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The Giraffîdae (Mammalia, Artiodactyla) and the Study of 
the Histology and Chemistry of Fossil Mammal Bone from 

the Late Miocene of Kerassia (Euboea Island, Greece)

by George Iliopoulos BSc. (Athens, Greece)

ABSTRACT

A taphonomic investigation of Late Miocene mammal bones and teeth and a taxonomic study 
of the abundant and diverse giraffid material from Kerassia, Greece, were undertaken. The 
material was collected from seven different sites near' Kerassia, where at least two 
fossiliferous horizons occur.
Microbial action caused extensive destruction in almost all the examined specimens of bone 
and teeth tissues from both horizons. Despite this, and contrary to the established ideas, 
bioeroded tissues survived to become fossils, preserving their histological and bioerosion 
features. The diameters of the microtunnels (150-600 nm) in the destructive foci indicate that 
the invading microorganisms were bacteria. Recrystallization of the apatite crystallites in the 
foci of damaged tissues occurred immediately after the end of bacterial activity, restraining 
later diagenetic recrystallization. This process is responsible for differences in the chemistry 
of the three structural areas of the bioeroded tissues, the undamaged areas, the foci and the 
rims of the foci.
X-ray diffraction minéralogieal analyses showed that fossil bone and dentine consist of 
carbonate fluorapatite and enamel consists of carbonate hydroxyapatite. The crystallinity of 
the fossil tissues is not age dependent but rather reflects the type of the hard tissue and the 
conditions of the local burial environment.
To date, five different species of giraffes have been determined in Kerassia. Four species were 
found in the lower horizon, Palaeotragus rouenii, Palaeotragus sp., Samotherium major and 
Helladotherium duvernoyi and four species were found in the upper horizon Palaeotragus 
rouenii, Samotherium major, Helladotherium duvernoyi and Bohlinia attica.
Finally, this study shows that a seasonal Mediterranean type, relatively temperate to warm 
and moist climate, can be infened for the MN12 (Middle Turolian) of the Kerassia region.
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Introduction

GEOGRAPHY

Kerassia is a new Late Miocene mammal locality, located on the northern part of Euboea 

Island in Greece (Fig. 1). Euboea Island, the second largest Greek island after Crete, found to 

the northeast of the city of Athens, is separated from the mainland through a narrow sea 

channel. Kerassia is situated in the Limni-Istiea basin, the largest Neogene basin on Euboea 

Island which occupies the Northern part of the island. The actual fossiliferous locality (38° 

55’N, 23° 19’E) is found 2 Ian north of the village of Kerassia, located on the south side of a 

gully (Fig. 2), at an altitude of about 450 meters.

GEOLOGY AND STRATIGRAPHY

The geology of Euboea Island has been well studied since the second half of the 19th century 

(Spratt 1847, 1856; Cordela 1878; Gorceix 1878; Teller 1880; Deprat 1904; Guernet 1971; 

Katsikatsos et al. 1986; De Bono, 1998). The southern part of the island is covered by HP/LT 

metamorphic rocks (Malorotandalou-Ochi unit. North Cyclades unit) and LP Mesozoic 

marbles (Almyropotamos unit) (De Bono, 1998). The central and northern parts of the island 

are dominated by the formations of the Pelagonian zone; a succession of metaplutonic rocks. 

Late Permian - Middle Triassic limestones. Middle - Late Triassic volcanoclastic sediments. 

Late Triassic -  Late Jurassic limestones. Late Jurassic radiolarites (De Bono, 1998). During 

the Early Cretaceous the tectonic nappe of the Axios-originated ophiolites (Middle-Late 

Jurassic age) was obducted upon the carbonate platform and was followed by a transgression 

event and the deposition of Late Cretaceous limestones (De Bono, 1998). Nevertheless, there 

are also extensive Neogene deposits found on the island, the majority of which are of 

continental origin. These successions mainly occur in the three major sedimentary basins of 

the island (Fig. 1); the Aliveri-Kymi basin, the Palioura-Gides basin, and the Limni-Istiea 

basin (Katsikatsos et al., 1981). A number of smaller size occurrences are of minor 

geographical and stratigraphical importance. However, an exception is the occurrence near 

Almyropotamos, because of the significant outcrops of fossil mammal remains. In general, 

the deposits in the three basins consist of a lower, low energy sequence with fine-grained
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Figure 1: Location map showing Euboea Island and the locality of Kerassia. The distribution 
of Neogene-Quatemary and Preneogene rocks on Euboea Island, and the position of the three 
major Neogene basins on the island are also displayed: 1. Aliveri-Kymi basin, 2. Palioura- 
Gides basin, and 3. Limni-Istiea basin; adapted from Katsikatsos et al. (1981).
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Figure 2: Location map with 
the exact position of the seven 
sites (K1 to K7) in the locality 
of Kerassia (38° 55’N, 23° 
19’E), North of the village of 
Kerassia. The rose diagrams 
with the prevailing 
orientations of the long bones 
are also provided for the two 
main dig sites in the locality, 
sites K1 and K4, which depict 
the direction of the main 
palaeocurrents.
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lacustrine sediments which locally contain lignite layers, and an upper high-energy sequence 

of coarse-grained fluvial sediments.

The Limni-Istiea basin occupies the largest part of Northern Euboea (Fig. 1). The Late 

Miocene - Late Pliocene sediments (sediments of the upper sequence), which have been 

deposited unconformably on the Early Miocene sediments of the lower sequence, cover most 

of the basin (Mettos et al, 1991). The occurrences of the sediments of the lower sequence are 

confined to the area between the villages of Agia Anna and Kerassia (Mettos et a l ,  1991). 

According to Mettos et al. (1991) the sediments of the lower sequence consist of Early 

Miocene marls, silts, clays, and conglomerates, whereas the sediments of the Late Miocene 

sequence comprise four distinct sequences; a. the red-brown fluvial deposits, a succession of 

conglomerates, sands and clays of the Late Miocene which contain the mammal remains, b. 

the Agia Anna - Kerassia, marls, clays, travertines, marlstones of the Late Miocene, that 

contain fossil tree remains at the lower part of the travertine deposits, c. the Limni mails, 

conglomerates and marlstones of the Early Pliocene, and d. the Early Pliocene conglomerates 

of mount of Xiro that laterally transit to the marls and conglomerates of Istiea. Mettos et al. 

(1991) also reported that three tectonic phases can be observed in northern Euboea; one 

tensional phase of Miocene-Pliocene age with NE-SW  trend; a second compressional phase 

during the Quaternary with NNW -SSE trend; and a third one with tear faults and horizontal, 

counter clock-wise movement, with N 100°-120° trend, probably of Late Pliocene or Early 

Pleistocene age. Due to the significant Neogene and Quaternary tectonism, a large number of 

faults run through the basin, and thus block displacements should be expected.

PREVIOUS W ORK AND HISTORY OF RESEARCH

In 1835 Finlay and Lindermayer carried out the first excavation in Pikermi (Attica, Greece) 

bringing to light some of the richest outcrops of the Upper Miocene fauna (Turolian). For 

more than a century the richness and diversity of the fauna of the locality attracted the interest 

of many renowned workers (Wagner, 1840, 1848; Gaudry, 1862-67; W oodward, 1901; Abel, 

1912; Symeonidis et a l ,  1973) and the importance was such that Crusafont -  Pairo (1951) 

coined the term 'Pikermian fauna’ to describe the Eurasian Late M iocene faunas. Since then, 

numerous other large mammal localities of Late Miocene age have been added in the Greek 

fossil record (de Bonis and Koufos, 1999), with the localities of the Axios Valley and Samos 

as the most prominent.
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A significant number of these Late Miocene localities are located on Euboea Island: the 

localities of Aliveii (De Bruijn et al., 1979), Kazarma (De Bruijn et al, 1979), Panagia Heria 

(Deprat, 1904; Mitzopoulos, 1947) and Almyropotamos (Melentis, 1967, 1969) are found in 

the central part of the island, whereas, the localities of Limni (Cordelia, 1878), Ahmet Aga 

(Prokopi) (Woodward, 1901), Achladi (Mitzopoulos, 1947) and Palaeovrisi (Jacobi, 1982) 

are situated on the northern part of the island.

The locality of Kerassia (Fig. 2) was made known to the local people in 1966 during the 

cutting of a new road north of the village. In 1981, R.W. Kohler, a German student, tracked 

down the locality during his dissertation fieldwork. A year later Hans de Bruijn and Albert 

van de Meulen (University of Utrecht) and Constantin Doukas (University of Athens) carried 

out the first excavation. The exact locality of this first collection is not Icnown, as there are no 

available data about the excavation. The material from this excavation is still unpublished and 

was Idndly offered to me for study. Made and Moya-Sola (1989) in their paper on the 

European Suinae provided a brief description on the suids and the first biostratigraphic data 

for the locality of Kerassia (probably using material from the 1982 excavation), though the 

exact locality and the date of collection are not stated clearly. They considered that the suid 

material belongs to Microstonyx major erymanthius and determined the age of the locality as 

Middle Turolian (MN 12). In their study, Kostopoulos et al. (2001) after comparing the suid 

material from the 1982 excavation, argued that this belongs to a small sized form, related with 

the M aragha suid, which probably can be ascribed to a new subspecies different from the 

typical and larger M. major erymanthius. According to their data, they also considered that 

the age of the locality is Middle Turolian (MN 12).

Since 1992 Associate Professor Theodorou from the University of Athens has conducted 

systematic excavations in the locality. The excavations have been financed by the University 

of Athens, the local Municipality and the Council of Research and Technology. To date, more 

than 2 0 0 0  specimens of large mammals have been recovered from the seven fossiliferous sites 

in the locality and have been prepared, although, a significant portion of the material is still 

under preparation. Currently, all the excavated material from Kerassia, including the material 

from the 1982 excavation, is temporarily stored in the collections of the Museum of 

Palaeontology and Geology of the National and Kapodistrian University of Athens, Greece. 

The excavated material has revealed the presence of a rich Late Miocene “Pikermian” fauna. 

Theodorou et al. (2003) provided the first preliminary data on the sedimentological setting 

and the faunal content of the locality. Roussialds and Theodorou (2003) described the
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carnivore material from the locality. According to their data the age of the locality is Turolian 

and probably belongs to M N 11-12.

During the last ten years, ten field periods have been conducted in the locality of Kerassia. 

Since 1994 ,1 was fortunate to be present in eight out of the ten field periods when the 

majority of the material was collected. During these ten years I have helped not only in the 

excavation of the material but also in the prepaiation and the conservation of hundreds of 

specimens and their preliminaiy identification, and the collection of taphonomic data. 

Cataloguing the specimens has also been one of my tasks. In the three years of my PhD, my 

research project involved two field periods in Kerassia for collection of sedimentological data 

from the seven localities of Kerassia and collection of fossil specimens and taphonomic data 

primarily from site K l. Several hundreds of specimens were collected during these two field 

periods. In addition to my other research tasks, the preparation and conservation of the 

majority of these specimens was also undertaken. The preparation and conservation of this 

material took place in the Department of Geology at the University of Athens and in the 

Department of Geology at the University of Leicester.

THE STRATIGRAPHY AND SEDIMENTOLOGY OF KERASSIA

In Kerassia the bone bearing layers are part of the so called red-brown fluvial deposits which 

comprise the lower layers of the upper sequence (Mettos et al. 1991). According to Mettos et 

al. (1991) in the Limni-Istiea basin the lower sequence occurs between the villages of Agia 

Anna and Kerassia. The sediments of the lower sequence and also their contact with the 

basement of the basin were located to the northeast of the village of Kerassia. Successions of 

marls, clays, siltstones and conglomerates were observed, indicating a low energy 

environment of deposition, probably lacustrine. In this part of the basin the basement rocks 

are the Axios ophiolites, part of the Early Cretaceous tectonic nappe of the Pelagonian zone 

(see above). In succession above the sediments of the lower sequence, the red-brown fluvial 

deposits occur; red-brown clays, conglomerates, sands, and siltstones. The thickness of these 

sediments ranges between 250-300 meters (Mettos et al., 1991). Nevertheless, the exact 

location of the unconformity between the two sequences was not traced because of the 

presence of debris, overgrowth and faulting. The Agia Anna-Kerassia marls, clays, travertines 

and marlstones are situated to the northwest, west and south of the village of Kerassia, at the 

lower parts of which fossil trees are found. The suiTounding rocks to the North and East of the
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locality also consist of ophiolites. Apart from the ophiolites, a few exposures of Jurassic 

limestones of the Pelagonian unit (sensu stricto) also occur south of the village of Kerassia.

The collected fossil mammal material comes from seven different sites (Fig. 2) in the locality, 

namely K l to K7, where separate lenses of bone beds are found, deposited in different fluvial 

channels. The sections of the seven sites and the respective bone outcrops are found across 

roadside cuttings. Sites K l and K2 are located in the same undisturbed section which 

apparently comprises the longest exposed section. From this section it is obvious that there 

are two fossiliferous layers. The upper fossiliferous layer (K l) lies 6.7 meters above the lower 

fossiliferous layer (K2), which is found at the level of the road (Fig. 3). K l was excavated for 

the first time in the summer of 2 0 0 0  and most likely comprises the site of the very first 

collection in 1982. Personal communication with Doukas (2000), a map by Kohler (1983), the 

state of fossilization of the material, and in addition geochemical data suggest that the 

collected material of the 1982 excavation came from site K l. At this site a dense 

concentration of bones occurs in the lower part of the layer. The fossil bones become more 

scarce and scattered in the middle and disappear towards the top of the layer. Ten centimetres 

above the contact of the fossiliferous layer, a distinct continuous grey white, thin (2 cm thick) 

bed of brown clays and white marl nodules occurs (Fig. 3). The same thin bed is also traced in 

site K 6  above the fossiliferous layer (Fig. 3), where the recovered material only consists of a 

big mastodon tusk (Choerolophodon sp.). The normalised REE concentration patterns for the 

sediments of the two beds are practically identical. Therefore, K l and K 6  probably belong to 

the same fossiliferous layer, the upper one, and the position of the tusk can be attributed to the 

middle of the layer with the scattered bones.

At site K3 the different beds in the section are clear and well defined due to a relatively fresh 

road cut. In this section only one fossiliferous layer can be observed, the lower one. Right 

above the fossiliferous layer there is a distinct, 50 cm thick, red-brown mud bed with distinct 

peipendicular cracks (Fig. 3). This characteristic bed can be observed in the K l-  K2 section 

right above the lower fossiliferous layer (K2). Also, the sedimentological characters of the 

lower fossiliferous layer in K2 are exactly the same as in K3. Brown silted mud with few 

scattered rounded to sub-rounded, polymict grains in a homogenous matrix, and a deep 

calcitic horizon that occurs at the same level as the bonebeds with significant encrustations 

ai’ound the bones. Sites K2 and K3 are located relatively close to each other (35 meters) in the 

same undisturbed section and there is no doubt that they belong to the same stratigraphie 

level. Site K4 shares similar lithologies with sites K2 and K3: the distinct red-brown bed
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above the fossiliferous layer, the sedimentological characters of the bone bearing layer and a 

similar degree of calcification and encrustations around the bones (Fig. 3). In the upper 

fossiliferous layer the calcitic horizon is also deep, but the calcification is less and the 

encrustations around the bone are imperceptible. In addition, the similar state of preservation 

of the bone material from sites K2, K3 and K4 which is clearly different from that of the 

upper horizon and geochemical data indicate that K2, K3 and K4 represent the same 

fossiliferous level, the lower one.

Sites K5 and K7 are not conelated to date with either the upper or the lower fossiliferous 

level. Both bone-bearing layers (K5 and K7) seem to have high-energy deposits with 

increased percentage and size of pebbles in the sediments compared with the other sites. At 

site K5 in particular, the presence of high-energy channel deposits is evident. There are clear 

indications for bone sorting as the majority of the collected material consists of skulls, 

mandibles and large bones. Also, some of the extracted bone material shows significant 

abrasion marks. The 2 meters exposure at site K5 cannot provide very accurate correlations. 

However, the position of the site, the similarities in the state of preservation of the bone 

material with the bones from the lower horizon, and despite some differences in the 

geochemical data (chapter 3) which can be attributed to the different hydrological regimes, it 

can be assumed that site K5 belongs to the same stratigraphie level as sites K2, K3 and K4.

As for site K7, the collected material is still under preparation; therefore, data that could 

provide further correlations is not complete. Site K7 is found about 15 meters below the level 

of sites K2 and K3. A large number of faults run through the basin and block displacements 

are expected. Therefore, if  a displacement occurred, K7 could possibly be correlated with the 

lower or the upper fossiliferous levels, or if no displacement occurred K7 constitutes a third 

fossiliferous level, older than the other two.

In sites K1-K2, K3, K4 and K6 it is clear that typical pedogenic features are present and thus 

some of the beds represent well developed paleosols (Fig. 3). In the longest studied section 

from sites K1-K2 at least three different paleosols sequences can be identified: one at the top, 

one in the middle and one at the bottom. The one at the top and the one at the bottom are 

related to the two fossiliferous horizons. These sequences are interrupted by fluvial channels 

and the deposition of coarser grained deposits (Fig. 3). The bone bearing fluvial channels 

belong to this category and their relative position is at the bottom of the respective paleosol 

sequences. These sequences mainly consist of B horizons. The beds that form these sequences 

are red-brown, carbonate rich silty muds with deep calcic horizons which consist of nodular
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carbonates and calcitic encrustations around bones. These calcareous horizons are interpreted 

as the Bk horizons. Non calcareous clay-rich zones are also found and probably comprise the 

Bt horizons. The thin red mud beds at the top of each sequence probably represent the organic 

rich humic horizons. These horizons are not present in every sequence, possibly indicating 

small scale erosion events. Thin laminar calcrete bands are found in the middle paleosol 

sequence indicating possibly drier periods. According to Retallack (1990, 1997) the preceding 

features of these paleosols are characteristic of alfisols.

The majority of the major beds in the seven sites, including the bone bearing ones, consist of 

red-brown silty muds with scattered rounded to sub-rounded, polymict grains, mainly of 

ophiolitic origin in a homogenous matrix. This observation suggests that the rock source 

which provided the deposited sediments was an ophiolite.

Apart from the mammal fossil remains, a significant number of trace fossils in the form of 

root casts and insect or other invertebrate burrows were also identified in the B horizons. Such 

trace fossils are good indicators of paleosols. Oxidising and alkaline soils like the paleosols of 

Kerassia (chapter 3) may contain abundant evidence of life in the form of bunow s and roots. 

These features indicate stable ground surface conditions for a rather long period to allow the 

growth of plants, and the exploitation of the soil by insects and other invertebrates. Thus, this 

constitutes evidence for the maturity of the soils. The majority of the observed and the 

collected burrows belong to three groups of the Hymenoptera; ant nests (Formicidae), solitary 

bee larval chambers (Apoidae) and solitary wasp larval chambers (Fig. 4). The bee and wasp 

larval chambers are attributed to the ichnogenus Celliforma (Brown, 1934). The bee chambers 

are ellipsoid, whereas the wasp chambers are tear-shaped with a wide rounded base and a thin 

neck (Fig. 4). The ant nests consist mostly of long vertical buiTows and irregular shaped 

chambers found at the bottom of the burrows or at variable heights. According to Michener 

(1974) the chambers of solitary digging bees (Halictinae) have to occur in sediments moist 

enough in order to be easily worked and humid enough for the survival of the lai'vae. Possibly 

the same conditions are also required for the construction of chambers by solitary wasps. Ants 

also require relatively moist soil conditions for their survival (Dumpert, 1978)



Figure 4: Three internal moulds of wasp larval 
chambers {Celliforma sp.).Scale: x2.
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Figure 5: The upper portion of a Rhinoceros humerus shaft with crenulated edges, probably 
produced by the gnawing action of hyaenas. Scale = 5cm.
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THE KERASSIA FAUNA

The Kerassia fauna mainly consists of Perissodactyla (Equidae, Rhinocerotidae) and 

Artiodactyla (Bovidae, Giraffidae), with Hipparion being the most abundant genus. Despite 

the dominance of the Hipparion and secondarily of the bovids, the number of collected 

specimens from the two taxa is proportionally less compared with the other Late Miocene 

Greek localities (Theodorou et al., 2003). Carnivores and Proboscidea are also present, and a 

few more taxa are represented only by rare occurences number of specimens (Roussialds and 

Theodorou, 2003; Theodorou et al., 2003). The faunal content of the two fossiliferous layers 

is given in Table 1. For the moment, the collected material from site K5 can be attributed only 

to two taxa Hipparion sp. and Rhinocerotidae (Rhinocerotidae sp. indet). The material from 

site K7 is still under preparation and has not been studied yet.

TAPHONOMY

The taphonomic study of the exposed and collected material showed that a variety of pre

burial and post-burial processes affected the bones and teeth of Kerassia. Significant 

modifications were observed in the vast majority of the examined specimens. Extensive 

weathering cracks indicate that the bones were exposed on the surface of the ground for a 

significant period of time. Gnawing marks including spiral fractures, tooth marks, 

perforations, crenulated shafts (Fig. 5), gnawed epiphycal ends and channelled long bones 

suggest extensive exploitation of the bones and scavenging by carnivores (mainly by 

hyaenas). Partly articulated, partly associated and mostly dispersed skeletal parts indicate that 

transportation and dispersal of the skeletal elements occuired. Abraded specimens and sorting 

in site K5 evince higher energy currents and longer transportation. The bones were 

accumulated within fluvial channels and possibly represent channel fill deposits 

(Behrensmeyer, 1988) of short duration. The orientations of the long bones from all sites 

show some prefened orientations that can possibly be related to the directions of the 

paleocurrents. In site K l, the easternmost site in the locality, the main orientation of the bones 

is northwest -  southeast, whilst, the main orientation of the bones in site K4, located at the 

west part of the locality, is northeast -  southwest (Figs. 2, 3). Generally, the prevailing 

orientation of the long bones is north-south indicating a water flow from north to south. This 

observation agrees with the ophiolitic origin of the clasts in the sediments and the position of 

the suiTounding ophiolitic rocks north of the locality. A number of post-burial processes also



Upper fossiliferous layer Lower fossiliferous layer

Artiodactyla Artiodactyla
Giraffidae Giraffidae

Helladotherium duvernoyi Helladotherium duvernoyi.
Palaeotragus rouenii Palaeotragus rouenii
Bohlinia attica Samotherium major
Samotherium major Bovidae

Bovidae Gazella capricornis
Gazella capricornis 4-5 other bovid species
Tragoportax cf. amalthea
2-3 other bovid species Perissodactyla

Tragulidae Equidae
Dorcatherium sp. Hipparion sp. (2 species)

Suidae Rhinocerotidae
Microstonyx major erymanthius Ceratotherium neumayri

Dicerorhinus cf. pikermiensis
Perissodactyla Rhinocerotidae sp. nova

Equidae Chalirotheriidae
Hipparion sp. (2 species) Ancylotherium sp.

Rhinocerotidae
Rhinocerotidae sp. indet. Proboscidea

Chalicotheriidae Deinotheriidae
Ancylotherium sp. Deinotherium sp. ?

Mastodontidae
Proboscidea Mastodon sp.

Deinotheriidae Tetralophodon cf. longirostris
Deinotherium sp.

Mastodontidae Carnivores
Mastodon sp. Felidae
Choerolophodon sp. Machairodus giganteus

Hyenidae
Carnivores Adcrocuta eximia

Felidae Hyenotherium wongii?
Metailurus parvulus Or H. c f  pannonicum

Hyenidae Small carnivore
Adcrocuta eximia? Viverridae

Hyenotherium wongii Plioviverrops sp.
Small carnivore

Aves
Tubulidentata Genus and species indet.

Orycteropus gaudryi

Micromammal
Genus and species indet.

Table 1: The faunal content in the two fossiliferous levels; sites K l and K6 belong to the 
upper fossiliferous level, sites K2, K3, K4 and possibly K5 belong to the lower level.
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affected the bones and teeth. Extensive microbial damage was observed in the majority of the 

examined specimens (chapter 1). Seismoturbation and faulting caused the post burial 

fracturing of some bones. Finally, a number of diagenetic changes occurred, altering the 

overall chemistry of the original bone and tooth tissues mineral phase (chapters 2 and 3).

OBJECTIVES OF PRESENT STUDY

My PhD project is multidisciplinary in nature. The main aim of this study has been to provide 

the first complete documentation of the mammal bonebeds found in the locality of Kerassia 

by taclding aspects of stratigraphy, palaeontology and taphonomy (F ig.l). An ecologically 

important family, the Giraffidae, was selected for study as the collected giraffid material 

presented notable diversity and thus could provide significant ecological, 

palaeoenvironmental and biostratigraphic information. The taphonomic study of Kerassia has 

been focused firstly in the study of the remarkable and extensive microbial damage observed 

in the bones and teeth. In addition, the early diagenetic conditions that influenced the 

preservation of these bones and teeth and the geochemical changes that occurred in these 

tissues was investigated. Finally, the results from the three distinct disciplines will be 

compiled to provide information about the palaeoenvironmental conditions that prevailed 

during the Late Miocene in Kerassia.

THESIS LAYOUT

This thesis consists of four distinct, separate and autonomous thematic units structured in a 

format that will be suitable for publication. Consequently, repetition of descriptive 

introductory information about the locality, the geology and the stratigraphy of the locality, 

does occur. The first chapter entitled “Extensive microbial destruction in Late Miocene 

mammal bone” has been accepted for publication in the Journal o f  the Geological Society. It 

provides information about the structure and mechanisms behind the formation of bacterial 

bioerosion structures and interpretations about the palaeoclimate and the palaeoenvironment. 

The second chapter with the title “X-ray emission microanalysis of bacterially damaged bones 

and teeth from the Late Miocene of Kerassia, Greece” will be submitted for publication to an 

international palaeontology or interdisciplinary geology journal. This chapter elaborates 

geochemical data from bacterially damaged bones and teeth collected using an electron
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microprobe, and identifies the changes in the distribution of elements that occur in the 

bioeroded hard tissues. The third chapter is entitled “X-Ray Diffraction studies of Late 

Miocene mammal bones and teeth” and will be submitted for publication to an international 

palaeontology or interdisciplinary geology journal. In this chapter the mineralogy and 

crystallinity of fossil bone, dentine and enamel is discussed. Finally, the fourth chapter is 

entitled “The Giraffidae (Artiodactyla, Mammalia) from the Late Miocene of Kerassia, 

Northern Euboea Island, Greece” and has been prepared for publication in the Special Papers 

in Palaeontology. This chapter presents the taxonomical and morphological features of five 

species of giraffes and their palaeoecological and palaeoenvironmental requirements.

One additional paper which comprised part of my PhD studies has been already published:

“Theodorou, G., Athanassiou, A., Roussialds, S. & Iliopoulos, G., (2003), Preliminary 

remarks on the Late Miocene herbivores of Kerassia (Northern Euboea, Greece), Deinsea, v. 

10, p. 519-530.”

M y contribution to this paper has been the sedimentological study of the seven sites in the 

locality of Kerassia, and the stratigraphie correlations between these sites and also, the 

description of two groups of the fauna, the Giraffidae and the Bovidae.



Extensive microbial destruction in Late Miocene mammal bone

INTRODUCTION

A number of physical, chemical and biological processes determine an organism’s 

fossilization potential and preservation. Bio-mineralized tissues of organisms are generally 

more resistant than the non-mineralized tissues but they are still subject to deterioration and to 

destructive processes. Bones and teeth, the hard tissues of vertebrates, are not excluded. 

According to the established ideas of bone preservation, bones that exhibit considerable 

microbial damage would have no chance (Grupe, 2001) or little chance (Trueman and Martill, 

2002; Hedges, 2002) of turning into fossils. However, the histological study of Late Miocene 

mammal bones herein has revealed for the first time that well-preserved fossil bone can be 

extensively bioeroded.

Vertebrate hard tissues are complex materials consisting of interdependent organic and 

mineral inorganic components. Four mineralised hard tissues are generally recognised in 

advanced vertebrates (including mammals) namely bone, dentine, cement and enamel; the last 

three of which represent dental tissues. Approximately, the mineral component in the bone 

constitutes 72% of its weight, while the organic component is 20% and the remaining 8 % is 

water (Elliott, 2002; Price, 1989). 90% of the organic component is collagen and 10% is non- 

collagenous proteins, lipids and carbohydrates (Price, 1989; Cormack, 1987). Despite minor 

variations it could be assumed that dentine and cement have a similar composition to bone 

(Carlson, 1990; Elliott, 2002). In enamel, on the other hand, the apatite component is about 

97%, the organic component is less than 1%, and the remaining percentage is water (Carlson, 

1990; Elliott, 2002). Microbes aie the primary decomposers of organic matter and will readily 

attack bones and teeth to feed on their organic components. Hackett (1981) coined the term 

microscopical focal destruction (MFD) to describe the histomorphological alterations in bone 

or other vertebrate hard tissues that are produced by microbial action. This damage can be 

attributed either to bacteria (Hackett, 1981), fungi (Wedl, 1864), algae (Davis, 1997) or 

protozoa (Ascenzi and Silvestrini, 1984). These organisms invade the bone producing 

recognisable destructive features in the form of tunnels or borings. These features have been 

known since the second half of the 19* century and were originally recognised in fossil 

specimens (Wedl, 1864; Roux, 1887; Schaffer, 1889; Thomasset, 1931), but later the majority 

of descriptions were of modem and archaeological material (Morgenthaler and Baud, 1956;



Extensive microbial destruction 12

Werelds, 1962; Marchiafava et a l ,  1974; Herrmann, 1977; Baud and Lacotte, 1984; 

Piepenbrink, 1986; Hanson and Buikstra, 1987; Bell, 1990;Yoshino et a l ,  1991; Bell et a l ,  

1991; Child et a l ,  1993; Bell et a l ,  1996; Davis, 1997; Jackes et a l ,  2001; Turner-Walker 

and Syversen, 2002; Turner-W alker et a l ,  2002).

According to Nielsen-Marsh et a l  (2000) groundwater is the most influential agent of bone 

diagenesis. Groundwater is the required medium for most post-burial processes and the 

catalyst for chemical reactions (Hedges and Millard, 1995; Nielsen-March et a l ,  2000). The 

porosity of the different tissues will influence the action of groundwater (Hedges et a l ,  1995). 

In bone, dentine and cement the intimate association between the mineral phase and collagen 

provides the means to protect the whole tissue (Lucas and Prevot, 1991): collagen protects 

apatite crystallites from the dissolving action of water (Trueman and Martill, 2002) and 

concomitantly the crystallites protect collagen from the hydrolytic action of microbial 

enzymes (Nielsen-Marsh et a l ,  2000). However, once this bond is broken alteration or 

deterioration of the tissues will occur and their porosity will increase. Increased porosity 

allows more water to flow through the tissues, so that more apatite crystallite surfaces are 

exposed, and consequently the overall reactivity of the system increases (Nielsen-March et 

a l,  2000). The tunnelling action of microorganisms will greatly promote the porosity of the 

tissues (Nielsen-March and Hedges, 1999) and will accelerate their diagenetic alteration. The 

increase in the porosity will ease water flow which subsequently will facilitate microbial 

development and will aid the proliferation of the microorganisms’ tunnels by bringing in 

more oxygen and removing toxic metabolic by-products. Thus, once microbial activity 

commences, and under favourable conditions, it will proceed rapidly to the total destruction 

of the affected tissues (Trueman and Martill, 2002). Extensive tunnelling and consequently 

high porosities will promote the dissolution of the tissues’ apatite mineral. Furthermore, 

extensive tunnelling and significant increase in the pore volume of the tissues will reduce the 

tensile strength of the tissues (Turner-Walker and PaiTy, 1995); this reduction will facilitate 

further deterioration. To date, evidence from the archaeological (Grupe, 2001; Hedges, 2002) 

and the palaeontological (Trueman and Martill, 2002) “fossil” record shows that extensively 

bioeroded vertebrate tissues will readily deteriorate, and most likely will be removed from the 

fossil record.

In this study, the histological investigation of Late Miocene mammal bones and teeth has 

shown that, contrary to previous opinions (Grupe, 2001; Hedges, 2002; Trueman and Martill, 

2002), extensively bioeroded bones and teeth have been preserved. The aim of this paper is
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firstly to provide evidence that extensively bioeroded bones and teeth under favourable burial 

conditions can actually survive in the fossil record. Secondly, an attempt is made to determine 

the microorganism responsible for this destruction. Finally, the mechanisms and the burial 

and climatic conditions that favoured microbial activity and the preservation of histological 

and bioerosion features in the examined bone and tooth tissues are investigated.

MATERIAL AND METHODS

The studied material comes from a new Late Miocene (Early Turolian) mammal locality, 

Kerassia, in Greece. Kerassia is located in the northern part of Euboea Island. Seven different 

fossiliferous sites are Icnown, and two fossiliferous horizons have been recognised 

(Theodorou et a l ,  2003). The bone-bearing layers consist of red-brown silts and clays and the 

bones were accumulated within fluvial channels. Polished thin sections of fossil bone and 

teeth specimens, as well as fragments of bone and teeth from both horizons of Kerassia were 

prepared. Bones from eight other localities around the Aegean Sea were studied in the same 

way for comparison with the Kerassia specimens. Ravin de la Plui 2, Vathylaldcos 1, Ditiko 1 

and Ditiko 2 are situated to the north in Macedonia, Samos to the East on Samos Island, 

whereas Old Pikermi, New Pikermi and Chalkoutsi are from the south close to Athens.

Strati graphically, they range from the Late Vallesian (Ravin de la Plui) to the late Turolian 

(Ditiko). The specimens from Kerassia were collected from five localities representing both 

fossiliferous horizons, and from different areas in the bone accumulations, those from the 

Late Miocene localities were randomly selected. Two specimens represent bones found 

scattered above the main bone accumulations of the upper horizon at Kerassia. Specimens 

were examined using an Hitachi S 520 scanning-electron microscope (SEM) and probed 

under a JEOL JXA 8600-S electron-microprobe where a focused beam at 15kV was used for 

analyses. Electron microprobe analysis was employed to determine the elemental composition 

of bone, dentine, cement and enamel apatite in the unaltered parts of the tissues, as well as in 

the rims and the interior of the destructive foci (microscopic areas of damaged bone).
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RESULTS

Extensive MFD was identified in every examined bone and tooth specimen from the main 

bone assemblages of both horizons at Kerassia (Fig. la , lb). However, microbial action was 

not observed in the scattered bones examined from above the upper horizon.

Despite extensive MFD, Haversian systems are still clear and the foci can be easily identified 

around them. Zones of damaged bone occur around the bone perimeter, around the marrow 

cavity and as randomly scattered foci. Evidence indicates that the microorganisms attacked 

the bone from the external surfaces as well as from the marrow cavity, and through bone 

cavities such as the osteon canals. It has been observed that the majority of the foci follow the 

development of the bone lamellae and in longitudinal section they are parallel to the structures 

of the bone. In transverse section, the foci are clearly seen to follow the development of the 

lamellae around the Haversian canal (Fig. 2a). M ost foci are rounded in transverse section 

although irregular shapes are common (Fig. 2a). Crescentic forms can be also found around 

Haversian systems (Fig. 2a). The pattern of damaged bone seen in the Kerassia specimens is 

similai' to that described by Hackett (1981) as lamellate foci. The size of the foci ranges 

between 10 pm and 200 pm and may be as much as 300 pm, although the majority of the foci 

are shorter than 100 pm. The borders of most, but not all, foci are confined by relatively thick 

rims (Fig. 2a, 2b), distinguishable as bright areas in SEM backscattered images owing to a 

relatively higher mineral density caused by a hypermineralization process. The width of these 

bright rims is between 2 -10pm. The internal structure of the foci, seen at high magnification 

( > 2 0 0 0  times), consists of a number of randomly distributed tiny holes and elongated tubules 

-  essentially representing a network of microtunnels (Fig. 2b, 5a). Conversely, in longitudinal 

section the majority of the elliptically shaped foci are elongated and usually shorter than 300 

pm, with rare examples reaching 500 pm (Fig. 3a). Micro tunnels, 150-600 nm in diameter, 

ai'e also visible, streaming across the foci, parallel to each other and parallel to the elongated 

foci (Fig. 5b). A few larger tunnel may get up to 900 nm, but the majority range between 300- 

600 nm. In some specimens it is possible to divide the foci into two size groups that are 

distinct within any given specimen: foci with microtunnel diameters between 300-600 nm, 

and foci with microtunnel diameters between 150-400 nm (Fig. 3b). As well as Haversian 

systems, other histological features of the bones such as lacunae (Fig. 2a, 2b) and even finer 

structures like canaliculi have been preserved. The striking feature is that in the damaged 

bone, lacunae are not found only around the foci but also in the foci. In some of the examined 

specimens, especially around the perimeter of the bone, some foci appear dark and “empty”
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Figure 1. a. Backscattered electron image (BEI) of unaltered (undamaged) cortical bone 
(undetermined long bone fragment from site Kl, thin section G115A), displaying well preserved 
Haversian systems with lacunae around them, (scale bar 500 pm), b. The displayed portion of 
compact bone (undetermined long bone fragment from site K5, thin section G il8A) is 
extensively damaged, illustrating the extent of bacterial destruction of the bone tissue.
However, Haversian systems are still clear and the foci of bacterially eroded bone can be easily 
identified around the Haversian canals, BEI (scale bar 231 pm).

t m
Figure 2. a. Lamellar bone around a Haversian system (seen in the lower left comer of Figure 
1 .b) completely damaged by bacterial activity. Foci of bacterially eroded bone are evident 
around the Haversian canal. The arrow points to the only portion of bone that remained 
undamaged. F=focus, HC=Haversian canal, BEI (scale bai= 75 pm), b. The area on the left of 
the Haversian canal in Figure 2.a. The stmcture of the foci is revealed at higher 
magnifications, the distinctive rims (r) of the foci and the microtunnel (m) network of the 
invading bacteria. Interestingly, some lacunae (L) are situated in the foci, BEI (scale bar= 
30pm).



Figure 3. a. Longitudinal section of bone cortex (undetermined long bone fragment from site 
K5, thin section GI18B), showing elongated and elliptically shaped foci. The bright 
hypermineralized rims are visible around the foci. F=focus, BEI (scale bar= 150 pm), b. 
Fragment of bone (undetermined long bone fragment from site Kl, specimen K1/A68, stub 
24) on stub, showing neighbouring foci with ostensible differences in the diameter of their 
microtunnels which can be attributed to a small-size and a large-size microtunnel groups and 
which possibly correspond to two different species of bacteria, SEM (scale bar= 10 pm).

Figure 4. a. Portion of bacterially damaged bone (undetermined long bone fragment from site 
Kl, specimen K1/A68, thin section GI24A), showing the overlapping “dark” and “bright” 
foci. BEI (scale bar= 20 pm), b. Transverse section of a Hipparion tooth (specimen K4/A66/3 
from site K4, thin section GI23 A), where extensive bacterial damage can be identified in the 
dentine (D) and in the cement (C). E=enamel, ca=calcite in the pulp cavity, BEI (scale bar= 
500 pm).
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without any obvious microtunnel structure. These “empty” foci may correspond to the “holes” 

of Hedges et al. (1995). In a large number of thin sections and stubs it was possible to identify 

overlapping foci that are usually smaller and brighter under backscattered electron imaging 

(BEI) than the discrete foci (Fig. 4a). Lamellate foci damage was also observed in fossil tooth 

dentine and cement, but not in the enamel. Zones of extremely damaged dentine and cement 

respectively occur around the pulp cavities (fig 4b) and the outer perimeter of the cement (fig 

4b). As observed in bone, fine histological features like the dentinal tubules and the cement 

voids are also preserved in teeth despite the extensive damage, encircled by the microtunnels 

of the destructive foci. It is apparent that the microorganisms attacked the teeth through both 

the external surfaces and the pulp cavities. The bone material from the eight other Late 

Miocene Greek localities revealed similar extensive bacterial damage.

