. midpoint of left border 
of proximal articular surface, 
often most medially projecting 
point

9 App. midpoint of right border 
of proximal articular surface, 
often most laterally projecting 
point

10 App. midpoint of dorsal border 
of proximal articular surface, 
often most proximally projec-
ting point

11 Medial Most distal point of base 
curvature

*Anatomical sides were pooled in the analysis, and bones 
were not mirrored. Therefore, to simplify landmark descrip-
tion, the indication of medial and lateral in this table refer 
to the bone as if it were right (i.e., for a bone from the left 
side, medial should be replaced by lateral and vice versa).

Table 1:  Landmark description of the eleven fixed landmarks.
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For RPl-87, the landmark placing procedure was 
repeated three additional times. The precision of 
landmark placement was calculated based on the 
total of four repetitions using the centroid radius 
approach (von Cramon-Taubadel et al., 2007).

The bones were divided into different sub-
groups for the analyses to address our research 
questions. Procrustes superimposition was per-
formed for each group separately by rotating, 
centering, and scaling. The resulting Procrustes 
coordinates were analyzed in a principal compo-
nent analysis (PCA) based on a covariance matrix. 
RPl-87 was not included in the original PCAs; in-
stead, its principal component scores were calcu-
lated, and it subsequently was projected onto the 
PC plots. The principal components depicted in 
the PC plot were chosen based on what best sep-
arated the sample. To display the associated shape 
changes, the ‘warpRefMesh’ function from the 
package geomorph was used to create thin-plate 
spline grids (Bookstein, 1989). In each analysis, 
the specimen most similar in shape to the average 
sample was warped to depict the shapes at the ex-
tremes of the principal components. Additionally, 
a matrix including the pairwise Procrustes distanc-
es was exported from R-Studio and imported into 
PAST (Hammer et al., 2001), to create a neighbor 
joining tree. 

1.3  RESULTS

1.3.1.  HAND OR FOOT

The precision of landmark placement was high 
with a maximum error rate of 2.77%. 

As our first goal was to assess whether RPl-87 
belonged to the hand or the foot, the sample was 
divided by ray, resulting in four subgroups includ-
ing both hand and foot bones. 

The PC plot depicting the analysis of second 

intermediate phalanges (Fig. 1, top left) shows the 
clearest separation of hand and foot bones when 
PC6 (2.76% of variance) is plotted against PC1 
(65.88% of variance). RPl-87 plots inside the 
convex hull of foot bones extending mainly to-
wards PC1 negative, whereas the hand bones are 
concentrated more towards PC1 positive and PC6 
positive. It should be noted that the variation on 
PC6 appears to be mainly driven by one Gorilla 
specimen. In the neighbor joining tree (Fig. 1, top 
right), RPl-87 is closest to some Gorilla and Pan 
foot bones, as well as Papio foot bones. This is also 
reflected in the Procrustes distance values (not 
shown), as the Ouranopithecus phalanx shows the 
least mean distance to the Papio species.

In the analysis of the third ray (not shown), in 
which the best separation was achieved through 
a combination of PC1 (63.24% of variance) and 
PC4 (4.56% of variance), the Ouranopithecus spec-
imen shows a distinctively higher negative load-
ing on PC1 than the rest of the sample, placing 
it outside the convex hulls of either hand or foot 
bones. Nonetheless, it is closer to the majority of 
foot bones, in particular those of Gorilla and Pan, 
than to hand bones, which plot more towards PC1 
positive and PC4 negative. The neighbor joining 
tree shows RPl-87 positioned at its bottom with 
two Pan foot bones in the closest proximity. As 
in the PC plot, the majority of hand bones are 
positioned further away from the Ouranopithecus 
bone, indicating that the bone is more similar to 
the foot bones in the sample. The species means of 
Procrustes distances place RPl-87 closest to Gorilla 
and Papio, whereas the similarity to Pan, as indi-
cated by the neighbor joining tree, is limited to the 
two foot bones.

The shape analysis of the fourth ray (not shown) 
consistently showed poor separation of hand and 
foot bones, irrespective of the combination of 
principal components. Therefore, it was decided to 
focus on the PC axes reflecting the highest amount 
of variance: PC1 (62.07%) and PC2 (10.33%). As 
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Figure 1:  Top: PCA of Procrustes superimposed landmarks of the second intermediate phalanx without a priori group association. 
PC1 compared to PC6. Shape changes along PC1 and PC6 are illustrated below and to the right of the plot respectively. The neigh-
bor joining tree based on the Procrustes distances is depicted on the right.  
Bottom: PCA of Procrustes superimposed landmarks of the fifth intermediate phalanx without a priori group association. PC1 com-
pared to PC2. Shape changes along PC1 and 2 are illustrated below and to the right of the plot respectively. The neighbor joining 
tree based on the Procrustes distances is depicted on the right. Coloration and symbology follow the legend in the top image.
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in the analysis of the third intermediate phalanx, 
RPl-87 plots outside the range of either hand or 
foot bones. On PC1, it is most similar to a Papio 
hand bone that differs from the remaining hand 
bones in the sample by its high negative loading on 
that axis. When considering both PC1 and PC2, 
two Gorilla foot bones on the margin of the foot 
bone convex hull are slightly closer to the Ourano-
pithecus bone. On the neighbor joining tree, the 
Papio hand bone is situated on a sister branch to 
RPl-87 and three Gorilla foot bones are located on 
branches in the proximity. This is also reflected in 
the Procrustes distance values, as RPl-87 is closest 
to the Papio and Gorilla species. As in the PC plot, 
the separation of hand and foot bones is poor in 
the tree due to the high amount of overlap. How-
ever, there is a higher concentration of foot bones 
towards the bottom of the tree and in the proxim-
ity of RPl-87, while most hand bones, particularly 
those of Pan and Pongo, are located further away 
from the fossil.

Finally, when analyzing the intermediate pha-
langes of the fifth ray (Fig. 1, bottom left), the best 
separation was achieved by plotting PC1 (63.62% 
of variance) and PC2 (7.69% of variance). RPl-87 
plots inside the shape variation of foot bones, clos-
est to a Papio and a Gorilla specimen. The neighbor 
joining tree (Fig. 1, bottom right) shows the Ou-
ranopithecus specimen situated close to a Pan and 
three Gorilla foot bones, but also in the proximity 
of Papio bones of both hand and foot. The latter is 
also reflected in the Procrustes distance values, as 
the mean distance is smaller from RPl-87 to Papio 
than to Gorilla.

Correlation analyses of PC1 and centroid size 
show that there is a moderate correlation (Pear-
son’s r=0.55-0.66, assumptions are met) between 
these variables. However, this correlation does not 
appear to be related to size differences among spe-
cies, but rather to differences in size among hand 
and foot bones, the latter being typically larger 
than the former.

1.3.2.  RAY ALLOCATION AND AFFINITIES  
TO EXTANT PRIMATES

As the previous analyses have generally placed 
RPl-87 closer to foot bones than to hand bones, 
the latter were removed from the sample. In order 
to determine the ray RPl-87 belongs to, the foot 
bones of all rays were analyzed together in the sub-
sequent analyses.

The plot of PC1 (60.9% of variance) and PC2 
(9.08% of variance) shows substantial overlap be-
tween the different rays (Fig. 2, top left). The shape 
changes along PC1 appear to be mostly related 
to length-to-width proportions, with longer and 
more slender bones on PC1 positive and shorter 
and broader bones on PC1 negative. Shape chang-
es on PC2 can be attributed to bone robusticity, 
particularly at the head and base, asymmetry in 
distal extension of the head condyles and the de-
gree of proximal extension of the palmar area of 
the base. While the overlap among rays is particu-
larly visible around the center of PC1, some degree 
of separation of the different rays is apparent at the 
extremes of this axis. The convex hulls of the sec-
ond and fifth intermediate phalanx extend towards 
PC1 negative, while PC1 positive shows a higher 
concentration of bones from the third and fourth 
ray. With its negative PC1 loading, RPl-87 plots 
inside the range of variation of both second and 
fifth intermediate phalanges. The neighbor joining 
tree also reflects the overlap among rays (Fig. 2, top 
right), although the branches in the proximity of 
RPl-87 are mainly associated with bones from the 
second and fifth ray, with the only exception of 
a Gorilla fourth intermediate phalanx. In terms 
of Procrustes distances, this Gorilla bone appears 
to be closest to the fossil specimen. Nonetheless, 
when calculating the mean distance of each ray, 
RPl-87 shows the least distance to fifth intermedi-
ate phalanges, followed by bones of the second ray.

An improved separation is achieved when the 
phalanges are grouped by species instead of ray 



Jana Kunze et al.26

(Fig. 2, bottom left). This suggests that the vari-
ation driving the principal component analysis 
is not related to the differences in shape among 
rays, but to the differences among species. With 
its longer and more slender foot bones, Pongo is 

located at the extreme of PC1 positive. In contrast, 
Gorilla plots towards PC1 negative, together with 
two Pan foot bones. The majority of Pan bones, 
however, are clustered around the center of PC1 
and towards PC2 positive. Papio and Macaca have 

Figure 2:  PCA of Procrustes superimposed landmarks of the pedal phalanges without a priori group association. PC1 compared 
to PC2. The upper plot depicts grouping by ray while the lower plot depicts grouping by species. Since the two plots represent the 
same analysis, the shape changes along PC1 and 2, illustrated below and to the right of the plots, respectively, apply for both plots. 
The neighbor joining tree based on the Procrustes distances is depicted on the right with coloration based on the different rays.
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a similar loading on PC2 as they both fall on the 
negative extreme of this component, with Papio on 
PC1 negative and Macaca on PC1 positive. RPl-87 
plots in the center of the Gorilla convex hull, indi-
cating a possible similarity in shape to that species. 
Interestingly, in the neighbor joining tree, as well 
as in Procrustes distance values, the Ouranopithecus 
bone is more similar to the Papio foot bones. These 
contradictory results can be explained by that the 
PC plot focuses only on two axes of shape variance, 
whereas the Procrustes distances cover the entire 
shape variation in the sample. 

PC1 of this analysis is again moderately cor-
related with centroid size (Pearson’s r=0.52, as-
sumptions are met). In this case, however, this 
correlation appears to be driven by size differences 
among the rays (ray 2 and 5 compared to ray 3 and 
4) instead of species-related size differences, as the 
two species with the overall largest phalanges (Go-
rilla and Pongo) are represented on both extremes 
of PC1.

To further localize the ray RPl-87 belongs to, 
an analysis was conducted including only pedal 
intermediate phalanges of the second and fifth ray 
(not shown). However, the overlap between bones 
of the two rays is too extensive both in the PC plot 
and the neighbor joining tree to draw meaningful 
conclusions. Procrustes distance values indicate 
that RPl-87 is slightly more similar to fifth inter-
mediate phalanges than to those of the second ray, 
but only by a small margin (0.085 as compared to 
0.087). 

1.4  DISCUSSION

This pilot study was an attempt at identifying the 
intermediate phalanx RPl-87, one of the only two 
postcranial elements so far associated with Ourano-
pithecus macedoniensis, through the application of 
3D geometric morphometrics. According to the 
results of the principal component analyses and 

the neighbor joining trees, the shape of RPl-87 
more closely resembles the shape of foot bones in 
our comparative sample. It differs from most hand 
bones analyzed here. This would suggest that, in 
contrast to a previous assessment of this specimen 
(de Bonis and Koufos, 2014), RPl-87 can likely be 
attributed to the foot. Additionally, the fact that 
the fossil plots outside the shape variation of both 
hand and foot bones of the third and fourth ray 
suggests that its shape diverges notably from the 
bones of these rays. This is supported by our anal-
ysis including foot bones only, which focused on 
ray identification. Despite the overlap among rays, 
the PC plot indicates a similarity in shape of RPl-
87 and intermediate phalanges of the second and 
fifth ray. These results are in accordance with those 
by de Bonis and Koufos (2014), who suggested 
that the specimen represents a paramedian digit 
(two and five). Unfortunately, it was not possible 
to further specify the ray in this pilot study, as the 
overlap in shape of these two rays is too great. This 
could possibly be due to the fact that our sample 
includes bones from both the right and left side. 
The two paramedian digits are asymmetric in their 
morphology, especially of the head condyles, but 
in the opposite direction (i.e., a more distally ex-
tending head condyle can usually be observed on 
the lateral side of the second and the medial side 
of the fifth intermediate phalanx). Therefore, for 
a clearer identification, it would be necessary to 
identify the anatomical side of RPl-87. If this is 
not possible without first identifying the ray, the 
second option is to analyze a larger sample with 
balanced proportions of left and right phalanges 
to better observe and interpret potential patterns. 
While our analyses have identified a moderate cor-
relation between the respective PC1s and size, this 
does not appear to be associated with species-re-
lated size differences, but rather with differences 
in size among hands, feet, and rays. Therefore, we 
propose that the variance on the first PCs is mainly 
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driven by variation in shape, whereas their correla-
tion with size is likely an ancillary effect.

Our results additionally suggest RPl-87 to be 
most similar in shape to Gorilla and Papio foot 
bones. While reconstructing individual behavior 
from overall bone shape can be misleading (e.g., 
see Wallace et al., 2020), the fact that RPl-87 is 
more similar in shape to the terrestrial species 
than it is to Pongo—the most arboreal species in 
our sample—could suggest that Ouranopithecus 
macedoniensis was a terrestrial primate as well. A 
comparable conclusion has been drawn by de Bo-
nis and Koufos (2014), as they have found similar 
morphological affinities in their analysis. Further 
support can be found in reconstructions of the 
paleoenvironment at Ravin de la Pluie, indicating 
an open and dry environment in this area (Koufos, 
2006), and in the results of the microwear analysis 
on teeth of other fossils attributed to O. macedo-
niensis (Ungar, 1996; Merceron et al., 2005).

1.5  CONCLUSION AND OUTLOOK

The analysis of the overall bone shape of the in-
termediate phalanx RPl-87 has shown that the 
specimen can likely be attributed to the second or 
fifth ray of the foot. Additionally, its morphology 
appears to be most similar to intermediate phalan-
ges of Gorilla gorilla and Papio hamadryas. While 
this study succeeded in showing the great potential 
of using 3D geometric morphometric analysis to 
identify the intermediate phalanx RPl-87, it also 
presented some issues that impede drawing secure 
conclusions. To corroborate and specify the results 
of this pilot study, future analyses of this bone 
should increase the size of the comparative sample. 
Not only should the number of individuals of the 
species analyzed here be increased, but future stud-
ies ideally should also include additional species of 
extant and—more crucially—fossil primates. An-
other important step is to apply a more detailed 

and specialized landmark configuration. RPl-87 
shows some distinctive morphological traits such 
as the subtle curvature of its bone shaft and the 
faint development of its flexor sheath ridges. These 
traits could be captured with more specific land-
mark placement or with curve semilandmarks.

Finally, the shape analysis should be extended 
to the proximal phalanx RPl-86. As the two spec-
imens represent a proximal and an intermediate 
phalanx, respectively, thorough analyses of not 
only the overall shapes of the bones, but also of 
their articular surfaces specifically, could shed light 
on whether these bones are from the same individ-
ual, the same foot or even from the same ray.
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2.1 INTRODUCTION

Pleistocene rhinocerotids are poorly investigated in 
Greece, compared to the Miocene ones. The limit-
ed systematic studies, as well as the scanty and frag-
mentary material allow only partial classifications, 
frequently at the genus level, i.e., Stephanorhinus 
sp. Based on the recent review by Giaourtsakis 
(2022), during the Pleistocene, rhinocerotids were 
represented by two genera in Greece; Coelodonta 
and Stephanorhinus. The most common represen-
tative of the genus Stephanorhinus is S. etruscus, 
which has been reported more or less certainly 
from the Early Pleistocene (middle Villafranchian 
to Epivillafranchian) faunas of Kalamoto 1 and 
2, Krimni, Livakos, Molykrio, Psychiko, Richea, 
Aivaliki, Tourkovounia 3-5 and Vatera DS. The 
Middle–Late Pleistocene species, S. hemitoechus, is 
recorded in the localities of Penios and Petralona 

(Athanassiou, 2011; Symeonidis et al., 2006; Tsou-
kala, 2018; Giaourtsakis, 2022), whereas S. jean-
vireti is present in some Pliocene localities, such 
as Angelochori, Milia and Saint George Priporos 
(Guérin and Tsoukala, 2013; Tsoukala, 2018). 
This contribution presents the preliminary results 
of the study of the Rhinocerotidae remains from 
the fossiliferous site of Tsiotra Vryssi (TSR) in 
the Mygdonia Basin (Northern Greece). The site, 
discovered in 2014, belongs to the upper parts of 
the Gerakarou Formation and yielded a late Vil-
lafranchian vertebrate fauna dated between 1.78 
Ma and ~1.5 Ma (Konidaris et al., 2021). Among 
the mammalian remains, Rhinocerotidae are rep-
resented by numerous specimens, and their study 
aims to contribute to the taxonomy of the Greek 
Pleistocene rhinoceroses as well as to the biochro-
nological and biogeographical distribution of the 
genus Stephanorhinus in Europe.

2	 RHINOCEROTIDAE REMAINS FROM THE LOWER PLEISTOCENE 
SITE OF TSIOTRA VRYSSI, GREECE: PRELIMINARY RESULTS

Krystalia Chitoglou1. *, Luca Pandolfi2, George E. Konidaris3, Dimitris S. Kostopoulos1

1Laboratory of Geology and Palaeontology, School of Geology, Aristotle University of Thessaloniki, Greece
2Dipartimento di Scienze Università degli Studi della Basilicata, Via dell’Ateneo Lucano, 10, 85100 Potenza, Italy
3Paleoanthropology, Institute for Archaeological Sciences and Senckenberg Centre for Human Evolution and Palaeoenvironment, 
Department of Geosciences, Eberhard Karls University of Tübingen, Tübingen, Germany

*krystal.chito@gmail.com

http://dx .doi .org/10.15496/publ ikat ion-97664

Keywords: Stephanorhinus; Late Villafranchian; Pleistocene; Mygdonia Basin; Greece

http://dx.doi.org/10.15496/publikation-97664

K. Chitoglou: https://orcid.org/0009-0005-0009-4742
D. S. Kostopoulos: https://orcid.org/0000-0001-5074-9050
G. E. Konidaris: https://orcid.org/0000-0002-7041-233X
L. Pandolfi: https://orcid.org/0000-0002-4186-4126

mailto:krystal.chito@gmail.com
http://dx.doi.org/10.15496/publikation-97664
http://dx.doi.org/10.15496/publikation-97664
https://orcid.org/0009-0005-0009-4742
https://orcid.org/0000-0001-5074-9050
https://orcid.org/0000-0002-7041-233X
https://orcid.org/0000-0002-4186-4126


32 Krystalia Chitoglou et al.

2.1.1.  MATERIALS AND METHODS

The TSR Rhinocerotidae assemblage includes 61 
dental and postcranial specimens, the most com-
plete of which are preliminarily presented here. 
No adequately preserved or informative cranial 
specimens have been discovered so far. The spec-
imens were measured using a digital caliper based 
on a combination of methods proposed by Guérin 
(1980), Mazza (1988), Fortelius et al. (1993) and 
Lacombat (2005). The material was compared 
morphologically and metrically with known Eur-
asian Stephanorhinus specimens based both on di-
rect observations and on published literature. The 
TSR material is stored at the Museum of Geology, 
Palaeontology and Palaeoanthropology of the Aris-
totle University of Thessaloniki (LGPUT). 

2.1.2.  SYSTEMATIC PALEONTOLOGY

The morphological and metrical comparison of 
TSR rhinoceros remains points to the distinction 
of two taxa.

Cranial, dental and fragmented material (Fig. 
1 A–D) (n=41 specimens) were ascribed to Steph-
anorhinus sp., because of their poor preservation 
and/or the advanced stage of dental wear that re-
sulted in lacking distinctive characters. Yet, lower 
teeth can be distinguished in two groups according 
to their size. The same applies to the vertebrae and 
the fragmentary postcranial material, where no 
confident attribution at specific level is possible. 

The rest of the material is attributed to two 
morphotypes, A and B. Smaller in size specimens, 
referred to the Morphotype A (n=13 specimens), 

Figure 1:  Selected rhinocerotid material from TSR. Stephanorhinus sp.: A, right P4. TSR-F14-19; B, right M3, TSR-E19-10; C, right 
lower molar, TSR-G21-29; D. mandibular fragment preserving the left p2–p4 and right p4, TSR-D18-24. Morphotype A: E–F, MtIV, 
TSR-F18-64a; I, humerus, TSR-133. Morphotype B: G–H, MtIV, TSR-G16-41; and J, humerus, TSR-G19-13. –Left scale bar for A–H 
and right for IJ, 50 mm. 
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are the distal part of a left humerus TSR-133 (Fig. 
1I); a proximal part of a left ulna, TSR-G21-73; 
two proximal parts of left radii, TSR-G21-72 
and TSR-C17-7; a tibia, TSR-50; and the artic-
ulated tarsals and metatarsals TSR-F18-64 (Fig. 
1 E–F). Specimens larger in size, ascribed to the 
Morphotype B (n=7 specimens), include a com-
plete right humerus, TSR-G19-13 (Fig. 1J); a 
proximal epiphysis of a left fourth metacarpal 

(McIV), TSR-F18-64; an almost complete femur, 
TSR-F18-56; femoral diaphyses TSR-G20-50, 
TSR-D16-27 and TSR-F22-3; and a fourth meta-
tarsal (MtIV), TSR-G16-41 (Fig. 1G–H). 

The two morphotypes can be clearly distin-
guished based on the biometrical comparison of 
the humeri, (Fig. 2Α), where TSR-133 falls close to 
the range of the small-sized rhinoceros S. etruscus, 
whereas TSR-G19-13 is much larger, greater than 

Figure 2:  A: Scatter plot of transversal diameter (TDS) and anteroposterior diameter (APDS) of the humeral diaphysis from Tsio-
tra Vryssi, Morphotype A-TSR-133 and Morphotype B-TSR-G19-13, in mm. Data from: Guérin and Heintz (1971); Guérin (1972, 
2004); Mazza (1988); Fortelius et al. (1993); Mazza et al. (1993); Kahlke (2001); Lacombat and Moulle (2005); Pandolfi (2011); 
Pandolfi and Tagliacozzo (2015); Pandolfi et al. (2017). B: Scatter plot of the proximal transversal diameter (PTD) and proximal 
anteroposterior diameter (PAPD) of MtIV specimens from Tsiotra Vryssi, Morphotype A-TSR-F18-64a, Morphotype B-TSR-G16-41, 
in mm. Data from Guérin (1972); Mazza (1988); Fortelius et al. (1993); Kahlke (2001); Lacombat (2005); Guérin and Tsoukala 
(2013); Pandolfi et al. (2017).
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S. hemitoechus and S. jeanvireti. However, diaphyse-
al Stephanorhinus measurements show remarkable 
intraspecific variability, also affected by the ontoge-
netic age of the individual. Therefore, future anal-
yses will focus on the articular surfaces of the distal 
epiphysis. Regardless of the poor preservation of 
TSR-133, which preserves only the medial part of 
the distal epiphysis and part of the diaphysis, these 
two specimens differ in morphological features as 
well. TSR-133 has a much slenderer diaphysis and 
a flatter medial part of the proximal border of the 
trochlear medial lip than TSR-G19-13. Accord-
ingly, metrical and morphological distinction is ev-
ident in the two preserved MtIV:  the much larger 
TSR-G16-41 and the smaller TSR-F18-56a. The 
scatter plot of the transversal diameter of the prox-
imal epiphysis against its anteroposterior diameter 
shows that TSR-G16-41 falls into the range of S. 
hundsheimensis, whereas the specimen TSR-F18-
64a is close to the range of S. etruscus (Fig. 2Β). 
Additionally, the MtIV TSR-G16-41 differs from 
TSR-F18-64a in the more transversally elongat-
ed proximal articular surface in proximal view. In 
medial view, the anterior articular surface for the 
MtIII of TSR-F18-64a has a round shape, whereas 
the same surface in TSR-G16-41 has almost dou-
ble the size and is square-shaped. Furthermore, in 
the same view, the posterior articular surface in 
TSR-G16-41 is in contact with the lateral tuberos-
ity, resulting in a posterior extension.

2.1.3.  DISCUSSION AND CONCLUSIONS

Morphological and biometrical comparisons of 
the TSR rhinocerotid material with Eurasian spec-
imens indicate the presence of two morphotypes, 
likely representing two distinct species of Stepha-
norhinus. The co-existence of two or more Steph-
anorhinus species at the same locality has already 
been documented elsewhere, e.g., at the late Mid-

dle Pleistocene site of Ponte Molle (Italy) where 
the probable mixed-feeder S. cf. hemitoechus coex-
isted with the browser S. kirchbergensis (Pandolfi, 
2013; Pandolfi and Marra, 2015) or the fauna of 
Montopoli (Italy), at the Plio-Pleistocene bound-
ary, where the browsers S. etruscus and S. jeanvire-
ti co-occurred (Pandolfi, 2013). Stephanorhinus 
etruscus and S. hundsheimensis are also documented 
as probably coexisting in the late Early Pleistocene 
fauna of Pietrafitta (Italy), but the material may 
come from different fossiliferous levels (Cirilli et 
al., 2020), and in the Middle Pleistocene site of 
Castellana (Italy) where reworking of the material 
is, however, mentioned (Mazza and Varola, 1999).

The presence of two morphotypes in a single 
site has also been reported at Dmanisi (Georgia), 
where this co-existence was interpreted as either 
a niche partitioning between rhinoceroses with 
different feeding habits (browse-dominated and 
grass-dominated mixed feeders) or as the occur-
rence of two ecomorphotypes of the same rhinoc-
eros’ species (Pandolfi et al., 2021). In the latter 
hypothesis, the TSR rhinocerotid may represent a 
single species, which differentiated from the typi-
cal S. etruscus, perhaps showing affinities towards 
S. hundsheimensis, or as a transitional local popu-
lation. 

Further material and thorough study of the 
TSR rhinoceroses will possibly allow the confirma-
tion of the coexistence of two species during the 
late Early Pleistocene in Eurasia. Furthermore, in 
combination with their taxonomic identification 
at the species level, this will probably lead to sig-
nificant conclusions regarding the chrono-spatial 
distribution of European rhinoceroses during the 
Early Pleistocene. 
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3.1 INTRODUCTION

The Lower Pleistocene site of Tsiotra Vryssi (TSR), 
discovered in 2014, is located in the south-eastern 
part of the Mygdonia Basin (northern Greece) and 
belongs to the upper part of the Gerakarou Forma-
tion (Konidaris et al., 2015). The site has revealed 
a rich late Villafranchian fauna, which is dated be-
tween 1.78 and ~1.5 Ma (Konidaris et al., 2021). 
Among the faunal assemblage, canids are well-rep-
resented and their cranial, mandibular and dental 
material consists of 17 specimens (excavation sea-
sons 2014–2019) stored at the Museum of Geol-
ogy, Palaeontology and Palaeoanthropology of the 
Aristotle University of Thessaloniki (LGPUT). The 
aim of the present study is to provide preliminary 
results on their taxonomy based on their morpho-
logical and metrical comparison with Early Pleisto-
cene European taxa known from the literature.

The TSR material comprises medium- and 

large-sized canids, which are consistent morpho-
logically and metrically with an attribution to 
Canis. Several Canis species are documented in 
Europe during the late Villafranchian. Canis etrus-
cus and C. arnensis were possibly already present 
slightly before the beginning of the late Villafran-
chian, and they are best recorded in several Italian 
localities dated to 2.0–1.8 Ma (e.g., Cherin et al., 
2014; Bartolini Lucenti and Rook, 2016). Canis 
etruscus in particular is suggested as the possible 
ancestor of the more advanced C. mosbachensis and 
subsequently of the modern wolf (e.g., Sotnikova 
and Rook, 2010). Canis accitanus from Fonelas-P1 
(~2.0 Ma, Spain), is a debated taxon; Brugal and 
Boudadi-Maligne (2011) suggest that it rather be-
longs to C. arnensis, whereas Martínez-Navarro et 
al. (2021) propose that it could be part of the in-
traspecific variability of C. etruscus, which is also 
present at the site.

 Recent discoveries have furthermore revealed 
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new species. Canis borjgali from Dmanisi (~1.8 
Ma, Georgia) shares morphological features with 
C. mosbachensis, therefore this species was pro-
posed as a closer ancestor of the C. lupus lineage 
instead of the more primitive C. etruscus (Bartoli-
ni Lucenti et al., 2020). Canis orcencis from Venta 
Micena (~1.6 Ma, Spain) resembles C. mosbachen-
sis and C. apolloniensis from Apollonia-1 (~1.3–1.0 
Ma, Greece; Koufos, 2018), but shows some dis-
tinct morphological traits (Martínez-Navarro et 
al., 2021). According to Madurell-Malapeira et 
al. (2022), C. orcencis and C. apolloniensis could 
be ascribed to C. mosbachensis, which successfully 
dispersed in Europe during the late Early–Middle 
Pleistocene, until the appearance of C. lupus. 

Regarding the large-sized European canids, 
the hypercarnivorous Canis (Xenocyon) falconeri 
is best recorded in Upper Valdarno (Italy) and 
Fonelas-P1, while recent findings reveal an earlier 
record in the middle Villafranchian (Bartolini Lu-
centi and Spassov, 2022). This taxon was replaced 
by the more advanced Canis (Xenocyon) lycaonoi-
des, which is found in many European localities 
(e.g., Dmanisi, Pirro Nord, Apollonia-1), usually 
along with a medium-sized Canis (e.g., Bartoloni 
Lucenti et al., 2021). 

3.2 RESULTS AND DISCUSSION 

Morphological and metric data of the crani-
al, mandibular and dental material of TSR indi-
cate the presence of two medium-sized canids (of 
which one is smaller- and the other larger-sized) 
and of one large-sized canid. 

The larger medium-sized canid is recognized as 
Canis sp. (morphotype A). Its study is based on the 
specimen TSR-D17-37, which is a complete crani-
um associated with the mandible (Fig. 1a), and ad-
ditional isolated specimens. Canis sp. (morphotype 
A) shares many morphological and metric features 
with both C. borjgali and C. apolloniensis (Fig. 2), 
thus a firm attribution to one of these two species 
is uncertain at the moment. 

The smaller medium-sized canid is identified 
as Canis sp. (morphotype B) based on the speci-
men TSR-G20-11, which is a complete cranium 
with a right hemimandible and three associated 
but isolated teeth, all belonging to the same indi-
vidual (Fig. 1b). This morphotype is generally sim-
ilar in morphology to Canis sp. (morphotype A) 
but differs metrically (Fig. 2), as well as in some 
morphological traits such as the blunter outline 
of the nuchal crest of the cranium in dorsal view 

Figure 1:  Right lateral view of crania and mandibles of the medium-sized canids from TSR. a, Canis sp. (morphotype A) (TSR-D17-
37a, b); b, Canis sp. (morphotype B) (TSR-G20-11a, b).
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instead of triangular on TSR-D17-37a; and the 
smaller and not so mesially placed P4 protocone. 
However, several dissimilarities may be part of the 
unknown intraspecific variability, and thus both 
morphotypes could belong to a single species. 
Canis sp. (morphotype B) also portrays an over-
all slenderer cranial and dental morphology, that 
could be perhaps attributed to sexual dimorphism. 
Sex-related differences are already mentioned for 
C. mosbachensis (Sotnikova, 2001) and modern 
wolves (e.g., Trbojević and Ćirović, 2016). Al-
though Canis sp. (morphotype B) displays metric 
similarities with C. accitanus and C. arnensis (Fig. 
2), clear morphological differences preclude an at-
tribution to any of these species.

Canis sp. (morphotype A) and Canis sp. (mor-
photype B) differ from C. etruscus and C. arnensis 
in many dental characters, e.g., the M1 trigon ba-
sin is deeper than the talon one; the p3 alveolus 
lays lower in the mandible than those of the ad-
jacent teeth; the mesial margin of the paraconid 
of m1 is distally inclined (e.g., Bartolini Lucenti 
et. al., 2020). Overall, their morphology seems to 

mostly resemble that of taxa related to the C. mos-
bachensis lineage such as C. borjgali, C. apollonien-
sis and C. orcensis.

The large-sized canid of TSR is attributed to 
Canis (Xenocyon) sp., based on the study of the iso-
lated upper first molar (M1) TSR-46, which was 
originally ascribed to C. etruscus (Konidaris et al., 
2015) and subsequently to Canis sp. (Konidaris 
et al., 2021). The proportions of the tooth (Fig. 
2) are indeed very similar to the lectotype of C. 
etruscus; yet, unlike C. etruscus, the trigon basin 
of the tooth is deeper, while the talon one is shal-
lower. Metrically, it is larger than the rest of the 
TSR Canis morphotypes (Fig. 2). It is also distinct 
in the crest-like morphology of the metaconule, 
which is commonly observed in the hypercarniv-
orous forms (e.g., Martínez-Navarro et al., 2021). 
In general, the morphology of the tooth is similar 
to that of the holotype of C. (Xenocyon) lycaonoides 
from Gombasek (Slovakia; Kretzoi, 1938: Tafel 3, 
Fig. 4), but is not so robust and triangular in shape 
as in C. (Xenocyon) lycaonoides from Apollonia-1 
(Koufos, 2018: Fig. 8c).

Figure 2:  Scatter plot of length/width of the upper M1 of the TSR canids in comparison to several European ones. Canis sp. (mor-
photype A) (TSR-D17-37a; TSR-G16-46), Canis sp. (morphotype B) (TSR-G20-11a) and Canis (Xenocyon) sp. (TSR-46).
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3.3 CONCLUSIONS

Two medium-sized canids were recognized 
at TSR, Canis sp. (morphotype A) and Canis sp. 
(morphotype B), both showing notable resem-
blance with the taxa related to the Canis mos-
bachensis lineage; however, their relationships (i.e., 
two distinct species vs intra-specific variants relat-
ed to sexual dimorphism) remain currently unclear 
and require further examination. The large-sized 
canid is attributed to Canis (Xenocyon) sp. and rep-
resents the oldest record of the taxon in Mygdonia 
Basin, and perhaps also in Greece.

The recent discoveries of new material in sev-
eral European sites and the erection of new species 
have modified the old established taxonomy of the 
Canis representatives. Tsiotra Vryssi is dated to a 
critical period for the Canis intrageneric specia-
tion, and as such the rich and well-preserved ca-
nid material from the site may shed light into the 
evolutionary history of the lineage during the Eu-
ropean Pleistocene. Therefore, future research will 
focus on the comprehensive study and comparison 
of all available material (cranial and postcranial, 
plus recently discovered new material), aiming to 
illuminate the status and relationships of the two 
identified medium-sized morphotypes, and thus to 
contribute to the better understanding of the Early 
Pleistocene European canids. 
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4.1 INTRODUCTION

The genus Equus arrived from North America to 
Eurasia at the beginning of Pleistocene (2.58 Ma) 
(Lindsay et al., 1980; Azzaroli, 1983; Bernor et al., 
2019; Rook and Martínez-Navarro, 2010; Rook et 
al., 2019) with its first occurrence marking a fau-
nal turnover and significant environmental chang-
es from humid-warm ecosystems to colder-drier 
conditions. During the Early Pleistocene, Equus 
had been already significantly radiated in Eurasia, 
providing several lineages, some of them surviving 
till recent times.
In Greece, the Equus datum is possibly traced in 
Damatria (Rhodes Island; van der Meulen and van 
Kolfschoten, 1986). Equids are the most common 
element in the Pleistocene Greek faunal assem-
blages, often exceeding 50% of the local finds in 
number of specimens. Most of the Greek Equus 
remains come from the middle–late Villafranchian 
and Epivillafranchian. Mygdonia Basin (Central 
Macedonia, Greece), being at the crossroads of 

three continents, becomes an important path for 
faunal dispersals and a gateway for faunas coming 
from Asia Minor to South-Western Europe and 
vice versa. Several mammal fossiliferous sites have 
been discovered in this basin by the Laboratory of 
Geology and Palaeontology, Aristotle University of 
Thessaloniki (LGPUT) and many fossils have been 
unearthed, providing important palaeontological 
and biochronological data for Greece and beyond 
(Koufos and Kostopoulos, 2016 and references 
therein). Tsiotra Vryssi (TSR), a fossiliferous locali-
ty in Mygdonia Basin, dated between 1.78–1.5 Ma 
(Konidaris et al., 2021), provided a rich sample of 
fossil equids. Konidaris et al. (2015) preliminarily 
reported two species of Equus based on their size.

4.2 MATERIALS AND METHODS

More than 440 equid remains have been unearthed 
from Tsiotra Vryssi and they are stored at the LG-
PUT. The sample is represented mainly by man-
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dibular fragments, dental remains and postcranial 
elements, many of which are articulated (Fig. 1). 
There is also an extremely fragmentary cranium 
(TSR-162) belonging to a juvenile individual less 
than 1 year old based on Levine’s (1982) tooth ag-
ing tables (with DP1-DP4 and M1 erupting).

The systematics of TSR equids is mainly based 
on third metacarpals and third metatarsals. We 
compare them with Eurasian Pleistocene Equus 
species. In particular, the studied material was com-
pared with equids from several Greek and Europe-
an localities dating from the middle Villafranchian 
to Epivillafranchian (data from literature are indi-
cated in the parentheses only in the cases where we 
did not use our personal datasets): E. stenonis from 

Dafnero (Western Macedonia, Greece), Sésklo 
(Magnesia, Greece), Volax (Drama Basin, Greece), 
Saint-Vallier (France), Chilhac (France), La Puebla 
de Valverde (Spain; Eisenmann, 1979), Matassino 
(Italy), Terranova (Italy), Upper Valdarno (Ita-
ly); E. altidens (=E. stenonis mygdoniensis Koufos, 
1992) from Gerakarou and Libakos; E. altidens 
from Krimni-3 (Mygdonia Basin, Greece); E. alti-
dens from Dmanisi (Georgia; Bernor et al., 2021), 
Pirro Nord (Italy), Selvella-Gioiella (Italy; Alberdi 
and Palombo, 2013); E. altidens granatensis from 
Venta Micena (Eisenmann, 2011); E. apollonien-
sis from Apollonia (Mygdonia Basin, Greece). We 
used principal component analysis (PCA) in PAST 
4.05. Missing values were treated by applying iter-

Figure 1:  Equid remains from Tsiotra Vryssi (TSR): (a) Articulated left hind limb (at the TSR site) preserving all elements from the 
distal part of tibia to the third phalanx; (b) Left third metacarpal in articulation with the phalanges, TSR-F18-53 (medium-sized); 
(c) Fragmentary right mandibular body with p2–m2, TSR-F20-15 (medium-sized); (d) Left third metatarsal, TSR-179 (large-si-
zed); (e, f) Third metatarsals, TSR-F17-31d (left), and TSR-F17-12 (right) respectively (medium-sized).
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ative imputation. The nomenclature and measure-
ments follow the recommendations of Eisenmann 
et al. (1988).

4.3 ANALYSIS AND RESULTS

As originally stated by Konidaris et al. (2015) and 
recently by Gkeme (2023), two species of Equus 
have been recognized in TSR material based on 
their size and metapodial slenderness: a medi-
um-sized and a relatively large-sized Equus. The 
medium-sized equid has typically stenonoid cheek 
teeth (Fig. 1c) with a V-shaped linguaflexid, shal-
low ectoflexid on premolars and always deep on 
molars, and relatively long and slender metapodi-
als (Fig. 1b, e, f ). The large-sized equid has larger 
teeth (V-shaped linguaflexid, deep ectoflexid on 
molars and occasionally on premolars, rounded 
and often elongated metaconids, lingually pointed 
metastylids), and the metapodials are longer and 
more robust (Fig. 1d).

Figure 2 (a, b) exhibits the PCA results for 
(a) third metacarpals (MCIII) and (b) third meta-
tarsals (MTIII). The PC1 and PC2, for the third 
metacarpals, account for most of the variance with 
87.4 % (PC1=60.63%; PC2=26.8%), and for 
the third metatarsals, with 93.6% (PC1=74.7%; 
PC2=18.9%). The PC1 indicates a progressively 
slenderer morphology from positive to negative 
values, whereas PC2 separates species by the max-
imum length (M1) with more to less elongated 
metapodials (from positive to negative values) (Fig. 
2a, b). The third metacarpals of the medium-sized 
species from TSR, overlap with the equids from 
Libakos and Krimni-3, and as it seems, they are 
slightly longer than those from Gerakarou (Fig. 
2a, 2c1). Furthermore, the MCIII from TSR over-
laps with E. altidens from Pirro Nord and mostly 
from Venta Micena. Generally, the equids from 
the Greek localities Tsiotra Vryssi, Krimni-3, Ger-
akarou and Libakos overlap with the European E. 

altidens samples, and they all differentiated from 
the various E. stenonis Greek (Dafnero, Sésklo, 
Volax) and the rest of the European (Saint-Valli-
er, Olivola, Upper Valdarno, Chilhac) samples be-
cause of their slenderness (Fig. 1a).

The third metatarsals of the TSR medium-sized 
species overlap with Gerakarou and Libakos, while 
Krimni-3 shows slightly longer metatarsals as it is 
shown in the PCA analysis (Fig. 2b). Here too, the 
equids from these localities overlap with the sam-
ples of E. altidens, and they are distinguished from 
E. stenonis based on their slenderness. There are two 
specimens, TSR-179 (Fig. 2b) and TSR-D16-41 
(large-sized species) that plot outside the convex 
hull of E. altidens and within the variation of E. 
stenonis and E. apolloniensis. These third metatar-
sals are relatively long, but more robust than those 
of the medium-sized species. The slenderness in-
dex, minimal breadth at the middle of the diaph-
ysis (M3) / maximal length (M1) % (Alberdi et 
al., 1998; Eisenmann, 2002) is 11.8 and 13 for 
TSR-179 and TSR-D16-41, respectively, versus 
11.4 (n=11; min=10.9, max=11.9) for the medi-
um-sized species.

4.4 DISCUSSION

The taxonomy of the slender late Villafranchian 
European equids is still a matter of debate (Koufos 
1992; Alberdi et al. 1998; Forstén 1999; Eisen-
mann 2010; Gkeme et al. 2017;  Bernor et al. 2021; 
Cirilli et al. 2021; Gkeme 2023 among others). 
The TSR equids provide some new insights into 
the late Villafranchian equid faunal assemblages 
of Greece and southwestern Europe. The presence 
of a medium-sized equid in the TSR fauna similar 
in size and slenderness to E. altidens (=E. stenonis 
mygdoniensis Koufos, 1992) from Gerakarou and 
Krimni-1, 3 (see Koufos et. al. 2022; Gkeme 2023) 
and the other European samples of E. altidens (in-
cluding E. a. granatensis from Venta Micena) may 
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Figure 2:  (a, b) PCA of the third metacarpals and third metatarsals, respectively, from Tsiotra Vryssi (TSR) in comparison with tho-
se from various Greek and other European localities; (c) Boxplots comparing the maximum length of the third metapodials from 
TSR with other Greek and European samples. Boxplots include minimum, median and maximum values with first and third quartile 
of each sample and outliers.
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give some new information about the systematic 
position of this taxon. The equid from Gerakarou 
(including the equid from Krimni 1) was originally 
described by Koufos (1992) as a distinct subspe-
cies of E. stenonis (E. stenonis mygdoniensis) despite 
its much slenderer built and smaller overall size. 
Forstén (1999) and Gkeme et al. (2017) referred 
the equid from Libakos to E. altidens, an equid 
identical to the one from Gerakarou, suggesting 
that they both belong to E. altidens. However, 
Eisenmann (2017) considered ‘E. s. mygdoniensis’ 
as a valid taxon and raised it at the species level 
(Allohippus mygdoniensis), while she suggested the 
cautious use of the name E. altidens, because the 
erection of this species was mainly based on teeth. 
Recently, Cirilli et al. (2021), Bernor et. al. (2021) 
and Gkeme (2023) considered ‘E. s. mygdoniensis’ 
as a junior synonym of E. altidens, thus favoring 
the preliminary work of Gkeme et al. (2017) and 
the recent review of the Early Pleistocene slender 
equids from Greece by Koufos et al. (2022). The 
presence of E. altidens at TSR possibly validates 
this theory, since the variability reported by the 
European E. stenonis populations seems to be sim-
ilar in Gerakarou, Libakos, Tsiotra Vryssi, Krimni 
and the European E. altidens samples.

The large-sized Equus from TSR is less abun-
dant, at least in number of identified specimens 
(less than 20). Some of the dental remains (belong-
ing to the larger species) exhibit peculiar features 
like those described by Eisenmann (2010) as com-
mon features of the Sussemionus subgenus and in 
particular those from Venta Micena (see Gkeme, 
2023). Furthermore, according to Gkeme (2023: 
fig.5.40a), the third metacarpals from TSR exhibit 
the same morphology and morphometry as those 
of E. altidens granatensis from Venta Micena. How-
ever, the metatarsals resemble both E. stenonis and 
E. apolloniensis based on their slenderness and size. 
For this reason, the large-sized Equus is pulled un-
der the name Equus aff. E. a. granatensis following 
Gkeme’s (2023) commendation. The presence of 

two species of Equus in the TSR fauna validates its 
young age (slightly younger than Gerakarou and 
older than Apollonia) marking an important fau-
nal turnover at the late Early Pleistocene: slender 
equids (eg. E. altidens) replaced the more robust 
and archaic ones (E. stenonis).
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5.1 INTRODUCTION

The fossiliferous site of Tsiotra Vryssi (TSR; Myg-
donia Basin, Greece) is dated to the Lower Pleis-
tocene, between 1.78 and 1.5 Ma, and has yielded 
a rich late Villafranchian vertebrate fauna, includ-
ing diverse medium- to very large-sized herbivores 
(equids, bovids, cervids, giraffids, rhinocerotids, 
elephantids) and several large carnivorans (hyae-
nids, canids, ursids, felids) (Konidaris et al., 2015, 
2021). Previous spatial taphonomic research has 
investigated the distribution of the TSR fossils and 
suggested multiple dispersion events and recurrent 
spatial rearrangement of a lag, (peri)autochthonous 
assemblage within a fluvial system (Giusti et al., 
2019). Herein, we present preliminary results of 
our ongoing taphonomic study on carnivore modi-
fications, and we focus on equid postcranial bones, 
which comprise the bulk of the TSR vertebrate 

assemblage. For the analysis, we perform a set of 
standard taphonomic analyses, following the “phys-
ical attribute approach” of Domínguez-Rodrigo et 
al. (2007, 2015a), in which the alterations in the 
physical attributes of skeletal elements constitute 
the major component for the interpretation of the 
taphonomic history of the assemblage. Therefore, 
besides the skeletal part representation, we focus 
here on bone surface modifications and bone dam-
age patterns aiming to reveal the main biotic agent 
responsible for the modification of bones.

5.2 MATERIALS AND METHODS

The studied material comprises all postcranial el-
ements from TSR attributed to the genus Equus, 
which were collected during the excavation seasons 
of 2014–2019. All specimens are stored at the Mu-
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seum of Geology, Palaeontology and Palaeoanthro-
pology of the Aristotle University of Thessaloniki 
(LGPUT). 

Equus is represented at TSR by two species, 
one of medium and one of large size (Konidar-
is et al., 2015; Gkeme et al., this volume). Body 
mass estimations were conducted separately for 
the medium- and the large-sized species, follow-
ing the methodology of Eisenmann and Sondaar 
(1998). For this, we considered only metapodials 
belonging to articulated limbs that could be confi-
dently classified either as subadult juvenile or adult 
individuals. This classification was based on the 
sequence of epiphyseal fusion in modern horses, 
and in particular, the fusion of the distal epiphy-
sis in the radius (for metacarpals), and the distal 
epiphysis in the tibia (for metatarsals), which fuse 
towards the end of the epiphyseal bone fusing se-
quence (Budras et al., 2011) and are abundant in 
the articulated elements of the assemblage. 

Skeletal part representation was examined 
by calculating the number of identified speci-
mens (NISP), the minimum number of elements 
(MNE), and the minimum animal units (MAU). 
MNE calculations take into consideration ana-
tomical overlap of fragments, size, and ontogenetic 
age. The minimum number of individuals (MNI) 
was calculated as well.

The nature of fractures was studied following 
the methodology of Villa and Mahieu (1991), 
where fracture angle, outline, and edge are consid-
ered. Fresh fractures are generally characterized by 
oblique angles, curved outlines, and smooth edges, 
whereas dry fractures generally have right angles, 
transverse outlines, and jagged edges.

Bone damage patterns are quantified using 
the classification of long limb bones into “tapho-
types” (Domínguez-Rodrigo et al., 2015b: Fig. 
1). Each long limb bone is classified into one of 
the 16 taphotypes (0–15), depending on its pre-
served portion. Additionally, regression analysis 
was used to study the correlation of epiphyses 

abundance with marrow cavity volume and bone 
density (as in Palmqvist and Arribas, 2001). The 
data for marrow cavity volume and bone density 
concerns modern horses and is taken from Outram 
and Rowley-Conwy (1998) and Lam et al. (1999), 
respectively.

Carnivore tooth marks were classified into 
pits, punctures, scores, and furrows, following the 
criteria set by Pobiner (2007); recorded carnivore 
damage also includes notches and furrowing (de-
letion of cancellous bone). Identified tooth marks 
were measured with a digital caliper to the near-
est 1/100 of a millimeter, directly onto the bone 
surface, under strong light and magnification. The 
measurements taken are length (maximum dimen-
sion) and breadth (maximum dimension transver-
sal to length).

5.3 RESULTS

The mean body mass is calculated at 257 kg for 
the medium-sized, and 343 kg for the large-sized 
Equus species. They both fall within the size group 
4 (150–350 kg) of Palombo (2010), and therefore 
their skeletal elements are treated here collectively 
regardless of species attribution. NISP, MNE, and 
MAU values are given in Table 1. NISP values re-
veal a greater abundance of limb bones over other 
elements, while MNE and MAU values show a 
clear over-representation of tibiae and metapodi-
als, and an under-representation of axial elements 
and femora. The minimum number of individuals 
(MNI) is 15.

Fracture variables suggest that most studied 
fractures occurred when the bones were still in a 
fresh state. Specifically, curved outlines appear in 
67.9% of fractures, smooth edges in 69.8%, and 
oblique angles in 45.3%. Intermediate outlines 
and mixed angles are also relatively common (24.5 
and 37.7%, respectively).
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NISP MNE MAU
Atlas 4 4 4

Axis 3 3 3

3th-7th cervical 14 14 3

Sacrum 1 1 1

Scapula 11 11 6

Pelvis 2 2 2

Humerus 11 11 6

Radius 11 10 5

Ulna 3 3 2

Metacarpal 25 25 13

Femur 7 7 4

Tibia 26 25 13

Metatarsal 23 22 11

Lateral metapodial 53 53 —

Carpals 61 61 —

Astragalus 14 14 7

Calcaneus 13 13 7

Other tarsals 39 39 —

Proximal phalanx 23 23 6

Intermediate 
phalanx

17 17 4

Distal phalanx 23 23 6

Sesamoids 47 47 —

Metapodial 6 — —

Total 437 — —

The implementation of taphotypes (Domín-
guez-Rodrigo et al. 2015b: Fig. 1) allowes us to 
quantify the degree and pattern of bone damage 
in an assemblage. Metapodials from TSR usually 
belong to taphotype 1, i.e., complete bones (80.0% 
for metacarpals; 82.6% for metatarsals). On the 
contrary, taphotype 15, i.e., cylinder, is frequent in 
humeri (36.4%) and femora (42.9%). The radius 
frequently lacks the proximal epiphysis and part 
of the diaphysis (taphotypes 4 and 5; 27.3% and 
18.2%, respectively), while complete radii are also 
relatively abundant (27.3%). Tibiae are rarely pre-
served complete, with the majority retaining only 
the distal half, or part of it (26.9% for taphotypes 
4 and 5 each). Such a deletion of epiphyses ap-
pears to be non-random, rather it shows a degree 
of selectivity. This pattern is further supported by 
the regression analysis of abundance of epiphyses 
with bone marrow content and bone density. There 
appears to be a statistically significant inverse rela-
tionship between abundance of epiphyses and bone 
marrow content (Fig. 1A), i.e., high-nutritional 
value epiphyses are missing, and conversely less nu-
tritious epiphyses are preserved. Accordingly, the 
abundance of epiphyses displays a strong positive 
correlation with bone mineral density (R2=0.80), 

Figure 1:  A, Regression analysis between abundance of epiphyses in the Equus specimens from TSR and bone marrow content in 
modern horses (data from Outram and Rowley-Conwy, 1998). B, Mean values and standard deviation intervals of pit length on the 
diaphysis. Data from: ~~ Domı ́nguez-Rodrigo and Piqueras (2003), * Andrés et al. (2012), ^^ Sala et al. (2012), ^ Delaney-Rivera 
(2009), ** Yravedra et al. (2014) and ~ Sala et al. (2014), in comparison with Equus from TSR.