DISCUSSION

Foci produced by MFD have been variously described as “lamellate foci” (Hackett, 1981), 

“hypermineralised destructive foci” (Bell, 1990) and “nodules” (Hedges et a l ,  1995). This 

study has shown that all these structures may well be represented in three dimensions by an 

ellipsoid, where the hypermineralised rim  wall surrounds and confines the ellipsoid focus 

(Fig. 5a, 5b, 6 ). The long axis of the ellipsoid usually lies parallel to the long axis of the bone. 

In longitudinal section, the ellipsoid focus is manifest as a series of parallel microtunnels, also 

parallel to the long axis of the focus (Fig. 5b, 6 ). These microtunnels occupy the whole focus 

and stream from one edge of the focus to the other. Bifurcating tunnels are observed quite 

frequently, as well as microtunnels with random orientations. In transverse section, a number 

of random circular perforations represent the cross-sections of the microtunnels (Fig. 5a, 6 ).

This form of microbial damage has been attributed to either bacteria or fungi (Hackett, 1981; 

Piepenbrink, 1986). Previous interpretations may have been limited through study of thin 

sections at relatively low magnifications. The isolation of fungi from archaeological bone and 

from experimental cultures in modem bone (Marchiafava et a l ,  1974; Piepenbrink, 1986; 

Grupe and Piepenbrink, 1988) supported the idea that the invading organisms in MFD were 

fungi. The ostensible similarity of the hypermineralised rims of the foci to the 

hypermineralised walls of fungal hyphae tunnels and the size of the foci also supported this 

interpretation. According to Marchiafava et al. (1974) the diameters of the fungal tunnels that 

they observed in modem bone ranged from 2-4 pm, whereas the diameters of the hyphae of
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Figure 5. Fragments of bone on stubs, a. Transverse section of a focus of bacterially damaged 
bone from a Hipparion metapodial (specimen K4/A119/23 from site K4, stub 5), showing its 
microstructure with the thick rim and the microtunnels in the focus. The sectioned 
microtimnels in the focus can be well described as randomly distributed perforations. SEM 
(scale bar= 10 pm), b. Longitudinal section of a focus of bacterially damaged bone 
(undetermined long bone fragment from site Kl, specimen K1/A68, stub 24), where 
transected parallel microtunnels in the focus stream across its long axis. The arrow at the 
bottom of the image points to a microtunnel that connects two different foci and provides 
evidence for bacterial migration in the bone and the formation of a new colony and thus a new 
focus. SEM (scale bar= 10 pm).

Hypermineralized 
rim

Micrntunnels

50pm
Figure 6. A reconstruction of the ellipsoid focus, based on figures 5a and 5b, showing the 
microstructure of the focus with the external hypermineralized rim and the microtunnel 
network which streams across the long axis of the focus.
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the isolated genus M ucor ranged from 2-6 pm. Hackett (1981) named as Wedl tunnels, 

tunnels with uniform diameters ranging from 5-10 pm and ascribed them to fungi. Trueman 

and Martill (2002) noted that their type I Wedl tunnels and type II Wedl tunnels had diameters 

of 10-15 pm and 5 pm respectively. Tunnels larger than 1 pm were not observed in the 

studied material from Kerassia. Therefore, the size of these tunnels indicates that if fungi had 

attacked the hard tissues the fine histological features in the foci would have been destroyed.

In the Kerassia material the small diameter of the studied microtunnels (150-600nm) and the 

preservation of fine histological features in the foci, such as the lacunae and the dentinal 

tubules, indicate that the invading organisms were bacteria. The microtunnels in the Kerassia 

specimens are an order of magnitude smaller than previously reported tunnels attributed to 

fungi. Other authors studying archaeological and recent bone have also attributed similar 

patterns of bioerosion to bacteria (Hackett, 1981; Baud and Lacotte, 1984; Bell, 1990; Bell et 

a l ,  1991; Yoshino et a l ,  1991; Jackes et a l ,  2001; Turner-W alker and Syversen, 2002).

Some of them were even able to identify bacterial cells (Baud and Lacotte, 1984; Yoshino et 

a l ,  1991; Jackes et a l ,  2001). Jackes et a l  (2001) and Turner-W alker and Syversen (2002) 

provided some high magnification images in which the microtunnel structure in the foci is 

clearly visible. The identification of two foci groups in some specimens of the Kerassia bone 

may well be attributable to the action of two different bacteria species.

Bell (1996) after studying bone material from human burials postulated that the source of the 

bone-degrading microbes was the gut microflora. Trueman and M artill (2002) argued that in 

fossil bones the source of the microorganisms could not be from the gut because the carcasses 

would not have been buried intact in the ground as in human burials. In animals now 

preserved as fossils, predation and scavenging would have rapidly rem oved the soft tissues, 

leaving bare bones on the surface exposed to environmental conditions. It is relevant that 

Yoshino et a l  (1991), in their experimental study, did not observe any histomorphological 

alterations in the vast majority of bones left in open air, except for one sample left for 15 

years. However, they did observe alterations of the lamellate type in buried bones after about 

5 years. Therefore, burial seems to be a requirement for the exploitation of bones by soil 

microorganisms. The majority of the Kerassia material displays weathering cracks indicating 

that the bones were exposed on the surface of the ground for a considerable period of time 

before their final burial (see Behrensmeyer, 1978) but, as the presence of MED foci denotes, 

not long enough so as to loose their organic components.
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Each ellipsoid focus comprises a trace microfossil of a separate bacterial colony that started, 

developed and finally died. Bacteria invade bones to feed on the collagen. The collagen fibrils 

accommodate apatite crystallites intrafibrillarly (between the fibrils’ molecules) as well as 

interfibrillarly (Eppel et a l ,  2001). The microtunnels seem to follow the collagen fibrils. To 

access collagen, bacteria must be able to produce acids to dissolve the apatite, and 

collagenases (enzyme complexes) to hydrolize the collagen (Child, 1995). A large number of 

bacteria can produce organic acids or chelators as metabolic waste products capable of 

disolving the apatite (Ehrlich, 1990). However, only a very small number of soil bacteria can 

produce such collagenolytic enzymes (Vrany et a l ,  1988). Such properties are well 

demonstrated by Clostridium histolyticum  (Harper, 1980; Child, 1995).

Bacteria must live in a solution so that they may achieve apatite dissolution and 

depolymerisation of the large collagen protein molecules using their extracellular 

collagenases, and also to assimilate this hydrolised collagen (Child, 1995). Drying eonditions 

will inhibit or even stop their access to collagen, and thus relatively wet conditions are needed 

for their survival (Paul and Claik, 1989; Micozzi, 1991). Bacteria dissolve mineral apatite, 

which thereafter exists as ions in solution, so that after extended bacterial action solutions 

become saturated in apatite. Apatite then precipitates through the walls of the foci and 

concentrates around their borders to form the recrystallised, hypermineralized rims (Hackett, 

1981; Bell, 1990; Jackes et a l ,  2001). The formation mechanism of hypermineralized rims 

has not been well defined. From the values of Ca and P in Table 1 it is clear that the rims are 

generally more enriched in calcium phosphate, relative to the whole bone, while calcium 

phosphate is depleted in the foci. Interestingly, the Ca/P ratio for foci, rims and undamaged 

bone is very similar, indicating that the source of apatite for the rims and the foci is probably 

the same as that for the undamaged bone. As expected, the values of the Ca/P ratio are higher 

for the fossil bone than for modem bone suggesting that during diagenesis the fossil bone 

apatite was enriched in Ca and/or was depleted in phosphate. Hubert et a l  (1996) 

demonstrated that fossil bone is composed of francolite, a carbonated fluorapatite which is 

more stable than the carbonated hydroxyapatite (dahlite) of the original bone; during 

diagenesis dahlite is enriched in Ca (and other cations) and fluorine. Carbonated fluorapatites 

that contain over 1 wt% F are eonsidered as francolite, whereas if the F eontent is less than 1 

wt% they are considered as dahlite (Wilson et a l ,  1999). In the francolite lattice, carbonates 

are added in the PO^^" position to provide stoichiometric balance. These changes are also 

recognised in the studied bioeroded specimens, both in the unaltered bone but also in the 

hypermineralised rims and the foci. The fossil specimens are highly enriched in F compared
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with recent bone and the Ca/F ratio (table 1) is consistently higher in the foci, lower in the 

undamaged bone and intermediate in the rims in all the examined speeimens. This indicates 

that the F content is consistently higher in the undamaged bone and lower in the foci. The 

same pattern is also evident in the cement and dentine. A possible explanation for this would 

be that recrystallisation in the ellipsoid foci affected not only the rims but also the interior of 

the foci. In biological experiments with mineral apatite, Welch et al. (2002) observed that 

when bacteria dominated microbial assemblages the dissolution of apatite (fluoroapatite) was 

accelerated. Nevertheless, the pH in the solutions remained near neutral, indicating a 

buffering effect by the apatite or the metabolic products of the microbes (Welch et a l ,  2002). 

In the MFD foci such a reaction would cause saturation of the solution and would probably 

trigger the precipitation and possibly the crystallization of the dissolved apatite. The 

crystallites at the walls of the microtunnels would have suffered more intensive dissolution 

than the crystallites at the rims, and would be more demineralised with etched surfaces, but 

they would provide good nuclei for recrystallisation. Despite extensive demineralisation by 

bacterial acids the walls of the microtunnel network in the foci were recrystallised, and the 

degree of recrystallisation was probably higher than that in the rims. If this is the case then 

the foci would be more enriched in OH'. Inter-crystallite spaces would be filled and this 

would therefore limit the effect of diagenetic recrystallisation. The lower content of F in the 

foci may be explained by the lower degree of recrystallisation and associated F influx in the 

foci than in the undamaged bone and the rims. This interpretation is supported by 

observations on the tooth enamel, where the highly crystallised carbonated hydroxyapatite is 

only slightly affected by diagenetic recrystallisation and thus the content of F is relatively low 

(table 1 ).

Cai'bonated hydroxyapatite, however, is less stable than francolite and low fluorine apatites 

would also be less stable and more easily dissolved than more fluorinated ones. This may 

provide an explanation for the existence of “empty” foci. The interior of the foci is more 

vulnerable to dissolution owing to the lower fluorine content of the apatite and the increased 

porosity of the microtunnel network (Turner-Walker et a l ,  2002), creating more reactive 

surfaces than the recrystallized rims and undamaged bone. Slightly acidic porewaters may be 

able to dissolve the interior of the foci but not the more resistant hypermineralised and more 

fluorinated rims. Pore waters are more reactive at the exterior zone of the bone and this may 

explain why “empty” foci are found at the exterior perimeter of the bone.
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As mentioned above microbial action was not identified in the two scattered specimens found 

above the main bone accumulations of the upper horizon. It is possible that solitary bones or 

fragments of bone would not attract microbial activity. Bacteria or other microorganisms 

probably prefer to attack, and develop colonies in accumulations of bones, where there is a 

rich source of nutrients. Large or significant bone accumulations could therefore be a 

requirement for extensive microbial damage and also a condition for the preservation of bones 

with features of such extensive bioerosion. However, further research is needed to provide 

evidence for this hypothesis.

Although bacteria can survive in a wide range of environmental conditions, most soil bacteria 

are mesophylous, needing moderate moisture, and grow better in neutral pH (Doetsch and 

Cook, 1973, Paul and Clark, 1989). Accordingly, maximum development of soil bacteria 

needs favourable conditions. Significant changes in the environment restrain their 

development as well as their ability to produce enzymes (Child et al., 1993; Child, 1995). The 

extreme and extensive MFD in Kerassia bone material suggests such favourable conditions.

That bones from the other Late Miocene Greek localities show the same or similar bacterial 

damage as those from Kerassia is probably related to the Late Miocene climate in the North- 

Eastern MediteiTanean, which was probably temperate to warm and relatively moist. A 

seasonal climate similar to today’s Mediterranean climate, but warmer and much wetter, 

would favour the development of the bacteria. There is evidence for a general alternation of a 

dry and hot season with a humid and cool season from the recent results of Ivanov et al. 

(2002), who provided a palynological analysis for the climate of the Late Miocene of 

Bulgaria, and by extension of the North-Eastern Mediterranean. According to Schaefer 

(1973), bacteria and other soil microorganisms in MediteiTanean type climates show two 

annual growth cycles; one at the onset of the dry period and a second at the start of the humid 

period. Dryness and dessication, as well as cold, inhibit the development of microorganisms. 

The observed overlapping foci may therefore belong to at least two different generations of 

foci, and perhaps characterise the adaptation of the bacteria to this seasonality. Clearly, 

microorganisms re-exploited areas of bone that had already been tunnelled previously. The 

overlapping foci would correspond either to different bacterial invasions in the bone or to the 

reactivation of the bacterial colonies that survived during the stress periods. Thus a new 

microbial attack indicates that the bone still contained unexploited nutrients. In addition, the 

presence of foci without bright rims in other specimens provides further evidence for this 

seasonality. The bright and dark foci are probably similar to what Bell et al. (1996) described
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as remineralised and demineralised foci and Turner-W alker and Syversen (2002) 

hypermineralised and demineralised zones respectively. During the first period of growth 

(spring-summer), temperatures would gradually rise to levels that would favour the optimum 

growth of bacteria, while at the same time precipitation and thus soil moisture would 

gradually drop to dryness levels producing an inhibiting effect on bacterial growth. Dryness 

would also affect significantly the solutions in the bone. Therefore, the gradual evaporation of 

the solution medium would cause saturation of calcium phosphate ions in the solution so that 

relatively fast precipitation of dissolved apatite would occur around the walls of the foci 

resulting in the mineralised rims, causing them to be bright under backscatter. Conversely, 

dropping temperature during the second period of growth (autumn-winter) would be an 

inhibiting factor for bacterial growth. The gradual increase of precipitation would increase 

soil moisture and pore waters. The pore waters would remove the dissolved apatite and would 

keep solutions in the foci undersaturated, inhibiting precipitation of the apatite in the foci and 

thus resulting to “dark” rims. The dissolved apatite would then either leach out in the soil, or 

become redistributed in the bone rather than concentrating in the rims of the foci. Further 

study is required to test these hypotheses for the mechanisms behind the formation and the 

preservation of the foci.



-ray emission microanalysis of bacterially damaged bones and teeth from 
the Late Miocene of Kerassia, Greece

INTRODUCTION

Bone is a composite material consisting of carbonated calcium phosphate mineral crystals 

(dahlite) and an organic framework of protein fibres. The mineral and organic components 

constitute about 72% and 20% of the weight respectively and the remaining 8 % is water 

(Elliott, 2002); 90% of the organic component is collagen, 10% is non-collagenous proteins, 

lipids and carbohydrates (Price, 1989; Cormack, 1987). Of the tooth tissues, dentine and 

cement have a similar composition to bone, whereas in enamel apatite accounts for up to 97% 

of the weight, the organic component is less than 1%, and 2% is water (Carlson, 1990). The 

main mineral phase in these mineralised tissues is a nonstoichiometrie carbonated 

hydroxylapatite, an imperfect analogue of dahlite (Lowenstam and W einer, 1989).

The taphonomic aspects investigated in this paper highlight some of the geochemical 

properties of fossil mammal bones and teeth from a new Late Miocene locality: Kerassia, in 

Greece. As reported in chapter one, the histological study of fossil bones and teeth from 

Kerassia showed that bone, dentine and cement presented extensive microscopical focal 

destruction (MFD, Hackett, 1981). The term MFD characterises changes in the 

histomorphology of vertebrate hard tissues produced by microbial (bacterial, fungal, 

protozoan, algal) activity. The microbes involved in the bioerosion of the fossil tissues from 

Kerassia were determined to be bacteria on the basis of the small diameters (150-600 nm) of 

the microtunnels in the foci of the damaged tissues, (Chapter one, lliopoulos, 2003). Previous 

work has shown that the rims of the foci of bacterially damaged bone, dentine and cement are 

more mineralised than the respective interior of the foci and the undamaged areas of the 

tissues (Hackett, 1981; Bell, 1990; Bell et a l ,  1991; Jackes et a l ,  2001; Turner-W alker and 

Syverson, 2002). These findings were based on scanning electron microscope and 

microradiograph observations (Hackett, 1981), on baekscattered electron mieroseope 

observations (Bell, 1990; Bell et a l ,  1991) and on analyses of the Ca and P contents in the 

different microstructural areas of damaged tissues (Jackes et a l ,  2001; Turner-W alker and 

Syverson, 2002).



EPMA analysis 22

This investigation demonstrates for the first time that MFD is responsible for changes in the 

distribution of an anay of elements within bioeroded vertebrate hard tissues. It also attempts 

to determine the effect that early reerystallization in the foci of the damaged tissues has on the 

uptake mechanism of these elements during diagenesis. This investigation shows that during 

diagenesis, the uptake of elements in these tissues is not only controlled by the prevailing 

burial conditions but also by the structural and mineralogical properties of the structurally 

differentiated areas of the damaged hard tissues. As fossil and recent hard tissues are often 

used in biogeochemical analyses (e.g. palaeodietary research) and in DNA analysis, it is 

important to identify MFD in advance to avoid erroneous and biased determinations.

GEOLOGICAL AND SEDIMENTOLOGICAL SETTING

The studied material comes from a new Late Miocene mammal locality, Kerassia in Greece 

(Fig. 1). Kerassia is located approximately in the middle of the Limni-Istiea basin, the largest 

of the three major Neogene basins occuring on Euboea Island (Katsikatsos et a l ,  1981). This 

basin occupies the Northern part of the island, and contains sediments of continental origin, 

comprising a lower sequence of lacustrine sediments and an upper sequence of fluviatile 

sediments (Katsikatsos et a l ,  1981; Mettos et a l ,  I99I). The actual fossiliferous locality is 

situated north of the village of Kerassia. The bone-bearing layers belong to the upper 

sequence and they mainly consist of red-brown silts and clays. To date, seven different 

fossiliferous sites have been discovered (namely K I to K7) and two fossiliferous horizons 

have been recognised. Sites K I and K 6  belong to the upper horizon, sites K2, K3, K4 and 

probably K5 belong to the lower horizon; the exact position of site K7 is still undetermined. 

The bulk of the collected fossil material had accumulated within fluvial channels. In this part 

of the basin, the basement rocks, as well as the surrounding rocks to the north and to the east 

of the locality, are ophiolites that belong to the Lower Cretaceous tectonic nappe of the so- 

called Pelagonian (sensu stricto) unit. Apait from the ophiolites, a few Jurassic limestones (of 

the Pelagonian unit) occur to the south of the village of Kerassia. The majority of the clasts in 

the bone bearing sediments are of ophiolitic origin. Observations on the prevailing orientation 

of long bones in these sediments suggest a flow of water and sediments from a northern 

source, and this fits in with the position of the ophiolites in the area. During the last decade, 

systematic excavations conducted by Theodorou and others from the University of Athens 

have brought to light a plethora of specimens representing a diverse mammal fauna of 

Turolian age (Theodorou et a l ,  2003). In 1982 Hans de Bruijn, Albert van der Meulen and



Kerassia

Figure 1: Sketch map of Greece showing the location of Euboea Island and Kerassia and of 
the other Greek Late Miocene localities mentioned in the text. 1. Samos, 2. Chalkoutsi (Chal), 
3. Old Pikermi (OP), 4. New Pikermi (NP), 5. Kassandria (Kas), 6. Ravin de la Pluie 2 (RP2), 
7. Vathylakkos 1 (VTKl), 8. Ditiko 1 (DTKl), 9. Ditiko 2 (DTK2).
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Constantine Doukas carried out a small scale excavation in the locality. The exact site of 

collection is not known, as there are no data available about this excavation. However, 

information provided by Doukas (pers. com.) and the overall state of the material indicate that 

the collection site was K I.

MATERIAL AND METHODS

Polished thin sections of fossil bone and teeth specimens from both horizons at Kerassia (sites 

K I, K3, K4 and K5), including specimens from the 1982 excavation (Ke), were prepared. The 

majority of the specimens used in this study come from sites K I and K4, as the excavations to 

date have been focused at these two sites. The scarcity of the collected material from the other 

five sites restricted the number of sectioned specimens from these sites; no specimens were 

available for sectioning from sites K2, K 6  and K7 and sites K3 and K5 are represented by one 

bone specimen each. In addition, thin sections of bones from nine other Late Miocene Greek 

localities (Fig. 1), from the Late Pleistocene localities of Cotes and Quom (Loughborough, 

England), and from recent weathered and fresh defatted bones were also prepared for 

comparison with the Kerassia specimens. Unfortunately, the exact period of surface exposure 

for the weathered recent sample is not known. The nine Late Miocene localities are: the 

localities of Ravin de la Plui 2, Vathylaldcos 1, Ditiko 1 and Ditiko 2 in the Axios River valley 

in Macedonia, Kassandria on Challddild peninsula, Samos on Samos Island, and Old Pikermi, 

New Pikermi and Chalkoutsi which are situated close to Athens in Attica (Fig. 1).

The analytical study of bacterially damaged tissues required a method that could analyse the 

different microstructural areas of the damaged tissues, thus X-ray emission micro analysis 

(XREMA) was selected. Spot analyses were collected on carbon-coated, polished thin 

sections, using a JEOL JXA 8600-S electron-microprobe. The wavelength dispersive system 

of the microprobe used three spectrometers with gas proportional detectors equipped with 

fully focussing curved crystals. Two of the detectors were flow proportional with Argon (P- 

10) and the third was a sealed one with xenon. A focused beam was used at an accelerating 

voltage of ISkeV and a beam current of 30 nA, while the following elements were measured: 

Ca, P, Si, Fe, Mn, Mg, Na, Sr, Ba, La, Ce, Y, F  and Cl. Standards used included well- 

characterized natural and synthetic minerals. CoiTections for differences in atomic number 

(Z), absorption (A) and fluorescence (F) between standards and specimens were applied using 

version 1 08 of JEOL's ZAF quantitative analysis program. Several spot analyses were
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performed in the undamaged areas and in addition in the foci and the foci rims of bacterially 

damaged bone, dentine and cement (see chapter 1). For example, in thin section giSa a bone 

specimen from site K4, 33 spot analyses were peifoim ed in the rims, 31 in the foci and 23 in 

the undamaged areas of the bone (Table 1). In the specimen from Kassandria which exhibits 

fungal damage spot analyses were made in the undamaged bone and around the rims of the 

W edl tunnels. In the weathered recent bone spot analyses were collected from both the 

unweathered part of the bone and the external weathered portion of the bone cortex.

RESULTS

Microscopical focal destruction (MFD; Hackett, 1981) was identified in all the examined thin 

sections from Kerassia and the other Late Miocene Greek localities. It has been shown that 

extensive damage was caused by bacteria in all cases (see Chapter 1; lliopoulos, 2002, 2003), 

except from the section from Kassandria. In Kassandria the bioeroding microorganisms were 

most probably fungi, and the pattern of destruction has been determined to be the Trueman 

and M artin (2002) type 1 Wedl tunnels.

Total values

The total value is the total sum of the wt % values of the measured elements used in this 

study. Table 1 presents the data from fossil and recent weathered and unweathered bones and 

fossil teeth. It shows the average concentrations for both major and minor elements in the 

undamaged bone, dentine and cement, the foci and the rims of the foci. The total wt % values 

of analyses were always below 90 % for bone, dentine and cement; some were as low as 70 

%. Enamel gave better totals where values were mostly above 90 %. The vast majority of the 

fossil samples and the weathered recent bone have higher total values than the unweathered 

recent bone samples (Table 1). Interestingly, in the recent weathered sample the total values 

of the weathered part are higher than the unweathered part of the bone. In the majority of the 

bone, dentine, and cement specimens from both the upper and the lower horizons of Kerassia 

the rims have the highest total wt % values, and the foci consistently present the lowest total 

wt % values in every tissue (Table 1, Fig. 2). This trend was also identified in specimens from 

other Miocene Greek localities and in the Pleistocene specimen from Cotes. However, in the 

specimen from Ditiko 2 the foci have the highest values and the rims the lowest total values; 

while in the specimen from Ditiko 1 the rims, as expected, have the highest values; however.
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it is the undamaged bone that has the lowest total values. In the specimen from Samos the 

rims present the lowest total and the undamaged bone the highest total values.

Ca and P

An enrichment in Ca is evident in most fossil samples and even in the weathered recent 

sample. P content values are less consistent, enriched in some samples but depleted in others. 

In the specimens from Kerassia it is evident that those from the lower horizon aie relatively 

enriched in P, compared with those from the upper horizon. In the bone, dentine and cement 

the Ca and P concentrations are higher in the rims and lower in the foci (Table 1, Fig. 2).

F, Cl, Mg and Na

The fluorine concentrations in the fossil tissues are significantly higher than their recent 

counterparts (Table 1). The F  content in living bone and teeth tissues is normally less than 0.1 

% (Carlson, 1990; Driessens and Verbeeck, 1990). The incorporation of F  into hard tissues 

during diagenesis and the increase of its concentration over time were first observed by 

Middleton in 1844. In the studied fossil bone, dentine and cement samples F always exceeds 1 

wt % and may exceed 3 wt%. The maximum F concentration for stoichiometric fluorapatite is 

3.77 wt % (Johnsson, 1997). According to Hubert et al. (1996) and W ilson (1999) and based 

on XRD analyses these tissues consist of carbonate fluorapatite. In enamel the F wt% 

concentrations are always below 1 %, and thus indicate the presence of carbonated 

hydroxyapatite (Hubert et ah, 1996;Wilson, 1999). The fluorine content in all the examined 

Miocene bone specimens is above 1% wt. The F concentrations are higher in the undamaged 

areas than in the foci and the rims of the foci, and the lowest F  concentrations aie found in the 

foci (Table 1 ).

As for the other two major constituents of the tissues. Mg is significantly depleted relative to 

recent bone in most fossil samples except from the enamel samples and those from Chalkoutsi 

which present only a slight depletion. Na appears to be relatively enriched in fossil samples 

and especially those from Kerassia relative to the examined recent samples, (Table I). 

However, Carlson (1990) and Gross and Bem dt (2002) reported values of Na in recent bone 

significantly higher than those of the recent samples analysed here, with values as high as 0.7 

wt %. Compared with these values the studied fossil specimens are clearly depleted in Na. It 

worth noting that the concentrations of Mg and Na, particularly in the samples from Kerassia, 

have the lowest values in the undamaged areas and the highest values most often in the rims, 

although occasionally foci may present the highest values.
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Although, the Cl content is relatively low in most of the examined specimens, it was still high 

enough to be above the detection limit (Table 1). The Cl content in all the Miocene samples is 

elevated relative to recent bone, and in particular in the samples from Chalkoutsi this increase 

is very significant (up to 0.78 wt %). Recent enamel presents the highest values of Cl among 

recent tissues with values of 0.3 wt % (Carlson, 1990; Gross and Bemdt, 2002); however. Cl 

in fossil enamel analysed here appears slightly depleted. The Cl content in the recent 

weathered bone sample is higher than in recent bone, but it is lower in the Pleistocene bone 

samples. Although the differences are not significant, it is evident that Cl concentrations are 

higher in the foci than in the rims of the foci and the undamaged areas, whereas the lowest Cl 

concentrations are found in the undamaged areas of bone, dentine and cement.

Other elements

Relative to the recent bone samples, the rest of the elements examined in the analysed 

specimens generally show an enrichment (Table 1). Of particular interest is the enrichment in 

Fe in the Pleistocene samples; in the samples from Cotes the Fe content ranges 0-1.79 %, 

whereas in the sample from Quom it ranges between 1.28-7.98 %. This surplus in Fe is in 

agreement with the permineralised (permineralization is the deposition of minerals from 

solution in the interstices of hai'd tissue during diagenesis) pyrite phase found in the voids of 

these bones. Compared to the recent bone specimens, the studied fossil specimens have higher 

Sr concentrations. However, in the majority of the analysed specimens the Sr and Ba 

concentrations were below the detection limit. No pattem to the distribution of Sr or Ba was 

observed between the foci, the rims and the undamaged areas of the tissues.

The concentrations of La, Ce and Y in the majority of the samples were below 0.1 % and 

therefore lower than the detection limit. However, in a small number of specimens their 

concentrations were high enough to be considered detectable. In specimens gi 14a and g i l6  

from Kerassia the concentrations for Ce and Y are above their detection limits (Table 1), 

while the lower values are found in the foci. In Kassandria the concentrations of La, Ce and Y 

are significantly higher, particularly around the fungal tunnels at the exterior of the bone. 

Interestingly, the values for Y are 0.71 % in the undamaged bone and 1.06 % around the 

fungal tunnels.
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X-RAY EMISSION MICRO ANALYSIS AND THE CHEMISTRY OF BONES AND

TEETH

Total values

XREMA spot analysis is a useful tool for the geochemical study of the microbially eroded 

tissues, because it enables the chemical investigation of areas on a microscopic scale. The 

foci, rims and undamaged areas of bone, dentine and cement show chemical (Table 1) as well 

as structural differences (chapter 1). The total chemical values were low in samples used 

because the available settings of the microprobe did not allow the measurement of the 

structurally bound CO2 (as COs"^), H 2O (as OH ), and quantities of surficially located CO% and 

H 2O. The ideal foimula of a carbonated fluorapatite would be Caio(P0 4 ,C0 3 )6F2 . As the F 

contents in the analysed specimens are always below the maximum theoretical concentration 

value of 3.77% (Johnsson, 1997) and the Cl content is low (Table 1), OH would be an 

integral part in the fossil bone, dentine, cement and enamel apatite lattice. In fossil bone 

structural CO2 (as COs'^) has been found to exceed 5 % (Hubert et ah, 1996; Elorza et a l ,  

1999) and, similarly, concentrations of structural H 2O (as OH") may exceed 4 % (Hubert et 

a l ,  1996). A second reason for the low totals is that the surfaces of the tissues scanned by the 

electron beam contain micro-pores due to the structural and intercrystalline microporosity of 

the tissues that have not been filled during the diagenetic reerystallization of the apatite, and 

thus, it was not possible to avoid them. In the foci, in particular, this would be enhanced by 

the presence of the microtunnel network. Even if the substrate of a selected spot struck by the 

beam appeared to be solid, there is a good probability of micro-pores or microtunnels (in the 

foci) being present underneath. Due to the fact that the emitted X-rays are not only released 

from the surface of the analysed specimen but also from a depth beneath the surface, the 

presence of pores or other micocavities will decrease the total number of counts for the 

measurements in such areas, hence, such total values are expected to be low and possibly 

biased. Finally, a third possible reason for some of the low total values is the topographic 

variation of the surfaces of the thin sections. During thin section polishing, certain parts that 

exhibit a higher rate of abrasion, possibly like the porous foci, might have worn out more 

easily than for example their suiTOunding rims. High points and ridges will allow then the 

emission of more X-rays, whereas, depressions will allow the emission of less X-rays. 

Consequently, the concentrations of the element/elements determined by the counts of the 

detectors could be biased. Moreover, the orientation of some high points might block X-rays 

emitted from a spot in a depression from reaching a certain detector and thus, reducing the 

total number of counts for the measurements collected by this particular detector. In this case.
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the concentrations of the elements analysed by the other two detectors will be accurate but the 

concentrations of the elements analysed by the shaded detector will be lower than their actual 

values.

Despite this, the variation in the total values can be explained to a certain degree by the 

variation in the wt % content of CO2 and H 2O as well as by the microporosity of the different 

samples. Differences in the total values can be also accounted for by the significant 

enrichment in F, which replaces OH and indicates a decrease in the structural H 2O content. 

This variation depends on the type of tissue, on the relative position of the selected spot 

analyses and on whether the selected spots were in rims, foci or undamaged areas. For 

instance enamel, the tissue with the lowest CO2 concentration and the minimum 

microporosity, presents the highest total values. Similarly, rims of foci which appear bright 

under backscatter electron imaging (BEI) because they are probably more mineralised 

(chapter I) and have higher total values than the foci and the undamaged areas. This indicates 

that rims may have less or very little microporosity. Conversely, foci and especially those that 

appear dark under BEI, present the lowest total values due to the increased microporosity 

(microtunnel network and perhaps diagenetic demineralization) (chapter I). However, there 

are a few foci that are bright under BEI which also have relatively high total values, similar to 

those of the bright rims. Although, the presence of bright and dark areas in tissues, studied 

using the BEI mode, is mainly related to density differences and more specifically to 

differences in the mean atomic number probed by the beam, it can be also attributed, as 

mentioned above for the XREMA, to differences in the topography between the two areas 

(Bell et al., 1991). High points and ridges will allow more back scattered electrons to escape, 

whereas, depressions will allow fewer back scattered electrons to escape. Therefore, under 

BEI the former will appear brighter and the latter darker. Consequently, some of the contrast 

differences between bright rims and dark foci might not be due to mineral density but due to 

differences in the topography. Some of the bright rims might form high ridges and conversely 

the respective foci might form depressions. During thin section polishing, the porous foci 

might have worn out more easily than their suiTounding rims, exhibiting a higher rate of 

abrasion. Despite the possible effect that topography might have to the brightness of the 

structural aieas of the damaged tissues, the overall features indicate varying density among 

the rims, the foci and the undamaged areas of the tissues and which has been also identified 

previously by other workers (Hackett, I98 I; Bell, 1990; Bell et a l ,  1991; Jackes et a l ,  2001; 

Turner-W alker and Syverson, 2002). Therefore, there is a good reason to investigate the
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varying density of the different structural areas of the damaged tissues, and the possible 

(quantitative) chemical differences among them.

Low total values in foci are particularly evident in some samples from the upper horizon of 

Kerassia (Table 1), where the average total values for the foci are below 70 wt %, lower than 

values from the lower horizon and lower even than the total values of recent bone. The total 

values of Ca, P, F, Na and Cl in the bone and tooth specimens from the lower horizon at 

Kerassia are markedly higher than those from the upper horizon (Table 1), suggesting that the 

specimens from the lower horizon are more mineralised. The different degree of 

mineralization that the collected specimens from the two horizons exhibit is probably 

responsible for the distinct differences in the overall preservation and colouration of the 

fossils (white in the upper horizon, grey in the lower horizon). These differences can possibly 

be attributed to the fact that the bone bearing sediments from the lower horizon are more 

carbonate rich that those from the upper horizon and thus more alkaline. This is also 

supported by the extensive calcitic encrustations that surround the specimens in the lower 

horizon. Higher alkalinities probably facilitate the reerystallization of apatite and the 

precipitation of calcite in the voids of the tissues.

Differences in element concentrations in some of the samples from the other Late Miocene 

localities may be attributed to different sedimentological settings and different hydrological 

regimes as well as to seasonal differences. This requires further investigation.

Ca/P ratio

The two unweathered recent bone samples gave Ca/P ratio values of 2.14 and 2.22 

respectively. These values coincide with the value of 2.14 that Quattropani et al. (1999) and 

the value range of 2.09 -  2.26 that Pate et al. (1989) reported for recent bone. In all the 

examined fossil samples and even in the recent weathered bone sample the Ca/P ratio is 

considerably higher than in the unweathered recent bone. The only exception is the 

Pleistocene sample from Quom with a value (2.15) that coincides with values for recent bone. 

There are also ostensible differences in the Ca/P ratio between specimens from the upper and 

the lower horizons at Kerassia. The average Ca/P ratio values for the analysed specimens 

from the upper horizon range between 2.38-2.52. The average Ca/P ratios for the bone 

specimens from the lower horizon, as seen in figure 3, are separated into two groups; a group 

with relatively high Ca/P values (2.38-2.49), within the range values of the specimens from 

the upper horizon, and a second group with relatively low values (2.28-2.36). In the enamel.
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the difference of the average Ca/P ratio between the specimens from the two horizons is also 

notable; 2.3 for the lower horizon and 2.82 for the upper horizon. The average Ca/P ratios of 

almost all the other examined Miocene fossil bone specimens range between 2.37-2.5, the 

values of which coincide with those from Kerassia. Interestingly, the Ca/P ratios of the 

specimens from the Pleistocene locality of Cotes are among the highest ones (2.47-2.55). 

Conversely, in the specimen from Samos the Ca/P values aie relatively low (2.25-2.33) and 

similar to the low values group from the lower horizon of Kerassia. The recent weathered 

bone also presents relatively high values (2.36 for the weathered external zone and 2.38 for 

the internal unweathered zone). The high Ca/P ratios in the fossil tissues, and even in the 

weathered bone specimen, provide evidence that the Ca/P ratios of diagenetically altered 

tissues cannot be used as a measure of stratigraphie age or crystallinity.

Sillen (1986, 1989) suggested that an increase in Ca content in diagenetically altered bones 

could be caused by the presence of calcite as a permineralizing phase in the micro voids. I 

believe that there is an alternative explanation. An increase in CO3 in the recrystallized apatite 

lattice may also account for the increase in Ca relative to P in fossil tissues. During the 

reerystallization process CO3 may either substitute for PO4 in the apatite lattice, or, where 

pore waters contain a high concentration of Ca and CO3, this CO3 may be available for 

carbonated hydroxyl- or fluorapatite precipitation and is thus incorporated into the apatite 

lattice. That all analysed samples contained permineralized calcite in the structural and 

diagenetic voids of the tissues suggests that pore waters were enriched in Ca and CO3, and 

therefore Ca and CO3 were available for apatite reerystallization. Specimens with high Ca/P 

ratio values probably contain more CO3 at the expense of PO4 than the specimens with low 

ratio values. This is because the PO4 content in pore waters is not proportional to the available 

Ca and thus pore waters that are enriched in Ca and CO3 will facilitate the incorporation of 

CO3 in the recrystallizing apatite. The variability in the Ca/P ratios, even in specimens from 

the same site, indicate that during diagenesis the concentrations of Ca and CO3 in pore waters 

were variable on a small scale, and reflect differences in the conditions of the local burial 

environment, the chemistry of the local pore waters and the local hydrological regimes.

THE EFFECT OF BACTERIAL DAMAGE ON THE CHEMISTRY OF THE TISSUES

The XREMA results indicate that the rims, the foci and the undamaged areas have different 

chemistries as well as different structural properties (chapter one). In SEM  BEI images (Fig.



Un. bone Figure 4: Portion of bacterially 
damaged bone (undetermined 
long bone fragment from site K4, 
specimen K4/A118/4, thin section 
GI8). An ellipsoid focus occupies 
the centre of the photograph; the 
microtunnel network can be easily 
identified in the focus and the 
bright rims at the perimeter of the 
focus. Portions of undamaged 
bone can also be seen in between 
the neighbouring foci (scale bar:
11 pm).
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Figure 5: Plot of CaO vs P2O5 for a bone specimen from site K5 (thin section GI18a). The 
rims of the foci dominate the upper and the foci the lower part of the cluster. The plot of the 
selected bone specimen shows the general linear trend observed in all studied bone 
specimens.
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4) the rims appear brighter, and thus more mineralised with higher mineral densities. Despite 

the limitations and problems mentioned above, the microprobe data from spot analyses in the 

rims, the foci and the undamaged areas of the bone, dentine and cement support this (Table 

1), because the rims appear to have the highest total values and the highest Ca and P contents, 

whereas the foci appear to have the lowest total values and Ca and P contents (Fig. 2). 