Table 1:  NISP, MNE, and MAU values of Equus specimens in TSR.
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Figure 2:  Left: Bone consumption sequence in humerus (A), femur (B), and tibia (C) in the TSR equid assemblage. Right: Examples 
of carnivore modifications in equid bones: Femur with furrowing and punctures (D), atlas with furrowing, scores, and pits (E), 
calcanei with furrowing (F), and scapula with jagged edges with a crenulated outline, and puncture (G).
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i.e., epiphyses with high mineral density are 
over-represented.

Carnivore modifications are frequent in the 
assemblage (Fig. 2), usually in the form of tooth 
marks, as well as furrowing and notches. The high-
er percentages of modified elements, displaying 
any type of carnivore alteration, are recorded in 
femora (85.7%) and humeri (72.7%); most tibiae 
(69.2%) are modified as well. Among long limb 
bones, the least modified elements are metacarpals 
(16.0%), while metatarsals and radio-ulnae also 
display relatively low percentages of modification 
(30.4 and 36.4%, respectively). 

Regarding tooth marks, 475 pits, 201 scores, 
and 12 punctures were recorded. In Figure 1B the 
mean and standard deviation values of pit length 
on the diaphysis from TSR are plotted along data 
from studies conducted with extant predators. The 
TSR values are comparable to those of some of the 
largest modern carnivorans, such as lions, hyaenas, 
and grey wolves. Additionally, a relatively wide 
range is observed, with the upper limit surpassing 
that of almost all modern species.

5.4 DISCUSSION

The bone damage patterns in the studied material 
reveal a significant involvement of carnivorans in 
the modification of the Equus remains from the 
TSR accumulation. There appears to be preferen-
tial deletion of nutrient-dense (with high marrow 
yield) elements, such as the upper limb bones and 
axial elements, as well as bone portions, i.e., prox-
imal epiphysis in the humerus, tibia, and radius, 
and both epiphyses in the femur. Moreover, most 
fractures are green indicating that the deletion of 
the aforementioned portions occurred when bones 
were still fresh and not later during the diagenetic 
process. Carnivore modification is frequent, es-
pecially in the upper limb bones, the majority of 
which bear tooth marks. The most frequent tooth 

marks are pits, and their dimensions suggest that 
they were inflicted by a large-sized carnivoran (Fig. 
1B).

Several large carnivorans have been found to 
date at TSR: the ursid Ursus etruscus, the hyaenid 
Pachycrocuta brevirostris, the felid Megantereon sp., 
and several Canis sp. morphotypes (two medium- 
and one large-sized) (Konidaris et al., 2015, 2021; 
Koufos et al., 2018, Karakosta et al., this volume), 
while the large carnivoran late Villafranchian fauna 
of the Mygdonia Basin additionally includes the 
felids Panthera gombaszoegensis and Homotherium 
latidens (Koufos, 2014, 2018). Ursus etruscus is re-
garded an omnivorous carnivoran that consumed 
both plant and vertebrate matter, the latter possi-
bly consisting mainly of fish (Medin et al., 2017); 
therefore, it can be rather safely excluded as a can-
didate for inflicting the heavy bone modifications 
observed at TSR. Additionally, the level of epiphy-
seal furrowing and bone deletion (including diaph-
yseal fragmentation) at TSR is incompatible with 
a predominantly felid modification. Extant pan-
therine felids cause generally limited and targeted 
furrowing in medium/large carcasses, while they 
usually produce minor/moderate bone deletion 
(e.g., Pobiner and Blumenschine, 2003; Domín-
guez-Rodrigo et al., 2012; Rodríguez-Alba et al., 
2019; Pobiner et al., 2020), and the same can be 
hypothesized for the large felids present at TSR. 
Specifically regarding sabre-tooths, it is suggest-
ed that their dental morphology would not allow 
them to thoroughly exploit carcasses, and therefore 
cause significant bone modifications (e.g., Valken-
burgh and Ruff, 1987; Palmqvist et al., 2011, and 
references cited therein); but see Marean and Eh-
rhardt (1995) for Homotherium tooth-marking. 
Modern wolves have the capacity to fracture un-
gulate bones; however, in wild populations, signifi-
cant deletion of bone portions is rare in large-sized 
carcasses and is mainly observed in small-sized 
prey and medium-sized juvenile carcasses (Haynes, 
1982; Yravedra et al., 2011). On the contrary, the 
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African wild dog is a flesh specialist that causes 
limited to moderate bone alteration, in particular 
in terms of bone deletion (Yravedra et al., 2014). 
Modern hyaenas are by far the most destructive 
of the extant carnivorans. Hyaena modified as-
semblages are characterized by an under-repre-
sentation of axial elements (Binford, 1981; Ca-
paldo, 1998), and high levels of fragmentation of 
limb bones (Haynes, 1983; Hill, 1989; Domín-
guez-Rodrigo et al., 2015b). Remarkably, the 
giant hyaena Pachycrocuta brevirostris possessed 
craniodental adaptations that reveal even greater 
bone cracking capabilities (Palmqvist et al., 2011). 
In Venta Micena (Spain; Lower Pleistocene), re-
garded as a bone accumulation site of Pachycrocu-
ta, a preferential deletion of epiphyses in relation 
to their marrow/fat content and mineral density 
has been observed, reflected in the consumption 
sequence of limb elements (Palmqvist et al., 2011, 
and references cited therein). Specifically, the se-
quence of consumption is proximodistal in the 
humerus and tibia, distoproximal in metapodials, 
and without a clear direction in the femur and ra-
dius, but involving the deletion of both epiphyses 
(Palmqvist et al., 2011). Such a sequence of bone 
portion consumption, in addition to the degree of 
bone deletion (Palmqvist and Arribas, 2001: Fig. 
2) are common attributes between Venta Micena 
and TSR.

5.5 CONCLUSIONS

The preliminary taphonomic study on the bone 
modifications in equid postcranial bones from 
TSR reveals high levels of gross bone damage and 
tooth marking, indicating that the main biotic 
taphonomic signal of the assemblage reflects the 
action of a large carnivoran that engaged in the 
intensive exploitation of large ungulate carcasses, 
similarly to modern hyaenas. Therefore, the study 
points towards the hyaena Pachycrocuta brevirostris 

(identified at the site) as the primary biotic agent 
of bone modifications at TSR. This is further cor-
roborated by the similarities with the Pachycrocuta 
bone accumulation site Venta Micena in terms of 
the preferential deletion of epiphyses with high 
nutrient content, the degree of bone deletion, and 
the sequence of bone portion consumption. How-
ever, the involvement, even to a minor degree, of 
other contemporaneous large carnivorans in the 
alternation of bones cannot be completely ruled 
out. In order to achieve a more conclusive inter-
pretation of the taphonomic history of TSR, fu-
ture study directions will focus on the inclusion of 
the other ungulate size groups, the consideration 
of additional parameters (e.g., levels of articula-
tion, tooth mark spatial distribution, notches), the 
investigation of the ontogenetic age profiles, and 
the examination of the coprolites found at the site.
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6.1 INTRODUCTION

During the past 2 million years, mass dispersal 
events of mammals from Africa into Eurasia possi-
bly triggered the arrival of early hominins (Bar-Yo-
sef and Belfer-Cohen, 2001; Abbate and Sagri, 
2012; Koufos and Kostopoulos, 2016; Muttoni et 
al., 2018). At Early Pleistocene sites, where rich 
fauna complements the presence of carnivore and 
hominin activity, important taphonomic processes 
further complicate the recovery and interpretation 
of early human behaviors and remains. Evidence 
of hominins from this period is sparse and is found 
at only a handful of locations outside of Africa 
(Garcia et al., 2013). Even though an obvious gap 
continues to exist in Greece and the Balkans, this 
region of Europe is located in the direct path of 
human migrations out of Africa and Asia. For the 
Middle Pleistocene, the paleoanthropological, ar-

chaeological, and paleontological records of Greece 
are currently improving, in large part through the 
efforts of the ERC projects PaGE and CROSS-
ROADS and the associated MegaPal survey (e.g., 
Panagopoulou et al., 2015; Harvati et al., 2018; 
Karkanas et al., this volume; Tourloukis et al., this 
volume; Athanassiou et al., this volume; Konidaris 
et al., this volume; Thompson et al., this volume), 
therefore starting to fill this research gap of East-
ern Europe during this crucial period of hominin 
migrations.

CROSSROADS aimed to continue to fill this 
gap in the Early to Middle Pleistocene record by 
conducting multidisciplinary systematic fieldwork 
to locate stratified dateable contexts that promote 
the construction of a chronostratigraphic frame-
work for this region of Eurasia. The Mygdonian 
Basin archaeological survey was therefore part of 
this effort and was conducted in 2019, 2021 and 
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2022 by the Aristotle University of Thessaloniki, 
in collaboration with the University of Tübin-
gen Paleoanthropology team, in the framework 
of CROSSROADS. The survey was a direct tar-
get-oriented double-intensive archaeological in-
vestigation of Pleistocene sediments, aiming to 
identify traces of human activity by systematically 
surveying exposed section profiles and by collect-
ing lithic artifacts from stratified dateable contexts. 

6.2 PREVIOUS RESEARCH

Whereas the Mygdonia Basin of Central Macedo-
nia and Chalkidiki is well-known for its fossilif-
erous localities, such as Apollonia (Koufos et al., 
1992, 1997; Kostopoulos, 1997; Konidaris et al., 
2020; Gkeme et al., 2021), Tsiotra Vryssi (Koni-
daris et al., 2015, 2021; Koufos et al., 2018; Giusti 
et al., 2019), and Kalamoto (Tsoukala and Chat-
zopoulou, 2005) to name a few, the archaeology of 
the basin is less known, even though the Petralona 
cranium, discovered in the early 1960s in Chalk-
idiki, is probably one of the most famous and 
best-preserved Middle Pleistocene paleoanthro-
pological findings from Greece (see Harvati et al., 
2009; Harvati, 2022). The Petralona cave, located 
circa 30 km to the southeast of our project area 
is where speleothems surrounding the cranium 
were dated by U-series and revised Electron Spin 
Resonance analyses to 150–250 ka (Grün, 1996). 
Study of the Petralona cranium, e.g., as conduct-
ed by Harvati (2009), has determined the remains 
to represent Homo heidelbergensis, considered an-
cestral to Neanderthals. Nevertheless, the original 
stratigraphic position of the cranium is unknown, 
and it cannot be correlated with any geological 
layers, lithics or fauna; furthermore, the artifactu-
al status of the published lithic material has been 
questioned (Harvati et al., 2009; Tourloukis and 
Harvati, 2018).

The lithics from the cave, according to Darlas 

(1995), consist mainly of quartz and occasionally 
bauxite, with rare pebble tools and no handaxes. 
Instead, side scrapers, notches and denticulates are 
frequent (Darlas, 1995), whereas the poor choices 
in raw materials is due to the lack of flint from this 
region of Macedonia (see Litsios, 2012, for sources 
of flint to the west of the Axios river valley). 

The Langadas Archaeological Survey Project 
was the first systematic archaeological research 
conducted in the Mygdonia Basin, by Kotsakis 
and colleagues who identified Middle Palaeolithic 
surface lithic scatters at Zagliveri, Doumbia and 
Sarakina (Andreou and Kotsakis, 1994; Papagi-
anni, 2000). To date, those Palaeolithic results 
remain unpublished (see Andreou and Kotsakis, 
1999; Kotsakis and Koliopoulos, 2007; for results 
from later periods). Whereas that project was a 
diachronic multi-period survey, our more recent 
research instead focused mainly on the Early to 
Middle Pleistocene sediments and aimed to locate 
lithic artifacts from stratified contexts.  

6.3 GEOLOGY

The Neogene to Quaternary sedimentary sequence 
of the basin consists of the Mygdonian and Premy-
gdonian Group (Koufos et al., 1995). The oldest 
Chryssavgi Formation (Fm) dates to the Middle 
Miocene and overlies the basement of the basin. 
Of interest to us were the Early Pleistocene Ger-
akarou and Platanochori Fm’s and the Pleistocene 
sediments of the Mygdonian Group. Because the 
deposition of the basin occurred over a period of 
2 million years, this is an ideal region to locate 
the earliest presence of hominins from this part 
of Europe. The Gerakarou Fm (over 100 m thick) 
is represented by red-bed sediments consisting of 
unconsolidated gravels, sand, silt, and clay, accu-
mulated in a fluvio-torrential environment (Kou-
fos et al., 1995). The overlying Platanochori Fm is 
10–20 m thick and formed in a fluvial, fluvio-la-
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custrine depositional environment. It represents 
the transition between the Gerakarou Fm and the 
overlying lacustrine sediments of the Mygdonian 
Group that was deposited during the Middle Pleis-
tocene to Holocene (Koufos et al., 1995; Maravelis 
et al., 2022). On the geological map of the region 
(Fig. 1), the localities where lithics have been re-
covered are designated accordingly.

6.4 SURVEY METHODS

The survey areas were designated by locality and 
survey unit (SU) number. A SU is an arbitrary unit 
of observation developed to record and document 
archaeological phenomena on a dynamic landscape 
(Tourloukis et al., 2016; Thompson et al., 2018). 
Because our survey is target-oriented or otherwise 
referred to as deposit-centered (see Holcomb et al., 
2020 for a recent review of this survey approach 
in Greece), the two main groups targeted for sur-
vey are stratigraphic profiles (vertical exposures) 
and fields (horizontal exposures). For stratigraphic 
profiles, intact stratified lithic remains can be po-

tentially placed in a chronostratigraphic sequence, 
and therefore constitute the main targeted group 
of this survey. At exposed section profiles even 
though there is typically better preservation of arti-
facts, there were also limitations of survey, such as 
restricted access due to the size of the section pro-
files, difficult terrain, and occasional disturbances 
like slope wash and slumping. As for fields, some 
benefits include easy access to large survey areas 
of exposed ancient sediments, typically with good 
seasonal visibility, but also with mixed assemblages 
that are exposed to weathering and possible plow 
damage or trampling.

Therefore, proper field documentation was es-
sential to verify the geological context, especially 
for the low-density lithic scatters that are associ-
ated with the sandy fluvial depositional contexts. 
Consequently, finds were either recorded as ‘sur-
face’ or ‘stratified’, photographs were taken both 
close up and at a distance to record the context, 
and field forms were employed to document not 
only the survey areas, but to also record essential 
geoarchaeological phenomena such as geomorpho-
logical setting, disturbances, surface visibility, and 

Figure 1:  Geological map of the Neogene and Quaternary lithostratigraphic units of the Mygdonia Basin with composite strati-
graphic column and the localities with lithic finds (modified from Koufos et al., 1995 and Konidaris et al., 2015). The name for the 
locality of Ravin de Voulgarakis is adapted from the palaeontological site (Kostopoulos and Koufos, 2007) because there are no 
toponyms available for this region of the basin.
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GIS spatial data (Tourloukis et al., 2016; Thomp-
son et al., 2018). 

6.5 RESULTS

The survey area encompassed Early–Late Pleisto-
cene sediments of the Mygdonia Basin, northern 
Greece, where the total area surveyed was 52.3 ha 
(Table 1), representing 17 SUs from 9 localities 
(11 targets inspected were section profiles, and 8 
fields). In total, more than 200 lithics were recov-
ered from 10 SUs (lithic counts are preliminary as 
the analysis is on-going; 1 SU with lithic artifacts 
collected from stratified contexts and 9 SUs with 
lithics recovered as isolated surface finds or from 
lithic scatters).

In general, the survey focused on inspecting 
the exposed section profiles to the south of Lake 
Volvi and Lake Koronia because this is where the 
major drainage systems of the region occur. This 

gently sloping, incised region of the basin stands in 
stark contrast to the northern part of the basin that 
is affected more extensively by tectonics, uplift and 
alluviation from present-day rivers. To the west, 
near the Lagkadikia drainage system, are the local-
ities of the Gerakarou Fm. These SUs occurred at 
the localities of Lagkadikia, Sarakina and Ardameri 
(a fossiliferous locality also known as Vassiloudi; 
Koufos et al., 1995), whereas the SU of Zagliveri is 
located in Pleistocene gravel deposits of the Myg-
donian Group (I.G.M.R. 1978, Mountrakis et al., 
1996). At the Megalo Rema drainage system to 
the east, are the localities of Ravin de Voulgarakis 
located in the Platanochori Fm, whereas Gerakia, 
Krimni and Riza consisted mainly of the Gera-
karou Fm with limited exposures of the Platano-
chori Fm (Mountrakis et al., 1996) that were typ-
ically inaccessible due to the steep landscape and 
the position of this Fm in the uppermost part of 
the section profiles. Overall, the Platanochori Fm 
is patchier on the landscape, while the older red-

SU area Lithics Elevation

Sites SUs (hectares) Target strat. surface masl Geological 
Fm

Zagliveri 1 0,3 section 3 16 196 Pleistocene 
gravels

Sarakina 1, 2 4,1 field 0 169 212 Gerakarou

Table 1:  List of sites and findspots by locality and SU number.

SU area Lithics Elevation  
Localities/
Findspots SUs (hectares) Target strat. surface masl Geological 

Fm
Ravin de Voulgarakis 1-3 5,8 field 0 7 182 Platanochori

Riza 1, 2 1,6 section 0 0 350 Platanochori, 
Gerakarou

Gerakia 1, 2 3,3 section 0 0 135 Gerakarou

Krimni 2 0,8 section 0 6 180 Gerakarou

Megalo Rema 7 21,5 section, 
field 0 5 194 Gerakarou 

Ardameri 1-4 14,3 section, 
field 0 4 203 Gerakarou

Lagkadikia 1 0,6 section 0 0 120 Gerakarou
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bed sediments of the Gerakarou Fm are the most 
obvious of the survey area, due to the thickness of 
this formation and by the distinctive runnels that 
form on the section profiles from erosion and ex-
posure to the elements. The systematic study of the 
collected lithics is ongoing; therefore, any mention 
hereafter is based on observations that were made 
in the field. In total, 188 lithics were recovered 
from sites and 22 from findspots. 

6.6 FINDSPOTS

The four localities with findspots are Ravin de 
Voulgarakis, Krimni, Megalo Rema and Ardameri, 
where lithics were identified either as isolated sur-
face finds, or low-density lithic scatters (Tab. 1).

At Ravin de Voulgarakis we conducted three 
SUs, all in fields, where calcareous calcitic nodules 
resembling marl from the fluvio-lacustrine Plata-
nochori Fm produced a white chalky texture and 
color that was visible on the ground surface. At 
this locality, lithics were collected as surface finds 
and consisted of undiagnostic quartz artifacts of 
unknown age, with the exception of a possibly 

Middle Palaeolithic quartz core from SU 2. Over-
all, the findspots consisted of low-density lithic 
scatters, none of which have been found in direct 
association with the fossiliferous site of Ravin de 
Voulgarakis.

To the east of Megalo Rema, we conduct-
ed one SU in fields located above the floodplain, 
bordered by large, steep, and occasionally heavi-
ly eroded section profiles ranging in height from 
8 to 40 m of Gerakarou and Platanochori Fm’s. 
In the foothills above the drainage to the east of 
these sections, four quartz lithics were collected 
on the surface of a plowed field, including a pos-
sible core. On the geotectonic map of Langadhas 
(Mountrakis et al., 1996), the sediment from this 
area is designated as Gerakarou Fm, although the 
red colored sediment of the field where lithics were 
found appears to be a possible paleosol that caps 
the Gerakarou Fm. Lastly, a Middle Paleolithic 
heavily rolled and battered radiolarite lateral scrap-
er was found in the modern Megalo Rema riverbed 
during reconnaissance.

Near the known fossil locality of Krimni, a SU 
was conducted along a dirt road where exposed 
sections 1-4 meters in height were inspected. The 

Figure 2:  Pedestrian surface survey in field of more recent sediments capping the thick Gerakarou Fm at Ardameri SU 3. Note the 
density and various sizes of quartz visible on the ground surface, ranging from boulders to pebbles in size (for scale, the hammer 
is 30 cm in length). In the image to the right, a quartz flake was recovered on the section profile. Insets of the lithic on the right as 
recovered and on the left in dorsal, right lateral, ventral, and left lateral views. 
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sediments of this SU consisted mainly of the Gera-
karou Fm, with an isolated section of possibly more 
recent Pleistocene sediments, located near the top 
of a hill. To the north of the uppermost road, ~40 
m from the edge of a field near the end of the SU, 
five possible flakes and a core were found on the 
surface near a possible reddish paleosol about a 
meter thick located on the western edge of the road 
cut. All finds were recovered in a 15 m area, either 
close to the low-lying section, or in a gully of the 
dirt road. All finds are of quartz, whereas one large, 
isolated flake of limestone or andesite was also re-
covered on the surface of a gully to the southeast of 
the quartz lithics.

At the locality of Ardameri where numer-
ous section profiles of the Gerakarou Fm were 
surveyed, we conducted four SUs and collected 
quartz lithic artifacts from the surface of fields and 
section profiles at SUs 1, 2 and 3. Unfortunately, 
even though artifacts were recovered on the section 
profiles, they were not found in-situ. Therefore, 
when steep vertical section profiles are overlain by 
younger sediments, it is important to be particu-
larly cautious when designating finds as stratified 
(Fig. 2). Also, because stratified artifacts from this 
survey have so far been recovered from sandy flu-
vial depositional contexts, where the finds tend to 

be low in density, hence the importance of being 
overcritical of context when trying to correctly 
identify paleosols or remnants of intact ancient 
terraces that may preserve in-situ remains.

6.7 SITES

As a general rule of our survey approach, sites were 
designated when surface lithic scatters with a find 
density of >10 lithics per 10 sq. m were identified 
or when lithic artifacts were recovered from strat-
ified contexts (Tourloukis et al., 2016). In total, 
two localities were designated as sites. At Zagliveri, 
the lithics were recovered from both stratified and 
surface contexts, and at Sarakina, the finds were 
collected from dense surface lithic scatters (Tab. 1).

At the locality of Sarakina, two SUs were con-
ducted, both in fields. In total, 169 lithics were 
recovered at both SUs. This locality is by far the 
densest scatter of artifacts in the project area with 
mainly quartz lithics, a possible radiolarite flake 
and two patinated pieces of flint. In general, the 
finds appear to be a mix of older and younger re-
mains possibly spanning from the Palaeolithic to 
the Mesolithic, with diagnostic tools such as pos-
sible scrapers, perforators, and microliths. Overall, 

Figure 3:  The site of Zagliveri looking to the northeast. The inset shows a stratified quartz lithic artifact and the location in the 
gravels where it was discovered.
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even though only two SUs were conducted in this 
region, the area is vast and, in all likelihood, con-
tains additional lithic surface remains. 

At Zagliveri (Fig. 2), we conducted one SU at 
a large section profile exposed as a road-cut where 
a mix of surface and stratified finds were recov-
ered from a gravel layer mapped as Middle–Late 
Pleistocene sediments of the Mygdonian Group 
(Mountrakis et al., 1996). Three stratified lithics 
were recovered from the lowermost gravel layer of 
the section profile and 16 lithics from the surface. 
All finds were made of quartz.

6.8 CONCLUDING REMARKS

In conclusion, after three field seasons of survey, 
sporadic stratified quartz artifacts were collected 
from gravel deposits at Zagliveri. However, the 
predominance of surface finds complicates assign-
ing temporal periods to the artifacts based solely 
on typology. The study of the collected assemblage 
is ongoing, and we anticipate that it will facilitate a 
better understanding of the core and flake technol-
ogy from the Early–Middle Pleistocene including 
information on younger periods that has until re-
cently gone unnoticed from this region of Greece.
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7.1 INTRODUCTION

The Megalopolis Basin (MB) is an intra-montane 
basin, located in the actively extending domain of 
the Hellenic Arc, in the central Peloponnese (Fig 
1). Its sedimentary fill includes an initial deposi-
tion of Pliocene lacustrine marly sands and marls, 
succeeded by Pleistocene fluvial and lacustrine, 
lignite-bearing sediments and Late Quaternary 
fluvial terraces of the Alfeios river (Lüttig and Ma-
rinos, 1962; Vinken, 1965). The paleogeographic 
setting and depositional environment(s) of the MB 
were controlled by the interplay between tectonic 
activity and climatic fluctuations throughout the 
Quaternary, two controlling factors that function 
at different time scales.

7.2 BASIN FILL AND STRUCTURAL 
CONTROLS ON SEDIMENTATION

The post-Pliocene basin fill of the MB includes 
the Megalopolis and Apiditsa formations (fm) and 
the Marathousa member. Megalopolis fm rep-
resents a fluvial depositional environment and in-
cludes metamorphic clasts (quartzites and schists). 
Non-systematic paleoflow measurements indicate 
that it was sourced from the E-ESE; however, 
within the present-day catchment of the Alfeios 
drainage basin, no metamorphic outcrops are pres-
ent (Fig. 1). Thus, the occurrence of metamorphic 
clasts within the Megalopolis fm can be explained 
by a stream piracy that must have occurred during 
the late stages of deposition, which cut off the ba-
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sin portion that fed the basin with metamorphic 
clasts. Such an event is believed to be the result 
of the NNW-ward propagation of the Sparta fault 
system and the uplift of the Leontari horst at the 
southern extremity of the MB.

Apiditsa fm was sourced from the W/WSW 
and contains no metamorphic clasts. Its source 
area lies in the bedrock outcrops (Pindos Unit) 
that border the MB from the west. It is a formation 
whose deposition lasted throughout the evolution 
of the MB and is mapped as chronostratigraphi-
cally equivalent to the Megalopolis fm; from the 
re-evaluation of borehole data and field reconnais-
sance it is found to mostly overlie the Megalopolis 
fm at its basal part. However, towards the top it 
appears to be partly overlain by it. The deposition 
of the Apiditsa fm is believed to be controlled by 
the tectonic activity on the western boundary of 
the MB, through the NNW-SSE, east-throwing 

Ellinitsa Fault and (possibly) the Lykaion Fault 
System. The lignite-bearing Marathousa member 
is regarded to be the distal equivalent to the Mega-
lopolis and Apiditsa fm. It interfingers stratigraph-
ically both with the Megalopolis fm in the east and 
with the Apiditsa fm in the west and its sedimento-
logical characteristics show a gradual change from 
purely limnic to transitional to fluvial from east to 
west.

Moreover, the configuration of the pre-Plio-
cene basement of the MB appears to also have 
played a part in the evolution of the basin, which 
presents a fault-controlled bedrock salient between 
Kyparissia and Marathousa villages (Fig. 1), with 
the alpine bedrock cropping out at the former 
location and a basement horst (Leontari) located 
at the southern part of the MB (Fig. 1). Some of 
these faults, which had formed a fault-controlled 
paleorelief, were transgressively covered by the ba-

Figure 1:  (a) General location map. Yellow shading denotes active extensional domains. Orange arrows denote GPS velocity vec-
tors: KF: Kefallonia Fault; NAB: North Aegean Basin. (b) Shaded relief map of the Peloponnesos; highlighted is the drainage basin 
of the Alfeios River. (c) Generalized geological map of the Megalopolis Basin (MB). Fault ticks on downthrown block. K and M stand 
for the locations of Kyparissia and Marathousa villages, respectively. 
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sin deposits, remained active at least during the 
early stages of sedimentation in the basin (Kranis 
et al., 2020).

The last stage in the evolution of the MB is 
characterized by the establishment of the mod-
ern Alfeios drainage, initially depositing flood-
plain sediments, subsequently cutting into them 
and form terraces, following episodic(?) drops of 
its base-level, owing to alternating climatic con-
ditions and/or surges of fault activity. Finally, the 
breaching of the basement salient in the NNW 
(Karytaina gorge), led to the establishment of the 
present-day base level, with Alfeios cutting into its 
more recent deposits.

7.3 GEO-ARCHAEOLOGICAL 
IMPLICATIONS

We suggest that prehistoric human habitation was 
governed not only by climatic and societal con-
ditions, but also by local geological and tectonic 
factors. The Megalopolis Basin provides such ex-
amples: hominins exercised their activities at lo-
cations where the geological conditions were fa-
vorable: (i.e., avoiding marshy, swampy ground), 
while being close to freshwater (i.e., river- or lake-
side). Such conditions can be provided by suitable 
geological formations, which can be either ‘stable’ 
basin sediments or bedrock outcrops. The former 
can be represented by the Apiditsa and Megalop-
olis formations, while the latter are the carbonate 
outcrops of the Pindos Unit. The findings at the 
Marathousa 1 and Kyparissia sites (Panagopoulou 
et al., 2018; Athanassiou et al., this volume; Kar-
kanas et al., this volume) are located at the flanks 
of a basement salient within the MB, which is con-
trolled by intra-basinal NNW-SSE and ENE-SSW 
faults.

Thus, the interplay between tectonics, climate 
and sedimentation provides the necessary concep-

tual framework in the process of geo-archaeologi-
cal and paleoanthropological investigations.
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8.1 INTRODUCTION

Previous optical dating of sediment samples from 
Marathousa-1 used a multi-aliquot multi-grain 
procedure for feldspar mineral grains to obtain the 
equivalent dose (Jacobs et al., 2018). This was the 
best procedure available at the time for measure-
ment of feldspar grains close to the upper limit of 
the technique (Li et al., 2017). A range of statisti-
cally consistent, but imprecise, age estimates were 
reported for 8 samples from two excavation areas 
at Marathousa 1 that suggested deposition of the 
clastic sediment package between lignite seams II 
and III during MIS 12 (478–424 ka; Lisiecki & 
Raymo, 2005). A measurement procedure for in-
dividual grains of feldspar has since been developed 
(e.g., Jacobs et al., 2019) as well as a procedure for 

direct measurement of the internal potassium con-
tent of individual grains (O’Gorman et al., 2021). 
Here, we present the updated multi-grain aliquot 
ages using a revised internal beta dose rate as well 
as single-grain age estimates for the same set of 
samples. The single grain De distributions suggest 
that the feldspar mineral grains in the lacustrine 
facies are well-bleached and that the age estimates 
are reliable.

8.2 MATERIALS AND METHODS

Eight sediment samples were collected from two 
excavation areas (A and B) at Marathousa 1 from 
the clastic sediment package between lignite seams 
II and III. Details about the location of samples, 

8	 SINGLE-GRAIN OPTICAL DATING OF SEDIMENT SAMPLES 
FROM MARATHOUSA 1, SOUTHERN GREECE

Zenobia Jacobs1,2*, Bo Li1,2, Kieran O’Gorman1, Vangelis Tourloukis3,4, Eleni Panagopoulou5,  
Panagiotis Karkanas6, Katerina Harvati3

1Centre for Archaeological Science, School of Earth, Atmospheric and Life Sciences, University of Wollongong, Wollongong, 
Australia

2Australian Research Council Centre of Excellence for Australian Biodiversity and Heritage (CABAH), University of Wollongong, 
Wollongong, Australia

3Paleoanthropology, Institute for Archaeological Sciences and Senckenberg Centre for Human Evolution and Palaeoenvironment, 
Department of Geosciences, Eberhard Karls University of Tübingen, Tübingen, Germany

4Department of History and Archaeology, School of Philosophy, University of Ioannina, Ioannina, Greece
5Hellenic Ministry of Culture, Ephorate of Palaeoanthropology–Speleology, Athens, Greece
6M. H. Wiener Laboratory for Archaeological Science, American School of Classical Studies at Athens, Athens, Greece
*zenobia@uow.edu.au

http://dx .doi .org/10.15496/publ ikat ion-97661

Keywords: feldspar; middle Pleistocene; single grains; pIRIR; standardized growth curve

http://dx.doi.org/10.15496/publikation-97661

E. Panagopoulou: https://orcid.org/0000-0002-4268-6157
P. Karkanas: https://orcid.org/0000-0002-7156-671X
K. Harvati: https://orcid.org/0000-0001-5998-4794

Z. Jacobs: https://orcid.org/0000-0001-5424-5837
B. Li: https://orcid.org/0000-0003-4186-4828
K. O´Gorman: https://orcid.org/0000-0002-2231-2457
V. Tourloukis: https://orcid.org/0000-0002-9527-2708

mailto:zenobia@uow.edu.au
http://dx.doi.org/10.15496/publikation-97661
http://dx.doi.org/10.15496/publikation-97661
https://orcid.org/0000-0002-4268-6157
https://orcid.org/0000-0002-7156-671X
https://orcid.org/0000-0001-5998-4794
https://orcid.org/0000-0001-5424-5837
https://orcid.org/0000-0003-4186-4828
https://orcid.org/0000-0002-2231-2457
https://orcid.org/0000-0002-9527-2708


78 Zenobia Jacobs et al.

sample collection, preparation and estimation of 
the environmental dose rate for all samples are pro-
vided in Jacobs et al. (2018). 

For De determination, we applied a single ali-
quot regenerative-dose (SAR) pIRIR procedure for 
individual K-feldspar grains (Blegen et al., 2015; 
Thomsen et al., 2008), in which the single-grain 
pIRIR signal was measured at 275 °C for 2 s using 
the IR laser after a prior-IR stimulation at a high 
stimulation temperature (200 °C) for 200 s (Li and 
Li, 2012). A preheat of 320°C for 60 s was applied 
prior to measurement of the natural (Ln), regener-
ative (Lx) and test dose (Tn, Tx) signals and an IR 

bleaching step at 325°C for 100 s was used at the 
end of each measurement cycle. 

Luminescence measurements were made on an 
automated Risø TL-DA-20 reader. Infrared stimu-
lation of individual K-feldspar grains was achieved 
using a focused laser beam (830 nm) (Bøtter-Jen-
sen et al., 2003). Individual K-feldspar grains were 
mounted onto standard Risø single grain discs 
(Bøtter-Jensen et al., 2000). The IRSL emissions 
were detected using an Electron Tubes Ltd 9235B 
photomultiplier tube fitted with Schott BG-39 
and Corning 7-59 filters to transmit wavelengths 
of 320–480 nm.

Figure 1:  a, LS-normalised Lx/Tx data and best-fit SGC. b, Ratio of SAR De and SGC De values shown as a radial plot; the grey bar is 
centred on unity (ratio of 1). c. Measured-to-given dose ratios for individual grains shown as a radial plot; the grey bar is centred 
on unity (ratio of 1). d. Whole-of-grain average K concentrations (wt%) plotted as a function of Tn-sensitivity.
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To estimate the De, a combined standardized 
growth curve (SGC) and LnTn method (Li et al., 
2015b, 2017, 2020) were adopted. To establish the 
SGC, a total of 2700 grains from different samples 
were measured with a full SAR pIRIR procedure. 
The following criteria were used to reject grains 
with unsuitable behaviors or poor dose response 
curves (DRCs): 1) the initial Tn signal is less than 
3σ above of the corresponding background count, 
or the relative standard error on Tn is >25%; 2) the 
ratio of the Lx/Tx zero-dose value to the maximum 
regenerative-dose Lx/Tx value is >5%; 3) the Lx/Tx 
data points are too scattered, i.e., they have large 
figure-of-merit (FOM) and reduced-chi-square 
(RCS) values higher than 10% and 5, respectively. 
This resulted in a total of 457 grains accepted for 
SGC establishment. We adopted the least-square 
normalization (LS-normalization) procedure (Li 
et al., 2016) to normalize the Lx/Tx data and used 
a general-order kinetics (GOK) function (Gural-
nik et al., 2015) to fit the normalized data. The 
LS-normalized data and the corresponding SGC 
are displayed in Fig. 1a (n = 2560), showing that 
different grains share the same dose response pat-
tern that can be well described by the SGC. 

We validated the SGC by comparing SGC-de-
rived De values against De values obtained for the 
same grains using their individual full SAR dose 
response curves; 96.7% of grains have SGC and 
SAR De values that were indistinguishable from 
each other at 2σ (Fig. 1b). We further tested the 
suitability of the approach using a dose recovery 
test (given dose = ~600 Gy; measured-to-given 
dose ratio = 1.01 ± 0.01; n = 135; Fig. 1c), and 
a residual dose test after bleaching in a solar sim-
ulator for 8 hours (10 ± 1 Gy; n = 68). Both tests 
gave satisfactory results. Given the old ages of our 
samples, we did not apply any residual dose correc-
tion. No fading correction was applied according 
to the lack of fading observed from single aliquots 
(Jacobs et al., 2018). 

All luminescence data, including curve fitting, 

equivalent dose estimation, error estimation, age 
model analysis and graphic display were analyzed 
using the R packages numOSL (Peng et al., 2013; 
Peng and Li, 2017) and Luminescence (Kreutzer et 
al., 2012).

Whole-of-grain average potassium (K) con-
centrations of individual grains (n = 86) from two 
samples from the Megalopolis Basin—ELS1 and 
TRP5—were measured using qualitative evalua-
tion of minerals using energy dispersive spectros-
copy (QEM-EDS). Measurement and analysis of 
grains followed the procedure presented in O’Gor-
man et al. (2021). Only grains that had a lumines-
cence signal and that were accepted for De deter-
mination were included. 

8.3 RESULTS 

The distributions of the SGC-normalized Ln/Tn 
values for the accepted grains from 7 of 8 samples 
are shown in Fig. 2a–g (left panels). Not enough 
data was obtained for sample MAR-R9. All other 
samples show De distributions that are dominat-
ed by a single population, but with the presence 
of a small proportion of outliers (shown as open 
circles). Outliers were identified based on the 
normalised median absolute deviation (nMAD) 
(Rousseeuw et al., 2006); any log Ln/Tn ratio that 
has a nMAD value greater than 2 was rejected. 

The ‘Tn threshold’ procedure was also applied 
to test whether there is any dependence of De on 
brightness (e.g., Jacobs et al., 2019). The results are 
shown in Fig. 2a–g (right panels). The final De val-
ues were determined from only those grains in the 
plateau region (dashed lines). The final De value for 
each sample, the weighted mean Ln/Tn value after 
applying nMAD, was calculated using the central 
age model (Galbraith et al., 1999) and then pro-
jected onto the SGC.

The QEM-EDS results show that the internal 
K content of the measured feldspar grains are cor-
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related with sensitivity when Tn is less than ~500 
counts per 0.1 s of stimulation time; the latter was 
measured as the intensity of the test dose signal for 
the natural dose (Tn). We calculated the mean K 
content by filtering the grains using a series of Tn 
thresholds (Fig. 1d), which shows that the mean K 
content increases with Tn threshold. This is similar 
to the pattern shown for the Ln/Tn results (Fig. 2). 
The Tn-weighted mean internal K concentrations 

of grains from ELS1 and TRP5 are 11.9 ± 0.4 and 
11.7 ± 0.7 wt%, respectively. When combined, an 
overall mean of 11.8 ± 0.4 wt% K is calculated, 
resulting in an internal beta dose rate of 0.827 ± 
0.048 Gy/ka (assuming a Rb concentration of 400 
± 100 µg/g; Huntley and Hancock (2001)) for 200 
µm-diameter grains. This is consistent with the 
previously assumed 0.829 ± 0.099 Gy/ka (Jacobs 
et al., 2018). Based on the new QEM-EDS results, 

Figure 2:  The radial plots on the left panel show the distributions of re-normalized Ln/Tn ratios for K-feldspar grains. The open 
circles are outliers identified by nMAD. The right panel shows the nMAD CAM re-normalized Ln/Tn ratios plotted as a function of Tn 
threshold each sample. The blue lines represent the plateau region of the re-normalized Ln/Tn ratio.
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we, therefore, have assumed a K concentration of 
12 ± 1 wt%, with a larger uncertainty assumed to 
allow larger variation among different samples. 

The revised total dose rates and multi-grain age 
estimates are reported in Table 1, together with the 
new single-grain ages presented here for the first 
time. Ages are presented in stratigraphic order. Un-
certainties on the single-grain De values and age 
estimates are presented at 2σ to reflect the asym-
metry of the estimates as a result of working along 
the saturated part of the dose response curve.

The multi- and single-grain ages are statistical-
ly consistent, suggesting that both methods are re-
liable for estimation of burial dose for the sedi-
ments at Marathousa. Our preferred age estimates 
are, however, those obtained by single grains as 
these represent the smallest meaningful unit of 
measurement (e.g., Jacobs and Roberts, 2007). 
The single-grain ages range from +57

- 55403  ka at 2σ 
for MAR-R10 in UB5a above the hiatus in the top 
part of the sequence to +105

- 89516  ka for MAR-R2 in 
UB7 at the base of the sequence. All ages from all 
units are statistically consistent and there is no 
clear stratigraphic trend; the resolution of the 
chronology is too coarse. The ages for all samples 
from between lignite seems II and III are consis-
tent with deposition during MIS 12.
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9.1 INTRODUCTION

The Megalopolis Basin, an intra-mountain depres-
sion in the Central Peloponnese (Greece), consists 
of Pliocene–Pleistocene lacustrine and fluvial sed-
iments. The Choremi Formation, which contains 
several archaeological sites of interest (e.g., Pana-
gopoulou et al., 2018), dates to the Early and Mid-
dle Pleistocene (van Vugt et al., 2000). However, 
numerical dating of Middle Pleistocene lacustrine 
and fluvial sediments is challenging (Rixhon et al., 
2017). Commonly used dating methods have a 
limited age range (e.g., 14C dating) or are restricted 
due to a paucity of datable material (e.g., teeth). An 
intensively studied and numerically dated archaeo-
logical site in the Megalopolis Basin is Marathou-
sa-1 (Fig. 1). Relative correlations of Marathousa-1 

put the sedimentary deposits into glacial Marine 
Isotope Stages (MIS). Possible scenarios from 
relative correlations suggest sediment deposition 
during MIS 16 (Van Vugt et al., 2000) as well as 
MIS 14, or possibly MIS 12 (Okuda et al., 2002; 
Tourloukis et al., 2018). Numerical age dating of 
the sediment with pIRIR on K-Feldspar reflects a 
deposition during MIS 12 (Jacobs et al., 2018), 
although these samples are near, or at, a saturation 
of this technique and could represent minimum 
ages. In contrast, a cervid molar from the artifact- 
and fossil-bearing unit dated with ESR indicates 
a deposition age during MIS 13 and a maximum 
age during MIS 16 (Blackwell et al., 2018). Nei-
ther relative nor numerical dating give a conclusive 
answer of the depositional age for archaeological 
findings at the Marathousa-1 site.
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In this study, numerical ages of sediment de-
posits are addressed with the method of burial 
daring with a pair of in situ-produced cosmogenic 
nuclides (e.g., Granger, 2014). Some studies refer 
to this technique as ‘simple’ burial dating, in con-
trast to the isochron burial dating technique. The 
cosmogenic nuclides used here are 26Al and 10Be 
in situ-produced in quartz. The method makes 
use of the fact that 26Al decays faster than 10Be. 
The production rate ratio of 26Al/10Be in quartz 
during sediment production is known. Hence the 
measured ratio in quartz material from sediment 
deposits can be used to monitor the time since 
sediment production. Under the assumption that 
sediment transport time is short in comparison to 
burial time, the sediment deposition age can be 
determined. Four samples from Marathousa-1 and 

three from Tripotamos-4 were analyzed and depo-
sition ages were calculated.

9.2 STUDY AREAS AND SAMPLING 
LOCATIONS

The Megalopolis Basin formed during the Late 
Miocene–Pliocene times and contains Pliocene–
Pleistocene lacustrine and fluvial deposits of more 
than 250 m thickness (Vinken, 1965). These de-
posits have previously been divided into six for-
mations, of which the Choremi formation is of 
interest. In the deposits of this formation, the ar-
chaeological sites Marathousa-1 and Tripotamos-4 
were investigated with in situ-produced cosmo-
genic nuclides.

Figure 1:  Compilation of relative and numerical deposition age ranges for Marathousa-1 (red blocks). In addition, the age of the 
Brunhes-Matuyama boundary and the ages of the different Marine Isotope Stages MIS are indicated. Glacial and interglacial MIS 
are in white and gray, respectively.
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9.2.1.  MARATHOUSA-1

The Lower Palaeolithic site Marathousa-1 is lo-
cated at ~350 m above mean sea level and is ex-
posed inside one of the lignite mines (also called 
Marathousa Mine) at the center-west part of the 
basin. Paleoanthropological material was found in 
lacustrine deposits with clay, silt, and sand, which 
are sandwiched between the lignite seam II and 
III. The detrital sediments were sampled for cos-
mogenic nuclide analysis at Martahousa-1A in the 
stratigraphic layer UA3b (Table 1) directly overly-
ing the artifact-bearing horizon (UA3c/UA4, see 
Karkanas et al., 2018). In Marathousa-1B, two 
samples were collected from the stratigraphic lay-
er UB4a and in the lowermost part of UB9. Sam-
ples from the stratigraphic layers UA3b and UB4a 
were very clay-rich. Only a small amount and fine-
grained quartz was recovered, making the applica-
tion of cosmogenic nuclide burial dating difficult. 

In contrast, more and coarser-grained quartz was 
separated from the stratigraphical layer UB9.

9.2.2.  TRIPOTAMOS-4

The archaeological site of Tripotamos-4 was found 
in the area east of the village of Tripotamos. Two 
survey units (4 and 5) were examined more closely 
in 2020. The deposits are stratigraphically placed 
into, but most likely lie above, the lignite seam III 
(Löhnert and Nowack, 1965). At this location, la-
custrine, bluish grey clayey deposits, poor in or-
ganic material, are laterally interfingered with flu-
vial/fluvio-lacustrine deposits of yellow sandy silts 
and intercalated layers of coarser grained sands and 
gravels. Sediment samples from survey unit 4 were 
collected from a layer of yellow sands of terrestrial 
origin for dating with in situ-produced cosmogen-
ic nuclides.

Stratigraphic 
layer

Sample ID Location (WGS 84) Altitude Exca-
vation 
square

Present-day 
Overburden

°N 
Latitude

°E 
Longitude

m m

Marathousa-1

UA3b CN-UA3b-1 37,40833 22,09147 349.51 940/671 30 ± 3

UA3b CN-UA3b-2 37,40833 22,09147 349.51 940/669 30 ± 3

UB4a CN-UB4a-1 37,40833 22,09147 350.85-
350.65 934/610 30 ± 3

UB9, lowermost 
part CN-UB9-1 37,40833 22,09147 East 

Section 30 ± 3

Tripotamos-4

TRP Cosmo 
1 37,3589 22,10722 394,8 7 ± 1

TRP Cosmo 
2 37,3589 22,10722 394,8 7 ± 1

TRP Cosmo 
3 37,3589 22,10722 394,8 7 ± 1

Table 1:  Sample location and information.
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9.3 BURIAL DATING METHOD

Pairs of in situ-produced cosmogenic nuclides an-
alyzed in quartz sediment can be used for burial 
dating based on different decay rates of two iso-
topes measured in the same sample material (e.g., 
Granger et al., 1997; Granger and Muzikar, 2001). 
Age determination of sediment deposition in the 
two study areas makes use of minimum and max-
imum burial ages with in situ-produced 26Al and 
10Be concentrations in quartz (e.g., Granger, 2014). 
A minimum burial age is calculated based on the 
sample specific 26Al/10Be ratio and the assumption 
of no post-burial irradiation due to deep burial 
(e.g., 50 m). In contrast, using the present-day 
sample depth will result in a maximum burial age. 
As sediment overburden may have diminished over 
time (e.g., due to post-depositional erosion), the 
“real” age of the sediment deposit is bracketed by 
the minimum and maximum ages. 

Samples from Marathousa-1A and 1B were 
collected from different depths, whereas samples 
collected in Tripotamos-4 were from the same 
stratigraphic depth. After washing and sieving 
the samples, quartz was separated and cleaned to 
reach Al-concentrations in quartz as low as pos-
sible (goal <100 ppm). Al and Be were extracted 
according to protocols outlined in Schaller et al. 
(2016). 26Al/27Al and 10Be/9Be ratios of samples, 
blanks, and standards were measured at the AMS 
facility of Cologne (Dewald et al., 2013). 26Al and 
10Be concentrations of samples were corrected for 
chemistry blanks (Table 2). 27Al concentrations 
were measured with standard addition on an ICP-
OES at the University of Tübingen. 

Minimum and maximum burial ages were 
determined with a MatLab script modified from 
Schaller et al. (2016). Decay constants used for 26Al 
and 10Be were (9.830 ± 0.250) x10-7 (see Norris et 
al., 1983) and (4.997 ± 0.043) x10-7 (Chmeleff et 
al., 2010; Korschinek et al., 2010). Sea level-high 
latitude (SLHL) production rates for 26Al are 

28.54, 0.84, and 0.081 atoms/(g(qtz) yr) for nu-
cleonic, stopped muonic, and fast muonic produc-
tion, respectively (Borchers et al., 2016; Braucher 
et al., 2011). The SLHL production rates are 3.92, 
0.012, and 0.039 atoms/(g(qtz) yr) for nucleonic, 
stopped muonic, and fast muonic 10Be produc-
tion, respectively (Borchers et al., 2016; Braucher 
et al., 2011). The 26Al/10Be ratio of production at 
SLHL is ~7.4. SLHL production rates are scaled 
to the sample location with the online calculator 
of Marrero et al. (2016) using the scaling proce-
dure “SA” based on Lifton et al. (2014). Produc-
tion rates at the sampling depths were calculated 
based on nucleonic, stopped muonic, and fast mu-
onic adsorption lengths, which are 157, 1500, and 
4320 g/cm2, respectively (Braucher et al., 2011). 
The density of the overburden was assumed to be 
constant over time with a value of 2.0 ± 0.1 g/cm3.  
As the production rates of the sediment source in 
the past cannot be determined, the values of the 
production rates at the sample location were used 
for age calculation. This assumption results in a 
maximum burial age. The minimum overburden 
for Tripotamos-4 assumed to be 7 m and results 
in a maximum burial age. The original amount of 
sediment deposited in the study areas, as well as 
post-depositional erosion of sediments, are both 
unknown. Given this uncertainty, a second burial 
age was calculated with the assumption of an ini-
tial (depositional) overburden of 50 m, that would 
have been eroded post-depositional in the recent 
past. This second approach (50 m of original over-
burden) provides the sensitivity of the burial ages 
reported here to changing depositional conditions.
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Table 2:  Cosmogenic nuclide information.
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9.4 RESULTS

9.4.1.  MARATHOUSA-1

In situ-produced cosmogenic nuclide concen-
trations of 26Al and 10Be for the replicate sam-
ples from Marathousa-1A are (33.62 ±2.51) and 
(33.40 ±2.28) x104 atoms/g(qtz) and (6.36 ±0.28) 
and (6.59 ±0.27) x104 atoms/g(qtz), respectively 
(Table 2). 26Al/10Be ratios are 5.28 ±0.46 and 5.07 
±0.40 for the two replicate samples. Based on the 
present-day sample depth of 30 m, these ratios re-
sult in burial ages of 642 ±98 kyr and 725 ±92 kyr.

Two samples from Marathousa-1B collected 
from a different sample location show in situ-pro-
duced cosmogenic nuclide concentrations of 26Al 
and 10Be of (55.40 ±3.68) and (55.08 ±2.11) x104 

atoms/g(qtz) and (10.20 ±0.50) and (9.64 ±0.33) 
x104 atoms/g(qtz), respectively (Table 2). The two 
samples have 26Al/10Be ratios of 5.43 ±0.45 and 
5.20 ±0.28. The burial ages based on the pres-
ent-day sampling depth of 30 m are 609 ±96 kyr 
and 702 ±67 kyr.