Therefore, the rims appear hypermineralised (Hackett, 1981) and the foci demineralised. In 

figures 5 and 6  where CaO is plotted against P 2O5 it is clear that the points of the rims occupy 

the upper part of the cluster, the points of the foci occupy the lower part of the cluster and the 

points of the undamaged bone dentine and cement aie found in between the other two groups. 

A two-tailed t-test was employed to test the likelihood whether the Ca and P mean values for 

the rims, the foci and the undamaged areas of the bone specimens from Kerassia were 

equivalent or significantly different. The Ca and P mean values for the three structural areas 

of the damaged bone from Kerassia were tested in pairs. The null hypothesis was whether the 

mean Ca and P values in one of the structural areas were equivalent to the mean Ca and P 

values in the other two. The test showed that both the mean Ca and P values in the foci are 

significantly different from the mean Ca and P values in the rims (t=-3.85, p=0.0006 for Ca 

and t=-3.77, p=0.0008 for P) and the undamaged bone (t=2.93, p=0.0066 for Ca and t=2.74, p 

0.011 for P) at the p=0.05 level (Table 2). For the third pairs (mean Ca and P values in the 

rims -  mean Ca and P values in the undamaged bone) the probability was above the 0.05 

level, therefore, the null hypothesis is not rejected. Hence, the Ca and P content in the foci of 

the tissues is significantly lower than the Ca and P content in the rims and the undamaged 

areas of the bacterially damaged tissues. Conversely, the difference in the Ca and P content 

between the rims and the undamaged areas is not significant.

However, the interpretation for the latter could be slightly different. As reported in chapter 

one, two different forms of foci were identified in the studied material, bright and daik foci. 

These foci often overlap each other and thus correspond to at least two different generations 

of foci and consequently to two different invasions or periods of bacterial activity. Their 

formation has been attributed to seasonality, and to the MediteiTanean type climate that 

prevailed in the North-eastern Mediten'anean during the Late Miocene (chapter one). 

According to Schaeffer (1973) microorganisms in Mediterranean type climates show two 

periods or seasons of growth; one at the onset of the dry season and a second at the beginning 

of the wet season. The more mineralised and thus bright foci were formed during the spring- 

summer period of growth (chapter one). Conversely, the specimens where both the rims and 

the foci are demineralised and thus appear dark in BEI images were formed during the
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Ho t P
reject Ho 
at P=0.05 mean values

Frim=Ffoci -1.94 0.062 Fbone 2.25
Fr!m=Fbone -2.21 0.035 V Ffoci 1.87
Fbone=Ffoci 4.24 0.0002 V Frim s 2.04

Mgrlm=Mgfoci -0.31 0.76 M gbone 0.19
Mgrlm=M gbone 2.55 0.016 V Mgfoci 0.22
Mgbone=M gfoci -2.24 0.033 V Mgrims 0.23

Narim=Nafoci -0.83 0.41 N abone 0.28
Narim=Nabone 2.71 0.011 V Nafoci 0.31
Nabone=Nafoci -1.81 0.082 Narims 0.32

Carlm=Cafoci -3.85 0.0006 V C abone 45.40
Carim =C abone 0.68 0.5 Cafoci 43.17
Cabone=Cafocl 2.93 0.0066 V Carlm s 45.96

Prim=Pfocl -3.77 0.0008 V P bone 30.56
Pr[m =Pbone 1.12 0.27 PfocI 29.17
Pbone=Pfoci 2.74 0.011 V Prim s 31.20

C[rim=Clfoci 1.43 0.16 CIbone 0.07
Clrim=Clbone 0.73 0.47 Clfoci 0.09
Clbone=Clfoci -2.16 0.04 V CIrims 0.08

Ca/Prlm=Ca/Pfoci 0.44 0.66 C a/Pbone 2.43
Ca/Prim =Ca/Pbone -0.82 0.41 Ca/Pfoci 2.43
Ca/Pbone=C a/Pfoc 0.33 0.74 Ca/Prim s 2.42

Table 2: Two-tailed t-Test, for the Ca, P, F, Cl, Mg and Na contents and the Ca/P ratio in 
foci, rims and undamaged areas of the fifteen bacterially eroded fossil bone specimens 
from Kerassia. The mean values of each of the above elements and the Ca/P ratio for the 
three structural areas of the damaged bone from Kerassia were tested in pairs. The null 
hypothesis (Ho) was whether the content values of the two members of each pair were 
equivalent. The number of tested specimens (n) is 15, therefore the degrees of freedom are 
14. The t and p values for each tested pair are given in the table. The selected level of 
significance is p=0.05. The mean values of the Ca/P ratio and the mean values of the 
content of each element for each structural area of the bacterially damaged bones is also 
provided.
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autumn-winter period of growth where apatite was depleted from the foci (chapter one). The 

Ca and P contents of these bright rims would be significantly higher than the respective 

undamaged tissue Ca and P contents, whereas, the Ca and P contents of the dark 

demineralised rims would be similar or even lower than the respective Ca and P contents of 

the undamaged tissues. As the mean values of the specimens, tested in the t-test, include the 

Ca and P content of both the bright and dark rims, the significance of the higher Ca and P 

contents in the bright rims was not tested. In figures 5 and 6  it is clear that, as mentioned 

above, the points of the rims occupy the upper part of the clusters, and also the mean values of 

Ca and P of all the analysed specimens from Kerassia (Table 2) indicating that generally the 

rims are more mineralised than the undamaged bone. Also, the total values of the rims in the 

majority of the examined specimens are higher than the respective values of the foci and the 

undamaged areas, hence it can be concluded that most of the bacterial activity and destruction 

in the tissues occuned during the spring-summer period.

Ca/P ratios in the rims, the fo c i and the undamaged areas

Despite the differences in the degree of mineralisation between the three structural areas of 

the bioeroded tissues, the Ca/P ratio for neighbouring rims, foci and undamaged areas of a 

studied specimen remains practically the same. In each thin section, the average values of the 

Ca/P ratio for the rims, the foci and the undamaged areas of (Table 1) are also similar 

indicating that this similarity is consistent. Again, a two-tailed t-test was employed to test the 

likelihood whether the mean values of the Ca/P ratios for the rims, the foci and the 

undamaged areas of the bone specimens from Kerassia were equivalent or different. The null 

hypothesis was not rejected at the p=0.05 level (Table 2), and thus it is supported statistically 

that the Ca/P ratios in the three structural areas are relatively equivalent. Consequently, the Ca 

contents in the foci, the rims and the undamaged ai'eas can be considered proportional to the 

respective P contents. This suggests that during the diagenetic recrystallisation of the apatite 

crystallites in each bone or tooth sample, the overall chemistry of the pore waters in the foci, 

the rims and the undamaged areas were probably similar. The recrystallised apatite appears to 

have come from the same source, apparently the respective hard tissue. In the CaO vs P2O5 

scatter diagrams (Fig. 5, 6 ) the linear relationship among the points of the spot analyses for 

the rims, foci and undamaged areas is evident for each individual group as well as for all three 

groups together. High values (R^ > 0.9) for the rims, the foci and the undamaged areas of 

the tissues suggest that the points in each group, as well as in the three groups as a whole 

show a significant linear regression with no lack of fit. A positive coiTclation is also evident 

between the two variables, CaO and P2O5 . Hence, the similarity in the Ca/P ratios in the rims.
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foci and undamaged areas indicates that the CO3 content in the three structural ai'eas of the 

tissues would be proportional to the concentrations of Ca and P. It has been suggested that the 

increase and variation of the Ca/P ratios in apatite can be used as an indicator of the relative 

diagenetic alteration (Sillen, 1986; Turner-W alker and Syverson, 2002). Evidence shows that 

the Ca/P ratio also accounts for the content of incorporated CO3 in the apatite lattice. Increase 

and variation of the Ca/P ratios possibly indicates a similar increase and variation in the 

concentration of structural CO3. Thus, Ca/P ratios could provide an indirect and relative 

measure of the CO3 content in diagenetically altered tissues. That the porous tunnelled interior 

of the foci, the unquestionably less porous rims and the undamaged areas have similar Ca/P 

ratios provides further evidence that diagenetic CO3 in the apatite is primarily structural. This 

is contrai'y to the explanation previously reported by Sillen (1986, 1989) who suggested that 

the increase in the Ca/P ratios was caused by a permineralized calcite phase in the microvoids. 

Interestingly, the low Ca/P ratio group from the lower horizon (Fig. 3) includes the rims and 

foci of three bone specimens (sections gi3, gi4a and gi5a) and the undamaged bone of only 

one specimen (gi5a). Compared to the other specimens from site K4 the members of this low 

Ca/P ratio group and consequently of low CO3 contents, also have relatively low F 

concentration values (Table 1). This can possibly be related to the presence of pore waters 

with a low CO3 content or, most likely, to pore water flows that were locally limited or 

reduced, even within the same sample due to early reerystallization in the foci. Thus, these 

bones were recrystallized under different chemical conditions.

Fluorine

In the majority of the examined specimens, including all the specimens from Kerassia, a 

consistent pattem in the F content between rims, foci and undamaged tissue occurs. The F 

content is consistently higher in the undamaged areas and lower in the foci, and this has been 

identified not only in bone, but in dentine and cement as well (Table 1,2; Figs. 7, 8  and 9).

The only exceptions to this trend are the Pleistocene specimens from Cotes where the F 

content is lower in the undamaged bone and higher in the rims, and the specimen from Ditiko 

1 (DTK 1) where the F content is higher in the foci and lower in the undamaged bone. The 

pattem cannot be explained by the higher total values of the rims and the undamaged areas, as 

the Ca/F ratios demonstrate. The Ca/F ratios are consistently higher in the foci and lower in 

the undamaged areas verifying that the highest F concentrations occur in the undamaged areas 

and the lowest F concentrations occur in the foci (Table 1). In figures 8  and 9 where Ca is 

plotted against F, the segregation between the rims, the foci and the undamaged areas is 

obvious in the presented bone and tooth samples. To test whether the fluorine mean values for
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the rims, the foci and the undamaged areas of the bone specimens from Kerassia were 

equivalent or significantly different, a two-tailed t-test was employed. The null hypothesis 

was whether the mean F values in one of the structural areas were equivalent to the mean F 

values of the other two. The test showed that the mean F values in the bone are significantly 

different from both the mean F values in the rims (t=-2.21, p=0.035) and the foci (t=4.24, 

p=0.0002) (Table 2) at the p=0.05 level. For the third pair (mean F values in the rims -  mean 

F values in the foci) the probability was close but still above the 0.05 level, therefore, the null 

hypothesis is not rejected. However, as the probability is close to the 0.05 level (Table 2) it 

shows that the significance for this pair is definitely less but still evident. Hence, the F  content 

in the undamaged areas of the tissues is significantly higher than the F content in the rims and 

the foci of the bacterially damaged tissues.

A model has been proposed in chapter one to explain these differences in the F content and to 

provide a possible mechanism for the formation and preservation of the so called lamellate 

foci (Hackett, 1981). According to this model, the dissolution of the apatite and exploitation 

of the attacked hai'd tissues by bacterial activity was followed by the saturation of the 

solutions in the foci with Ca and PO4 . The dissolution of the apatite and/or the presence of 

bacterial metabolic products had a buffering effect and the pH was maintained to near neutral 

levels (Welsch et a l ,  2002). Saturation and neutral pH values caused and promoted the 

precipitation and crystallisation of the dissolved apatite. According to Pate and Brown (1985) 

crystallization of hydroxyapatite commences when pH exceeds 6.9. This process was 

relatively faster around the rims of the foci and slower towards the centre of the foci and 

permitted the recrystallization of the crystallites aiound the microtunnels. The inter-crystallite 

spaces in the foci became filled and, therefore, the effect of diagenetic recrystallization in the 

foci would have been limited. Despite the ostensible porosity of the microtunnel network in 

the foci the reduced intercrystallite spaces would have restrained the influx of F, and this is 

why the interiors of the foci present lower F concentrations. Once the collagen fibrils were 

removed from the undamaged ai'eas, the intercrystallite network would have provided the 

required porosity for the diffusion of F. The low F content in enamel can be explained by the 

same mechanism; indeed in enamel this process is more pronounced. Enamel has large and 

well crystallised crystallites with an insignificant organic content and therefore a low 

porosity. These factors would not only restrain the F influx but in general they would have 

limited any diagenetic alteration. It is worth noting that fungal tunnels also have lower F 

contents around them compaied to the undamaged bone, as was seen in the specimen from 

Kassandria. In addition, in the examined recent weathered bone the weathered pait of the
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tissue had greater F contents than the unweathered part, indicating that the incorporation of F 

in the apatite commences at the very early stages of diagenesis.

Chlorine

Except from the relative high Cl concentrations in the enamel and the two samples from 

Chalkoutsi, the Cl concentrations in the specimens from Kerassia and the other Miocene 

localities are low, just above the detection limit. Therefore, there is a possibility that the 

measurements of these low Cl contents were influenced from Cl that could have been 

incorporated from the water that was used during the polishing of the thin sections and/or 

from Cl possibly found in the resins that were used for the preparation of the thin sections. 

Despite this, the distribution of Cl in the damaged tissues presents a rather consistent pattern. 

In 72.4% of all examined specimens, including 89.5% of the specimens from Kerassia, the Cl 

content is found to be higher in the foci and lower in the undamaged areas (Table 1 ). 

Conversely, the Ca/Cl ratios are lower in the foci and higher in the undamaged areas. Also, in 

the Pleistocene sample from Cotes the Cl content is similarly lower in the undamaged bone 

but higher in the rims. Two of the specimens from Kerassia as well as specimens from Old 

Pikermi, Samos, Ditiko I, Ditiko 2, Vathilaklcosl and one specimen from Chalkoutsi present 

higher Cl values in the undamaged areas (Table 1). In figure 10 Ca vs Cl is shown for a bone 

sample from the upper horizon of Kerassia and it is evident that the undamaged bone points 

occupy the lower part of the cluster. In figure l i a  similar picture is evident for the 

undamaged cement and dentine, which occupy the lower part of the cluster, whereas the Cl- 

rich enamel is clearly segregated from the cement and the dentine. Similarly, in figure 14 the 

average Cl content values for all the examined specimens are displayed and the dominant 

trend of the higher Cl contents in the foci relative to the rims and the undamaged areas is 

evident. From this diagram is also clear that the specimens from the upper horizon are less 

chlorinated than their counterparts from the lower horizon. To test statistically the 

significance of this observation, that the Cl content is higher in the foci than in the undamaged 

areas, a two tailed t-test was employed. The null hypothesis was whether the mean Cl values 

in one of the structural ai'eas of the damaged bones from Kerassia were equivalent to the mean 

Cl values in the other two. The null hypothesis was rejected after the mean Cl values in the 

bone were found to be significantly different from the mean Cl values in the foci (t=-2.I6, 

p=0.04) at the 0.05 level (Table 2). Thus, the Cl content is significantly different, and more 

specifically it is higher in the foci than in the undamaged bone. Conversely, the null 

hypothesis was not rejected for the other two pairs (rims-foci and rims-bone) (Table 2) and
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consequently, the difference in the Cl content between the rims and the foci and between the 

rims and the undamaged bone was not significant.

If most of the measured Cl in the damaged tissues did not originate from water during 

polishing and the resins used in the preparation of the thin sections, then the mechanism, as 

described above and in detail in chapter one, of early recrystallization in the foci and the 

effect on the distribution of F  in bioeroded hard tissues is probably also responsible for this 

consistent variation in the Cl content. In the weathered portion of the recent bone. Cl content 

is four times higher than in the unweathered portion. This provides evidence that the 

incoiporation of Cl in the apatite lattice probably occurs early in the diagenetic process. 

Eventually, Cl will be gradually replaced by the smaller F atoms which will stabilize the 

apatite crystals (Posner, 1987; Hughes and Rakovan, 2002). However, early recrystallization 

in the foci, as described above, may restrain the influx of F and thus would limit replacement 

of Cl and maintain higher concentrations of it in the foci compared to the undamaged areas 

(Fig. 12, 13). Due to the high Cl content in the specimens from Chalkoutsi the apatite can be 

characterised as carbonated chloro-fluorapatite and it may be concluded that as the locality is 

found next to the sea it is possible that the concentration of Cl in pore waters and suiTounding 

sediments was high enough to overcome the structural preference of the apatite for the smaller 

and more stable F atom (Posner, 1987; Hughes and Rakovan, 2002).

In figure 15, in the Ca/Cl vs Ca/F diagram it is clear that the Late Miocene specimens, with 

the exception of the enamel samples and the specimens from Chalkoutsi with the anomalous 

concentration in Cl, are well correlated and that their distribution ranges between 12-26 Ca/F 

values and 250-1000 Ca/Cl values. Recent samples present very high Ca/F values and 

relatively low Ca/Cl values, while specimens that have been affected by river waters and 

possible waterlogging such as Cotes (Loughborough, England) and Kassandria (Greece) have 

high Ca/Cl values. This diagram and the Ca/F and Ca/Cl ratios can potentially provide the 

means for comparisons of fossil bones and teeth from different burial and diagenetic 

environments. Further research and the study of an aiTay of samples from different 

environments will provide evidence for their utility and the necessary data to make such 

comparisons accurate.

Magnesium and Sodium

The concentrations of Mg and Na in the majority of the samples appear to be proportional to 

each other (Fig. 18). Although, in the MgO vs NagO diagram for a bone sample from site K5
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(Fig. 16) linear regression of the points is not significant (the values for the rims, the foci 

and the undamaged areas are 0.56, 0.43 and 0.47, respectively), still there is no lack of fit in 

their distributions. The same trend can be observed in the rims, the foci and the undamaged 

areas of the dentine and the cement for the tooth sample from site K4 (Fig. 17). In sixteen out 

of nineteen of the examined specimens from Kerassia, and some specimens from the other 

localities (Samos, Kassandria, Ravin de la Plui, Ditiko 2 and one specimen from Chalkoutsi) 

the Mg and Na values are consistently lower in the undamaged areas (Fig. 18) and present 

higher concentrations in the rims, or sometimes in the foci. Conversely, in the other localities 

(Old Pikermi, New Pikermi, Vathylakkos 1, Cotes and the second specimen from Chalkoutsi) 

the M g and Na values are consistently higher in the undamaged areas. Once again, in order to 

test the significance of the variation of the M g and Na contents in the three structural areas of 

the damaged tissues, a two tailed t-test was employed. The null hypothesis was whether the 

mean M g and Na values in one of the structural areas of the damaged bones from Kerassia 

were equivalent to the mean M g and N a values in the other two. For M g the null hypothesis 

was rejected for the lim-bone pair and the bone-foci pair after the mean M g values in the bone 

were found to be significantly different from the mean Mg values in the foci (t=-2.24, 

p=0.033) and the rims (t=2.55, p=0.016) at the 0.05 level (Table 2). Conversely, the null 

hypothesis was not rejected for the rims-foci pair (t=-0.31, p=0.76) at the 0.05 level (Table 2). 

Similarly, for Na the null hypothesis was rejected for the rim-bone pair (t=2.71, p=0.011) at 

the 0.05 level (Table 2), and it was closely not rejected for the bone-foci pair (t=-1.81, 

p=0.082) at the 0.05 level (Table 2). Fiowever, the null hypothesis for the pair rim foci was 

clearly not rejected (t=-0.83, p=0.41) at the 0.05 level (Table 2). Therefore, this shows that 

also statistically the Mg and Na content in the foci (rims+foci) is significantly higher than in 

the undamaged areas.

It is possible that these variations in the content of Mg and Na among the three different 

structural areas of the hard tissues, may result from the early recrystallization of the 

crystallites in the foci. Despite the mobility of Na and Mg, the decreased inter-crystallite 

spaces restrained porewater flow and consequently the depletion of M g and Na from the foci 

(rims and foci). Conversely, in the undamaged areas of the tissues the loss of collagen would 

increase the microporosity (Nielsen-Marsh and Hedges, 1999), and thus would gradually 

facilitate the flow of pore waters (Nielsen-March et ah, 2000) and the depletion of the mobile 

Mg and Na from the undamaged areas. Markedly, the less porous and compact enamel 

presents the highest Na and Mg values (Fig. 17).
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Barium and Strontium

Studies in recent and archaeological bone (Grupe and Piepenbrink, 1988, 1989; Fabig and 

Hermann, 2002) have shown that microbial activity and consequent damage affect the 

concentrations of Sr and Ba in the bones. Microbes contaminate the invaded tissues with Sr 

and Ba and possibly with other heavy metals that they are carrying, and thus increase 

significantly the concentrations of these elements in the affected tissues (Grupe and 

Piepenbrink, 1988). According to this, one would expect to observe higher concentrations of 

Sr and Ba in the foci than in the undamaged areas. However, the distribution of Sr and Ba 

among the rims, the foci and the undamaged areas, does not present any definite and 

consistent distribution pattern in the studied fossil specimens, as the measured Sr and Ba 

concentrations for the majority of the analysed samples are below detection limit. The 

observed enrichment of Sr and Ba in microbially damaged bone (Grupe and Piepenbrink, 

1988, 1989; Fabig and Hermann, 2002) occurs during the recrystallisation of the crystallites 

in the foci after the action of the microbes. Therefore, in the fossil specimens any distribution 

pattern caused by bacterial action among the structural areas of the tissues will probably get 

erased by the diffusion of Sr and Ba, which have high diffusion coefficients, during 

diagenesis.

CONCLUSIONS

The chemical investigation of foci and their rims, produced by bacteria, and undamaged areas

of bones and teeth from Kerassia has revealed that:

0  The total values of spot analyses are low due to the presence of oxides that were not 

analysed by the available XREMA settings, such as structurally bound CO3 and OH and 

surficially located CO2 and H%0. The microporosity of the tissues also reduced total values. 

In addition, another possible reason for reduced or even biased total values is the 

topography of the analysed specimens

9  Increased Ca/P ratios can be related to an enrichment of the tissues apatite in CO3 . Thus, 

Ca/P ratios may provide a measure for the relative concentration of structural CO3 in the 

tissues.

0  The variability of Ca/P ratios between samples probably reflects the differences in the 

conditions of the local burial environment and the chemistry of the local pore waters.

0  W ithin the same sample and tissue, Ca/P ratios in the foci, the rims and the undamaged 

areas of bacterially damaged tissues are similar.
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© The rims of the foci are usually more mineralised than the foci and undamaged areas.

© F concentrations are higher in the undamaged areas and lower in the foci. Conversely the 

concentrations of Cl, Mg and Na are usually higher in the foci and lower in the undamaged 

areas. Early rapid recrystallization that occurs in the foci possibly restrains the diagenetic F 

influx in the foci and protects Cl, Mg and Na from extensive depletion.

® Finally, the use of XREMA as an analytical technique for the chemical investigation of 

microscopic areas, as employed by this study in order to identify quantitative and qualitative 

elemental differences among the three different structural areas (rims, foci, undamaged 

areas) of microbially eroded mammal hard tissues, has been considered as inadequate and 

suboptimal. Although, unarguably it was possible to identify and depict such differences, 

there is great concern about the accuracy and the quality of the measurements. As it has 

been discussed above, the inability of analysing volatiles such as CO2 and H 2O, the biased 

measurements caused by the extensive microporosity of the damaged and undamaged areas 

of the tissues and the possible topographic differences of the surfaces of the thin sections are 

significant disadvantages. Therefore, the desired accuracy and quality was not succeeded. In 

the future, techniques that will be used for detailed microanalysis of such fossilised tissues, 

should talce into account the special structure of these tissues, the capacity of the equipment 

for a more complete elemental analysis (to include volatiles for example), and if possible to 

have lower detection limits in order to improve the accuracy and the quality of the collected 

data. Thus, new techniques such as Raman spectroscopy, Fourier Transform Infrared 

Spectroscopy (FTIR), Field Emission Auger Spectroscopy (FEAES), Secondary Ion Mass 

Spectrometry (SIMS), Sensitive High Resolution Ion Probe (SHRIMP) and possibly others 

should be tested in order to select the most suitable and adequate technique.



-Ray Diffraction studies of Late Miocene manunal bones and teeth

INTRODUCTION

The main mineral phase of living bone and tooth tissues (enamel, dentine and cement) is a 

nonstoichiometric carbonated hydroxylapatite, an imperfect analogue of dahlite (Lowenstam 

and Weiner, 1989). A precise determination, however, of the chemical and structural 

composition of this apatite is not attainable. As part of living tissue, the mineral component of 

the hard tissues is constantly subjected to changes, maintaining equilibrium with the 

surrounding body fluids (Posner, 1987). Furthermore, factors such as species, tissue type, 

different types of bone, age, diet and isomorphous substitution are significant and contribute 

to this variation (Posner, 1987). Age is a crucial factor in determining the chemical and 

structural composition of hard tissues, as it is interrelated with the maturation of the 

carbonated hydroxyapatite (Handschin and Stem, 1995; Magne et al., 2001). Although it is 

not well defined yet and there is still controversy, it is thought by many that the formation of 

the carbonated hydroxyapatite in all four tissues is preceded by the presence of a precursor 

amorphous mineral phase, such as octacalcium phosphate (OCP) (Posner, 1987; Lowenstam 

and Weiner, 1989; Apfelbaum et a l,  1990).

The size and shape of the crystallites in vertebrate hard tissues also play a fundamental role in 

physicochemical properties. Variation in the size of the crystallites depends on animal 

species, tissue type, bone type, age and even on the different areas of a single bone or tooth. 

Higher crystallinity in mature bone, dentine and cement and in enamel is related with larger 

crystallites. Crystallites in bone are plate-shaped (Weiner and Price, 1986; Epell et a l,  2001), 

while in enamel they are rod-shaped and long with a flattened hexagonal cross-section 

(Elliott, 2002). According to Carlson (1990) and Hilson (1986) the crystallites in dentine and 

cement have a similar shape and dimension to those of bone. W einer and Price (1986) 

suggested that the average bone crystallite dimensions were 35-40 nm x 35-40 nm x 2.5-5 nm. 

Recently, the study of mature bovine bones revealed the presence of two size groups of 

crystallites, a small and a large one (Eppell et a l ,  2001). The vast majority of the crystallites, 

approximately 98%, belong to the small size group with a thickness of less than 2 nm (Eppell 

et a l,  2001). The average dimensions of these crystallites were measured to be 12 nm x 10 

nm X 0.61 nm and the length to thickness ratio was 20.3 indicating thin-plated crystallites 

(Eppell et a l,  2001). Similarly, the average dimensions of the crystallites from the large group
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were 90 nm x 64 nm x 37 nm, with a length to thiclcness ratio of 2.7 indicating thick-plated 

crystallites (Eppell et a l, 2001). Most crystallites of the small group are accommodated in the 

collagen intrafibrillarly, between the fibrils’ molecules, while the crystallites of the large 

group occupy interfibrillar spaces. The c-axis of the crystallites of both groups is parallel to 

the long axis of the fibre (Eppell et a l,  2001). Crystallites are significantly larger in enamel. 

Daculsi and Kerebel (1978) observed enamel crystals with an average width and thiclcness of 

68.3 nm ± 13.4 nm and 26.3 nm ± 2.2 nm, respectively. Kohn et a l  (1999) stated that enamel 

crystallites are longer than 1 0 0 0  nm, nevertheless, it has been reported that they may get up to 

1600 nm and even longer (Ehlson, 1986; Carlson, 1990). The small size of the bone 

crystallites, and similarly of those in dentine and cement, and their platy shape provide them 

with a large surface area which renders the crystallites highly reactive (Newesely, 1989; 

W einer and Price, 1986; Nielsen-Marsh et a l ,  2000). Conversely, in enamel the larger 

crystallites have a smaller surface area and consequently they are less reactive.

Once collagen is lost, the small, highly reactive and unstable apatite crystallites in the hard 

tissues will become exposed to chemical alteration. The prevailing conditions in the burial 

environment, determine whether the hard tissues will undergo demineralization and 

dissolution, or whether they will recrystallize, turning into a more stable form and potentially 

becoming part of the fossil record (Trueman and Tuross, 2002). Optical properties and the 

histology of the fresh tissues are maintained in fossil material indicating that crystallites in the 

fossilized hard tissues retain their original biogenic orientation (Hubert et a l ,  1996). 

According to Hubert et a l  (1996) the crystallites, once exposed, can become the seed crystals 

for further apatite growth around them. The additional phosphate material needed for this 

growth will be provided by the dissolution of the less crystalline and thus more soluble 

mineral components (Weiner and Price, 1986), and of the smallest and consequently more 

reactive crystallites (Nielsen-M aish et a l,  2000). Increase in the size of crystallites therefore 

indicates a subsequent increase in crystallinity. Loss of components such as Mg and HPO4 and 

the incorporation of F will also contribute to this increase. In addition, the formation of larger 

crystals increases their stability (Nielsen-Marsh et a l,  2000). Crystallites, and subsequently 

crystallinity, will increase until groundwater is blocked either by the expansion of the 

crystallites occluding the intercrystallite spaces, or by the filling of the histological voids and 

cavities by permineralized minerals or sediment (Hubert et a l ,  1996; Pfretzschner, 2000; 

Trueman and Tuross, 2002).
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This chapter will first describe the mineralogy of fossil bones and teeth from a Late Miocene 

locality Kerassia, in Greece. In addition, it will demonstrate that crystallinity and its measure, 

the crystallinity index, is not related to the age but depends on the conditions of the local 

burial environment and the degree of recrystallization. It will also provide evidence to 

disprove the concept that the values of crystallinity indices for recent bone are zero (Person et 

a l ,  1995; Bartsiokas and Middleton, 1992).

LOCALITY AND STRATIGRAPHY

The studied bone and tooth material was collected from a new Late Miocene (Turolian) 

mammal locality, Kerassia, in Greece (Fig. 1). Kerassia is situated in the largest of the three 

major Neogene basins of Euboea Island, the Limni-Istiea basin, located on the northern part 

of the island (Katsikatsos et a l ,  1981). The rich fossiliferous outcrops occur north of the 

village of Kerassia. To date, seven different fossiliferous sites have been found in the locality, 

namely K1 to K7, where at least two fossiliferous horizons occur, an upper and a lower 

horizon. Sedimentological and geochemical data indicate that sites K1 and K6  belong to the 

upper horizon, whilst sites K2, K3, K4 and probably K5 belong to the lower horizon. The 

exact position of site K7, however, is still undetermined. The bone bearing layers are red 

brown fluvial deposits which according to Mettos et a l  (1991) consist part of the upper 

stratigraphie sequence of Limni-Istiea basin. The bone assemblages were accumulated within 

fluvial channels. The majority of the surrounding rocks in this part of the basin are ophiolites 

that belong to the Lower Cretaceous tectonic nappe of the so-called Pelagonian (sensu stricto) 

unit (Bono, 1998). In addition, the majority of the clasts in the sediments that contain the 

fossil assemblages are of ophiolitic origin, indicating that the source rock of the deposits is 

ophiolites. Since 1993, the systematic excavations in the locality conducted by Theodorou and 

the University of Athens have revealed a diverse mammal fauna of Turolian age (Theodorou 

et a l ,  2003). In 1982 Hans de Bruijn, Albert van der Meulen and Constantine Doukas carried 

out a first small scale excavation at Kerassia. The exact site of excavation was not recorded. 

However, information provided by Doukas (pers. comm.) and the style of preservation of the 

material indicate that the collection site was K l.



Kerassia

Figure 1; Sketch map of Greece showing the location of Euboea Island and Kerassia.
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Figure 2: XRD patterns for modem bone (carbonate hydroxyapatite), fossil bone (carbonate 
fluorapatite) and enamel (carbonate hydroxyapatite) from gpoups A (K5 2000) and B (Ke 
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MATERIAL AND METHODS

To date, the excavations in the locality of Kerassia have been focused at sites K l and K4, thus 

the majority of the specimens used in this study come from these two sites. The destructive 

techniques utilised in this study, and the scarcity of the collected material from the other five 

sites restricted the number of specimens from these sites that was analysed. Fragments of 

fossil bone, enamel and dentine from the seven sites of Kerassia (including specimens from 

the 1982 excavation) were ground into fine power. 20 bone, 6  dentine and 6  enamel samples 

representing all seven sites of Kerassia were selected for X-ray diffraction analysis. In 

addition, 2 bone samples from the Miocene localities of New and Old Pikermi (Greece), 1 

bone sample from the Pleistocene locality of Cotes (England) as well as two recent 

unweathered and one recent weathered bone samples were also similarly treated. Sediment or 

minerals such as calcite detected on the surface of the specimens or within cracks were 

removed mechanically. Sediment samples from the bone bearing sediments from all seven 

sites of Kerassia, as well as sediment found in bone marrow cavities from two bone 

specimens (K4/A118i and K 4/A II9i) were also ground to a fine powder, and analysed.

For the mineralogical investigation of bone and sediment samples a Phillips model PW  1730 

X-ray generator, with a PW  1716 diffractometer and a PW  1050/25 detector was used. XRD 

spectra were obtained using a copper target in X-ray tube. The normal current operating 

conditions were 40kV and 30mA. 2gr of dried fine powder, was pressed into an aluminium 

holder in preparation for analysis. The measurement parameters were: a two theta angle range 

from 4° 20 to 64° 20, with a step size of 0.02° 20 at a speed of 1° per minute. For the 

estimation of the crystallinity index (Cl), and in order to provide better and more accurate 

data, the bone and tooth samples were rerun at a slower speed. The measurement parameters 

for this run were: a two theta angle range from 30° 20 to 38° 20, with a step size of 0.0192° 20 

at a speed of 0.125° per minute. The crystallinity index (Cl) was calculated for all the 

analysed samples, using two different methods, the method of Person et al. (1995) (named in 

this study as C Ia) and the method of Bartsiokas and Middleton (1992) (named in this study as 

C Ib). The former is now considered to be the standard method for the calculation of Cl, 

because it is more accurate and has the advantage of elaborating more parameters (XRD 

peaks) for the calculation of Cl. Both methods were employed in this investigation for 

comparative purposes. The interplanar lattice d-spacing and the intensity values for the four 

major peaks on the diffractograms (211), (112), (300) and (202) were calculated from the 

slow X-ray runs (Fig. 3, Table 1) in order to provide more accuracy in the calculation of the
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d-spacing and intensity values, and consequently in the determination of the major mineral 

phase.

RESULTS

Mineral phases

X-ray diffraction patterns (Fig. 2), the characteristic interplanar lattice spacing (d) values and 

the relative intensities (Table 1) demonstrate that samples can generally be categorized into 

two groups; a group comprising bone and dentine samples and another group comprising 

enamel samples. Moreover, the enamel samples can be divided further into two subgroups: a 

group (group A) where the intensity of the (300) peak is lower than the (211) peak and a 

second group (group B) that contains samples Ke 122 and K4/A359/2 where the intensity of 

the (300) peak is higher than the (211) peak (Fig. 3, Table 1). Based on the data calculating d- 

spacing and intensity values from the slow X-ray runs (Table 1) the major mineral phase of 

the Miocene bone and dentine samples is carbonate fluorapatite (francolite), whereas, the 

major mineral phase of the enamel is carbonated hydroxyapatite (dahlite) (Table 2). In the 

examined Late Pleistocene bone sample from Cotes the mineral phase was identified as 

carbonate hydroxy-fluorapatite. In the recent bone samples, as expected, the mineral phase is 

carbonate hydroxyapatite.

However, in some bone and dentine samples from Kerassia, a few other minor phosphatic 

trace phases were traced: whiteite [Ca(Fe,Mn)Mg2Al2(P0 4 )4 (0 H)2 .8 H 2 0 ], lunoldte 

[MgMnAl(P0 4 )2(0 H).4 H2 0 ] and jahnsite [(Ca,Mn)Mn(Mg,Fe,Mn)2Fe2(P0 4 )4 (OH)2 .8 H2 0 ] . 

The majority of bone, dentine and enamel samples also contained calcite. Authigenic 

secondary calcite is found in the fossilised tissues as a permineralised mineral in histological 

voids, and weathering and diagenetic cracks. Other secondary minerals detected in the fossil 

tissues include, magnesite [MgCOa], artinite [Mg2C03(0H)2.3 H 2O ], huntite [Mg3Ca(C0 3 )4] 

and haematite [Fe2 0 3 ]. In one of the two analysed recent un weathered bone samples jahnsite 

occurs as a secondary phase. In the weathered recent bone sample, as well as the expected 

carbonate hydroxyapatite, secondary farringtonite [Mg3(PÜ4)2] and talc were observed.

Crystallinity index

The C l values as well as the mineral phases found in each sample are presented in Table 2. 

The well defined and relatively naiTOw peaks on the diffractograms provide evidence for an



Table 2

sample type CIa CIb major trace

Ke 89 bone 0.39 6.3 CFA calcite
Ke ii bone 0.50 7.3 CFA calcite, lunokite
Ke 122 dentine 0.44 6.7 CFA calcite
Ke 122 enamel 1.17 9.1 CHA magnesite
K1/A23 bone 0.46 7.0 CFA magnesite
K1/A58/2 bone 0.48 7.1 CFA whiteite, calcite, hematite
K1/A88 bone 0.49 7.4 CFA whiteite, calcite
KlA122a bone interior 0.50 7.2 CFA
Kl/A122b bone exterior 0.47 7.2 CFA calcite
K1/A68 bone 0.44 6.9 CFA calcite
K1/A7 dentine 0.43 6.3 CFA calcite
K 1/A 170 dentine 0.40 6.0 CFA calcite
K1/A170 enamel 0.92 8.7 CHA calcite
K1/A321 enamel 0.77 8.3 CHA calcite
K2/A1 bone 0.47 6.8 CFA calcite
K 3I bone 0.44 6.9 CFA calcite
K3/B1/10 bone 0.45 6.9 CFA calcite
K3 105 bone 0.47 7.0 CFA calcite
K4/A388 I bone 0.43 6.5 CFA calcite
K4/A90/1 bone 0.40 6.7 CFA calcite
K4/A110 bone 0.42 6.5 CFA
K4/A359/2 dentine 0.37 6.3 CFA calcite, jahnsite
K4/A359/2 enamel 1.03 8.8 CHA
K4/A25/5 enamel 0.89 8.6 CHA calcite
K5 2000 bone 0.41 6.5 CFA calcite
K5 i bone 0.47 7.2 CFA calcite
K5 1 bone 0.39 6.4 CFA calcite, hantite
K5 2000 dentine 0.43 6.6 CFA
K5 2000 enamel 1.03 8.8 CHA calcite, artinite
K6/A1 dentine 0.42 6.1 CFA calcite
K7 2000 bone 0.48 7.4 CFA calcite
K 7I bone 0.50 7.6 CFA calcite
NPII bone 0.37 5.6 CFA calcite
PA 1269 bone 0.35 5.7 CFA whiteite, calcite
Co2 bone 0.16 2.5 CHFA
Agr weathered bone 0.10 1.6 CHA talc, farringtonite
BS (Bos scapula) recent bone 0.12 1.9 CHA jahnsite
BT (Bos tibia) recent bone 0.12 2.1 CHA talc

Table 2; Major and trace minerai phases of the examined bone and tooth samples and their 
respective crystallinity index values calculated with the method of Person et al. (1996) 
(CIa) and the method of Bartsiokas and Middleton (1992) (Clg). CFA= carbonate 
fluorapatite (francolite), CHA= carbonate hydroxyapatite (dahlite), CHFA= carbonate 
hydroxy-fluorapatite.
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increase in the crystallinity of the mineral phase of fossil bone, dentine and enamel. This 

increase is reflected on the C l (Table 2). The C l calculated with the method of Person et al.