9.4.2.  TRIPOTAMOS-4

In situ-produced cosmogenic nuclide concentra-
tions of 26Al and 10Be for the three samples range 
from (41.57 ±2.64) to (45.41 ±2.84) x104 atom-
s/g(qtz) and (7.05 ±0.30) to (7.64 ±0.32) x104 

atoms/g(qtz), respectively (Table 2). 26Al/10Be ra-
tios are 5.48 ±0.43, 6.44 ±0.49, and 5.65 ±0.43 
for the three samples from the same stratigraphic 
layer. Based on the sampling depth of 7 m below 
the present-day surface, these ratios result in burial 
ages of 1180 ±238 kyr, 467 ±173 kyr, and 1046 
±225 kyr. Based on a constant burial depth of 50 
m, the ages are 611 ±95 kyr, 278 ±90 kyr, and 548 
±93 kyr, respectively.

9.5 DISCUSSION

9.5.1.  MARATHOUSA-1 AND TRIPOTAMOS-4

The four analyzed samples from Marathousa-1 
resulted in burial ages ranging from 609 ±96 kyr 
to 725 ±92 kyr. The large errors in the ages re-
sult from uncertainties in the cosmogenic nuclide 
concentrations as well as the propagation of these 
errors in the age calculation. Additional analyti-
cal problems were caused by the restricted sample 
amount as well as the cleanness of the quartz (e.g., 
27Al concentration). Nevertheless, the four samples 
report minimum burial ages that agree with each 
other within error (Table 2). The resulting mean 
minimum burial age is 670 ±53 kyr putting the 
sediment layer between lignite seam II and III 
within MIS 16 (Fig. 1). An assumption made and 
influencing the burial age is the cosmogenic pro-
duction rate in the sediment production area. A 
best guess of a value for this production rate is the 
production rate of the sample location. As this pro-
duction rate is a minimum value, the resulting age 
is a maximum burial age. Unfortunately, neither 
the production rates in the sediment source nor 
the burial depth over time can be completely eval-
uated. Therefore, the herein reported burial age is 
considered a best estimate possible with this tech-
nique.

The Tripotamos-4 location has similar un-
certainties with the calculated burial ages. Even 
though there was enough and well-cleaned sam-
ple material available, the calculated ages from the 
three samples collected at 7 m depth are highly 
variable. One sample does not even agree with-
in error with the other two samples. In addition, 
the sampling depth of 7 m is insufficient to avoid 
post-depositional irradiation and nuclide produc-
tion. Due to this, the burial age based on 7 m of 
overburden should be considered as the maximum 
age because if (as is likely) additional overburden 
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was present in the past, then the age would be 
younger than this 7 m overburden estimate. As-
suming that the samples were covered with 50 m 
overburden over most of the time, the mean burial 
age is 479 ±177 ky. However, the sediment deposit 
cannot be attributed to a MIS, only the relative 
stratigraphy is maintained, and the numerical age 
of the archaeological site Tripotamos-4 remains 
vague.

9.6 CONCLUSIONS

The archaeological site of Marathousa-1 has been 
attributed with relative and numerical dating tech-
niques to MIS12. However, the cosmogenic nu-
clide-based new mean burial age from Marathou-
sa-1 of 670 ±53 kyr suggests that the site could 
belong to MIS16. Unfortunately, such an age de-
termination does not match well with the rest of 
the chronological evidence based on both site- and 
basin-scale chronostratigraphic constraints (Tour-
loukis et al., 2018 and references therein). Samples 
from Tripotamos-4 could not be used to date the 
deposit above lignite seam III. The mean burial 
age based on the three samples and assuming a 
constant overburden of 50 m resulted in an age of 
479 ±177 kyr showing a large error due to highly 
variable age constraints. Therefore, considering the 
error margin of this assessment, the attribution of 
Tripotamos-4 to a MIS is not possible based on the 
available data.
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10.1 INTRODUCTION

In recent years, a growing number of Middle Pleis-
tocene sites in Europe yielding evidence of elephant 
exploitation has further fed the long-lasting debate 
over past human-elephant interactions (Konidaris 
et al., 2021). Viewed in the broader context of past 
human-carnivore-megafauna interactions, evidence 
of elephant exploitation provides further insights 
into past human behaviors, diet and subsistence 
strategies. However, modeling past human behav-
iors is not straightforward: direct types of evidence 
for repetitive elephant exploitation (i.e., cut-marks, 
bone tools or breakages for brain/marrow extraction, 
embedded lithic tools) are rather rare, whereas indi-
rect types of evidence—such as spatial association, 
or tool use-wear and residues patterns—are signifi-
cantly more common, although often questionable 

(Giusti, 2021; Konidaris and Tourloukis, 2021). 
Spatial association, for instance, does not necessari-
ly imply causation: spatial associations of lithics and 
modified fauna are not direct evidence of a cultural 
accumulation, because syn- and post-depositional 
processes may equally produce spatial associations. 
Therefore, in spite of the growing archaeological re-
cord, the mode of acquisition and processing of the 
elephant carcass, the degree of exploitation of the 
carcass, its timing relative to, eventually, carnivore 
scavenging and to the carcass decomposition are, 
more often than not, inadequately understood.

The open-air site of Marathousa 1 (MAR-1), 
Megalopolis Basin, Greece, offers important in-
sights into the understanding of the Middle Pleis-
tocene mega-fauna exploitation in Europe. The site, 
dated to ca. 400–500 ka (Marine Isotope Stage 12; 
Blackwell et al., 2018; Doukas et al., 2018; Jacobs 
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et al., 2018; Tourloukis et al., 2018a; Konidaris 
et al., 2018), yielded strong evidence (cut-marks) 
of elephant exploitation by Middle Pleistocene 
hominins. Since the site’s discovery in 2013, two 
excavation areas were systematically investigated 
until 2019: Area A (Fig. 1a) where a partial skel-
eton of a single individual of Palaeoloxodon an-
tiquus was unearthed, together with a relatively 
small number of lithic artifacts and other faunal 
remains; and Area B (Fig. 1b), about 60 m to the 
south of Area A, where the lithic assemblage is 
significantly richer and occurs in association with 
elephant remains of another individual, as well as 
remains of other mammal taxa. As yet, evidence of 
butchering (cut-marks) has been identified on two 
of the elephant bones from Area A, as well as on 
one elephant bone (accompanied by peeling) and 
other mammal bones from Area B (Konidaris et 
al., 2018). Additionally, a bone diaphysis fragment 
that most likely also belongs to an elephant, has 
been provisionally identified as a percussor, as it 
preserves percussion marks, as well as a flake scar 
and cut-marks (Tourloukis et al., 2018b). Howev-
er, despite multiple types of evidence pointing to a 

multi-carcass butchering site, it is of primary im-
portance to evaluate the taphonomy and degree of 
site integrity, before reliably deducing behavioral 
inferences from the material record.

The site occurs at the margin of a paleolake of 
the Megalopolis Basin. The sedimentary sequences 
of both areas include lacustrine and fluviolacustrine 
clastic deposits sandwiched between two lignite 
seams. A clear and well-documented hiatus divides 
both sequences in two parts: a lower subaqueous 
sequence of bedded sands and silts and an organic 
rich upper sequence partially subaerial. The hiatus 
is attributed to the exposure of a lake shore surface 
and subsequent erosion by a gravity flow process, 
such as a mud- or hyperconcentrated-flow (Kar-
kanas et al., 2018). Indeed, the sequence above 
the hiatus is characterized by a series of erosion-
al-bounded depositional units, attributed to mud-
flows (i.e., UA3–UA2, UB5–UB2; Fig. 2). The hi-
atus correlates the main find-bearing units of both 
areas, namely UA3c and UB4c (Fig. 2). Specifical-
ly, in Area A the elephant remains lie at the con-
tact of UA3c/4 and are covered by UA3c (Fig. 2a); 
while in Area B, most of the remains were collected 

Figure 1:  Distribution maps of the plotted remains from a) areas A (units UA3c and UA4) and b) B (units UB4c and UB5a), collec-
ted until 2019. Due to their high number, lithic debris/chips are not plotted. Grey zones mark the 2019 trench extensions. Area B 
is located 60 m to the South.
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from unit UB4c and mostly close to the contact 
with the underlying unit (Fig. 2b).

In order to decipher the depositional nature 
of the main find horizons, an initial spatial tapho-
nomic study was conducted in order to evaluate 
the degree and reliability of the spatial association 
of the lithic artifacts with the elephant and the oth-
er faunal remains from both areas (Giusti et al., 
2018). From different spatial perspectives, and in 
agreement with preliminary taphonomic obser-
vations of the archaeological and paleontological 
material (Konidaris et al., 2018; Tourloukis et al., 
2018b), the results all supported an autochthonous 
origin of the lithic and faunal assemblages, subject 
to minor post-depositional reworking. Thus, the 
results of Giusti et al. (2018) were in agreement 

with the current interpretation of MAR-1 as a 
butchering site. Giusti et al. (2018) analyzed mate-
rial collected from 2013 to 2016, during systemat-
ic excavations of the site. Systematic investigation 
of the site continued until 2019, allowing us to 
significantly extend the excavation areas and col-
lect more data.

The present study builds upon the previous 
preliminary results and incorporates new data, al-
lowing us to test our former conclusions and re-
fine our initial inferences. Specifically, as regards 
the spatial taphonomy of the site, the main re-
search question is whether we are still looking at 
an autochthonous assemblage (subject to minor 
post-depositional reworking), or not.

Figure 2:  Stratigraphic setting of the Marathousa 1 site, modified after Karkanas et al. (2018). Absolute elevations in m a.s.l. 
Photograph (2017) of the left femur of the Palaeoloxodon antiquus skeleton, lying at the UA3c/4 contact and covered by unit 
UA3c (a). West profile (2014) of the excavation Area B (square 932/603), exposing the UB4c/5a (black solid line) and the UB5/6 
erosional contacts (b).
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10.2 MATERIALS AND METHODS

From 2013 to 2019, systematic investigation of 
the Marathousa 1 site were carried out by a joint 
team from the Ephorate of Palaeoanthropolo-
gy-Speleology (Hellenic Ministry of Culture) and 
the University of Tübingen. High-resolution tech-
niques were used to document the archaeological 
process as completely as possible, allowing us to 
acquire a large dataset. A total station was used to 
record the three-dimensional position of finds (i.e., 
all the lithic artifacts, teeth and diagnostic bones; 
bones and organic material with length equal to 
and greater than 20 mm), samples, collected spits 
of sediment (of 5 and 10 cm thickness, in Area B 
and A respectively) and geological features, such 
as exposed erosional surfaces. The dimensions 
(length, width and thickness) of plotted finds were 
measured on-site with a millimeter accuracy. The 
orientation (plunge and bearing) of elongated 
finds was recorded with a compass and inclinome-
ter with a 1-degree accuracy.

The present study analyzes material recovered 
from the more extensively excavated stratigraphic 
units, namely UA3c and UA4 in Area A, UB4c 
and UB5a in Area B (Table 1). In order to con-
sistently use the same sampling strategy as in the 
first study, the regions of investigation are limited 
in Areas A and B to the square units excavated re-
spectively until 2016 (28 m2) and 2019 (74 m2). 
In contrast to Area B, many sediment bags from 
the last excavation campaigns in Area A are yet to 
be screened or sorted. Including sieved material is 

especially important in Area A, since the number 
of lithics (mostly debris, but also tool-resharpen-
ing chips) collected over the years from sieved sed-
iment substantially exceeded the number of finds 
plotted in the field. Nevertheless, whilst the Area 
A sample is only slightly bigger (×1.2), the Area 
B sample is definitely larger (×1.9) with respect to 
our previous dataset.

Similar to what was presented in Giusti et al. 
(2018), two contrasting hypotheses of depositional 
scenarios are here tested. The allochthonous model 
implies significant transport of the material by the 
mud-flow from the original locus of deposition to 
the site; in this scenario, the lithics and fauna can-
not be shown to belong to the same depositional 
event. In contrast, the autochthonous model as-
sumes that the flow event eroded an exposed sur-
face where the elephant and the archaeological ma-
terial were already lying. The latter model implies 
the loss of any original, pristine spatial relations be-
tween remains, but minor transport from the pri-
mary depositional locus. We are here interested in 
investigating the vertical distribution of the finds 
from both areas, with respect to the erosional sur-
faces between UA3c/4 and UB4c/5. Our assump-
tion is that a statistically significant concentration 
of unsorted finds in the proximity of the erosional 
surfaces would suggest an autochthonous origin of 
the assemblage, whereas a homogeneous vertical 
distribution of finds in UA3c or UB4c would sup-
port the allochthonous hypothesis. Indeed, gravity 
flow processes such as hyperconcentrated flows are 
highly erosive and show rather chaotic structures, 

Lithic Bone tool Fauna
Sample n Debris Flake Tool Core Mammalia AAPR

UA3c (2013-2016) 343 56 2 1 86 198

UA4 (2013-2016) 72 7 2 22 41

UB4c (2013-2019) 2324 1391 296 72 23 2 396 144

UB5a (2013-2019) 181 101 23 5 3 37 12

Table 1:  List of sampled observations for the vertical distribution analysis. The Mammalia sample includes large and small 
mammals. However, it does not include specimens of the order Proboscidea, to be sampled for further specific analysis. AAPR: 
Amphibia, Aves, Pisces, Reptilia.
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which might result in normal or inverse grading 
(Benvenuti and Martini, 2002; Pierson, 2005).

By applying an IDW (Inverse Distance Weight-
ing) interpolation of recorded random three-di-
mensional points of the UA3c/4 and UB4c/5 
stratigraphic hiatus, we were able to build geosta-
tistical models of the erosional surfaces. Thus, we 
measured the minimum orthogonal distance (d) of 
each find to the interpolated erosional surface of 
the respective area (Giusti et al. 2018). The dis-
tribution of the distances d is finally estimated by 
means of histograms and density functions.

10.3 PRELIMINARY RESULTS AND 
DISCUSSION

Fig. 3 shows the distribution of the minimum or-
thogonal distances (d) of the UA3c and UA4 finds 
to the UA3c/4 surface; and the distribution of the 
distance d of the UB4c and UB5a finds to the UB-
4c/5a surface. With regards to the units above the 
erosional surfaces (i.e., UA3c and UB4c), both dis-
tributions clearly skew to the right, with mean val-
ues between 0.1 and 0.2 m from the stratigraphic 
contact with the underlying units UA4 and UB5a. 
The density functions show that different classes of 
lithic artifacts and faunal remains have similar dis-
tributions, thus suggesting the absence of any sort 
of grading. Hence, most of the material from units 
UA3c and UB4c indistinctly occurs in proximity 
to the erosional surfaces, within the first 10-20 cm, 
whereas the rest is gradually dispersed towards the 
upper part of the units, up to about 50 cm. Such a 
distribution is consistent with the hypothesis of an 
autochthonous assemblage. Conversely, we would 
expect a normal distribution in the case of a ho-
mogeneous vertical distribution, and eventually 
inverse grading, or a continuously aggrading bed 
(Benvenuti and Martini, 2002).

As for the units below the erosional surfaces 
(i.e., UA4 and UB5a), both distributions skew 

to the left with much shorter tails. Indeed, both 
distributions are compressed within 20-30 cm be-
low surface, with mean values around 10 cm. The 
density functions of the UB5a sample show similar 
distributions for different classes of lithic artifacts 
and faunal remains, thus suggesting no size sorting.

The occurrence of material very close to, or at 
the contact with the erosional surfaces, supports 

Figure 3:  Distribution of minimum orthogonal distances (d) to 
the UA3c/4 and UB4c/5a surfaces. The histogram represents 
the total distribution; the curves express density functions for 
each class of find (UA3c fauna plots on the x-axis with negati-
ve d values); dashed lines indicate mean values.
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again our working hypothesis that the primary 
deposition of the archaeological assemblage oc-
curred in situ, and a subsequent gravity flow event 
eroded it. Thus, according to our autochthonous 
hypothesis, the material would have been only lo-
cally reworked in both areas. The exceptional pres-
ervation and number of mint-to-sharp lithic arti-
facts, as well as the rather good state of the bone 
preservation would support this hypothesis, sug-
gesting limited, if any, transport over a short dis-
tance and/or for a short time span, and a common 
taphonomic history for both lithics and fauna. A 
further indication that the lithic and fauna assem-
blages have not undergone substantial reworking 
would come from the currently in progress re-
fitting analyses. To date, 5 bone refits have been 
found from unit UB4c, and 1 between two mam-
mal bone fragments from units UB4c and UB5a. 
Similarly, a limestone flake from unit UB4c has 
been found to refit a core from the same unit, and 
a radiolarite flake from UB4b has been found to 
refit a core from UB4c. Nonetheless, the original, 
pristine spatial extension and relationship between 
items would have been lost, precluding any further 
high-resolution investigation of the spatial dimen-
sion of past human behaviors. Whereas the erosion-
al event represents a snapshot of a relatively short 
time-frame, little is known about the duration and 
intensity of the human activities before the deposi-
tional event that capped and preserved the archae-
ological record. We might argue that, considering 
the high rate of bone fragmentation and the densi-
ty of lithic debris/chips, it is likely that the assem-
blage represents a palimpsest of repeated events of 
hunting/scavenging and exploitation of lake shore 
resources, similar to what Schlanger (1992) refers 
to as a persistent place. However, little is known 
about the intensity of human activities preserved 
after the UA3/UB4 mud-flow. The sedimentary 
sequence above the main hiatus is characterized 
by a series of erosional-bounded depositional units 
all attributed to mud- or hyperconcentrated-flows 

(i.e., UA3–UA2, UB5–UB2; Fig.  2) and a rela-
tively small number of lithic artifacts and faunal 
remains were recovered from most of those units; 
nevertheless, the small amount of scattered finds 
from those units does not allow for hypothesis test-
ing – it only indicates human presence, with an 
intensity that at the present cannot be assessed.

Therefore, although we can reliably conclude 
that hominin exploitation of elephant carcasses 
and other mammals occurred at MAR-1, infer-
ences about the mode of acquisition and processing 
of the carcasses (hunting or active/passive scaveng-
ing), as well as the degree of exploitation (partial or 
complete) are speculative in light of the current in-
formation. Furthermore, despite the relatively high 
rate of cut-marks (2 out of 2 elephant individuals 
with cut-marks), the temporal resolution of the ar-
chaeological record is too low to allow for testable 
assumptions about the intensity of occupation and 
degree of exploitation (systematic or occasional) 
of elephants by humans. A better understanding 
of the frequency of past human-elephant interac-
tions has major implications for the broader debate 
about the role of meat consumption in the biolog-
ical and cultural evolution of hominins.
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11.1 INTRODUCTION

The European Lower Palaeolithic demonstrates a 
wide range of human settlements and various lithic 
production techniques. This variability is still poor-
ly understood, hindering the assessment of homi-
nin techno-economical choices. Recent studies on 
lithic variability of the Middle Pleistocene investi-
gated whether differences in assemblage composi-
tion is related to cultural or temporal trends, site 
function, or availability of raw materials.

Here we focus on small flakes which constitute 
important blanks in many lithic assemblages of the 
Lower Palaeolithic (Rocca et al., 2016). They are 
present both in Africa and Eurasia from ≥1 Ma to 
300 ka (Burdukiewicz and Ronen, 2003; Derevi-

anko, 2006; Lemorini, 2018). Although the origin 
of such assemblage diversity is still debated, it is 
proposed to be related to the age of assemblages, to 
the unique preservation of sites, or to specialized 
activities or durations. In order to better under-
stand how small lithics were utilized, we conduct 
techno-morpho-functional and traceological anal-
yses. The combined approach provides the oppor-
tunity to further assess the chaîne opératoire from 
the production of tools to their use and curation 
through the analysis of their final morphology be-
fore discard. 

We report the preliminary results from a tra-
ceological study of lithics from Marathousa 1 
(Megalopolis, Greece). The site is located in the 
Megalopolis Basin which periodically hosted an 
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ancient lake (Panagopoulou et al., 2018; Bludau 
et al. 2021). The archaeological layer is attribut-
ed to Marine Isotope Stage 12 (Tourloukis et al., 
2018a). The archaeological remains are at the con-
tact of sedimentary units UA3-UA4 and UB4-
UB5 (Karkanas et al., 2018). The excavation took 
place in two sections, approximately 60 m apart, 
areas A and B. Area A exhibits numerous elephant 
bones from a largely complete single individual 
with anthropogenic cut-marks and a low density 
of lithic finds (Konidaris et al., 2018). Area B has 
yielded a higher density of lithics, but also addi-
tional elephant remains and other bones with cut-
marks and anthropogenic modifications. The lithic 
assemblage is composed of 2058 artifacts. The raw 
materials of local origin are radiolarite, flint, lime-
stone and quartz, collected in close proximity to 
the site (Tourloukis et al., 2018b). The lithic as-
semblage is composed of exhausted cores, flakes, 
and tools and belongs to a flake-based industry. 
Blank types are varied. The aim of the debitage 
is to produce blanks with sharp and durable edg-
es. Technological studies provide numerous data 

on technological behaviors but questions remain 
about tool use and site function.

11.2 METHODS

The objective of this pilot study is to assess the 
potential for use-wear analysis on a sample of 250 
lithic artifacts from Areas A and B. The sample is 
representative of the whole assemblage (Table 1). 
The analysis was carried out in two stages: a tapho-
nomic analysis of the flint and radiolarite artifacts 
to determine the nature of post-depositional pro-
cesses; and then a functional analysis of the 250 
artefacts in the sample. This last part of the work is 
in progress: 13 pieces have been analyzed so far and 
are presented here.

The taphonomical study was founded on the 
methodological approach developed by petroar-
chaeologists (Fernandes, 2012; Fernandes and 
Raynal, 2005). The aim of this methodology is to 
identify the post-depositional processes within the 
archaeological site.

Lithic type Radiolarite Flint Limestone Quartz Sandstone Total
Unretouched blanks 148 21 15 10 1 195

Cores/Core fragments 7 0 5 2 0 14

Flakes >15 mm 96 12 8 4 1 121

Chips <15 mm 38 7 0 3 0 48

Debris 7 2 2 1 0 12

Retouched blanks 47 7 1 0 0 55

Backed pieces 9 2 1 0 0 12

Notched pieces 10 2 0 0 0 12

Denticulates 7 0 0 0 0 7

Scrapers 6 1 0 0 0 7

Core tools 7 0 0 0 0 7

Retouched pieces 4 1 0 0 0 5

Composite tools 3 1 0 0 0 4

Pointed pieces 1 0 0 0 0 1

Total 195 28 16 10 1 250

Table 1:  Sample details.



105First traceological study of the lithic assemblage from Marathousa 1

Figure 1:  Diacritical sketches of lithics with use-wear traces and photos of traces. a. functional spot polish from flake 620 (used 
in a longitudinal motion possibly for butchering activities); b. and c. crushing and smooth spot polish visible on the cutting edge of 
flake 1.2 (used to process hard material in a longitudinal motion); d. and e. angular scars oblique to the edge, smooth spot polish 
and striations oblique to the edge of flake 625 (used in a longitudinal motion for butchering activities). 
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The techno-morpho-functional approach, con-
ceived by M. Lepot (1993) and E. Boëda (1997) 
is occasionally combined with use-wear analysis 
to better characterize lithic assemblages from the 
Lower and Middle Paleolithic (Bonilauri, 2010; 
Claud, 2008; Guibert-Cardin et al., 2021). First, 
the functional analysis of lithics was conducted at 
both low and high magnifications to identify active 
parts and modes of tool use. Lastly, an analysis of 
the dorsal-scar pattern and the succession of each 
removal in the manufacturing of tools with use-
wear traces was conducted. We seek to understand 
the existing relationships between the production 
of blanks for tools, morphology, retouch and use.

11.3 RESULTS

The pieces analyzed for the taphonomical study 
are exceptionally well preserved: the overwhelm-
ing majority of the pieces examined exhibit slight 
alterations, providing the opportunity to conduct 
use-wear analysis at both low and high magnifica-
tions. Post-depositional surface modifications are 
mainly of chemical origin; however, some mechan-
ical alterations attest to slight movement of the 
lithics after deposition. This observation reinforces 
the interpretation of minor reworking of the find 
layers according to Giusti et al. (2018).

Currently, 13 lithics were analyzed for use-
wear with a stereomicroscope and a metallographic 
microscope. Five in total show use wear traces and 
one exhibits technological traces (for the detailed 
results and comparisons with the experimental 
use-wear traces see Guibert-Cardin et al., 2022). 
The remaining seven lithics do not exhibit use-
wear traces. However, this does not necessarily im-
ply that the latter were not utilized.

MAR1 1.2 (Fig. 1) is a flint flake with a back-
ing. The opposite edge is unretouched and bears 
bifacial and oblique scars and striations parallel to 
the working edge indicating a longitudinal mo-

tion. The processed material is hard because crush-
ing and smooth polish are present and scars are 
large and overlap. The active edge is unretouched 
and is opposite to a back. 

MAR1 620 (Fig. 1) is a radiolarite backed 
knife. The back is created by abrupt retouch and 
is opposite an unretouched edge bearing spots of 
smooth polish and short and isolated striations. 
These use-wear traces are similar to those produced 
during butchering activities. Striations are oblique 
to the edge indicating a longitudinal motion.

MAR1 625 (Fig. 1) is an unretouched radio-
larite tool. One edge exhibits bifacial scars, stria-
tions oblique to the edge and a symmetrical round-
ing resulting from a longitudinal motion. The scar 
characteristics are the same as those one would 
expect from butchering activities, namely with a 
triangular shape and bending and cone initiations.
MAR1 605 (Fig. 2) is an unretouched radiolarite 
flake with a short back. The secant cutting edge 
exhibits dissymmetric use-wear traces indicating 
a transversal motion. The scars have circular and 
elongated forms, and the polish is domed and 
smooth. These characteristics are indicative of 
plant processing.  

MAR1 637 (Fig. 2) is a thick radiolarite chunk 
with a convergent spine created by retouching. 
Use-wear traces are located on this spine. The scars 
are bifacial and the striations are perpendicular to 
the edge, implying a transversal bidirectional mo-
tion. The material processed is semi-hard because 
polish and striations are on high areas and the scars 
are infrequent. Rounding and numerous striations 
are indicative of an abrasive material. These traces 
are possibly related to the hammerstone, although 
they could also indicate the processing of a semi-
hard and abrasive material.

MAR1 1132 (Fig. 2) is a thick flake with a cor-
tical back opposite a retouched edge. On the face 
opposite to the retouch, the edge exhibits a band 
of polish and associated striations strictly parallel 
to each other indicating that they come from the 
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Figure 2:  Diacritical sketches of lithics with functional and technological traces and photos of traces. a. and b. circular and elon-
gated small scars opposite to a smooth domed polish on the cutting edge of flake 605 (used to process plant in a transversal 
unidirectional motion); c. and d. small irregular scars opposite to a rough to smooth polish on a slightly rounded arris with long 
striations perpendicular to the edge of flake 637 (related to technological traces or utilized on a semi hard material in a transver-
sal bidirectional motion); e. and f. large band of polish in the center of a crescent-shaped crack and numerous organized striations 
on the ventral surface opposite the retouch scars of flake 1132 (technological traces).
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same event. These traces are associated with an im-
pact mark and this combination of traces probably 
has a technological origin.

In summary, motions and material processed 

are varied. Tools exhibiting use-wear traces include 
unretouched and retouched flakes that frequently 
display a back opposite to the active edge, maybe 
to facilitate gripping.
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Longo et 
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al., 2015

La Polledrara 
di Cecanibbio, 
Italy

9 155 20 x x x x Prehension Lemorini, 
2018

Table 2:  Use-wear data on small flakes from Lower Palaeolithic sites in Europe and the Levant.
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11.4 DISCUSSION

This study confirms the exceptional state of pres-
ervation of the site. Moreover, it confirms that 
butchering activities took place at both excavation 
areas and demonstrates that plants were exploited. 
The activities carried out at Marathousa 1 involved 
a broader range of activities than originally hy-
pothesized. Tools with use-wear traces do not show 
any significant standardization in terms of blank 
shape or form, except for the recurrent presence of 
an active edge opposite a natural or retouched back 
(Guibert-Cardin et al., 2022). These first function-
al results from Marathousa 1 are part of the current 
discussions on the function of small flakes in the 
Lower Palaeolithic.

Use-wear analyses on small blanks and tools 
have been performed on assemblages from fewer 
than ten sites in total (Table 2). Small tools are 
mainly used to process soft and semi-hard mate-
rials and when worked materials can be identified, 
they primarily involve butchering activities and to 
a lesser extent, vegetal materials (Lemorini, 2018; 
Venditti, 2019; Guibert-Cardin et al., 2022). It is 
frequently suggested that small tools are used in 
the final stages of the butchering process (Longo et 
al., 1997; Venditti et al., 2019b). Our preliminary 
results suggest that small tools were used for differ-
ent tasks as also seen in the Italian sites of La Fi-
concella and La Polledrara di Cecanibbio (Aureli et 
al., 2016; Lemorini, 2018). One of the most recur-
ring questions about small tools is the mode of pre-
hension. Small flakes from Revadim, La Polledrara 
di Cecanibbio and Schöningen exhibit prehension 
traces, whereas at Qesem Cave, they were possi-
bly wrapped (Lemorini, 2018; Rots et al., 2015; 
Venditti, 2019; Venditti et al., 2019a). With the 
current functional data on tools from Marathousa 
1, there is no evidence to determine the mode of 
prehension. However, the presence of a back or an 
unsharpened edge opposite or adjacent to the ac-

tive part, as well as the lack of standardization of 
the tools, suggests hand use rather than hafting. 
Experimental reproductions of small tools demon-
strate that backing opposite to a sharp edge pro-
vides a superior grip and promotes the application 
of force and precision (Chazan, 2013; Jones, 1980; 
Starkovich et al., 2021).

This preliminary study enriches the sparse 
functional data available on small tools and more 
generally on Lower Palaeolithic tools. Use-wear 
analyses are rare on Lower Palaeolithic assemblag-
es because of taphonomic problems. However, by 
coupling techno-morpho-functional and use-wear 
analysis, it is possible to access the techno-eco-
nomic choices of human groups. The pursuit of 
the functional analysis of lithics from Marathou-
sa 1 will contribute to better qualify, quantify and 
understand tool structure, function and activities 
carried out.
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12.1 INTRODUCTION

Carbon and oxygen stable isotope analysis of 
mammalian carbonate bioapatite is, nowadays, a 
well-established and widely used approach for past 
ecological investigations and paleoenvironmen-
tal reconstructions. Carbon is incorporated into 
mammalian tissues through their dietary intake. 
In this regard, the ratios of stable carbon isotopes 
in the tissues of primary consumers—hereafter 
expressed using the delta (δ) notation, wherein 
δ13C=[(13C/12C)sample/(13C/12C)standard – 1] × 1000— 
reflect the isotopic composition of the ingested 

plant matter (DeNiro and Epstein, 1978), en-
riched by ~14.1 ± 0.5‰ in tooth enamel carbon-
ate of large herbivores (Cerling and Harris, 1999; 
Passey et al., 2005), due to physiological and met-
abolic processes. In terrestrial ecosystems, variation 
in the isotopic signature of plant carbon permits a 
distinction between the two main photosynthetic 
pathways, i.e., C4 and C3 (Ehleringer and Monson, 
1993), with the former group consisting of warm 
growth season grasses and forbs, which demon-
strate higher average δ13C value (~–13‰), and the 
latter incorporating trees, shrubs, and cool growth 
season grasses and sedges with a modern aver-
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age δ13C value of ~–27‰ (Bender, 1971; Kohn, 
2010). Within plant communities utilizing the C3 
photosynthetic pathway, additional environmen-
tally controlled fractionation occurs, which is gov-
erned by multiple factors, such as degree of canopy 
closure, water availability, temperature, irradiance, 
or atmospheric CO2 diffusion (van der Merwe and 
Medina, 1991; Heaton, 1999; Hofman-Kamińska 
et al., 2018). The interplay of these factors enables 
further habitat distinctions within the wide range 
of δ13C values documented in C3-dominated eco-
systems, since carbon isotopic ratios of herbivores 
feeding under closed canopy conditions, i.e., dense 
forests, tend to be lower than for herbivores forag-
ing in open woodlands, open parklands and grass-
lands, or at the top of the canopy (Drucker et al., 
2008; Bocherens and Drucker, 2013). 

Oxygen stable isotopic ratios in the skeletal 
tissues of large mammals essentially reflect those 
of ingested water. Variation in the isotopic compo-

sition of the latter occurs as a result of several geo-
spatial, climatic, and environmental parameters, 
for instance degree of continentality, altitudinal 
differences, amount of precipitation, temperature, 
as well as differences in the hydrological processes 
of water bodies (for a detailed overview see Peder-
zani and Britton, 2019). In organisms that acquire 
water predominantly from drinking, i.e., obligate 
drinkers, oxygen stable isotopes track primarily the 
isotopic composition of the local meteoric water 
(Kohn and Cerling, 2002). In middle and high 
latitudes, the δ18O— provided by the equation 
[(18O/16O)sample/(18O/16O)standard – 1] × 1000 —of 
meteoric water is considered to be mainly associat-
ed with surface temperature and local precipitation 
(Fricke and O’Neil, 1996), where higher δ18O val-
ues are observed in warmer and drier environments 
but lower values indicate colder or more humid 
periods (Bocherens and Drucker, 2013; Pederzani 
and Britton, 2019). 

Figure 1:  Map showing the location of European sites with available stable isotope data for Palaeoloxodon antiquus (made with 
Natural Earth, naturalearthdata.com).
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Systematic excavations at the Middle Pleisto-
cene open-air site Marathousa 1 (MAR-1) in the 
Megalopolis Basin (Peloponnese, Greece) revealed 
the partial skeleton of a straight-tusked elephant 
(Palaeoloxodon antiquus). The elephant was found 
at the base of the find-bearing sedimentary Unit 3 
in Area A and is stratigraphically and spatially asso-
ciated with lithic artefacts, and faunal (ostracods, 
molluscs, fishes, amphibians, reptiles, birds, mam-
mals) and floral remains (see Harvati et al., 2018; 
Panagopoulou et al., 2018). The archaeological 
deposits are dated to ca. 450 ka and are correlat-
ed to the glacial Marine Isotope Stage 12 (Doukas 
et al., 2018; Jacobs et al., 2018; Karkanas et al., 
2018; Tourloukis et al., 2018). The elephant skele-
ton belongs to a male individual with an estimated 
upper limit of its ontogenetic age between 64−71 
years based on the tooth wear of the preserved up-
per third molars, which is also consistent with the 
extent of epiphyseal fusion of the skeletal elements 
(Konidaris et al., 2018). Additionally, the tapho-
nomic study of the elephant’s remains revealed cut-
marks on some of the skeletal elements, indicating 
hominin exploitation of the carcass (Konidaris 
et al., 2018), while the traceological analysis of 
stone-tools further confirms that they were used in 
butchering activities (Guibert-Cardin et al., 2022). 

In this study, we employ stable isotope analysis 
on enamel carbonates in order to reconstruct the 
average diet, and, subsequently, the preferred forag-
ing habitat of the MAR-1 elephant. Since evidence 
of butchering directly associates the specimen with 
hominin activity, the resulting paleoenvironmental 
data can be used to infer the conditions surround-
ing hominin presence in the Megalopolis Βasin. 
Because only one individual was available for anal-
ysis, we compared our results with published iso-
topic data for Palaeoloxodon antiquus from other 
European Middle Pleistocene localities, namely La 
Polledrara di Cecanibbio, Casal de’ Pazzi (Palombo 
et al., 2005), and Poggetti Vecchi (Capalbo, 2018) 
in Italy; Neumark-Nord 1 (Grube et al., 2010), 

Steinheim an der Murr, and Mauer (Pushkina et 
al., 2014) in Germany (Fig. 1).

12.2 MATERIALS AND METHODS

We sampled the second distalmost lamella of 
the right upper third molar. The sample’s surface 
was mechanically cleaned with a diamond-tipped 
handheld rotary tool to remove cementum and 
expose the enamel. Subsequently, the first few mil-
limeters of the enamel layer were also removed to 
avoid contamination (Koch et al., 1997). Multi-
ple samples were drilled perpendicularly across the 
tooth-growth axis, each yielding approximately 15 
mg of enamel powder. Here, we present the av-
erage value obtained by analyzing the individual 
samples, to simulate a bulk-sampling strategy for 
the sake of comparison with other published re-
cords.

Following the pretreatment protocol described 
by Bocherens et al. (1994) and Koch et al. (1997), 
1.35 ml of 2.5% sodium hypochlorite (NaOCl) 
was added to the sample vials, homogenized with 
high-speed vibration, and left to react for 24 hours 
to remove organic matter. Subsequently, the sam-
ples were centrifuged at 35000 rounds/minute 
for 3 minutes, the solution was removed, and the 
contents were rinsed repeatedly with MilliQ water. 
Next, a 1M Acetic Acid Buffer solution was added 
and left to react with the samples for 24 hours, to 
remove nonstructural carbonates. After the acetic 
acid buffer was extracted, the samples were rinsed 
three times with MilliQ H2O and dried at 35°C 
for 72 hours. This process produced approximate-
ly 3 mg of purified biogenic apatite, which was 
reacted with concentrated orthophosphoric acid 
(H3PO4) to release CO2. Stable isotope ratios were 
then obtained by analyzing the gaseous CO2 with 
continuous multi-flow isotope ratio mass spec-
trometry (IRMS) at the University of Tübingen. 
Two international standards, IAEA-603 (Interna-
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tional Atomic Energy Agency) and NBS-18 (Na-
tional Bureau of Standards, now National Institute 

of Standards and Technology or NIST), as well as 
three in-house standards were used for calibration. 
Results are expressed using the standard δ nota-
tion: 
where jX is the heavier isotope and iX is the lighter 
isotope (Bond and Hobson, 2012). Measured ra-
tios refer to 13C/12CVPDB or 18O/16OVSMOW, wherein 
VPDB is Vienna Peedee Belemnite and VSMOW 
is Vienna Standard Mean Ocean Water.

12.3 RESULTS AND DISCUSSION

The mean δ13C of the structural carbonate from 
the enamel of the straight-tusked elephant from 
MAR-1 is –11.2‰ (VPDB). The value falls with-
in the expected range for a diet consisting purely 
of C3 vegetation (–19.5‰ − –8.0‰ VPDB) after 
applying an enrichment factor of 1.5‰ (Koch et 
al., 2004; Tipple et al., 2010) to account for the 
difference in Pleistocene atmospheric CO2 values 
relative to present day, due to the effects of fossil 
fuel burning. Furthermore, a mesic habitat consist-
ing of open woodland can be deduced, considering 
that, in temperate environments, δ13C values of 
Pleistocene herbivores lower than ~–14‰ indicate 
foraging under closed canopy forests, whereas val-
ues between –14‰ and –8‰ suggest more open 
landscapes (Farquhar et al., 1989; Ehleringer and 
Monson, 1993; Bocherens, 2003; Domingo et al., 
2017; Metcalfe, 2021). 

Similar results were obtained from the carbon 
stable isotope analysis of a Palaeoloxodon antiquus 
individual from the Middle Pleistocene site of 
Poggetti Vecchi (Italy, MIS 7), which yielded an 
average δ13C value of –11.05‰ VPDB (Capalbo, 
2018). Additionally, the δ13C value of the MAR-

1 specimen falls within the range of δ13C values 
(from –13.7‰ to –9.9‰ VPDB) obtained for the 
straight-tusked elephant population of Casal de’ 
Pazzi (Italy, MIS 7; Palombo et al., 2005). In con-
trast, results from La Polledrara di Cecanibbio (It-
aly, MIS 9) demonstrated higher δ13C values (from 
–9‰ to –10.9‰ VPDB) (Palombo et al., 2005), 
suggesting that this population was feeding in a 
drier environment with more open C3

 vegetation 
compared to the MAR-1 elephant, and the majori-
ty of the specimens from Italy correlated with MIS 
7. The δ13C values of P. antiquus specimens from 
three sites in Germany, namely Neumark-Nord 
1 (MIS 5; Grube et al., 2010), Steinheim an der 
Murr (MIS 11; Pushkina et al., 2014), and Mau-
er (MIS 15; Pushkina et al., 2014), appear to be 
lower than those of the MAR-1 specimen (Fig. 2), 
suggesting more forested and humid environments 
for the German localities. 

With respect to oxygen isotope ratios, the av-
erage δ18Ο value of the enamel bioapatite for the 
MAR-1 elephant (+23.5‰ VSMOW) plots low-
er than those of the Italian P. antiquus specimens 
correlated with MIS 7 and MIS 9, with values 
ranging between +24.8‰ and +27.6‰ VSMOW 
(Fig. 2). Higher oxygen isotopic values (+25.5‰ 
– +28.0‰ VSMOW) were also obtained for the 
specimens of Neumark-Nord 1 in Germany during 
MIS 5. However, in juxtaposition with the results 
obtained for the elephants of Steinheim an der 
Murr and Mauer, the MAR-1 elephant demon-
strates a higher δ18Ο value. This likely indicates 
that the interglacial specimens from La Polledrara, 
Casal de’ Pazzi, and Poggetti Vecchi in Italy, as well 
as those of Neumark-Nord 1, experienced warmer 
or more arid climatic conditions compared to the 
MAR-1 elephant, whereas cooler or more humid 
conditions characterize the environment of the in-
terglacial populations from Steinheim an der Murr 
and Mauer in Germany. The influence of conti-
nentality may have also contributed in part to this 
pattern, specifically concerning the comparison of 
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Figure 2:  A, mean δ13C values and B, mean δ18O values for the straight-tusked elephant (Palaeoloxodon antiquus) of Marathousa 
1 (MAR-1) compared to published Palaeoloxodon isotopic data from other European Middle Pleistocene localities. Marathousa 1 is 
the single locality correlated with a glacial stage.
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the Mediterranean sites with data from Germa-
ny, wherein values are expected to become more 
18O-depleted as distance from the coast increases. 

Overall, the results are compatible with the 
correlation of the archaeological sequence from 
MAR-1 with a glacial stage (MIS 12; see also Boni 
et al., this volume; Butiseacă et al., this volume; 
Kyrikou et al., this volume), reflecting colder 
conditions in the eastern European peri-Mediter-
ranean region during glacial stages. Nevertheless, 
the carbon and oxygen isotopic composition of the 
studied elephant individual suggests that moder-
ately humid conditions likely persisted in the Meg-
alopolis Basin, which, in turn, supported abundant 
C3 vegetation cover. This indicates that the effects 
of the glaciation in the area were less severe, creat-
ing conditions that provided essential subsistence 
resources to both fauna and hominins, therefore 
aiding their survival. 

CONCLUSIONS

The preliminary results of the stable isotope study 
on the Palaeoloxodon antiquus from the Middle 
Pleistocene of Marathousa 1 highlight the signifi-
cance of the method in obtaining important palae-
oecological insights from an individual organism 
with the prospect of addressing broader paleoen-
vironmental concepts. The present study provides 
additional support to the hypothesis that the re-
gion acted as a refugium for fauna and hominins 
through the palaeoecological characterization of 
the individual. Future research will focus on the 
investigation of intra-tooth isotopic profiles with 
the aim to obtain temporally high-resolution pa-
laeoecological data and investigate in greater detail 
potential sources of variation in the isotopic com-
position of the individual, such as possible seasonal 
fluctuations in resource availability. 
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13.1 INTRODUCTION

Regarded as one of the refugial regions of the Med-
iterranean basin during the glacial periods of the 
Quaternary in terms of the long-term persistence 
of plants (e.g., Médail and Diadema 2009; Tzeda-
kis et al., 2006), Greece would have provided the 
needed ecological conditions to sustain high biodi-
versity of plants and animals, and thus abundant 
resources for human populations. Furthermore, the 
geographic position of Greece lies directly on a ma-
jor dispersal route connecting Eurasia and Africa 

(e.g., Harvati et al., 2009; Harvati, 2016; 2022; 
Tourloukis and Karkanas, 2012). These geographic 
and ecological conditions suggest a long and con-
tinuous presence of early humans in the region 
(e.g., Harvati and Tourloukis, 2013; Harvati and 
Roksandic, 2016). Although the paleoanthropo-
logical record is relatively poor due to historical 
research biases —focusing on later archaeological 
periods— recent work has begun to uncover im-
portant new evidence on the early human presence 
in Greece.

The stratified Middle Pleistocene site Mar-
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athousa 1 (hereafter MAR-1) was discovered by a 
joint team from the Ephorate of Paleoanthropolo-
gy and Speleology (EPS), Hellenic Ministry of Cul-
ture, and the Paleoanthropology working group 
of the University of Tübingen during the 2013 
paleoanthropological survey of the PaGE project 
(‚Paleoanthropology at the Gates of Europe‘) in the 
Megalopolis Basin (Peloponnese, southern Greece; 
Thompson et al., 2018). The site was subsequently 
excavated from 2014 to 2019 under the auspices 
of the EPS in the framework of the ERC projects 
PaGE and CROSSROADS. It has yielded >1000 
stratified lithic artifacts (Tourloukis et al., 2018b), 
some of them preserving use-wear associated with 
butchering activities (Guibert-Cardin et al., this 
volume), associated with large mammal bones, 
including cut-marked specimens (Konidaris et 
al., 2018, 2022) and other faunal (Doukas et al., 
2018; Michailidis et al., 2018; Vlachos et al., this 
volume) and paleobotanical remains (Field et al., 
2018). These rich finds indicate human activities 
at MAR-1 during the Middle Pleistocene period 
spanning the glacial period that corresponds to 
the Marine Isotope Stage (MIS) 12 (Jacobs et al., 
2018; Jacobs et al., this volume; Tourloukis et al., 
2018a). 

So far, the limited evidence concerning the 
vegetation and climatically forced plant popula-
tion changes (Field et al., 2018; Nickel et al., 1996; 
Okuda et al., 2002) at the time of deposition of 
the excavated MAR-1 assemblages constrains our 
knowledge of the paleoenvironmental setting that 
sustained the Megalopolis ecosystem during the 
course of one of the most severe glacials (MIS 
12) of the Quaternary (e.g., Koutsodendris et al.,  
2019; McManus et al., 1999; Naafs et al., 2014). 
Pollen records are considered a powerful tool for 
recognizing and studying refugial sites (e.g., Kep-
pel et al., 2012 and references therein), allowing 
the inference of the diachronic shifts in past envi-
ronmental conditions and biodiversity. Their anal-
ysis can potentially furnish a continuous record of 

the vegetation components (pollen species/taxa) 
within a specific geographic area. The long-term 
persistence of plant taxa (over millennia) under 
unstable climate conditions shows in situ refugia 
(e.g., Keppel et al., 2012; Médail and Diadema, 
2009). A previously published, high-resolution 
pollen record from western Greece demonstrates 
the continuous presence of temperate tree taxa 
withstanding recurrent glacials through the Qua-
ternary (Tzedakis et al., 2002). Under this perspec-
tive, the Quaternary pollen data from our study 
area (MAR-1) in southern Greece can furnish im-
portant insights concerning the continuous persis-
tence or diminishing of temperate tree populations 
during the course of MIS 12, thereby indicating 
the potential for their survival (or not), as well as 
for other organisms related to their ecosystem at 
that time. 

To better understand the mechanisms of 
MAR-1´s dynamic paleoenvironment (e.g., Blu-
dau et al., 2021; Karkanas et al., 2018), we per-
formed a detailed palynological analysis of a pro-
file from the excavated Area B at the MAR-1 site, 
covering the lithological units from UB9 to 1 and 
spanning approximately the period from ~480 to 
~420 ka (according to the age model proposed by 
Tourloukis et al., 2018a). The scope of this study 
is to highlight first-order trends of the plant com-
munities within the Megalopolis catchment as well 
as vegetation responses to short-term climatic os-
cillations, with a particular emphasis on the fos-
siliferous and archeological horizon shortly before, 
during the course and after the hominin activity 
within the area. The palynological analysis, in con-
junction with lake level reconstruction and sedi-
mentological interpretations, can shed light on the 
local paleoenvironmental conditions that shaped 
the Megalopolis ecosystem, thus making an im-
portant contribution to the study of the site.
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13.2  STUDY AREA

The sedimentary sequence (MAR-1) is situated in 
the northwest part of the Marathousa coal mine 
(37° 24' 31.6"N, 22° 05' 29.01"E at 350 m a.s.l.; 
Thompson et al., 2018) within the Megalopolis 
Basin, located in central Peloponnese, Southern 
Greece (Fig. 1). The studied profile is 7 m long 
and subdivided into ten lithological units (here-
after UB) (Karkanas et al., 2018). It is bounded 

by two lignite seams (LG), i.e., LGII (UB10) and 
LGIII (UB1), while the rest units from UB9 to 
2 consist of lacustrine and fluviolacustrine clastic 
deposits (silts, sands, clays and lignitic clays) (e.g., 
Bludau et al., 2021; Karkanas et al., 2018). In the 
middle part of the sequence, the unit UB6 appears 
to be eroded laterally in some parts of the site. The 
sedimentological analysis attributes this erosional 
event most possibly to a localized character (Kar-
kanas et al., 2018). 

Figure 1:  Geographical and geological position of the Megalopolis Basin and Marathousa 1 (MAR-1) site [modified from Bludau 
et al. (2021)]. (A) Overview map of Europe and North Atlantic with references sites from the Mediterranean region and North 
Atlantic (Bludau et al., 2021 and references therein). Red dot shows the location of MAR-1. (B) Geographical map of SW Pelo-
ponnese showing the location of the Megalopolis Basin (red square), different coring sites of MAR-1 (red dot, present study) and 
Okuda et al. (2002) (yellow dot) within the basin, and surrounding area. Megalopolis is an intramontane basin surrounded by the 
mountains Lykaion to the west (1421 m a.s.l.), Mainalo (1981 m a.s.l.) to the east and the mountain range of Taygetos to the 
south (2404 m a.s.l.). (C) Geological map of SW Peloponnese. Megalopolis is a half-graben basin NNW-SSE oriented by Pleistocene 
secondary faults. It was formed on a Mesozoic-Palaeogene basement of the central Peloponnese and filled with Pliocene-Pleistoce-
ne fluvial and lacustrine sediments (Karkanas et al., 2018 and references therein). 
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The modern climate of the site is typically Med-
iterranean, characterized by hot and dry summers, 
while winters are wetter and milder. The mean  
annual precipitation rates range between 750–
1000 mm (Okuda et al., 2002). The present-day 
flora of Peloponnese at low and mid altitudes 
(0-1200 m) comprises Mediterranean vegetation 
with Pinus halepensis forming stands near the sea. 
Further inland, the vegetation is characterized by 
maquis ecosystems, which mainly consist of ev-
ergreen shrubs and trees (such as Olea, Ceratonia, 
Juniperus phoenica, Quercus coccifera, Q. ilex, Pinus 
halepensis, Phillyrea latifolia, Pistacia terebinthus, 
P. lentiscus, Calicotome villosa, Myrtus communis, 
etc.) and mixed deciduous forests (e.g., Carpinus 
orientalis, Ostrya carpinifolia, Quercus pubescens, 
Celtis australis, Acer, Sorbus domestica) situated on 
the higher altitudes within this zone. At higher el-
evations (>~ 900 to 1800 m), the dominant Greek 
silver fir (Abies cephalonica) forms montane forests, 
while the lower slopes (~1300-1600 m) are covered 
by dense forests of the Black Pine (Pinus nigra sub-
sp. pallasiana) (Polunin, 1980). 

13.3 MATERIALS AND METHODS

A 7-meter profile was obtained three meters north 
of Area B at the MAR-1 site during the field sea-
sons in 2017 and 2018 (see Karkanas et al., 2018 
for further details). For the scope of the study, 56 
pollen samples were analyzed with a sampling reso-
lution ranging from 5 to 15 cm. For palynological 
analysis, 3 grams of dry sediment mass were pro-
cessed for each sample. The processing was carried 
out using the standard pollen analytical methods 
modified by Fægri and Iversen (1989). The steps 
included adding of two tablets of Lycopodium 
spores (Batch No.1031/20484 spores/tablet) in 
each sample, chemical treatment with cold HCL 
(10%), KOH (10%) and cold HF (40%), acetoly-

sis, and sieving through 250 μm and 10 μm sieves. 
Residues were stored and mounted in glycerin jelly. 