(1995) (C Ia) for the bone samples of Kerassia ranges between 0.39-0.50 with an average 

value of 0.45 (n=20, standard deviation 0.04), while the C l calculated with the method of 

Bartsiokas and Middleton (1992) (CIb) ranges between 6 .3-7 . 6  with an average value of 6.94 

(standard deviation 0.37). The CIa for the dentine samples ranges between 0.37-0.44 with an 

average value of 0.41 (n=6 , standai'd deviation 0.02), whereas the CIb ranges between 6.0-6.7 

with an average value of 6.33 (standard deviation 0.27). In the enamel the CIa ranges between 

0.77-1.17 with an average value of 0.97 (n=6 , standard deviation 0.14) and the CIb ranges  

between 8.3-9.1 with an average value of 8.72 (standai'd deviation 0.26). For the upper 

horizon at Kerassia the values of C Ia and CIb for the bone range between 0.39-0.5 (average 

0.47) and 6 .3-7.4 (average 7.05) respectively, and for the dentine 0.40-0.44 (average 0.42) and 

6 .0-6.7 (average 6.28) respectively. Similai'ly, for the lower horizon the values for the bone 

range between 0.39-0.47 (average 0.44) and 6.4-7.2 (average 6.74) respectively, and for the 

dentine 0.37-0.41 (average 0.39) and 6 .0-6.7 (average 6.45) respectively. Note that because of 

similarities in their preservation state and chemistry, the specimens from site K5 are 

considered to belong to the lower horizon. The C Ia and CIb for the two bone samples from 

site K7 have high values (Table 2) and fall within the upper range of values of the upper 

horizon.

Mineralogy o f  the sediments

X-ray diffraction showed that the sediments which contained fossil material consist mostly of 

clay minerals and calcite. The clay minerals include smectite, illite, chlorite and kaolinite. 

Calcite always occurs along with two more carbonate minerals, magnesite and ankerite.

Quartz is another common mineral, while iron-oxides and anatase are usually present. K- 

feldspai' and albite are also detected as minor phases in a small number of samples, and 

probably represent unweathered grains from the original source rock. The X-ray diffraction 

patterns of sediment samples from the marrow cavity of two different bone specimens 

revealed that calcite is the major mineral phase. Clay minerals, such as smectite, illite and 

kaolinite, and quartz are also present as minor phases in marrow cavity sediment.
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THE MINERALOGICAL COMPOSITION OF FOSSIL BONES AND TEETH FROM

KERASSIA

Mineralogy o f  bone, dentine and enamel considering F  content

The d-spacing values for the four major peaks (211), (112), (300) and (202) for the Miocene 

bone and dentine samples (first group, table 1 ), do not match with the equivalent d-spacing 

values reported by Jarvis (1992) for carbonate fluorapatite in phosphatic chalks and from 

Hubert et al. (1996) in Upper Jurassic dinosaur bones. All Miocene samples peaks have 

higher d-spacing values than those reported previously and show a consistent X-ray 

diffraction peak shift on the X-ray diffractograms to the left. However, data provided from X- 

ray emission microanalyses (XREMA) indicated that the F content in all spot analyses, 

regardless of their position in bioeroded bone, dentine and cement samples, always exceed 

1% and in some areas F content reaches 3% (Table 1, chapter 2). Therefore, F concentrations 

above 1% (Hubert et a l ,  1996; W ilson et a l ,  1999) support and verify the determinations that 

the mineral phase of the bone, dentine and cement is carbonate fluorapatite (francolite), 

despite the difference with published d-spacing data (Jarvis, 1992; Hubert et a l ,  1996). A 

proportional shift of the peaks on the X-ray diffractograms to the left also occurs in the 

enamel samples used in this study. XREMA data have shown that the F content in the enamel 

samples is consistently below 1% (Table 1, chapter 2), which indicates that the mineral phase 

of the enamel is cai'bonate hydroxyapatite (dahlite). The F content data (Table 1, chapter 2) 

from XREMA are consistent with the mineral determination of the Pleistocene sample from 

Cotes as being carbonated hydroxy-fluorapatite. The F values range between 0.31% and 

3.09% verifying the presence and coexistence of both mineral phases, cai'bonate 

hydroxyapatite and carbonate fluorapatite, in the bone. Despite the obvious differences in the 

relative intensities between the recent bone mineral and the enam el’s carbonated 

hydroxyapatite, the d-spacing values of the recent bone mineral are generally close to the 

lower range of d-spacing values of the enamel samples, evincing the similarities in their 

mineralogy.

Interestingly, in the recent weathered bone specimen the X-ray diffractogram peaks lie to the 

right of the respective recent unweathered bone peaks and thus the d-spacing values are found 

closer to those of the upper range of the bone carbonated fluorapatite. The F content in the 

un weathered part of the bone is lower than in recent, un weathered bone specimens. In the 

weathered part though, the F content is significantly higher than in recent unweathered bone 

specimens and has a maximum concentration of 1.31%. In the powdered bone sample the
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whole cortex and hence both weathered and unweathered parts of the bone were used; 

therefore, the XRD peaks are affected by the fluorinated mineral phases of the external 

weathered bone.

Crystallinity index -  a proxy fo r  relative age?

As expected the well crystallised enamel presents the highest C l values, whereas the Cl 

values for the dentine are the lowest. Despite the small number of the analysed dentine 

samples, it is clear that both crystallinity indices (C Ia and CIb) indicate a higher crystallinity 

for the bone and dentine samples from the upper and hence the younger horizon of the two at 

Kerassia. However, it should be noted that the time gap between the lower and upper horizons 

is not loiown. They are separated by 6.7 metres of sediments. The small number of analysed 

enamel samples, and their separation into two groups which do not comply with a specific 

horizon, do not provide a statistically significant sample. Nevertheless, it seems that enamel 

samples from the upper horizon also have higher crystallinity values. However, it is obvious 

that both CIa and C Ib are significantly higher in enamel group B than in enamel group A (0.9 

and 8 . 6  for A and 1.1 and 8.95 for B), where the peak for (300) presents the highest intensity 

(Figure 2), and therefore suggests that these two samples are more crystallised.

The C Ia and C Ib values for the bone samples from the two Late Miocene localities of Pikermi 

are lower than any values from Kerassia bone (Table 2). Biostrati graphic determinations on 

the giraffidae and the fauna of Kerassia (Chapter 4) indicate that Kerassia belongs to MN 12 

(possibly between 7.7-7.1 Ma). Bem or et al. (1996) suggested that Pikermi belongs to 

M N ll/1 2  with a correlative age of 8 .3/8.2 Ma. Thus, Kerassia is younger than Pikermi based 

on cunent data. All these observations indicate that C l values and thus crystallinity are not 

related with sample age, and are in agreement with the findings of Person et al. (1995) and 

Trueman (1998). The variations in the C l values, even within the same site (Table 2,) show 

different degrees of recrystallisation, which indicate variable burial conditions and correspond 

to different microenvironments. Thus, C l values depend on the degree of recrystallization and 

consequently on the prevailing conditions of the burial environment, therefore C l should not 

be used as an indicator of relative age.

Crystallinity values in recent bone

Although both Person et al. (1995) and Baitsiokas and M iddleton (1992) considered that the 

values of their crystallinity indices for recent bone were zero, in this study, the CIa and CIb 

values for recent bone samples were found to be above zero (Table 2). The X-ray diffraction
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data used for the calculation of the two crystallinity indices were produced by slow speed 

runs, and although the reflections (211), (112), (300) and (202) on the diffractograms of 

recent samples were not well defined they were still traceable and provided the intensity 

values needed for the calculation of the indices. Recent bones with crystallinity index values 

of zero suggest that the mineral phase in the bone tissue is totally amorphous without any 

structured crystals. However, the mineral phase of all the hard tissues gradually forms well- 

crystallised crystallites (Weiner and Price, 1986; Epell et a l ,  2001; Kohn et a l ,  1999), and 

thus with increasing age and maturation the crystallinity of the tissues will concomitantly 

increase (Handschin and Stem, 1995). Only at the early stages of hard tissue formation, where 

the mineral phase is amorphous, can it be considered that crystallinity is limited to the 

minimum, and that the value of any crystallinity index would be zero. Therefore, as long as 

there are well developed crystallites in the living bone and in other hard tissues, they would 

be characterised by low C l values but indisputably values greater than zero. Interestingly, the 

values of the C Ia and CIb calculated for the recent weathered sample (0 . 1  and 1 .6 , 

respectively) are slightly lower than those of the un weathered recent samples, suggesting that 

weathering may have reduced the crystallinity of the bone. The Pleistocene bone sample from 

Cotes compared to recent bone presents a small increase in C Ia and C Ib reflecting minor 

changes in its crystallinity.

Comparison o f  CIa and CIb

Although, both indices are measures of crystallity, different parameters are used for their 

calculation. For the calculation of the CIa (Person et ah, 1995) the heights of the characteristic 

reflections (height between the top of the peak and adjacent valley separating it from the 

previous peak) of the apatite (202), (300), (112) and (211) are used (the sum of (202), (300) 

and (112) divided by (211)). Conversely, the calculation of C Ib (Bartsiokas and Middleton, 

1992) involves the ratio between the local and general background (height) of the (300) 

reflection.

The intensities of these reflections and thus, the heights of these peaks and particularly of 

(202), (300) and (112) depend on the degree of crystallinization of the apatite crystallites in 

the different tissues. In modem bone these reflections are very low and not well defined, 

whereas in fossil bone and enamel the reflections are well defined and high (especially in 

enamel). In particular, reflection (300) shows significant variability (Figure 2). Its intensity in 

modem bone and fossil bone and dentine is lower than reflections (2 1 1 ) and (1 1 2 ), but in 

enamel it is always higher than reflection (112) and in enamel group B, intensity is higher 

even than reflection (211). These differences depend on the size and the structure of the
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individual crystallites in each of these tissues. Therefore, these differences and the weight of 

reflection (300) in the calculation of the two indices indicate that they are not analogous. 

Clearly, the effect of the increase of the height of reflection (300) would be different in each 

of the two indices, which of course will depend on the size and the structure of the individual 

crystallites in each of these tissues. Thus, the CIa vs CIb plot (Figure 4) reflects such 

differences between the crystallites of modern bone, fossil bone, fossil dentine and fossil 

enamel.

The values of the two crystalinity indices, plotted against each other (Fig. 4), demonstrate that 

they are well correlated and that the enamel samples cluster is clearly separated from the bone 

and dentine samples cluster. The value for the regressions of enamel and bone samples are 

0.97 and 0.84, respectively. No correlation exists (R^ = 0.1394) among the dentine samples 

but this is probably due to the small number of dentine samples (n=6 ). However, if bone and 

dentine samples are considered as one homogeneous cluster, the equation for the respective 

regression line is y = 10.003x 4- 2.364 with R^ = 0.78 and this shows that the two indices are 

correlated. The regression coefficient (slope) and the intercept in the bone-dentine and the 

bone equations have relatively close values, suggesting that bone and dentine are correctly 

placed in the same group. The two bone samples from the localities of Pikermi are located 

close to the extension of the line and seem to follow the bone and dentine samples from 

Kerassia. The three recent bone samples with the low C l values are located close to the centre 

of the axes. The sample from Cotes is situated very close to the recent bone samples. It is 

probable that if an array of recent bones, of different ages and thus of different degrees of 

maturation were analysed, the regression line of recent bones would probably cross the centre 

of the axes, where zero values of C l would stand for the early, immature and amoiphous 

mineral phases.

As the overall crystallinity of a group increases, the regression coefficient (slope) of the 

respective regression line decreases and the intercept value increases (Figure 4). The enamel 

group with the highest crystallinity has the lowest regression coefficient and the highest 

intercept values, whereas the recent bone group presents the highest regression coefficient and 

the lowest intercept values. Differences in the slope of the regression line probably reflect the 

differences in the size and in the structural order of the mineral crystallites. The thin plate

shaped crystallites (Weiner and Price, 1986; Epell et a l ,  2001) of living bone are not only 

smaller but are also different in shape from their fossil counterpails. The recrystallised 

crystallites of fossil bone and similarly of dentine and cement will grow freely filling the
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intercrystallite spaces once occupied by collagen fibrils, forming not only larger, but also 

much thicker and more crystallised crystallites. In enamel and even more in fossil enamel, this 

effect is more enhanced than in fossil bone as the rod-shaped, hexagonal and long crystallites 

are well shaped and more crystallised. The observed variation in the height (intensity) of the 

(300) reflection in the X-ray diffraction patterns of the bone, dentine and particularly of the 

enamel, indicate significant differences in the size and structure of the crystallites. The XRD 

patterns of the enamel, and in particular those of group B, which are closer to the patterns of 

well crystallised mineral dahlite (Person et a l ,  1996), suggest not only high crystallinities, but 

also optimum development and perfection of the individual crystallites. Person et a l  (1996) 

after heating modem bone to temperatures above 600°C managed to reproduce XRD patterns 

similar to those of enamel where the (300) peak became high and thus crystallinity was 

improved. Michel et al. (1996) after employing Rietveld analysis on XRD data from modem 

bone and fossil bone and enamel samples from Lazaret cave, identified a similar grouping 

(modern bone, fossil bone, fossil enamel). They attributed the variation among the enamel, 

fossil and modem bone to high structural disorder and small crystallite size of bone which is 

clearly more emphasized in the modem bone.

CONCLUSIONS

The mineralogical study of bone, dentine and enamel samples from both fossiliferous 

horizons of Kerassia showed that:

@ Fossil bone and dentine consist of carbonate fluorapatite and fossil enamel consists of 

carbonate hydroxyapatite 

® Calcite is identified as a permineralizing diagenetic phase, occupying the structural and 

diagenetic voids of the tissues 

® Crystallinity indices for bone, dentine and enamel are higher in the upper horizon and 

therefore crystallinity is not related to age, but to the degree of recrystallization and the local 

conditions of the burial environment.

9  Contrary to cuiTent ideas, this study has demonstrated that the calculated crystallinity index 

values for recent bone were low but above zero.

0  The correlation of the values of the crystallinity indices calculated with two different 

methods (Person et a l ,  1996; Baitsiokas and Middleton, 1992) depicts the degree of 

crystallinity of recent and fossil bone, dentine and enamel tissues, which is probably related 

to the tissues crystallite size and structure order.



(GIRAJFTnODUlE TTHE IL̂ ITTE
MIOCENE OF KERASSIA, NORTHERN EUBOEA ISLAND, GREECE

INTRODUCTION

Kerassia is a newly reported Late Miocene fossil mammal locality, found in the Northern part 

of Euboea Island, Greece (Fig. 1). During the last two centuries, a large number of continental 

Neogene localities have been discovered in Greece and more specifically all around the 

coastline of the Aegean Sea. A large number of type species have been described from these 

fossil rich outcrops, including the type species of the four giraffid genera described in this 

study. Some of these localities are situated on Euboea Island: Limni (Cordelia 1878), Achmet 

Aga (W oodward 1901), Achladi (Mitzopoulos 1947), Palaeovrisi (Jacobi 1982) aie found in 

the northern part of the Island, while Aliveri and Kazarma (De Bruijn et al. 1979), Panagia 

Heria (Mitzopoulos 1947) and Halmyropotamos (Melentis 1967-69) are found in the Central 

part of the Island.

During fieldwork in the area of Kerassia in 1981, R.W. Kohler, a German geology student, 

tracked down the first fossil bone outcrop, and a year later Hans de Bruijn, Albert van der 

Meulen (University of Utrecht) and Constantin Doukas (University of Athens) carried out the 

first excavation. Since 1992, Associate Professor George Theodorou from the University of 

Athens has conducted systematic excavations of the locality. To date, more than 2000 

specimens of large mammals have been recovered from the seven fossiliferous sites in the 

locality. All the excavated material (including specimens from the 1982 excavation) is stored 

in the collections of the Museum of Historical Geology and Palaeontology of the National and 

Kapodistrian University of Athens, Greece.

Although Kerassia has been excavated for twenty years, its fossil findings are only loiown 

from the brief descriptions of suids in van der Made et al. (1989) and Kostopoulos et al. 

(2 0 0 1 ), as well as from the first review of the fauna and stratigraphy of the locality by 

Theodorou et al. (2003) and a study of the Carnivores by Roussialds and Theodorou (2003).
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Figure 1: Location map showing Euboea Island and the locality of Kerassia. The distribution 
of Neogene-Quatemary and Preneogene rocks on Euboea Island, and the position of the three 
major Neogene basins on the island are also displayed: I. Aliveri-Kymi basin, 2. Palioura- 
Gides basin, and 3. Limni-Istiea basin; adapted from Katsikatsos et al. (1981).
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GEOLOGY AND STRATIGRAPHY

Euboea Island is situated in the central part of Greece, northeast of Athens. On the island 

extensive Neogene deposits, mainly of continental origin, overlie Mesozoic sedimentary and 

igneous rocks. The bulk of these deposits are found in the three major sedimentary basins of 

the island (Fig. 1): the Aliveri-Kymi basin, the Palioura-Gides basin, and the Limni-Istiea 

basin (Katsikatsos et al. 1981). In general, the three basins show a lower Early Miocene 

sequence of low energy, fine-grained lacustrine sediments, with lignite intercalations locally. 

Above lies a Late Miocene, high energy sequence of coarse grained fluvial sediments 

(Katsikatsos et al. 1981). Kerassia is found in the Limni-Istiea basin, the largest of the three 

basins of Euboea Island, located on the northern part of the island. According to Mettos et al. 

(1991) the basin is mostly covered by Late Miocene -L ate  Pliocene sediments, which have 

been unconformably deposited on the Early Miocene sediments.

The actual fossiliferous locality is found north of the village of Kerassia. To date, seven 

different fossiliferous sites have been found in the locality (namely K1 to K7) where at least 

two fossiliferous horizons occur, an upper and a lower one (Theodorou et al. 2003). The bone 

bearing sediments are reddish-brown, fluvial deposits that comprise the lower part of the 

upper sequence (Mettos et al. 1991), found above the sediments of the lower sequence. The 

substratum in this part of the basin consists of Early Cretaceous ophiolites.

The seven sites, K I-K 7, all occur as roadside cuttings, found in a generally well covered, 

mature coniferous forest with undergrowth. The sediments generally are brown homogenous 

silty mud with a few scattered rounded to sub-rounded, polymict clasts. The fossil 

assemblages occur as dense accumulations of bones within some of the fluvial channels. 

W ithin the channels the matrix is more silty and the size and density of the clasts is greater 

than in the surrounding sediment. The presence of trace fossils is also evident in the 

sediments. Root casts as well as insect burrows, mostly ant nests and Celliforma (bee or wasp 

cells), record the maturity of the soils and the stability of the ground palaeo-surface. 

Sedimentological and geochemical evidence indicates that sites K I and K 6  belong to the 

upper horizon while K2, K3 and K4 belong to the lower one. Site K5 most probably belongs 

to the lower horizon, despite the differences in the sediment context of the channels’ fillings 

(coarser clasts and large bones, mandibles and skulls with abrasion features) that suggest
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higher energy environment of deposition. A definite determination is not possible yet for site 

K7. Note that the material from the 1982 excavation (mentioned in this study as Ke), was 

probably collected from site K l. Geochemical data, as well as information by Doukas (pers. 

comm. 2001) and a map by Kohler (1983) seem to support this hypothesis.

The prevalent orientations of the long bones in the different sites are generally northeast -  

southwest and northwest -  southeast. Available evidence from the relative position of certain 

skeletal elements shows that the flow of the water in the channels was to the south. Therefore, 

it can be concluded that the source of the water and similarly of the sediments was north of 

the locality. The lack of coarse-grained material may indicate that the palaeogeographical 

position of the locality was at a considerable distance from the source. Consequently, these 

deposits most probably represent a floodplain setting.

Theodorou et al. (2003) gave a first account on the fauna of Kerassia, although the list is not 

complete as the excavations are still in progress and the material is still under preparation and 

study. To date, the initial determination of the material has provided the following species of 

large mammals: Metailurusparvulus, Adcrocuta eximia?, Hyaenotherium wongii, 

Deinotherium  sp., Choerolophodon sp., M icrostonyx major, Gazella capricomis,

Tragoportax cf. amalthea, Bovidae indet., Dorcatherium  sp., Hipparion  sp., Rhinocerotidae 

indet., Ancylotherium sp., and Orycteropus sp. which come from the upper fossiliferous 

horizon, whereas Machairodus giganteus, Adcrocuta eximia, Ictitherium  cf. pannonicum, 

Plioviverrops sp., Tetralophodon cf. longirostris, Gazella capricomis, Bovidae indet., 

Hipparion sp., Ceratotherium neumayri, Dicerorhinus cf. pikermiensis, Rhinocerotidae sp. 

nova, Ancylotherium sp., and Aves indet., are found in the lower horizon. Also, a number of 

specimens are attributed to the Giraffidae; four species have been identified in the upper 

horizon {Palaeotragus rouenii, Samotherium major, Helladotherium duvernoyi, Bohlinia 

attica) and respectively three {Palaeotragus rouenii, Samotherium major, Helladotherium  

duvernoyi) or possibly four {Palaeotragus sp.) in the lower one. The studied giraffid material 

was collected from sites K l, K3, and K4.

Abréviations'. AM PG : Athens M useum  o f Palaeontology and Geology (M useum  o f  Historical Geology and 
Palaeontology), University o f Athens, Athens; N H M L ; Natural History M useum , London; Sedgwick : Sedgwick 
M useum o f Earth Sciences, Cam bridge; SAM  : South African M useum, Cape Town; FM NH: Field M useum of 
Natural History, Chicago; M NHNP : M useum National d ’H istorie Naturelle, Paris (National M useum o f Natural 
History, Paris).
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SYSTEMATIC PALAEONTOLOGY

Order ARTIODACTYLA Owen, 1848 

Family GIRAFFIDAE Gray, 1821 

(Subfamily PALAEOTRAGINAE Pilgrim, 1911)

Genus PALAEOTRAGUS Gaudry, 1861

Type species. Palaeotragus rouenii Gaudry, 1861, from Pikermi, Greece

Palaeotragus rouenii Gaudry, 1861

Diagnosis. A  Palaeotragus of small size with long and slender long bones.

Material. Left P^-P^ (K1/A82/2), left maxilla with dM^-M^ (K1/A246), part of left mandible 

with M 1-M 2 (Ke 306), left C (K1/A318), part of right mandible with M i-M 3 (K3.181), part of 

left mandible with P2-M 3 (K4/A111), right mandible with P2-M3 (K4/A324), left proximal part 

of Mcm+iv (K3.335, K4/A119/18), right Mcm+iv (K4/A331/5), left distal part of tibia 

(K1/A138), right proximal part of M t m+iv (K1/A15, K4/A96/1), right distal part of M t m+iv 

(K l/A l).

Description. The cranial elements (Appendices 1 and 2) are limited to two maxilla fragments 

that come from the upper fossiliferous horizon (site K l). In the first sample the two deciduous 

molars are molarised (Fig. 2E, F). The morphology of dM'^ is identical to that of the molars 

with two clearly formed and separated lobes (the terminology and orientation for the teeth 

used in this paper is based on Heintz (1970)). The only exception is the presence of a quite 

strong parastyle. In dM^ the posterior lobe is molar like, whereas the anterior lobe looks more 

like a premolar with a reduction of the anterolingual region. The two lobes are separated and 

an lingual cingulum is present. The lingual side of the first two premolars is rounded and the 

external rib of the paracone-metacone is well developed. In the fossa at the posterior of the 

protocone a style is present. At the posterolabial side of a low but well developed 

additional style next to the metastyle is clear (Fig. 2D). In a folding of the enamel is visible 

in the posterior flange between the style and the protocone. The internal side of the labial 

crescent of P^ is slightly divided into paracone and metacone. In the existing two molars of 

the first sample (Fig. 2E, F) the paracone is well developed, and the metacone is weaker but 

well defined. The parastyle and mesostyle are well developed and are inclined backwards; the
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Figure 2: A. P. rouenii, part of left mandible with M1-M2 , Ke 306, occlusal view. B. P. 
rouenii, part of left mandible with M r M2 , Ke 306, labial view, C. P. rouenii, left C, 
K1/A318, labial view. D. P. rouenii, left P̂ -P̂ , K1/A82/2, occlusal view. E. P. rouenii, 
maxilla part with dP̂ -M̂ , K1/A246, occlusal view. F. P. rouenii, maxilla part with dP̂ -M̂ , 
K1/A246, labial view.
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metastyle is weaker but prominent. At the posterior flange of the hypocone a large enamel 

fold is seen, which probably corresponds to the “eperon hypoconal” of Heintz (1970). A 

similar, but more feeble fold can be also identified in dM"*̂ .

Two of the mandible specimens (Fig. 3 and 4) have complete toothrows and K4/A324 in 

particular presents an almost complete ramus. The two mandibles probably belong to the 

same individual as the size and the degree of wear of the teeth are similar. The teeth are more 

worn (especially M i), than the teeth of the other two mandible specimens (Ke 306 and 

K3.181) which are only slightly worn. The premolai' row is considerably shorter than the 

molar one; the index Pm/M (P2-P4 X 100 / M 1-M 3) for the two complete toothrows is 67.3 and 

67.5, respectively and similarly the index Pm/PM  (P2-P4 x  100 / P2-M 3) is 40.6 and 40.7, 

respectively. The talonid of the three premolars is reduced but well defined and separated 

from the trigonid with a rather deep furrow. The lower part of the labial wall of the talonid 

has a protuberant bulge, which is more distinct and more projected in P 3 (Fig. 3B and 4B). 

Although the morphology of P2 is simple (Fig. 3A and B), P3 and P4 are strongly molarised. 

The protoconid is strong, and the parastylid is well defined and prominent. The metaconid is 

short and weak, whereas the entoconid is long and well developed. The hypoconid is clear 

and strong found at the top of the protuberant rib of the posterior region. The long posterior 

flange of the hypoconid is extended lingually and it is perpendicular to the axis of the tooth 

and parallel to the entoconid, and thus the entostylid is clearly placed lingually (Fig. 3A, B). 

In P3 the protoconid is connected with the hypoconid and the entoconid. The metaconid is 

well developed, elongated and longitudinally oriented. Between the metaconid and the 

parastylid a small conid is cleai-, most likely a paraconid. It is almost connected with the 

parastylid and the elongated metaconid, forming a complete internal wall. Due to the degree 

of wear the metaconid is nearly connected with the protoconid. In sample K4/A111 the 

metaconid and the paraconid are broken (Fig. 4A, B). The parastylid is developed and quite 

prominent. The posterior flange of the hypoconid, as in P2 , is perpendicular to the axis of the 

tooth and is also extended up to the lingual face. The entoconid is narrow and parallel to this 

flange. The ribs (pillars) of the entoconid and the entostylid are found at the same level at the 

posterolingual side of the tooth. At the lower part of the crown they are united into a strong 

single tubercle, which is clearly separated from the metastylid. The protoconid in the fairly 

worn ? 4  is connected with the metaconid and the hypoconid, and also with the entoconid (Fig. 

3A, B and 4A, B). The entoconid is also connected with the metaconid, forming a closed and 

very molar like anterior lobe. The parastylid is feeble and the metastylid appears well 

developed. The lingual part of the valley that separates the metaconid and the entoconid is
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Figure 3: A. P. rouenii, right P2-M3, K4/A324, morphological details of the teeth, occlusal 
view, xl. B. P. rouenii, right mandible with P2-M3 , K4/A324, occlusal view. C. P. rouenii, 
right mandible with P2-M3, K4/A324, lingual view.
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retained. The entostylid is narrow but well developed and is extended up to the lingual wall of 

the tooth, at the same level with the posterior rib of the entoconid. The antero-labial region of 

the tooth is reduced due to an obtuse, step-like fold between the protoconid and the 

protoconulid (Fig. 3A, B and 4A, B).

The morphology of the molars is simple (Fig. 2 A, B, 3 and 4). The protoconid and the 

hypoconid are well developed. The lingual ribs (pillars) of the metaconid and the entoconid 

are also developed and the crescents of the metaconid and the entoconid are relatively nanow  

and elongated. An ectostylid is found between the two lobes, which is obviously stronger in 

Ml. At the anterolabial side a small fold is clear, representing a rudimentary cingulum, barely 

visible in M 3 . The parastylid is well developed and prominent. A rather wide and deep furrow 

is found between the parastylid and the metaconid, closed at the lower part of the crown. The 

metastylid is strong, and particularly in M 3 it is well developed and projects lingually. The 

third lobe of M 3 is relatively small (proportionally to the other two lobes), and is separated 

from the second lobe at the lingual side by a deep, V-shaped fuiTOw, open down to the base of 

the crown (Fig. 2A, B and 4A, B); its lingual wall is located more labially, at a considerable 

distance from the lingual level of the other two lobes. The shape of the labial cuspid is 

crescent like. A ridge (crest), which is bent anterolingually towards the entostylid, connects 

the cuspid with the entostylid and so closes the lingual wall. At an advanced stage of wear the 

cuspid is connected with the crest and is linked with the hypoconid. Although the anterior part 

of the mandible has not been found preserved, it is clear from the preserved mandible portions 

that the diastema is quite long. A loose canine from K l presents clearly the characteristic 

bilobation of the giraffids (Fig. 2C). In addition, the posterior lobe is relatively long and high.

The postcranial elements (Appendices 3 - 1 3 )  attributed to this species are rather sparse and 

only one complete long bone is available. However, this material is enough to identify these 

elongated and slender limb bones as belonging to a small giraffid. The only complete long 

bone (Fig. 5B) is a metacarpal of great length (445mm), with a robusticity index 

(DTdiaphysis x  100 / length) of 8 .6 . This bone along with the other metacarpal specimen, a 

proximal part from K4, is quite robust with a fairly strong anterior ridge. The medial and 

lateral crests at the posterior face are strong, but fade out high in the diaphysis at a 

considerable distance from the lower epiphysis. The three discovered metatarsal portions 

present a clear sulcus at the anterior of the diaphysis which is shallow at the distal part, but 

wide and not well defined at the proximal part.



Figure 4: A. P. rouenii, left P2-M3, K4/A111, morphological details of the teeth, occlusal 
view x l. B. P. rouenii, part of left mandible with P2-M3, K4/A111, occlusal view. C. P. 
rouenii, part of left mandible with P2-M3 , K4/A111, lingual view.
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The distal epiphysis of the tibia (Fig. 5A) is quandrangular with the lateral (external) side 

rounded. The medial malleolus is triangular, thin and rather narrow, and is limited to the 

anterior part of the medial side; its posterior edge is quite declivitous and consequently, the 

middle part of the external ridge of the cochlea is straight. Behind the medial malleolus the 

flexor digitorum longus muscle groove, which is wide and shallow, is clear, and located at the 

posteromedial side of the epiphysis but relatively more medially. On top of this, a 

significantly long imprint of the muscle is obvious at the lower part of the posterior face of 

the diaphysis. Close to the groove the imprint is quite wide but gradually becomes tapered 

towards the middle of the diaphysis. The articular surface of the malleolus at the lateral part 

of the epiphysis (despite the extended perforation) is narrow but long and almost extends up 

to the anterior ridge of the cochlea, interrupted by a feeble fibular furrow. The intercochlear 

crest is relatively naiTOW but well developed. The anterior protruding edge is strong and 

triangular with a fairly ample base, where a concavity is clear at its anterior surface. The 

posterior edge continues to the posterior face as a well developed, slanting funow , bent 

towards the lateral side where the anterior ridge of the calcaneus rests.

Discussion. The dimensions and the morphology of the studied material reveal the presence of 

a small giraffid. A comparison with other genera of Late Miocene giraffids indicates that it 

represents the genus Palaeotragus. It is widely recognised that Palaeotragus is separated into 

two groups of species: small and lai'ge. P. rouenii, P. microdon (Koken 1885) and P. 

primaevus (Churcher 1970) aie included in the small size group, which is characterized by 

slender and quite elongated post cranial elements. Hamilton (1978) considered that P. rouenii 

and the Chinese form P. microdon are synonymous. However, Bohlin (1926) and Geraads 

(1974, 1986) suggested that, despite their similarity, there are certain distinct differences, such 

as the shape of the ossicones, which are curved in P. rouenii but straight in P. microdon, and 

the presence of feeble ossicones in the females in P. microdon. Hamilton (1978) also regaided 

the African form P. primaevus as a sister group of the giraffines on the basis of the 

similarities in the ossicone morphology and the increased elongation and slenderness of the 

long limb bones. P. coelophrys (Rodler and W eithofer 1890), P. expectans (Borissiak 1914), 

P. quadricomis (Bohlin 1926), P. borissiald (Alexeiev 1930) and P. hojfstetteri (Ozansoy 

1965) aie members of the large sized group, with shorter but more robust elements. Geraads 

(1974, 1986) stated that the differences between these species are not significant and 

considered them all as synonyms of P. coelophrys.
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Figure 5; A. P. rouenii, left distal part of tibia, Kl/Al 38, posterior view. B. P. rouenii, right 
Mciii+iv, K4/A331/5, anterior view.
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(measurements in mm). The legend for the symbols is presented in Figure 7.
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Although the dimensions of some specimens from Kerassia are higher than the upper loiown 

size-range of P. rouenii, the overall morphology of the studied specimens indicates that they 

belong to this species. According to Bohlin (1926) the post cranial elements of P. microdon 

are shorter than those of P. rouenii, while the toothrows and the molars are slightly larger. In 

Bohlinia attica (Gaudry and Lartet 1856) the teeth and the toothrows are also slightly larger.

In P. coelophrys the teeth are significantly larger. The two upper premolars from K l are large 

enough to be related at least metrically to B. attica (Fig. 6 ). Despite the fact that they are 

slightly broken, it is clear that the external tubercles and the stylids are not so fully developed 

as in B. attica and in addition, their paiastyle is not bifurcated. Furthermore, the lingual and 

labial faces of the teeth are not as bulging as in B. attica.

The length of the toothrow for the two complete mandibles is 133.8 mm and 136.1 mm 

respectively. The range of the toothrow length is 126-128.7 mm in P. rouenii (although it can 

be smaller, Roussialds, pers. comm. 2002), 130-136 mm in P. microdon (Bohlin 1926), 142 

mm in B. attica (AMPG, Roussialds, pers. comm. 2002) and 141-170 mm in P. coelophrys 

(Hamilton 1978). Similarly, the two indices Pm/M  and Pm/PM that express the relative 

reduction of the premolars are respectively: 72.5 and 43.1 for P. rouenii from Old Pikermi 

(specimen M8367, NHML), 62.8 and 38.9 for P. rouenii from Ditiko (DIT 2, Geraads 1978), 

63.3 and 39.9 for B. attica from Pikeraii (AMPG, Roussialds, pers. comm. 2002), 65 and 38.2 

for P. coelophrys from Maragha (De Mecquenem 1924), 62.2 and 39.7-40.1 for P. coelophrys 

from China (Bohlin 1926) and 57.1-60.0 and 36.03-37.88 for P. microdon from China (Bohlin 

1926). The values of the two indices for the Kerassia specimens are within the range of P. 

rouenii. Although the general moiphology of the teeth of P. microdon and P. rouenii is quite 

similar, the premolar row in P. microdon is relatively reduced (Fig. 8 ). So, despite the 

apparent accordance of the toothrow length of the two mandibles with P. microdon, the 

proportions of the molars and the premolars aie quite different. Another strildng character is 

the relative length of P 2 compared to the length of the premolars and the toothrow. It is 

considerably longer in the studied samples as well as in the other known P. rouenii 

specimens, than in P. microdon, B. attica, and even P. coelophrys. The ratios of the width 

against the length of P3 and P4 of the studied samples are similar to those of P. rouenii. 

Conversely, these ratios are higher in P. microdon and P. coelophrys, (and lower in B. attica) 

indicating that the two premolars in the first two are relatively shorter but wider (Fig. 9), (and 

in the latter one relatively longer). The posterior region of P3 and P4 is also important as it 

diverges in the different giraffid species and is indicative of the pattern of molarisation of the 

premolars (Hamilton 1978). This expansion or reduction of the posterior region can be
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Figure 7: Legend that contains the symbols for the material from the sites of Kerassia and for 
all the comparative material that has been used in the plots of this study. Species names 
followed by a star (*) indicate juveniles. VAT = Vathylakkos, R. Pluie = Ravin de la Pluie, 
PNT = Pentalophos, KT = Kemikliteppe.
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Figure 8: Plot of the length of the lower molar row vs the length of the lower premolar row 
(measurements in mm). The legend for the symbols is presented in Figure 7.

Figure 9: Plot of the lower third premolar width vs the lower third premolar length
(measurements in mm). The legend for the symbols is presented in Figure 7.
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expressed by the index length of posterior region/L. This index for the premolars of both 

mandibles is 0.31 for P3 and 0.36 for P4. Similarly, the index for the P. rouenii from the 

NHML is respectively 0.32 and 0.36. Both premolars are molarised. Geraads (1974), stated 

that the molarisation of the premolars varies from species to species in Palaeotragus and even 

within the same species. He also argued (Geraads 1986) that there is a tendency of P3 in P. 

rouenii to molarise. The projected bulge at the posterolabial wall of the premolars (Fig. 3B, 

4B) can also be identified in P. rouenii from Pikermi (specimen M 8367, NHML). The small 

paraconid in P3 is also clear. The dimensions of the molars in the specimens Ke 306 and 

K3.181 from Kerassia are within the range of the known P. rouenii specimens (Fig. 10). 

Although smaller they are identical with the larger molars of the two complete mandibles. 

Moreover, their morphology is similai- with that of P. rouenii. The ectostylid, clearly stronger 

in M l, is discernible in all three molars. Furthermore, the third lobe in M 3 is relatively small 

and its lingual wall is clearly separated from the second lobe. These features are quite 

distinctive in P. rouenii.

As mentioned above the postcranial elements of P. rouenii are quite elongated and slender. 

The robusticity index for the metacarpal of P. rouenii from Old Pikermi (specimen M l 1406, 

NHML) is 8 . 6  but measurements from Geraads (1974) on material from  the Old Pikermi 

stored in MNHNP show a value of 6.21. However, measurements again from Geraads (1994) 

for P. rouenii from Kemilditepe (KTD) indicated a value of 8.3, and also Kostopoulos et al.

(1996) mentioned that the range of the index for the material from Nildti (Nildti 1) is 7.9-9.2. 

The range of the index for P. coelophrys from Maragha is 10.3-13.5 (measurements from 

Geraads, 1974). It is clear that the metacarpals of P. rouenii are longer but more gracile than 

those of P. coelophrys (Fig. 11). The robusticity index of the only complete metacarpal from 

K4 is within the range of P. rouenii, and this is probably one of the longest specimens 

(445mm) of the species found to date (Fig. 11). The dimensions and the gracility of the other 

incomplete long bones are within the range of P. rouenii (Fig 12 and 13). The articular 

surface of the malleolus in the distal tibia part from K l is well developed, as in P. rouenii 

(Geraads 1974). The postcranial elements of P. rouenii are also longer than those of P. 

microdon. Until now, P. microdon has only been found in Eastern Asia and China.