	 Microscopic analysis was performed us-
ing a transmitted-light microscope at x400 mag-
nification. Pollen and spore identifications were 
based on Beug (2004), Reille (1992), Chester and 
Raine (2001), and the Northwest European Pol-
len Flora (Blackmore et al., 2003; Clarke et al., 
1991; Punt et al., 1991; 2009; van Benthem et 
al., 1984), while the identification of non-pollen 
palynomorphs (NPPs) was based on van Geel et 
al. (1981). Concerning the identification of the 
highly local (aquatic) vegetation, Poaceae pollen 
is assembled into two groups according to the 
grains’ size (Beug, 2004; Joly et al., 2007); namely 
the former group, i.e., Wild Grasses encompasses 
all grains having a diameter greater than 37 µm, 
whereas grains smaller than that are assigned into 
the group of Phragmites australis. Typha species (T. 
angustifolia and T. latifolia) and Sparganium were 
identified according to the roundness and diameter 
of pollen grains (Beug, 2004; Finkelstein, 2003).

	 Palynomorphs and NPPs were examined 
in each pollen slide, and a minimum of 500 pol-
len grains were registered per sample. The relative 
abundances of pollen taxa were calculated based 
on the total pollen sum (PS), excluding spores and 
aquatic taxa. The percentages of aquatic pollen 
taxa (see Fig. 2, groups of emergent, submerged, 
and floating-leaved) were calculated on the ba-
sis of the total pollen sum (PS) plus the sum of 
aquatic pollen taxa (AS), (PS+AS). For the pollen 
percentage diagram, data were plotted using the 
TILIA 2.4 software (Grimm, 1992). Pollen assem-
blage zones are supported via stratigraphically con-
strained cluster analysis using the CONISS soft-
ware (Grimm, 1987); the zones are labelled with 
the prefix MARPZ (MARathousa Palynological 
Zone) and numbered from the bottom to the top 
of the sequence. 
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13.4 RESULTS

Pollen preservation in the clastic sequence (main-
ly UB8–UB6) was moderate, with ample grains 
appearing to a higher deterioration degree, albeit 
without inhibiting their identification; the pres-
ervation in organic-rich layers (UB9, UB5–UB1) 
was overall good.

The results of the palynological analysis of 
the MAR-1 pollen record are presented in Figure 
2. Overall, the pollen assemblages document the 
predominance of open vegetation in the catch-
ment area of Megalopolis for most of the studied 
interval, corresponding to MIS 12 (Bludau et al., 
2021; Tourloukis et al., 2018a). More specifical-
ly, pollen abundances show three long-term veg-
etation changes: a) in MARPZ 1 (lower half of 
UB9) arboreal pollen (AP) accounts for over 50% 
of the total terrestrial taxa (mainly represented by 
mesophilous and montane taxa exhibiting mean 
values of ~30% and ~12%, respectively); this 
documents the presence of woodlands in the sur-
roundings of the Megalopolis Basin, next b) in-be-
tween MARPZ 2 and MARPZ 7 (upper half of 
UB9–lower half of UB3) the tree-pollen taxa range 
from 35% to 13%, reflecting the development of 
open vegetation communities; specifically, step-
pic taxa predominate the assemblages in-between 
MARPZ 2–MARPZ 5, reaching a mean of ~40%, 
whereas from MARPZ  6 upwards, they become 
replaced mainly by poaceous taxa (i.e., Wild grass-
es, ~21%), and c) at the uppermost part of the se-
quence, in MARPZ 8 (upper half of UB3–UB1,) 
AP values reach over 40% in total; these tree-pol-
len abundances indicate a moderate expansion of 
open woodlands in the surroundings of the basin. 
The most common tree taxa of MARPZ 8 com-
prise mesophilous taxa (~26% mean); Mediterra-
nean and pioneer taxa slightly increase by 2.5% 
and ~2% on average, respectively, compared to 
the underlying pollen assemblages. Superimposed 
on the long-term vegetation changes, three short-

term positive shifts of tree-pollen taxa are recorded 
throughout the clastic unit, with the first having 
been recorded in MARPZ 2b (upper half of UB9) 
and the other two shifts falling within the archeo-
logical horizon in MARPZ 5 and MARPZ 6, re-
spectively, each representing ~30% (on average) of 
the total terrestrial vegetation (Fig. 2). 

Concerning the local (aquatic) vegetation, the 
highest abundances of aquatic-pollen taxa (i.e., 
emergent, floating-leaved, and submerged) (~70% 
max) are documented at the lowermost part of the 
sequence in MARPZ 1. The most thriving taxon 
in this assemblage constitutes Myriophyllum (i.e., 
submerged taxa; Fig. 2), with its species M. ver-
ticillatum and M. spicatum reaching their highest 
abundances in the entire sequence, while they con-
siderably drop in the overlying lithological units 
(upper half of UB9–UB1). The emergent taxa dom-
inate the aquatic pollen assemblages from MARPZ 
2 to MARPZ 8, with Cyperaceae pollen holding 
its higher abundances in-between MARPZ 2 and 
MARPZ 4 (upper half of UB9–UB6). In contrast, 
Phragmites australis becomes the thriving species 
from MARPZ 6 upwards. The assemblages falling 
within the archeological horizon (i.e., MARPZ 5–
MARPZ 6) are marked by a short-term increase 
in the abundances of floating-leaved taxa, main-
ly of Nymphaea that exhibits ~10% on average, 
followed by a slight increase of Nuphar (Fig. 2). 
The submerged taxa appear also increased, albeit 
reaching lower abundances compared to MARPZ 
1. Regarding emergent taxa, Phragmites australis 
and Cyperaceae comprise the most common taxa 
among them; the abundances of Typha spp. and 
Sparganium show a slight increase. 

13.5 DISCUSSION 

Overall, the long-term vegetation pattern of the 
MAR-1 pollen record reflects an open plant land-
scape dominated by drought-tolerant herb com-
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munities (steppic taxa; Fig. 2), with limited forest 
cover represented by few scattered mesophilous 
trees growing in the surrounding of the Megalop-
olis Basin. This vegetation composition indicates 
dry and cold conditions during the studied in-
terval (MIS 12), particularly between MARPZ 2 
and MARPZ 7 (upper half of UB9–lower half of 
UB3). Previous investigations conducted on the 
fossil record and sediments from MAR-1 confirm 
harsh climatic conditions during the deposition of 
the corresponding lithological units (UB9–UB3) 
of the sequence (e.g., Bludau et al., 2021; Field 
et al., 2018; Karkanas et al., 2018). However, at 
the same time, when open vegetation formations 
(mainly xerophytic grasslands) predominated the 
plant landscape, the vegetation was also influenced 
by short-term positive climate shifts during the 
glacial period of MIS 12 (see §13.4). Moderate en-
hancements of mesophilous tree taxa —with the 
most prominent documented within the archeo-
logical horizon (MARPZ 5, Fig. 2)— evidence 
open deciduous woodlands occurring at low and 
mid-elevations around the basin. These temporal 
changes in tree cover suggest a climate variabili-
ty during the deposition of UB5 and UB4, with a 
shift towards milder (i.e., increased temperatures) 
and wetter (i.e., sufficient moisture availability for 
tree growth) conditions within the basin. In ad-
dition, the replacement of steppe/xerophytic ele-
ments (Artemisia, Amaranthaceae, Caryophylla-
ceae) by wild grasses and other mesic non-woody 
taxa (e.g., Poaceae, Mentha, Filipendula, Lyth-
rum-Type, Fabaceae, Gallium, Plantago lanceolata, 
P. coronopus) in MARPZ 6 (UB4; Fig. 2) confirms 
climate improvement (increasing humidity) at the 
area during that period. This palynological evi-
dence is supported by paleobotanical  and element 
data from the MAR-1 sequence. Specifically, warm 
conditions are inferred by the increased presence of 
phytoliths from Chloridoids grasses —known for 
growing in warm, open grasslands— in the cor-
responding sediments (Field et al., 2018). More-

over, a short-lived increase of Rb/Sr ratios —a 
geochemical proxy which is regarded as a precipi-
tation proxy in MAR-1’s sediments (Bludau et al., 
2021)— recorded in UB5 implies wet conditions, 
and, thus further corroborating our evidence for a 
humid climate at that period. 

	 Shortly before the deposition of the arche-
ological horizon, an abrupt decrease in the abun-
dances of all pollen taxa, spores, and NPPs is doc-
umented towards the top of MARPZ 4 (boundary 
between UB7 and UB6). An exception is the con-
current, sharp increase in the values of disturbed 
ground pollen taxa (Fig. 2). This evidence suggests 
that the dramatic drop of the proxies is rather as-
sociated with the depositional regime of the MAR-
1 sequence (see for further details in §13.2; and 
Karkanas et al., 2018) than climate change. The 
hypothesis for a variable environment during the 
deposition of UB7 and UB6 is also argued by Blu-
dau et al. (2021), who documented a sharp drop in 
the values of all geochemical and biological prox-
ies. 

	 From MARPZ 8 upwards (upper half of 
UB3–UB1), the steady increase of mesophilous 
tree taxa is accompanied by a slight rise of thermo-
philous Mediterranean ones, reflecting the gradual 
development of open mixed deciduous woodlands 
growing at low and mid-altitudes in the Megalop-
olis catchment. This evidence implies climate ame-
lioration with a shift towards warmer conditions. 
Such prevailing climate is also argued by Field et 
al. (2018), who infer warm conditions based on 
phytolith data, specifically the Chloridoids short 
grasses documented in UB2 and the upper lignite 
unit UB1 of the MAR-1 sequence.

Focusing on the strongly local vegetation of 
MAR-1, the so-called azonal vegetation, the wet-
land plants —known as reeds, sedges, and cattails 
(emergent group, Fig. 2)— are constantly pres-
ent throughout the pollen record, indicating the 
presence of marshes along the paleolake shoreline. 
Phragmites australis, the common reed, consti-
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tutes the most prominent element of the marshy 
vegetation, particularly from MARPZ 6 upwards 
(UB4–UB1). Furthermore, an enhanced abun-
dance of floating-leaved and submerged taxa (e.g., 
Nymphaea, Myriophyllum spp.) documented be-
tween MARPZ 5 and MARPZ 6 (archeological 
horizon, UB6–UB4, Fig. 2) shows the existence 
of a stagnant, shallow water environment, with a 
water depth reaching up to 2 meters (Dimopoulos 
et al., 2005) and possibly having been unaffected 
by high-energy flows. In addition to this, relative 
meso- to eutrophic conditions are also implied for 
MAR-1 paleolake owing to the increasing abun-
dance of green algae Spirogyra-Type 315 (van Geel 
et al., 1981) and Botryococcus (e.g., Shumilovskikh 
et al., 2021). Such paleoenvironmental conditions 
agree with previously published studies conducted 
on the MAR-1 sedimentary sequence (Bludau et 
al., 2021; Field et al., 2018), suggesting the pres-
ence of a shallow freshwater lake/pond environ-
ment with low suspended sediment in Marathousa 
1 at that time.

	 Towards the boundary between MARPZ 
7 and MARPZ 8 (upper half of UB3), a prominent 
increase of riparian trees, mainly of willows (Sa-
lix), points to wetter conditions at the site, given 
that moist soils are a prerequisite for their growth. 
Damp ground is also implied by the synchronous 
rise of alders (Alnus). Wetter conditions are  further 
supported by increased Rb/Sr ratios recorded in 
the corresponding sediments (Bludau et al., 2021). 
In contrast, a shift in the floristic composition of 
MAR-1’s azonal vegetation is documented in the 
uppermost palynological assemblage (MARPZ 8/
upper half of UB3–UB1). More specifically, the 
previous alluvial woodland has turned into an open 
area where sparse patches of riparian trees grow ad-
jacent to the reed marsh in the littoral zone of the 
paleolake. This vegetation change was influenced 
to a certain extent by dry conditions (decreased 
Rb/Sr ratios, Bludau et al., 2021). Furthermore, 
the floating-leaved and submerged vegetation ap-

pears to have decreased from MARPZ 7 upwards 
(UB3–UB1). Nonetheless, in this case, this de-
crease was likely affected by the lake-water environ-
ment. Indeed, increasing abundances of freshwater 
indicators (i.e., Spirogyra-Type 315; Fig. 2) have 
been recorded since MARPZ 6 (UB4), reflecting 
the growth of algal blooms in MAR-1 paleolake. 
This evidence implies eutrophic conditions in the 
water, which are known for negatively affecting the 
vegetation growing inside the water (e.g., Dong 
et al., 2014). The hypothesis of eutrophication 
in the lake-water environment is strengthened by 
geochemical and biological data from the MAR-1 
sequence. Specifically, anoxic conditions deduced 
by decreased Mn/Fe ratios (a proxy of oxygena-
tion in MAR-1’s sediments) as well as the absence 
of aquatic microfossils in the respecting deposits 
(Bludau et al., 2021) corroborate the notion of eu-
trophic waters at that time.

13.6 CONCLUSIONS

This study presents the first palynological record of 
the Lower Palaeolithic Marathousa 1 site, spanning 
the glacial period of MIS 12. It provides a concise 
overview of the vegetation development and the 
climatically forced population changes within the 
basin during one of the most intense glaciations of 
the Quaternary. Overall, our pollen dataset shows 
an open plant landscape in the surroundings of the 
Megalopolis Basin dominated by herbaceous veg-
etation. Woodlands dramatically decrease already 
from the lowermost part of the sequence (bound-
ary MARPZ 1–MARPZ 2/UB9) and become re-
placed by xerophytic grasslands predominating the 
landscape until MARPZ 5 (middle part of MAR-
1 sequence; UB5–UB6), indicating cold and dry 
conditions at that period. Short-term positive 
shifts of tree populations are also recorded with-
in the same sedimentary deposits (i.e., upper half 
of UB9–UB4; MARPZ 2–MARPZ 6), implying 
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temporarily milder and wetter conditions. Towards 
the uppermost part of the record (MARPZ 8), the 
slow but steady redevelopment of open woodlands 
in the surroundings of the basin was possibly fa-
vored by a climatic amelioration, mainly warmer 
conditions.

During the time of the deposition of the fos-
siliferous and archeological layers (i.e., UB5–UB4/
MARPZ 5–MARPZ 6), the pollen assemblages in-
dicate favorable environmental and climate condi-
tions supporting the survival of diverse ecosystems 
during MIS 12. Notably, three main vegetation 
formations are documented in these deposits. Ini-
tially, rich marshy vegetation was locally developed 
on the periphery of the paleolake, and swampy 
vegetation alongside small streams near the lake. 
Xeric (MARPZ 5) to mesic (MARPZ 6) grasslands 
represent the second vegetation formation, and the 
third one consists of open mixed deciduous wood-
lands, which temporarily occurred at the low and 
mid altitudes of the Megalopolis  Basin. This flo-
ristic composition —encompassing various ecosys-
tems within the archaeological horizon (i.e., aquat-
ic, semi-aquatic and terrestrial) (Fig. 2)— would 
have provided a variety of food sources for living 
organisms. In addition, the mosaic distribution of 
the vegetation could have furnished suitable habi-
tats for the survival of diverse wildlife species and 
hominins, thus rendering MAR-1 an attractive 
location for organisms to survive during a period 
that was marked by one of the most extensive gla-
cial phases of the Pleistocene recorded in Southern 
Greece (Pope et al., 2017).
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14.1 INTRODUCTION

The Marathousa 1 (MAR-1) site is located in cen-
tral Peloponnese, Greece (Fig. 1A), and was dis-
covered in 2013 as part of a targeted, systematic 
survey in the Megalopolis Basin by a joint team 
from the Ephorate of Paleoanthropology and Spe-
leology (Hellenic Ministry of Culture) and the 
Paleoanthropology group of the University of 
Tübingen (see Panagopoulou et al., 2015, 2018; 
Harvati et al., 2018). It is one of the few Lower 
Paleolithic sites in Greece and has been chrono-
logically assigned to the glacial period of Marine 
Isotope Stage 12 (MIS 12) (Tourloukis et al., 
2018b; Jacobs et al., 2018; Blackwell et al., 2018; 
Bludau et al., 2021). Even if paleoenvironmental 

suggestions were made by Bludau et al. (2021), the 
paleoclimatic conditions in the area are not prop-
erly constrained yet, making it difficult to assess 
the MAR-1 evidence in the context of hominin 
presence in mainland Greece during glacial peri-
ods. Here, we perform biomarker analysis to iden-
tify changes in the mean air annual temperature 
(MAAT), paleo-soil pH and organic matter input. 
Preliminary results from the Marathousa 1 Area B 
profile (Fig. 1B) indicate major changes affecting 
southern Greece during the time of hominin pres-
ence. Our data show an important cooling episode 
between ~447 and 444 ka (± 20 ka) (reported dates 
are based on the age model of Bludau et al., 2021; 
see Table 1), during the deposition of the clastic se-
quence, which ends at the stratigraphic level of the 
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archaeological horizon (350.25 cm, Table 1), with 
mean air annual temperatures as low as 4.5 °C. The 
lowest registered temperature coinciding with the 
human presence indicates a direct link between 
the environmental conditions and the hominin 
presence in Peloponnese. This evidence supports 
the hypothesis that the local climatic conditions 
at Marathousa 1 favored the survival of hominins 
and other animal species during glacial intervals, 
acting as a climatic and geographic refugium. 

14.2 MATERIALS AND METHODS

14.2.1.   LIPID EXTRACTION, FRACTIONATION 
AND ANALYSIS

Thirty-six sedimentary rock samples were collect-
ed from the Area B profile, spanning the strati-

graphic units UB10-UB1. The samples were dried, 
weighed and ground using agate mortar and pes-
tle. Lipids were further extracted using a Soxhlet 
apparatus with a mixture of dichloromethane and 
methanol 7.5:1 (v:v) and pre-extracted cellulose 
thimbles. Extracts were evaporated to near dryness 
under N2 flow using a TurboVap LV. Subsequently 
elemental sulfur was removed from the total lip-
id extracts (TLE) using Cu shreds activated using 
10% HCl. The vials containing TLE, activated Cu 
and magnetic rods were placed on a rotary table for 
>16 hours. Afterwards, the TLEs were filtered over 
a Na2SO4 column. The remaining solvents were 
evaporated using N2. The desulphurization step 
was repeated until no reaction with the Cu was ob-
served. Up to 50% of the TLE was archived while 
the rest was further separated into fractions con-
taining different lipids using Al2O3 column chro-
matography. The polar fraction containing glycerol 
dialkyl glycerol tetraether lipids (GDGTs) was dis-

Figure 1:  A) Location of the site, after Karkanas et al. (2018); B) Marathousa 1 Area B profile. Modified after Bludau et al. (2021); 
C) example of a chromatogram with the main glycerol dialkyl glycerol tetraethers (GDGTs) groups.
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solved in a 1 mL mixture of n-hexane (n-hex)/iso-
propanol (IPA)-(99:1, v:v) and slightly dispersed 
using an ultrasonic bath (~ 30s per sample) and 
filtered over a 0.45-mm PTFE filter using a 1mL 
syringe. The polar fraction was measured using an 
HPLC Shimadzu, UFLC performance, double 
column; eluents n-hex (A) and IPA (B) coupled 
with an ABSciex 3200 QTrap chemical ioniza-
tion mass spectrometer (HPLC/APCIeMS) at the 
Senckenberg Biodiversity and Climate Research 
Centre (SBiK-F) in Frankfurt am Main, Germany. 
For each sample, we used a 5 mL injection volume, 
and GDGTs detection was achieved through sin-
gle-ion monitoring. Both isoprenoid and branched 
GDGTs (isoGDGTs and brGDGTs, respectively) 
were analyzed within a single acquisition run for 
each sample. Quantification was performed using 
the Analyst software and the peaks were integrated 
manually for each sample up to five times, depend-
ing on the sample, with a final average value.

14.2.2.   MEAN AIR ANNUAL TEMPERATURE 
CALCULATION (MAAT) AND PALEO- SOIL PH 

The continental mean air annual temperature es-
timations are based on the relative distribution 
of brGDGT membrane lipids originating in the 
Megalopolis catchment area (Fig. 1C). For MAAT 
and soil pH calculation, we used the calibration of 
de Jonge et al. (2014), where:

MAAT’ = 7.17 + (17.8 × GDGT Ia) + (25.9 × 
GDHT Ib) + (34.4 × GDGT Ic) – (28.6 
× GDGT IIa)

pH = 7.15 + 1.59 × CBT’
CBT’ (Cyclisation ratio of Branched Tetraethers) 
is expressed as:

CBT= log10 ((GDGT Ic + GDGT IIa’ + 
GDGT IIb’ + GDGT IIc’ + GDGT IIIa’ + 
GDGT IIIb’ + GDGT IIIc’) / (GDGT Ia 
+ GDGT IIa + GDGT IIIa))

where GDGT I – GDGT III are brGDGTs.

Root Mean Square Error (RMSE) of the bio-
marker-based MAAT is ~4.6 °C.

14.2.3.   BIT INDEX 

The BIT (Branched and Isoprenoid Tetraethers) 
index defines the terrigenous versus aquatic com-
ponents of organic input into the basin. The BIT 
index is the ratio of the three major brGDGTs 
(mostly terrigenous) to isoGDGT crenarchaeol 
(aquatic) (Hopmans et al., 2004):

BIT= [(GDGT-I) + (GDGT-II) + (GDGT-
III)] / 

[(crenarchaeol) + (GDGT-I) + (GDGT-II) + 
(GDGT-III)]

Crenarchaeol is a compound derived from 
Thaumarchaeota (Sinninghe Damsté et al., 2002) 
and is abundant mostly in the water column, al-
though in small percentages it can also occur in 
soils (Weijers et al., 2007). BrGDGTs occur in 
high abundances in terrestrial settings, including 
soils and peats (Hopmans et al., 2004; Peterse et 
al., 2012). BIT values close to 1 indicate a predom-
inantly terrigenous source, while low values (close 
to 0) indicate a strong aquatic source of the organic 
matter (Schouten et al., 2013).

14.3 RESULTS	

14.3.1.   MAAT ESTIMATES BASED ON brGDGTs 

Measured MAAT values from Marathousa 1 
Area B range from 4.5 °C to ~10 °C (± 4.6 °C) 
(Fig. 2A, Table 1) with a mean value of 6.8 °C. 
The temperature decreases gradually from the base 
of the section (UB10, ~7.5 °C) until the middle 
(UB6) when it attains the minimum registered. 
This cooling interval is punctuated by two small 
warming events, one in UB8 (BC_145 sample, 
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MAAT equation error is 4.6 ⁰C.
Ages after Bludau et al. (2021) computed age model.
Sample Name         Age (ka) Str. level 

(cm)
MAAT (⁰C)                          
(de Jonge et 
al., 2014) 

pH                              
(de Jonge et 
al., 2014)

BIT                          
(Hopmans, 
2004)

Top25 428,86 353,05 6,71 6,65 0,99

Top50 430,31 352,80 8,88 6,68 0,99

Top100 433,09 352,30 8,39 6,75 0,99

Top115 433,91 352,15 9,14 6,62 0,99

Top125 434,36 352,05 9,97 6,73 0,98

Top150 435,86 351,80 9,18 6,45 0,97

Top170 437,10 351,60 6,36 6,23 0,99

351_30 438,90 351,30 7,35 6,57 0,99

351_15 439,81 351,15 7,62 6,58 0,99

350_95 440,98 350,95 6,90 6,66 0,99

350_85 441,59 350,85 6,89 6,50 0,99

350_70 442,50 350,70 7,02 6,42 0,99

350_65 442,79 350,65 6,97 6,57 0,99

350_55 443,40 350,55 8,59 6,42 0,99

350_40 444,30 350,40 6,80 6,51 0,99

350_25 444,63 350,25 5,17 6,56 0,99

350_20 444,91 350,20 5,93 6,58 0,99

350_15 445,22 350,15 5,08 6,47 0,99

350_05 445,22 350,05 4,95 6,44 0,99

350_00 445,22 350,00 5,50 6,83 1,00

349_95 445,22 349,95 5,24 6,41 0,99

349_85 445,71 349,85 4,64 6,37 0,99

349_75 446,35 349,75 4,54 6,30 0,99

349_70 446,68 349,70 5,35 6,85 1,00

BC_0 447,01 349,65 7,95 6,86 0,75

BC_15 448,01 349,50 7,52 6,44 0,96

BC_30 448,90 349,35 5,62 6,34 0,99

BC_55 450,65 349,10 5,12 6,36 0,98

BC_60 451,05 349,05 5,07 6,29 0,98

BC_90 453,13 348,75 5,96 6,43 0,99

BC_125 455,49 348,40 6,42 6,38 0,97

BC_145 457,01 348,20 8,40 6,48 0,89

BC_160 458,19 348,05 6,64 6,47 0,99

BC_190 459,77 347,75 5,97 6,66 0,98

BC_240 463,00 347,10 7,46 6,64 1,00

BC_320 464,00 347,06 7,57 6,92 1,00

Table 1:  MAAT, paleo-pH and BIT data obtained from GDGTs. 



Preliminary biomarker/paleoclimate reconstruction results from MARATHOUSA 1 139

8.4 °C) and another one peaking at the UB7-UB6 
transition (BC_0 sample, 8.0 °C). The interval be-
tween UB6 and the base of UB4 is marked by a 
sustained cooling episode with an average MAAT 
value of 5.2 °C, corresponding to the glacial maxi-
mum (at ~440–450 ka). After this interval, MAAT 
follows an overall warming trend towards the top, 
to reach the overall maximum in the section (in 
the top of UB2). Temperatures remain high (av-
erage value of 9.1 °C) over the entire UB1 unit 
deposition, when another cooling seems to start at 
the very top of the section (Top25 sample, 6.7 °C).

14.3.2.   SOIL pH ESTIMATES BASED ON 
brGDGTS

Paleo-soil pH values from Marathousa 1 somewhat 
follow the general MAAT trend, with values corre-
sponding to mildly acidic and neutral soils (from 
6.2 to 6.9, with an average value of 6.5; Fig. 2B; Ta-
ble 1). Values decrease gradually from UB10 (6.9, 
sample BC_320) to UB6 (6.3, sample 349_75), 
punctuated by a short interval with more neutral 
values at the UB6–UB5 contact (up to 6.9, sam-
ple BC_0). From UB6 until the top of the section, 
the pH values are increasing in a stepwise manner, 
with the most striking change in the UB3–UB2 
transition, where values increase by 0.5, from 6.2 
to 6.7, after a sharp previous decrease from ~6.5. 
The values maintain close to neutral values until 
the top of the section, with an average value of 6.7.  

14.3.3.  BIT INDEX

Compared with the other proxies, the BIT index 
values are rather constant, with an average value 
of 0.98 (Fig. 2C, Table 1). The only lower values 
in the section are corresponding to the samples 
BC_145 (0.89) and BC_0 (0.75), the last one at-
taining the minimum value. 

14.4 DISCUSSION

Quaternary glaciations have strongly shaped the 
European continent due to the large extent of 
mountain glaciers and ice caps built up during 
this time interval. MIS 12 (478−424 ka; Lisieki 
and Raymo, 2005) is the correspondent of Min-
del glaciation in the Alpine domain and Elster in 
Northern Europe, overall representing a strong 
global event. While most paleoclimatic records de-
rive from the marine domain (e.g., Alonso-Garcia 
et al., 2011; Wang et al., 2010; Lisieki and Raymo, 
2005; Zachos et al., 2008), continental archives 
are scarce due to the lack of extended depositional 
sequences. The only available records of similar age 
are from Ohrid Lake (Albania, Northern Macedo-
nia; Koutsodendris et al., 2019), Tenaghi Philip-
pon (Northern Greece; Tzedakis et al., 2006) and 
Sulmona Basin (Italy; Regattieri et al., 2016), all 
on the northern margin of the Mediterranean Sea. 

There is an increasing effort in the Mediterra-
nean area to understand and quantify these glacial 
events and the potential of isolated areas to function 
as refugia, in order to understand the presence of 
hominins and other mammals within the Mediter-
ranean and southern European space during glacial 
intervals. The Lower Paleolithic site Marathousa 1 
(~465−425 ka; Bludau et al., 2021) is particularly 
important in this discussion due to the presence 
of an archaeological level, which currently holds 
the earliest known radiometrically dated evidence 
of human presence in the region (Tourloukis and 
Harvati, 2018; Harvati et al., 2018). Therefore, in 
the current work, we will focus on the archaeolog-
ical horizon.

14.4.1.  HOW COLD WAS CENTRAL 
PELOPONNESE DURING MIS 12?

The presence of glaciers in the Peloponnesian 
mountains (Leontaritis et al., 2020) opened a new 
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question of how and if the glacial signal would be 
expressed at lower elevations. Marathousa 1 Area 
B provides the first MAAT record for MIS 12 in 
Greece, with temperatures as low as 4.5 °C (Fig. 
2A), supporting the presence of glacial conditions 
in the Megalopolis Basin during this time interval. 
The minimum temperature (glacial maximum) is 
registered in the UB6–UB5 units, until the con-
tact with UB4, between ~450−440 ka. The drop in 

temperature recorded at Marathousa 1 correlates 
with a significant decrease in tree pollen in the 
Megalopolis Basin (Kyrikou et al., this volume) 
and the presence of levels with mud cracks in the 
sedimentological record (i.e., UB6–UB5, UB5–
UB4 contacts; Karkanas et al., 2018), indicat-
ing that the intense cooling event was associated 
with evaporative conditions. An overall decrease 
in precipitation in the Mediterranean domain 

Figure 2:  Biomarker results from Marathousa 1 Area B site: A. MAAT; B. paleo-soil pH; C. BIT index. The stratigraphic units are 
represented on the left side. The tool symbol marks the archaeological horizon. Red lines depict time lines based on the  
Bludau et al., 2021 age model.
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during this period is suggested by Wagner et al. 
(2019) from the Lake Ohrid record. Interestingly, 
the paleo-soil pH values (Fig. 2B) are more neu-
tral (~6.7−6.9) for these specific levels with mud 
cracks, indicating less levigated soils, while for the 
rest of the interval (within UB6–UB5 units) pH 
values are more acidic (up to 6.3), indicating more 
humid soils. This fact can be a consequence of the 
local landscape change (Bludau et al., 2021), with 
a lake mudflat migrating due to a climate and/or 
tectonically-driven fluctuating lake level (Karkanas 
et al., 2018). Thus, soils remain more hydrated due 
to the river presence and meltwater inputs from 
higher elevations (Bludau et al., 2021) even if the 
temperatures in the basin are low. The presence of 
the lake in the center of the basin and of smaller 
ponds in the side mudflat could have further influ-
enced the local climate, as water has a higher heat 
sequestration capacity (i.e., it needs more solar en-
ergy to warm up). It is possible that the existence 
of a long-term water source in the basin could have 
elevated the temperature locally because the heat 
trapped in the lake water during summer is re-
leased slowly in the cold season, while running wa-
ter (i.e., the drainage system flowing into the lake) 
has a lower freezing point. These factors, as well as 
the sheltered position of Megalopolis Basin, result 
in relatively favorable conditions, which allowed it 
to act as a refugium for faunal as well as Paleolithic 
human communities. 

14.4.2.   HOMININ PRESENCE AT MARATHOUSA 1 
IN THE CLIMATIC CONTEXT

Marathousa 1 was excavated systematically from 
2014 to 2019 by a joint team from the Ephorate 
of Paleoanthropology and Speleology (Hellenic 
Ministry of Culture), and the Paleoanthropology 
group, University of Tübingen, in the context of 
the ERC projects PaGE and CROSSROADS (e.g., 
Panagopoulou et al., 2015; Harvati, 2016; Harvati 

et al., 2018 and references therein). Human activ-
ity is attested by >2000 lithic and bone artefacts 
(Tourloukis et al., 2018a), as well as numerous fau-
nal remains with evidence of processing by humans 
(Konidaris et al., 2018), recovered during excava-
tions from both excavation areas (Area A and B). 
In our samples, the archaeological horizon lies at 
the base of UB4 unit (Area B), (Tourloukis et al., 
2018a), at the UB4–UB5 erosional contact (Giusti 
et al., 2018). In area A, the archaeological horizon 
is found at the UA3–UA4 erosional contact, which 
is the equivalent of the UB5–UB6 contact of Area 
B, suggesting that hominins were present in the 
area during the whole interval of UB6–UB4 (Gi-
usti et al., 2018; Karkanas et al., 2018; Konidaris 
et al., 2018; Tourloukis et al., 2018a). 

Remarkably, the archaeological horizon lies 
within the very cold interval registered at Mara-
thousa 1, where MAAT vary from 5.9 to 4.5 °C 
(Fig. 2A). The association of archaeological arte-
facts with this interval indicates that hominins 
were present at Marathousa 1 during the glacial 
maximum, confirming the hypothesis that Meg-
alopolis acted as a glacial refugium (e.g., Bludau 
et al., 2021; Tourloukis and Harvati, 2018). The 
presence of a rich flora (Field et al., 2018) and fau-
na at the site, including large and small mammals 
(Konidaris et al., 2018, 2022; Doukas et al., 2018), 
birds (Michailidis et al., 2018), as well as reptiles 
and amphibians (Vlachos and Delfino, 2016; Vla-
chos et al., this volume), reinforce this conclusion, 
suggesting a continuous faunal presence in the ba-
sin during MIS 12.

The Marathousa 1 MAAT record exhibits a 
general cooling trend (Fig. 2A), from the base of 
the section up to UB4 unit base. The ~4 °C cooling 
is interrupted by two short warming peaks, the first 
at BC_145 sample (UB8) and the second at BC_0 
(UB7–UB6). The minimum calculated tempera-
ture is registered at the base of UB6, close to UB7 
contact, immediately after the warming peak (Fig. 
2A). This peak is truncated by an erosional surface, 
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part of an event that affects other proxies too (i.e., 
chemical and physical components; Bludau et al., 
2021), not only the biomarker record. Except the 
temperature curve truncation, our data indicate a 
major change also in the pH and BIT index (Fig. 
2B, C). At this specific level, BIT value is decreas-
ing dramatically from 0.96 to 0.73. Since lower 
values such as (0.73) appear usually in proximal 
marine environments (Hopmans et al., 2004), this 
anomaly could be induced by enhanced evapora-
tion. Karkanas et al. (2018) document the pres-
ence of drying cracks, as well as carbonate nodules/
concretions within this interval, highlighting the 
onset of arid conditions. Taking into consideration 
the above, we conclude that hominin presence at 
Marathousa 1 took place in the context of inten-
sification of glacial conditions in the Peloponnese, 
confirming the potential of the Megalopolis Basin 
to have acted as a refugium during MIS 12.

14.5 CONCLUSIONS

The biomarker data from Marathousa 1 indicate 
an overall cooling for the lower half of the section, 
peaking between ~450−440 ka (stratigraphic units 
UB6 to UB4). Our data confirms for the first time 
the presence of glacial conditions in the Megalop-
olis Basin and brings new insight into the MIS 12 
expression in Peloponnese. The interval with the 
lowest registered temperatures overlaps with the 
presence of hominins in the area, supporting the 
potential of Megalopolis to have acted as a refu-
gium for hominins, as well as animal and plant 
communities. 
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15.1 INTRODUCTION

Marathousa 1 (MAR-1) is a Middle Pleistocene 
(Lower Palaeolithic) locality situated in the Meg-
alopolis Basin (Arcadia, Peloponnese), an area 
known since the early 20th century for its mam-
malian fossils. It was discovered in 2013 during 
a targeted Palaeolithic survey within the lacus-
trine sediments of the basin, and excavated from 
2013 to 2019 in two large pits, dubbed ‘Area A’ 
and ‘Area B’ (Panagopoulou et al., 2018). MAR-1 
yielded important archaeological and paleontolog-
ical finds, including a partial elephant skeleton and 
other vertebrate fossils in close stratigraphic associ-
ation with evidence of human activity (lithic and 
bone artifacts, cut and percussion marks on bones) 
(Konidaris et al., 2018; Tourloukis et al., 2018).  

The identified macromammalian fauna consists of 
Macaca sylvanus cf. pliocena (macaque), Palaeolox-
odon antiquus (straight-tusked elephant), Castor 
fiber (beaver), Vulpes sp. (fox), Canis sp. (wolf-
sized canid), Mustela sp. (weasel), Lutra simplici-
dens (otter), Felis sp. (wildcat), Hippopotamus an-
tiquus (hippo), Bison sp. (bison), Dama sp. (fallow 
deer), and Cervus elaphus (red deer) (Konidaris et 
al., 2018, 2022). Moreover, the locality produced 
abundant fossils of plants, insects, ostracods, mol-
luscs, fishes, amphibians, reptiles, birds, and mi-
cromammals, which offer valuable evidence about 
the locality’s paleoenvironment and biochronology 
(Doukas et al., 2018; Field et al., 2018; Michail-
idis et al., 2018; Bludau et al., 2021; Boni et al., 
this volume). MAR-1 is radiometrically, magneto-
stratigraphically and biochronologically dated to 
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500–400 ka, and is correlated to the glacial Marine 
Isotope Stage MIS 12 (Panagopoulou et al. 2018, 
and references therein). 

Until recently, our knowledge of the fossil re-
cord of squamates and turtles in Greece has been 
limited to isolated findings. However, focused 

research during the last decade has led to a com-
plete re-evaluation of the known fossils, as well as 
to numerous new discoveries, new occurrences, 
and even new taxa (summarized in Georgalis and 
Delfino, 2022, and Vlachos, 2022; and references 
therein). In the Megalopolis Basin, turtle fossils are 

Figure 1:  Selected specimens of lizards and snakes from Marathousa 1. A) Right dentary (937.677 5a) of Lacertidae indet. 
(morphotype A) in labial (A1) and lingual (A2) views. B) Left dentary (939.671 13a) of Lacertidae indet. (morphotype B) in labial 
(B1) and lingual (B2) views. C) Right dentary (936.671 2m) of Lacertidae indet. (morphotype A)  in labial (C1) and lingual (C2) 
views and close up photographs of the teeth in labial (C3) and lingual (C4) views. D) Trunk vertebra (940.671 8a) of Natrix natrix 
in anterior (D1), posterior (D2), right lateral (D3), dorsal (D4), and ventral (D5) views. E) Mid-trunk vertebra (941.671 15a) of 
Malpolon insignitus in anterior (E1), posterior (E2), left lateral (E3), dorsal (E4), and ventral (E5) views.
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known from historical collections in Megalopolis 
(Melentis, 1966; Vlachos and Delfino, 2016), as 
well as from the more recent systematic investiga-
tions in the Kyparissia localities (Athanassiou et 
al., 2018). The purpose of this communication is 
to present our preliminary results of the study of 
the squamate and turtle specimens recovered in the 
Marathousa 1 locality.

15.2 LIZARDS 

Lizards are relatively rare, represented by isolated 
teeth and fragmentary dentaries, bearing elements 
pertaining to indeterminate Lacertidae (Fig. 1A-C). 

The best preserved lacertid specimens are den-
taries that bear teeth with pleurodont dentition, 
with typical bicuspid or tricuspid teeth, and an 
open Meckel’s groove (Fig. 1A-B) (Čerňanský and 
Syromyatnikova, 2019; Villa and Delfino, 2019). 
In some of the lacertid dentaries, the tooth crowns 
are heavily worn, and the cusps cannot be clearly 
discerned (Fig. 1C). A more precise identification 
is not possible due to the fragmentary nature of 
the specimens and the inadequate knowledge of 
the skeletal anatomy of extant lacertids. Never-
theless, it seems that the MAR-1 fossil material 
corresponds to two different lacertid species, judg-
ing from differences in the tooth morphology and 
the degree of slenderness of the dentaries (Fig. 1A 
and 1C vs. 1B), but this could only be ascertained 
upon more complete material. 

 Several different lacertids occur today in Pelo-
ponnese.

15.3 SNAKES 

Snakes are by far the most abundant squamates, 
represented by numerous isolated trunk and cau-
dal vertebrae (Fig. 1D-E). Almost all pertain to 
the natricid Natrix natrix (common grass snake). 

The absence of colubrids (which are the dominant 
snake group today) and viperids is notorious, but 
still a number of rather fragmentary vertebrae can 
only be referred to as Colubriformes indet. and 
therefore, some of them could pertain to these 
families.

Natrix natrix is by far the most abundant 
squamate in Marathousa 1; perhaps, even more 
than 90% of the identified specimens pertain to 
this species (Fig. 1D). Its taxonomic identification 
is confirmed by several characters: hypapophyses 
are present throughout the trunk vertebrae, be-
ing sigmoid and with a rounded tip; a moderately 
depressed neural arch; a neural spine that is over-
hanging both anteriorly and posteriorly; prezyga-
pophyseal accessory processes that are moderately 
long; parapophyseal processes that are directed an-
teriorly; and an elongated centrum (see Szyndlar, 
1984, 1991; Georgalis et al., 2019).

Additional fragmentary Natrix vertebrae occur 
in the sample, not preserving their hypapophyses 
and/or neural spines. Although most likely they 
too pertain to Natrix natrix, the missing relevant 
diagnostic structures cannot exclude a referral to 
the other species of the genus that occurs in mod-
ern Greek herpetofaunas, i.e., Natrix tessellata. 
They are treated here as Natrix sp.

Natrix natrix is a clear indicator of some near-
by water habitat, although the species can also oc-
cur relatively far from water. Natrix is also a com-
mon inhabitant of the extant herpetofauna of the 
area (both N. natrix and N. tessellata occur today in 
Peloponnese) and has also a relatively widespread 
and relatively continuous fossil record in Greece, 
spanning since the Miocene (Georgalis and Delfi-
no, 2022). The other snakes and lizards from MAR-
1 could probably pertain to taxa already present in 
the broader area today but this cannot be securely 
asserted with the available fossil material.

A single large vertebra can be tentatively re-
ferred to the psammophiid Malpolon insignitus 
(Eastern Montpellier snake) (Fig. 1E) based on its 
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large size and sharp haemal keel (see Georgalis and 
Szyndlar, 2022). However, there are some differ-
ences with other known Malpolon specimens, most 
importantly the very low ratio of centrum length 
(CL) to neural arch width (NAW) (CL/NAW less 
than 1.1), while this value is usually slightly high-

er in extant Malpolon specimens (CL/NAW above 
1.3). Unfortunately, important features, such as 
the length of the prezygapophyseal accessory pro-
cesses and the height of the neural spine, cannot be 
observed in this specimen due to its preservational 
status.

Figure 2:  Selected plastral elements of the turtles from Marathousa 1. A–C, Emys orbicularis: A, associated entoplastron and right 
hyoplastron; B, right hypoplastron; C, right xiphiplastron.  D–E, Mauremys rivulata: D, associated entoplastron and left hyoplastron; 
E, left xiphiplastron. Scale bar equals 1 cm.
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15.4 TURTLES 

Turtles are the most abundant reptile fossils in 
MAR-1, being more abundant in Area A with at 
least 750 specimens, compared to the approxi-
mately 100 specimens in Area B. They comprise, 
mostly, isolated elements of the carapace and plas-
tron found dispersed, without any anatomical as-
sociation (Fig. 2). Nevertheless, a few elements are 
found in articulation, including successive neural 
plates, suprapygal/pygal area, successive peripher-
als, and parts of the plastron. Additionally, some 
appendicular elements are identified, including 
fragmented humeri, parts of the pelvis, a complete 
tibia, and a phalanx. Their preservation is quite 
good, allowing taxonomic identification of many 
diagnostic elements of the turtle shell.

Although the extant herpetofauna and the fos-
sil record in Peloponnesus include both aquatic 
and terrestrial testudine taxa, all studied specimens 
in Marathousa 1 clearly belong to the freshwater 
species that currently inhabit the area: the Euro-
pean pond turtle Emys orbicularis (Testudinoidea: 
Emydidae) and the Balkan terrapin Mauremys riv-
ulata (Testudinoidea: Geoemydidae). Although 
the shells of these taxa are similar in many aspects, 
the presence of a movable hinge between the hyo-
plastra and the hypoplastra, the connection of the 
carapace and plastron with connective tissues, and 
the absence of a medially-directed pivoting process 
on the fifth peripheral bone (see Joyce and Bell, 
2004) in Emys orbicularis allow a clear distinction 
of many isolated fragments of the plastra of these 
species (Fig. 2).

Additional characters allow to further identify 
the European pond turtle in the isolated fragments 
of the Marathousa 1 turtle material: several of the 
entoplastra are hexagonal and longer than wide, 
the xiphiplastra show a rounded end with a small 
anal notch, anal scutes are much longer medially 
compared to the femorals, and the expansion of 
the vertebral 5 to the pygal (see more in Vlachos 

and Delfino 2016). However, some comparable 
elements show characters that are more compat-
ible with the anatomy of the Balkan terrapin. In 
particular, an associated wider than long entoplas-
tron and hyoplastron show a humero-pectoral sul-
cus that crosses the posterior part of the entoplas-
tron, several hypoplastra show a clear suture with 
the bridge, the presence of keels in some isolated 
neurals, and minute differences in the morphology 
and orientation of the suture between the epiplas-
tra and the hyoplastra are characters that are typi-
cally and consistently found in Mauremys.

The plastral elements of turtles are ideal for 
providing some initial estimations on the skele-
tal element representation and taxonomic abun-
dance, because plastra have—compared to the 
carapace—fewer and clearly identifiable elements 
both in terms of side and position. Based on the 
initial identifications of the Marathousa 1 mate-
rial in both Areas A and B, xiphiplastra prove to 
be the most abundant element for Emys, whereas 
the entoplastron is the most abundant element for 
Mauremys. This allows us to estimate the presence 
of at least 15 Emys and 4 Mauremys in Area A, and 
7 Emys and 2 Mauremys in Area B (based on the 
Minimum Number of Individuals, MNI). Not 
only is Emys always more abundant compared to 
Mauremys, but their relative abundances are simi-
lar in both Areas and overall: the European pond 
turtle represents at least two-thirds of the turtle 
material in Marathousa 1.

Based on all the above, we can safely identi-
fy the presence of two aquatic (freshwater) turtles, 
which indicate the presence of important and per-
manent water bodies in the area, both rivers and 
ponds. Their presence also indicates that during 
winter the average temperature should be above 
freezing, whereas average summer temperatures 
should be high enough to allow the sexual differen-
tiation based on temperature. In fact, Peloponnesus 
has been considered as a glacial refuge of Emys or-
bicularis in the Balkans (see Vlachos and Delfino, 
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2016, and references therein). Both aquatic turtle 
species identified in Marathousa 1 are known in 
the extant and extinct herpetofauna of the region 
(Vlachos and Delfino, 2016; Athanassiou et al., 
2018; Vlachos, 2022). Finally, and as these two 
species can be adapted to different environmental 
conditions including different pollution and salin-
ity levels, some degree of niche differentiation can 
be hypothesized for Marathousa 1. Further niche 
differentiation could be speculated geographically 
and/or temporally in the region, compared to the 
nearby, but stratigraphically lower Kyparissia locali-
ties, collectively and preliminarily dated to the early 
Middle Pleistocene (see Athanassiou et al., 2018). 
Besides the common presence of the European 
pond turtle, Kyparissia material does not contain 
any Mauremys specimens, but it does contain ele-
ments of a terrestrial species, the tortoise Testudo 
marginata that is so far missing from Marathousa 1.

15.5 CONCLUSIONS

The preliminary analysis of the MAR-1 reptiles 
identified the presence of lizards, snakes, and tur-
tles. Lizards are represented by Lacertidae indet. 
(possibly two species), snakes by Natrix natrix and 
Malpolon insignitus, and turtles by Emys orbicularis 
and Mauremys rivulata. In particular, the presence 
and abundance of Natrix natrix, Emys orbicularis 
and Mauremys rivulata support the existence of a 
nearby and permanent water source throughout 
the year, and altogether highlight the importance 
of the paleolake system, in agreement with the ex-
isting paleoenvironmental reconstruction of the lo-
cality. All identified reptile species are recorded in 
today’s Peloponnese, but the precise chronostrati-
graphic and paleoenvironmental context of Mara-
thousa 1 allows more detailed analyses. Therefore, 
future research will focus on the comprehensive 
analysis of the MAR-1 reptiles, including detailed 
descriptions, paleoecology, as well as the horizontal 

and vertical distribution of the specimens at the 
site.
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16.1 INTRODUCTION

The Lower Paleolithic record of Greece remains 
poorly known, even though the Greek Peninsula 
lies on one of the likeliest dispersal roots between 
Africa, Western Asia and Europe (Harvati et al., 
2009; Tourloukis and Karkanas, 2012). Further-
more, the Balkans is one of the three major south-
ern European refugia for fauna, flora, and possibly 
human populations during glacial periods, and 
therefore should have been among those parts 
of the continent that were relatively continuous-
ly occupied (e.g., Tzedakis et al., 2002; Harvati, 
2016, 2022). Notwithstanding its importance, pa-
leoanthropological research in the region has un-
til recently been sparse, mainly owing to research 
priorities focused on later periods. The scanty evi-
dence at hand chiefly consists of sites and findspots 

lacking a paleoenvironmental and chronological 
context (Tourloukis and Karkanas, 2012; Harvati, 
2016, 2022; Tourloukis and Harvati, 2018). This 
type of evidence is therefore difficult to interpret 
and offers a fragmentary and ambiguous, yet high-
ly intriguing, picture.

The recently discovered Lower Paleolithic site 
of Marathousa 1 (Panagopoulou et al., 2018; Har-
vati et al., 2018, and references therein) highlights 
the potential importance of the broader region in 
human evolution research. Located in the Mega-
lopolis Basin, Marathousa 1 dates to ca. 400–500 
ka and as such, it is one of the oldest archaeological 
sites in Greece and the only known elephant-butch-
ering open-air site in the Balkans. The open-cast 
lignite mines in the basin have exposed the geo-
logical sequence of a paleo-lake, which was active 
from ca. 900–300 ka (though frequently interrupt-
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ed by fluvial sedimentary regimes) (van Vugt et al., 
2000), hosting a rich fauna and serving as an ideal 
habitat for hominin populations (see, e.g., Koni-
daris et al., 2018; Athanassiou et al., 2018; Micha-
ilidis et al., 2018; Doukas et al., 2018). In addition 
to a long and continuous geological sequence, the 
near-shore and lacustrine conditions under which 
the Megalopolis sediments were deposited (Kar-
kanas et al., 2018) enabled the excellent preserva-
tion of organic materials: these include not only 
mammalian fauna, but also paleobotanical and 
microfaunal material (Field et al., 2018), and even 
minuscule and fragile remains such as wood, seeds, 
molluscs, rodents, birds, reptiles, eggshells, fish and 
insects (Panagopoulou et al., 2018). Therefore, the 
Megalopolis Basin offers an ideal setting to locate 
evidence of human presence during the earliest 
phases of human dispersal to Europe, as well as to 
pursue a detailed understanding of the paleoenvi-
ronmental conditions and their impact on human 
habitation and adaptation over time. 

Built upon the targeted systematic survey for 
stratified remains in 2012-13 (Thompson et al., 
2018); and the subsequent discovery (2013) and ex-
cavation (2013-19) of Marathousa 1 (Panagopou
lou et al., 2018) by our joint team in the context 
of the ERC projects PaGE and CROSSROADS, 
a new five-year project was initiated in 2018: the 
Megalopolis Paleoenvironmental Project (Mega-
Pal). MegaPal is a collaboration between the Hel-
lenic Ministry of Culture and the American School 
of Classical Studies at Athens (ASCSA). Dr. P. 
Karkanas from ASCSA in collaboration with Prof. 
Katerina Harvati from Tübingen University and 
Dr. Eleni Panagopoulou from the Ministry of Cul-
ture are leading the project, in the framework of 
the ERC grant CROSSROADS awarded to Prof. 
Harvati. MegaPal is a multifaceted interdisciplin-
ary project with many other institutes participat-
ing in its implementation.

The project has three main objectives large-

ly overlapping with the broader research goals of 
CROSSROADS:
1.	to survey exposed section profiles throughout 

the Megalopolis Basin, focusing on the lowest 
components of the geological sequence to lo-
cate archaeological evidence older than, or con-
temporary with, the chronology of Marathousa 
1 (ca. 450 ka: Jacobs et al., 2018). This goal ad-
dresses the question of whether southeast Eu-
rope was occupied already in the Early or early 
Middle Pleistocene, as is the case in the south-
western and northern parts of the continent;

2.	to help develop for the first time a regional 
chronological framework of the Lower Paleo-
lithic in Greece and the Balkans in general. This 
goal will assess whether a gap existed between 
the earliest arrival of humans and the subse-
quent human activity in the Megalopolis Basin, 
or instead to determine whether hominin habi-
tation was relatively continuous, as expected for 
areas with a refugium status;

3.	to provide a palaeoecological framework within 
which to interpret the archaeological record of 
existing (Marathousa 1) and future sites with 
human activity in the Megalopolis Basin. This 
aim addresses the question of how behavioral 
and biological changes are related to environ-
mental conditions, climatic fluctuations and 
landscape use.

16.2 METHODOLOGY

Field investigations were conducted by a small 
team of specialists (geologists, Palaeolithic archae-
ologists, paleontologists) who systematically ex-
amined the longitudinal profiles of sedimentary 
exposures. The project tests in the field a predic-
tive model for locating early hominin sites, which 
has been conceptualized based on the sedimento-
logical and stratigraphic study of the Marathousa 
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1 site (Karkanas et al., 2018). According to the 
model, the high probability areas of the geological 
sequence are those that confirm sedimentary ev-
idence of shallow lake levels, terrestrial erosional 
surfaces and subaerial exposures. This type of sed-
imentary facies occurs mainly as relatively thin 
horizons or erosional contacts within sedimenta-
ry units, which directly underlie or overlie lignite 
seams thereby denoting also depositional environ-
ments that indicate transitional conditions from 
colder to warmer climatic stages and vice versa.

The survey focused on examining the part of 
the sequence between Lignite Units I and III. Sur-
vey areas were designated as “Survey Units” (SUs), 
which are arbitrary units of observation delineated 
by stratigraphic or artificial boundaries, such as the 
start/end of a tier inside the mine (Thompson et 
al., 2018). A large number of survey units were in-
vestigated, which were located inside the mines of 
Kyparissia, Marathousa and Choremi.

In addition to field survey, an extensive sam-
pling program is in progress including a plethora 
of techniques. Several dating methods are em-
ployed including cosmogenic nuclides, paleomag-
netism, electron spin resonance, U-Th series, and 
luminescence. An extensive micromorphological 
and sedimentological analysis of strata is conduct-
ed, as well as novel soil biochemistry analyses also 
including several palaeoenvironmental proxies 
(e.g., diatoms, sponge spicules, pollen, phytoliths, 
charcoal, wood, and seed). 

Two boreholes from the Marathousa mine are 
also studied. The first one took place at the west-
ern part of the Marathousa mine and close to the 
Paleolithic site of Marathousa 1, reaching a total 
depth of 103 m. The other drill site was located at 
the northeastern part of the same mine next to the 
site of Marathousa 2 and reached a depth of 123 
m. The goal of this ongoing study, currently un-
derway at the University of Tübingen (see Bludau 

Figure 1:  Location of the archaeological and paleontological sites mentioned in the text.
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et al., this volume), is to retrieve and analyze en-
vironmental and biological proxies, such as mi-
cro-faunal and micro-fossil remains (e.g., insects, 
molluscs, ostracods, diatoms), plant micro- and 
macro-remains (pollen, phytoliths, gyrogonites, 
oospores, wood, fruit, seeds, spores, stamens, buds, 
scales), as well as geochemical and mineralogical 
data, which will altogether allow us to pursue a pa-
leoenvironmental reconstruction of the paleo-lake 
system and its evolution through time.

Finally, a tectonosedimentary analysis of the 
basin is in progress with the aim to synthesize and 
analyze the geometry and sedimentary architecture 
of the entire basin and produce a complete histo-
ry of the sedimentary fill (Kranis et al., 2020; this 
volume). The analysis of these diverse proxies, in 
combination with a well-constrained age model, 
will lead to a sophisticated, high-resolution recon-
struction of the evolution of the paleoenvironment 
of the Megalopolis Basin. This reconstruction will 
put in context the highly significant archaeological 
findings already recovered. Importantly, however, 
it will also provide a detailed framework for un-
derstanding the interaction between early humans 
and their environment, with the ultimate goal of 
elucidating human adaptation in the Pleistocene, 
as well as of establishing a predictive model for 
identifying new Lower Palaeolithic sites in the area 
and in wetland environments in general. 

16.3 RESULTS 

During the five field campaigns of the project, 
MegaPal has identified five archaeological sites, 
one every field season, an exceptional rate of dis-
covery (Fig. 1). In addition, numerous paleonto-
logical sites have been identified. The most im-
portant to be mentioned here is the oldest one, 
Choremi 6 (CHO-6), which is located under lig-
nite seam Ia and therefore predates the Brunhes/
Matuyama boundary (Tourloukis et al., 2018a). 

CHO-6 includes dental and post-cranial remains 
of hippopotamus, most likely belonging to a single 
individual. The fossils were found stratified at the 
contact between a lignite seam and the underly-
ing deposit of grey clays, at an elevation of 291 
m above sea level (masl). Oxidation features and 
rhizoliths indicate the presence of a paleo-surface 
that was subaerially exposed and was later covered 
by a swamp.

The first site discovered, Marathousa 2 (MAR-
2), was found during the first year of the project, 
in 2018, and is located in a stratigraphic position 
similar to that of Marathousa 1, but on the eastern 
side of the mine (Fig. 1). MAR-2 is located above 
lignite seam IIb and below lignite seam IIIa, at an 
elevation of 355 masl (Fig. 2a). The site produced 
mainly paleontological findings, but with clear 
evidence of human modification of the fauna in 
the form of cut marks, which indicate butcher-
ing activities in the area (Konidaris et al., 2019, 
2023). A lithic artifact was discovered during the 
last field season in the same stratigraphic unit as 
the hippopotamus bones with cut marks, thereby 
confirming the presence of human activities in the 
eastern part of the Marathousa mine (Konidaris et 
al., 2023).

The second site identified is Kyparissia 4 (KYP-
4; Fig. 1). This was an already well-known paleon-
tological locality found and studied by Athanas-
siou (2018) and Athanassiou et al., (2018). During 
a subsequent inspection of the area, lithic remains 
were discovered that could represent the earliest 
currently known evidence of human presence in 
Greece. The site lies on top of a weathered lime-
stone protrusion of the Alpine basement in the 
north-westernmost edge of the former Pleistocene 
lake at Megalopolis. The sedimentary sequence 
comprises mainly silts and organic-rich muds oc-
casionally rich in mollusc shells (Fig. 2b) that sug-
gest a shoreline environment in the proximity of a 
carbonate spring (Boni et al., this volume; Papa-
dopoulou et al., this volume). Based on the lignite 
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stratigraphy of the area, KYP-4 should be located 
close to the top of lignite seam I, at an elevation of 
330 masl and therefore is stratigraphically much 
older than Marathousa 1. 

KYP-4 is characterized by a typical Galerian 
fauna of an early Middle Pleistocene age (Athanas-
siou et al., this volume; van Kolfschoten et al., this 
volume). It comprises mainly artiodactyls (cervids, 
hippopotamids, bovids, suids), followed by rhi-
noceroses, few carnivorans, rodents, birds and tur-
tles. Additionally, a primate tooth belongs to the 

macaque Macaca sylvanus documenting the second 
evidence for the presence of monkeys in the basin 
(Konidaris et al., this volume). Whereas the faunal 
remains suggest an older age than that of Mara-
thousa 1, the lithic assemblage (N=53) is similar to 
the one of Marathousa 1 (Tourloukis et al., 2018b) 
with predominately small-sized debitage products 
and few retouched tools.

The site of Tripotamos 4 (TRP-4) was found 
in 2020 and it is located at the southwestern edge 
of the basin (Fig. 1). Archaeological and faunal re-

Figure 2:  a) Marathousa 2 site; b) Kyparissia 4 site; c) Tripotamos 4 site; d) Choremi 7 site; e) and f) Kyparissia 3 site.
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mains are concentrated along a light-colored silty-
sand layer. The findings are found at the contact 
between bluish lacustrine muds and coarser clastic 
sediments deposited in a terrestrial environment 
with clear evidence of exposure in the form of iron-
rich crusts (Fig. 2c). These sediments probably 
represent the first evidence of the transition of the 
limnic Marathousa Member to the fluvial Mega-
lopolis Member at the western margin of the basin. 
In the lignite stratigraphy, TPR4 is most likely lo-
cated stratigraphically above lignite seam IIIa at an 
elevation of about 390 masl. Therefore, the site is 
stratigraphically younger than Marathousa 1.

TRP-4 is very rich in archaeological finds, 
particularly lithics. The lithic assemblage (N=206) 
consists of flakes and flake fragments, cores, debris 
and retouched tools, and there is no evidence of 
bifacial knapping. Overall, when compared to the 
assemblages from Marathousa 1 and Kyparissia 4, 
the lithic toolkit from TRP-4 shows affinities with 
the older material from MAR-1 and KYP-4, but it 
also presents potentially noteworthy differences in 
aspects of core management and core exploitation. 
Due to the more terrestrial environment of depo-
sition, the faunal material is less well preserved, 
comprising mostly long-bone fragments, but also 
a cervid antler and elephantid lamellar fragments.

During the fourth field season the new site of 
Choremi 7 (CHO-7) was discovered. The site is 
found at the eastern margin of the mine at an ele-
vation of 384 masl, at a similar elevation to TRP-
4 (Fig. 1). Archaeological remains were identified 
at an erosional contact between bluish lacustrine 
muds of the Marathousa Member and an overlying 
underwater channel of silts and sands of the Meg-
alopolis fluvial member (Fig. 2d). In contrast to 
what was observed in the case of TRP-4, CHO-7 
is located above the entire lignite sequence of seam 
III, and specifically above the last lignite seam 
IIIc. Therefore, although both sites are located in 
a similar depositional environment at the contact 
of Marathousa limnic with Megalopolis fluvial 

sediment, CHO-7 appears to be stratigraphically 
much younger than TRP-4. This is also confirmed 
by the rich lithic assemblage that was discovered 
(N=116), which shows evidence of Middle Palae-
olithic affinities and includes tools shaped by bi-
facial knapping and preferential treatment of raw 
materials that differs from the other sites. The fau-
na is relatively rich, consisting mainly of shaft frag-
ments of cervids, a few remains of birds, and sev-
eral bones with cut-marks. Several wood fragments 
and well-preserved pinecones were also found. 
CHO-7 is the youngest site of the sequence, and 
it demarcates the end of the lacustrine phase of the 
Megalopolis Basin at the eastern margin of the ba-
sin and the beginning of the establishment of the 
modern drainage system of the Alpheios River.

Finally, the fifth site identified is Kyparissia 3 
(KYP-3) (Fig. 1). This was also an already known 
paleontological locality found and studied by 
Athanassiou (2018) and Athanassiou et al., (2018). 
KYP-3 is located above KYP-4 site at an elevation 
of 346 masl. Stratigraphically, it is placed in the 
upper parts of the clastic unit underlying Lignitic 
Seam II (Fig. 2e and f ), and is therefore young-
er than Kyparissia 4, but older than Marathousa 
1. During a reinvestigation of the area, skeletal 
remains of elephant and other large mammals 
were found in direct spatial and stratigraphic as-
sociation with lithic artifacts (Ν=19). The newly 
collected faunal material of the site is dominated 
by elephant skeletal elements (a molar and sever-
al bones, mainly ribs), but also includes artiodac-
tyls (Hippopotamidae, Cervidae, Suidae), as well 
as turtles and birds. The lithic artifacts consist of 
simple flakes, flake fragments and debris from core 
reduction, as well as a few possible tools or tool 
fragments with evidence of retouch, all of which 
are made of radiolarite.
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16.4 CONCLUDING REMARKS

The five-year program of surface and geoarchaeo-
logical investigations resulted in the identification 
of five new and important Palaeolithic sites in the 
Megalopolis Basin, all dating to the Middle Pleis-
tocene. The sites preserve cultural and faunal re-
mains in stratigraphic contexts and offer a unique 
opportunity to investigate human behavior over 
time, for an important period in the history of hu-
man evolution and in an area that had been thus 
far little investigated. There are a lot of studies to 
be conducted, but the preliminary palaeoenviron-
mental indications obtained through the Megalop-
olis geological sequence demonstrate the presence 
of humans in the basin during multiple periods 
within the Middle Pleistocene and a likely refugi-
um status of the area.
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17.1 INTRODUCTION

Greece, with its position between continental Eu-
rope, Africa and Asia, is an important crossroad for 
the hominin migration into Europe (e.g., Harvati 
et al., 2009; Tourloukis and Karkanas, 2012; Har-
vati, 2016; Harvati et al., 2018). Its significance 
as a glacial refuge or simply as a transit region is 
still heavily debated due to the scarcity of archae-
ological evidence from the Paleolithic (Agustí et 
al., 2009; Harvati, 2016; Muttoni et al., 2013; 
Reyes-Centeno et al., 2017; Stewart and Stringer, 
2012; Tsakanikou et al., 2021). The archaeological 
site Marathousa (MAR-1), located in the Mega-
lopolis Basin on the central Peloponnese, is one of 
only four Lower Paleolithic sites identified in the 

country until recently (Tourloukis and Harvati, 
2018). Its preservation and chronological frame-
work are optimal for investigating the significance 
of the region as a glacial refugium or simply a tran-
sit region. The Megalopolis Basin consists mainly 
of lignite-bearing fluvio-lacustrine sediments. The 
basin filling was drilled and cored in 2018, retriev-
ing two complete cores (MAR18-1A and MAR18-
2A) and first results are presented here. 

Preceding studies of the archaeological site 
MAR-1 revealed sediments indicative of a pa-
leo-lake shoreline environment. The sediments 
contain various fossils (e.g., mammalian bones, 
seeds, leaves and wood pieces), as well as lithic 
tools, indicating hominin activities (Field et al., 
2018; Konidaris et al., 2018; Tourloukis et al., 
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2018b). Remarkable is a large assortment of lithic 
tools in spatial and stratigraphic association with 
the bones of a straight-tusked elephant Palaeoloxo-
don antiquus that show cut marks, being evidence 
for butchering activities of hominins (Konidaris et 
al., 2018; Tourloukis et al., 2018b). MAR-1 was 
dated to ~450 ka, corresponding with Marine Iso-
tope Stage (MIS) 12. Paleoenvironmental recon-
structions conducted at the 6-m profile of MAR-1 
revealed the presence of seasonal ponds and the 
potential of the basin as a refuge for hominins and 
other animals during the tentatively harsh, glacial 
climate conditions (Bludau et al., 2021; Tourlou-
kis et al., 2018a).

The 6-m long sedimentary succession of MAR-
1 is part of the ca. 135 m thick Marathousa Mem-
ber, deposited during the Pleistocene (Van Vugt et 
al., 2001). The sediment succession is character-

ized by alternating layers of clastics (clays, sands 
and silts) and lignites (Vinken, 1965) and covers 
the period ~800–400 ka (Tourloukis et al., 2018a; 
van Vugt et al., 2001). Over the past years, addi-
tional archaeological localities within the Mara-
thousa Member have been identified (Konidaris et 
al., 2023; Karkanas et al., this volume). In order 
to provide a temporally well-constrained paleo-
environmental framework, two sediment cores, 
MAR18-1A and MAR18-2A, have been drilled 
through the entire Marathousa Member in 2018 
(Figs. 1; 2). Here, an overview of the ongoing 
analysis is presented. The deposition of the cored 
sediments occurred during the middle and end 
phase of the Early-Middle Pleistocene Transition 
(EMPT), with the Brunhes-Matuyama Boundary 
(B-M Boundary, 780 ka) located at ~83 m core 
depth in MAR18-1A (Fig. 2; see preliminary re-

Figure 1:  A) Overview of the drill location (yellow star) on the Peloponnese peninsula and sites (red stars) mentioned in the text. 
B) Drill locations of MAR18-1A and MAR18-2A (Google Earth image).
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Figure 2:  Stratigraphy of cores MAR18-1A and MAR18-2A with first µ-XRF results showing the sum of terrestrial elements (Al, Fe, 
K, Rb, Si, Ti), as well as the inferred depth of the Brunhes-Matuyama Boundary (B-M Boundary).
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sults) and with MAR-1, representing ~450 ka, 
at ~15–17 m core depth. The EMPT is a major 
global climate transition from ~41 ka to ~100 ka 
glacial-interglacial periodicity, which lasted in total 
from 1.4 to 0.4 Ma, ending with the Mid-Brun-
hes Event (Head and Gibbard, 2015). Besides the 
scarcity of terrestrial proxy-records in the Mediter-
ranean realm covering large parts of the EMPT, 
these cores, together with the number of new ar-
chaeological sites in the basin, bear a high poten-
tial for understanding how environmental changes 
may have influenced the behavior of hominins in 
Greece over time.

17.2 DATA AND METHODS

Two sediment cores were retrieved in 2018, 
MAR18-1A (N 37.408387°, E 22.090907°) ~20 
m north to the archeological site MAR-1, and 
MAR18-2A (N 37.410291°, E 22.108264°) lo-
cated 1.5 km east of MAR-1 (Fig. 1) with a drill 
depth of 103 m and 123 m, respectively. In 2019, 
additional outcrop descriptions at the MAR18-2A 
site have been conducted (MAR19-2AP) in order 
to correlate the lithologies with the drill cores. The 
drilling was carried out without liners due to the 
high abundance of lignites, with each drill run be-
ing 3 m. The cores were cut into 1 m long sec-
tions and stored in wooden boxes for transport. 
In the laboratory, the cores were transferred into 
plastic liners and cut into two halves lengthwise, 
with an archive half for non-destructive analyses, 
and a working half for destructive analyses. After 
core opening, a detailed core description was per-
formed, followed by non-destructive µ-XRF core 
analysis at the Geoscience department at Cologne 
University. Core logging was performed using the 
Corelyzer and Psicat software.

The core analysis is complemented by ongoing 
grain-size analysis, CNS, TOC, micro-tephra, as 
well as paleomagnetic measurements. In order to 

provide an age model for the drilled cores, differ-
ent age modelling approaches are currently tested 
for their robustness focusing on the uppermost 87 
m of the MAR18-1A core. The study utilizes and 
compares three different age modelling approach-
es: a) a classical statistical model with a static band-
pass filter (Duesing et al., 2021; Grant et al., 2017; 
Hays et al., 1976); b) the multiband wavelet model 
(MUBAWA) with adaptive bandpass filters (Dues-
ing et al., 2021), both tuning the dataset to orbital 
parameters; c) a hiatus model that constructs an 
age model based on dating and statistical proper-
ties of the sediments and their depositional behav-
ior (Trauth, 2014). At 87 m depth, a drastic shift 
in sedimentology pattern (dark lignites and clays 
to grey and brown clays) indicates the presence of 
a considerable hiatus. Consequently, the study is 
restricted to the uppermost 87 m. The hiatus oc-
curs just below the approximate depth of the B-M 
Boundary, which is tentatively at ~83 m, and is 
considered to indicate that either the Early Pleis-
tocene or the Pliocene sediments (clays, sands and 
gravels) of the underlying Trilofon Formation have 
been reached.

17.3 PRELIMINARY RESULTS

17.3.1.  STRATIGRAPHY AND µ-XRF

While the drilled core depths were 103 m (MAR18-
1A) and 123 m (MAR18-2A), the described ma-
terial encompasses ~119 m and ~131 m, respec-
tively. The differences in lengths can be caused by 
the open-core-drilling technique, where clays can 
stretch and lignites expand, by gas (CH4) expan-
sion or sediment lengthening during core lifting 
from the borehole. Both cores consist of alternately 
deposited clastic material (clay, silt and sand) and 
lignites, with the occurrence of more clastic mate-
rial in the lower parts (Fig. 2). Due to the irregular 
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behavior of lignites and their different composition 
in general, lignite seams in the cores can only ten-
tatively be assigned to the three (LGI/Elias, LGII/
Otto, LGIII/Panagiotis) known lignite seams from 
outcrop observations. The correlations place LGI 
in MAR18-1A between depths ~87–52 m, LGII 
to ~48–20 m and LGIII to 17–3 m. Respective 
lignite seams are found in MAR18-2A core at 
~124–92 m (LGI), ~71–53 m (LGII) and ~48–28 
m (LGIII) depths.

An important change in MAR18-1A core li-
thology takes place at a depth of ~87 m (Fig. 2). 
Massive yellowish brown silty and sandy clays oc-
casionally interrupted by olive-grey clays (below) 
sharply transition to black and grey lignites that 
are intercalated with layers of reddish, brown and 
grey clays, silts and sands (above). While iron oxide 
and carbonate nodules often appear in the clastic 
layers, their number is markedly higher in the low-
er part of the core. Shell fragments can often be 
found in the lignites and lignitic clays. Compared 
to MAR18-1A, MAR18-2A contains significantly 
less black and grey lignites and rather dark green-
ish-grey, as well as olive-grey, clastic material. The 
clastics comprise clays, silts and sands, and often 
contain iron and carbonate nodules. Shell frag-
ments were encountered especially in the lower lig-
nites and in some thin layers of the upper clastics. 
The differences in the thickness and sedimentology 
of the two cores are attributed to their location rel-
ative to the former lake. MAR18-1A is located at 
the western, shallower margin of the basin, where-

Section Section 
Depth

 Core 
Depth 

 
Tephra 

MAR18-1A 08-1 0.57—0.58 13.06—
13.07 —

MAR18-1A 12-1 0.10—0.11 25.15—
25.16 +

MAR18-1A 12-2 0.08—0.09 26.00—
26.01 +

MAR18-1A 12-2 0.15—0.16 26.07—
26.08 +

MAR18-1A 12-3 0.05—0.06 27.03—
27.04 +

MAR18-1A 13-4 0.34—0.35 31.20—
31.21 —

MAR18-1A 14-2 0.18—0.19 32.00—
32.01 —

MAR18-1A 22-3 0.70—0.71 51.55—
51.56 —

MAR18-1A 26-2 0.24—0.25 62.51—
62.52 —

MAR18-1A 26-2 0.49—0.50 62.76—
62.77 —

MAR18-1A 26-2 0.58—0.59 62.85—
62.86 —

MAR18-1A 26-2 0.86—0.87 63.13—
63.14 —

MAR18-1A 29-4 0.08—0.09 72.80—
72.81 —

MAR18-1A 29-4 0.25—0.26 72.97—
72.98 —

MAR18-1A 29-4 0.40—0.41 73.12—
73.13 —

MAR18-1A 29-4 0.50—0.51 73.22—
73.23 —

Core 
Depth 

(m)

Age 
(ka)

 Error 
(ka) Method

12.95 415 46
Post-infrared infrared stimu-
lated luminescence (Jacobs et 
al., 2018)

13.05 420 10 Age modelling (Tourloukis et 
al., 2018)

18.05 451 35
Post-infrared infrared stimu-
lated luminescence (Jacobs et 
al., 2018)

19.45 457 40
Post-infrared infrared stimu-
lated luminescence (Jacobs et 
al., 2018)

19.55 468 34
Post-infrared infrared stimu-
lated luminescence (Jacobs et 
al., 2018)

20.00 480 10 Age modelling (Tourloukis et 
al., 2018)

83.00 780 10 Paleomagnetic measurements

Table 2:  Overview of dating methods, ages and errors used in 
the age modelling.

Table 1:  Overview of analyzed µ-tephra samples in core secti-
ons and with total core depth.



Ines J. E. Bludau et al.170

as MAR18-2A is placed in the eastern, deeper part 
of the former lake (Vinken, 1965).
The µ-XRF analysis reveals high counts of terres-
trial elements (e.g., Al, Ti, K, Fe, Rb, Si) typically 
observed in the clastic sediments, while low counts 
mirror the organic rich lignites. 

17.3.2.  CHRONOLOGY

The first results of the paleomagnetic analyses of 
MAR18-1A reveal the presence of the B-M Bound-
ary located between ~81.5–84.5 m core depth. The 
tentative depth of the archaeological site MAR-1 
sediments in the core MAR18-1A, that is dated to 
~450 ka, most likely at 14–16 m core depth. Con-
sequently, the sedimentary sequence between the 
lowermost and uppermost lignite seam in the core 
must encompass at least the time period between 
~780–450 ka.

For micro-tephra analysis, horizons were se-
lected where odd peaks in the in the µ-XRF record 
occurred. While tephra shards could be identified 
in several samples (Tab. 1), it was not enough for a 
more detailed analysis.

On the basis of the existing and preliminary 
ages (Tab. 2), the different age models (Trauth, 
Classic, MUBAWA) yield a rough general dep-
ositional time period of MAR18-1A between 
~350–800 ka, ~410–800 ka and ~375–900 ka, 
respectively, with high internal depositional vari-
ations (Fig. 3). Of those, the age model generated 
with the MUBAWA code is considered the best fit-
ting one. This highly statistical approach does not 
overly rely on input ages, it utilizes them only as 
control feature to evaluate the precision of various 
generated models, and compensates for post depo-
sitional diagenetic changes like compaction. 

17.4 FUTURE PERSPECTIVE

The cores MAR18-1A and MAR18-2A are re-
markable due to their length and continuity in 
sedimentation which is unparalleled in this region 
so far. Combining the results of the cores MAR18-
1A and MAR18-2A with the two contemporane-
ous climate archives of Tenaghi Philippon (Tzeda-
kis et al., 2006) and Lake Ohrid (Wagner et al., 
2019), grants the opportunity to provide a region-

Figure 3:  Summary of different age modelling approaches of core MAR18-1A with MUBAWA 1 being the preferred age model at 
this stage of the analysis.
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al paleo-climate gradient map of the EMPT and its 
potential impact on hominin migrations. The in-
sights gained by performing a paleoenvironmental 
reconstruction from the cores using a multiproxy 
approach including pollen, biomarker, geochem-
istry and aquatic microfossils will help to identify 
why and when the Megalopolis Basin has served 
as a refuge region. Furthermore, potential forcing 
mechanisms that may have triggered hominin mi-
grations could be identified, increasing the under-
standing of potential migration routes. Finally, it 
will be possible to clarify why hominins choose to 
settle in certain areas, which in turn might aid in 
identifying other archeological sites.
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18.1 INTRODUCTION

The Megalopolis Basin (Peleponnese, Greece) host-
ed a large lake during the Pleistocene. Its sequence 
consists of fluviolacustrine deposits containing lig-
nite seams. The paleolake sequence commences at 
~900 ka and continued to ~150 ka, covering the 
late Early Pleistocene and the entire Middle Pleisto-
cene (Tourloukis et al., 2018 and references there-
in). It offers the unique opportunity to investigate 
human activity in the basin and its environmental 
context through time, the goal of the MEGAPAL 
survey and CROSSROADS project (Harvati, this 
volume; Karkanas et al., this volume).

In order to shed light on the chronological 
framework of human activity and paleoenviron-
mental change in the Megalopolis Basin, we ap-

plied U-series analyses on bone samples from a 
series of archaeological and paleontological sites in 
the basin. Bone fragments of macro-mammals (37 
specimens in total) were sampled from stratified 
contexts from four sites: Kyparissia-3 (8 specimens) 
and Kyparissia-4 (19 specimens) are located at the 
eastern part of the Kyparissia mine, and both yield-
ed a rich vertebrate fauna (including mainly cer-
vids, hippopotamuses and elephants), while Kypa-
rissia-T (5 specimens), located in the southern part 
of the mine, represents mainly an accumulation of 
hippopotamus bones (Athanassiou et al., 2018). 
The previously known Kyparissia-4 paleontologi-
cal locality was recently revisited by the CROSS-
ROADS team, resulting not only in an expansion 
of its known faunal assemblage (Athanassiou, et 
al., this volume), but importantly in the identi-
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fication of associated lithic artifacts (Karkanas et 
al., this volume). The fourth site, Tripotamos-4 (5 
specimens), a newly discovered locality, is located 
at the southeastern corner of the Choremi mine 
and yielded a rich lithic assemblage together with 
some faunal remains, belonging mainly to cervids 
and bovids (Karkanas et al., this volume). 

18.2 MATERIALS AND METHODS

18.2.1.  U-SERIES DATING

The U-series results show a complex mixture of 
overprinting U-diffusion processes, which require 
a basic introduction to U-series analyses of bones. 
The bones of living organisms are virtually free 
of uranium, which helps to keep mutation rates 
down. Any uranium that is measured in fossil 
bones migrated into the bone after it was buried. If 
the U-uptake was a fast process, occurring shortly 
after burial, the calculated closed system U-series 
age is close to the burial age. However, if the dif-
fusion process is ongoing or delayed, the calculat-
ed closed system U-series results underestimate 
the burial age by an unknown amount. Delayed 
strong U-uptake is often associated with hydrolog-
ical changes, e.g., river incisions leading to an acti-
vation of the ground water circulation or changes 
in the precipitation regime. The calculated U-series 
results must therefore be regarded as minimum age 
estimates for the burial of the bone and actually 
indicate the timing of a U-uptake event. On top of 
this, U-leaching may occur, which complicates the 
interpretation of the results even further. 

The basic principles of U-series measure-
ments using laser ablation mass spectrometry and 
the interpretation of the results from bones were 
described by Grün et al. (2014). U-series dating 
is based on the fact that uranium (U6+) is water 
soluble while thorium is not. Minerals precipitat-

ed from water contain U, but no Th. Within the 
238U decay chain, the activity ratio of 230Th over 
234U is zero to start with. In addition, most wa-
ters contain an excess of 234U over 238U. With time 
the 230Th/234U activity ratio will increase until it 
reaches equilibrium (230Th/234U=1) after about 600 
ka. Similarly, the 234U/238U ratio will decline until 
it reaches equilibrium (234U/238U=1). There is no 
straight algorithm for solving the age equation, 
this is done by iterations in a computer program. 
Graphically, it can be shown in an isotope evolu-
tion diagram (lower most panels of the Figures). 
The measured 230Th/234U and 234U/238U values are 
plotted into the diagram. The curved horizontal 
lines show the development of the 234U/238U ratio 
over time and the vertical lines give the age. Fol-
lowing the 234U/238U lines to the Y-axis yields the 
initial 234U/238U ratio (234U/238U0) that was present 
in the U-source.

18.2.2.  DIFFUSION ADSORPTION AND 
DIFFUSION ADSORPTION DECAY MODELS 

Two models were developed for describing U-dif-
fusion into bone: diffusion adsorption (DA; for 
details see Pike et al., 2002) and diffusion adsorp-
tion decay (DAD; Sambridge et al., 2012). Both 
treat bone as a homogeneous medium, thus are 
only applicable to dense bones. Looking at a cross 
section of a bone, the DA model predicts constant 
234U/238U ratios and u-shaped U-concentration 
and age profiles. The model assumes that after an 
unspecified, but relatively short time after burial 
the system becomes closed (Pike, 2000). Thus, the 
afore-mentioned u-shaped age profiles will flatten 
out with time. If older samples are plotted in an 
isotope evolution diagram, they will form a clus-
ter (see e.g., Fig. 2D). The DAD model assumes 
continuing U-diffusion. The U-concentration and 
age profiles are similar to those of the DA mod-
el, however, the 234U/238U ratios would also show a 
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u-shaped profile and the u-shaped age profiles are 
maintained over time, similar to Figs. 6F and G. In 
the isotope evolution diagram, the data would cross 
the 234U/238U evolution lines, as shown in Fig. 6H.

Leaching can be recognised by increasing ages 
towards the outside of the bone combined with de-
creasing U-concentrations. Data points that lie to 
the right of the 234U/238U lines in the isotope evo-
lution diagram must have experienced U-leaching 
(e.g., Fig. 7D). Secondary overprints are character-
ised by lower ages at the outside (e.g., Fig. 2G). If 
the U-source of a secondary overprint has a differ-
ent 234U/238U0 composition, these show up in the 
234U/238U cross sections (e.g., Fig. 1B) and isotope 
evolution diagrams (e.g., Fig. 1D). 

The samples were measured at the Radioiso-
tope Laboratory at the School of Earth and En-
vironmental Sciences, University of Queensland 
following the procedures described by Grün et al. 
(2014). All isotopes were measured simultaneous-
ly. The figures show examples of the various U-dif-
fusion processes. All errors are 2-σ. Averaged ages 
from a bone sequence were calculated from the in-
tegrated analytical results before converting them 
into a single age. No 232Th corrections were carried 
out as all analyses had elemental U/Th ratios well 
in excess of 1000. 

All samples from Kyparissia-T were from 
spongy bones and were not analyzed. The other 
three sites are discussed by their relative age ac-
cording to their stratigraphical position (youngest 
to oldest). 

18.3 RESULTS

18.3.1.  TRIPOTAMOS-4

Figs. 1 and 2 show the results from four of the 
five bones from the site. TRP4-F29 (Figs. 1A to 
D) shows two distinct U-diffusion processes. To-

wards the outside, the 234U/238U ratios and U-con-
centrations increase while the 230Th/234U ratios and 
resulting ages decrease (Figs. 1B, C), indicating 
a secondary U-overprint. The process is clearly 
demonstrated in the isotope evolution diagram 
(Fig. 1D). The central data points cluster around 
180 ka, but it cannot be ascertained whether these 
were also partly affected by the secondary over-
print. Thus, it is not certain that this cluster pres-
ents the timing of an earlier distinct U-diffusion 
event. Note that the secondary overprint is very re-
cent (Holocene). TRP4-F24 (Figs. 1E to H) shows 
an older section with higher 234U/238U ratios, low-
ering towards the outside (Figs. 1F). These regions 
are associated with increasing 230Th/234U ratios and 
decreasing U-concentrations (Figs. 1F, G), both 
signs of leaching. This is further demonstrated 
in the isotope evolution diagram with two data 
points in the leaching zone (Figs. 1H). The central 
data cluster has an average age of 206±11 ka. 

Samples TRP4-F20 and F31 (Fig. 2) be-
have significantly different to the previous two. 
TRP4-F20 (Fig. 2A to D) is the best-behaved sam-
ple of the whole data set. As there is no structure 
in the isotope ratio and age cross sections (Figs. 
2B and C), continuous diffusion can be ruled out. 
The cluster in Fig. 2D represents a single diffusion 
event at 362±43 ka. TRP4-F31 (Fig. 2E to H) 
shows a secondary overprint at the outside from a 
U-source with higher 234U/238U0 ratios. The rest of 
the data form a cluster at 466±110 ka. A third sam-
ple (TRP4-F23), behaving similarly to F-31, con-
tains a cluster at 368±46 ka. The weighted mean of 
the three samples points to a U-mobilisation event 
at 365±31 ka.

At Tripotamos-4 three distinct U-uptake 
events are recorded: the last during the Holocene 
(overprint in TRP4-F29), an earlier during MIS 
7 (191 to 243 ka, MIS boundaries from Lisiecki 
and Raymo, 2005). The three older clusters may be 
the result of two uptake phases, one during MIS 9 
(300 to 337 ka), the other during MIS 11 (374 to 
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424 ka), however, the data are not precise enough 
to make this distinction. The weighted mean is 
closer to MIS 11 but does not exclude MIS 9.

18.3.2.  KYPARISSIA-3

Probably the most interesting sample from this site 
is KYP-901. It contains virtually no uranium: 0.25 

ppm at the first data point and 0.09±0.04 ppm for 
all others. This means that there are areas where no 
U-mobilisation took place for more than 400 ka. 
The presence of the lignite bands may be respon-
sible for the complex U-history of the bones. The 
lignite redox reduces U6+ to U4+, which is water in-
solvable. If waters run through a high redox area 
before reaching a bone, it may well be free of any 
uranium (as perhaps demonstrated by KYP-901). 

Figure 1:   Results of TRP4-F29 and TRP4-F24 from Tripotamos-4. A, E: photos of the bone and location of the individual laser 
spot analyses; B, F: Plot of the measured 230Th/234U and 234U/238U ratios; C, G: calculated ages (left scale) and U-concentrations 
(right scale); D, H: isotope evolution diagrams.
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KYP-131 (Figs. 3A to D) shows a secondary 
overprint at the outside. The rest clusters around 
466±121 ka, some of the scatter is probably due 
to uranium micro-migration within the bone (e.g., 
Duval et al., 2011). The data of KYP-18 (Figs. 3A 
to D) are in the same isotope range as KYP-131 
but scatter more (compare Figs. 3D and H). 

Sample KYP-94 (Fig. 4A to D) shows a sec-
ondary overprint at the outside with average ages 

of 204±12 ka. The data further inside have large 
uncertainties because of the low U-concentrations, 
they average at 346±89 ka.  KYP-85 (Fig. 4E to H) 
shows the same overprint at the outside as KYP-94 
at 205±11 ka. 

The remaining data have large uncertainties 
because of the low U-concentrations. The sample 
also shows a significant amount of leaching (Fig. 
4H). Samples KYP-14A and B (Fig. 5) are from 

Figure 2:  Results of TRP4-F20 and TRP4-F31 from Tripotamos-4. A, E: photos of the bone and location of the individual laser spot 
analyses; B, F: Plot of the measured 230Th/234U and 234U/238U ratios; C, G: calculated ages (left scale) and U-concentrations 
(right scale); D, H: isotope evolution diagrams.
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the same bone. The data of KYP-14A (Fig. 5A to 
D) cluster tightly at 110±4 ka with only the outer 
data point indicating a later overprint. The inner 
data points of sample KYP-14B (Fig. 5E to H) 
cluster around 114±4 ka, relating to the same up-
take event indicated in KYP-14A. The outer, old-
er data points may relate to an earlier U-uptake 
event that diffused only into the outer section of 
the bone. This may be related to the 200 ka event 

observed in KYP-85 and 94, but the apparent ages 
are somewhat younger because of mixing with the 
later U-diffusion. 

The bones from Kyparissia-3 document three 
distinct U-uptake events at 110±4 ka, 205±8 ka 
and 347±35 ka. The first two can be clearly asso-
ciated with the interglacials of MIS 5 and MIS 7, 
while the one at 347±35 ka may relate to MIS 9 
(300 to 337 ka) or MIS 11 (374-424 ka).

Figure 3:  Results of KYP-131 and KYP-18 from Kyparissia-3. A, E: photos of the bone and location of the individual laser spot 
analyses; B, F: Plot of the measured 230Th/234U and 234U/238U ratios; C, G: calculated ages (left scale) and U-concentrations 
(right scale); D, H: isotope evolution diagrams.
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18.3.3.  KYPARISSIA-4

This is stratigraphically the oldest site. Virtual-
ly all samples show leaching. KYP4A-F125 (Fig. 
6A to D) shows leaching at the inside surface, but 
also within the sample. The remaining data points 
cannot be explained by a simple diffusion pro-
cess. It seems that two U-sources were operating 
with slightly different 234U/238U ratios, one slightly 

above the 234U/238U0 evolution line and one slight-
ly below (Fig. 6D). However, such sequences of 
data cannot be produced by diffusion in direction 
of the analysed transect (the data according to the 
DA model would cluster, according to the DAD 
model it would follow the direction of the blue 
data points in Fig. 6H). It could be explained by 
continuing diffusion into separate individual vol-

Figure 4:  Results of KYP-94 and KYP-85 from Kyparissia-3. A, E: photos of the bone and location of the individual laser spot ana-
lyses; B, F: Plot of the measured 230Th/234U and 234U/238U ratios; C, G: calculated ages (left scale) and U-concentrations (right scale); 
D, H: isotope evolution diagrams.
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umes, e.g., diffusion proceeding at a right angle to 
the transect. But this is speculative. 

18.4 DISCUSSION

14 samples behaved similarly to KYP4A-F78 (Fig. 
6E to H). At first glance, the samples show iso-
tope distributions that are expected from the DAD 

model: both the 234U/238U and 230Th/234U ratios 
show u-shaped profiles (Fig. 6F), the calculat-
ed ages and U-concentrations are also u-shaped. 
However, all samples have the highest U-concen-
trations at the outside and all samples show leach-
ing (Fig. 6H). The relationship of increasing the 
234U/238U ratios with increasing 230Th/234U ratios is 
the direct result of a continuing U-diffusion pro-
cess (as postulated by the DAD model). The blue 

Figure 5:  Results of KYP-14A and KYP-14B from Kyparissia-3. A, E: photos of the bone and location of the individual laser spot 
analyses; B, F: Plot of the measured 230Th/234U and 234U/238U ratios; C, G: calculated ages (left scale) and U-concentrations (right 
scale); D, H: isotope evolution diagrams. 
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data points in Fig. 6H result from a theoretical 
calculation of a 280 ka old sample using the data 
from Grün et al. (2014, their Fig. 4D). However, 
the analytical data of the bones from Kyparissia-4 
cannot be fitted by the DAD model as the extrap-
olation of the 234U/238U ratios towards the surfaces 
of the bone would require very large, unrealistic 
values. Fitting the central data points with the 
DAD model results in ages around 150 ka, with 

very large uncertainties (the result for KYP4A-F78 
was 154±25 ka). It seems that the samples have 
undergone at least three U-diffusion stages: firstly, 
an uptake leaving u-shaped diffusion isotope and 
U-concentration profiles, then leaching, then a lat-
er overprint. The u-shaped isotope profiles may be 
the result of the mixing of the first uptake and a 
later overprint (this was also observed for an old 
sample from Melka Kunture, Grün et al. (2014), 

Figure 6:  Results of KYP4A-F125 and KYP4A-F78 from Kyparissia-4. A, E: photos of the bone and location of the individual laser 
spot analyses; B, F: Plot of the measured 230Th/234U and 234U/238U ratios; C, G: calculated ages (left scale) and U-concentrations 
(right scale); D, H: isotope evolution diagrams. The blue data points in Figure 6H are from a model calculation using the DAD diffu-
sion model and data from Grün et al. (2014), their Figure 4.
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their Fig. 18).  It is not possible to speculate when 
these processes took place.

Two samples showed massive leaching as 
shown by KYP4A-F194 (Fig. 7A to D). Note that 
the U-concentration profile is still u-shaped (Fig. 
7C). Two other samples behaved like KYP4A-F151 
(Fig. 7E to H) showing clusters around 100 ka 
and leaching towards the outside of the sample. 
The cluster of KYP4A-F151 has an average age of 

112±4 ka, that of the other sample (KYP4A-F106) 
was too scattered. The DA model predicts that the 
U-concentrations would decrease towards the out-
side as a result of leaching, but this is clearly not 
the case (Fig. 7G). 

The bones from Kyparissia-4 show a com-
plex history of U-uptake and leaching processes. 
As frustrating as it is, only one sample allows the 
identification of a distinct uptake phase at 112±4 

Figure 7:  Results of KYP4A-F194 and KYP4A-F151 from Kyparissia-4. A, E: photos of the bone and location of the individual laser 
spot analyses; B, F: Plot of the measured 230Th/234U and 234U/238U ratios; C, G: calculated ages (left scale) and U-concentrations 
(right scale); D, H: isotope evolution diagrams.
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ka. While it is clear that earlier continuing uptake 
processes took place, it is not possible to derive any 
age information from the data.

CONCLUSIONS

The U-series results on the bone samples from the 
Megalopolis Basin allow the identification of three 
distinct U-uptake phases corresponding to MIS 1, 
5 and 7. Whether one or two distinct older uptake 
phases took place cannot be decided because of the 
large errors for the older data. The mean age of the 
older phases falls into the glacial of MIS 10 (337 to 
374 ka). However, assuming that the U-diffusion 
events processes took place during an interglacial 
(as did the three later ones), the older U-accumu-
lations took place either in MIS 9 or MIS 11, or 
both. The results give a minimum age of 365±31 
ka for Tripotamos-4 and 347±35 ka for Kyparis-
sia-3. The only tangible date of 112±4 ka for Ky-
parissia-4 is not particularly helpful to tie down the 
age of this site. A combination of U-series and ESR 
dating on teeth could contribute to provide finite 
age estimates (Grün et al., 1988).
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19.1 INTRODUCTION

Kyparíssia is a fossil vertebrate locality of Middle 
Pleistocene age, situated at the NW margin of the 
Megalopolis Basin (central Peloponnese, Greece), 
within the homonymous lignite mine. The Meg-
alopolis area, an intramontane basin filled mainly 
with Pleistocene fluvial and lacustrine sediments, 
is well known since the dawn of the 20th cen-
tury for its palaeontological wealth, particularly 
regarding fossils of mammalian megaherbivores 
(see Athanassiou, 2018; Athanassiou et al., 2018; 
Konidaris et al., 2018; and references therein). The 
development of extensive open-cast mines since 
1970 provided access to long and deep stratigraph-
ic sections, facilitating the discovery of new sites. 
The Kyparíssia mine is the northernmost in the ba-

sin and was in full operation until 2006. The mine 
area is filled with lacustrine deposits, dominated by 
thick lignite layers, which are covered unconform-
ably by fluvial and alluvial fan sediments. 
The first fossils in the area of the mine came to 
light in October 2004, when a large part of a sec-
tion collapsed, exposing elements of an elephant 
skeleton among the rubble. Subsequent fieldwork 
during the following years resulted in the discov-
ery of five sites (KYP1–KYP4, KYPT), mainly 
along the western margin of the mine (Athanas-
siou, 2018: Fig. 1). According to our current un-
derstanding of the locality’s stratigraphy, the finds 
come from two main fossiliferous levels with an 
altitude difference of about 15 m, which are not 
expected to differ significantly, at least concerning 
the large mammal association. The fauna was pub-
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lished by Athanassiou (2018) and Athanassiou et 
al. (2018), who described the following taxa (col-
lectively from all KYP sites): turtles (Emys orbicu­
laris, Testudo marginata), birds (Anas crecca, Anas 
platyrhynchos, Cygnus olor, Mareca strepera, Spatula 
clypeata, Spatula querquedula, Fulica atra, Anhinga 
sp.), a rodent (Castor fiber), carnivorans (Canis sp., 
Hyaenidae indet., Felis sp., Panthera sp.), a probos-
cidean (Palaeoloxodon antiquus), perissodactyles 
(Stephanorhinus sp., Equus sp.) and artiodactyles 
(Sus scrofa, Hippopotamus antiquus, Praemegaceros 
verticornis, Cervus elaphus, Dama sp., ‘Cervus’ pelo­
ponnesiacus, Cervidae indet., and Bison sp.).

This diverse fauna indicated the great potential 
of the locality. Thus, a new 3-year field research 
program was initiated at Kyparíssia in 2019, as part 
of the Megalopolis Palaeoenvironmental Project 
(MegaPal), in order to further investigate its palae-
ontological content, stratigraphy, and possible hu-
man presence (Karkanas et al., this volume). The 
new research focused mainly on the KYP4 site, an 
area with dense fossil content, discovered in 2007. 
A significant new discovery is the recovery of sev-
eral lithic artifacts at KYP4 in direct stratigraphic 
and spatial association with fossils. Moreover, a 
new site, named Kyparíssia-5 (KYP5), was discov-
ered in 2021, ~200 m NNE of KYP4. In gener-
al, finds from other locations within the mine are 
scarce. Both sites, KYP4 and KYP5, are situated 
very close to a basement outcrop (limestones of the 
Pindos geotectonic zone) and correspond to a dep-
ositional environment very close to the lake shore. 
They both belong to the lower fossiliferous level 
of the locality. At KYP4 two main areas of interest 
were designated, Area A (corresponding to the fos-
siliferous findspot in Athanassiou, 2018) and Area 
B, to the east of Area A, which represents one ex-
posed section profile along the current lake shore; 
in addition, a third findspot in between these areas 
yielded few fossils and was designated as Area C. 
The main vertebrate-bearing layers generally con-

sist of dark grey sandy muds, rich in organic re-
mains, mud clasts and mollusc shells.

Below, we present a brief preliminary descrip-
tion of the most important new large mammal 
finds and an update on the locality’s faunal content. 
The studied specimens were numbered sequential-
ly for the entire locality, but each number is pre-
ceded by the abbreviation of the corresponding 
site. The specimen numbers of unstratified finds 
are preceded by the locality abbreviation (KYP). 
The tooth positions are indicated as: P/p, upper/
lower premolar; M/m, upper/lower molar. All 
measurements are in mm. The use of parentheses 
denotes an inaccurate or estimated measurement. 
Measurement abbreviations: L, length; W, width 
(p, proximal; d, distal; a, articular); H, height. All 
fossils presented herein are stored in the collections 
of the Ephorate of Palaeoanthropology–Speleology 
(Hellenic Ministry of Culture, Athens, Greece).

19.2 SYSTEMATICS

19.2.1.  RODENTIA

A large-sized rodent of castorid morphology is 
present in KYP4, represented in the recently col-
lected material by a left hemimandible (Fig. 1a). 
The specimen preserves the complete cheek tooth 
row (p4–m3), as well as the incisor, which extends 
through the entire ventral part of the mandible (> 
90 mm, along its labial side), but is broken supral-
veolarly. The incisor is triangular in cross section 
and has a smooth and flat enamel band on its labi-
al side, excluding an attribution to Trogontherium 
cuvieri and pointing to the extant Eurasian species 
Castor fiber (Fostowicz-Frelik, 2008). The cheek 
teeth are very hypsodont with very deep striids, in 
accordance with the morphology of Castor fiber. 
This is the first occurrence of this species in KYP4.
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19.2.2.  CARNIVORA

This order is represented in the new KYP collec-
tion by a partial skull of a fox (Vulpes sp.) from 
KYP4, and a partial ursid mandible (Ursus sp.; sur-

face find). The former preserves the left rostral part 
of the skull with P4–M2 (KYP4-1160; Fig. 1b). 
Dimensionally, the teeth are small (P4: 12.2×5.7, 
M1: 9.0×10.3, M2: 5.7×7.3 mm), being compa-
rable to those of Vulpes alopecoides and the small-

Figure 1:  Rodentia, Carnivora, Perissodactyla and Artiodactyla from Kyparíssia: a, Castor fiber, left mandible (KYP4-1163) in 
dorsal (a1) and lingual (a2) view; b, Vulpes sp. (KYP4-1160), partial skull in left lateral (b1) and ventral (b2) view; c, Ursus sp. 
(KYP-1161), partial mandible in dorsal (c1) and lingual (c2) view; d, Hippopotamus antiquus (KYP4-1004), left maxilla in ventral 
(occlusal) view; e, Hippopotamus antiquus (KYP4-1006), partial right mandible in occlusal (e1) and right lateral (e2) view; f, Equus 
sp. (KYP4-1151), m1/2 in occlusal view; g, Stephanorhinus sp. (KYP4-1197), left P3/4 in occlusal view; h, Stephanorhinus sp. 
(KYP4-1195), left astragalus in dorsal view. Graphical scale equals 5 cm (a–c, f–h) and 10 cm (d, e).
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Figure 2:  Cervidae from Kyparíssia: a, Praemegaceros verticornis (KYP4-1050), right metacarpal III-IV in dorsal view; b, Prae-
megaceros verticornis (KYP4-1048), right metatarsal III-IV in dorsal view; c, Dama sp. (KYP-1090), right metacarpal III-IV in dorsal 

view; d, Dama sp. (KYP4-1093), right metatarsal III-IV in dorsal view; e, Praemegaceros verticornis (KYP4-1067), skull in dorsal 
(e1) and ventral (e2) view; f, Cervus elaphus (KYP5-1194), right antler in lateral view; g, Praemegaceros verticornis (KYP4-1069), 

left mandible with p2–m3 in lateral view; h, cervid metapodial scatter diagrams comparing Dama sp. (blue dots) and Praemegace-
ros verticornis (green dots) from KYP4 to recent Dama dama (orange open dots), Dama clactoniana (yellow open dots), Cervus 

elaphus from Mosbach (black open dots), Praemegaceros verticornis from Voigtstedt (green open dot) and Bilshausen (green 
open triangle). Green lines represent the ranges of female and male Dama dama geiselana, respectively; black lines the range of 
recent Cervus elaphus from Italy. The Mt III-IV plot includes two Praemegaceros specimens (KYP4-301 and KYP4-302) published 

by Athanassiou (2018). Comparative data from Kahlke (1965), Leonardi and Petronio (1976), Pfeiffer (1998, 2002), Di Stefano 
et al. (2015) and Stefaniak (2015). Graphical scale equals 10 cm (a–d) and 20 cm (e–g).

est individuals of Vulpes vulpes (Bartolini Lucenti 
and Madurell-Malapeira, 2020: Fig. 9). The ursid 
mandible (KYP-1161; Fig. 1c) preserves only the 
first molar, whose dimensions (L = 26.7 mm, W = 
11.9 mm) indicate a large individual, comparable 
to Ursus deningeri or a very large Ursus arctos (Rossi 
and Santi, 2011: Fig. 12). Both Vulpes and Ursus 
are new to Kyparíssia, while Ursus is a new element 
for the entire Megalopolis Basin. 