P. rouenii has been identified in both the upper (site K l) and the lower (sites K3 and K4) 

horizons. The two mandibles with the longer toothrows from K4 can be associated with the 

long metacarpal from the same site indicating the existence of possibly one or more laige and 

robust individuals of P. rouenii.
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Figure 10: Plot of the lower second molar length vs the lower second molar width 
(measurements in mm). The legend for the symbols is presented in Figure 7.
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Figure 11: Plot of metacarpal length vs metacarpal distal anteroposterior diameter
(measurements in mm). The legend for the symbols is presented in Figure 7.
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Figure 7.
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Palaeotragus sp.

Diagnosis. A Palaeotragus of possibly large size, lai'ger than P. rouenii with a longer lower 

toothrow, elongated teeth, a molarised P 3 and a slightly molarised P 2 .

Material. Part of right mandible with P 2-M 3 (K4/A8/1), part of left mandible with P2-P4 

(K4/A8/2), right distal part of humerus (K4/A107/2).

Description. The toothrow (Appendix 2), in the first of the two mandible parts that most 

likely belong to the same individual, has been almost retained and only the anterior part of P2 

is slightly broken ((Fig. 14 A-C). In the same way the second specimen has retained the 

premolar row, although the posterior part of P4 is also broken (Fig. 14 D-F). The length of the 

toothrow is approximately 157.3 mm. The premolar row compared to the molar row is 

reduced; the index Pm/M  is 72.5 while the index Pm/PM is 41.5. The three premolars are 

molarised. A continuous lingual wall is cleai' at the trigonid of P 2 and although unworn, its 

morphology is similar to that of P3. The talonid of the three premolars is large and well 

defined, and clearly separated from the trigonid with a deep labial funow  in P4 and a shallow 

one in P3 and P2 (Fig. 14B, D). The labial wall is rather flat without any distinctive bulging. 

The posterior region of all the premolars is relatively increased and this is quite evident in P4. 

The P 2 is elongated and nanow  with a straight lingual wall and a reduced anterior end. The 

protoconid is very developed, and is connected with the hypoconid and the entoconid, as well 

as with the paraconid through the protoconulid and the parastylid. Nevertheless, the weak 

paraconid is connected with the strong metaconid and forms a continuous lingual wall at the 

trigonid. The parastylid is well defined and prominent and forms a rather deep V-shaped 

furrow with the paraconid. An elongated and strong ridge connects the entoconid with the 

protoconid and the hypoconid. The hypoconid is feeble and its posterior flange is long and 

narrow. Moreover, it is perpendicular to the axis of the tooth and is extended up to the lingual 

face of the tooth. The entoconid is longer than the posterior flange of the hypoconid. It is not 

parallel to the flange, as it bends slightly to the posterolingual. The entoconid together with 

the entostylid and the weak metastylid are united at the lower part of the crown forming a 

feeble bulge. In P 3 the anterior area is reduced, thus, the tooth’s shape appears as triangular, 

with a rounded lingual wall. The protoconid is connected with the hypoconid and the 

entoconid, and also through the protoconulid with the crescent formed by the paraconid and 

the metaconid. Consequently, two valleys are formed between these three ridges. On the



Figure 14: A. P. sp., right P2 -M3 , K4/A8/1, morphological details of the teeth, occlusal view, 
xl. B. P. sp., part of right mandible with P2-M3, K4/A8/1, occlusal view (scale bar 5cm). C.
P. sp., part of right mandible with P2-M3 , K4/A8/1, labial view (scale bar 5cm). D. P. sp., part 
of left mandible with P2-P4 , K4/A8/2, occlusal view. E. P. sp., part of left mandible with P2- 
P4 , K4/A8/2, labial view. F. P. sp., left P2-P4, K4/A8/2, morphological details of the teeth, 
occlusal view, xl.
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lingual ridge the strong metaconid is cleaiiy separated by a feeble paraconid. A well 

developed metastylid, bent posterolabially, is found at the posterior of the metaconid. The 

parastylid is developed and prominent, separated from the lingual ridge by a deep funow , 

which is closed at the lower part of the crown. The protoconid is well developed and the 

hypoconid is nanow  and elongated occupying the expanded labial side of the talonid. 

However, the posterior flange of the hypoconid is weak and short, and limited to the posterior 

of the tooth. The entoconid is elongated and narrow, bended towards the posterolabial corner 

of the tooth, confining the posterior valley and the entostylid (Fig. 14F). The P4 is strongly 

molarised. The shape of the tooth is rectangular, with only an obtuse step-like fold at its 

antero-labial region (Fig. 14A, B, D). It is clearly separated into two lobes by two fuiTows, 

one at the lingual and one at the labial wall. However, the labial furrow is closed in the lower 

part of the crown. Although, the posterior lobe is smaller than the anterior one, the lingual 

wall of the tooth is identical to the lingual wall of the molars. The protoconid is well 

developed and oblique to the long axis of the tooth. Its posterior flange is pointing 

anterolingually towards the entoconid. The metaconid is also developed, elongated and 

longitudinally oriented, with a strong lingual rib (pillar). A transversely oriented cristid is 

found at the anterior of the tooth, with a prominent parastylid at its lingual end. Labially it is 

attached to the protoconid and lingually the parastylid is connected to the metaconid. The 

hypoconid is also well developed and separated from the protoconid. The posterior flange of 

the hypoconid is strong and is extended to the posterolingual face of the tooth. However, the 

posterior flange of the entoconid is extended more lingually than the entostylid (Fig. 14A, B). 

As for the entoconid, it is triangularly shaped, relatively well developed and also oblique with 

an orientation similar to that of the protoconid. In a more advanced stage of wear it seems that 

the protoconid would be connected with the hypoconid and the entoconid and probably with 

the anterior cristid.

The molars are quite worn, particularly M i. The protoconid and the hypoconid are well 

developed. In Mg a very feeble ectostylid is found between the two lobes. Conversely, in M 3 

only a strong cingulum can be seen that connects the two lobes at the lower part of the crown. 

A small fold, obvious at the anterolabial side of M 2 and M 3 , is attributed to a rudimentary 

cingulum. The lingual rib (pillar) of the metaconid is developed and the wall of the entoconid 

is almost flat. The metaconid and the entoconid in M3 are oblique and bent anterolingually. 

The parastylid and the metastylid are clear and prominent. The entostylid is long in M i and 

M 2 , and also in M 2 it is extended to the lingual face of the tooth. In M 3 , on the contrary, it is 

short and points to the posterior of the tooth (the third lobe). The entoconid in M 3 is relatively
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small with its posterior end rounded. The third lobe is large and round, with its lingual wall 

found at the same level with the lingual walls of the other two lobes (Fig. 14A, B). At the 

anterolingual side of the lobe a short ridge is projected lingually and not towards the 

entoconid. Due to the advanced degree of wear the ridge is united with the lobe’s labial 

crescent. On the lingual wall of the lobe two furrows can be identified. A small one, that 

separates the ridge from the entoconid and a wider, V-shaped one between the ridge and the 

lobe, which defines the lobe.

The only postcranial element that can be attributed to this species is a distal humerus part 

(Appendix 3). The trochlea and the condyle are heavily gnawed and broken. However, it is 

evident that the trochlea is higher than the condyle. The concave part of the trochlea is 

shallow and its’ keel is feeble. At the anterior side of the bone a reduced coronoid fossa is 

limited to the lateral side of the bone, towards the supracondylar crest. At the posterior side 

the olecranon fossa is long and relatively nan'ow, and also triangularly-shaped. The 

epitrochlea is strong and the profile of the angle that it forms is almost vertical. Moreover, the 

epicondyle is shorter than the epitrochlea.

Discussion. The studied material is not sufficient to provide any definite determination, but it 

is clear that the three specimens belong to a rather medium sized giraffid; the overall 

morphology of which can probably be related with Palaeotragus. As mentioned above the 

genus Palaeotragus consists of a small and a large sized species. The dimensions of the three 

specimens are within the range of the P. coelophrys (Rodler and W eithofer 1890) group and 

to be more precise within the range of P. coelophrys itself. The length of the toothrow for the 

complete mandible is definitely within the range of P. coelophrys, which is 141-170 mm 

(Hamilton 1978). It is longer than the Icnown range of P. rouenii of 126-128.7 mm and also 

longer than the two mandibles from Kerassia, already mentioned above and attributed to P. 

rouenii (133.8 mm and 136.1 mm, respectively). Similarly, it is longer than the Chinese P. 

microdon (Bohlin 1926). Conversely, it is shorter than the range of the toothrows of S. 

boissieri (Major 1888) from Samos stored in NHM L which is 178.1-188.7 mm, or the range 

that Bohlin (1926) mentioned for material of S. boissieri also from Samos (183-195 mm). The 

two indices, Pm/M  and Pm/PM  of the complete toothrow are larger than the indices of P. 

coelophrys, P. microdon, S. boissieri (55.2-64.4 and 35.2-39.5 respectively) and also of P. 

rouenii', however, the indices for the P. rouenii sample from the Old Pikermi (specimen 

M8367, NHML) have similar values. Therefore, the premolar row of this specimen from 

Kerassia is longer than in the above mentioned species (Fig. 8 ). The dimensions and the
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width/length ratios of the teeth compared with the teeth of the other species manifest that 

these teeth are elongated and nanow  (Fig. 9). Furthermore, the posterior region of the 

premolars is expanded compared to the other Palaeotraginae species and compared with the P. 

rouenii specimens from Kerassia. More specifically the reduction index for P3 and P4 is 0.44 

and 0.42 respectively (0.31 for P3 and 0.36 for P4 for P. rouenii from Kerassia). Geraads 

(1974) stated that the talonid of the premolars of P. coelophrys from M aragha is also large. 

The labial wall of the posterior region of the premolars in P. rouenii from Kerassia, as well as 

in P. rouenii in general is relatively bulged, while it is flat in the studied specimens and in P. 

coelophrys. Despite the vaiiation of the molarisation of the premolars in the genus 

Palaeotragus, it is clear that the stage of molarisation in the studied material is advanced. 

Therefore, in addition to P3 and P4, P2 is also molarised. The closed lingual wall is evident in 

both P3 and P2, whilst in P. coelophrys from M aragha (De Mecquenem 1924, pi. H, fig. 8 ) 

they are both open and in the specimen from China (Bohlin 1926, pi. Ill, fig. 5) it is closed in 

P3 and open in P2. Furthermore, in the sample from  China a Pi is also present. The metaconid 

is connected with the protoconid in the primitive P3 and P2 from Maragha and in the P2 from 

China but not in the P3. In the latter the posterior flange of the hypoconid is short and it is 

covered by the oblique and developed entoconid, as in the studied samples. In P. rouenii the 

posterior flange of the hypoconid is long and parallel with the entoconid while the valley 

between them is open lingually. A similar morphology is evident in the P2 under 

investigation. The posterior flange of the hypoconid and the entoconid are parallel and 

perpendicular in P. rouenii, while in the studied sample the entoconid is oblique. The 

ectostylid, absent in the studied molars, is also absent from the molars in P. coelophrys while 

it is present in P. rouenii. In P. rouenii the third lobe of M 3 is small with a long lingual ridge 

that connects the lobe with the entoconid. Conversely, in the studied specimen it is large with 

a short lingual ridge, lingually oriented and separated clearly from the entoconid. This is also 

found in the third lobe of M 3 of P. coelophrys from Maragha (De Mecquenem 1924, pi. II, 

fig. 8).

The dimensions of the distal humerus part indicate a medium size animal. It is clearly larger 

than P. rouenii and closer to the lower range of B. attica and S. boissieri. In B. attica 

(specimens 11399a and 11399b, NHML) the trochlea and the condyle have similar height and 

the concave middle part of the trochlea is shallow with its lateral edge keel rather feeble. The 

epicondylar angle is obtuse, while the olecranon fossa is long, U-shaped and wide. The 

coronoid fossa is long and centrally placed. Similarly, in S. boissieri (NHML) the trochlea is 

higher than the condyle, the middle part is deep and the lateral keel is strong. The olecranon



The Giraffidae from Kerassia 64

fossa is short and narrow and the epicondylar angle is vertical, while the coronoid fossa is 

laterally placed. It is clear that the studied distal humerus part shares more characters with S. 

boissieri than with B. attica, indicating that it belongs to a member of the Palaeotraginae and 

due to some major differences like the shape and size of the olecranon fossa, and the 

morphology of the trochlea, it is most likely related to a large Palaeotragus. The lack of 

humerus samples attributed to P. coelophrys does not allow any adequate correlations with 

this species. Nevertheless, the dimensions of the humerus are expected to be similar to that of 

the studied specimen. Rodler and W eithofer (1890) reported the presence of a lower part of a 

humerus with a transverse diameter of the lower epiphysis of 89 m m  that was related to P. 

coelophrys. Borissiak (1914) described also a lower humerus part from Sebastopol with a 

distal transverse diameter of 102 mm, attributed to P. expectans {P. coelophrys). The 

transverse diameter for the specimen from K4 is 98 mm (Fig. 15). According to his 

descriptions except from the similar transverse diameter the specimen from Sebastopol also 

presents a condyle shorter than the trochlea, a shallow trochlear concavity and an epicondyle 

shorter than the epitrochlea.

The dimensions of these specimens from the lower horizon (site K4) are within the range of 

P. coelophrys. However, the small number of specimens and differences in certain characters 

make difficult the conelation of the material with P. coelophrys. Therefore, a definite 

determination is not considered possible until more material is available.

Genus SAMOTHERIUM Major, 1888

Type species. Samotherium boissieri Major, 1888, from Samos, Greece

Samotherium mq/or Bohlin, 1926 

Text-figure 140; Plate 9, figs 8-11

1926 Samotherium boissieri var. major Bohlin, p. 87.

1954 Samotherium majori Bohlin; Senyurek, p. 3, figs 1-10.

1974 Samotherium boissieri mq/or Bohlin; Geraads, p. 16, pi. 2, figs 1-3.

1978 Samotherium boissieri major Bohlin; Geraads, p.271, pi. 2, figs 2-4.

1994 Samotherium mq/or Bohlin; Geraads, p .161, text-fig. 1; p l.l , fig. 1.



150

Figure 15: Plot of the humerus distal transverse diameter vs the humerus anteroposterior 
diameter of the trochlea measured at the intertrochlear furrow (Q (measurements in mm). The 
legend for the symbols is presented in Figure 7.
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Diagnosis. A  Samotherium  of great size with long and robust long bones but less robust than 

H. duvem oyi and shorter than S. sinence. The orbit is located behind and P3 is always 

molarised.

Material. Left maxilla part with dM^-dM"^ (Ke 123), right mandible with P2-M3 (K4/A119/34), 

part of left mandible with M2-M3 (K4/A54/1), left radius (K1/A78), right radius (K1/A90), left 

proximal part of radius (K1/A89), right proximal part of radius (K1/A87), right proximal part 

of Mcin+iv (?K e 99/40), right distal part of Mcm+iv (K 1 /A 9), left Mcm+iv (K1/A244), forelimb 

phalanx I (Ke 90), left tibia (K1/A341/1), left malleolar (K1/A343), left astragalus (Ke 99/49, 

K1/A342), left calcaneus (Ke 99/46, Ke 99/47), right calcaneus (K1/A2, K1/A243), right 

distal part of calcaneus (Ke 99/48), left scaphocuboideum (K1/A346), right scaphocuboideum 

(K1/A247/2), left intermediolateral cuneiform (K1/A341/2), right intermediolateral cuneiform 

(K1/A45, K1/A247/3), right Mtm+iv (K1/A247/1), left Mtm+iv (K1/A344).

Description. The only skull element consists of a partial maxilla with three deciduous molars 

(Fig. 17A, B, Appendix 1). The teeth aie almost unworn, indicating the presence of a very 

young individual. The paracone is very strong and its labial rib (pillar) is remai'kably 

developed. It is stronger in dM^ and it gets feeble gradually more towards dM" .̂ Also, it is 

united with the strong parastyle at the lower part of the crown. The furrow between the two in 

the first two deciduous premolars is wider and deeper than in the third. In addition, dM^ and 

dM"  ̂are molarised. The dM^ is elongated, with its lingual wall rounded. The exact separation 

point between the long but weak protocone and the developed hypocone is not well defined. 

The strong paracone rib (pillar) is inclined to the posterior and the well developed, long 

parastyle is prominent and points to the posterolabial (Fig. 17B). The metacone is weak but 

distinguishable and the low metastyle is very long and is bent and extended towards the 

anterior. A strong and well defined posterolingual cingulum is also evident (Fig. 17A). As 

expected, the dM^ is separated into two lobes, which are united at the lower part of the crown. 

A feeble cingulum clearly surrounds the lingual face of the tooth at the lower part of the 

crown. Nevertheless, it is more developed at the anterolingual and posterolingual sides of the 

tooth. The protocone is simple and low, with a short posterior flange. Conversely, the 

hypocone is well developed with symmetrical flanges that form an acute angle (Fig. 17A). At 

the posterior flange an “eperon hypoconal” points towards the labial side, whereas at the 

external face of the anterior flange a small fold or bifurcation is also clear (Fig. 17A). It is 

projected towards the anterior, confining the posterior flange of the protocone. The paracone 

rib (pillar) is inclined as in dM^, and the parastyle is also well developed and bent (Fig. 17B).
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Figure 16: A. S. major, right P2-M3 , K4/A119/34, morphological details of the teeth, occlusal 
view, xl/2. B. S. major, right mandible with P2-M3, K4/A119/34, occlusal view. C. S. major, 
right mandible with P2-M3 , K4/A119/34, labial view.
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Figure 17: A. S. major, left maxilla part with dP̂ -dP'*, Ke 123, occlusal view. B. S. major, 
left maxilla part with dP̂ -dP"*, Ke 123, labial view. C. S. major, left radius-ulna, K1/A78, 
anterior view. D. S. major, left radius-ulna, K1/A78, posterior view. E. S. major, left tibia, 
K1/A341/1, anterior view. F. S. major, left tibia, K1/A341/1, lateral view. G. S. major, left 
tibia, K1/A341/1, posterior view.
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Hence, the anterior lobe of dM^ looks quite similar with the anterior region of dM^. The 

metacone is strong with a flat and concave labial wall. The mesostyle and the metastyle are 

weak and projected labially. The protocone in the molar like dM"  ̂is broken. The hypocone is 

well developed with an imperceptible eperon hypoconal and a weak fold at the exterior of the 

anterior flange (Fig. 17A). The strong paracone rib (pillar) is vertical and the parastyle is 

strong but not very prominent (Fig. 17B). In addition, a style is formed at the edge of the 

curved posterior flange of the paracone. It is clearly not connected with the mesostyle and 

projects labially. The well developed labial crescent of the posterior lobe consists of a strong 

metacone with a weak but well defined labial rib (pillar) (Fig. 17B). Also, the labial wall is 

very concave. The strong mesostyle is projected labially and a long metastyle is extended to 

the posterolabial. Furthermore, a cingulum is retained at the posterolingual and lingual side of 

the hypocone, and despite the broken protocone its presence is also evident at the 

anterolingual side of the tooth.

The only giraffid material from the lower fossiliferous horizon that can be attributed to this 

species is an almost complete right mandible and a part of a left mandible, collected from site 

K4. M ost likely the two mandible specimens (Appendix 2) belong to the same individual. In 

the almost complete right mandible only part of the angle of the mandible and part of the 

anterior of the mandible corpus are missing (Fig. 16C). The condylar process and even the 

largest part of the coronoid process are also preserved. The coipus is very developed with a 

convex lower ridge. The length of the toothrow is 245 mm, while the length of the premolar 

row is 97.4 mm and the length of the molar row is 148.4 mm, respectively. Therefore, it is 

deal' that the premolar row is considerably shorter than the molar one; the indices Pm/M  and 

Pm/ PM  are 65.63 and 39.76, respectively. The talonid in the three premolars is reduced. It is 

well defined in P#, as it is clearly separated from the trigonid with a deep furrow (Fig. 16A,

B). Conversely, in P 2 and P3 this labial furrow is rather imperceptible, and the labial wall is 

flat (Fig. 16C). However, the separation between the talonid and the trigonid is still evident. 

Furthermore, P 3 and P4 are molarised. The overall shape (occlusal view) of the simple P2 is 

triangular, due to a reduced anterolabial region (Fig. 16A, B). The protoconid is very 

developed and is connected with the entoconid, the hypoconid an also with the parastylid. The 

weak metaconid is attached to the protoconid, expanding the cuspid lingually. The parastylid 

is strong and projects anterolingually. Moreover, it is separated from the protoconid with a 

wide and deep valley. The well developed entoconid and the long posterior flange of the 

hypoconid are parallel and extend lingually (Fig. 16A, B). The fourth valley (between the 

entoconid and the entostylid) is long but also nanow  and shallow (Fig. I 6 B). Conversely, the
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third valley (between the protoconid and the entoconid) is short but also wide and deep (Fig. 

16B). As for the hypoconid it is well defined and strong. In the elongated P3 , the protoconid is 

very developed and is linked with the paiastylid anteriorly and with the hypoconid and the 

entoconid at the posterior (Fig. 16A, B). The paiastylid is strong and is connected with the 

well developed and elongated paraconid-metaconid, fonning a continuous lingual wall, where 

the paraconid is not clearly defined from the metaconid. The metastylid is strong and extends 

posteriorly (Fig. 16A, B). The entoconid is very developed and relatively long, whilst the 

posterior flange of the hypoconid is developed but shorter than the entoconid. They are both 

paiallel and oblique, inclined to the posterolingual of the tooth (occlusal view). Thus, the 

fourth valley found in between them is closed by the anterior wall of P4 . A well defined 

hypoconid occupies the labial side of the prosterior region.

O f special note are the moiphological features of P4 (Fig. 16A, B). The tooth is remarkably 

shorter than P3 and Mi. Its length is 33.5 mm, while the length for P 3 and Mi is respectively

38.2 mm and 44.4 mm. The index width/length for the three teeth is 0.95 for P4, 0.70 for P3 

and 0.74 for Mi. Therefore, this indicates a quadrangular shape for P4 , in contrast to the 

rectangular P 3 and Mi. Another strildng character of this tooth is the anomalous position of 

the entoconid, as well as of the entoconid ridge as a whole. Normally, in the premolars the 

entoconid is inclined towards the posterolingual of the tooth, found next to the entostylid. 

Instead, in the studied tooth the entoconid bends towards the anterolingual of the tooth, and 

more specifically it points towards the parastylid. Despite this, it is elongated and well 

developed. Except from this abnormality only minor changes have occurred to adjust the 

structure of the tooth to this distortion. The well developed and wide protoconid is connected 

with the parastylid through a strong anterior flange. It is also connected with the hypoconid 

and the distorted entoconid. At the anterolabial side of the tooth, a large and well developed 

protostylid is found next to the protoconid. The parastylid is strong but not prominent at all. It 

is connected with the well developed and elongated paraconid-metaconid, while the 

metastylid ridge is strong and long extending up to M i. Thus, the three of them form a 

continuous lingual wall that closes entirely the lingual side of the tooth, and even covers the 

fourth valley and the endostylid. The lingual surface of the wall is flat and straight. The 

developed hypoconid is wide and projects labially. Its anteroposterior diameter though is 

reduced and generally the whole tooth looks compressed. The posterior flange of the 

hypoconid is long, well built and perpendicular to the long axis of the tooth.
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In the three molars the axes of the lobes are slightly bent towards the posterolabial. The labial 

walls of the lobes form acute angles (Fig. 16A, B). The protoconid and the hypoconid are 

well developed. The anterior flange of the protoconid is longer than the posterior and is 

connected with the parastylid and consequently with the long and developed metaconid. The 

posterior flange is pointing towards the lingual connection point of the two lobes. Conversely, 

in the crescent of the hypoconid of the first two molars the posterior flange is longer and 

extends up to the lingual wall, next to the entostylid. The anterior flange in all three molars is 

short and oblique, bended anterolingually towards the edge of the posterior flange of the 

protoconid. The metaconid and the entoconid are wide and triangularly shaped in M i and M 2 , 

while in M 3 they are naiTower and elongated (especially the entoconid). The ribs and the 

stylids of the three molars are generally weak although, there are a few exceptions. The 

parastylid and the metastylid in Mi and M 2 are consequently weak but clear, however, the 

parastylid and the metastylid in M 3 are strong and prominent and project lingually while the 

posterior flange of the entoconid is long and confines the short posterior flange of the 

hypoconid crescent. Furthermore, a deep funow  on the lingual wall of the metaconid 

separates the parastylid from the rib of the metaconid. The posterior flange of the hypoconid 

in the first two molars is long and extends up to the lingual wall of the teeth, confining the 

posterior flange of the entoconid and forming a prominent entostylid. Although the lingual 

cuspids of the molars are generally straight, the metaconid of the M 3 is clearly crescentic (Fig. 

16A, B). The third lobe of M 3 is considerably smaller than the other two lobes. It is separated 

from the posterior flange of the entoconid and the second lobe in general by a slit. Moreover, 

its lingual wall is clearly not found at the same level with the other two lobes but is placed 

more externally. At the labial side of the lobe a crescent is formed. The posterior part of the 

crescent is more developed and wide, whereas at the anterior a narrow flange confines the 

posterior flange of the hypoconid. A thin ridge closes the lingual side of the lobe, whereas its 

anterior edge is covered by the posterior flange of the entoconid.

A large number of long and robust postcranial specimens (Appendices 3 - 1 3 ) ,  attributed to 

this species, have been collected at Kerassia. Despite this, only one complete radius has been 

recovered (K1/A78) (Fig. 17 C, D), whereas portions of the proximal part of the ulna, as the 

beak of the olecranon and the trochlear incisure, have been preserved in two specimens. The 

radius is long (between 502.6-538.9 mm) and quite robust, while the upper part is slightly 

bent towards the lateral side of the bone. The overall shape of the two epiphyses as well as of 

the diaphysis is generally rectangular, as their transverse diameter is considerably longer than 

the anteroposterior one. The upper end of the bone is wider than the shaft. The anteroposterior
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diameter of the lateral part of the epiphysis is shorter than the diameter of the medial part. 

Furthermore, the medial wall of the epiphysis is rounded. The medial trochlear cavity is fairly 

large and rounded, occupying almost half the area of the proximal articular surface. It is 

separated from the lateral trochlear cavity by the well developed ridge of the radial part of the 

trochlear incisure. The lateral trochlear cavity is narrow but deep and rather oblique. A low 

ridge separates the lateral trochlear cavity from the naiTow and shallow condylar cavity. The 

lateral trochlear cavity is extended anteriorly as a prominent process, which is defined 

laterally by two furrows on the anterior wall of the epiphysis that coincide at the rim  of the 

articular surface with the two ridges. The lateral wall of the epiphysis is also rounded, and the 

lateral tuberosity is developed. Moreover, at the posterolateral of the tuberosity a small furrow 

is evident; probably the imprint of a muscle. The radial tuberosity is also clear and strong. The 

beak of the olecranon is strong, long and extends more anteriorly. The lower end of the bone 

is also wider than the diaphysis (Fig. I7C, D). Its lateral part projects downwards and 

posteriorly as the well developed ulnar styloid process. Similarly, the strong but low radial 

styloid process is found at the medial part. The lateral and medial ridges of the two processes 

are strong and prominent, and are responsible for the widening of the lower end. However, the 

anteroposterior diameter of the epiphysis is also increased. Furthermore, the ulnar ridge is 

shorter than the radial one. The medial wall of the epiphysis is rounded. The medial articular 

surface or the articular surface of the scaphoideum is wide and rounded, while its posterior 

rim is straight and inclined to the posteromedial. Conversely, in the articular surface of the 

semilunare the anterior part is wide but it gets narrower towards the posterior, where the rim 

is concave. The two oblique crests that limit this surface have a similar length, and their edges 

at the posterior rim are found on the same level. Their posterior parts are parallel, while the 

anterior part of the medial crest is bended medially. The transverse crest at the posterior of the 

epiphysis is very developed and prominent. Hence, the articular surface of the semilunare that 

continues on the crest is also developed. The third articular surface of the ulnare is relatively 

wide and its long axis forms a low angle with the transverse diameter of the bone. At the 

anterior surface of the epiphysis the deep, V-shaped groove of the extensor carpi radialis 

muscle is evident (Fig. 17C). The two ridges that limit the groove are acute in section, 

prominent and very distinct. Furthermore, the lateral ridge is much more developed and wide 

than the medial one. The groove is located above the medial part of the semilunare articular 

surface. A small and narrow but rather deep groove for the extensor digitorum communis 

muscle is found at the lateral part of the anterior surface, right above the lateral crest of the 

semilunare articular surface. Its lateral ridge is strong and as the other two ridges, it is also 

acute-shaped though much lower. The opening of the groove is directed anteriorly. A third
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shallow groove for the abductor digit! I longus muscle is also clear at the anteromedial side of 

the bone, limited by the medial anterior ridge and the prominent radial styloid process. The 

three grooves fade out above the lower one third of the bone. A slightly concave and weak 

groove which probably could be refened to the flexor caipi radialis muscle is also found at 

the medial face of the bone.

A broken proximal part, a distal part and a complete metacaipal (Fig. 18A) are refened to this 

species. However, the proximal part of the latter specimen is fractured and distorted; probably 

due to animal trampling or postburial compaction. Thus, the dimensions of the proximal part 

should be considered misleading as this distortion caused a considerable widening and altered 

the shape of certain features. Its length is 398.2 mm, while the robusticity index due to this 

distortion cannot be estimated. Still, the anteromedial tuberosity is clear and developed and 

the ridge between the two articular surfaces of the capitatotrapezoid and the unciform is 

curved and more specifically it resembles an s-shape. At the posterior of the bone the two 

crests are strong but short and fade out at a considerable distance from  the lower epiphysis. 

Another strildng feature in the two specimens that have preserved the lower end of the bone, 

except from the absence of the crests at the posterior of the diaphysis, is that the transverse 

diameter of the diaphysis is significantly more narrow than that of the epiphysis. Furthermore, 

the anteroposterior diameter of the epiphysis compared to the transverse one is relatively 

short. Also, the lateral and medial articular eminences of the trochlea are clearly protruding 

laterally and medially respectively.

A long forelimb first digit (Fig. 19F) has strong and long sesamoide tuberosities, while the 

abaxial tuberosity presents a well developed bulge on its external side. The sagittal groove on 

the proximal articulai" surface is deep and wide. The interdigital part of the diaphysis is high - 

but obviously it gets tapered gradually towards the abaxial side. A similar feature can be 

observed on the prominent external eminence of the lower articular surface.

One complete, long and very robust tibia was collected from site K1 (Fig. 17E-G). The upper 

part of the bone is very developed, especially along its anteroposterior diameter. At the 

anterior a very strong tibial crest bends laterally, forming a deep tibial sulcus with the body of 

the diaphysis (Fig. 17E, F). A well developed and rounded tibial tuberosity bulges out at the 

top of the crest. The tibial sulcus culminates at the epiphysis in a deep, V-shaped valley 

(groove). The posterior edge of the strong medial tuberosity projects posteriorly. Similarly, 

the well developed lateral tuberosity presents a prominent posterior eminence, in addition to



Figure 18: A. S. major, left Mcm+iv, K1/A244, anterior view. B. S. major, right Mtni+iv, 
K1/A247/1, anterior view. C. S. major, right Mtni+iv, K1/A247/1, posterior view. D. S. major, 
left Mtni+iv, K1/A344, anterior view. E. S. major, left Mtm+iv, K1/A344, posterior view. F. S. 
major, left tibia, K1/A341/1, distal view (DAPd = 80mm). G. S. major, left calcaneous, Ke 
99/47, medial view (scale bar: 10cm). H. S. major, right calcaneous, K1/A243, medial view 
(scale bar: 10cm). I. S. major, right calcaneous, K1/A243, dorsal view (scale bar: 10cm). J. S. 
major, right calcaneous, K1/A243, tuber calcanei. K. S. major, left malleolar, K1/A343, 
medial view (scale bar: 5cm). L. S. major, left malleolar, K1/A343, lateral view (scale bar: 
5cm). M. S. major, left cuneiform, K1/A341/2, proximal view (scale bar: 5cm). N. 5. major, 
left cuneiform, K1/A341/2, distal view (scale bar: 5cm)
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the protruding lateral edge (Fig. 17F, G). These two posterior projections form a deep and 

relatively narrow valley (Fig. 17G) which corresponds to the indentation of the popliteus.

Also, these projections are responsible for the increased length of the two articular surfaces. 

The overall shape of the lower epiphysis is quadrangular (Fig. 18F), with a straight medial 

and a relatively straight lateral wall. The medial malleolus is triangular, thin and rather wide, 

with a slanting posterior edge; the remaining part of the medial ridge of the cochlea is 

concave. The medial tuberosity at the lower part of the medial malleolus is developed but 

relatively short (Fig. 18F). At the posterior of the tuberosity the groove of the flexor 

digitorum longus muscle is evident. The groove is deep and narrow, while its position is 

medial and the opening of the groove is also medially oriented. The imprint of the muscle is 

short and is placed at the medial side of the posteromedial crest of the diaphysis. The articular 

surface of the malleolus is divided into two parts; a wide and well developed posterior part 

that continues into an anterior narrow part (Fig. 18F). The latter is limited due to the great 

development of the obtuse and wide fibular furrow. The length as well as the width of the two 

cochleai' grooves is the same. Between the two cochleas the intercochleai" crest is wide but 

low. Its anterior eminent edge is strong and triangular with a very broad base; (obviously its 

lateral part is much broader). A shallow and naiTow concavity is clear at the anterior of this 

eminence, limited though only to the epiphysis. The medial part of the posterior edge is very 

developed and prominent, occupying the posteromesial side of the medial cochlea. The lateral 

part continues to the posterior as a deep but narrow furrow, which however is short and fades 

out at the base of the diaphysis (Fig. 17G).

A very strong malleolus was also collected (Fig. 18K, L). It is clear that the anterior part of 

the bone is remarkably shorter than the posterior. As a result, the anterior part of the articular 

surface with the tibia is shorter than the posterior. Also, the posterior part is wider than the 

anterior part. The fibular process is well developed, wide and high and a very prominent 

eminence at the anterior of the articular surface with the calcaneus increases the height of the 

bone to 45.4 mm (Fig. 18K, L). The upper part of the posterolateral side is very developed. A 

strong anterolateral tubercle is found at the lower part of the lateral surface of the bone. 

Another distinct feature of the articular surface with the calcaneus, except from the prominent 

eminence, is its wide anterior part. On the internal face of the bone the concavity of the 

astragalus is well marked and deep.

One complete and one slightly broken astragalus were collected (Fig. 19B,E). The lateral crest 

of the proximal trochlea is strong and thick, while its posterior edge also remains thick (Fig.
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Figure 19: A. S. major, left calcaneous, Ke 99/46, medial view (scale bar: 10cm). B. S. 
major, left astragalus, K1/A342, posterior view (scale bar: 5cm). C. S. major, left astragalus, 
K1/A342, anterior view (scale bar: 5cm). D. S. major, left astragalus, K1/A342, medial view 
(scale bar: 5cm). E. S. major, left astragalus, Ke 99/49, posterior view (medial length 92.5 
mm). F. S. major, phalanx I, Ke 90, anterior view (scale bar: 5cm). G. S. major, right 
scaphocuboideum, K1/A247/2, proximal view (scale bar: 5cm). H. S. major, left 
scaphocuboideum, K1/A346, proximal view (scale bar: 5cm). I, S. major left 
scaphocuboideum, K1/A346, distal view (scale bar: 5cm).
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19C). Conversely, the medial crest is thin and its posterior edge gradually gets thicker due to a 

medially protruding rim (Fig. 19C). The lateral crest, although higher than the medial one, is 

relatively low. The proximal part of the intertrochleai' groove is shallow and due to the low 

lateral crest its lateral side is inclined at a low angle. At the base of the lateral trochlear edge a 

triangular cavity is clear. The cavity continues laterally as a narrow furrow that separates the 

proximal trochlea from the plantar one. The surface of the plantar trochlea is fairly concave. 

The lateral crest is straight whilst the medial one is curved (Fig. 19B). Thus, its distal pait is 

wider than the proximal one. The proximal edge of the medial crest is trained on the proximal 

intertrochlear groove. At the lateral margin of the distal pait a small rounded depression is 

evident (Fig. 19B, E), which is most probably formed by the developed posterior edge of the 

lateral cochlea of the scaphocuboideum. The anteroposterior diameter of both the lateral and 

medial sides is increased. On the proximal part of the lateral side the furrow for the malleolus 

is deep. It is closed posteriorly by a low ridge that separates the furrow from a small 

crescentic surface, which occupies the posterolateral side of the lateral crest of the proximal 

trochlea. The posterolateral tubercle is strong. The fuiTow continues distally as the proximal 

ai'ticular surface of the calcaneus. A thin prominent ridge marks its lower margin. On the 

distal part of the lateral side, the ellipsoid facet of the distal articular surface of the calcaneus 

is clear. Between the ridge and the ellipsoid facet a shallow and relatively narrow concavity is 

clear which is open anterolaterally right above the ellipsoid facet. The crests of the distal 

trochlea are strong and the groove between them is relatively deep and narrow. At the 

anterior, the two medial crests are separated by a very shallow furrow, whereas the edges of 

the two lateral ones are separated by a rather deep but relatively narrow furrow. The anterior 

edge of the proximal medial trochlea projects slightly anteriorly as well as anteromedially 

(Fig. 19B, D). The anterior cavity is rounded and deep.

Five specimens of calcaneus are refeired to this species. The dorsal crest is parallel with the 

long axis of the bone, while the plantar one is fairly oblique (Fig. 18G, H  and 19A). 

Consequently, the latter feature is responsible for the increased height (proportionally to the 

length) at the base of the body of the bone as well as for the increased maximum height. Thus, 

the overall shape of the body of the bone is triangular. The dorsal crest is very developed, and 

particularly its anterior portion. The top of the beak of the crest at the anterior and the top of 

the articular surface of the malleolus are found at the same level (Fig. 18G, H). At the 

posterior of the crest, the posterodorsal tubercle is strong and high. The shape of the slightly 

asymmetrical tuber calcanei is triangular (Fig. 181). The index “tuber calcanei width / tuber 

calcanei height” ranges between 0.79-0.89 indicating a relatively high tuber calcanei. The
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lateral tubercle of the tuber is very strong and more developed than the medial one. At its 

posterior, the groove for the flexor digitorum superficialis muscle is deep and relatively 

narrow. The sustentaculum tali is thin and a well formed ridge at its side extends medially 

(Fig. 18G-I). The articular surface for the plantar trochlea of the astragalus is clearly concave 

(across the dorso-plantar axis). Across its base, the fairly deep funow  of the sinus tali is 

evident. The elongated articular surface for the scaphocuboideum at the anterior of the bone is 

concave, slightly curved, and presents a slight torsion. At its posterior the ridge formed with 

the sinus tali is low, whereas the anterior articular surface with the astragalus is almost flat 

(straight) and considerably shorter than the surface for the scaphocuboideum. On the dorsal 

side the posterior part of the articular surface for the malleolus is very developed and wide 

(Fig. 181). It is also oblique and extends medially. The anterior part of this surface is also 

developed and distinctively wide with a small and rather deep concavity found on its medial 

side (Fig. 181).