19.2.3.  PERISSODACTYLA

Rhinoceroses and horses are rare faunal elements 
in the Megalopolis Basin. Rhinoceros finds from 
this region have been historically referred to mul-
tiple species, but they are currently considered as 
Stephanorhinus sp. (Giaourtsakis, 2022 and refer-
ences therein). New finds from Kyparíssia include 
two cheek teeth, cervical vertebrae, and some other 
postcranial bones. The teeth (KYP4-1196, KYP4-
1197; Fig. 1g) are almost totally worn and may 
belong to the same individual, as they were also 
found in spatial proximity. Their proportions indi-
cate that they are probably premolars (P3/4). The 
postcranial elements (carpals, tarsals, metapodials) 
indicate a rather small-sized species, such as Steph­
anorhinus hemitoechus (see Guérin, 1980), but they 
do not provide any diagnostic character for a spe-
cies-level determination. The horses (Equus sp.) 
are represented by just one isolated lower tooth 
(KYP4-1151), a little-worn right molar (m1 or 
m2; Fig. 1f ) (L=28.0, W=(14), H=66 mm). Both 
perissodactyl taxa are new for KYP4.

19.2.4.  HIPPOPOTAMIDAE

Hippopotamus antiquus is a frequent taxon in Ky-
paríssia (Athanassiou et al., 2018). The recent-
ly collected material includes a fragmentary skull 
preserving parts of the maxillae and the occipital 
region, as well as the left P4–M3 row (KYP4-1004; 
Fig. 1d), a right partial mandible with the complete 
molar row (surface find, KYP4-1006; Fig. 1e), iso-
lated teeth, and several postcranial elements of the 
axial and appendicular skeleton. All three areas of 
KYP4 have yielded hippopotamus finds. Those 
from Area B (nine vertebrae, more than eleven ribs, 
scapular fragments, a partial humerus, a cuneiform) 
probably belong to a single individual.

The preserved dental row of the skull KYP4-
1004 has a molar-series length of 168 mm. The 
M1 is almost worn out, the P4 and M2 exhibit 
medium wear, while the M3 is almost unworn and 
not fully erupted. A separately found, large-sized 
upper canine (surface find at KYP4B; maximal di-
ameter: 59.5 mm) has the characteristic pisiform 
cross section. A fragmentary lower canine is sim-
ilarly robust (maximal diameter: 68.0 mm). The 
mandible KYP4-1006 belongs to a young adult 
individual with a moderately worn m1, a slightly 
worn m2, and an unworn and still-erupting m3. 

A right third metacarpal (KYP4-1007) 
(L=168.7 mm, Wpa=67.0 mm, Wda=60.6 mm) 
compares with the largest specimens of Hippopot­
amus antiquus given by Kahlke (1997) and Mazza 
(1995). On the contrary, a right second metatarsal 
(KYP4-1008) is small, similar to the smallest spec-
imens of the same species.
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19.2.5.  CERVIDAE

Three size-groups of Cervidae have been identified 
in the new material, dimensionally corresponding 
to fallow deer, red deer, and giant deer. Both crani-
al and postcranial specimens are available. Fallow 
deer-sized material (Dama sp.) comprises isolated 
teeth and postcranial elements, most notably six 
complete metapodials (Fig. 2c, d). These belong to 
a fairly large fallow deer, similar in size to the Mid-
dle Pleistocene Dama clactoniana and the Eemi-
an D. dama geiselana (Fig. 2h), but smaller than 
Dama roberti (see Breda, 2015).

The red deer, Cervus elaphus, is best represent-
ed in KYP5, where a partially preserved, unshed 
right antler has been collected. This specimen 
(KYP5-1194; Fig. 2f ) is large-sized, and preserves 
part of the pedicel, the burr, the proximal part of 
the beam (up to a height of 45 cm, following its 
caudal face), as well as the two first tines. No new 
dental or postcranial specimens from KYP4 can be 
securely referred to this species.

On the contrary, the giant deer Praemegaceros 
verticornis is well represented at KYP4 by a skull 
(KYP4-1067; Fig. 2e), two left hemimandibles 
(KYP4-1068 and KYP4-1069; Fig. 2g) and sev-
eral postcranial bones (Fig. 2a, b). The skull is 
very fragmentary because it has suffered a severe, 
probably syndepositional, dorsoventral compres-
sion. It lacks antlers, so it belongs to a female indi-
vidual. Both dental rows are preserved. Their size 
(LPM=134  mm, LP=57–61  mm, LM=81  mm) 
is very similar to KYP4-633 (Athanassiou, 2018: 
Table 5) and the sample from Voigtstedt, Germa-
ny (Kahlke, 1965), but smaller than KYP2-345 
(Athanassiou, 2018: Table 5), West Runton, Great 
Britain (Azzaroli, 1953: p. 61) and Süßenborn, 
Germany (Kahlke, 1969: p. 573).

The mandibles are not particularly pachyg-
nathic. The lower dentition features a semimolar-
ized p4 and a non-molarized p3. Dimensionally, 
the lower dentitions are slightly (~5%) larger than 

their conspecifics from Mosbach and Süßenborn, 
Germany (Kahlke, 1960, 1969) and very simi-
lar to those from Voigtstedt (Kahlke, 1965). The 
postcranial elements are robust and very similar 
dimensionally to those from Voigtstedt, as well. A 
metrical comparison of the metapodials is given in 
Fig. 2h.

19.2.6.  SCARCELY REPRESENTED TAXA

A distal part of a left femur collected at KYP3, as 
well as a left metatarsal IV (surface find south of 
KYP1) belong to an elephantid, and are consis-
tent with an attribution to Palaeoloxodon antiquus, 
a species previously documented in the locality 
(Athanassiou, 2018). A suid upper canine (surface 
find at KYP4A) is referred to a male Sus scrofa. 
In addition, a primate upper molar, collected at 
KYP4 (KYP4-1075) and referred to Macaca syl­
vanus, is described in a separate report (Konidaris 
et al., this volume) and is a new faunal element for 
Kyparíssia.

19.3 BIOCHRONOLOGY–
PALAEOECOLOGY

Most of the taxa represented in the Kyparíssia fau-
na have rather wide biostratigraphic ranges. Most 
characteristic is the cervid Praemegaceros verticor­
nis, which appeared at about 0.8 Ma and became 
extinct at 0.4 Ma (Croitor, 2006). The absence 
of this taxon from Marathousa 1, dated to 0.42–
0.48 Ma (Konidaris et al., 2018; Tourloukis et al., 
2018), if not accidental, may indicate an earlier 
local extinction and an earlier date for Kyparíssia. 
The study of micromammals is more informative 
in terms of biochronology, since van Kolfschoten 
et al. (this volume) document the presence of Mi­
momys spp. and Microtus (Microtus) in KYP4, thus 
constraining its age to 0.6–0.8 Ma.
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Palaeoecologically, the recently collected mate-
rial corroborates our understanding of the Middle 
Pleistocene environment of Kyparíssia as a vegeta-
tion-rich lacustrine habitat, surrounded by mixed 
deciduous forests and woodlands, which, as a per-
manent body of water, attracted animals from the 
wider area (Athanassiou, 2018; Athanassiou et al., 
2018). Concerning the new reported faunal ele-
ments from Kyparíssia, the presence of the beaver, 
which uses trunks and branches to build dams, 
further supports the existence of extended forested 
lake shores, while Macaca (see Konidaris et al., this 
volume), Vulpes and Ursus are also taxa that thrive 
in forested environments. The scarce presence of 
the horse, and to a lesser degree of the rhinocer-
os, is the only indication of more open stretches of 

land, though possibly at a certain distance from the 
lake area. Further palaeoenvironmental indications 
for KYP4 are provided in Boni et al. (this volume) 
and Papadopoulou et al. (this volume).

19.4 CONCLUSIONS

Renewed research at Kyparíssia, carried out during 
the years 2019–2021 has added new material, new 
taxa and an additional site to the already published 
ones. The fossils collected from KYP4 corrobo-
rate the abundance of Hippopotamus (including 
a partial skeleton) and cervids in the fauna, par-
ticularly those of the genus Praemegaceros. A close 
stratigraphic association of the fossils with lithic 

Order Family Taxon

KY
P

KY
P1

KY
P2

KY
P3

KY
P4

KY
P5

KY
PT

Rodentia Castoridae Castor fiber ● ●

Primates Cercopithecidae Macaca sylvanus ●

Carnivora

Ursidae Ursus sp. ●

Canidae
Canis sp. ●

Vulpes sp. ●

Hyaenidae Hyaenidae indet. ● ●

Felidae
Panthera sp. ●

Felis sp. ●

Proboscidea Elephantidae Palaeoloxodon antiquus ● ● ● ●

Perissodactyla
Rhinocerotidae Stephanorhinus sp. ● ●

Equidae Equus sp. ● ● ●

Artiodactyla

Suidae Sus scrofa ● ● ●

Hippopotamidae Hippopotamus antiquus ● ● ● ● ●

Cervidae

Praemegaceros verticornis ● ● ● ● ●

Cervus elaphus ● ● ● ● ●

Dama sp. ● ● ● ●

´Cervus´ peloponnesiacus ● ? ? ?

Cervidae indet. ● ? ? ? ●

Bovidae Bison sp. ● ● ●

Table 1:  Comprehensive list of large fossil mammals from Kyparíssia, indicating the faunal content of each site (KYP1–KYP5, 
KYPT), as well as unstratified material (KYP). Combined data from Athanassiou (2018), Athanassiou et al. (2018) and the  
present study. Documented presence is indicated by ‘●’, possible presence by ‘?’.
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artefacts was also documented for the first time, 
underlining the archaeological significance of the 
site (Karkanas et al., this volume). Several taxa are 
recorded for the first time at KYP4: Castor fiber, 
Stephanorhinus sp., Equus sp., Sus scrofa, Vulpes 
sp. and Macaca sylvanus. Ursus sp., found south 
of KYP4, was so far unknown from any locality 
within the Megalopolis Basin. Finally, a new site, 
KYP5, was discovered. The new faunal list of Ky-
paríssia (Table 1) is compatible with the previously 
proposed early Middle Pleistocene age of the local-
ity (Athanassiou, 2018).
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20.1 INTRODUCTION

The Palaeolithic record provides us insights into 
the hominin migration patterns and into the way 
hominins adapted to the changing climatic condi-
tions, as well as how they evolved both physically 
and culturally. In order to make such interpre-
tations, the age of a Palaeolithic site is of pivotal 
importance; however, dating of deposits with Pa-
laeolithic finds is often a great challenge. Absolute 
dating methods, such as radiocarbon, lumines-
cence (TL as well as OSL), potassium-argon or 
U/Th dating, are possible options to apply. None-
theless, besides their assets, they also have specific 
limitations, and the application of absolute dating 
methods does not always yield reliable ages. An al-
ternative way to estimate the age of a site is the 

so-called relative dating method. A classic example 
of the relative dating is the application of the bio-
stratigraphical evidence. Biochronological dating 
is based on the fact that the fossil record changes 
through time due to the migration, evolution and 
extinction of species, and the detailed knowledge 
of these changes can be applied to provide relative 
age estimations for a site. The Quaternary mam-
malian fossil record yields detailed biostratigraph-
ical data. The climatic fluctuations that character-
ize the Quaternary, resulted in major mammalian 
migration/dispersal events and rapid evolution 
of specific species/lineages. The Quaternary fossil 
record shows an increase of crown height in the 
molars of different taxa (e.g., mammoth, rhino
ceros, voles), a phenomenon that is regarded as an 
adaptation to the incorporation of more abrasive 
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foods into the diet. Changes in the rodent fauna 
constitute the base for the biostratigraphical subdi-
vision of the Quaternary into Villanyian, Biharian 
and Thoringian.

A relatively rapid evolution can be observed in 
the dental record of fossil voles (Rodentia, Arvi-
colidae). Different lineages show successively, but 
not simultaneously, an increase of crown height in 
the molars, the formation of crown cementum, the 
development of rootless molars, changes in enamel 
structure and in the differentiation of the enamel 
thickness, and the formation of additional enamel 
in the upper M3 and the lower m1 that results in 
an increase of complexity of the occlusal surface of 
both molars. Voles of the genus Mimomys are very 
abundant in the fossil record. The appearance of 
Mimomys species, which have molars with crown 
cementum, such as M. minor and M. hajnackensis, 
mark the beginning of the Villanyian during the 
Pliocene (van der Meulen and van Kolfschoten, 
1986). The appearance of the genus Microtus in 
the European fossil record is regarded as the mark-
er of the Villanyian/Biharian boundary (Fejfar and 
Heinrich, 1990). Voles of the genus Microtus, char-
acterized by unrooted molars, are well-represented 
and often a dominant taxon in the micro-mamma-
lian fauna since their Early Pleistocene appearance 
ca. 2 million years ago (Tesakov, 1998). The evolu-
tionary changes in the water vole lineage resulted 
in the replacement of Mimomys savini (a species 
with rooted molars) by Arvicola cantiana (with 
unrooted molars), which marks the Biharian/To-
ringian transition with an age of ca. 0.5 Ma.

20.2 FOSSIL VOLES FROM THE 
MEGALOPOLIS BASIN

The occurrence of mammalian fossils in the Pleis-
tocene deposits of the Megalopolis Basin is well-
known since the beginning of the 20th century 

(Skouphos, 1905), and since then several studies 
have described the large mammalian remains (e.g., 
Melentis, 1961, 1965; Sickenberg, 1975; Athanas-
siou, 2018; Konidaris et al., 2018). In the last de-
cades, several systematic studies of the Megalopolis 
Basin’s small mammals have been conducted (see 
also Doukas and Papayianni, 2016), particular-
ly focusing on the late Early–Middle Pleistocene 
Marathousa Member. The Marathousa Member 
(Choremi Formation) consists mainly of clastic 
deposits of fluvio-lacustrine origin, intercalated by 
lignite seams; the latter are distinguished into three 
main lignite packages, namely Lignite Seams I, II 
and III (from the lower to the upper one) (Vinken, 
1965). Below is a summary of the studies conduct-
ed so far on the micromammals originating from 
these deposits.

20.2.1.  THOKNIA

Benda et al. (1987) published the small mammal 
assemblage collected from the lower lignite bed ex-
posed in the Thoknia lignite mine (Fig. 1a). They 
identified only two taxa, Mimomys (Kislangia) rex 
and Pliomys cf. bolkia, and they state that the pres-
ence of Mimomys rex and the absence of Microtus 
(even though the assemblage is small) allows for a 
correlation to the upper part of the Villanyian.

20.2.2.  CHOREMIOU SECTION

In order to contribute to the discussion on the 
stratigraphical position of the Marathousa Mem-
ber, a team of Greek and Dutch paleontologists 
sampled at the Choremiou section (Choremi lig-
nite mine; Fig. 1a) four different levels with mam-
malian remains: CHO 1 and CHO 2 are from 
Lignite I, CHO 3 is from the base of Lignite II, 
and CHO 4 is from deposits that were originally 
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assigned to Lignite III. However, the study of the 
small mammals from Marathousa 1 (see below) 
and the recent research in the basin (Karkanas et 
al., this volume), which shows extensive faulting in 
the Choremi mine, indicate that the CHO 4 fauna 
originates from a lower lignite seam.

All four CHO samples yielded vertebrate re-
mains: Reptilia are well represented in CHO 2, 
CHO 3 and CHO 4, while mammalian remains 
are most abundant in CHO 3 and CHO 4, with 
68 and 94 identifiable specimens, representing ten 
and seven species, respectively (van Vugt et al., 
2000). The Choremiou faunal assemblages include 
three different voles: Pliomys aff. episcopalis, Mi-
momys aff. savini and Mimomys sp. The large vole, 
Mimomys aff. savini, with hypsodont molars with 
crown cementum in the re-entrant angles, is by far 
the most abundant species. The majority of the 
larger lower m1 molars show an occlusal pattern 
that resembles Mimomys savini; the pattern of only 
a few larger lower m1 molars resembles that of the 
molars from Thoknia assigned to Mimomys rex by 
Benda et al. (1987). Both CHO 2 and CHO 4 
yielded in addition a rooted molar with a Mimomys 
pattern and crown cementum in the re-entrant an-
gles, that are too small to be assigned to Mimomys 
aff. savini. These two molars are therefore listed as 
Mimomys sp.

Mimomys aff. savini, the species that is well 
represented in the four Choremiou assemblages, 
does not show any difference in morphology and 
size among the different levels. This observation 
suggests that the four faunas do not differ much 
in age and, as a consequence, it indicates that there 
is no major stratigraphical hiatus in that particular 
part of the Choremiou sequence.

Remarkable is the absence of the genus Micro-
tus in the Choremiou faunal assemblages. Benda 
et al. (1987) assumed a late Villanyian age of the 
Marathousa Member because of the absence of 
the genus Microtus in the Thoknia small mammal 

assemblage. However, a taphonomic/ecological ex-
planation seems to be more applicable (van Vugt 
et al., 2000). The complete absence of terrestrial 
molluscs in the fauna CHO 2, CHO 3 and CHO 
4 combined with the dominance of aquatic taxa 
in the herpetofauna, indicate specific paleoenvi-
ronmental conditions that are unfavorable for the 
accumulation of terrestrial voles, such as Microtus. 
Hence, the absence of Microtus in the Choremiou 
assemblages does not necessarily contradict the late 
Early Pleistocene age of the CHO 1 and CHO 2 
faunal assemblages, and the early Middle Pleisto-
cene age of the assemblages CHO 3 and CHO 4.

20.2.3.  MARATHOUSA 1

A more recent small mammal assemblage has been 
collected from lacustrine deposits intercalated be-
tween Lignite Seams II and III, exposed at the Mid-
dle Pleistocene (Lower Palaeolithic) site Marathousa 
1 (MAR-1), located in the Marathousa mine (Fig. 
1a; Panagopoulou et al., 2018). The small mammal 
assemblage is diverse and includes Crocidura sp., 
Arvicola mosbachensis, Microtus sp. (cf. M. arvalis), 
Apodemus sylvaticus vel A. flavicollis and ?Alactaga 
indet., but it is dominated by the voles Arvicola 
and Microtus (Doukas et al., 2018). The molars of 
the larger water vole do not have roots. This indi-
cates that the faunal assemblage is younger than the 
Choremiou section assemblages, where Mimomys, 
the predecessor of the genus Arvicola, is the predom-
inant arvicolid. The unrooted Arvicola molars show 
a positive ‘Mimomys’ enamel differentiation with a 
mean SDQ (Schmelzband-Differenzierung-Quo-
tient; Heinrich, 1982) value of 122, which indicates 
a late Middle Pleistocene age (ca. 400 ka.; Marine 
Isotope Stages-MIS 12/11) for the lacustrine de-
posits, in broad agreement with the radiometric 
and magnetostratigraphic dating (Blackwell et al., 
2018; Jacobs et al., 2018; Tourloukis et al., 2018). 
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Marathousa Lignite Seam III, which is overlying 
the deposits that yielded the MAR-1 small mam-
mal assemblage, must therefore be of late Middle 
Pleistocene age or younger. 

20.2.4.  KYPARISSIA 4

A fourth site in the Megalopolis Basin that yielded 
fossil micromammals is Kyparissia 4 (KYP-4) in 
the Kyparissia mine (Fig. 1a, b). KYP-4 was dis-
covered in 2007 and has yielded a rich and diverse 
assemblage of large mammals (Athanassiou, 2018; 
Athanassiou et al., 2018). In 2019, KYP-4 was re-

visited during a systematic and targeted field survey 
in the framework of the Megalopolis Paleoenviron-
mental Project (MegaPal) and the CROSSROADS 
ERC project (Harvati, this volume; Karkanas et 
al., this volume). Two main areas of interest were 
defined, Area A (the findspot of Athanassiou, 
2018) and Area B (to the east of Area A, including 
a partial Hippopotamus skeleton). In addition to 
the discovery of lithic artifacts (Karkanas et al., this 
volume) and the enrichment of the large mammal 
collection both in terms of specimens and taxa 
(Athanassiou et al., this volume; Konidaris et al., 
this volume), sampling for molluscs (Boni et al., 
this volume), ostracods (Papadopoulou et al., this 

Figure 1:  a, Geographic position of the Megalopolis Basin, and of the micromammal-bearing Middle Pleistocene (Lower Palaeoli
thic) sites Kyparissia 4 and Marathousa 1, in relation to the main lignite mines of the basin (satellite image from Google Earth); b, 
distant view of Kyparissia 4; c, simplified stratigraphic column of KYP-4 (Area A) showing the stratigraphic units, and the position 
of the samples that were taken and contain small mammals; water vole drawing redrawn and modified from https://www. 
drawingtutorials101.com/.
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volume) and micromammals (this study) was also 
conducted. The KYP-4 sedimentary sequence is 
divided into several distinct stratigraphic units, 
comprising an alternation of dark grey organic 
rich mud layers with an intercalation of a lignite 
layer towards its upper part (Fig. 1b). The larger 
mammal fauna consists so far of the following taxa 
(Athanassiou, 2018; Athanassiou et al., 2018, this 
volume; Konidaris et al., this volume): Castor fi-
ber (beaver), Macaca sylvanus (macaque), Vulpes sp. 
(fox), Palaeoloxodon antiquus (straight-tusked ele-
phant), Stephanorhinus sp. (rhinoceros), Equus sp. 
(horse), Sus scrofa (boar), Hippopotamus antiquus 
(hippopotamus), Dama sp. (fallow deer), Cervus 
elaphus (red deer), Praemegaceros verticornis (giant 
deer) and Bison sp. (bison). The analysis of the first 
collection of small mammals from KYP-4 forms 
the primary focus of the present study.

20.3 METHODS

Sediment samples to collect small vertebrate re-
mains were taken from the site KYP-4 during the 
fieldwork of 2019 and 2020. Twenty-two sediment 
samples, weighing ~70 kg in total, were collected. 
The majority of the samples originate from the 
main lithic/vertebrate-bearing unit UA4 (13 sam-
ples; ~40 kg) in Area A, while the rest come from 
UA5 (5 samples; ~15 kg) and UA6 (2 samples; ~7 
kg) of the same area (Fig. 1c), as well as from the 
mollusc-rich Hippopotamus-layer in Area B (2 sam-
ples; ~6 kg). Additionally, one arvicolid hemiman-
dible was directly collected from unit UA7 during 
the fieldwork. Sediment samples were air-dried 
and then soaked in containers filled with water 
and ~50 ml of 30% concentration H2O2. Subse-
quently, samples were wet sieved using a 0.5 mm 
mesh and then left to air-dry. Examination and 
sorting for vertebrate remains was conducted un-
der a stereoscopic microscope. Complete or partly 
fragmented recognizable vertebrate remains were 

collected. Here, we focus on the more diagnostic 
and informative dental elements of the collected 
small mammals, which are identified to the lowest 
taxonomic level possible.

20.4 RESULTS

The Kyparissia 4 sediment samples from the units 
UA4, UA5 and UA6 (plus the isolated hemiman-
dible from UA7), and the Hippopotamus layer in 
Area B, yielded in total more than 1000 small ver-
tebrate remains; UA5 is the richest unit with ca. 
700 specimens. The highly fragmented remains 
represent a variety of taxa: fish (Cyprinidae), frogs/
toads, snakes, insectivores —shrews (to be iden-
tified)— and rodents (Fig. 2a, b). The rodent as-
semblage, taking into account the small number of 
dental remains, is very diverse. At least five different 
taxa could be identified: Mimomys sp. (cf. Mimomys 
savini) (large), Mimomys sp. (small), Microtus sp., 
Apodemus sp. and ?Mus cf. spretus. The faunal as-
semblage includes only seven complete molars: one 
shrew molar, three murid molars and three com-
plete vole molars. Based on the characteristics of the 
available remains (rooted molars with cement and a 
Mimomys enamel differentiation), it is obvious that 
at least two taxa of the genus Mimomys are repre-
sented. The larger one is represented by an upper 
M3 (Fig. 2c) and a lower m2 (Fig. 2d); the small 
one is represented by a lower m3 (Fig. 2e). The 
small mammal assemblage also includes unrooted 
molars that are assigned, based on the morphologi-
cal features, to the genus Microtus. The occlusal sur-
face of the unrooted Microtus lower m1 shows the 
occurrence of five more or less closed triangles and 
an arvalis-type anterior cap (Fig. 2f ). The morpho
logy indicates the presence of a Microtus (Microtus) 
species and excludes a species of the subgenus Mi-
crotus (Allophaiomys). Species-level identification of 
the Microtus remains is not justified because of the 
limited number of identifiable specimens. The di-
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mensions of the three murid molars indicate that 
we are dealing with two different species: a larger 
one, possibly a representative of the taxon Apode-

mus sylvaticus, and a smaller one with the size of 
Mus cf. spretus, a taxon that is well represented in 

Figure 2:  a, b, Microscope views of small vertebrate remains from Kyparissia 4; c–f, voles from Kyparissia 4, stratigraphic unit UA5: 
c–d, larger Mimomys species (cf. Mimomys savini): c, upper M3 sin.; d, lower m2 dext.; e, smaller Mimomys species: lower m3 sin.; f, 
Microtus (Microtus) species: lower m1 dext. (c1, d1, e1, and f1 in occlusal view; c2, d2, and e2 in lingual view; f2 in labial view).
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the Choremiou 4 small mammal assemblage (van 
Vugt et al., 2000).

20.5 DISCUSSION – CONCLUSIONS

The occurrence of voles of the genus Mimomys 
(characteristic for Early–early Middle Pleistocene 
faunas) in the KYP-4 fossil assemblage, indicates 
that the fauna is clearly older than the one from the 
middle–late Middle Pleistocene site of Marathousa 
1 (Doukas et al., 2018). The KYP-4 small mammal 
assemblage shows similarities with the Choremiou 
3 and 4 mammal faunas. The presence of Microtus 
(Microtus) indicates that the fauna post-dates the 
Allophaiomys/Microtus transition that takes place 
roughly around the Early/Middle Pleistocene tran-
sition (Brunhes/Matuyama geomagnetic polarity 
boundary; 780 ka). The combination of voles with 
rooted molars assigned to the genus Mimomys and 
unrooted Microtus (Microtus) molars suggests an 
early Middle Pleistocene age for the KYP-4 small 
mammal assemblage. This age is in agreement with 
the available stratigraphic and macromammal bio-
chronological data, and thus altogether, the cur-
rent evidence indicates that KYP-4 is older than 
MAR-1 (500–400 ka) and is placed in the lower 
part of the Middle Pleistocene.

The presence of a medium-sized vole of the 
genus Mimomys is biostratigraphically important. 
Medium-sized Mimomys taxa are well represented 
in the European Early Pleistocene fossil record, but 
most of them went extinct before the end of the 
Early Pleistocene. Only one medium-sized vole, 
Mimomys pusillus, has a larger biostratigraphical 
range. A limited number of European sites, e.g., 
Choremiou (van Vugt et al., 2000; Doukas and 
Papayiannni, 2016), Kärlich, Germany (van Kolf-
schoten and Turner, 1996), Pakefield, UK (Parfitt 
et al., 2005) and Chiu-Atasova, Russia (Southern 
Urals; Danukalova et al., 2016) indicate the early 
Middle Pleistocene (predating MIS 16) occurrence 

of a medium-sized Mimomys species. The species 
is rare, and the remains are often assigned to Mi-
momys sp. because of the absence of diagnostic el-
ements.

The KYP-4 small vertebrate record is small. 
However, if one considers the small amount of sed-
iment that has been processed (in total ca. 70 kg; in 
comparison, the Choremiou sediment sample was 
10 times larger), it is obvious that the deposits that 
have been sampled are very rich in small vertebrate 
remains. Remarkable is the fact that the diversity 
of the encountered small mammal fauna is high 
and that the sample includes biostratigraphically 
important taxa. It emphasizes the importance of 
the Megalopolis Βasin, and in particular, the de-
posits exposed in the Kyparissia lignite mine, for 
the detailed study of the Eurasian faunal evolution. 
The results of these studies are of great importance 
to date the hominin presence in regions such as the 
eastern Mediterranean.
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21.1 INTRODUCTION

During the 2020 research campaign of the Meg-
alopolis Palaeoenvironmental Project, 8 oriented 
core samples were collected for paleomagnetism 
from the archeological site of KYP4. In 2021, a 
more extensive paleomagnetic sampling campaign 
was conducted across the 22 m-thick Kyparis-
sia-4 and 28 m-thick Choremi-6 sections, locat-
ed stratigraphically the former above the latter in 
the Kyparissia and Choremi mines, respectively 
(Fig. 1). Each stratigraphic section was subdivid-
ed into different sub-sections (8 subsections for 
Kyparissia-4 and 6 subsections for Choremi-6), 
in order to cover the stratigraphy homogeneously. 
We sampled every 20-30 cm collecting a total of 
103 oriented core samples (69 at Kyparissia-4 and 
34 at Choremi-6). Cores were then cut into stan-
dard-sized ~10cc cylinders to perform different 

magnetostratigraphic and rock-magnetic analyses 
from the same stratigraphic level. 

The primary objective was to determine the 
geomagnetic polarity recorded in the sediments 
and perform correlations at the basin scale using 
primarily the Brunhes-Matuyama boundary dat-
ed to 0.773 Ma (Channell et al., 2020), which 
represents the most recent reversal of the Earth’s 
magnetic field. We also aimed at identifying short 
reversals that could potentially improve the mag-
netochronology of these sections. 

21.1.1.  MATERIALS AND METHODS

The 8 samples from the KYP4 archeological site 
and the 103 samples from the Kyparissia-4 and 
Choremi-6 sections have undergone thermal 
demagnetization experiments in order to deter-
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mine the characteristic remanent magnetization 
(ChRM) component directions, representing 
the registry of the magnetic polarity at the time 
of rock formation. The analyses were performed 
from room temperature up to ~450°C (for sam-
ples from Choremi-6) and 625°C (for samples 
from Kyparissia-4) in steps of 25°C with an ASC 
thermal demagnetizer, and the natural remanent 
magnetization (NRM) signal was measured af-
ter each temperature step with a 2G Enterprises 
755  DC-SQUID cryogenic magnetometer loca

ted in a magnetically shielded room. The magnetic 
susceptibility was also measured with a Bartington 
MS2B susceptibility bridge after each step of de-
magnetization to monitor the mineralogic stability 
in function of heating. The magnetic component 
directions were subsequently determined through 
least-square analysis (Kirshvink, 1980). Samples 
were then subjected to thermal demagnetization of 
a three-component isothermal remanent magneti-
zation-IRM (Lowrie, 1990) in fields of 0.12 T, 0.4 
T, and 1.5 T using a pulse magnetizer (ASC IM-

Figure 1:  Satellite image (source: GoogleEarth™) of the Megalopolis Basin, with the position of Kyparissia 4 and Choremi 6 secti-
ons and constituting sub-sections.
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10-30) to determine the ferromagnetic mineralogy 
carrying the primary paleomagnetic signal.

21.1.2.  RESULTS AND FUTURE PERSPECTIVES

Thermal demagnetization analysis on the 8 sam-
ples from the KYP4 archaeological site indicates 
the exclusive presence of normal magnetic po-
larity (ChRM component directions oriented to 
the north with positive [downward] inclinations) 
attributable to the Brunhes Chron (C1n), sug-
gesting an age of less than 0.773 Ma for this site. 
The 69 samples collected from the Kyparissia-4 
section, extending stratigraphically above the site 
KYP4, yielded dominant normal magnetic polar-
ity attributed to the Brunhes Chron interrupted 
by a thin ~1.2 m-thick interval of reverse magnetic 
polarity (ChRM component directions oriented 
to the south with negative [upward] inclinations) 
attributed to a short reversal of Earth’s magnetic 
field occurring during the Brunhes Chron (e.g., 
Big Lost at 0.54 Ma), which, however, needs fur-
ther investigation in light also of the lithological 
complexity of the section consisting of reworked 
silty clays and mud flows characterized by marked 
chromatic variations ranging from red-brownish 
to light blue. The thermal demagnetization of a 
three-component IRM performed on 8 selected 
samples from Kyparissia-4 shows that the magnet-
ic mineralogy reflects these color changes whereby 
the IRM is carried mainly by magnetite in the light 
blue intervals and by hematite in the red-brown 
intervals. On the other hand, 2 additional samples 
revealed that for greyish clay of Choremi 6 the re-
manence is carried by sulphides.

Thermal demagnetization analysis on the 34 
samples from the Choremi-6 section showed a 
clear change of magnetic polarity from reverse at 
the base to normal toward the top, indicating the 
presence in this section of the Brunhes-Matuyama 
boundary (0.773 Ma). Future analyses will focus 

on correlations at the basin scale using this valu-
able magnetochronological boundary that was pre-
viously identified in the Choremi mine area of the 
Megalopolis Basin by Tourloukis et al. (2018).

Future activity will involve performing de-
tailed rock-magnetic experiments on selected 
samples from both Kyparissia-4 and Choremi-6, 
including thermomagnetic and hysteresis experi-
ments, backfield acquisition curves of isothermal 
remanent magnetization (IRM), and first order 
reversal curves (FORC) using a Microsense EZ7 
vibrating sample magnetometer. Our aim is to in-
vestigate potential links between sediment color 
and environmental factors, like paleoclimate vari-
ations (e.g., periods of warmer climate promoting 
weathering and oxidation to give red-brownish 
color, and periods characterized by more reducing 
conditions, to give the light blue color). Hysteresis 
loops of magnetization will be used to determine 
values of coercivity [Hc], saturation magnetization 
[Ms], and saturation remanence [Mr] after cor-
recting for paramagnetic components, while the 
parameter coercivity of remanence [Hr] will be ob-
tained from IRM backfield acquisition curves per-
formed on the same samples. The Hc/Hr and Ms/
Mr ratios will be plotted on Day diagrams (after 
Day et al., 1977 and subsequent modifications), 
allowing the identification of the domain state of 
the ferromagnetic grains in the sediments, as well 
as providing a generic indication of their size.  
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22.1 INTRODUCTION

The basin of Megalopolis, located in Arcadia 
(Peloponnesus, Greece), was formed during the 
Pliocene, and subsequently during the Pleisto-
cene it was filled with fluvio-lacustrine sediments 
(van Vugt et al., 2000). Of particular importance 
is the Marathousa Member (Mb) of the Choremi 
Formation, which consists of sands, silts and clays 
mainly of lacustrine origin, alternating with the 
economically important lignite seams (Vinken, 
1965). These alternations correspond to climatic 
fluctuations from warm and humid periods (lig-
nites), to colder and drier ones (clastic sediments) 
(Okuda et al., 2002).

The basin has a long history of paleontological 

research, with the first systematic paleontological 
excavations conducted at the beginning of the 20th 
century. Since then, and especially during the last 
decades, extensive paleontological, paleoenviron-
mental, geological and chronological research has 
been conducted in the basin enriching our knowl-
edge of the Pleistocene ecosystems of the basin and 
the wider region. Recently, targeted and systematic 
field investigations (2012–ongoing) in the basin 
have resulted in the discovery of several new sites 
and findspots, as well as in the re-investigation 
of previously discovered localities. Among them, 
Marathousa 1 (MAR-1), discovered in 2013, 
stands out for its wealth in paleontological and ar-
chaeological finds from well-stratified and secure 
paleoenvironmental contexts, and testifies homi-
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nin presence and butchering activities at the shores 
of the Middle Pleistocene lake during the Marine 
Isotope Stage 12, at ~450 ka (Panagopoulou et al., 
2015; Harvati et al., 2018 and articles therein). 
In 2018, the nearby and almost contemporane-
ous site of Marathousa 2 (MAR-2) was discovered 
yielding fossil mammal remains, some of which 
preserve traces of hominin exploitation (Konidaris 
et al., 2019). Finally, field survey in the Kyparissia 
mine, including the re-investigation of the Kypa-
rissia 4 (KYP-4) site, discovered in 2007 (Athanas-
siou, 2018; Athanassiou et al., 2018), enriched 
the vertebrate collection further and provided the 
opportunity for detailed paleoenvironmental re-
construction for the early part of the Middle Pleis-
tocene (Athanassiou et al., this volume; Karkanas 
et al., this volume; Konidaris et al., this volume; 
Papadopoulou et al., this volume; van Kolfschoten 
et al., this volume).

Among the first faunal lists of moluscs from 
the Megalopolis Basin are those of Vinken (1965) 
and Hiltermann and Lüttig (1969); however, the 
first detailed study on moluscs was conducted by 
Schütt et al. (1985). Recently, preliminary analysis 
of the molusc fauna from MAR-1 was performed 
and provided the first taxonomic and paleoenvi-
ronmental results (Boni, 2019), while the sys-
tematic sampling carried out in 2019 and 2020 
at MAR-1, MAR-2 and KYP-4 has substantially 
expanded the available molusc material (Boni, 
2022). The present study presents the preliminary 
results of the taxonomy and paleoenvironmental 
analysis of these assemblages aiming to contribute 
to the reconstructions of the paleoenvironmental 
conditions in the Megalopolis Basin during the 
Middle Pleistocene. Additional molluscan ma-
terial hand-collected during the excavations of 
2013–2019 at MAR-1, as well as sediment samples 
collected from additional stratigraphic units (other 
than those presented herein) of the three sites, re-
quire further investigation and will be collectively 
analyzed in the future.  

22.2 MATERIALS AND METHODS

The herein studied material includes 15 sediment 
samples, weighing approximately 3 kg each, and 
originating from three sites: MAR-1 (Areas A and 
B), MAR-2 (Areas A and B) and KYP-4. In MAR-
1 the material comes from the stratigraphic layers 
UA2b, UA3a and UA3c from Area A, and layers 
UB2b UB3a/b, UB3c, UB4a/b, UB4c and UB5 
from Area B (layers according to Karkanas et al., 
2018). 

Three samples were collected from MAR-2: 
sample 1 (Area A, layer with Hippopotamus fossils) 
and sample 2 (Area B, layer with Hippopotamus fos-
sils), both corresponding to the same depositional 
event, and sample 3 (Area B, molusc shell-rich lay-
er), located ~2 m bellow sample 2. From KYP-4, 
three samples are examined: UA2, UA5 and UA6. 
The analysis of the sediment samples from UA4, 
and UA7–UA9 is in progress.

The samples were air-dried, soaked in con-
tainers filled with ~10 L of water and ~50 mL of 
H2O2 (70%) and wet-sieved over a 0.5 mm mesh 
sieve. Very argillaceous and rich in organic material 
samples, needed re-sieving, which was not possi-
ble during the COVID-19 pandemic. However, 
those samples were dry-sieved in mesh sieves of 5 
mm, 3.16 mm and 1.60 mm, and each fraction 
was examined separately; the larger fractions were 
handpicked with the aid of magnifying glasses and 
forceps, and the fine fractions were examined un-
der a JENNA stereoscopic microscope with ×0.63, 
×1.00, ×1.6, ×2.5 magnification and ×10 ocular 
lenses.  

All recognizable molusc shells were collected 
and identified to the lowest possible taxonomic 
level, based on available literature. Afterwards, the 
shells per taxon were counted, and their relative 
frequencies were calculated. For shell numbers ex-
ceeding 100–200, their number was approximate-
ly estimated. The most representative and well-pre-
served larger shells were photographed using a 
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SONY 8-Mpixel Digital Still Camera, while the 
smaller shells were photographed under a ZEISS 
Stemi 305 trinocular stereoscopic microscope 
equipped with a MOTICAM S6 camera.

22.3 RESULTS

22.3.1.  FAUNA

The total number of taxa identified in all studied 
sites is at least 28. This number is possibly larger 
as the bivalves of the family Sphaeriidae were not 
identified at species level (Fig. 1).
Class Gastropoda Cuvier, 1795
•	 Bithynia candiota Westerlund	
•	 Valvata cristata Müller	
•	 Valvata (Cincinna) studeri Boeters & Falkner
•	 Galba truncatula (Müller)	
•	 Stagnicola palustris (Müller)	
•	 Lymnaea stagnalis (Linnaeus)	
•	 Planorbis planorbis (Linnaeus)	
•	 Anisus leucostoma (Millet)	
•	 Anisus spirorbis (Linnaeus)	
•	 Anisus vortex (Linnaeus)	
•	 Anisus sp.
•	 Gyraulus albus (Müller)	
•	 Gyraulus crista (Linnaeus)	
•	 Gyraulus cf. acronicus (Férrusac)	
•	 Segmentina nitida (Müller)	
•	 Planorbarius corneus (Linnaeus)	
•	 Ancylus sp.	
•	 Bathyomphalus contortus (Linnaeus)
•	 Planorbidae sp. 1
•	 Planorbidae sp. 2
•	 Acroloxus lacustris (Linnaeus)
•	 Oxyloma elegans (Risso)	
•	 Vertigo pygmaea (Draparnaud)	
•	 Carychium tridentatum (Risso)

Class Bivalvia Linnaeus, 1758
•	 Unio cf. pictorum (Linnaeus)	

•	 Sphaerium aff. corneum (Linnaeus)
•	 Pisidium amnicum (Müller)	
•	 Euglesa aff. casertanum (Poli)	

22.3.2.  MARATHOUSA-1

Area A: In UA2b the number of shells reached 
~2,950 and that of gastropod operculii over ~3000. 
Sample UA3c was also relatively rich, with 1,200 
shells, but with only 144 operculii. In contrast, 
UA3a is a rather shell-poor sample, with only 80 
shells, but with 200 operculii.

The most abundant species are Valvata cristata, 
Valvata studeri and Bithynia candiota, which repre-
sent more than 80% of the total molluscan assem-
blage in each of the three samples. Valvata cristata 
is the most abundant reaching 53.1% in UA3c, 
93.75% in UA3a, and 30.2% in UA2b; Bithyn-
ia candiota comprises 22.9% of the total shells in 
UA3c, 5% in UA3a, and 23.8% in UA2b, while 
Valvata studeri reaches 11.6% in UA3c, 1.25% 
in UA3a, and 28.8% in UA2b. In UA2b, large 
Unionidae fragments were also found. 

Area B: The richest layer among the studied 
ones was UB2b (in stratigraphic correlation with 
UA2b) with more than 8,580 shells and ~1,300 
operculii. Other shell-rich layers are UB3c, which 
preserves ~1,300 shells and ~500 operculii, and 
UB4c, being slightly less rich, with 870 shells and 
65 operculii. UB3a/b and UB4a/b are somewhat 
poorer; UB3a/b comprises 260 shells and 200 
operculii, and UB4a/b 416 shells and 400 opercu-
lii. The poorest layer of the site is UB5 with only 
13 shells and 7 operculii. 

The most abundant species in Area B are the 
same as in Area A: Valvata studeri, Valvata cristata 
and Bithynia candiota. Valvata cristata is the most 
common in UB2b, UB3a/b, UB3c, UB4a/b, and 
UB4c, and comprises 42–70% of the shells, while 
V. studeri presents lower values (21% in UB2b, 
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10.8% in UB3a/b, 11.6% in UB3c, 6.7% in 
UB4a/b, and 6.0% in UB4c). 

In UB2b, 320 Sphaeriidae shells were found, 
with their total percentage reaching 3.7%, while in 
UB3a/b, UB3c, and UB4a/b, although the num-
ber of shells is lower, their percentage is more sig-
nificant, (7.7%, 7.7%, and 6.7%, respectively).

22.3.3.  MARATHOUSA-2

Area A: Sample 1 contained ~150 shells and ~100 
operculii. The dominant species are Valvata cri-
stata with 63 shells (44.1%), followed by Valvata 
studeri and Bithynia candiota with 37 (25.9%) and 
32 (22.4%) shells, respectively. Besides the above, 

Figure 1:  Taxa of the studied samples. A: Valvata cristata, B: Bithynia candiota, C: Valvata studeri, D: Planorbis plaborbis, E: Gyrau-
lus albus, F: Planorbarius corneus, G: Gyraulus crista, H: Anisus spirorbis, I: Anisus leukostoma, J: Anisus vortex, K: Bathyomphalus 
contortus , L: Segmentina nitida, M: Planorbidae sp., N: Lymnaea stagnalis, O: Galba truncatula, P: Carychium tridentatum, Q: Vertigo 
pygmaea, R: Oxyloma elegans, S: Unionidae sp., T: Acroloxus lacustris, U–X: Sphaeriidae spp. All the scale bars represent 1 mm, 
except those in E and S which represent 1 cm.



Preliminary results on the taxonomy and paleoenvironmental analysis of the mollusc fauna 215

only a few Sphaeriidae valves, 5 lymnaeids and 
some gastropod fragments were collected.

Area B: Sample 2 contained less shells than 
sample 1, even though they represent the same 
depositional event, with only 10 V. cristata, 2 B. 
candiota and 30 operculii.

On the contrary, sample 3 is the most shell-
rich and diversified, with ~2,550 shells and ~2,000 
operculii, and 15 taxa included. The majority of 
the shells belong to V. cristata, which reaches 60.9 
%, B. candiota and V. studeri, with 20.0% and 
12.7%, respectively. 5 Unio cf. pictorum valves 
were collected, as well as some large Unionidae 
fragments, and 10 Lymnaeidae shells.

22.3.4.  KYPARISSIA-4

The lowest studied layer, UA6 is the richest of 
those examined with ~6,070 shells and ~6,000 
gastropod operculii. In UA5, ~760 shells and ~900 
operculii were collected, and in UA2 only 2 shells 
and 5 operculii. In UA2, only 1 species was found 
(Valvata cristata), though the operculii indicate at 
least 1 more gastropod species. UA5 contains at 
least 12 taxa and UA6 at least 17.

In UA5, V. studeri is the most abundant spe-
cies (39.0%), while the presence of V. cristata is 
also significant (28.8%), and B. candiota comprises 
21.8% of the total shells. Galba truncatula is rep-
resented with higher values, reaching 24 shells, in 
addition to 28 Lymnaeidae broken shells, belong-
ing to G. truncatula, Lymnaea stagnalis and Stagni-
cola palustris. 

In UA6, V. cristata comprises 44.8% of the 
shells and B. candiota 26.4%, while only 79 shells 
of V. studeri were found (only 1.3%). G. truncatula 
is common in this layer, as 400 shells were found 
(6.6% of shells).

22.4 DISCUSSION

Approximately 25,200 molusc specimens were col-
lected, though the true number of shells is expect-
ed to be larger. The identified taxa are at least 28, 
indicating quite diverse molusc faunas. However, 
mainly three species predominate the samples: Val-
vata cristata, Valvata studeri and Bithynia candiota, 
which account for ~70% or more in most studied 
layers, indicating that their optimal conditions, 
of rich vegetation and well-oxygenated waters 
(see Schütt et al., 1985; Okland, 1990), prevailed 
during the time of their occurrence. The diversi-
ty of the faunas and the abundance of the three 
dominant species is supported by the observations 
of Schütt et al. (1985), who also reported Valvata 
cristata as one of the most common taxa in shal-
low areas in Choremi. Similarly, B. candiota and 
V. studeri were very commonly found by Schütt et 
al. (1985). 

The molusc assemblages are similar across the 
three sites, without many significant variations ex-
cept shell richness and species diversity. The major-
ity of the taxa are aquatic, while those characteristic 
of terrestrial habitats are few and statistically unim-
portant in most layers, with a small differentiation 
in KYP-4; in this site there is a slight increase of 
terrestrial species (Oxyloma elegans, Vertigo pyg-
maea, Carychium tridentatum; Fig. 1) and of Galba 
truncatula, which is characterized as semiterrestrial 
(Sparks, 1961; Welter-Schultes, 2012). Another 
important point is that unionids, which indicate 
the presence of a river or a stream in the area and 
which are documented at MAR-1 and MAR-2, are 
absent from KYP-4.

22.5 CONCLUSIONS

The Middle Pleistocene molusc fauna of the Meg-
alopolis Basin presents an important taxonomic 
diversity, comprised predominantly by aquatic 
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species. The aquatic taxa indicate habitats with 
well-oxygenated waters and rich in aquatic plants, 
while the main components of the fauna are for 
the most part similar in MAR-1, MAR-2 and 
KYP-4. Despite the similarities, a slight difference 
is observed at KYP-4, which shows a somewhat 
increased presence of terrestrial/semi-terrestrial 
species. Aiming to obtain more comprehensive pa-
leoenvironmental interpretations, future directions 
of the analysis will focus 1) on the detailed com-
parisons both within the sedimentary units of each 
site’s sequence and among the sites, and 2) on the 
incorporation of the existing or in progress results 
from sedimentological analyses and other paleoen-
vironmental proxies (e.g., Karkanas et al., 2018; 
Bludau et al., 2021; Butiseacă et al., this volume; 
Papadopoulou et al., this volume). Finally, the 
inclusion of additional material from other sites/
stratigraphic horizons of the basin will improve the 
resolution and expand the chronological range.
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23.1 INTRODUCTION

The Megalopolis Basin, situated on the central 
part of Peloponnese in southern Greece, is an in-
tramontane half-graben basin, which was formed 
during the Pliocene and is nowadays one of the 
largest coal mining districts in Greece. During the 
Pleistocene, lacustrine and fluvial sediments were 
deposited, including the lignite-bearing Mara-
thousa Member of the Choremi Formation (Vink-
en, 1965). The sedimentary sequence of the Mara-
thousa member has a total thickness of ~150 m at 
the center of the basin, and includes alternations 
between clastic sediments (clay, silt and sand) and 
5–30 m thick dark brown lignite seams, interca-
lated with thin clastic layers (van Vugt et al., 2000 
and references therein).

Previous paleoenvironmental research based 

on ostracods focused on the Middle Pleistocene 
(Lower Palaeolithic) site of Marathousa 1 (MAR-
1; Fig. 1a), located between the Lignites II and III 
of the Marathousa Member, and dated to 500–400 
ka (see Harvati et al., 2018, Panagopoulou et al., 
2018 and references therein; Bludau et al., 2021). 
In this study, we present new paleoenvironmental 
evidence from lower stratigraphic horizons of the 
Marathousa Member, based on the ostracod record 
from the site Kyparissia 4 (KYP-4). KYP-4, locat-
ed in the Kyparissia mine (Fig. 1a), was discovered 
in 2007 and has yielded a rich assemblage of large 
mammals, including hippopotamuses, elephants 
and deer (Athanassiou, 2018; Athanassiou et al., 
2018). The site was recently revisited during a tar-
geted field survey in the framework of the Meg-
alopolis Paleoenvironmental Project (MegaPal). 
Besides the collection of additional large mammal 
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fossils (Athanassiou et al., this volume; Konidaris 
et al., this volume), sampling for molluscs (Boni et 
al., this volume), micromammals (van Kolfschoten 
et al., this volume) and ostracods (present study) 
also took place. Preliminary stratigraphic and bio-
chronological data indicate that KYP-4 is older 
than MAR-1, and is dated close to the lower part 
of the Middle Pleistocene (Athanassiou, 2018; this 
volume; Karkanas et al., this volume; van Kolf-
schoten et al., this volume). The KYP-4 sedimen-
tary sequence has a thickness of ~4.50 m and is 
divided into several distinct stratigraphic units, 
comprised by alterations of dark grey organic rich 
mud layers with an intercalation of a relatively thin 
lignite layer (Fig. 1b).

Ostracods are one of the most frequent micro-
fossils found in archaeological and paleontological 
excavations, due to their existence in a wide vari-
ety of paleoenvironments (Mazzini et al., 2015). 
Especially in freshwater settings, where other mi-
crofossil groups such as foraminifera, are lacking, 
ostracods can provide extremely detailed informa-
tion about the paleoenvironment and the paleocli-
mate. For this reason, ostracods in the last 20 years 

have become a fundamental addition to multidis-
ciplinary archaeological and paleoanthropologi-
cal research (Mazzini et al., 2015). In the present 
study, ostracod analysis is conducted in samples 
deriving from different layers of KYP-4 (Fig. 1b), 
aiming at the paleoenvironmental reconstruction 
of the studied section.

23.2 MATERIALS AND METHODS

Seven sediment samples were analyzed for ostra-
cods originating from KYP-4 Area A (the main 
find-bearing area; Fig. 1). 1000 g of dry sedi-
ment was treated with 10% H2O2 until reaction 
stopped (3 to 24 hours, depending on the sam-
ple). The residues were washed through a 2 mm 
and 125 µm sieve using distilled water and further 
dried overnight at 50°C. All ostracod valves were 
extracted under OPTIKA stereoscopes. Ostracods 
were photographed digitally with OPTICAM BS 
5 Mpx stereoscope camera. Identification, ecology 
and distribution information of ostracod species 
were derived mainly from Meisch (2000), Fuhr-

Figure 1:  a, Upper left corner: geographic position of the Megalopolis Basin; center: geographic position of Kyparissia 4 and Ma-
rathousa 1 in relation to the main lignite mines of the Megalopolis Basin (satellite image from Google Earth); upper right corner: 
distant view of Kyparissia 4. b, simplified stratigraphic column of KYP-4 (Area A) showing the stratigraphic units and the position 
of the samples taken for the ostracod analysis.
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mann (2012), several papers on the Stereo Atlas of 
Ostracod Shells (Athersuch, 1976), and other avail-
able published literature. Taphonomic indices were 
calculated (wherever possible) and interpreted after 
Schellenberg (2007) with: a) The adult to juvenile 
ratio (A/J) as an indirect indication for the energy 
of the environment. Values between 0.125–0.25 
are typical for in situ death assemblages. Higher 
values reflect in situ death assemblages with ta-
phonomic removal of juveniles. Significantly lower 
values could reflect transported juvenile valves or a 
mass death event (Belis et al., 1997; Schellenberg, 
2007). b) The right valve/left valve ratio (RV/LV) 
for merely the same reason (Breman, 1980). Values 

significantly different from one (1) imply transpor-
tation of juvenile valves.

23.3 RESULTS AND DISCUSSION

Six out of the seven sediment samples (samples 
2–7; stratigraphic units UA5–UA9) were barren 
of ostracods and/or contained either complete or 
broken molluscs, while in sample 4 (UA7), terres-
trial microvertebrate bone fragments were found 
(Table 1). Nonetheless, a relatively rich ostracod 
taphocoenosis was extracted from sample 1 (UA4; 
63 ostracod valves). UA4 is a crudely laminated 
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Table 1:  Ostracod analysis results and taphonomy.
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dark organic-rich mud with few sand clasts de-
posited in a low energy depositional environment. 
Ostracods thrive in hydrological regimes with low 
and moderate flow discharge but cannot withstand 
higher rates (Roca and Baltanas, 1993). Thus, the 
lack of ostracods in the other six samples could be 
connected to higher flow discharge.

In sample 1 (UA4), three ostracod taxa were 
identified down to the species level, while valves 
of juvenile stages were also picked (Fig. 2). Most 
of the identified ostracod valves (76%) belong to 
juvenile stages of Candoninae. However, the RV/
LV ratio bears a value of 0.57, which indicates that 
some of them or all of them were transported from 
nearby freshwater environments.

Valves of the species Fabaeformiscandona breui-
li (Paris, 1920) account for 17% of the ostracod 
assemblage. It is a widespread species throughout 
central and southern Europe, present from Pleis-
tocene to recent. It is a predominantly stygobiotic 
species, but it can also survive in surface environ-
ments always connected to underground waters 
(springs, waters flowing from springs, caves, etc.) 
(Meisch, 2000). As a fossil, it has been found most-
ly in interglacial conditions and/or in transitional 
conditions between the glacials-interglacials of 
central Germany (Fuhrmann, 2012). Only adult 
valves of this species were found (A/J ratio = 10), 
an indication of an in situ death assemblage with 
high taphonomic removal of juveniles. Relatively 
high transportation rates are also implied from the 
RV/LV ratio for the same species (RV/LV = 1.5). 

Potamocypris zschokkei (Kaufmann, 1900) 
(5%) and Cyclocypris cf. ovum (2%) complete the 
taphocoenosis. Potamocypris zschokkei is wide-
spread throughout Europe since the Pleistocene 
and it has been reported from interglacial and late 
glacial deposits (Fuhrmann, 2012). It is most-
ly found in muddy streams flowing from springs 
and, to a lesser extent, in stagnant waters of spring 
ponds (Meisch, 2000). Cyclocypris ovum (Jurine, 

1820) prefers cool permanent water bodies, but it 
can survive in a wide variety of aquatic environ-
ments. Nevertheless, it seems to be reduced in high 
summer water temperatures and high precipitation 
rates (Fuhrmann, 2012). The number of valves of 
both species was not enough for the calculation of 
taphonomic indices. Actually, the C. cf. ovum valve 
corresponds to a juvenile individual and for this 
reason its identification to the species level is not 
ascertained. However, regarding their preservation 
condition (fragmentation, color, etc.), the valves 
of Potamocypris zschokkei and Cyclocypris cf. ovum 
do not show signs of significant transportation and 
were probably deposited in situ. It is worth noting 

Figure 2:  Digital photos of the identified ostracod taxa. 1. 
Fabaeformiscandona breuili a) left valve, external, b) left valve, 
internal; 2. Potamocypris zschokkei a) right valve, external, b) 
right valve internal; 3. Cyclocypris cf. ovum a) right valve, exter-
nal, immature, b) right valve, internal, immature; 4. Candona a) 
right valve, external, juvenile b) right valve, internal, juvenile.
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that nowadays P. zschokkei in combination with C. 
ovum are found in Pyrenean Bi-carbonate springs 
(connected to limestone basement) with relatively 
low temperatures (possibly lower than 15˚C), low 
mineralization and wet climate (Mezquita et al., 
1999). A significant number of widely distributed 
cold-water stenothermal species occurs in that area 
(a transitional area between northern/central Eu-
ropean and Mediterranean regions), implying that 
those habitats acted as refugia for widely distrib-
uted species during the glacials (Mezquita et al., 
1999), which could also be the case for the Middle 
Pleistocene Megalopolis Basin.

The number of species in the respective sam-
ple is apparently low which points towards stressed 
environmental conditions. Due to the identified 
species’ ecological preferences, the connection of 
the depositional environment to a cool carbonate 
spring is indisputable. The limestone basement 
(belonging to the Pindos geotectonic zone) of the 
studied area is in good agreement with the inferred 
paleoecological data. The low number of individ-
uals can be attributed to the low stability of the 
springs (Mezquita et al., 1999) or more likely to 
a less favorable depositional environment such as 
a stream flowing from the spring. This is further 
supported by the high transportation rates of Can-
doninae, implied by the respective taphonomic 
indices. The ostracod assemblages of such environ-
ments are not well studied, probably due to the 
high diversity of microhabitats.

The coexistence of P. zschokkei and C. ovum 
points towards a wet climate with no extreme sum-
mer temperatures. Because of the extremely low 
number of individuals, this paleoclimate estima-
tion must be applied with caution. Moreover, both 
F. breuili and P. zschokkei are commonly found in 
interglacial and/or transitional stages of central Eu-
rope. Therefore, the climatic conditions during the 
deposition of the respective layer should have resem-

bled those that prevailed in regions further north, 
during interglacial or/and transitional stages.

Samples with high numbers of juvenile Can-
doninae have also been noticed at MAR-1 (strati-
graphic units UA2 and UA3 of Area A, and UB3 
and UB4 of Area B; Bludau et al., 2021). At this 
site, P. zschokkei was also observed in low frequen-
cies (samples from UB3 and UB7). However, some 
samples from MAR-1 (UA2, UA3, UB3, UB4) 
contained also several representatives of Ilyocypris 
spp.  The paleoenvironment of MAR-1 was also 
interpreted as deposition in streams or ponds de-
riving from springs’ water. However, in the sample 
UA4 of KYP-4, Ilyocypris spp.  are totally absent. 
This can possibly be attributed to slightly high-
er water temperature and/or higher range differ-
ence between summer and winter temperatures 
at MAR-1 (Roca and Baltanas, 1993). It is worth 
mentioning that in the study of Lüttig (1968) on 
the ostracods of Megalopolis Basin, none of the 
identified species at KYP-4 have been mentioned, 
while Fabaeformiscandona breuili is not recorded 
either at MAR-1, thus it is reported for the first 
time from the Megalopolis Basin herein. 

23.4 CONCLUSIONS

In this work, ostracod analysis shed light on the pa-
leoenvironmental conditions that prevailed during 
the deposition of organic rich mud layers at the 
early Middle Pleistocene site of KYP-4. The dif-
ferent layers of the studied section must have been 
deposited under fluctuating flow discharge rates. 
The sample from the stratigraphic unit UA4 (the 
main lithic/vertebrate-bearing layer) was deposited 
in a slow to moderate flowing stream fed by a cool 
(constantly lower than 15 ˚C) carbonate spring. 
Even if the data presented herein are restricted, 
they are possibly indicative of a wet climate with 
relatively stable temperatures throughout the year. 
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The climatic conditions during the deposition of 
this layer could resemble the interglacial or transi-
tional conditions of central Europe. More research 
is needed in order to confirm these climatic con-
ditions.
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24.1 INTRODUCTION

Recent fieldwork in the Megalopolis Basin (Greece) 
has mainly focused on two Middle Pleistocene 
sites, Marathousa 1 and Kyparissia 4, both of 
which yielded rich faunal assemblages (e.g., ostra-
cods, molluscs, fishes, amphibians, reptiles, birds, 
mammals) in stratigraphic and spatial association 
with Lower Palaeolithic lithic artefacts, thus doc-
umenting hominin presence in the region (Har-
vati et al., 2018 and articles therein; Karkanas et 
al., this volume). Marathousa 1 (MAR-1), located 
in the Marathousa mine, was discovered during 
targeted fieldwork in 2013 and systematically ex-
cavated from 2014 to 2019 by a team from the 
University of Tübingen Paleoanthropology group 

and the Ephorate of Paleoanthropology–Speleolo-
gy (see Harvati et al., 2018 and articles therein). 
MAR-1 is dated to ca. 450 ka and is correlated 
to the Marine Isotope Stage 12 (Panagopoulou et 
al., 2018 and references therein). The site’s large 
mammal faunal assemblage includes (Konidaris et 
al., 2018): Castor fiber (beaver), Mustela sp. (wea-
sel), Lutra simplicidens (otter), Felis sp. (wildcat), 
Vulpes sp. (fox), Canis sp. (medium-sized canid), 
Palaeoloxodon antiquus (straight-tusked elephant), 
Hippopotamus antiquus (hippopotamus), Bison sp. 
(bison), Dama sp. (fallow deer) and Cervus elaphus 
(red deer). Of particular interest are the skeletal re-
mains of at least two elephant individuals, some of 
which preserve evidence of anthropogenic modifi-
cations. Kyparissia 4 (KYP-4), located in the Kypa-
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rissia mine, was discovered in 2007 (Athanassiou, 
2018; Athanassiou et al., 2018) and was revisited 
during a targeted field survey by a joint team from 
the University of Tübingen Paleoanthropology 
group, the Ephorate of Palaeoanthropology–Spele-
ology at Athens, and the American School of Clas-
sical Studies at Athens. Preliminary stratigraphic 
and biochronological data indicate that KYP-4 is 
older than MAR-1 and is dated to the lower part 
of the Middle Pleistocene (Karkanas et al., this 
volume; van Kolfschoten et al., this volume). The 
site’s large mammal faunal assemblage includes 
(Athanassiou, 2018; Athanassiou et al., 2018, this 
volume): Castor fiber, Vulpes sp., Palaeoloxodon 
antiquus, Stephanorhinus sp. (rhinoceros), Equus 
sp. (horse), Hippopotamus antiquus, Bison sp., Sus 
scrofa (boar), Dama sp., Cervus elaphus and Prae-
megaceros verticornis (giant deer).

Until recently macaques were not known from 
the Megalopolis Basin. During the 2019 exca-
vation at MAR-1, an almost complete mandible 

(MAR-1B-9) was unearthed from the site’s Area B 
and studied by Konidaris et al. (2022). More re-
cently, during the 2021 field survey in the Kyparis-
sia mine, an isolated upper first molar was found 
at KYP-4 (KYP4A-1075) in the sedimentary unit 
UA5 of Area A, which consists of dark grey sandy 
mud, very rich in organics and freshwater mol-
luscs. This new macaque specimen is the primary 
focus of this study. Both specimens are housed at 
the Ephorate of Palaeoanthropology–Speleology 
(EPS) in Athens (Greece).

All European fossil macaque forms (except for 
the endemic insular Macaca majori Azzaroli, 1946 
from Sardinia in Italy) are currently attributed to 
the Barbary macaque Macaca sylvanus (Linnaeus, 
1758), a species that was geographically widely dis-
tributed in western Eurasia during the Plio-Pleis-
tocene (Delson, 1975; Elton and O’Regan, 2014; 
Mecozzi et al., 2021). Three (chrono)subspecies 
are generally recognized (Szalay and Delson, 1979; 
Delson, 1980; Alba et al., 2011): Macaca sylvanus 

Taxon Provenance Source
Macaca sylvanus sylvanus extant Alba et al. (2011), PRIMO (2021)

Macaca majori Capo Figari (Italy) PRIMO (2021)

Macaca sylvanus prisca Balaruc (France) PRIMO (2021)

Cova Bonica (Spain) Delson (1971)

Gundersheim (Germany) Rook et al. (2001)

Montpellier (France) PRIMO (2021)

RDB quarry, Villafranca d’Asti (Italy) Rook et al. (2001)

Macaca sylvanus florentina or  
M. s. cf. florentina

Cal Guardiola (Spain) Alba et al. (2008)

Estació de Vallparadís (Spain) Alba et al. (2008)

Monte Peglia (Italy) PRIMO (2021)

Quibas (Spain) Alba et al. (2011)

Tourkovounia-2 (Greece) Symeonidis and Zapfe (1976)

Upper Valdarno (Italy) PRIMO (2021)

Macaca sylvanus pliocena or  
M. s. cf. pliocena

Gajtan (Albania) PRIMO (2021)

Heppenloch (Germany) Adam (1975)

Kudaro 1 (Caucasus) PRIMO (2021)

Quecchia Quarry (Italy) Bona et al. (2016)
Table 1:   Comparative dental sample (fossil and extant) used in the analyses of the Kyparissia 4 specimen.
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prisca Gervais, 1859 from the Pliocene, Macaca 
sylvanus florentina (Cocchi, 1872) from the Early 
Pleistocene, and Macaca sylvanus pliocena Owen, 
1846 from the Middle–early Late Pleistocene. 
The diagnosis of these subspecies relies mainly on 
differences in dental size and proportions; howev-
er, there is great overlap in almost all parameters 
among the fossil, as well as the extant, subspecies 
and therefore subspecific assignments are often 
based on (bio)chronological grounds rather than 
on diagnostic morphological features.

24.2 METHODS

Dental terminology follows Delson (1975). Stan-
dard dental measurements (following Alba et al., 
2011) of maximum mesiodistal crown length 
(MD), and buccolingual crown breadth at the 
mesial [BLm=BL (maximum buccolingual crown 
breadth)] and distal (BLd) lobes, were taken with 
a digital caliper to the nearest 0.1 mm. A breadth/
length index (BLI) was also calculated (BLI=BL/
MD × 100). Comparative dental measurements 
(Tables 1 and 2; following in some cases the taxo
nomic attributions of Alba et al., 2019) were 
obtained from the literature and from publicly 
available sources [PRIMO (the New York Consor-
tium in Evolutionary Primatology PRImate Mor-
phometrics Online) database, accessed November 
2021; http://primo.nycep.org]. Box-and-whisker 
plots and statistical computations were performed 
with the software package PAST v. 4.09 (Hammer 
et al., 2001; https://www.nhm.uio.no/english/re-
search/resources/past/).

24.3 THE MARATHOUSA 1 SPECIMEN

The mandible from Marathousa 1 (Fig. 1a–c) was 
studied in detail in Konidaris et al. (2022), and it 

is only briefly presented here. The specimen orig-
inally consisted of two hemimandibles (deposited 
about 1.6 m apart) that fit together under the alve-
olus of the right P3. The refitted complete mandi-
ble (MAR-1B-9) bears the left canine and the left  
P3–M2, and the right P4–M3. The mandible be-
longed to a male individual of advanced ontoge-
netic age and of estimated body mass of ~13 kg. 
Mandibular and dental morphology, and dental 
size and proportions of MAR-1B-9 fit well within 
the range of extinct and extant M. sylvanus. The 
dental dimensions of the MAR-1 macaque fit bet-
ter within the variation of M. s. florentina and M. s. 
pliocena rather than with the extant representative 
M. s. sylvanus. Moreover, a principal component 
analysis (combining M1 MD, M1 BL, M2 MD, 
M2 BL, M3 MD, and M3 BL of complete M1–M3 
tooth rows) shows that these two fossil subspecies 
differ from the modern representative in their lon-
ger and broader M1, and the longer M3. Although 
M. s. florentina and M. s. pliocena overlap greatly, 
the MAR-1B-9 macaque fits better with M. s. plio-
cena and does not fall within either the M. s. flo-
rentina or the extant M. s. sylvanus range (Fig. 1d).

24.4 THE KYPARISSIA 4 SPECIMEN

24.4.1.  DESCRIPTION

The right M1 KYP4A-1075 [MD = 8.3; BLm=7.9; 
BLd=7.2; crown height = 5.3 (at the paracone); all 
in mm; BLI=95] is almost unworn, and the crown 
is well-preserved; there is a mesial contact facet 
(Fig. 2a). It bears a single lingual root, a mesiobuc-
cal one missing its tip, and a damaged distobuc-
cal one. It displays a bilophodont occlusal pattern 
with a wider mesial lobe than the distal one. The 
lobes are separated by a relatively well-developed 
median lingual cleft and a less marked buccal one. 

https://www.nhm.uio.no/english/research/resources/past/
https://www.nhm.uio.no/english/research/resources/past/
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Figure 1:  Mandible of Macaca sylvanus cf. pliocena (EPS-MAR-1B-9) from Marathousa 1, in a, left lateral; b, right lateral; and c, 
dorsal views; scale = 5 cm; d, principal component analysis of dental variables among M. s. sylvanus (n = 17), M. s. florentina  
(n = 9) and M. s. pliocena (n = 8) using Mosimann‘s Log-shape ratio transformation. Only complete M1–M3 tooth rows are included; 
for MAR-1B-9 the right tooth row is used. The principal component biplot depicting the projection of the original axes (variables) 
is also shown.
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Figure 2:   a, Right M1 (EPS-KYP4A-1075) of Macaca sylvanus ssp. from Kyparissia 4; in a1, occlusal (mesial is to the left); a2, 
lingual; a3, buccal; a4, mesial; a5, distal views; b, Bivariate dental plot of BL vs. MD (in mm) for the macaque M1 from Kyparissia 4, 
compared with those of modern and fossil Macaca sylvanus subspecies and Macaca majori from various localities (see Methods); 
the blue ranges in the plot correspond to the M. s. sylvanus sample (n = 35) of Alba et al. (2011); c, Box-and-Whisker plots of BL 
and MD (in mm) for the M1 of extant and fossil macaques (colors correspond to those of 2b) compared with that from Kyparissia 
4. Horizontal lines represent the median; boxes the 25 and 75 percentiles (interquartile range); whiskers the minimum-maximum 
values; circles the outliers. Comparative sample: M. s. sylvanus (n = 21–25), M. s. pliocena (n = 5–6), M. s. florentina (n = 10), 
Macaca s. prisca (n = 4), and M. majori (n = 13–14) from various localities (see Methods and Table 1).
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The buccal notch is shallow relative to the height 
of the crown. Buccal (paracone and metacone) 
and lingual (protocone and hypocone) main cusps 
are almost aligned in each lobe. The paracone is 
slightly larger than the other main cusps. The me-
sial fovea, which is delimited by the preprotocrista, 
the preparacrista, and the rather strong and almost 
straight mesial marginal ridge, is relatively short 
but deep. The central fovea (trigon basin) is deep-
er and more expanded than the mesial and distal 
foveae. The distal fovea, which is delimited by the 
postmetacrista, the posthypocrista, and the rather 
strong and curved distal marginal ridge (formed 
by several tubercles in a row), is wide but rather 
shallow.

24.4.2.  COMPARISONS

The generalized papionin occlusal pattern of KY-
P4A-1075 is compatible with an attribution to 
Macaca (e.g., Alba et al., 2008, 2011), while its 
dental size and proportions fit well within the 

range of extinct and extant Macaca sylvanus (Fig. 
2; Table 2). On the other hand, an assignment to 
Paradolichopithecus, the other extinct European pa-
pionin also present in the Pleistocene of Greece, 
can be safely excluded based on the larger dental 
dimensions of this genus (see e.g., Kostopoulos et 
al., 2018).

The crown measurements of KYP4A-1075 
(MD=8.3 mm; BLm=7.9 mm) are below the 
known metrical variation of both M2 and M3 
of fossil M. sylvanus [M2 MD=9.1–11 (n=26);  
M2 BLm=8.0–10.9 (n=27); M3 MD=8.6–10.6  
(n=17); M3 BLm=8.6–10.4 (n=17); from referenc-
es cited in Table 1 plus Alba et al. (2016, 2018), 
Reumer et al. (2018) and van Kolfschoten (2020); 
see also the bivariate dental plots of M2 and M3 
in Alba et al. (2016: Fig. 4) and Alba et al. (2018: 
Fig. 3b), respectively], and fit well within the size 
range and proportions of M1 (Fig. 2b, c). Fur-
thermore, in contrast to the usually moderate and 
marked distal tapering of the crown in the M2 and 
M3, respectively, in M1 the tapering is rather weak 
(Alba et al., 2016, 2018), as it is in KYP4A-1075  

n mean SD minimum maximum z-score
M1 MD KYP4A-1075 1 8.30 - - -

M. s. sylvanus* 25 7.33 0.69 5.80 8.50 1.40

M. s. sylvanus** 35 7.81 0.41 7.10 8.80 1.20

M. s. pliocena 6 8.05 0.31 7.60 8.40 0.81

M. s. florentina 10 8.52 0.37 8.00 9.00 -0.59

M. s. prisca 4 8.78 0.73 7.80 9.50 -0.65

M1 BL KYP4A-1075 1 7.90 - - -

M. s. sylvanus* 21 7.00 0.43 5.80 7.80 2.12

M. s. sylvanus** 35 7.09 0.41 6.00 7.80 1.98

M. s. pliocena 5 7.64 0.34 7.40 8.20 0.77

M. s. florentina 10 8.18 0.53 7.40 9.20 -0.53

M. s. prisca 4 7.68 0.54 7.00 8.30 0.42

Table 2:  Descriptive statistics and calculated z-scores for dental measurements of EPS-KYP4A-1075 compared with Macaca 
sylvanus sylvanus (*data from PRIMO, ** data from Alba et al., 2011), Macaca sylvanus pliocena, Macaca sylvanus florentina and 
Macaca sylvanus prisca (see Methods). When z > |1.96|, the null hypothesis that EPS-KYP4A-1075 fits within the variation of the 
comparative sample can be rejected at p < 0.05; in such cases, the z-score is typed in bold. SD = standard deviation.
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(BLd=7.2 mm), while additionally the KYP-4 mo-
lar lacks any accessory cusp on the distal margin, 
which is frequently present in papionin last molars 
(Alba et al., 2018). Therefore, the KYP4A-1075 is 
recognized as M1.

Morphologically, the molar does not show any 
substantial difference from those of extinct and 
extant M. sylvanus; therefore, we focus on dental 
crown dimensions. In the MD vs. BL biplot al-
though some overlap exists, KYP4A-1075 is rather 
well-distinguished from M. majori and M. s. syl-
vanus and is comfortably placed with the fossil 
M. sylvanus subspecies (Fig. 2b). In the Box-and-
Whisker plot, the MD dimension of the KYP-4 
molar plots at the upper range of M. s. sylvanus, 
but outside its interquartile range; it is also dis-
tinguished from M. majori (Fig. 2c). The molar 
stands at the upper limit of the interquartile range 
of M. s. pliocena, and at the lower quartile of M. 
s. florentina and M. s. prisca. In terms of the BLm 
dimension, KYP4A-1075 is outside the range of 
M. s. sylvanus and plots at the maximum value of 
M. majori. It stands at the upper quartiles of M. s. 
pliocena and M. s. prisca, and at the lower quartile 
of M. s. florentina. Similar results are obtained by 
the statistical comparison using z-scores of KY-
P4A-1075 with the subspecies of M. sylvanus (Ta-
ble 2). The analysis detects significant difference 
of KYP4A-1075 in terms of the M1 BL with the 
extant M. s. sylvanus.

24.4.3.  ONTOGENETIC AGE, SEX AND BODY 
MASS ESTIMATION

The ontogenetic age of the KYP-4 macaque indi-
vidual can be estimated based on the sequence and 
timing of tooth eruption in primates, and on the 
degree of dental wear. The first permanent molar is 
particularly informative because it is the first of the 
permanent teeth to erupt in macaques and marks 

the end of infancy (end of weaning) and the begin-
ning of independence (Smith, 1994; Smith et al., 
1994). The presence of a mesial contact facet in 
the KYP4A-1075 M1 indicates that at the time of 
death the tooth had been already erupted and was 
functional, while the absence of a distal contact 
facet indicates that the M2 was unerupted, at least 
not completely. Available dental eruption times 
for extant macaques show that the M1 and the M2 
emerge at about 17–21 months and 39–45 months 
of postnatal life on average, respectively (Smith et 
al., 1994). Therefore, KYP4A-1075 would belong 
to an individual of a minimum age approximately 
between 1.5 and 2 years old, and considering the 
absence of a distal contact facet, of maximum age 
approximately between 4 and 4.5 years old. Taking 
into account the almost unworn state of the molar, 
an age at death closer to the minimum estimate, 
i.e., around 2 years is more plausible. Indeed, 
based on its minimal wear, the KYP-4 specimen 
can be placed towards the end of the individual 
dental age stage (IDAS) 1 (infant) and the begin-
ning of IDAS 2 (juvenile) of Anders et al. (2011). 
KYP4A-1075 belonged to an individual of compa-
rable age (perhaps only slightly younger) as that of 
the juvenile mandible of Macaca sylvanus cf. plioce-
na from Gruta da Aroeira (Spain), which preserves 
the fully erupted dP3, dP4 and M1 (the latter only 
slightly worn), while the P4 and M2 are inside their 
alveoli; the age at death of this individual was esti-
mated close to 2.5 years (Alba et al., 2019). Thus 
overall, the KYP-4 macaque can be regarded as a 
(subadult) juvenile individual.

To estimate the body mass of the KYP-4 ma-
caque, we applied the allometric regressions of Del-
son et al. (2000: Table 7) for cercopithecines based 
on M1 MD (8.3 mm), M1 BLm (7.9 mm) and M1 
area [MD × 0.5(BLm + BLd)]. The resulting body 
mass estimate was 10.6 kg. However, this value has 
to be regarded as corresponding to its adult stage 
(when the full permanent dentition would have 
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been erupted), and the expected body mass at the 
age of death of the KYP-4 macaque would be low-
er. Indeed, the body mass range of juveniles (with 
some of the permanent teeth erupted) of extant M. 
s. sylvanus is 6.2–8.6 kg (n = 3; Fooden, 2007: Ta-
ble 2). Considering the larger dental dimensions of 
KYP4A-1075 than most of the comparative M. s. 
sylvanus sample (Fig. 2 b, c), a body mass at the age 
of death closer to the upper range (~8–9 kg) seems 
more plausible. On the other hand, the estimated 
body mass of 10.6 kg at the adult stage fits within 
the ranges of adult females and males, being how-
ever, very close to the mean values of females pro-
vided by Delson et al. (2000) and Fooden (2007).

24.5 DISCUSSION – CONCLUSIONS

24.5.1.  TAXONOMIC ATTRIBUTION OF THE 
MEGALOPOLIS SPECIMENS

The metrical comparison of KYP4A-1075 sepa-
rates it rather well from the extant M. s. sylvanus 
and reveals a better match with the fossil subspe-
cies (M. s. prisca, M. s. florentina and M. s. plio-
cena); however, their great size overlap, the single 
specimen status, and the absence of clear-cut diag-
nostic criteria that may differentiate the European 
fossil subspecies, do not allow for a subspecific al-
location at the moment. Therefore, KYP4A-1075 
is attributed to a fossil European Macaca sylvanus 
ssp. Likewise, the study of the mandible MAR-
1B-9 (Konidaris et al., 2022) showed that the den-
tal dimensions fit better within the variation of M. 
s. florentina and M. s. pliocena rather than with the 
extant representative M. s. sylvanus, but addition-
ally, the principal component analysis revealed a 
better match with M. s. pliocena; therefore, MAR-
1B-9 was attributed to M. s. cf. pliocena, consistent 
also with the specimen’s chronology.

24.5.2.  IMPLICATIONS WITHIN THE REGIONAL 
AND EUROPEAN CONTEXT

The recent investigations in the Megalopolis Ba-
sin have enriched the Macaca record known from 
Greece, previously limited to the Early Pleistocene 
(Symeonidis and Zapfe, 1976), by adding material 
from secure stratigraphic, chronological and palae-
oenvironmental contexts. Additionally, the Mega-
lopolis specimens are important for several reasons:
•	 MAR-1B-9 represents the most complete fossil 

European macaque mandible known.
•	 The Megalopolis specimens constitute some of 

the very few known records of Macaca in the 
eastern sector of the peri-Mediterranean region 
and are among the southernmost European oc-
currences [see distribution maps of fossil ma-
caques in Elton and O’Regan (2014) and Me-
cozzi et al. (2021)].

•	 They mark the first known presence of ma-
caques during the Middle Pleistocene of Greece.

•	 They extend the chronological range of cerco-
pithecids (Late Miocene to Middle Pleistocene) 
in the country.

•	 They document for the first time the coexis-
tence of macaques and hominins in Greece.

•	 The exquisitely preserved, rich and well-docu-
mented assemblages of both Megalopolis Basin 
sites allow not only their secure chronological 
placement, but also a detailed reconstruction 
of the environmental conditions under which 
these individuals lived, and of the prey-preda-
tor relationships among hominins, carnivores, 
and macaques (Konidaris et al., 2022).

•	 Marathousa 1 can be added to those Europe-
an sites that document the coexistence of ma-
caques and hominins, and it has yielded evi-
dence of elephant butchering (Konidaris and 
Tourloukis, 2021; Konidaris et al., 2022).

•	 The record of macaques in different strati-
graphic levels within the Middle Pleistocene 
deposits of the Megalopolis Basin, including 
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periods of colder conditions during glacial or 
stadial stages (see Bludau et al., 2021; Boni et 
al., this volume; Butiseacă et al., this volume; 
Kyrikou et al., this volume; Papadopoulou et 
al., this volume), might point to a continuous 
presence in the region and suggests that this 
southern region could have acted as a refugium 
for European macaque populations. Recent pa-
leoenvironmental reconstruction indeed points 
to the presence of permanent freshwater bodies 
throughout the year even during glacial periods 
(Konidaris et al., 2018; Bludau et al., 2021) 
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25.1 THE APIDIMA SITE AND HOMININ 
FOSSILS

The Apidima site is located in close proximity to 
the village Areopolis on the coast of the Mani pen-
insula in the southern Peloponnese, Greece (Har-
vati et al., 2009; Harvati, 2016, 2022). The site 
consists of five caves (A, B, C, D, and E), which 
are located directly on the coast and can today 
only be reached by boat. The caves are filled with 
sediments from the Middle and Late Pleistocene, 
which are eroding out of the caves (Pitsios, 1999; 
Harvati et al., 2011; Bräuer et al., 2019). In the 
late 1970s, a team of researchers from the Muse-

um of Anthropology of the School of Medicine, 
National and Kapodistrian University of Athens, 
unearthed two incomplete hominin crania [Apidi-
ma 1 (or LAO1/S1) and Apidima 2 (or LAO1/S2)] 
from the breccia of the cave wall of cave A. The re-
mains were excavated en bloc and then prepared in 
the laboratory to free them mechanically from the 
surrounding breccia (Pitsios, 1999). Both crania 
are fragmentary, but the breccia matrix still holds 
the fragments in place and together.

Apidima 1 preserves a major part of the left 
parietal bone, the superior right parietal, as well 
as parts of the occipital and left temporal bones. A 
large piece of rock is still attached to it (cf. Figure 
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1; Harvati et al., 2019). The second cranium, Api-
dima 2, is more complete and comprises large parts 
of the facial skeleton and a near complete cranial 
vault, but no mandible. The cranial base and oc-
cipital bone are not preserved (cf. Figure 1; Harvati 
et al., 2019). Apidima 2 represents a Neanderthal 
specimen and is dated to >170 thousand years ago 
(ka BP) (Harvati et al., 2011; Bartsiokas et al., 
2017; Bräuer et al., 2019; Harvati et al., 2019), 
whereas Apidima 1 was classified by Harvati et al. 
(2019) as early Homo sapiens, dating to >210 ka BP 
(see also Harvati et al., 2020; Harvati, 2022).

25.2 OBJECTIVES AND METHODS

A previous anthropological examination of Apidi-
ma 2 has concluded that some of the fractures on 
the frontal bone are the result of traumatic blows 
(Coutselinis et al., 1991, 1995). Later, it was sug-
gested that all fractures result from sediment pres-
sure during deposition and thus represent tapho-
nomic damage (Geanacos, 2001; Pitsios, 2007; 
Pitsios et al., 2007). The fractures of the less com-
plete cranium, Apidima 1, have not been studied 
until now.

Feature  
(references) Description Fresh 

bone
Dry 

bone
Incon-
clusive

Criteria evaluated in 
this study

Outline Course of breakage line 
on ectocranial surface

Curved Stepped Straight Classification of each 
breakage line as curved, 
stepped, or straight

Path of least resis-
tance (Symes et 
al., 2012; Fleming-
Farrell et al., 2013; 
Galloway and Wedel, 
2014; Loe, 2016) 

Propagation of breakage 
line towards a biomecha-
nically weaker area of the 
skull

Present Absent - Evaluation of whether 
a breakage line runs 
towards a biomechani-
cally weaker skull area 
(yes, no)

Angle (Fleming-
Farrell et al., 2013; 
Jordana et al., 
2013b; Kranioti, 
2015; Sala et al., 
2016)

Angulation between 
ectocranial cortical bone 
table and the breakage 
edge (surface of outer 
and inner table and diploë 
exposed by breakage)

Oblique 
(acute: 
<70°, 
or 
obtuse: 
>110°)

Right 
(70°-
110°)

- Measurement of the 
angle between the 
ectocranial and breakage 
edge surfaces at several 
points along one 
breakage line or defect in 
2D cross sections

Texture (Fleming-
Farrell et al., 2013; 
Jordana et al., 
2013a; Sala et al., 
2016)

Texture of breakage edge 
(surface of outer and 
inner table and diploë 
exposed by breakage)

Smooth Jagged - Classification of the 
texture as smooth or 
jagged at the same 
points, where angles were 
measured

Plastic response 
(Symes et al., 2012; 
Fleming-Farrell et 
al., 2013; Kranioti, 
2015)

Permanent plastic defor-
mation (elastic capacity 
of bone exceeded)

Present - Absent Assessment if breakage 
lines show signs of a 
plastic response (yes, no)

Table 1:  Criteria used to distinguish peri- from postmortem timing of cranial breakages in the Apidima crania.
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In this preliminary investigation, we examined 
the cranial breakage patterns of Apidima 1 and 2 
to assess the timing of breakage and to evaluate 
whether the fractures represent postmortem tapho-
nomic damage (dry bone breakage) or perimortem 
(fresh bone) fractures and, thus, could possibly be 
traumatic injuries.

To evaluate the timing of breakage of the two 
Apidima fossils, we employed virtual anthropo-
logical methods and used medical computed to-
mography (CT) scans of the two crania, kindly 
provided by the Museum of Anthropology and 
the First Department of Radiology of the National 
and Kapodistrian University of Athens. Using CT 
scans, the crania could be investigated in virtual 
cross-sections, allowing for the examination of in-
ternal structures or otherwise macroscopically in-
accessible areas. This way, we were able to perform 
a non-destructive examination of the endo- and 
ectocranial morphology of the fracture lines even 
though most of them are still covered by breccia. 
For each breakage line, we evaluated five morpho-
logical breakage features: (1) breakage outline, (2) 
path of least resistance, (3) breakage angle (mea-
sured in CT cross sections and on several points 
along one breakage line), (4) texture (assessed at 
the same points where also angles were measured), 
and (5) plastic response. For details see Table 1 and 
references therein. We assessed these five features 
on 15 breakage lines in Apidima 1, and 37 break-
age lines in Apidima 2 (Figure 1). In addition, we 
evaluated the edges of four defects (i.e., visible 
damages on the ectocranial surface, most of which 
also covered by breccia or plaster) in Apidima 2, 
using a reduced set of three features (breakage 
angle, texture, plastic response). Given the assess-
ments of the single features, we then concluded for 
every breakage line whether its morphology con-
forms more to a fresh or a dry bone breakage, or is 
inconclusive regarding its timing of breakage.

25.3 RESULTS AND DISCUSSION

The evaluation of five morphological breakage 
features to distinguish perimortem (fresh) from 
postmortem (dry) bone fractures performed in this 
preliminary study revealed mostly inconclusive 
breakage lines and defects in both Apidima crania 
(Beier, 2021). 66.7% (10 of 15) of breakage lines 
in Apidima 1, and 73.0% (27 of 37) plus four de-
fects in Apidima 2 are inconclusive regarding their 
timing of breakage. In Apidima 1, 26.7% (4 of 15) 
of the breakages exhibit a morphology that is rath-
er in agreement with fresh bone breakage, while 
the morphology of 6.7% (1 of 15) of the breakages 
is rather in agreement with dry bone breakages. In 
Apidima 2, the morphology of 13.5% (5 of 37) of 
the breakages conforms or rather conforms with 
fresh bone breakage, while another 13.5% (5 of 
37) of breakages are rather in agreement with a dry 
bone breakage morphology.

The frontal bone fractures of Apidima 2, pre-
viously assumed to result from traumatic blows 
(Coutselinis et al., 1991, 1995), and later assigned 
to a taphonomic origin (Geanacos, 2001; Pitsios, 
2007; Pitsios et al., 2007), exhibit an inconclusive 
breakage morphology. We therefore cannot con-
tribute additional support for any of the two previ-
ous interpretations. 

Apart from the many inconclusive breakage 
morphologies, we found both fresh and dry bone 
breakage morphologies within one single breakage 
line in nearly half of all breakages assessed (53.3% 
in Apidima 1, as well as 43.2% of fractures and 
25.0% of defects in Apidima 2). This is a puzzling 
and unexpected finding because the same fracture 
or defect should show a (predominantly) fresh or 
dry bone breakage morphology, but not a mix of 
both. Our findings were also inconsistent regard-
ing the features ‘breakage angle’ and ‘texture’. Their 
morphology should be correlated: by definition, 
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fresh bone breakage edges should be oblique and 
smooth, and dry bone breakage edges should be 
right-angled and jagged. Here, only 53.3% of the 
evaluated breakages in Apidima 1, and 62.6% of 
the evaluated edges in Apidima 2 corresponded to 

the expected association between the two features 
‘breakage angle’ and ‘texture’.

At this preliminary stage of the study, we can 
think of different reasons that could explain these 
ambiguous findings. First, it is possible that the 

Figure 1:   a-c: Overview of the 15 breakage lines examined in Apidima 1 (a: superior view, b: posterior view. c: left superolateral 
view). d-h: Overview of the 37 breakage lines and four defects examined in Apidima 2 (d: frontal view, e: superior view, f: poste-
rior view, g: left lateral view, h. right lateral view)
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morphological features we used to distinguish 
fresh from dry bone breakage were too few or too 
unspecific. Some additional small and subtle fea-
tures suggested to be good indicators of fresh bone 
breakage when present could not be assessed so far 
because of the low resolution of the available med-
ical CT scans. These include, for example, small 
osseous flake defects on the fracture edges, incom-
plete fractures with broken cortical layers (fissures) 
held in place by trabecular bone bridges, cortical 
bone scales resembling fish scales, and fracture 
hinging, i.e., broken fragments that remain par-
tially attached to the main body of the bone (for 
details and additional features see Fleming-Farrell 
et al., 2013; Jordana et al., 2013a; Kranioti, 2015; 
Sala et al., 2016; Ribeiro et al., 2020). In a similar 
vein, very fine, possibly only superficial breakage 
lines observable on the original crania could often 
not be detected in the CT scans used here. Using 
high-resolution micro-CT scans of the crania in-
stead of medical CT scans, when such might be 
available in the future, could have the potential to 
improve the analysis threefold: (1) by increasing 
the overall number of observable breakage lines, 
(2) by raising the number of successful observa-
tions of the features assessed, and (3) by enabling 
us to include additional features in the evaluation 
of the timing of breakage.

Further possible explanations for the hetero-
geneous and inconsistent findings of fresh and dry 
bone breakages between and within features could 
relate to the mineralized condition of the Apidima 
cranial remains and their depositional history. Wet 
depositional conditions can affect and obscure the 
timing of breakage through changed decomposi-
tion rates (Haglund and Sorg, 2002; Galloway et 
al., 2014; Augias et al., 2017; Stuart and Ueland, 
2017), alterations in the breakage behavior of dry 
bone after rehydration (Broz et al., 1993; Moraitis 
and Spiliopoulou, 2006; Augias et al., 2017; King, 
2017), and the increased abrasion of character-

istic breakage edges in water environments (Ha-
glund and Sorg, 2002; Moraitis and Spiliopoulou, 
2006). From what we currently know about the 
depositional history of the Apidima crania, wet 
depositional conditions likely occurred on several 
occasions. The two crania were found only a few 
centimeters apart from each other, but may in fact 
be separated by about 40 thousand years (Harvati 
et al., 2019). It has been suggested that the cra-
nia were displaced from the locations where they 
were originally deposited at distinct times follow-
ing washing out of underlying sediments, and got 
mixed up, perhaps by a mudflow event (Harvati et 
al., 2019). Moreover, sea level changes have been 
affecting the erosion of cave sediments in the Api-
dima caves, nowadays located only a few meters 
above sea level, since Pleistocene times (Pitsios, 
1999; Harvati et al., 2011; Bräuer et al., 2019). 
The timing of breakage of the Apidima cranial 
breakages is further complicated by the possibility, 
that (some of ) the breakages could have occurred 
after fossilization. If so, using fresh and dry bone 
breakage characteristics to determine the timing of 
breakage might be inadequate and could account 
for our inconclusive findings. Fossilized bone is 
assumed to break differently when impacted than 
both fresh and dry bone (Morlan, 1984; L’Abbé et 
al., 2015; Gifford-Gonzalez, 2018). To be able to 
identify fossilized bone breakage and distinguish it 
from fresh and dry bone breakage, distinct mor-
phological characteristics would be needed, which, 
to our knowledge, have not been studied and de-
scribed in as much detail as for dry and fresh bone 
breakage so far.

Our findings of the cranial breakage patterns 
of the Apidima fossil crania are therefore prelimi-
nary and we caution against overinterpretation of 
our results. Further methodological work, as well 
as future geoarchaeological and taphonomic inves-
tigations, will help to further clarify the breakage 
patterns and depositional history of the remains.
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26.1 INTRODUCTION

When hearing the words ‘human fossil’, most peo-
ple have a few famous fossils in mind. However, 
besides well-known, rather complete, iconic speci-
mens, the hominin fossil record mainly comprises 
fragmentary remains. Technological improvements 
in the last decades allow us to analyze fragmented 
and/or damaged fossils in a comprehensive frame-
work and study materials that could not be ana-
lyzed in depth at the time of their discovery (e.g., 
Zollikofer et al., 2005; Hublin et al., 2017; Har-
vati et al., 2019; Bosman et al., 2019). Most of 
these improvements are part of the field of virtual 
anthropology and the toolkit of geometric mor-
phometrics.

Geometric morphometrics relies on landmark 
configurations to capture shape. Landmarks are 
homologous points covering recognizable anatom-
ical structures that can be extended by semi-land-

marks on curves and surfaces (for discussion see 
e.g., Bookstein, 1997; Slice, 2007; Gunz et al., 
2005; Mitteroecker and Gunz, 2009; Zelditch et 
al., 2012). Generalized Procrustes superimposition 
(GPA) enables the statistical analysis of complex 
shapes, which previously were difficult to quantify, 
in a comparative framework (e.g., Harvati, 2003; 
Gunz et al., 2009; Gunz and Harvati, 2007; Freid-
line et al., 2012). In a GPA, landmarks from all 
individuals within a sample are translated into a 
common coordinate system and the information 
on orientation, location, and size is removed (e.g., 
Zelditch et al., 2012). From a theoretical point 
of view, three landmarks are sufficient to capture 
shape differences (e.g., Zelditch et al., 2012). 
However, the number of landmarks considered to 
capture biologically meaningful shape differences 
is usually higher and depends mostly on the dis-
criminating power of the landmark configuration 
and the complexity of the shape analyzed (for dis-
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cussion see e.g., Zelditch et al., 2012; Watanabe, 
2018). Fragmentary and/or damaged fossils may 
not preserve a biologically meaningful landmark 
set required for landmark-based analyses of shape, 
even considering well-established protocols for 
geometric and statistical reconstruction of missing 
data (e.g., Gunz et al., 2004, 2009; Zollikofer et 
al., 2005; Harvati et al., 2019).

Here, we aim to adapt the method of surface 
registration to the analysis of the fragmentary 
fossil hominin left maxilla from Mugharet el’Ali-
ya (Morocco) as a case study (c.f. Röding et al., 
2023). Our goal is to demonstrate the potential 
of the method of surface registration for the study 
of fragmentary fossils that preserve an insufficient 
number of landmarks for commonly used geomet-
ric morphometric analyses.

26.1.1.  THE CASE OF MUGHARET EL’ALIYA

In 1939, a left maxillary fragment of a juve-
nile hominin was recovered from the cave site of 
Mugharet el’Aliya on the Moroccan Atlantic coast 
(35°45´N, 5°56´W; Coon in Şenyürek, 1940). The 
cave sediments have yielded archeological and an-
thropological material ranging from the Neolithic 
to the Middle Stone Age (e.g., Coon, 1957a; Hub-
lin, 1993; Bouzouggar et al., 2002). The maxillary 
fragment is attributed to the Aterian lithic indus-
try and dates to ca. 35-60 ka (e.g., Coon, 1957b; 
Howe, 1967; Wrinn and Rink; for discussion see 
Röding et al., 2023).

The Mugharet el’Aliya fossil included three 
unerupted teeth and a large portion of the left 
hemi-maxilla (Fig. 1 Step 1; Röding et al., 2023; 
references therein). The maxilla is characterized by 
a large absolute size that exceeds the size of recent 
modern humans of comparable dental age, lack 
of a deep and distinct canine fossa, a curvature 
along the transverse plane of the maxilla (‘incur-
vatio inframalaris frontalis’), and a root of the zy-

gomatic process that originates anterior to the first 
permanent molar (Şenyürek, 1940; Minugh-Pur-
vis, 1993; Hublin, 1993, 2000; Röding et al., 
2023). Some of these features deviate from the 
typical maxillary anatomy of adult modern hu-
mans, while others are considered to be typical of 
modern humans and poorly developed or absent 
in Neanderthals (for discussion see Röding et al., 
2023; c.f. e.g., Sergi, 1947; Pope, 1991; Minugh-
Puris, 1993; Lieberman et al., 2002; Weber and 
Krenn, 2017; Lacruz et al., 2019; Schuh et al., 
2020). Because of the mixed set of traits seen in 
the preserved anatomy of the Mugharet el’Aliya 
maxilla, this enigmatic fossil has been described as 
showing modern human-like, unclear, or ‘archaic’ 
/ ‘Neanderthal-like’ features (e.g., Şenyürek, 1940; 
Minugh-Purvis, 1993; Hublin, 1993).

The use of common linear measurements to 
solve Mugharet el’Aliya’s enigma is hindered by the 
fossil’s incompleteness. Further, the limited num-
ber of preserved diagnostic features provides an in-
sufficient number of homologous points and struc-
tures for a comprehensive study using the standard 
toolkit of geometric morphometrics. To circum-
vent these shortcomings and to try to provide an 
unbiased description of the maxilla, we followed a 
recently described protocol for surface registration 
to enable the analysis of the entire preserved exter-
nal morphology of Mugharet el’Aliya (Fig. 1; cf. 
Schlager and Rüdell, 2013; Röding et al., 2023).

26.2 MATERIALS AND METHODS

We evaluated the external morphology of the max-
illary fragment through an ontogenetic dataset of 
80 CT and surface scans comprised of Neander-
thals, fossil and recent Homo  sapiens. The resolu-
tion of the CT scans ranges from 26 to 466 µm 
and for meshes obtained from surface scans from 
345 to 1,629 µm calculated as mean edge length. 
All scans were obtained by the equipment available 
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to the respective repositories. For further details 
about the sample please see Röding et al. (2023: 
Material & Methods).

The surface registration protocol aims to best 
match a reference mesh to a target mesh via an iter-
ative closest point (ICP) algorithm (Fig. 1). A sam-
ple of triangular meshes with the identical number 
of corresponding vertices is created when repeating 
the protocol for a set of target meshes and a consis-
tent reference mesh. Here, Mugharet el’Aliya was 
the consistent reference and all other individuals in 
the sample were considered the targets. The mesh 
vertices can be extracted and – after superimposi-
tion – used as coordinates during statistical anal-
yses. Possible statistical analyses include principal 
component analyses (PCA), common allometric 
component analyses (CAC), discriminant function 
analyses (DFA), and the calculation of Procrustes 
distances (PD), all of which are frequently used in 
geometric morphometric studies (cf. Röding et al., 
2023).

The first step is to create triangular meshes 
from the surfaces in question. Surface meshes can 
be extracted from CT scans via semi-automated 
segmentation (e.g., Neubauer et al., 2009) or as 
output from the surface scanning process. Mesh 
cleaning and manipulation allow the creation of 
a single-layered triangular mesh (Fig. 1 Step 1). In 
the case of samples combining surfaces from both 
anatomical sides, surfaces from one side have to 
be mirrored and their vertex orientation inverted. 
These preparations are essential to avoid distor-
tions and mismatches in the following steps.

Next, a limited number of homologous land-
marks are digitized on each surface. These land-
marks facilitate an initial landmark-based reg-
istration via thin-plate spline (TPS) algorithm 
between the reference and each target and are dis-
carded after this step (e.g., Zelditch et al., 2012). 
The reference is superimposed and translated into 
a common coordinate system with each target 
during the initial registration. To enable a reliable 

initial registration the used landmarks should be 
spread out over the entire surface in question as 
much as possible. In the case of Mugharet el’Ali-
ya, five landmarks were sufficient during the initial 
registration for the analysis of the entire complex 
external maxillary morphology in an ontogenetic 
sample (Fig.  1 Step  2; c.f. Röding et al., 2023). 
Thereby, the optimal number of landmarks is de-
pendent on the complexity and size of the surface 
region of interest. One possibility to determine the 
optimal number of landmarks is to compare the 
original meshes of a subsample with their corre-
sponding meshes created via surface registration 
based on varying numbers of landmarks (cf. Re-
sults, Fig. 2). The landmark set combining as small 
a number of landmarks as possible with very good 
surface matches across the subsample can be con-
sidered optimal.