The medial concavities (cochleas) on the proximal side of the two complete and robust 

specimens of scaphocuboideum are narrower than the lateral concavities (Fig. 19G, H). The 

culminant plantar peak of the medial concavity is relatively low. Similarly, the plantar peak of 

the lateral concavity is wide and strong. The valley between the two peaks, which occupies 

the plantai" part of the ridge of the two concavities, is fairly narrow and is located higher on 

the bone. The ridge between the two concavities is low and dorsally ends to a triangular acute 

eminence. The plantar edge of the articular surface with the calcaneus stops at the lateral side 

of the peak of the lateral concavity. As a result, the furrow on the plantar side between this 

edge and the vertical medial crest is considerably wide. Furthermore, the crest is strong and 

quite prominent (Fig. 19G, H). The well developed lateral tuberosity is found more centrally 

at the distal part of the plantar side. The slanting groove of the peroneus longus muscle across 

the lateral side of the bone is evident. The groove continues on the distal side of the bone 

where it separates the anterior articular surface of the metatarse from an elongated tuberosity 

(Fig. 191). The tuberosity represents the posterior metatarse facet that is either absent or has 

not been formed yet. In specimen K1/A346 the groove is fairly deep. Another slanting groove 

for the tibialis cranialis muscle is found at the medial side of the bone. The groove is wide and 

shallow and has a very developed posterior ridge. At the internal side of the Iddney shaped, 

anterior articular surface an indentation is present, which in specimen K1/A346 is deep and 

wide.
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In the three recovered intermediolateral cuneiform specimens, the dorsal part of the lateral 

side of the articular surface for the scaphocuboideum bends laterally and forms a small 

elongated lateral facet (Fig. 18M). At the posterior of their medial wall a strong tuberosity is 

present, and in front of it a small indentation is also clear. Its plantar end is developed and 

forms a tubercle which in specimen K1/A247/3 is very developed and projects laterally. The 

indentation and the tuberosity are the places where the tibialis cranialis muscle was attached.

Two long and robust metatarsals were collected (Fig. 18 B-E). The diaphysis, compared with 

the wide proximal and distal epiphysis, as well as with the length of the bone is relatively 

narrow; the values of the robusticity index for the two bones are respectively 11.95 and 12. 

The plantar side of the proximal epiphysis presents a few distinctive features (Fig. 32A). The 

medial tubercle is very developed and long, and extends plantarly. It is significantly larger 

and more prominent than the lateral tubercle; the two tubercles are respectively the remnants 

of the fifth and second metatarsals. As a result, the ellipsoid articular surface for the medial 

cuneiform is also enlarged. On the medial side, a furrow (valley) separates the tubercle from 

the rounded articulai" surface for the lateral cuneiform. A few centimetres down in this furrow, 

a small protuberance is obvious, which probably corresponds to the lost first metatarsal. 

Between the two tubercles a smaller tuberosity is clear, located though not in the middle but 

closer to the medial tubercle. It is separated from the medial tubercle by a shallow furrow and 

from the lateral tubercle by a fairly deep furrow. Its upper part ends to an eminent process.

The well defined and strong lateral tubercle is also separated laterally from the articular 

surface for the scaphocuboideum by a deep and narrow furrow for the extensor digitorum 

lateralis muscle that continues for a few centimetres on the diaphysis and fades out. Its upper 

surface is not found at the same level as the rest of the articular surface, but fairly lower. 

Moreover, it is oblique and is directed toward the plantar-lateral of the bone. The lateral part 

of the epiphysis is extended laterally so that the side of the articular surface for the 

scaphocuboideum projects more laterally than the lateral tubercle. The dorsal sulcus is 

shallow and the medial crest of the diaphysis is not very developed. On the plantar side, the 

sulcus is also relatively shallow and U-shaped. The medial and lateral crests are not very 

developed, and just as in the metacarpals, they fade out high on the diaphysis. The 

anteroposterior diameter of the lower epiphysis is relatively small compared to the transverse 

diameter, while the keels of the trochleas are developed and high.

Discussion. A  laige and very robust species is represented in the studied material. The 

dimensions of the cranial as well as of the postcranial specimens are referable to two different
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Late Miocene large giraffids: Helladotherium and Samotherium. In the past, the metrical 

similarities of their skeletal elements confused giraffid workers who provided erroneous 

determinations. Numerous morphological features though, suggest that this material belongs 

to a member of the Samotherium group. During the Late Miocene Samotherium expanded 

from China to eastern Asia, Anatolia and the Balkan Peninsula. Its presence was also reported 

in Africa (Churcher 1970, S. africanum), though Geraads (1974) and Hamilton (1978) 

considered the specimens insufficient to establish the validity of the species. In the area of the 

eastern Mediterranean three species of Samotherium have been described to date; S. boissieri 

(Major 1888), S. neumayri (Rodler and W eithofer 1890) and S. major (Bohlin 1926). The 

latter is considerably larger than the other two species, and its dimensions correspond to the 

dimensions of the other large Samotherium form, the Chinese S. sinense (Schlosser 1903). 

Originally, S. major was included in the species S. boissieri. The first excavations that Forsyth 

M ajor conducted on Samos Island (Greece) at the end of the 19* century took place in many 

different localities. The stratigraphy was not considered and the collected Samotherium 

material was attributed to one species, S. boissieri (Major 1888). However, in some museums’ 

collections the material came from Icnown localities and reflects this difference. Bohlin (1926) 

was the first to notice the metrical and morphological differences in the material of 

Samotherium from Samos that was stored in some European museums. He considered that the 

larger specimens (which in some cases were significantly larger) belonged to a new variety, S. 

boissieri var. major (Bohlin 1926). In 1954 Senyurek elevated the variety to the species level 

after the discovery of new material in Taskinpasa (Turkey). He stated that the new species 

could be distinguished from S. boissieri from the larger dimensions of the skeletal elements, 

the elongation of the skull and the considerably more posterior position of the orbit (Senyurek 

1954). Geraads (1974, 1978) stated that the differences between S. boissieri and S. major 

were not so pronounced to justify the existence of two different species, and considered that 

the larger specimens belong to the subspecies S. boissieri major. Later, studying new material 

though from Kemiklitepe (Turkey) and considering new data about the stratigraphy of the 

fossiliferous localities (Solounias 1981) and the bonebeds of Samos Geraads (1994) 

concluded that S. major was indeed a different species from S. boissieri. In Samos the 

material attributed to the two species was collected from different stratigraphie levels and it is 

now clear that the two species never coexisted. Radiometric dating (Weidmann et al. 1984; 

Swisher III 1996) and magnetostratigraphic data (Sen and Valet 1986; Kostopoulos et al. 

2003) plus new excavations that took place in the mid nineties (Koufos et al. 1997) verified 

this hypothesis. The derived characters that S. major (found in the upper fossiliferous beds or 

“M ain Bone Beds”) presents, indicate that it clearly evolved from the ancestral S. boissieri
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(which was found in the lower beds of the sequence or “Old M ill Beds”) (Geraads 1994). 

Solounias et al. (2000) suggested that feeding adaptations were probably responsible for this 

spéciation. Bohlin (1926) suggested that S. boissieri and S. neumayri were only races of the 

same form. Though, differences in the proportions of their skeletal elements and in the 

morphology of the skull and the premolars support the validity of the two species (Geraads, 

1974, Hamilton 1978). The two larger representatives of Samotherium, S. major and S. 

sinense are also two distinct species. The postcranial elements of S. sinense are generally 

longer than S. major (Geraads 1994), while the upper and lower toothrows are evidently 

longer in S. major.

The length of the deciduous premolars row of the only maxillar or skull part from Kerassia is

90.2 mm. This value is within the range of the deciduous premolar row of S. major from 

Samos, which is between 82-94 mm (Bohlin 1926). It is longer than the 82.3-87.7 mm of S. 

boissieri f o m  Samos (NHML) but conversely it is shorter than the range of 96-102 mm of 

Bohlin’s S. sp I  from China (1926) and significantly shorter than the 108 mm of H. duvernoyi 

from Samos (Bohlin 1926). The teeth of this young calf are of course within the range of S. 

major, they are larger than those of S. boissieri, but smaller than those of S. neumayri, S. sp I, 

S. sinense and H. duvernoyi (Fig. 6 ). The curved posterior flange of the paracone in dM^ and 

dM'*̂  and its labially directed edge is a feature of Samotherium', unlike the straight flange 

found in Helladotherium (Geraads 1974). The elongated and low metastyle of dM^ is also 

evident in the dM^ of S. neumayri (Rodler and W eithofer 1890, fig 1, pi. IV) and S. sp I  

(Bohlin 1926, fig. 4, PL VI), as well as in the three juvenile maxilla specimens of S. boissieri 

from Samos stored in the NHM L (M4226, M4228, M4229) but is not present in H. duvernoyi 

(Bohlin 1926, textfig. 225). Similarly, the fold (bifurcation) on the external face of the 

anterior flange of the hypocone of dM^ and dM"  ̂is also found in S. neumayri (Rodler and 

W eithofer 1890, fig 1, pi. IV) and S. sp I  (Bohlin 1926, fig. 4, PL VI) but again it is absent in 

H. duvernoyi (Bohlin 1926, text fig. 227). In the specimen from Kerassia though, this fold in 

dM"  ̂is rather imperceptible. Thus, these two morphological features are probably diagnostic 

for the genus Samotherium. This fold (bifurcation) is not present in the dM"  ̂of the specimens 

M4228 and M4229 of S. boissieri from Samos, but it is clear in the two dM"  ̂of specimen 

M4226. In all specimens though, the reduced posterior flange of the protocone of the fairly 

worn dM^ is connected with the anterior flange of the hypocone so that the presence of this 

fold in dM^ can not be ruled out. Another feature that the four Samotherium species share is 

the strong and inclined paracone rib in dM^ and dM^. However, the “eperon hypoconal” in 

dM^ and dM"  ̂only exists in the specimen from Kerassia, whereas the labially projected



The Giraffidae from Kerassia 77

metastyle of dM^ and dM"  ̂can also be identified in the Maragha sample as well as in S. 

boissieri. Also, the islet at the posterior of dM^ is only seen in S. neumayri. The metacone at 

the labial crescent of dM^ in S. boissieri is strong and well defined, while, at the lingual 

crescent the protocone is clearly separated from the hypocone by a shallow funow  and is 

limited anteriorly by a deeper furrow which is followed by a well developed protoconule. 

None of the above characters was observed in the studied specimen. Nevertheless, the 

anterolingual furrow and the developed protoconule are evident in S. sp I. A  weak and low 

entostyle is clear in the dM^ of S. boissieri and S. sp. 7, whereas in the studied specimen a low 

cingulum occupies the base of the lingual side of the tooth and closes the valley between the 

two lobes.

The dimensions of the two mandible specimens from Kerassia indicate the existence of a very 

large individual. The length of the complete toothrow is longer than the 223 mm of the S. 

major mandible from Vathilakos (VAT 3, Greece) (Geraads 1974, 1978) and the 213 mm of 

the mandible from Tasldnpasa (Senyurek 1954). Bohlin (1926) also reports that the range of 

the toothrow length for S. major from Samos is 198- 217 mm, however, he mentions the 

existence of another larger specimen with a toothrow length of approximately 250 mm. 

Thereby, if this reference is considered valid, the studied mandible is within the range of S. 

major. The range of the toothrow length is between 178.11-188.7 mm for S. boissieri from 

Samos stored in NHML, 195 mm for S. neumayri from Maragha (de Mecquenem 1924), 190 

mm (Schlosser 1903) and 198 mm (Bohlin 1926) for S. sinense from China, 240 mm for 77. 

duvernoyi from Nildti (Nildti 2, Greece) (Kostopoulos et al. 1996) and 262 mm for 77. 

duvemoyi from Maragha (Kostopoulos et al. 1996). The two indices P/M  and P/PM  are 

respectively: 66.2 and 42.2 for S. major from Vathylaldcos, 55.5 and 35.7 for S. major from 

Tasldnpasa, 53.8-63.2 and 35.9-38.7 for S. major from Samos, 55.2-64.4 and 35.2-39.5 for S. 

boissieri from Samos (NHML), 59.2 and 37.9 for S. neumayri from Maragha, 67.8 and 41.1 

for Schlosser’s (1903) and 62.3 and 38.4 for Bohlin’s (1926) S. sinense specimen from China, 

61.7 and 38.3 for 77. duvemoyi from Nildti (Nildti 2, Greece) and finally 64.6 and 39.5 for 77. 

duvemoyi from Maragha. The studied toothrow is considerably longer than S. boissieri and S. 

neumayri and it is also longer than the other large Samotherium, S. sinense (Fig. 8). Its length 

is not only within the range of S. major but it is also within the range of 77. duvernoyi. The 

two indices of the studied specimen are also found within the range of S. major, but they do 

not seem to differentiate remarkably from the latter species. However, they tend to be lower 

than in S. boissieri and S. major indicating a relatively more reduced premolar row for these 

two species. Despite the accordance of the toothrow length with 77. duvernoyi, the
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morphology of the teeth and the mandible clearly coincides with Samotherium. The 

molarisation of P3 is such a morphological feature (Fig. 16). According to Geraads (1974, 

1978, 1986) the P3 is never molarised in H. duvernoyi, as well as in all the other members of 

the Sivatheriinae. Conversely, a molarised P3 is very often represented in the members of the 

Palaeotraginae, including Samotherium (Geraads 1974). However, in S. m ajorez  is always 

molarised (Geraads 1994), and resembles P4 strongly. The metaconid in the two premolars is 

never connected with the protoconid, but forms an elongated and continuous lingual wall with 

the paraconid, the parastylid and the metastylid. Kostopoulos et al. (1996) considered 

wrongly that the P3 in the mandible of H. duvernoyi from Nildti was molarised. In their text 

figure 7 it is obvious that the metaconid and the paraconid are connected with the protoconid. 

Moreover, the lingual wall of the tooth is not continuous as a valley clearly separates the 

metaconid from the paraconid. The fairly small third lobe of the M3 is another feature of the 

genus Samotherium (Geraads 1974). In H. duvernoyi the third lobe is considerably larger. Its 

lingual wall is found at the same level with the lingual wall of the other two lobes. In 

Samotherium the lingual wall of the third lobe is located more externally. The ridge of the 

lingual wall in S. boissieri extends towards the posterior flange of the entoconid, and in an 

advanced stage of wear it gets connected with it and with the posterior flange of the 

hypoconid. In S. major this ridge extends anteriorly and between the posterior flanges of the 

entoconid and the hypoconid. Lingually its anterior pait is covered by the posterior flange of 

the entoconid. In the studied specimen the entostylid in M i and M2 as in every Samotherium 

projects lingually, while in H. duvernoyi is not present.

The reduction index for the two premolars of the studied mandible is 0.31 for P3 and 0.27 for 

P4 . Similarly, the index for the S. boissieri from Samos (NHML) ranges respectively between 

0.28-0.34 and 0.18-0.29. The posterior region of P3 and P4 in Samotherium is quite reduced, 

and generally, the posterior region of P4 is more reduced than P3. In Palaeotragus and 

Helladotherium the posterior region is relatively more developed. The pattern of molarisation 

presented in the premolars of Samotherium is based on the development of the trigonid 

followed by a reduction of the talonid that tends to form a uni-lobe tooth (Hamilton 1978).

The ratio of the width against the length for P3 for S. major from Vathilakos and Tasldnpasa is 

respectively 0.64 and 0.67, and similarly the values for P4 are 0.82 and 0.73. The same ratios 

for S. boissieri from Samos are respectively 0.58-0.68 and 0.62-0.74, for Schlosser’s (1903) S. 

sinense specimen from China are 0.63 and 0.66, whilst for H. duvemoyi the values are 0.75 

and 0.81 for W agner’s specimen from Pikermi, 0.81 and 0.87 for the specimen from Nildti 

(Nildti 2) and equally 0.72 and 0.74 for the specimen from Maragha. Except from the extreme
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ratio of P4 of the studied specimen (0.95), the rest indicate that the premolars of H. duvemoyi 

are wider than the premolars of the three Samotherium species (Fig. 9). Similarly, the 

premolars of S. major compared with those of S, boissieri and S. sinense are clearly wider 

(Fig. 9). Furthermore, the P4 of S. major presents a tendency of shortening. The dimensions of 

the toothrows of S. major, as stated above, are significantly larger and the length of the first 

two premolais is clearly longer than in S. boissieri, S. neumayri and S. sinense. Therefore, a 

proportional length for the P4 would be expected. Instead, the P4 is either shorter (as in the 

mandibles from Vathilakos and Tasldnpasa) than the P4 of the three other Samotherium 

species, or as in the larger specimen from Kerassia shorter than its P 3 . The two ratios LP4/LP3 

and LP3/LP2 (Appendix 2 ) indicate the relative elongation /  shortening of the three premolars. 

It is evident that the values for the specimens from Vathilalcos and Tasldnpasa are lower 

compared to the other species. Hence, their P3 and P4 are relatively shorter. Kerassia’s 

specimen though presents an even lower LP4/LP3 indicating a much shortened P4 and a much 

higher LP3/LP2 for the elongated P3 .

The extreme and fairly abnormal shortening of the studied P4 along with the distortion of its 

morphological structure, possibly indicate a pathological cause. The tooth is significantly 

compressed anteroposteriorly. The anomalous position of the entostylid and the wide and 

fairly short hypoconid clearly demonstrate this compression. In the specimen from Vathilakos 

as well as in other Samotherium species the entostylid is oblique, pointing towards the 

posterolingual side of the tooth, and the hypoconid is narrow. Also, the anomalous position of 

the entoconid evinces that this compression caused the abnormal development of the tooth 

which happened during the early stages of its eruption. In ruminants the P4 erupts after the P3 

(Getty 1975). In this case the eruption of the tooth was probably further delayed, giving the 

opportunity to the P3 to develop freely and elongate. W hen the eruption of P4 started the space 

between P3 and Mi was already considerably confined, restraining the even development of 

the tooth. Thus, in order to fit in the existing gap the tooth was distorted and shortened. A 

similar condition was observed in the type species specimen of S. boissieri from Samos 

(NHML, specimen M 4215). The values of LP3/LP2 and LP4/LP3 for the premolars of the 

right mandible are respectively 1.32 and 0.94, indicating a similar shortening of P4 and 

elongation of P3. Unfortunately, the mandible is still attached to the skull, so the observation 

of the occlusal surface and of the morphology of the tooth is not possible. Another notable 

feature of the studied P4 is the strong anterolabial protostylid. The premolars of Samotherium 

do not usually present stylids. Except from Kerassia’s specimen, in a mandible of S. boissieri 

from Samos (NHML, specimen M 4235) a strong posterolabial stylid is present in all the three
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premolars. The presence of this stylid increases significantly the width of the first two 

premolais.

The dimensions of the long and robust skeletal elements are within the range of S. major. 

Obviously, these elements are longer and more massive than those of S. boissieri and most of 

them are longer than those of S. neumayri. M ost of them though are shorter than those of S. 

sinense. The length of some elements coincides with the range of H. duvemoyi elements; 

however, the latter are clearly more robust.

The rounded medial and lateral walls of the proximal epiphysis and the arrangement of the 

articular surfaces of the distal epiphysis of the radius in the studied specimens evidence the 

presence of Samotherium (Geraads 1974). They aie longer than S. boissieri, and shorter than 

S. sinense and H. duvernoyi, while they are within the range of S. major and S. neumayri 

(K1/A78) or relatively shorter (K1/A90) (Fig. 20). Nevertheless, the anteroposterior diameter 

of their proximal and distal epiphyses (Fig. 21) seems to be larger than S. neumayri and even 

S. sinence. At the proximal epiphysis the anterior rim of the lateral trochlear cavity is less 

prominent in S. boissieri, whereas it is more developed and confined by deeper fuiTows in S. 

sinense (Bohlin 1926, text figure 78). Conversely, the anterior wall of the epiphysis in H. 

duvernoyi is straight. The position and the shape of the muscle grooves and their ridges at the 

anterior of the distal epiphysis is another distinctive feature. In Samotherium the ridges are 

high and acute shaped, while in Helladotherium  they are low and rounded with shallow 

grooves between them. In the studied specimens the ridges aie very developed and especially 

the lateral ridge of the deep groove of the extensor carpi radialis muscle. In S. boissieri this 

ridge is not considerably higher than the medial one and the muscle groove is shallow. 

Although the lateral ridge is very developed in S. sinense (Bohlin 1926, text figure 80), the 

medial one is low and the muscle groove is also shallow. The groove of the extensor 

digitorum communis muscle is deep in S. sinense as in Kerassia’s specimens but it is 

relatively shallow in S. boissieri. In H. duvemoyi the groove is shallow and its opening is 

oriented more laterally. The transverse crest at the posterior of the epiphysis is more 

developed in S. sinense than in S. boissieri and Kerassia specimens, and it is very low in H. 

duvernoyi. The two crests of the semilunare surface in Samotherium have a similar length, 

while in Helladotherium the lateral is shorter than the medial one and also they are both more 

oblique (Geraads, 1974).
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Figure 20: Plot of length vs distal transverse diameter of the radius (measurements in mm). 
The legend for the symbols is presented in Figure 7.

Figure 21: Plot of distal transverse diameter vs distal anteroposterior diameter of the radius
(measurements in mm). The legend for the symbols is presented in Figure 7.
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The range of the length of the metacarpal is 402-419 mm for S. major from Salonica (Greece) 

(Geraads 1974) and 408-421 mm for S. major from Kemilditepe (Geraads 1994), while the 

length of a specimen from Samos (P. 10 1963), stored in the collections of AMPG that most 

likely belongs to S. major, is 386 mm. Similaily, the range for S. boissieri from Samos 

(NHML) is 327.8-358.7 mm, for S. neumayri from Maragha is 378-390 mm (Geraads 1974), 

for S. sinense from China is 425-466 mm (Bohlin 1926), for H. duvemoyi from Pikermi is 

400-427 (Geraads 1974; Melentis 1974, 1969; author’s measurements NHML) and for 77. 

duvemoyi from Nildti 1 is 444.5 mm (Kostopoulos et al. 1996). The length of the only 

complete specimen from K1 is within the range of S. major (Fig. 11). It is clearly longer than 

S. boissieri, slightly longer than S. neumayri, clearly shorter than S. sinense and slightly 

shorter than 77. duvemoyi. However, the distinction from 77. duvemoyi is obvious. The two 

crests at the palmar side of the bone are limited to the diaphysis as in Samotherium, while in 

Helladotherium  the crests are retained up to the lower epiphysis (Geraads 1974). The widened 

lower epiphysis with the relatively shortened anteroposterior diameter and the evidently 

naiTow diaphysis is another feature of Samotherium (Fig. 22).

The length of the studied tibia from Kerassia is 517.5 mm. It is within the range of S. major 

from Samos and Kemiklitepe; 510-550 mm (Geraads 1994). Whilst, it is longer than S. 

boissieri, S. neumayri and S. sinense, and shorter than 77. duvernoyi and B. attica (Fig.23).

The distinction between Samotherium and Bohlinia is very clear and due to the great length 

and the gracility of the tibia of the latter. The well developed tibial crest with the strong tibial 

tuberosity and the deep and wide tibial sulcus indicate a Samotherium. The posterior ridge of 

the proximal epiphysis is relatively straight in S. boissieri and S. sinense (Bohlin1926, text 

figure 113). In the studied specimen, however, the medial and lateral tuberosities project 

significantly to the posterior, fonning clearly between them a deep valley. In 77. duvemoyi 

only a lateral projection exists, limited to the very lateral edge of the epiphysis. At the lower 

epiphysis the reduced anterior part of the malleolar articular surface characterizes 

Samotherium and differentiates it cleaily from Helladotherium. In S. sinense though, the 

anterior surface is wider than the other Samotherium species (Geraads 1974). The fibular 

funow  in S. boissieri and S. neumayri is wide and shallow, while in the studied specimen it is 

clearly deeper. However, in S. sinense it is nanow  (Bohlin 1926, text figure 115), as it is also 

nanow  in 77. duvernoyi. In the latter the opening of the furrow is oriented laterally and is 

located at the middle of the lateral wall. Another strildng feature is the short imprint of the 

flexor digitorum longus muscle at the posterior of the lower epiphysis, and its position. In B. 

attica the imprint is very long and extends high in the diaphysis, and is located at the medial
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Figure 22: Plot of distal transverse diameter vs distal anteroposterior diameter of the 
metacarpal (measurements in mm). The legend for the symbols is presented in Figure 7.
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Figure 23: Plot of length vs distal transverse diameter of the tibia (measurements in mm).
The legend for the symbols is presented in Figure 7.
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edge of the posterior side of the bone. In H. duvernoyi the imprint of the muscle is short but 

longer than in Samotherium, and is similarly located at the posterior of the bone. In the 

studied specimen as well as in S. boissieri, the short imprint is located at the posterior part of 

the medial side of the bone. Therefore, the m uscle’s groove at the epiphysis in the two species 

as well as in S. neumayri (de Mecquenem 1924, plate II figure 5) is found more medially than 

in Bohlinia and Helladotherium.

Until now it has been considered (Bohlin 1926; Geraads 1994) that the Samotherium material 

from Samos stored in the NHM L was homogenous, came from the lower horizons, and was 

represented only by S. boissieri. However, the presence of specimen M5432 (a right tibia, 

with the distal epiphysis not fully fused, aiticulated with the tarsal bones and the proximal 

part of the metatarsal) with a length of 521.2 which is within the range of S. major, denotes 

the presence of S. major in the material. The darker colour of the bones also indicates that it 

was probably collected from another locality and most likely from the upper horizons of 

Samos. Thus, the collections in the NHM L possibly contain other specimens from the upper 

horizons.

The malleolus is clearly distinct from H. duvernoyi as the anterior part of the bone is clearly 

reduced. In addition the anterior part of the articular surface with the tibia is shorter and 

narrower, indicating a Samotherium. The anteroposterior and transverse diameters of the bone 

are larger than S. boissieri, shorter than S. sinense and similar to S. neumayri (Fig. 24). 

However, its height is considerably increased, due to the long fibular process and the very 

eminent anterior part of the distal articular surface; the ratio height/DAP is 0.82 for the 

specimen from Kerassia, 0.68-0.79 for S. boissieri from Samos (NHML), 0.61-0.75 for S. 

neumayri from Maragha, 0.51-0.55 for S. sinense form China and 0.61-0.66 for H. duvernoyi 

from Pikermi.

The absence of the notch from the medial ridge of the plantar trochlea of the astragalus and 

the shallow proximal intertrochlear groove differentiate the studied material from H. 

duvemoyi. Nevertheless, the presence of a rounded depression at the base of the lateral 

margin of the plantar trochlea is indicative of Samotherium. This rounded depression does not 

exist in B. attica. In addition, in Samotherium the plantar trochlea becomes narrower towards 

the top and is clearly separated from the proximal trochlea with a groove, while in B. attica 

the proximal part of the plantai' trochlea widens to the top and its medial edge is directed 

towards the medial proximal trochlea forming with the medial trochlea a continuous
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Figure 24: Plot of anteroposterior diameter vs transverse diameter of the malleolus 
(measurements in mm). The legend for the symbols is presented in Figure 7.
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Figure 25: Plot of maximum (lateral) length vs distal transverse diameter of the astragalus
(measurements in mm). The legend for the symbols is presented in Figure 7.



The Giraffidae from Kerassia 83

posteromedial ridge. The prominent rim  of the medial proximal trochlea is present in the 

studied specimen but was not recognised in S. sinense (Bohlin 1926, table IX, figures 3, 4). 

The studied specimens are longer and more robust than S. boissieri, but they are shorter than 

S. sinense (Fig. 25, 26). They are within the upper range of 94-102 m m  of S. neumayri from 

Maragha (Rodler and W eithofer 1890) and the 97.2-106.6 mm range of the five specimens 

under the number M3876 stored in the collections of NHML that most likely belong to S. 

neumayri. Although they are shorter from the two specimens of S. major from Tasldnpasa 

(106 and 107 mm; Senyurek 1954) and also from the two specimens of S. major from Samos 

stored in AMPG (12/88 PG 102 and 12/88 PG 106, 109 and 108.8 mm respectively), they are 

slightly longer than the 100 mm of the large Samotherium  specimen from Samos described by 

Schlosser (1904).

The distinctive triangular shape of the body of the five calcaneus and the wide anterior part of 

the malleolar aiticular surface evinces the presence of Samotherium. In H. duvernoyi the body 

of the calcaneus is clearly rectangular, as the dorsal and plantar crests are parallel and the 

anterior part of the malleolar surface is relatively narrow. Although the length of B. attica is 

compatible with the length of S. major and S. neumayri, the gracility as well as the shorter 

proportions of the other measurements make the distinction from Samotherium  species 

obvious (Fig. 27). The five calcaneus are longer and more massive than those of S. boissieri. 

They are slightly shorter than S. sinense and they are within the range of S. major and S. 

neumayri. The strongly asymmetric tuber calcanei of S. sinense (Bohlin 1926) is clearly 

different from the symmetric tuber of S. neumayri and S. boissieri (Geraads 1974) or the 

slightly asymmetric tuber in the studied specimens (Fig. 181, 28). The latter though are also 

clearly separated from S. boissieri and S. neumayri as at the medial side of the anterior part of 

the malleolar articular surface they present a deep concavity, which is not found in the other 

two. In the collections of the NHML except from the already mentioned articulated hindlimb 

specimens M5432, specimen M 4282(311) from Samos is also larger than the other S. 

boissieri specimens and therefore it probably belongs to S. major. Similarly the three 

specimens under the number M3888 and two under the number M7433 from Maragha most 

likely belong to S. neumayri.

The great width of the scaphocuboideum of H. duvernoyi is a first diagnostic feature for the 

distinction from Samotherium. The relatively low plantar peak of the medial concavity is a 

feature of Samotherium. The plantar end of the articular surface of the calcaneus stops at the 

lateral side of the peak of the lateral concavity while in H. duvernoyi and B. attica it turns
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Figure 26: Plot of maximum medial anteroposterior diameter (a) vs maximum lateral 
anteroposterior diameter (P) of the astragalus (measurements in mm). The legend for the 
symbols is presented in Figure 7.

240

Figure 27: Plot of length vs maximum transverse diameter at the sustentaculum tali of the 
calcaneous (measurements in mm). The legend for the symbols is presented in Figure 7. The 
large purple dot with the orange rim belongs to specimen M4282(311) from the NHML 
collections of Samos that is grouped with the calcanei of S. boissieri. Metrically though, as it 
is clear from this and the following plot, it fits with the dimensions of B. attica.
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Figure 28: Plot of transverse diameter (a) vs anteroposterior diameter (P) of the tuber 
calcanei (measurements in mm). The legend for the symbols is presented in Figure 7. The 
large purple dot with the orange rim as in figure 27.
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Figure 29: Plot of length vs maximum maximum width of scaphocuboideum (measurements
in mm). The legend for the symbols is presented in Figure 7.



The Giraffidae from Kerassia

around the peak. As a result the furrow on the plantar side of the bone is wider in 

Samotherium. The studied specimens are within the range of S. major, they are larger than S. 

boissieri and B. attica, and shorter than S. sinense (Fig. 29). Besides, the elongated 

anteroposterior diameter is one of the distinctive chaiacters of the latter. Another feature used 

for the distinction is the contact of the distal apophysis of the plantar ridge with the 

metatarsal, which was not observed in specimen K1/A247/2 which was found articulated with 

a metatarsal. As for S. neumayri the lack of compatible measurements in the literature did not 

allow the metrical correlation. Flowever, in the collections of NFIML specimen M3877 from 

Mai'agha could be attributed to S. neumayri. Metrically it coincides with S. major and the 

studied specimens. The complete absence though of the posterior metatarsal facet (Geraads 

1974) and in addition the reduced medial ridge and the reduced lateral tuberosity differentiate 

it from the studied specimens and S. major.

The dimensions of the three large intermediolateral cuneiform specimens from K1 are clearly 

larger than S. boissieri and also clearly smaller than S. sinense (Fig. 30); their anteroposterior 

and transverse diameters are similai- with those of H. duvernoyi, however, the thickness in H. 

duvernoyi is greater.

The length of the two metatarsal bones from Kerassia is 417.6 and 426.7 m m  and their 

robusticity indices are 11.9 and 12 respectively. The range of the length of the metatarsals of 

H. duvernoyi from Pikermi is 433-465 mm (Melentis 1974; Geraads 1974; Gaudry 1862; 

Bohlin 1926; collections of NHML) and equally the robusticity index ranges 10.4-14.1, while 

in H. duvernoyi from Nildti this is respectively 457.6-460mm and 10.4-11.4. Equally the 

values for S. sinense from China are 495-540 mm (Bohlin 1926; Geraads 1974) and 9.44, for 

S. neumayri from Maragha are 402-444 mm (Geraads 1974; Rodler and W eithofer 1890) and 

10.7-13.7, for S. boissieri from Samos (NHML) are 349.9-412.2 and 10-12.7, while for S. 

major from Kemilditepe the values are 462 mm (Geraads 1994) and 11.7, and for S. major 

from Vathilakos the length is 455 mm (Geraads 1974). It is clear that the studied metatarsals 

are longer and more robust (Fig. 31) than those of S. boissieri, although there is the exception 

of specimen M4289(81) from Samos that is remai'kably robust. It is also clear that they are 

shorter than the robust metatarsals of H. duvernoyi and considerably shorter than the 

elongated and thus slender metatarsals of S. sinense (Fig. 31). They are within the range of S. 

neumayri, but they are shorter than the two known specimens of S. major. However, after 

comparing the wider range of values of the other species, one can conclude that the length of 

the metatarsal specimens of S. major most likely had a wider range of values. The seemingly



Figure 30: Plot of anteroposterior diameter vs transverse diameter of the intermediolateral 
cunéiforme (measurements in mm). The legend for the symbols is presented in Figure 7.
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Figure 31: Plot of length vs distal transverse diameter of the metatarsal (measurements in
mm). The legend for the symbols is presented in Figure 7.
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narrow range may reflect the small number of discovered bones or the lack of data from the 

literature. In addition to the relative slenderness of the metatarsals of Samotherium  species the 

following makes the distinction from H. duvernoyi clear: the very developed and prominent 

medial tubercle at the plantar side of the bone with the small protuberance in the medial 

furrow of the bone, and the tubercle found between the medial and the lateral ones, with the 

eminent process at the top (Fig. 32A, C). In H. duvernoyi the medial and lateral tubercles are 

found at the same level and are connected by a thin ridge (Fig. 32D). Also, the small 

protuberance found in the medial fuiTow in front of the medial tubercle in Samotherium, 

remnant of the first metatarsal, is not present in H. duvernoyi. The great length and the very 

prominent medial tubercle plus the fairly reduced lateral tubercle differentiate S. sinense from 

the other Samotherium  species. Similarly, the shorter metatarsals of S. boissieri can be easily 

distinguished from the other Samotherium  species. Moreover, the medial tubercle is less 

prominent and the lateral one more developed (Fig. 32C). (Among the material of S. boissieri 

from Samos stored in NHM L there are a few specimens with their proximal articular surface 

distorted.) The well defined and strong lateral tubercle (present in the studied specimens) is 

probably one of the distinctive features for S. major, as well as the deep furrow that confine it 

laterally (Fig. 32A). This tubercle is not so developed and the lateral furrow is shallower than 

in the other Samotherium  species.

The studied material from Kerassia belongs to a large Samotherium, S. major. It was 

identified in both horizons and more specifically in sites K1 and K4. Nevertheless, its 

presence in the lower horizon is marked only by two mandible specimens. For the moment, 

among the prepared material from the lower horizon there is no postcranial material that could 

be associated with the two mandibles, which most likely belong to the same individual, or 

with S. major in general. Articulated and associated specimens have been found in site K l. 

The right metatarsal K1/A247/1 was found articulated with the scaphocuboideum K1/A247/2 

and the cuneiform K1/A247/3 and probably is associated with the right calcaneus that was 

found nearby. Similarly, the left tibia (K1/A341/1), the left astragalus (K1/A342), the left 

scaphocuboideum (K1/A346) and the left cuneiform (K1/A341/2) were collected from the 

same area and are also associated with each other. Probably other bones could belong to the 

same individuals. The skeletal material from site K l belongs at least to three individuals. To 

date, S. major, except from Kerassia, has been reported in only four other localities, namely 

Samos (Bohlin, 1926), Tasldnpasa (Senyurek 1954), Vathylaldcos (Geraads 1974, 1978), and 

Kemilditepe (Geraads 1994). These localities are found all around the Aegean Sea. With the 

addition of the Kerassia specimens the presence of S. major is to date limited to this relatively



Figure 32: A. S. major, right Mtm+iv. K1/A247/1, proximal articular surface. B. B. attica, left 
Mt in+iv, Ke 163, proximal articular surface. C. S. boissieri (Samos, NHML), left Mt m+iv, 
proximal articular surface. D. H. duvernoyi, right Mt m+iv. K1/A83, proximal articular surface.



The Giraffidae from Kerassia 86

small palaeogeographic area. If this is a reflection of S. m ajor’s true range certain 

palaeoenvironmental and/or palaeoclimatological conditions did not allow S. major to migrate 

and expand further.

(Subfamily SIVATHERIINAE Zittel, 1893)

Genus HELLADOTHERIUM Gaudry, 1860

Type species. Helladotherium duvernoyi Gaudry, 1860, from Pikermi, Greece

Helladotherium duvernoyi Gaudry, 1860

Diagnosis. A Sivatherine of great size with long and fairly robust long bones and relatively 

long upper and lower premolar rows. P 3 is always not molarised.

Material. Right maxilla part with P^-M^ (K1/A75/1), left I3 (K4/A350), left humerus 

(K4/A110/7), right radius (K1/A155, K4/A110/2), right distal part of radius (Ke 164), left 

proximal part of radius (K4/A133/6), left Mcm+iv (K1/A82, K4/A119/33), left distal part of 

Mcni+iv (K4/A86/1, K4/A340/11), right distal part of Mcm+iv (Ke 99/41), forelimb phalanx I 

(K3.4), right distal part of tibia (K4/A81), left malleolar (K4/A314/6), right astragalus 

(K1/A22, K4/A6/1, K4/A314/2,7), left calcaneus (K4/A62, K4/A331/2) right distal part of 

calcaneus (K4/A314/6), left scaphocuboideum (Ke 99/43, K4.8), right scaphocuboideum 

(K4/A314/1), right M t ni+iv (K 1/A83, K4/A331/1), left proximal part of right M t m+iv 

(K1/A153), right proximal part of Mtm+iv (K4/A388/6), hindlimb phalanx I (K4/A354).