The actual step of surface registration, also 
called ICP-matching, includes a non-rigid ICP 
algorithm (Fig. 1 Step 3). Here, the elastic com-
ponent is based on Gaussian displacement vec-
tors (Moshfeghi et al., 1994). The non-rigid ICP 
matching is run with multiple iterations to ensure 
the best possible match of the reference surface 
onto the target. Each iteration consists of four 
steps (cf. Schlager and Rüdell, 2013). First, each 
vertex of the reference mesh is projected onto the 
target mesh. Then all displacement vectors for the 
closest points that point in the wrong direction or 
where the angle between the normal and the dis-
placement vector exceeded 45° are discarded. This 
is followed by applying Gaussian smoothing based 
on the neighborhood of each vertex to the result-
ing displacement vectors. Then the resulting sur-
face is smoothed to prevent mesh folding (Vollmer 
et al., 1999).

After the ICP-matching, the coordinates un-
derlying the mesh vertices are extracted (Fig.  1 
Step 4). GPA allows translating the coordinates of 
all individuals into a common coordinate system 
and superimposing them to allow a statistical anal-
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ysis of the resulting Procrustes shape coordinates. 
During GPA, information about orientation and 
location is removed and the coordinate configura-
tions are scaled to centroid size (CS). CS is calcu-
lated as the square root of the summed squares of 

each landmark-centroid distance (e.g., Zelditch et 
al., 2012).

Based on the Mugharet el’Aliya dataset, the in-
tra- and inter-observer errors of this method were 
evaluated via multiple measurements of the same 

Figure 1:  Visualization of the main steps for the method of surface registration. Step 1: extraction of single-layered triangular 
meshes from the original surfaces. Step 2: initial landmark-based TPS registration of the reference onto the target mesh. Step 
3: Elastic ICP-matching of the registered reference and target meshes. Step 4: Extraction of the vertices from the resulting new 
single-layered triangular meshes as coordinates for further analysis. Images are not scaled. Mugharet el‘Aliya is courtesy of the 
Peabody Museum of Archaeology and Ethnology, Harvard University, 39-69-50/N3635.0.
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individual, which were carried out by two observ-
ers (C.R.; J.Z.). In addition, the method’s inherent 
error was assessed by comparing each mesh created 
via surface registration against the corresponding 
original.

A combination of two different software envi-
ronments made the here described measurement 
protocol possible. Avizo 9.2 Lite (Visualization 
Science Group) was used to create meshes and ob-
tain fixed landmarks. All other steps were carried 
out in R (R Developmental Core Team, 2020) 
by using freely available R packages, mainly geo-
morph (version 4.0.4; Adams et al., 2022), mesh-
eR (version 0.4.200213; Schlager, 2020), Mor-
pho (version 2.9; Schlager, 2017), Rvcg (version 
0.20.2; Schlager, 2017), and shapes (version 1.2.6; 
Dryden, 2021). Graphics were created in R and 
processed in Adobe Illustrator CS5.

26.3 RESULTS

The intra- and inter-observer errors were evaluat-
ed both on the level of the landmarks placed for 
initial registration and the resulting surfaces (Ta-
ble 1). Euclidean distances between repeated mea-
sures of the placed landmarks range from 0.05 to 
1.15 mm with an overall average of 0.41 mm. This 
translates to an error between 0.83 and 1.755% 
of the Euclidean distance between each placed 
landmark in the configuration and the configu-
ration centroid (for discussion see e.g., Röding et 

al., 2021; Singleton, 2002). In contrast, distances 
between all the meshes resulting from the repeated 
measurements show an average of 0.03 mm. Out 
of all vertex combinations of the error measure-
ments (N=1,574,730) less than 0.001% (N=51) 
exceed a displacement of 1 mm.

Additionally, the method’s inherent error was 
assessed via distance heat maps in which each mesh 
created via surface registration was compared to the 
corresponding original. Distance heat maps show 
almost no displacement within the surface area in 
well-preserved, complete individuals (Fig. 2a). In 
contrast, a smoothed mesh surface is created, and 
the displacement can locally exceed 1 mm in indi-
viduals showing taphonomic damage or structures 
absent the reference mesh (e.g., additional fora-
men) (Fig. 2b).

26.4 DISCUSSION

The maxillary fragment from Mugharet el’Aliya 
is one of many only partially published or poorly 
described fossil human remains. Their often-frag-
mented nature in combination with the lack of 
suitable methods available at the time of their 
discovery may have contributed to their limited 
exposure to paleoanthropological research. The 
method of surface registration implemented here 
has the potential to be a robust research alternative 
in the growing toolkit for the study of fragmentary 
specimens. Especially with respect to remains that 

distance type error type N mean sd min max
Euclidean intraobserver 1 50 0.434 0.186 0.051 0.750

intraobserver 2 50 0.280 0.150 0.078 0.700

interobserver 125 0.458 0.206 0.133 1.147

mesh intraobserver 1 349,940 0.031 0.076 0 1.343

intraobserver 2 349,940 0.034 0.070 0 0.975

interobserver 874,852 0.030 0.064 0 0.711

Table 1:  Summary statistics of the intra- and interobserver errors. Errors at the level of landmark placement are shown as Eucli-
dean distances between repeated measures and at the level of resulting surfaces as mesh distances between all vertex combinati-
ons. All distances are given in mm and values rounded to three decimals.
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do not preserve enough linear measurements or 
homologous landmarks for a conventional linear 
analysis or typical geometric morphometric study, 
the surface registration method can potentially 
enable the investigation of the entire preserved 
morphology that was impossible to analyze quan-
titatively thus far. To our knowledge, the study of 
the maxillary fragment from Mugharet el’Aliya is 
among the first to use surface registration in a fossil 
context (cf. Röding et al., 2023).

Awareness of potential sources of error and bias 
is of paramount importance in the field of geomet-
ric morphometrics and especially in the study of 
fragmentary remains, due to potential additional 
sources of error such as prior reconstructions (for 
discussion see e.g., von Cramon-Taubadel et al., 
2007; Fruciano, 2016; references therein). Our 
results of the error estimation for the surface reg-
istration method showed a high degree of repro-
ducibility in a fossil dataset in due consideration of 
the following points. The intra- and interobserver 
error of the final dataset consisting of surface verti-
ces is reduced significantly by discarding the land-
mark data after the initial registration (Table  1). 
Although landmark placement influences the er-
ror measurements at the edges of the meshes, less 
than 0.001% of the vertex combinations showed a 
displacement exceeding 1 mm on surfaces with an 

absolute surface area ranging from 1.2 to 5.2 cm². 
Furthermore, in our dataset, the error estimates 
at the level of the landmarks are on average more 
than 10 times greater than at the level of the vertex 
coordinates.

In addition to the observer error, each meth-
od possesses an inherent error. Distance heat maps 
between each mesh created via surface registration 
and the corresponding original showed a minimal 
method error for well-preserved, complete speci-
mens (Fig. 2a). Here, the definition of ‘well-pre-
served’ and ‘complete’ is restricted to the region 
of interest and does not refer to the individual’s 
overall state of preservation. The method error in-
creases in specimens showing structures absent in 
the reference mesh (e.g., additional foramina) or 
with taphonomic damage (Fig. 2b). In such cases, 
the surface registration results in smoothed mesh 
surfaces in the areas deviating from the condition 
of the reference mesh. Analyses are not significant-
ly affected by small locally confined smoothed sur-
face areas as long as the vast majority of the origi-
nal surface morphology is preserved (cf. Veneziano 
et al., 2018).

However, the ICP-matching and, thereby, the 
surface registration method are sensitive to missing 
data. This includes large, smoothed surface areas 
resulting from the above-described method error. 

Figure 2:  Illustration of the method’s inherent error. a) Example distance heat map for a good match between the mesh created 
via surface registration and the corresponding original. b) Example distance heat map for a relatively bad match between the 
mesh created via surface registration and the corresponding original. Distances in the heat maps are shown in mm and transla-
ted to a color code ranging from no difference in green to ≥ 1 mm difference in dark red and to ≥ -1 mm difference in dark blue. 
Images are not scaled.
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Individuals displaying such large, smoothed sur-
face areas should be excluded from the samples to 
be analyzed (see Röding et al., 2023) to avoid ar-
tifacts and potential influence on the analyses (cf. 
Profico et al., 2016). In the absence of a well-es-
tablished threshold, individuals were excluded on 
a case-by-case basis due to the amount of smooth-
ing and distance of the smoothed surface area to 
the original mesh. Moreover, all individuals with 
missing data in crucial parts of the region of inter-
est, or with large areas of missing data, cannot be 
incorporated into the surface registration protocol 
as described here. In the case of Mugharet el’Ali-
ya, defining the fragmentary fossil of interest as a 
reference mesh proved the most efficient strategy 
to minimize the number of individuals excluded 
from the comparative sample due to missing data 
(Röding et al., 2023). Further research is needed 
to adjust the method of statistical shape models 
(SSM), for example, to the field of paleoanthro-
pology to enable the statistical reconstruction of 
missing data. SSM’s summarize the average shape 
and the main axis of variation of a training dataset 
(Sarkalkan et al., 2014). This a-priori knowledge 
can be applied to reconstruct missing data by com-
pleting the preserved shape components with the 
expected shape of the missing surface area (e.g., 
Semper-Hogg et al., 2017; Sarkalkan et al., 2014).

In summary, the method of surface registra-
tion has the potential to provide a robust research 
alternative for the study of fragmentary fossil 
material, which are very often represented in the 
human fossil record, including from the geologi-
cal and chronological contexts of interest for the 
CROSSROADS project. Taking the above discus-
sion into consideration, the surface registration 
method offers an approach with a high degree of 
reproducibility for fossil datasets that preserve an 
insufficient number of homologous points and 
structures for a comprehensive study using the 
standard toolkit of geometric morphometrics. 
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27.1 INTRODUCTION

The province of Epirus in north-west Greece hosts 
the largest Middle Palaeolithic record in Greece 
(Elefanti and Marshall, 2015). Most of the known 
Palaeolithic sites in Epirus belong to a particular 
type of open-air sites, which consist of terra ros-
sa deposits and are known as ‘red-bed sites’ (Fig. 
1). Since the 1960’s, it has been established that, 
wherever these red-beds occur, they are almost al-
ways associated with Palaeolithic artifacts –in fact, 
some of these sites are littered with thousands of 
chipped-stone tools (Dakaris et al., 1964; Higgs 
and Vita-Finzi, 1966). The interpretation of this 
association has generated a long and intense con-
troversy (Bailey et al., 1992; Runnels and van 

Andel, 1993; King and Bailey, 1985; King et al., 
1997; Papakonstantinou and Vassilopoulou, 1997; 
Papagianni, 2000; Runnels and van Andel, 2003; 
van Andel and Runnels, 2005; Tourloukis, 2009; 
Tourloukis et al., 2015). For a long time, those 
sites have been regarded as a fortuitous admixture 
of archaeological remains from different periods: 
sites with reworked deposits that essentially pro-
vide no context for the artifacts and are, therefore, 
of little archaeological value. 

Mostly as a result of this view, extremely few of 
these sites have so far been examined with subsur-
face investigations (e.g., Dakaris et al., 1964). Re-
cently, geoarchaeological work at the site of Kok-
kinopilos showed that, contrary to this old view, 
the red-bed sites can indeed yield artifacts from 
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in situ, geologically undisturbed –and hence dat-
able– contexts (Tourloukis et al., 2015). Following 
on this work, we conducted a two-year geoarchae-
ological project (2016-2017) aimed again at red-
bed sites, for two main reasons:

1) While most of the evidence from the red-
beds is attributed to the Middle Palaeolithic, there 
are also specimens of potentially Lower and Up-
per Palaeolithic morphotypes. The high density of 
artifacts indicates an intensive and/or ‘persistent’ 
occupation during certain periods, as seems to be 
the case with the Middle Palaeolithic. Evidently, 
the lacustrine/marshy settings of those sites must 
have played a significant role in the Palaeolithic 
economy of the region (Runnels and van Andel, 
2003). Yet, a focus on caves has created an unbal-
anced picture, biased towards Upper Palaeolithic 
cave contexts.

2) The collections of surface material from the 
red-beds comprise the bulk of the Middle Palae-

olithic record of Epirus. Considering that Epirus 
has the largest Palaeolithic record in Greece, it be-
comes obvious that the investigation of those sites 
will have implications for our understanding of the 
Palaeolithic of Greece as a whole.

27.2 METHODOLOGY

Our investigations focused on the site of Mor-
fi, which is known from the 1960s, and Popovo, 
which is a new site that we discovered in 2015 
(Kourtessi-Philippakis et al., 2019a, b). A dou-
ble intensive surface survey was conducted at 
both sites. At Popovo, we employed a near-total 
collection strategy, picking up all specimens with 
knapping attributes. At Morfi, however, the sheer 
amount of surface finds dictated a judgmental/
representative collection strategy focusing mainly 
on cores, blanks, retouched tools and, occasionally, 

Figure 1:  Map of Epirus showing the distribution of Palaeolithic sites in relation to the locations of Pleistocene basins with terra 
rossa and the active or drained poljes (modified after Runnels and van Andel, 2003). The sites of Popovo and Morfi, discussed in 
this study, are marked with a star.



261Geoarchaeological and geochronological investigations of Palaeolithic open-air sites in Epirus

knapping debris. At both sites, test trenches were 
opened at selected locations, with spits of 5 to 10 
cm following the stratigraphy, while all finds were 
piece-plotted with a differential GPS device. 

Designated profile sections were cleaned, 
logged and described following standard pedo-
logical and lithostratigraphic criteria. At geoar-
chaeological contexts of interest, and especially at 
stratigraphic boundaries, monolith-type samples 
of intact sediment were removed as blocks of ca. 
10 x 10 x 15 cm, stabilized with plaster, for micro-
morphological analyses through the study of thin 
sections. Geological sampling included also bulk 
samples for isotopic, geochemical and microfossil 
analyses, which are still on-going. 

Additionally, sediment samples were collect-
ed for radiometric dating with the methods of 
post infra-red infra-red stimulated luminescence 
(pIRIR), optically stimulated luminescence (OSL) 
and cosmogenic nuclides dating. Sediment samples 
for dating with the 40Ar/39Ar method were collect-
ed from the layer of tephra at Morfi (see below). 
Whether it was for geoarchaeological analyses or 
dating purposes, our sampling strategy sought to 
not only cover most of the stratigraphic sequenc-
es (vertical dimension), but also address issues of 
lateral variation in context (horizontal dimension).

27.3 RESULTS

27.3.1.  POPOVO

The site of Popovo is located at an altitude of 
~500 m in a shallow polje that is surrounded by 
low mountains (Fig. 2a). The geological sequence 
is composed of clay and silt, and is about 15 m. 
thick. We collected lithic artifacts from almost 
the entire extent of the site, but our evaluation 
of surface distributions showed that, rather than 
representing undisturbed, in situ concentrations, 

most surface aggregates essentially result from ero-
sion and re-deposition. Small streams and gullies 
that run through or cut across the depression have 
significantly disturbed the site. The Popovo lithic 
assemblage includes artifact classes from all stages 
of the reduction sequence, namely cores, blanks, 
retouched tools, and waste products (Thompson et 
al., this volume).

The Popovo deposits have been affected by 
tectonic activity, but erosion and slope-washed 
sediments have obliterated or obscured the orig-
inal geometry of the faults, some of which could 
be of syn-sedimentary origin. Additionally, the 
present-day badland landscape has been shaped 
by extensive recent and/or older episodes of sed-
iment re-deposition by mass-wasting and other 
erosional processes, such as runoff, slope wash and 
colluviation. Another significant problem is the 
widespread presence of soft-sediment deformation 
structures, produced by processes such as slump-
ing, which are triggered by seismic events or by 
chemical processes related to karstification; such 
deformations may affect the deposits at a small 
scale, but they also affect entire hillslopes and, in 
this case, have resulted in substantial slope alter-
ations that complicate the understanding of the 
stratigraphy. In view of the lack of fresh geological 
exposures, much of our efforts focused on cleaning 
slope profiles at selected locations across the site, 
where the stratigraphic sequence was considered 
locally intact. Eventually, it was evident that only 
with heavy machinery (bulldozer) it would be pos-
sible to remove all of the slope-washed sediment 
and reveal intact section profiles, but this option 
was not covered by our research permit. The exca-
vation of test trenches yielded only two undiagnos-
tic artifacts; unfortunately, more stratified artifacts 
that were collected during the cleaning of the pro-
files are also typologically undiagnostic and cannot 
be used for attributions to specific techno-com-
plexes. In sum, due to the combined effects of all 
the above-mentioned geological processes affecting 
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the stratigraphy, it was not possible to construct 
a stratigraphic scheme for the site, and the finds 
(stratified and/or surface) could not be placed in 
the local geological sequence.

27.3.2.  MORFI

The raised and dissected polje near the village 
of Morfi (Fig. 2b) is known as a rich Palaeolith-

ic site since the investigations of E. Higgs and S. 
Dakaris in the 1960s (Higgs, 1965; Higgs and Vi-
ta-Finzi, 1966). More recently, it was revisited in 
the framework of the Nikopolis Project (Runnels 
and van Andel, 2003). The site has yielded thou-
sands of lithic artifacts, but none of the previous 
teams conducted test trenches, and any artifacts 
potentially found stratified were not documented 
as such or placed in a stratigraphic profile (Papay-
ianni, 2000). Moreover, the aerial extent of the site 

Figure 2:  a) Panoramic view of the site of Popovo; b) general view of the site of Morfi, showing the layer of tephra and the over-
lying artifact-bearing zone of terra rossa deposits.
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was never assessed or mapped. Our investigations 
suggest that Morfi is one of the most extensive and 
artifact-rich open-air sites in Epirus and includes 
areas with extremely dense concentrations of finds. 

The geological sequence at Morfi begins with a 
paleosol overlying the karstic bedrock and under-
lying yellowish red silty clays; the latter are overlain 
by leached, grey clays, which are in turn overlain 
by a ca. 2.5-m-thick layer of tephra deposit (Pyle et 
al., 1998; Runnels and van Andel, 2003). The de-
posit of volcanic ash is exposed at three locations in 
the polje and so it is used as a stratigraphic marker 
for lithostratigraphic correlations across the site. 
Above the tephra layer lies a 10- to 15-m-thick 
zone of terra rossa deposits (detrital red silty clays), 
which includes three or four intercalated units of 
sand and flint gravels. The latter probably repre-
sent distal alluvial fan deposits such as debris flows, 
and crop out at several locations, hence they are 
also used for correlation purposes. This zone of 
terra rossa is currently being exposed by headward 
alluvial erosion, it includes artifact-rich horizons 
and was therefore the focus for cleaning profile 
sections and opening test trenches. Distinct, thin 
layers rich in iron and manganese oxides that form 
hardpan-horizons and can be followed laterally 
were also used as stratigraphic markers to help cor-
relate the stratigraphy in different areas of the site. 

Artifact-bearing layers occur at various levels 
throughout the zone of red clays (Fig. 3). This can 
be interpreted as indicative of repeated hominin 
visits during the Middle Palaeolithic. Stratified 
finds were retrieved from mainly three different 
kinds of geological contexts: 

1) artifacts in gleyed sediments indicate 
low-energy sedimentation under wet conditions, 
probably related to ephemeral wetlands; drab halo 
root traces, mottles and iron-manganese pedo-fea-
tures are redoximorphic traits, which resulted from 
changes in the redox conditions of the soil in re-
sponse to fluctuation in water saturation (Ashley 
et al., 2013).

2) artifacts stratified in bedded sands and grav-
els; these can be considered as finds in secondary 
positions, associated with sheet-floods or the distal 
parts of dilute debris flows.

3) artifacts embedded inside paleosol horizons 
indicate intervals of dry conditions with subaerial-
ly exposed surfaces.

By definition, paleosols indicate breaks in the 
sedimentation, and in Epirus, these have been 
estimated to be in the order of a few to tens of 
thousands of years old (cf. Runnels and van Andel, 
2003). Besides the paleosols, there are no major 
hiatuses in the sequence, as we did not observe any 
geological unconformities. Unfortunately, so far 
none of the samples from the terra rossa have yield-
ed adequate quantities of mineral grains of quartz 
or K-feldspars for conducting the necessary mea-
surements for luminescence dating with the meth-
ods of OSL or pIRIR. Similar problems affected 
the samples from Popovo, which also failed to yield 
any results. The overall scarcity or total lack of the 
desired minerals is attributed to the bedrock lithol-
ogy of the area, which is dominated by limestone 
and evaporites (Ntokos, 2017).

In the location of Morfi, our efforts with the 
method of cosmogenic nuclides faced the problem 
that, after cleaning the samples, the remaining ma-
terial was a microcrystalline quartz. This material 
was not suitable for cosmogenic burial dating, with 
in situ-produced 26Al and 10Be, most likely due to 
the incorporation of a substantial amount of me-
teoric 10Be. 

Nevertheless, the samples from the layer of 
tephra at Morfi appear to work quite well and 
there are already very promising first results from 
the on-going analyses of the 40Ar/39Ar dating meth-
od: the tephra was deposited in the polje at around 
200 ka, which is considerably younger than the age 
obtained by Pyle and colleagues (1998). Major and 
minor element compositional data from the Mor-
fi tephra are now being processed for geochemi-
cal fingerprinting and will be compared to known 
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late Middle/Late Pleistocene volcanic glass datasets 
from Mediterranean and Balkan localities, in order 
to determine the volcanic source. 

As the tephra directly underlies the entire arti-

fact-bearing zone of terra rossa, its dating provides 
a useful terminus post quem for the archaeological 
record of Morfi. On the grounds of macroscopic 
pedo-sedimentary and lithostratigraphic analyses, 

Figure 3:  Preliminary stratigraphic correlations between the logged profiles at Morfi, showing the artifact-bearing horizons. Note 
the presence of the tephra layer at the base of the studied sequence.
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there does not seem to be any considerable hiatus 
separating the volcanic ash from the first terra rossa 
deposits. While the final results from the micro-
morphological analysis are pending, if the afore-
mentioned observation is further confirmed, then 
the artifacts retrieved from the lower layers just 
above the tephra should date to somewhere close 
to 200 ka.

27.4 DISCUSSION AND CONCLUSIONS

At both Popovo and Morfi, sedimentary facies 
with evidence of gleying and mottling attest to 
sedimentation under wet conditions and/or peri-
odical waterlogging, while paleosols, bands of oxi-
dations and desiccation surfaces mark depositional 
breaks and designate subaerially exposed surfaces. 
Stratified artifacts that have been found inside pa-
leosols indicate the presence of hominins when the 
marshy setting of the poljes was mostly dry, while 
artifacts found in sediments deposited within the 
zone of water-table fluctuation, point to exploita-
tion of the sites when the water was more abun-
dant in localized ponds.

Both sites can be considered as including main-
ly cumulative but also erosional and spatial palimp-
sests of varying resolution (Bailey, 2007). Yet, in 
both cases there is a remarkable consistency in the 
typo-technological composition of the assemblages, 
the raw materials used and the intra-site range of 
chemical weathering; the bulk of the assemblages 
can be attributed to the Middle Palaeolithic, fol-
lowed by an Upper Palaeolithic component. Pre-
liminary as it may be, this assessment matches 
evaluations made by previous studies for Morfi 
and other coastal sites (e.g., Papayianni, 2000). 
Retouched tools diagnostic of the Neolithic or the 
Bronze Age occur only in extremely few numbers, 
pottery fragments were not observed, and ground 
stone-tools were not encountered at all (see also 
Thompson et al., this volume). As the composition 

of the assemblages is reported elsewhere (Thomp-
son et al., this volume), suffice it here to note that 
toolkits with clear Mousterian typo-technological 
characteristics and the full range of Levallois flake 
cores are well-represented at both sites. Tool-type 
frequencies are overall similar, including Levallois, 
pseudo-Levallois, Mousterian and bifacial leaf-
points. Scrapers occur in higher frequencies at Pop-
ovo than at Morfi, where there are also large sin-
gle platform blade cores that are absent at Popovo, 
even though Middle Palaeolithic blades are similar 
in frequencies at both sites (Thompson et al., this 
volume). The study of core reduction sequences is 
on-going, and no particular chrono-cultural pat-
terns can be discerned at this point. 

Notwithstanding such an ‘internal consis-
tency’ evident in both sites, attributing lithic as-
semblages to discrete chronostratigraphic units 
requires provenanced material as well as an ade-
quate understanding of the stratigraphy on which 
this material will be eventually anchored. This was 
not the case at Popovo, where the combined effect 
of tectonics, slumping events, and contemporary 
erosion and re-deposition, coupled with a scarci-
ty of stratified occurrences, altogether prevent the 
development of a chrono-cultural scheme framed 
by stratigraphy. Future investigations at this site 
would require a research permit for large-scale 
profile cleaning with heavy machinery and exten-
sive excavation trenches. In contrast, the presence 
of the tephra and pedo-sedimentary features that 
can be used as stratigraphic markers at Morfi al-
low for placing different artifact-bearing deposits 
into a chrono-stratigraphic scheme, albeit tentative 
and lacking the number of radiometric dates that 
was originally expected. The age of the tephra at 
ca. 200 ka prompts us to hypothesize that the low-
ermost artifact-bearing layer(s) potentially date to 
Marine Isotope Stage 6; if confirmed, such a find-
ing would give further support to the hypothesis 
that some of the red-bed sites of Epirus contain 
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a Middle Palaeolithic component that pre-dates the 
last interglacial (Tourloukis et al., 2015).

The differences in the context and preservation 
of finds between the two sites (e.g., frequency of 
stratified vs. surface occurrences) can be most likely 
attributed to differences in local site formation pro-
cesses. The site of Morfi is located inside a basin that 
is larger than that of Popovo and apparently involved 
a more gentle, flatter terrain with low slope angles; 
the envisioned mass-wasting processes here include 
runoff, dilute debris flows and sheet-floods that may 
have produced archaeological palimpsests but have 
not altered substantially the original geomorpholog-
ical configurations and the stratigraphic integrity of 
the site at present: geologically in situ artifact-bear-
ing horizons can still be discerned and assessed. In 
contrast, Popovo is a relatively small, inland basin, 
where hominin activities occurred at places close to 
the mountain flanks and were likely affected by more 
catastrophic erosional processes (syn- and post-depo-
sitional), such as slope failures, landslides and slump-
ing, triggered by tectonics (as faults have been iden-
tified) and accelerated by the steeper relief and the 
proximity to the mountain front.

The red-bed sites are known from the 1960s and 
they have produced thousands of artifacts, which 
make up the bulk of the record from Epirus, a re-
gion with probably the largest Palaeolithic record in 
Greece. The work presented here for the first time 
combined the opening of test-trenches, a dating pro-
gram that included every method that could be ap-
plied on the available materials, extensive sampling 
for micromorphological studies and palaeoenviron-
mental proxies, and a stratigraphic approach in order 
to support chronological/cultural attributions. Our 
investigations led to the discovery of Popovo, a new 
site with a difficult stratigraphy, but still very import-
ant finds (Thompson et al., this volume). The re-dat-
ing of the volcanic ash at Morfi is expected to have 
major implications for research on the critical period 
around 200 ka in the Southern Balkans, and, in the 

future, it may even allow us to compare archaeologi-
cal records on the two sides of the Adriatic.
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28.1	INTRODUCTION

The two-year archaeological research program 
(2016-2017) conducted in Middle Kalamas, Thes-
protia by the National and Kapodistrian Universi-
ty of Athens, in collaboration with the University 
of Tübingen in the framework of CROSSROADS, 
aimed at constructing a chrono-stratigraphic se-
quence for the open-air sites of Morfi and the re-
cently discovered site of Popovo, by conducting 
a double-intensive targeted archaeological survey 
and test trench excavation of terra rossa Pleisto-
cene deposits (Kourtessi-Philippakis et al., 2019a, 
2019b; Tourloukis et al., this volume). Here we 
present the preliminary analysis of the lithic re-
mains from the lowland locality of Morfi, and the 
upland locality of Popovo, Greece.

28.2	BACKGROUND

Although Epirus, northwestern Greece, is known 
for its rugged and wild landscape, the archaeolog-
ical record (Fig. 1) from this region is dense and 
spans the Middle to Late Pleistocene (Tourloukis 
and Harvati, 2018; Tourloukis, 2021). Evidence 
for human activity is found in caves and rock shel-
ters such as Asprochaliko (Bailey et al., 1992), Boila 
(Kotjabopoulou et al., 1999; Elefanti et al., 2021), 
Klithi (Bailey, 1992; 1999; Adam, 1998a; Roubet, 
1999), Kastritsa (Higgs, 1968) and even more ex-
tensively at open-air sites, including the infamous 
red-bed terra rossa sites of Kokkinopilos (Dakaris 
et al., 1964; Bailey et al., 1992; Runnels and van 
Andel, 1993; Tourloukis et al., 2015), Mikro and 
Megalo Karvounari (Papoulia, 2011; Ligkovanlis, 
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2011), Morfi (Papagianni, 1999a), and Elefthero-
chori (Ligkovanlis, 2014; 2022) that characterize 
this region of Greece due to the combination of a 
wet humid climate, tectonics and erosion. 

The terra rossa sites are located on the edges of 
rolling hills in close proximity to flood plains of 
both the Acherontas River for the sites of Morfi, 
Mikro and Megalo Karvounari, and the Louros 
River for Kokkinopilos. These ancient lake sys-
tems, known as raised poljes, take on their current 
badland form due to the combination of uplift and 
erosion. These sites typically occur above the coast-
al plains at elevations of 140 to 200 masl, protect-
ed by mountains on all sides. The exceptions to 
this lowland pattern are Eleftherochori and newly 
discovered Popovo, which are instead located in 
the uplands at elevations ranging from 530 to 615 
masl, along the same upland drainage that joins 
the Acherontas flood plain further to the south. 

Whereas the rock shelters of Boila, Klithi, and 

Kastritsa cave are younger in age, the oldest lay-
ers at Asprochaliko and the red-bed sites consist of 
extensive Middle Palaeolithic remains that tend to 
dominate the open-air lithic assemblages from this 
region (see Papakonstantinou and Vassilopoulou, 
1997; Adam, 1999; Papagianni, 1999a; 1999b for 
intra-regional lithic studies). Currently, only at 
the open-air sites of Kokkinopilos (Bailey 1992; 
Adam, 2018), Megalo Karvounari and Elefthero-
chi (Ligkovanlis, 2011; 2014) have extensive Up-
per Palaeolithic remains been recovered. Of the 
open-air sites, only at Kokkinopilos have paleosols 
been dated chronometrically (Bailey et al., 1992; 
Runnels and van Andel, 1993; Tourloukis et al., 
2015) and test trenches conducted (Dakaris et al., 
1964). Therefore, the archaeological record from 
the remaining red bed sites is based solely on the 
typology of an extensive and complex surface re-
cord.

Figure 1:  A satellite image with terra rossa red bed sites of Epirus and Asprochaliko. Popovo and Morfi are the pins with stars, 
while Klithi, Boila and Kastritsa are located off the map further to the north. Image, adapted from Google Earth.
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28.3	COLLECTION AREAS AND SAMPLING 
METHODS

At the upland locality of Popovo, lithics were re-
covered from five collection areas, designated as 
Areas 1-5. The largest terra rossa deposit at Area 
3, provided the bulk of archaeological material, 
whereas the remaining collection areas with pre-
served sediments were patchier. The total number 
of lithics collected is 334, with a variability ranging 
from Area 1 (n=9), Area 2 (n=24), Area 3 (n=245), 
Area 4 (n=49) to Area 5 (n=7). 

At Morfi, we collected 837 lithics from sev-
en collection areas designated as Areas A-F and 
Mikro Morfi. These areas, now discontinuous on 
the landscape, were probably once connected and 
more extensive in the past. The number of finds 
collected from each area are: Area A (n=12), Area B 
(n=179), Area C (n=123), Area D (n=434), Area E 
(n=50), Area F (n=4), Mikro Morfi (n=35).

The lithics were collected by utilizing three 
separate sampling strategies: stratified lithics from 
1) test trenches or 2) naturally exposed profiles; 3) 
surface finds. The most important is the context of 
test trenches, but due to the limited number of ex-
cavation units, the number of lithics recovered was 
insufficient to provide meaningful insights to the 
non-excavated remains. As such, we also collect-
ed stratified lithics from exposed section profiles 
in hopes of adding this data to the stratigraphy of 
the site, and as surface remains to help better in-
terpret the timescale of the dense lithic scatters by 
use of typology (see Tourloukis et al., this volume, 
for the geoarchaeological results of the survey). The 
surveys conducted were double intensive meaning 
that we revisited most survey areas at least twice, 
but often even more times to either reinterpret the 
geology, or to collect more lithics.

Figure 2:  Sample of lithics from Popovo (2.1, 2.8, 2.9) and Morfi (2.2, 2.3-2.7, 2.10-2.14). Scrapers (2.1, 2.6, 2.11); Mousterian 
point (2.2); Blade (2.3); Naturally backed flakes (2.4, 2.5); Bifacial leaf points (2.7, 2.8); Backed knives on blades (2.9, 2.10); 
Single platform blade core (2.12); Levallois cores (2.13, 2.14).
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Figure 3:  Sample of lithics from Popovo (3.6,3.10-3.13, 3.15, 3.18, 3.21, 3.23, 3.24, 3.34) and Morfi (3.1-3.5, 3.7-3.9, 3.14, 
3.16, 3.17, 3.19, 3.20, 3.22, 3.25-3.33, 3.35-3.41). Mousterian point (3.1); Chips (3.2, 3.3); Retouched flake (3.4); Point (3.5); 
Bifacial foliated leaf points (3.6, 3.7), Backed knives on blades (3.8, 3.12); Scrapers (3.9, 3.10, 3.13-3.15), Pseudo-Levallois point 
(3.11); Naturally backed pieces (3.12, 3.16, 3.17); Elongated flake (3.18); Bladelets (3.19, 3.20); Débordant flake (3.21); Levallois 
flakes (3.22, 3.25); Blades (3.23, 3.24); Plunged flake (3.26); Cores (3.27, 3.28); Levallois cores (3.29-3.35, 3.37, 3.38), Blade 
cores (3.36, 3.39, 3.40); Tested piece (3.41).
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28.4	LITHIC PRESERVATION AND RAW 
MATERIALS

Because terra rossa sediments are acidic, organic 
remains like bone degrade, thus leaving lithic ar-
tifacts as the only evidence for human activities to 
preserve in the diachronic archaeological record 
from these open-air sites. Patination and freeze-
thaw are common features of lithic artifacts from 
this region. Patination occurs when a combination 
of factors, such as mechanical and chemical weath-
ering, alter the external surfaces of siliceous mate-
rials (Luedtke, 1992). The formation of patina is 
highly variable and is not caused by any single fac-
tor, such as the depositional age or date of manu-
facture of the lithic artifacts (Rottländer, 1975). In 
general, from the main site at Popovo, 98% of the 
assemblage is patinated to some extent, (compared 
to 91% from all the collection areas). Also, because 
55% of the lithics from the main site are medium 
to heavily patinated, the identification of lithic raw 
material types is not reliable.

At Popovo, as previously mentioned, thermal 
frost fractures from freeze thaw are evident in the 
preservation of the lithic remains. After our initial 
sort, a total of 112 lithics from the dataset were 
excluded because of this post depositional process. 
Freeze thaw is evident when spalls randomly pop 
off the external surfaces like potlids from fire, but 
larger in scale (Luedtke, 1992). For example, when 
this process occurs in advanced stages, the shapes 
of the lithics become totally altered or even split 
in half making them appear as possible weathered 
geofacts or vice versa, i.e., natural pieces of flint 
that appear flaked.

At both sites nodular and tabular lithic raw 
materials are locally available. Whereas at Popovo 
it is more difficult to distinguish in the archaeolog-
ical record, at Morfi, spherical nodules are present 
throughout the gravel layers of the site and were 
selected almost exclusively, thus partly explaining 
the high density of naturally backed pieces (Figs. 

2.4, 2.5, 2.9; 3.12, 3.16, 3.17) from the lithic as-
semblage. During reduction of these cobble-sized 
spherical nodules, the natural backing was formed 
whenever a blank was removed along the later-
al edges of the core. Also, of interest at Morfi is 
the discard of large nodular flint cores/tested piec-
es with a hollow geode-like center (Fig. 3.41). It 
seems plausible, that the ancient knappers pre-
ferred to discard these cores early in the reduction 
sequence instead of continuing to reduce these 
flawed nodules more extensively, in contrast to the 
more heavily reduced exhausted cores.

Even though the raw material study at Popovo 
is ongoing, a preliminary total of seven lithic raw 
material types were constructed macroscopically 
at Morfi using a 16x magnifying glass. The locally 
available flint varieties that were utilized most ex-
tensively are types 1) Gray and 2) Yellowish brown; 
utilized mainly in nodular form. One notable ob-
servation from this preliminary analysis was that 
type Gray 1 grades in color as patina forms and 
intensifies over time. The color changes from gray 
to brown to even orange or rust color. In general, 
artifacts produced from raw material types 1 and 
2 exhibit a distinct MP character with Levallois 
cores, scrapers and elongated flakes and blades.

The five extra-local varieties of the less utilized 
flint types are 3) Dramesi brown (Pappas, 2016), 
4) semi-translucent brown, 5) Drimitsa red (Pap-
pas, 2016), 6) pink with wide circular inclusions, 
7) isolated pieces with no comparable type (dusky 
translucent red, red radiolarite, and brownish 
translucent yellow). The lithic raw material types 
3, 5, 6 and an isolated type 7, when utilized, are 
used to produce lithics that are MP in character, 
including a Mousterian point (Figs. 2.2, 3.1), a 
naturally backed blade and core. Although some 
pieces are typologically UP, representing only a 
very small percentage of the Morfi finds, such as a 
semi translucent brown core (Fig. 3.27), radiolarite 
core (Fig. 3.28) and translucent gray bladelets (Fig. 
3.19, 3.20). The extra-local materials of Drimitsa 
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red and the Dramesi brown are located circa 30 
km to the north of Morfi as the crow flies on Goo-
gle Earth (for attributes and detailed descriptions 
of these primary nodular flint sources see Pappas, 
2016; Kourtessi-Philippakis et al., 2019a).

28.5	EXCAVATION AND STRATIFIED 
LITHICS

At Popovo, the stratified lithics recovered from the 
excavation units and section profiles (n=12) are too 
few, undiagnostic, and occasionally too weathered 
or fragmentary due to freeze-thaw. Consequent-
ly, even though the majority of test trenches were 
sterile and devoid of stratified lithics, including a 
deep-test trench, the overall diversity of Middle 
Palaeolithic (MP) remains from Popovo makes 
this a promising new source of surface material, 
especially in contrast to the majority of the red-
bed open air sites from Thesprotia that are located 
closer to the coast at elevations below 200 masl. 

At Morfi, all test trenches were located in Areas 
D and E and yielded a higher number of lithics 
(n=59) in contrast to Popovo. The densest concen-
tration of finds occured in a 1m x 3m test trench 
(n=24) from Area D north, and (n=13) from a 1m 
x 1m unit, Area D south. Overall, the lithics con-
sisted of Levallois cores, tools, flakes and debris. 
The Levallois method of reduction dominates the 
lithics from not only the excavated units, but from 
all areas where lithics were collected, surface or 
stratified. Because there are no radiometric dates 
to support the stratigraphic context, it is currently 
not possible to distinguish between an older to a 
younger Levallois Mousterian based solely on ty-
pology and the assemblage composition of each 
test trench. 

Furthermore, a total of 204 lithics were col-
lected from the stratigraphic profiles at Morfi. 
Again, the Levallois technique for reduction dom-
inates, with Levallois cores, flakes, blades, includ-

ing double and lateral scrapers, core edge removals, 
plunged flakes from blade cores, and a Mousterian 
point. In Area B, the largest lateral scraper (Figs. 
2.11, 3.9) was recovered in association with chips 
(Fig. 3.2, 3.3), a retouched flake (Fig. 3.4) and a 
Mousterian point (Figs. 2.3, 3.1) during section 
cleaning, a good indication of an intact paleosol 
with in-situ remains. 

28.6	SURFACE LITHICS

The surface survey consisted of a double intensive 
targeted inspection of exposed terra rossa sedi-
ments, where lithics were collected over a period of 
two field seasons. Only Popovo, Area 5, and Mikro 
Morfi were surveyed once. At Popovo, a near total 
surface collection was conducted (n=198), whereas 
at Morfi, due to the higher density of surface re-
mains, only a representative surface collection was 
carried out (n=571). Overall, the finds are mainly 
MP in character with Levallois cores (Figs. 2.13, 
2.14; 3.29-3.35, 3.37, 3.38), Levallois flakes (Fig. 
3.22, 3.25, elongated flakes (Fig. 3.18), débordant 
flakes (3.21), blades (Figs. 2.3; 3.23, 3.24), scrap-
ers (Figs. 2.1, 2.6; 3.10, 3.13-3.15), backed knives 
on blades (Figs. 2.9, 2.10; 3.8, 3.12) and a pseu-
do-Levallois point from Popovo (Fig. 3.11). In 
general, at Morfi, 15% of the blanks for debitage 
are Levallois and at Popovo 18%, whereas facetted 
platforms account for 12.5% of the debitage from 
Morfi and 15.6% of the debitage from Popovo. 

The three bifaces recovered at Popovo (Fig. 4) 
are possibly the main distinguishing feature of a 
potentially different MP facies at these red-bed 
sites (see Galanidou et al., 2016 for a recent sum-
mary of bifaces from Greece). Bifaces are rare and 
have previously only been recovered at Kokkinopi-
los (Runnels and van Andel, 1993; Adam, 1998b; 
Tourloukis et al., 2015) and Megalo Karvounari 
(Ligkovanlis, 2011). At Kokkinopilos two stratified 
bifaces have been recovered from sediments dated 
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to >200 ka in age (Runnels and van Andel, 1993; 
Tourloukis et al., 2015). Whereas at both sites, the 
extensive laminar blanks (Figs. 2.3; 3.18, 3.23, 
3.24) and blade cores recovered (Figs. 2.12; 3.36, 
3.39, 3.40) may also be part of a possibly older 
technocomplex dating to MIS 5. For example, at 
Asprochaliko the abundant laminar Levallois spec-
imens were dated by Thermoluminescence to ~100 
ka BP (Huxtable et al., 1992), while at Klissoura 
Cave 1, Sitlivy et al., (2007) noted that 72% of 
laminar blanks from the MP assemblages occur 
mainly in layers XVIII to XX. Layer XVIII was 
dated by OSL to 92.84 (7.65) ka and layer XX to 
95-110 ka (Zacharias et al., 2018). Although, cur-
rently, there is no published data from other strat-
ified Greek sites to further support this hypothesis 
that laminar reduction is more pronounced in the 
older compared to the final Mousterian.

28.7	ASSEMBLAGE COMPOSITION

In general, the assemblage composition (Table 1) 
of the two sites, regardless of the differences in el-
evation or distance from the coast, presents some 
similarities. For example, flakes, tools, and cores 
comprise the majority of lithic finds for all the as-
semblages, stratified or surface.

The full range of Levallois flake cores is rep-
resented at both sites (see Figs. 2.13; 2.14; 3.29-
3.38), from discoid to centripetal, whereas at Morfi 
there are also large blade cores (see Figs. 2.12; 3.36; 
3.39; 3.40) that are absent at Popovo, even though 
MP blades are similar in frequencies at both sites. 
In general, the cores from Popovo occasionally 
tend to be atypical, compared to the higher density 
of typical Levallois cores that are found at Morfi.

28.8	TOOL TYPES

The tool-types and frequencies (Table 2) at Popo-
vo and Morfi for the total assemblages are similar, 
except for bifaces at Popovo (Fig. 4), where two 
possible Keilmesser types and one amygdaloidal 
in shape were recovered as surface finds. Also, the 
tool-type frequencies at Popovo are much high-
er for scrapers, but this could be related to the 
shape of the raw materials because at Morfi there 
are higher frequencies of naturally backed pieces. 
In general, at both sites there are lateral, double, 
transverse and convergent scrapers with occasional 
Quina retouch (Figs. 2.1, 2.6; 3.14, 3.15), more 
at Popovo than Morfi. As for points, there are Le-
vallois, Mousterian, pseudo-Levallois (Fig. 3.11), 
bifacial leaf points (Figs. 2.7, 2.8; 3.6, 3.7), from 
both sites, and a possible Gravette point (Fig. 3.5) 
from Morfi. Shouldered points are missing from 
all the red bed sites, except for a possible fragment 
from Megalo Karvounari (Ligkovanlis, 2011) even 
though there is a large assemblage of these points 
from Kastritsa (Adam, 1989; Adam, 2007). The 

Popovo Morfi

No. % No. % Total
Cores 29 13 93 11,5 122

Tools 56 25,2 218 26,2 274

Flakes 116 52,3 412 49,0 528

Blades 19 8,6 65 7,8 84

Chips 0 0 16 1,9 16

Debris 2 0,9 21 2,5 23

Nodules 0 0 9 1,1 9

Total 222 100 834 100 1056

Table 1:  Assemblage composition and bar graph of lithics 
recovered from all collection areas at Popovo and Morfi inclu-
ding all contexts (excavated, stratified and surface material) 
combined.
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high frequencies of retouched pieces at Morfi com-
pared to Popovo may reflect possible edge damage 
from surface material and not retouch, something 

that will be reinvestigated further when the materi-
al is reanalyzed. Finally, at Morfi, there are notched 

Figure 4:  An amygdaloidal (bottom) and Keilmesser (top) bifaces recovered as surface finds from the initial survey at Popovo.



Preliminary Analysis of lithic Assemblages from the archaeological survey and test trench excavations 277

pieces, denticulates and perforators, that are absent 
from the Popovo assemblage. 

In closing, future prospects will focus on con-
ducting a comparative analysis with other red bed 
sites of the region, and to further interpret the 
spatial distribution of the lithic remains by con-
structing GIS-based inferences about intra-site and 
regional variability from both Popovo and Morfi, 
and from other red bed sites of the region.

28.9	CONCLUSIONS

In summary, the surface lithic assemblages of Pop-
ovo and Morfi are similar to other red-bed sites of 
Epirus that exhibit a long and rich Middle Palae-
olithic history characterized by possibly an older 
techno-complex (with bifaces and large laminar 
blanks, possibly pre-MIS 5), to a younger Mous-
terian that is more typical to other Greek assem-
blages of this period. At both sites, the preferential 
method of reduction is dominant (on discoid and 
centripetal cores) and toolkits of scrapers (double, 
lateral and transverse), naturally backed knives and 
points (Mousterian, Levallois and pseudo-Leval-
lois) with a reliance on locally available nodular 
flints that are more heavily patinated at Popovo 
in contrast to Morfi. Brown Dramesi flint and red 
Drimitsa flint are a few of the non-local varieties 
that were occasionally utilized at distances of ~30 
km. At both sites, the lithic inventories also in-
clude isolated finds from the Upper Palaeolithic, 
such as endscrapers, bladelet cores and bladelets, 
whereas the majority of finds are Middle Paleolith-
ic in character.

Consequently, because excavated sites old-
er than MIS 3 are especially rare in Greece, the 
appearance of this possibly older Mousterian in 
Epirus reinforces the importance of trying to es-
tablish a chrono-stratigraphic framework for the 
conspicuous open-air red-bed sites of this region. 
Hence, the ambitious plan to conduct trial trench-
es in order to provide context to the archaeological 
assemblages that could be dated chronologically, 
and thus subsequently added to the geological 
sequences across the sites of Popovo and Morfi, 
would contribute greatly to our knowledge of not 
only the ages of these sites but also to identify the 
duration of activities and depositional histories of 
the archaeological remains. 

As for the stratified lithics from the test trench-
es at Morfi, unfortunately, even though the sample 
of lithics recovered are typical Levallois in charac-

Popovo Morfi
No. % No. % Total

Handaxes 3 5,4 0 0 3

Bifacial 
pieces

1 1,8 0 0 1

Scrapers 27 48,2 43 19,7 70

Backed 
knifes

5 8,9 34 15,6 39

Retouched 
pieces

13 23,2 76 34,8 89

Points 6 10,7 15 6,9 21

Endscra-
pers

1 1,8 5 2,3 6

Notched 
pieces

0 0 30 13,8 30

Denticu-
lates

0 0 8 3,7 8

Perfora-
tors

0 0 7 3,2 7

Total 56 100 218 100 274

Table 2:  Tool type frequencies and bar graph of Popovo and 
Morfi including all contexts and collection areas.
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ter, there are currently too few in number to dis-
tinguish solely by typology if the finds are from the 
older or younger Mousterian. Therefore, with the 
exception of a characteristically Levallois debitage, 
with facetted platforms and dorsal scar patterns 
typical of centripetal flake and uni/bidirectional 
laminar reduction, the currently available data do 
not facilitate a more refined characterization. Al-
ternatively, apart from the tephra layer located at 
the base of the site, there is unfortunately no other 
chronological marker to help remedy this situa-
tion. As a result, typology is the sole parameter for 
providing a provisional timescale for the archaeo-
logical record at Morfi.

At Popovo, on the other hand, the geology of 
the site is heavily deformed by tectonics and the 
stratigraphy cannot be followed horizontally across 
the site. Unfortunately, the lithics were even few-
er in number than in Morfi, and also affected by 
freeze-thaw and, in many instances, the stratified 
lithics from the test trenches were highly fragment-
ed and at times even more weathered than the sur-
face finds. Nevertheless, Popovo is typologically 
similar to other surface scatters with lithics ranging 
in age from the Middle Palaeolithic to even young-
er periods including Upper Palaeolithic and possi-
bly even Holocene in age at other eroded surface 
exposures to the north of the main site. Therefore, 
Popovo provides a good source of new archaeolog-
ical surface material, especially for bifaces that are 
lacking at Morfi, but the lack of stratified remains 
hinders any better understanding of the timescale 
of activities that were conducted at the site.

Finally, in the future, with the addition of test 
trenches at Morfi, a more detailed picture could 
possibly emerge with a more rigorous approach to 
sampling across the site. The goals would be to lo-
cate stratified lithics, and to identify paleosols in 
an effort to provide a more detailed context to the 
remains. Increasing the density of lithic finds and 
constructing a more secure vertical dateable con-
text to the overall geological sequence might pro-

vide the necessary data to make better sense of the 
stratified remains. However, without a chronos-
tratigraphic sequence, critical data remains lacking 
to accurately describe and interpret the extensive 
surface scatters located where the rolling red-bed 
terra rossa sediments are preserved.
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HUMAN EVOLUTION  
AT THE CROSSROADS
South East Europe has long been hypothesized as a principal Pleistocene 
dispersal corridor for human migrations in and out of Europe. It also com-
prises one of the three main European Mediterranean refugia, where plant, 
animal, and human populations are thought to have persisted throughout 
glacial intervals when they disappeared from more inhospitable regions fur-
ther north. Despite the biogeographic importance of the region in human 
evolution, paleoanthropological research has largely been neglected there 
until recently, resulting in a critical gap in the puzzle of Eurasian human 
evolutionary history. Recent research has sparked renewed interest in the 
paleoanthropology of Greece, with several new discoveries indicating the 
importance of the region for deep prehistory. 

The ERC Consolidator project ‘Human Evolution at the Crossroads’ (CROSS-
ROADS), awarded to Katerina Harvati in 2016 and running from 2017 to 
2022, builds on earlier work conducted by Harvati and colleagues in the 
framework of her previous ERC Starting project ‘Paleoanthropology at the 
Gates of Europe’ (PaGE). CROSSROADS concentrated on the earlier parts of 
the Paleolithic, aiming to help address hypotheses about the earliest human 
settlement of Europe and the evolution and adaptations of early European 
hominins. Several research directions were pursued: new fieldwork aimed 
to locate new sites dating from the Lower and Middle Paleolithic and to 
identify traces of early human presence and activity; a dating program was 
initiated to develop a chronological framework for the Paleolithic in Greece; 
multi-proxy paleoenvironmental reconstruction was undertaken to provide 
insights on the adaptations of Pleistocene humans in the region; and exis-
ting hominin fossils were re-examined with state of the art methodological 
approaches to shed light on their taxonomic identity and their paleobiology. 

This edited volume collects twenty-eight contributions presented at the clo-
sing symposium of the ERC Consolidator project ‘CROSSROADS’, which took 
place in Tübingen in February 2022, shortly before the conclusion of the 
project. As such, it represents a large part of the work conducted under the 
‘CROSSROADS’ research umbrella, showcasing the activities and results of 
the project. 
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