Description. The cranial material (Appendix 1) is limited to a maxilla part with P^-M^ from 

site K l (Fig. 33A, B) and an I3 from K4 (Fig. 33C). Among the six teeth of the maxilla only 

M^ is intact. Unfortunately, this specimen was exposed on the surface of the roadside cutting 

wall and was badly damaged by erosion before its collection. Despite this, most of the M2 and 

the lingual parts of M \  P^ and P^ have been preserved (Fig. 33A, B). The preservation of a 

significant part of P^ allowed the almost accurate measurement of the length of the toothrow 

which is 214 mm. The accurate measurement of the length of the molar and the premolar row 

was not possible as the labial part of M^ and P"̂  were destroyed. However, approximate 

measurements were taken in order to provide values for the estimation of indices and
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Figure 33: A. H. duvernoyi, right maxilla part with P̂ -M̂ , K1/A75/1, occlusal view (scale 
bar 10cm). B. H. duvernoyi, right maxilla part with P̂ -M̂ , K1/A75/1, lingual view (scale bar 
10cm). C. H. duvernoyi, left I3, K4/A350, labial view (scale bar 2cm).
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correlations. For the same reason the damaged teeth were measured, measuring the borders of 

alveolar cavities when the walls of the teeth were not available. Hence, the actual dimensions 

of these teeth would be larger. So, the approximate lengths of the premolar and molar 

toothrows are respectively 94.9 and 127.5 mm. The indices P/M  and P/PM  are respectively

74.4 and 44.4, and thus indicate a relative shortening of the premolar row. From the 

remaining lingual portions of the first two premolars it is rather clear that their lingual 

crescents ai'e fairly elongated and further-more P^ is probably longer than P^and P"*̂. In the 

preserved lingual parts of the three molars it is clear that the lingual wall of the lobes is 

rounded. The protocone in M^ and M^ is very developed and fairly wider than the hypocone. 

The short posterior flange of the protocone has a transverse position and is directed labially 

and not towards the anterior flange of the hypocone. The antei-ior flange of the protocone in 

M^ is connected with the parastyle. The anterior flange of the hypocone is long and is directed 

towards the paracone. However, it does not confine the posterior flange of the protocone. The 

posterior flange of the hypocone is connected with the metastyle, and on its internal wall a 

feeble enamel fold is clear that coiTesponds to an “eperon hypoconal” . It is obvious that the 

labial crescents of the molars are significantly higher than their lingual ones. The paracone is 

very strong and a developed rib is found on its labial wall. A fairly developed parastyle is 

found at its anterior, while its posterior flange is straight and not connected to the mesostyle. 

The latter is also developed and fairly prominent, covering lingually the posterior flange of 

the paracone. The metacone is not very developed and its imperceptible rib forms a relatively 

flat lingual wall. In addition the metastyle is strong, and thus the lingual wall is concave. A 

very robust third incisor was found in site K4; its length is 16.5 mm, its width is 14.8 mm and 

its height is 29.9 mm. The general shape of the tooth is triangulai'. It is wide at the top of the 

crown but gradually it gets more narrow towards the root at the base of the tooth. In addition, 

the external side is considerably wider than the internal side.

Among the long and robust long bones attributed to this species (Appendices 3 -  13), an 

almost complete humerus is present; the head and part of the trochiter are broken (Fig. 34A, 

B). At the posterolateral of the upper part of the bone the tricipital ridge is clear and strong. 

The ridge continues to the anterolateral side of the bone as a strong but not very prominent 

deltoid tuberosity. The transverse diameter of the proximal part of the bone is increased and 

thus the bone is fairly wide, whilst it is narrow across its anteroposterior diameter. At the 

distal epiphysis the trochlea is higher than the condyle. The concave surface of the lateral 

trochlea is deep and wide and is limited laterally from the condyle with a strong keel. The 

triangular coronoid fossa has a wide base. The supracondylar crest is very developed and is



Figure 34: A. H. duvernoyi, left humerus, K4/A110/7, anterior view (scale bar 10cm). B. H. 
duvernoyi, left humerus, K4/A110/7, posterior view (scale bar 10cm). C. H. duvernoyi, right 
radius, K4/A110/2, anterior view (scale bar 10cm). D. H. duvernoyi, right radius, K4/A110/2, 
posterior view (scale bar 10cm). E. H. duvernoyi, right distal part of radius, Ke 164, anterior 
view (scale bar 10cm). F. H. duvernoyi, left Mcm+iv, K4/A119/33, anterior view (scale bar 
10cm). G. H. duvernoyi, left Mcm+iv, K1/A82, anterior view (scale bar 10cm). H. H. 
duvernoyi, right distal part of tibia, K4/A81, posterior view (scale bar 5cm). I. H. duvernoyi, 
right distal part of tibia, K4/A81, anterior view (scale bar 5cm). J. H. duvernoyi, right distal 
part of tibia, K4/A81, distal view (scale bar 5cm).
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expanded laterally following the development and the widening of the lower epiphysis. The 

epicondyle and the epitrochlea are slightly gnawed; however, it is clear that the strong 

epitrochlea is longer than the epicondyle. The profile of the epitrochlear angle is slightly 

obtuse. The olecranon fossa is U-shaped, relatively long and wide (Fig. 34B). Its proximal 

end is not well defined as it continues in the diaphysis as a shallow concavity.

From the four specimens of radius that were collected from sites K l and K4 only one is 

complete; a very long and robust specimen (K4/A110/2) with a length of 634.4 mm (Fig. 34C, 

D). Also, in another specimen from K l with a channelled diaphysis and proximal part the 

length is approximately 536.4 mm. The overall shape of the bone is rectangular and the 

epiphyses are wider than the diaphysis. However, the widening is not sharp but the upper and 

lower parts of the diaphysis gradually get wider. The medial wall of the upper epiphysis is 

rather rectangular. The anteroposterior diameter of the lateral pait of the epiphysis is 

significantly shorter than the diameter of the medial part. The anterior rim  of the deep and 

concave lateral trochlea is also concave. Nevertheless, the anterior wall of the epiphysis is 

straight. The lateral tuberosity as well as the bicipital tuberosity is feeble. At the lower 

epiphysis, the ulnar and radial styloid processes are well developed and prominent (Fig. 34D). 

The articular surface for the scaphoideum is wide and rounded but it gets gradually narrower 

towards the posterior where the rim  is concave and is directed towards the posterior.

Similarly, the anterior part of the articular surface for the semilunare is wide and becomes 

very narrow towards the posterior, where it presents a concave posterior rim. The medial crest 

of the semilunare is longer than the lateral one. As a result, the strong and fairly prominent 

posterior edge of the medial crest is considerably higher than the lateral crest. Also, the two 

crests do not seem to be paiallel, and the transverse crest at the posterior of the epiphysis is 

not very developed. The articular surface for the ulnaie is wide and the whole distal surface of 

the ulnar styloid process is long. In addition, the ulnar styloid process is laterally placed, 

which also indicates a relative widening of the lower epiphysis. The groove of the extensor 

carpi radialis muscle at the anterior of the epiphysis is very wide, shallow and U-shaped (Fig. 

34E). The two ridges are strong, rounded and have a similar height despite the fact that the 

lateral one is slightly stronger. The groove is located above the medial semilunaie ridge and 

the lateral part of the articular surface of the scaphoideum. The groove for the extensor 

digitorum communis muscle is also shallow and relatively wide with a rounded lateral ridge; 

its opening is directed anterolaterally. In the same regard the groove for the abductor digiti I 

longus muscle is shallow and relatively nan'ow and is located more medially at the 

anteromedial side of the bone. The lower epiphysis presents a relative widening of the
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transverse diameter and a reduction of the anteroposterior diameter; the latter probably due to 

the low anterior ridges.

Two complete specimens and three distal parts of very robust metacarpals were collected 

from both horizons (sites K l and K4). The specimen from site K4 is comparatively very long 

(Fig. 34F), whereas the specimen from site K l is considerably shorter (Fig. 34G). The length 

of the specimen from K4 is 442.7 mm and from K l is 399.5 mm respectively. Similarly the 

robusticity index for the two specimens is 15.4 and 16.3 respectively, indicating some very 

robust metacarpals with very wide diaphysis. Despite this significant difference in the length, 

the other dimensions are relatively close and in particular the DAP and DT of the proximal 

epiphysis are greater in the second specimen from K l. The overall shape of the proximal 

epiphysis is triangular as the DAP of its lateral part is considerably shorter than the DAP of 

the medial part. This smooth reduction is mirrored on the anterior wall of the bone. The ridge 

that separates the two articular surfaces is straight or slightly curved as in K1/A82 and is 

attached to the lateral side of the broad synovial fossa. In specimen K4/A119/33 at the 

posteromedial and posterolateral sides two small elongated bones are obvious. Possibly these 

two bones represent the remaining second and fifth metacarpals. The posterior sulcus is deep 

and U-shaped, and the two crests are strong and they are retained until the lower epiphysis. 

The keels at the lower epiphysis are very prominent and strong. The anteroposterior diameter 

in both the lower and upper epiphysis is increased in the studied specimens.

A robust distal part is the only tibia specimen that could be referred to this species (Fig. 34H- 

J). The preserved portion of the diaphysis is fairly wide. The shape of the lower epiphysis is 

generally quandrangular, despite the fact that the medial cochlea is longer than the lateral one. 

In addition it is wider, whereas its anterior part becomes very narrow and continues almost to 

the anterior of the epiphysis where it is confined by a low and thin ridge. The medial 

malleolus is triangular, strong and fairly thick, with a very slanting posterior edge and a 

relatively long and straight remaining medial ridge. The medial tuberosity is very developed 

and long (Fig. 34J). The groove for the flexor digitorum longus muscle is deep and relatively 

wide, while its opening is clearly directed posteriorly (Fig. 34H). The imprint of the muscle is 

short and it tapers and fades in the lower part of the diaphysis (Fig. 34H). Its position is at the 

posterior of the posteromedial crest of the bone. Although the posterior part of the articular 

surface of the malleolus is broken, it is still clear that the surface is strong and well developed. 

The anterior part, confined by a wide and rather shallow fibular furrow, is narrow but fairly 

long. The intertrochlear crest is narrow and relatively high. The eminent edge at its anterior is
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triangular and it is also very developed and very wide (Fig. 341). The peak of the eminence is 

not acute but is more trapezoid and broad. A wide, fairly deep and obtuse V-shaped concavity 

is located at the anterior wall of this eminence; the concavity is long and fades away in the 

diaphysis (Fig. 341, J). The posterior edge of the crest continues medially as a strong and 

fairly prominent process, and laterally as a wide, shallow and very short furrow.

A malleolus articulated with the calcaneus and the astragalus was collected from site K4. Due 

to this articulation and the damaged proximal part of the bone, it was not possible to examine 

certain features. Despite this, the very long anteroposterior diameter of the bone, as well as 

the fairly long and relatively narrow anterior part of the proximal articular surface, are still 

evident.

Three long specimens of astragalus are referred to this species. The prominent posterior edge 

of the lateral crest of the proximal trochlea is well developed, triangular shaped and has a 

rather acute peak (Fig. 35A, D). Furthermore, it is fairly high and in particular significantly 

higher than the medial crest of the trochlea. The proximal part of the latter is strong and thick; 

this is also due to a strong tubercle found on the medial wall of the crest. However, the 

anterior part of the crest becomes gradually very thin, while conversely the anterior part of the 

lateral crest becomes thicker (Fig. 35B). The intertrochlea groove is deep and fairly wide both 

proximally and anteriorly. As a result the mesial wall of the lateral trochlea crest is steep. The 

furTow that separates the proximal trochlea from the plantar one is not continuous but is 

clearly separated into an oblique, shallow and wide medial one, and a triangular shaped and 

wide (deep also in specimen K1/A22) lateral one (Fig. 35A, D). This triangular shaped furrow 

continues laterally upon the prominent posterolateral tubercle. The plantar trochlea is slightly 

concave, while, the medial crest is more lifted up than the lateral crest. The two crests of the 

trochlea are straight and parallel (Fig. 35A, D). However, the distal part of the medial crest is 

interrupted by a very developed notch. The notch sections the medial crest forming a 

triangular oblique imprint (Fig.35C); in specimen K1/A22 this is accompanied by a shallow 

furrow. This notch is created by the sliding of the posteromedial eminent peak of the 

scaphocuboideum of the astragalus. This sliding surface is clear at the distal part of the crest 

below the triangular notch. The lateral wall of the distal part of the lateral crest is also 

interrupted by a concavity. The anteroposterior diameter of the medial side of the bone is 

considerably longer than the lateral one. The fuiTow for the malleolus at the lateral side of the 

bone is shallow. A very low ridge separates it from the proximal articular surface of the 

calcaneus. Between the ridge and the distal ellipsoid facet the concavity is deep and wide. The



Figure 35: A. H. duvernoyi, right astragalus, K4/A6/1, posterior view (scale bar 5cm). B. H. 
duvernoyi, right astragalus, K4/A6/1, anterior view (scale bar 5cm). C. H. duvernoyi, right 
astragalus, K4/A6/1, medial view (scale bar 5cm). D. H. duvernoyi, right astragalus, K1/A22, 
posterior view (maximum length 111.5mm). E. H. duvernoyi, left calcaneus, K4/A62, medial 
view (scale bar 10cm). F. H. duvernoyi, left calcaneus, K4/A62, dorsal view (scale bar 10cm). 
G. H. duvernoyi, left calcaneus, K4/A62, tuber calcanei (scale bar 2cm). H. H. duvernoyi, 
right Mt iii+iv, K4/A331/1, anterior view (scale bar 10cm). I. H. duvernoyi, right Mt m+iv, 
K4/A331/1, posterior view (scale bar 10cm). J. H. duvernoyi, right Mtm+iv, K1/A83, anterior 
view (scale bar 10cm).
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crests of the distal trochlea are strong and the lateral one in particular is strong and wide. The 

intertrochlear groove is wide. At the anterior the distal trochlea is separated from the proximal 

one with a narrow, shallow but continuous funow  (Fig. 35B). The anterior edge of the 

proximal medial trochlear crest is fairly prominent and projects medially (Fig. 35B). The 

anterior cavity is very wide and deep (Fig. 35B).

One complete and two broken robust specimens of calcaneus were found in site K4. The 

length of the complete specimen is 216.46 mm (Fig. 35E-G). The dorsal and plantai' crests of 

the bone are parallel and the overall shape of the body of the bone is rectangular. The top of 

the articular surface of the malleolus is considerably higher than the top of the beak of the 

dorsal crest (Fig. 35E). The posterodorsal tubercle is strong but low. The triangular tuber 

calcanei is very strong and asymmetrical as its medial part is more developed (Fig. 35G). The 

index “tuber calcanei width /  tuber calcanei height” for the complete specimen is 0.96 

indicating a significantly wide tuber. The groove for the flexor digitorum superficialis is 

shallow and wide. The sustentaculum tali is strong and wide, while the articular surface for 

the plantar trochlea of the astragalus is slightly concave. The furrow of the sinus tali is 

shallow and is limited plantarly by strong and high ridge. On the surface the distal articular 

facet for the astragalus is short and limited to the anterior of the surface. The articular surface 

for the scaphocuboideum is long and curved. The posterior part of the articular surface for the 

malleolus is wide and strong, while the axis of the cylinder is inclined towards the medial of 

the bone (Fig. 35F). Conversely, the anterior part is very naiTow and short (Fig. 35F).

Three complete or slightly damaged robust specimens of scaphocuboideum from sites K l and 

K4 are inferred to this species. The medial concavity is longer and wider than the lateral one. 

The culminant peak of the medial concavity is fairly high and acute, while the plantar peak of 

the lateral concavity is weak and relatively low (Fig. 36C). The valley between the two peaks 

is wide but shallow and is found at the same level.with the aiticular surface for the calcaneus. 

The ridge between the two concavities is low and its dorsal end is a strong triangulai' 

eminence. The articular surface for the calcaneus continues plantarly behind the peak of the 

lateral concavity (Fig. 36A, C). At the plantai' side (Fig. 36B, C), the valley between the peaks 

continues as a wide furrow that maintains its width from top to bottom. The medial vertical 

crest is strong and prominent. The lateral tuberosity is weak and is located at the plantar part 

of the lateral wall. On the lateral side of the bone, the shallow, oblique groove of the peroneus 

longus muscle continues on the distal side of the bone where it gets deeper and wider. It 

separates the anterior articular surface for the metatarsal from an elongated and nanow  facet



Figure 36: A. H. duvernoyi, left scaphocuboideum, Ke 99/43, proximal view (scale bar 5cm). 
B. H. duvernoyi, left scaphocuboideum, Ke 99/43, distal view (scale bar 5cm). C. H. 
duvernoyi, left scaphocuboideum, K4.8, proximal view (scale bar 5cm). D. H. duvernoyi, 
phalanx I, K3.4, anterior view (scale bar 5cm). E. H. duvernoyi, phalanx I, K3.4, abaxial view 
(scale bar 5cm). F. H. duvernoyi, phalanx I, K3.4, posterior view (scale bar 5cm). G. H. 
duvernoyi, phalanx I, K4/A354, axial view (scale bar 5cm). The arrows in figures D, E and F 
show the osseous growth on the abaxial side of the phalange. The dashed line arrow in figure 
F shows the position of a minor osseous growth and the healed infected lesion.
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for the posterior metatarse facet. The naiTowness of the facet explains the weakness of the 

lateral tuberosity. On the medial wall of the bone the groove for the tibialis cranialis muscle is 

not only shallow and wide but it is also curved. Its plantar ridge is very developed and forms a 

very prominent protuberance.

The metatarsal bones are represented by two complete specimens and two proximal parts. The 

length for the specimen from K l is 429.8 mm (Fig. 35J) and for the longer one from K4 460.3 

mm (Fig. 35 H). Their robusticity indices are respectively 13.7 and 13.5, indicating some very 

robust animals. At the plantar side the lateral and medial tubercles of the proximal epiphysis 

are slightly prominent and are both found at the same level, despite the fact that the medial 

tubercle is fairly more developed than the medial one. At the anterior of the lateral tubercle 

only a shallow imperceptible furrow is present, but conversely a fuiTow is not observed at the 

medial wall. The two tubercles at the plantar face of the epiphysis are connected with a 

transverse, narrow and eminent ridge. In the middle, the ridge is higher and bulges slightly 

plantarly, forming two imperceptible furrows medially and laterally with the two tubercles. At 

the anterior, the medial crest of the bone is more developed and considerably more prominent 

than the lateral one. A V-shaped valley is found between the two crests at the upper part of 

the bone, which continues distally as the anterior sulcus. The posterior sulcus is wide and both 

crests are strong and they continue down to the distal epiphysis (Fig. 351). The DAP of the 

distal epiphysis, compared with the DT is relatively increased. The lower part of the diaphysis 

widens gradually towards the wide lower epiphysis.

Two robust and long first phalanges are also refened to this species. According to Geraads 

(1974) the shape of the proximal articular surface of the forelimb digits in giraffidae is more 

quandrangular, in contrast to the clearly rectangular shape of the digits of the hindlimb. So, 

the specimen from site K4 (a quandrangular shaped one) is probably a very robust forelimb 

digit (Fig. 36G). The sagittal groove at the proximal articular surface is deep and fairly wide. 

The dorsal wall of the articular surface is bulging and prominent, with a small indentation at 

the upper part. The sesamoid tuberosities at the posterior of the bone are very strong and thick 

but they are also relatively short. The sulcus between the two tuberosities is wide. Another 

distinctive feature is the high abaxial wall of the diaphysis. The second specimen from site K3 

comprises a very long and very robust second digit, which, similarly can be attributed due to 

its rectangular shape to a hindlimb one (Fig. 36D-G). The cochlea is long and deep but fairly 

narrow and the dorsal and plantar edges of the two articular surfaces end to eminent peaks. 

The dorsal wall of the articular surface also presents a strong and prominent bulge, but not as
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Strong as in the forelimb digit, with an indentation at the upper part. The axial sesamoid 

tuberosity is long and narrow with a strong protuberance at its distal part, whereas the abaxial 

tuberosity is short but very thick. Moreover, the sulcus between the two tuberosities is 

narrow. The most interesting aspect though in this digit is its distorted abaxial wall and the 

osseous growths in the middle of the diaphysis and the dorso-abaxial part of the distal 

epiphysis (Fig. 36D-G). It is evident that the transverse diameter of the diaphysal part of the 

bone has been widened by the increment of the distorted abaxial wall (Fig. 36G, F). A large 

triangular shaped tubercle, which probably represents a co-ossified bone flake (splinter), is 

seen projecting abaxially just bellow the abaxial sesamoid tuberosity (Fig. 36F, G). Its distal 

part is connected with the proximal edge of the abaxial part of the distal trochlea. Another 

small tubercle projects abaxially at the dorsal edge of the abaxial part of the distal trochlea. 

Also, an unusual bulging is found at the distal part of the axial wall of the diaphysis.

Discussion. In the studied material, a second large but more robust species than S. major is 

represented. As mentioned above numerous moiphological features of the skeletal elements 

diversify the two large giraffid genera of Late Miocene; Helladotherium  and Samotherium. 

Features such as the very robust long bones and the elongation of the premolar row indicate 

the presence of Helladotherium. Helladotherium  is a very common representative of the Late 

Miocene faunas in Eurasia. Its presence has been reported in a large number of localities 

across Europe and W est Asia. To date only two species of Helladotherium  are generally 

accepted: H. duvernoyi and H. grande (Lydeldcer 1883). The latter, which is generally larger 

than H. duvernoyi, has only been identified in the localities of Siwalik (Paldstan). A third 

species, H. gaudryi that was established by De Mecquenem in 1924 was later considered a 

synonym of H. duvernoyi (Geraads 1974).

Although H. duvernoyi is considered to be a very common finding in the Late Miocene 

localities across Eurasia, the lack of cranial material is strildng. Only a small number of 

cranial specimens has been discovered, and therefore the number of complete specimens is 

even smaller. Only a complete skull without ossicones has been found in Pikermi attributed to 

a female individual and described by Gaudry (1862-67), plus a few more maxilla parts. Five 

more specimens of complete or almost complete mandibles make up the list. Unfortunately, 

the right maxilla part collected from site K l was damaged by erosion, and thus invaluable 

information has been lost. However, the preserved M^ and M^, as well as the preserved 

portions of the other teeth were enough for the determination and the approximate metrical 

correlation of the specimen. Thus, from the dimensions of the toothrow and the teeth
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individually, the studied specimen unquestionably belongs to a large giraffid. The length of 

the toothrow for H. duvernoyi from Pikermi is 215 mm (cast AMPG), for S. boissieri from 

Samos stored in NHM L ranges between 160-180.5 mm, for S. neumayri from Maragha is 200 

mm (de Mecquenem 1924), for S. sinense from China is 190 mm (Bohlin 1926), for S. major 

from Vathylaldcos is 210 mm (Geraads 1978), for S. major from Tasldnpasa is 205 mm 

(Senyurek 1954), for S. major from Kemilditepe is 210 (Geraads 1994) and for S. major from 

Samos it ranges between 195-208 mm (Bohlin 1926). In another specimen from a young 

individual that Gaudry found in Pikermi the P"̂  is not fully erupted (1862-67, PL XLI, fig. 2 

and PI. XLII, fig. 2) and the length of the toothrow is 207 mm (Bohlin 1926). Similarly, the 

two indices P/M  and P/PM are respectively: 80.2 and 47 for the left and 77.2 and 45.2 for the 

light toothrow for the skull of H. duvernoyi from Pikermi, 67.6-73.2 and 40.4-44.1 for S. 

boissieri from Samos, 60 and 37.5 for S. neumayri, 68.1 and 41.6 for S. sinense, 64.9 and 40.5 

for S. major from Vathylaldcos, 6 8  and 41.9 for S. major from Tasldnpasa, 66.7 and 40.9 for 

S. major from Kemilditepe, 69.4-72.9 and 42.6-44.1 for S. major from Samos and 71.9 and

44.4 for the young H. duvernoyi from Pikermi. The measured lengths of the toothrow for the 

studied specimen, as well as for the specimens of H. duvernoyi from Pikermi, are slightly 

larger than the toothrows of the other large giraffid, S. major (Fig. 37). However, the two 

indices P/M  and P/PM  make the distinction between the two species evident. The premolar 

row in H. duvernoyi is considerably longer than in S. major (Fig. 37). Even the minimised 

measurement of the broken premolai* row in the studied specimen is longer than the longer 

toothrow of S. major. The smaller values for the two indices, though for the young individual 

from Pikermi must be attributed to the incomplete eruption of P"̂ . Also, the presence of a 

feeble “eperon hypoconal” in the preserved two molars differentiate the studied specimen 

from Samotherium. According to Geraads (1974) an “eperon hypoconal” is never present in 

the upper molars of Samotherium. The labial crescents of the molars are higher than the 

lingual ones in Helladotherium. This is another distinctive feature, as well as the elongated 

lingual crescent of the premolars; in Samotherium  the premolars are rounded (Geraads 1974). 

In Helladotherium  P^ is elongated and is always longer than P"̂ , while in Samotherium  it is 

usually shorter. In the studied specimen despite the damage in the premolars this trend seems 

to be valid. The triangular shape and the great size of the third incisor suggest that most likely 

it belongs to H. duvernoyi. According to Geraads (1974), the incisors in Samotherium  are 

rectangular. A mandible part of S. neumayri from Maragha (Rodler and W eithofer 1890, PI. 

IV, fig. 2) and an anterior part of a mandible with all the incisors and the canines of S. major 

from Vathylaldcos (Geraads 1978, pi. H, fig. 4) also demonstrate a rectangular shape for their
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Figure 37: Plot of the length of the upper molar row vs the length of the upper premolar row 
(measurements in mm). The legend for the symbols is presented in Figure 7.
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Figure 38: Plot of proximal anteroposterior diameter vs proximal transverse diameter of the
metatarsal (measurements in mm). The legend for the symbols is presented in Figure 7.
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Despite the similarities in the length of some elements with S. major, the robusticity of the 

post cranial material makes this distinction clear. The robust humerus (Fig. 15) is obviously 

longer than in S. major (the length of the preserved part is about 515 mm), indicating the 

presence of H. duvernoyi. The more anterior position of the deltoid tuberosity (lateral in 

Samotherium) (Geraads 1974) and the relatively smaller keel of the lateral trochlea (Geraads 

1994) are two more features. The olecranon fossa, in contrast to the short and narrow fossa in 

Samotherium  (Geraads 1974), is wide and long. In addition, the epicondyle is very thick and 

shorter than the epitrochlea, while in Samotherium  it is thinner and is relatively equal to the 

epitrochlea. The generally greater length and the robusticity of the bone characterize the 

radius of H. duvernoyi.

The length of the radius of H. duvernoyi ranges between 565-636 mm. The specimen from 

site K4 is within the uppermost part of this range (Fig. 20, 21). However, the length of the 

specimen from site K l (536.4 mm) is significantly shorter than the range of the specimens 

found todate (Fig. 20). The morphological features that differentiate H. duvernoyi from 

Samotherium, as discussed above in detail, were identified in both specimens. The rectangular 

shape and the straight anterior wall of the proximal epiphysis and the rounded and low ridges 

that define the shallow muscle grooves at the anterior wall of the distal epiphysis are present 

in the studied specimens.

A fairly long metacarpal from site K4 and a relatively short one from site K l are practically 

found in the two limits of the range of H. duvernoyi (Fig. 11). The short one is also included 

within the range of S. major, while the long one is within the range of S. sinense. The 

robusticity index for H. duvernoyi from Pikermi ranges 13.4-17.5, for H. duvernoyi from 

Nildti (Nildti 1) is 17, for S. boissieri from Samos is 10.8-12.9, for S. neumayri from Maragha 

is 13.4-14.8, for S. major from Kemilditepe is 12.4-13.3, for S. major from Salonild 12.2-13.7 

and for S. major from Vathylaldcos is 10.7; unfortunately no measurements for the diaphysis 

of S. sinense are available, but the values of the index are expected to be similar to the other 

Samotherium  species. The high robusticity index of the two specimens denotes without any 

doubt their association with H. duvernoyi. The retention of the two crests at the plantai' side of 

the bone until the lower epiphysis is another indicative feature. The relatively increased 

anteroposterior diameter of the lower epiphysis (Fig. 22) as well as the fairly reduced 

anteroposterior diameter of the lateral part of the proximal epiphysis (Fig. 12) are two more 

features of H. duvernoyi. In Samotherium  (as well as in Palaeotragus and Bohlinia) this 

reduction is less and the lateral wall of the epiphysis is relatively higher than Helladotherium.
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The dimensions of the distal tibia part aie cleaidy larger than the dimensions of Bohlinia and 

S. sinense, they are generally slightly larger than S. major and within the range of H. 

duvernoyi (Fig. 13). The long anterior part of the malleolar articular surface, however, rules 

out the association with S. major (Geraads 1974, 1994). The medial malleolus is also 

noticeably thicker than in Samotherium  and Bohlinia. The imprint of the flexor digitorum 

longus muscle is shorter than in Bohlinia and longer than in S. major, and as discussed above 

it is located in a different position in S. major but shares the same position with Bohlinia at 

the posterior of the posterolateral crest of the bone. Another distinctive feature of H. 

duvernoyi is the deep and elongated concavity at the anterior of the epiphysis which is feeble 

in Bohlinia and is limited to the epiphysis wall in S. major.

The presence of the notch at the medial ridge of the plantar trochlea of the astragalus and the 

great size of the bone (Fig. 25, 26) are indicative of H. duvernoyi and clearly distinguish it 

from the large Samotherium  species and Bohlinia attica. The robusticity and the size of the 

studied calcanei are definitely greater than Bohlinia  (Fig. 27, 28). They are within the range of 

H. duvernoyi and as noted above the rectangular shape of the body of the bone rules out the 

association with the triangular shaped body of Samotherium. The well developed and 

asymmetric tuber calcanei is another discriminating feature (Fig. 28). The great width and the 

high culminant peak of the medial concavity of the scaphocuboideum are clearly associated 

with H. duvernoyi (Fig. 29). The low valley between the two peaks at the proximal side of the 

bone as well as the elongated and narrow facet at the plantarolateral of the distal side for the 

posterior metarsial facet are also diagnostic of H. duvernoyi.

As it was also observed in the metacarpals the longer of the two complete metatarsals comes 

from site K4 and the short one comes from site K l (Fig. 31). The length of the former is close 

to the upper limit of the range of H. duvernoyi whereas the length of the latter is slightly 

lower than the lower limit. The lengths of the two specimens are also within the range of S. 

major and the shorter one is even found within the range of S. neumayri. However, the high 

robusticity index and the morphology of the bones suggest that the studied specimens belong 

to H. duvernoyi (Fig. 38). As in H. duvernoyi the two tubercles at the plantar side of the 

proximal epiphysis are found in the same level and ai'e connected by a narrow transverse 

ridge, the crests at the plantar side are retained, as in the metacarpals, down to the lower 

epiphysis (Geraads 1974) and the anteroposterior diameter of the lower epiphysis is relatively 

increased.
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Between the two robust and long phalanges, of particular interest is the long forelimb one that 

presents osseous growths at its abaxial wall. W ithout any doubt the origin of these 

abnormalities is either a pathologic or a traumatic cause. Except from the osteophytic 

growths, bulgings ai'e present at the lower part of both the axial and abaxial sides of the bone. 

This might be the outcome of, a callus from the healing of a fracture or some other traumatic 

injury. However, there is no evident displacement in the lower part of the bone to support 

with certainty a fracturing of the animal’s digit. In the case of fracturing one would expect a 

displacement and deformation of the bone. Therefore, either an injury that caused an infection 

to the bone or a pathologic condition such as a bone disease is more likely responsible for 

these osteophytic increments. If the originating cause was a disease one would expect to find 

either strong deformation of the bones and/or of the articular surfaces, or presence of tubercles 

and osteophytic growths in a large area of the bone, or an irregular and damaged bone surface 

(as in arthritis, tuberculosis, bone tumors, etc.) that would extend over a large area or all over 

the bone and would probably indicate chronic conditions, cancer or infectious diseases 

(Steinbock 1976). The obvious signs of healing around the triangular tubercle and all around 

the infected area (Fig. 36 G), the overall good condition of the bone and the bone surfaces, 

and the intact and unquestionably healthy articular surfaces strongly support the traumatic 

cause. Therefore, the limited area of the infection and the localised lesion probably suggests 

an injury that caused an inflammation to the bone. This is possibly a good diagnostic 

indication for “acute pyogenic osteomyelitis by direct infection” (Steinbock 1976). According 

to Steinbock (1976) osteomyelitis is literally a generic term for the description of bone 

infection by various pathogenic microorganisms. However, its exact definition stands for the 

inflammation of the marrow cavity, while the inflammation of the periosteum is called 

periostitis and similarly the inflammation of the compact bone osteitis. Even an injury like a 

blow (Sigeiist 1951) or a muscle infection or tenontitis can cause minor cases of periostitis.

The osteophytic growths though, suggest a more acute case. A sharp object was probably 

responsible for the anim al’s injury, which caused a deep penetrating wound that affected the 

surface of the bone. The wound was exposed and became infected by microorganisms. The 

animals defence reaction to the injury and the infection caused the inflammation of the 

infected bone. The triangular tubercle was probably the part of the bone that was separated 

from the living bone due either to splintering or to sequestration. In the first case it could be 

assumed that the impact and/or the sharpness of the injuring medium was enough to detach a 

splinter from the bone. In the latter, due to the infection a piece of bone might have been 

deprived from blood supply (necrosis) and subsequently died. The dead portion was then
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detached (Steinbeck 1976) from the living bone. The healing of the bone and the formation of 

new bone followed. The triangular tubercle was co-ossified with the bone and osteophytic 

growths developed around the infected area and around the abaxial side of the distal 

epiphysis, and thus this may have caused the abaxial expansion of the bone. A sinus cavity at 

the plantar side of the main osteophytic growth probably indicates the area where the 

infection started and persisted for longer before the full healing of the bone. The presence of 

the sinus cavity strongly suggests that the causal microorganisms were pyogenic bacteria 

(Steinbock 1976). The open wound probably provided drainage for the pus and thus prevented 

the expansion of the infection. However, at the early stages of the infection there is a 

possibility that pus might have penetrated and concentrated around the periosteum lifting it 

and formed the bulging seen at the axial side of the bone. The infection was probably limited 

to the periosteum and the compact bone and therefore it can be well described as periostitis 

and/or osteitis. The healing of the bone would definitely have taken several months, 

especially because the animal would have had to move frequently in search of food and to 

keep away from predators. Also, the fact that the injured bone was a digit, which had to 

support the weight of such a large animal like H. duvernoyi, would retard the healing even 

further. Such a deep injury and the inflammation that followed would have caused intense 

pain and lameness that would have limited the mobility of the animal and thus, would have 

made it vulnerable. Acute osteomyelitis may last for a very long period of time before healing 

and in severe cases it may became chronic (Steinbock 1976). According to Sigerist (1951) 

osteomyelitis has frequently been recognised not only in human remains but also in fossil 

animals. Moodie (1923a, 1923b, 1926) mentioned several examples of osteomyelitis from the 

fossil record; he identified osteomyelitis in the dorsal processes of the vertebrae of a Permian 

Dimetrodon, in several Jurassic and Cretaceous dinosaurs and a number of Pleistocene 

mammals (bisons, bears, lions, wolves).

H. duvernoyi has also been identified in both fossiliferous horizons (sites K l, K3 and K4) and 

it is well represented in both of them. The outstanding consistency in the length of some 

complete long bones from sites K l and K4 probably indicate that they are associated and 

belong either to two specific individuals or to individuals with the same size. In site K l the 

lengths of a right radius, a left metacaipal and a right metatarsal are just slightly lower than 

the lower limit of the known ranges of H. duvernoyi and thus, they probably belong to one 

individual. Similarly, in site K4 the lengths of a right radius, a left metacarpal, a left 

metatarsal and of a broken but very long left humerus, are close to the upper limit of the 

Icnown ranges and therefore they should also belong to the same individual. Moreover, the
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collected material from the two sites corresponds to at least two individuals in each site. The 

lack of cranial material as well as of cranial material with ossicones that could be related with 

a male individual has caused scepticism concerning the taxonomic relations of the species 

(Matthew 1929; Hamilton 1978). However, the unmolarised P3 (Geraads, 1986), and among 

others the size and robusticity of the skeletal elements favour the direct relation with the 

Sivatheriinae.

(Subfamily GIRAFFINAE Zittel, 1893)

Genus BOHLINIA Matthew, 1929

Type species. Bohlinia attica Gaudry et Lartet, 1856, from Pikermi, Greece

Bohlinia attica Gaudry et Lartet, 1856

Diagnosis. A  Giraffine of large size with a long neck and very long but slender long bones.

Material. Left humerus distal part (Ke 302), forelimb Phalanx I (Ke 131), left tibia (Ke 87, 

Ke 162), right distal pait of tibia (Ke 89), left astragalus (Ke 156, Ke 99/50), left astragalus 

proximal part (Ke 99/52), right astragalus (Ke 99/51), left calcaneus (Ke 99/45), left 

scaphocuboideum (Ke 99/44), left proximal part of Mtm+rv (Ke 163).

Description. To date, no cranial elements that could be attributed to this species have been 

discovered. However, a significant number of gracile postcranial elements (Appendices 3 -  

13) are Icnown, that were collected during the 1982 excavation, and thus they possibly came 

from site K l. Among them there is a distal part of a humerus with a broken epicondyle. The 

overall shape of the articular surface is rectangular as the heights of the trochlea and the 

condyle ai'e almost the same. The epitrochlea is fairly long and its profile forms a slightly 

obtuse angle. The concave surface of the lateral trochlea is shallow and is confined laterally 

by a strong but low and rather wide keel. At the anterior side of the bone a shallow coronoid 

fossa is located in the middle of the bone approximately above the lateral trochlea. At the 

medial side, next to the coronoid fossa and just above the medial trochlea a relatively large, 

elongated and rounded articular facet can be easily distinguished. The supracondylar ridge
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projects slightly laterally. The U-shaped olecranon fossa is wide, fairly deep and relatively 

long, with a well defined and sharp proximal end.

A long and gracile forelimb digit is also included in this species (Fig. 40C,D). The sagittal 

groove at the proximal extremity is wide and deep. The dorsal wall of the bone is straight 

without any bulging at the proximal part; however the dorsal narrow part of the distal articular 

surface is developed and protrudes dorsally. The abaxial wall is relatively steep. The abaxial- 

palmar eminence of the distal articular surface is very prominent as the abaxial crest of the 

palmar side fades away and disappears at the base of the eminence. At the palmar side of the 

proximal extremity the abaxial tuberosity is broken as well as the distal part of the axial one. 

Despite this the depression at the upper part of the groove between the two tuberosities is 

obviously fairly deep.

Two complete, very long but rather gracile specimens (Fig. 39A-D) and one distal part of a 

tibia are attributed to this species. The proximal part of the bone is not very developed. The 

tibial crest is weak and thin but fairly prominent and is accompanied by an equally weak and 

thin tuberosity. The tibial sulcus is shallow and forms an obtuse ankle with the tibial crest at 

the top of the epiphysis. The medial and lateral tuberosities at the posterior are weak and 

slightly prominent (Fig. 39B). However, a third prominent tuberosity is evident between the 

two tuberosities which confines the indentation of the popliteus (Fig. 39B). The upper part at 

the posterior of the bone under the epiphysis is concave. The slender diaphysis is curved 

along its longitudinal axis presenting a slight concave anteroposterior curve in the middle of 

the diaphysis (Fig. 39C) as well as two more transverse oriented curves (Fig. 39A, B, D); the 

first one is found at the proximal lateral side of the bone and the second one at the distal 

medial side. The overall shape of the lower epiphysis is quandrangular (Fig. 39F); however, 

its lateral wall is rounded. The medial malleolus is triangular, thin, with a wide base that 

extends towards the posterior, due to a gently slanting posterior edge. The medial tuberosity is 

long but low. At its posterior the groove of the flexor digitorum longus muscle is shallow but 

wide, with the opening of the groove directed posteriorly. The imprint of the muscle is long 

and tapers towards the diaphysis, and it is located at the posterior of the posteromedial crest of 

the bone (Fig. 39B). The anterior part of the articular surface for the malleolus is short and 

narrow. Conversely the posterior part is developed and although wide its lateral rim is 

rounded. The fibular furrow is relatively wide and shallow. The intercochlear crest is very 

developed and is wide and high (Fig. 39F). The medial cochlea is longer and more narrow 

than the lateral one. The long anterior eminent edge of the crest is narrow, triangularly



Figure 39: A. B. attica, left tibia, Ke 162, anterior view (scale bar 10cm). B. B. attica, left 
tibia, Ke 87, posterior view (scale bar 10cm). C. B. attica, left tibia, Ke 87, lateral view (scale 
bar 10cm). D. B. attica, left tibia, Ke 87, anterior view (scale bar 10cm). E. B. attica, left 
proximal part of Mtni+iv Ke 163, anterior view (scale bar 10cm). F. B. attica, left tibia, Ke 
87, distal view (transverse diameter 95.7mm). G. B. attica, left calcaneus, Ke 99/45, tuber 
calcanei (scale bar 2cm). H. B. attica, left calcaneus, Ke 99/45, medial view (scale bar 10cm). 
I. B. attica, left calcaneus, Ke 99/45, dorsal view (scale bar 10cm). J. B. attica, right 
astragalus, Ke 99/51, posterior view (scale bar 5cm). K. B. attica, right astragalus, Ke 99/51, 
anterior view (scale bar 5cm). L. B. attica, right astragalus, Ke 99/51, medial view (scale bar 
5cm). M. B. attica, right astragalus, Ke 99/51, posterior view (scale bar 5cm). N. B. attica, 
right astragalus, Ke 99/51, medial view (scale bar 5cm).



Figure 40: A. B. attica, left scaphocuboideum, Ke 99/44, proximal view (scale bar 5cm). B. 
B. attica, left scaphocuboideum, Ke 99/44, distal view (scale bar 5cm). C. B. attica. Phalanx 
I, Ke 131, anterior view (scale bar 5cm). D. B. attica. Phalanx I, Ke 131, axial view (scale bar 
5cm).
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shaped, with a rather acute peak. At the anterior of the eminence a feeble, narrow, short and 

shallow concavity is present. At the posterior the medial eminence is well developed and 

long. At its lateral side, the fuiTow at the posterior of the intertrochleai' crest is shallow and 

short.

Four astragali are attributed to this species, of which two are complete and two are broken. 

With a first look on the specimens one can easily separate them into two different forms: one 

robust and wide form (specimens Ke 156 and Ke 99/51) (Fig. 39J-L) and a second one more 

gracile and naiTow (specimens Ke 99/50 and Ke 99/52) (Fig. 39M, N). Despite this, the 

overall morphology is identical. The strong and thick lateral crest of the proximal trochlea 

ends to the posterior to an equally strong and triangular shaped edge. The anterior of the 

medial crest is thin but gradually it thickens towards the posterior due to a medially 

protruding rim (Fig. 39K). Its posteriormost edge is prominent and projects towards the 

posterior. The anterior part of the lateral crest projects laterally, while the anterior prominent 

edge of the medial crest projects medially. The intertrochlear groove is wide, however, in the 

gracile form the proximal part of the groove becomes narrower. The furrow that separates the 

proximal from the plantar trochlea is continuous (Fig. 39J). It is wide at the base of the lateral 

trochlear- edge foiming a cavity and it becomes very narrow towards the medial trochlear 

edge. The rims of the former project laterally, forming a very prominent posterolateral 

tubercle. The plantar trochlea is slightly concave. The two crests of the trochlea are found at 

the same level and although the medial one presents a concave curve they can be considered 

as parallel (Fig. 39J, M). The proximal edge of the medial curved crest points medially 

towards the posterior edge of the medial proximal trochlear crest, where they almost contact. 

Owing to this a concave surface is formed at the posterior part of the medial side of the bone. 

At the distal part of the medial crest a feeble notch is just discernable as well as the sliding 

surface of the medial concavity of the scaphocuboideum. At the lateral side of the bone, the 

proximal part of the furrow for the malleolus is very shallow. Its posterior part and also lateral 

side of the proximal lateral trochlear crest is open laterally forming a short but very wide 

groove, where the lateral tubercle comprises its distal ridge and the thin prominent rim of the 

trochlear crest its proximal ridge. Distally the furrow ends in a deep rounded depression. A 

strong ridge separates it from the deep concavity of the sinus calcanei. The sinus is open 

anteriorly. The ellipsoid facet at the bottom is small. The two crests of the distal trochlea are 

strong. The intertrochlear groove is wide and shallow in the wide form (Fig. 39M) but it is 

narrow and deep in the narrow form (Fig. 391). A relatively wide and deep furrow separates
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the two medial trochleas at the anterior. The anterior cavity is wide and it is deeper in the 

narrow foim.

A long complete calcaneus from site K l is another specimen of this species (Fig. 39G-I). The 

body of this gracile bone is rectangular. The top of the articular surface for the malleolus is 

found higher than the beak of the dorsal crest. The posterodorsal tubercle is strong. The 

triangular tuber calcanei is fairly symmetrical (Fig. 39G). The index “tuber calcanei width / 

tuber calcanei height” is 0.70 indicating a fairly narrow tuber. The groove for the flexor 

digitorum superficialis is very shallow and relatively wide. The sustentaculum tali is strong 

and wide with the articular surface for the astragalus being slightly concave (Fig. 39H, I). The 

furrow of the sinus tali is almost imperceptible. At its plantar side a strong and high ridge is 

clear. The articular facet for the astragalus is concave and slightly shorter than the articular 

surface for the scaphocuboideum. The posterior part of the articular surface for the malleolus 

is wide and strong, while the anterior part is wide and relatively long. The articular surface for 

the scaphocuboideum is curved, concave and presents a slight torsion.

Only one specimen of scaphocuboideum was related to this species (Fig. 40A, B). The plantar 

peak of the medial concavity is strong and high. It is turned dorsally so that the concavity 

forms a deeper curve. The plantar peak of the lateral concavity is developed and relatively 

high but nanow . Therefore, the part of the concavity at the dorsal side of the peak is much 

narrower than at the main part. The valley between the two pealcs is wide and is found 

relatively high in the bone. The lateral concavity is significantly shorter than the medial one. 

The ridge between the two concavities is developed and high. Dorsally, it culminates to a very 

developed, wide and high triangular eminence. At the plantar side the ridge is confined by a 

large and deep indentation. The plantar edge of the articular surface for the calcaneus stops 

behind the peak of the lateral concavity (Fig. 40A). At the plantar side of the bone two 

grooves are easily identified: a major wide groove next to the medial prominent vertical crest 

as a succession of the valley between the two peaks and a second, narrow but well defined 

one next to the latter that staits at the plantar end of the calcaneus articular surface and ends to 

the large foramen in the middle of the plantar side of the bone. The lateral tuberosity is 

developed and its position is fairly lateral. The groove for the peroneus longus muscle at the 

lateral side is very weak, however, it gets narrow and deep at its distal part. It continues at the 

distal side where it separates the ellipsoid and wide posterior metatarse facet from the anterior 

articular surface. Also, another distinct feature at the distal side is the deepening of the plantar 

part of the articular surface for the medial cuneiform (Fig. 40B). Therefore, the plantar part of
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the surface is found below the level of the posteromedial part of the bone. At the medial side 

of the bone the groove for the tibialis cranialis muscle is wide and shallow. Its plantar ridge is 

very developed and forms a distinct and strong tuberosity.

A proximal part of a gracile metatarsal which appears to be fairly elongated has been also 

collected (Fig. 39 E). The medial and lateral tubercles at the plantar side of the proximal 

epiphysis are slightly prominent and are found approximately at the same level (Fig. 32B). 

However the medial tubercle, which contains the large rounded articular surface of the medial 

cuneiform, is more developed and also it projects slightly medially. A third well developed 

and fairly prominent tubercle is found between the two tubercles and it is situated closer to the 

medial tubercle. At its upper surface an eminent ridge is clear. A deep and wide fuiTow 

separates it from the lateral tubercle and a narrow and shallow funow  from the medial 

tubercle. The groove for the peroneus longus muscle at the lateral part of the articular surface 

is long and fairly deep. At the anterior the medial crest is more developed and the sulcus starts 

relatively high in the bone almost below the rim of the epiphysis. The preserved portion of the 

diaphysis is narrow (transverse diameter) and slender. The posterior sulcus is nanow  and 

relatively shallow.

Discussion. Among the material, the presence of a large sized, gracile species with elongated 

and slender limb bones is evident. The elongated and slender limb bones suggest that this 

species belongs to the giraffines, and to be more precise to the late Miocene representative of 

the subfamily, Bohlinia. Unlike the previously mentioned late Miocene giraffid genera, the 

presence of Bohlinia is limited in a relatively restricted palaeogeographic area. To date, 

Bohlinia has been reported in a number of localities across Greece, South Bulgaria, Turkey 

and Iran. It is generally accepted that all the material discovered until now and associated with 

this genus is attributed to only one species, B. attica. However, a number of authors 

considered the existence of a second species of Bohlinia, found in the same localities as B. 

attica (Pikermi, Ravin de la Pluie, Kalimanci, Maragha, Nildti) and actually coexisting with 

it. A small number of smaller and very slender bones that were recovered from Pikermi,

Ravin de la Pluie, Kalimanci, and Maragha and were associated with Bohlinia  were attributed 

to the species B. sp. (Geraads 1974) or the synonym given by Gaudry (1862-67) 

Camelopardalis (Orasius) speciosal (Geraads 1974; Gaudry 1862-67; Kojumdgieva et al. 

1982). The values of the dimensions in some of the postcranial material (Geraads 1974) 

shows that the metrical differences of these specimens with the largest of the specimens of B. 

attica is always less than 20%. This difference between the largest specimens belonging to
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males and the smaller female ones in modem giraffes, Giraffa Camelopardalis (Linnaeus 

1758), can be over 20% (measurements by the author, FMNH and Harris 1976). Therefore, it 

is clear that possibly all the material belongs to one species of Bohlinia and the difference in 

size can be attributed to sexual dimorphism. Thus, the smaller bones represent gracile female 

individuals. Kostopoulos et al. (1996) also proposed the existence of another new species of 

Bohlinia, B. nikitiae from Nildti (Nildti 1). Their determination was based on an incomplete 

and deformed skull, shorter than B. attica with a generally longer toothrow. According to the 

authors the toothrow is metrically closer to the hornless skull of P. coelophrys from Ravin de 

la Pluie, and furthermore, the two skulls share a number of similar morphological characters. 

Hence, they considered that the sample from Ravin de la Pluie possibly represents a female 

individual of B. nikitiae. The existence of only one specimen makes questionable the validity 

of this species. The similarities with P. coelophrys may possibly indicate that the Nildti 

specimen represents a male individual of P. coelophrys. Therefore for the time being, only the 

presence of one species of Bohlinia can be accepted with confidence, namely B. attica.

Unfortunately, to date cranial and teeth specimens ai'e absent from the available material. 

However, the slenderness and elongation of the postcranial material is a very distinctive 

feature of B. attica. The dimensions of the distal humerus part are within the range of B. attica 

(Fig. 15). The distal transverse diameter ranges in B. attica from Pikermi, Maragha and the 

localities of Axios Valey between 90-124 mm (NHML authors measurements; Geraads 1974, 

1979; deMecquenem 1924). The range of S. boissieri from Samos (NHML) is 84.5-109.6 

mm, while the diameter in P. coelophrys from Maragha is 89 mm (Rodler and W eithofer 

1890), in P. expectans (P. coelophrys) from Sebastopol is 102 mm and in P. sp from site K4 

98 mm. It is clear that the distal DT of the studied specimen is within the range of B. attica, 

but also within the range of S. boissieri and close to the value of P. sp. (Fig. 15). However, 

the morphology of the of the bone leaves no doubt that the specimen belongs to B. attica. The 

rectangular shape of the trochlea with the shallow trochlear furrow and the low lateral 

trochlea keel characterise Bohlinia. Conversely, the higher trochlea, the deep fuiTow and the 

high keel aie typical in Palaeotragus and Samotherium. The mesial position of the coronoid 

fossa and the presence of the ellipsoid facet above the medial trochlea at the anterior of the 

bone are two more features of B. attica. The latter has been also identified in the two humerus 

samples of B. attica from Pikermi stored in the collections of NHML. The same character is 

also present and was recognised in modem giraffe (G. Camelopardalis) humerus specimens 

stored in the zoological collections of FMNH. This feature was not found in the humerus of 

other giraffid taxa that were examined by the author; Helladotherium, Samotherium,
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Palaeotragus, Sivatherium, and modem Okapi {Okapia johnstoni, Sclatter 1901). Also it is 

not present in Decennatherium pachecoi (Crusafont 1952) according to a drawing of a distal 

humerus part from Los Valles de Fuentiduena (Spain) featured by Morales and Soria (text fig. 

11, 1981). It seems that this character is present only in the tall giraffines which own very 

elongated limb bones. Probably, when a B. attica (or a G. Camelopardalis) had to bend its fore 

limbs in order to lie down on the ground or even more to access something with the mouth at 

the level of the ground (or even lower), its long limbs would not make this an easy task. 

Despite the long neck, modem giraffes (and probably their distant ancestors B. attica too) 

cannot reach the ground without bending their fore limbs. It has been observed and it is well 

known, that when giraffes drink water (Solounias and Moelleken 1993) and especially when 

the water level is below the level of the bank of the lake/iiver/pond they need quite some 

effort to bend their fore limbs to reach the water. They even spread apart their fore and hind 

limbs to get their bodies even closer to the ground. During bending, the humerus-radius joints 

would then have to support most of the anim al’s weight. The two bones would then come in 

contact. These contact points are: for the humerus the medial part above the medial trochlea, 

and for the radius, the anterior rim of the medial trochlear cavity. The regular contact of the 

two bones has foiTned this facet.

As expected the slendemess of the first forelimb digit is a very distinctive feature for B. 

attica. The digits of H  .duvernoyi and S. major are more robust especially at their proximal 

part. In H. duvernoyi the proximal part of the dorsal wall presents a strong bulging, which is 

more feeble in S. major. In this specimen the dorsal wall is straight except for the dorsal part 

of the distal epiphysis which projects dorsally. The dimensions of the bone are within the 

range of B. attica.

The range of the length of the tibia of B. attica from Pikermi is 600-625 mm (Gaudry 1862- 

67; Geraads 1974) and in the specimens from Salonica it is 575 mm and from Maragha it is 

640 mm (Geraads 1974). Similarly, the range of the tibia of H. duvernoyi from the localities 

of Pikermi, Nildti 1 and Maragha is between 490-580 mm (authors measurements NHML; 

Gaudry 1862-67; Geraads 1974; Kostopoulos et al. 1996). It is clear that the tibiae of B. attica 

are generally longer than H. duvernoyi and clearly longer than S. m ajor (Fig. 23). The length 

of specimen Ke 87 is found within the range of B. attica, whereas in specimen Ke 162 it is 

noticeably shorter and is found within the range of H. duvernoyi and even that of S. major. 

However, the slendemess of both specimens clearly differentiates them from both species and 

thus indicates their association with B. attica. Moreover, the presence of a mesial tubercle



The Giraffidae from Kerassia 106

between the medial and lateral tubercles at the posterior of the proximal epiphysis is another 

indication that they belong to B. attica (Geraads 1974). In contrast to the well developed 

proximal part in H. duvernoyi and S. major, the wealoiess of this pai t of the bone in B. attica 

is obvious. The curved diaphysis, the long imprint of the flexor digitorum muscle and its 

position are two more distinctive features. At the lower epiphysis the wide medial malleolus, 

the narrow anterior eminence of the intercochlear crest, the short and naiTow anterior articular 

surface for the malleolus and the rounded lateral wall of the epiphysis also characterise B. 

attica. Although the short Ke 162 is significantly shorter than other known tibia specimens of 

B. attica, its morphology strongly indicates that it belongs to this species and most likely 

represents a gracile female individual. It is only 14.1% shorter than the longest loiown 

specimen from Maragha, and it is within the difference percentage that is observed as 

discussed above in recent giraffes.

Even a cursory examination of the four astragalus specimens is enough to realise the presence 

of two distinct forms. Despite the overall morphological similarity the metrical differences are 

obvious. The cleai- distinction between the two groups is also verified by the diagrams of the 

various metrical parameters (Fig. 26). Except from the size difference it seems that the larger 

specimens are relatively wider and the furrows of the proximal and distal trochleas in the 

small form are relatively deeper. Both forms are larger than S. boissieri and clearly smaller 

than H. duvernoyi. Also, in H. duvernoyi the well developed and deep notch at the medial 

crest of the plantar trochlea is another distinctive feature. Geraads (1974, 1979) suggested that 

this notch is not present in B. attica but that a profound one is only found in Girajfa.

However, a feeble and very shallow notch was identified in all four astragalus specimens. The 

overall size and in particular some dimensions of the large form like the proximal and distal 

widths are similar with S. major as well as with S. neumayri. The presence of a rounded 

depression at the distal lateral margin of the plantar trochlea, the absence of the notch and 

increased anteroposterior diameter in Samotherium  differentiates it clearly from B. attica. 

Furthermore, the direction of the proximal edge of the medial crest of the plantar trochlea in 

B. attica is directed towards the posterior edge of the medial crest of the proximal trochlea, 

whereas in Samotherium  it is directed towards the groove of the trochlea. The two forms 

probably indicate the existence of sexual dimorphism in the skeleton and therefore represent 

male and female individuals. The largest difference between the larger and the smaller 

specimen was observed for the distal transverse diameter and was 1 2 %.
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The gracility and the rectangular shape of the body of the calcaneus make evident the 

association with B. attica and the distinction from H. duvernoyi and Samotherium  (Fig. 27). 

The symmetricity of the tuber calcanei is another distinctive character (Geraads, 1974). Also, 

the low value of its “width/height” index is considerably lower than the other two taxa and 

suggests a nan'ower and relatively longer tuber (Fig. 28). The relatively long articular facet 

for the astragalus at the anterior is another feature. The only specimen of scaphocuboideum 

that is related to this species can be correlated at least metrically with the gracile astragalus 

group. It is considerably smaller than H. duvernoyi and S. major and its dimensions are within 

the range of B. attica and S. boissieri (Fig. 29). Although the valley between the two peaks is 

found relatively high as in Samotherium, the lateral concavity is shorter than the lateral one 

and the posterior edge of the articular surface for the calcaneus is found at the plantar side of 

the lateral peak, indicating the association of the specimen with B. attica. The well developed 

dorsal eminence of the ridge between the concavities and the existence of two muscle grooves 

at the plantar side of the bone are probably features of the B. attica as well. Also, the 

relatively long posterior articular facet for the metatarsal is according to Geraads (1974, 1979) 

another diagnostic character for B. attica. This facet as mentioned above is also found in H. 

duvernoyi but it is relatively smaller.

The gracile proximal metatai'sal part is smaller than the two studied large giraffid taxa and it 

is found within the upper range of S. boissieri (Fig. 38). However, its morphology shows that 

it is different from both Samotherium  and Helladotherium. The medial and lateral tubercles at 

the plantar side of the bone are found in the same level as in H. duvernoyi (Fig. 32B). 

However, the third tubercle in the middle is well developed and prominent located closer to 

the medial one. Contrary, in H. duvernoyi the tubercle is weak with a mesial position. The 

relatively narrow diaphysis and the narrow and shallow posterior sulcus are also indicative of 

B. attica.

All the available material that has been attributed to B. attica  was collected during the 1982 

excavations. Unfortunately, the recovery of more material during later excavations was not 

possible. As it has been argued above, the material from the 1982 excavations was most likely 

collected from site K l. The other three giraffid species described above and found in site K l 

are also present in the material from 1982 excavations, as well as other taxa such as the suids. 

Therefore, it is clear that the presence of B. attica  has been only certified in the upper horizon. 

Among the studied material at least three individuals are represented, of which 2 probably 

belonged to females. The sexual dimorphism in B. attica  as with modem G. Camelopardalis,
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must be very strong. Specimens with significant size difference, and as it was observed in the 

case of the astragalus even with a slight morphological difference, probably indicate the 

presence of small and gracile females and of larger and more robust males. Two forms or 

groups were identified in more than one skeletal element, the tibia, the astragalus and also the 

correlation of the gracile scaphocuboideum with the small size group was also possible. This 

exhibits some sort of noticeable consistency. Diagrams also, demonstrated this clear 

sepai'ation. Inserting in the diagrams values of specimens from other localities the picture not 

only remained the same but it became clearer. Even the specimens that were attributed to B. 

sp. (Geraads 1974) do fit, as it has been shown, in a smaller female group.

SEXUAL DIMORPHISM

As it has been noted above the post cranial elements of B. attica, present differences in the 

size and as in the case of the astragalus, even minor differences in the moiphology. These 

differences can be attributed to sexual dimorphism. The presence or absence of cranial 

appendages in ruminants has always been considered as a diagnostic feature for the 

distinction of males and females. Nevertheless, there are examples where both males and 

females retain them, such as in the modem cattle and even in modem G. Camelopardalis, 

although their size in the males is considerably larger than in females. Skulls without 

ossicones such as the complete skull of H. duvernoyi from Pikermi (Gaudry 1862-1867), the 

skull of S. major from Tasldnpasa (Senyurek 1954), the skull of P. coelophrys from Ravin de 

la Pluie (Geraads 1978) were thus interpreted as female individuals. However, complete 

skulls or ossicones have not been unearthed from Kerassia yet. Except from the presence and 

size of the cranial appendages, the distinction of males from females can be based on their 

size and their robusticity. The body mass and the size of the skeletal elements are usually 

significantly higher in males. Hence, the post cranial elements are expected to be longer and 

more robust in males.

The examination of skeletal material from modem G. Camelopardalis and O. johnstoni 

(FMNH) revealed a marked sexual dimoiphism in both species. The dimorphism in the post 

cranial material is expressed as a difference in the size (length or height) and the robusticity of 

the skeletal elements. W ilson (1982) stated that generally the limb bones of males in cattle are 

slightly longer and a lot broader than in females. In addition there was great overlap in the 

length values while the dimoiphism was more marked in the breadth values (Wilson 1982).



specim en
num ber sp ec ies locality sex length DTdia Robusticity

index

127878 G. C am elopardalis modem (FMNH) male 750,00 61,20 8,10
104906 G. C am elopardalis modern (FMNH) female 620,00 42,90 6,90
127880 G. C am elopardalis modern (FMNH) female 700,00 46,20 6,60
26066 0 .  jo h n s to n i modern (FMNH) male 320,00 31,80 9,90
58839 0 .  Johnston i modern (FMNH) female 315,00 28,10 8,90
max S . b o issie r i Sam os (NHML) 412,20 48,30 11,78
min S . bo issie r i Sam os (NHML) 370,90 33,70 8,84
max H. d u vern o y i 462,70 61,90 14,05
min H. d u vern o y i 429,80 47,60 10,40

T ab le  1: The length, the transverse diameter in the middle of the diaphysis and the robusticity 
index of metatarsals for male and female individuals of modem G. Camelopardalis and O. 
johnstoni, and the respective minimum and maximum values of metatarsals of S. boissieri 
from Samos (NHML) and H. duvernoyi from a number of different Late Miocene localities.
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Usually, the numbers of specimens of single elements collected from one locality are not 

enough to provide sexual dimorphism coiTelations. However, some collections, like the one of 

S. boissieri from the lower horizons of Samos in the NHML, contain enough specimens for 

some of the skeletal elements to provide such correlations. In most scatter diagrams it is 

obvious that the range of the values is very wide, and especially in diagrams where the 

robusticity is presented against length where sometimes, there is an obvious separation in two 

groups. Also, if  the specimens of the same species from different localities are represented in 

the same diagram the same things are observed: wide range of values and separation into two 

groups. Even with the paucity of single elements of the different species from Kerassia it was 

clear that sometimes two size groups were represented in a certain species. This has been 

noted not only in B. attica but also in P. rouenii, S. major and H. duvernoyi-, two large 

mandibles and a long metacarpal are found in the upper size range of P. rouenii, two sizes of 

long bones that represent the two extreme size limits of H. duvernoyi, and the very large 

mandible of S. major from site K4.

It is not within the scope of this paper to study the sexual dimorphism of the giraffids but only 

to point out the presence of sexual dimoiphism in the skeletal elements and in particular in the 

limb bones of the giraffes from Kerassia. To show sexual dimorphism the following 

discussion will be restricted in only one element, the metatarsal bone. Table 1 includes the 

length, the transverse diameter of the diaphysis and the robusticity index values of male and 

female individuals of the two modem giraffe species plus the minimum and maximum (that 

probably represent male and female) values of S. boissieri from Samos and H. duvernoyi from 

Kerassia and other late Miocene localities. Although the number of measured specimens is 

low, however it is still clear that the difference between males and females (or maximum and 

minimum values) is fai' more marked between the transverse diameters and the robusticity 

indices of the specimens, than between their lengths. The difference between the transverse 

diameters in S. boissieri and H. duvernoyi is three times more than between the lengths. This 

seems to agree with the W ilson (1982) that sexual dimorphism in cattle is more marked in the 

breadth values. Parameters that indicate the robusticity of long bones are possibly more 

suitable to be used for the discrimination between males and females. The two column 

diagrams in figures 41A and 42A depict the distribution of the transverse diameters of the 

diaphysis in S. boissieri and H. duvernoyi. It is clear in both plots that there are two groups. It 

can be assumed that the boundary between the two groups and therefore between males and 

females is found between 39 and 41 mm for S. boissieri and between 52 and 55 mm for H. 

duvernoyi. Similarly, in figures 4 IB and 42 B the distributions of the robusticity indices for



46-49 49-52 52-55 55-58 58-61 61-64
DTdia (mm)

10-10,75 10,75-11,5 12,25-13

B

11,5-12,25

Robusticity index
13-13,75 13,75-14,5

Figure 41: Two histograms of A. a set of 14 values of transverse diameters in the middle of 
the diaphysis and B. a set of 13 values of robusticity indices for the metatarsals of H. 
duvernoyi from different Late Miocene localities. In both histograms the presence of two 
groups is evident, which is attributed to sexual dimorphism.
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Figure 42: Two histograms of A. a set of 23 values of transverse diameters of the middle of 
the diaphysis and B. a set of 19 values of robusticity indices for the metatarsals of S. boissieri 
from the lower fossiliferous layers (Old Mill Beds) of Samos stored in NHML. In both 
histograms the presence of two groups is evident, which again is attributed to sexual 
dimorphism.
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the two species also depict the presence of two groups; of gracile females and robust males. 

The collection of more data and statistical analysis plus the coiTelation with the other skeletal 

elements will provide more sufficient and compelling results about the sexual dimorphism of 

fossil and extant giraffidae.

BIOCHRONOLOGY AND BIOGEOGRAPHY

The study of the locality of Kerassia is still at the initial stages, therefore, a complete picture 

of the fauna and its intenelations with other late Miocene localities is still not clear. This 

paper is a contribution towards this aim. A significant number of giraffids, which are present 

in the two fossiliferous horizons, provide an insight into the biochronological position of 

Kerassia. Strati graphically, the lower horizon is situated 7 meters below the upper one. In 

total, five species have been identified in the two fossiliferous horizons; P. rouenii, P. sp., S. 

major and H. duvernoyi were found in the lower horizon, and P. rouenii, S. major, H. 

duvernoyi and B. attica in the upper one.

The comparison of these species from both horizons with giraffid taxa from other late 

Miocene Eurasian localities suggests a Turolian age for the locality of Kerassia. The 

European Land Mammal Zones can provide a more accurate estimation of the age of Kerassia 

as the chronostratigraphic range for most of the above species is well defined. Gentry and 

Heizmann (1996) and Gentry et al. (1999) gave detailed biochronologic attributions for the 

listed species. In the former paper the range for P. rouenii was considered as MN9-MN12 

(Mammal Neogene), while in the latter paper as M N10-M NI3. However, its presence in 

Ditiko 2 supports the M N I3 extension (Geraads 1978; Bonis et Koufos 1999). Both papers 

agree that the age range for B. attica is M NI0-M N13 and for H. duvernoyi the age range is 

M N I1-M N I3. According to Bonis and Koufos (1999) the presence of H. duvernoyi in Nildti 

1 suggests also a late MNIO age for this species. The range for P. coelophrys, if P. sp. is 

indeed associated with it, is M N9-M NI2. All these species have a wide biostrati graphic range 

and they cannot provide any other more precise dating for Kerassia than Turolian. However, 

the presence of S. major provides more accuracy. As mentioned above, in Samos S. major is 

only found in the upper fossiliferous layers or M ain Bone Beds, while S. boissieri is found in 

the lower layers or Old Mill Beds. It is generally accepted now that the Old Mill Beds 

characterise the Early Turolian (M N ll), whereas the Main Bone beds characterise Middle 

Turolian (MN12) (Steininger et al. 1996; Bem or et al. 1996; Koufos et al. 1997; Kostopoulos
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et al. 2003). Therefore, it can be assumed that S. boissieri characterises M N ll or Early 

Turolian, while S. major is characteristic for MN12 or Middle Turolian. In Kerassia S. major 

was identified in both fossiliferous horizons indicating that the age of Kerassia is Middle 

Turolian or MN12.

S. m ajor has been also identified in Vathylaldcos 3, Kemilditeppe A-B and Tasldnpasa. This 

probably suggests that the faunas in these five localities were synchronous and were 

represented in the MN12. However, Vathylaldcos (Kostopoulos et al. 2003; Kostopoulos pers. 

comm.) according to magnetostratigraphic data and the presence of taxa that exhibit 

characters from M N ll, such as Nisidorcasplanicornis, indicates a slightly older age; it has 

been attributed to M N ll/1 2  (Bonis and Koufos 1999; Kostopoulos et al. 2003). In Samos a 

long stratigraphie sequence and the availability of good radiometric and magnetostratigraphic 

data provide a good reference locality with an age span from M N II to the base of M N I3. 

Swisher III (1996) provided more precise radiometric dating data for the different 

fossiliferous beds of Samos; the age for the Old Mill Beds was estimated to 8.33 ±0.05 Ma, 

the estimated age for the rich upper Main Bone Beds was >7.1 Ma, while the maximum age 

for the lower Main Bone Beds and more specifically for Brown’s site Q4 (Solounias 1981) 

was estimated as being 7.7 Ma. Magnetostratigraphic data from Kemilditepe (Sen et al. 1994) 

seem to correlate well with Samos and it is rather clear that Kemilditepe A-B can be related 

with the upper Main Bone Beds. Although magnetostratigraphic or other dating data are not 

available for Kerassia, it can be assumed that at least the upper horizon can be also related 

with Kemilditepe A-B and the upper Main Bone Beds of Samos. Possibly the slightly older 

Vathylaldcos 3 can be related to the lower Main Bone Beds of Samos, and similarly, the lower 

horizon from Kerassia could also be related with them despite the small stratigraphie 

difference between the two fossiliferous horizons at Kerassia. In Kemilditepe the upper 

horizon is fifteen meters above the lower one, nevertheless Sen et al. (1994) suggested that 

the lower horizon has an M N ll and respectively the upper one a M N I2 age. They considered 

that this was prior to sedimentary gaps and a low sedimentation rate. Such a hypothesis can 

also be a possible scenario for Kerassia; a relatively low sedimentation rate, and gaps in the 

sedimentation. The latter can be easily observed as some of the contacts of the beds between 

the two horizons were sharp, without any significant change in their lithology, and others 

indicated mature paleosols; and thus this evinces periods with minor or no sedimentation and 

possible erosion.



The Giraffidae from Kerassia 112

A problem, however, arises with the calibration of the chronological boundary between 

M N ll and MN12. Steininger (1999) suggested that the boundary between the two zones 

should be calibrated according to palaeomagnetic calculations from Opdyke et al. (1997) 

from Neogene localities in Eastern Spain, to 8  Ma. Conversely, Krijgsman et al. (1996), Sen 

(1996, 1997), Agusti et al. (2001), Kostopoulos et al. (2003) suggested a calibration of the 

boundary at 7.5 Ma. A number of authors in the last few years have expressed their concern 

about the use of mammal Neogene (MN) units and their boundaries and raised the problems 

of correlating the different faunas and localities (Agusti 1999; van D am  et al. 2001; Sen 

2001). The MN units were originally established (Mein 1975) to serve as a common resultant 

for the correlation of the European tenestrial record. They were based on W estern European 

localities and faunas and more specifically on Spanish ones without considering faunal 

differences in space and time (Agusti 1999). This becomes more evident in the comparisons 

with the different faunas and localities from the Eastern Mediterranean (Sen 2001). However, 

as Sen (2001) pointed out for the moment there is no other mammal zonation and the need for 

a common language between mammal workers supports its use. Although there are problems 

with the MN unit zonation, it is considered here appropriate to use Sen’s magnetostratigraphic 

data and calibrations, as his data come from the Eastern Meditarranean. Thus, the 

MN11/M N12 boundary will be considered as 7.5 Ma. Kerassia’s upper horizon, Kemilditepe 

A-B and the upper Main Bone Beds of Samos correspond to an early MN12 age, while 

Kerassia’s lower horizon, Vathylaldcos 3 and the lower upper Main Bone Beds of Samos are 

placed around the boundary MN11/MN12. These results are in agreement with previous work 

on Kerassia, for example. Made and Moya-Sola (1989) in their study of the suid material 

from the upper horizon (site K l) suggested a late MN12 age for Kerassia. Conversely, in their 

study Kostopoulos et al. (2001) considered that the suid material presented some primitive 

characters and suggested an MN11-MN12 age. Roussialds et al. (2003) in their study of the 

carnivores of Kerassia and Theodorou et al. (2003) in their preliminary report on the locality 

and the fauna also suggested an MN11-MN12 age. The study of the fauna and especially of 

the hipparions and the bovids will provide clear and more accurate correlations. For the 

moment, the presence of S. major in Kerassia indicates a MN12 age, and most likely an early 

MN12 age. The two horizons of Kerassia seem to correlate well with the Main Bone Beds of 

Samos, and more specifically the upper horizon with the upper Main Bone Beds of Samos 

dated at /7.1 M a and the lower one with the lower Main Bone Beds of Samos dated at the 

maximum of 7.7 M a (Swisher 1996).
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As it has been already mentioned two of the four genera found in Kerassia during the late 

Miocene were widely spread across Eurasia. Palaeotragus expanded from China to Spain, 

while Samotherium  did not extend beyond the southern Balkans. The other two, as it has been 

also noted, were limited to western Eurasia. At the species level, the palaeogeographic area 

that the four species (or five if  P. sp. is associated with P. coelophrys) occupied was more 

restricted. W ith the exception of S. major the other four species are very common 

representatives of the late Miocene and particularly of the late Vallesian and Turolian of the 

Southeastern Europe and Southwestern Asia including the southern territories of the former 

Soviet republics. P. rouenii has been recognised in a number of localities from Afganistan to 

the southern Balkans and more specifically as far west as Tito Veles (FYROM, Former 

Yucoslavic Republic of Macedonia) (Schlosser 1921). The large form of Palaeotragus, P. 

coelophrys expanded from the localities of Maragha (Iran) to Ravin de la Pluie (Greece), 

although its presence has been also reported in Chinese localities (Bohlin 1926). H. duvernoyi 

has been also identified in a great number of localities from M aragha to Tito Veles, however 

it has been also reported in the French Turolian (M N I2) locality of Luberon and in the late 

Turolian (MN13) localities of Polgardi (Hungary). Conversely, B. attica occupied a smaller 

area, from Maragha to Tito Veles, but was limited northwards, as it has not been reported 

further north than Kalimanci (Bulgaria) (Bakalov 1953). S. major, ranges from the east part of 

the Greek mainland to the west pait of Turkey. This indicates that S. major was a localised 

representative of the giraffidae in the late Miocene, with a limited expansion in space as well 

as in time.

PALAEOENVIRONMENT AND PALAEOECOLOGY

The strildng differences in the faunal content between localities across Eurasia during the Late 

Miocene have been widely recognised. However, the presence of rich and diverse ungulate 

faunas with hipparions, rhinoceroses, bovids, giraffes and others distinguishes the special 

character of these Pikermian faunas. The term Pikermi an fauna was coined by Crusafont- 

Pairo (1951) to describe these rich late Miocene faunas. Kurten (1952) used the term 

hipparion faunas to chai'acterise the abundance of the three toed equids in these faunas. 

Recently, Solounias et al. (1999) suggested the term Pikermian biome so as to include also 

the respective flora. These localities present certain faunal and floral characters that allow 

their separation into distinct groups with specific geographical and environmental boundaries. 

A number of authors have subdivided Eurasia into provinces and designated their boundaries
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(Tobien 1967; Bem or 1978, 1983, 1984; Bonis et al. 1979; Bonis et al. 1992; Fortelius et al. 

1996). Although there are different opinions concerning the number and the boundaiies of the 

provinces, there is mutual agreement about the existence and the boundaries of an eastern 

Mediterranean-southwest Asian (Bernor 1978), or sub-Paratethyan (Bernor 1983), or Greco- 

Irano-Afganian (Bonis et al. 1992), or East block (Fortelius et al. 1996) province. Briefly, the 

other late Miocene Eurasian provinces according to the previously mentioned authors would 

be: a west European, a Chinese, an Indopaldstan and, as some authors consider, a North 

African one.

In western Eurasia two different faunal associations were defined: a Central European one 

with a woodland/forest character and secondly a perimediterranean one with a dominant 

steppe/savannah character (Koenigswald 1929; Crusafont and Villalta 1954; Tobien 1967). 

Originally, the concept of a savannah was used to describe the palaeoecological settings of a 

perimediteiTanean fauna and was suggested by early palaeontologists on account of the 

systematic affinities with the modern African savannah faunas (Gaudry 1862-67; Osborn 

1910; Abel 1927). Later on, other workers provided further evidence in support of the 

savannah hypothesis. Hypsodonty is considered to be such a strildng character, indicative for 

the interpretation of herbivore animals as grazers and thus as savannah dwellers. This 

tendency has been observed in the late Miocene ungulates and has been interpreted as a 

grazing adaptation and thus as a savannah or an open environment adaptation (Kurten 1952; 

Janis 1982, 1989; W ebb 1983). Thus, savannah environments are associated with overall 

warm and arid conditions. Bonis et al. (1992), after using taxonomic comparisons and 

statistical analysis to compare late M iocene faunas with recent ones, came to the conclusion 

that except from Ditiko the other studied “Greco-lrano-Afganian” faunas represented open 

environments. Also, it is well known that during the late Miocene the expansion of the C4 

grasslands took place (Cerling et al. 1989; Cerling and Quade 1990; Quade et al. 1994; 

Cerling et al. 1997; Cerling 2001).

However, during the last two decades new data has been used to an alternative scenario where 

sclerophyllous evergreen woodlands dominated the Pikermian biome (Bemor et al. 1979; 

loaldm  and Solounias 1985; Solounias and Dawson-Saunders 1988; Bernor et al. 1988; 

Solounias and Moelleken 1992; Quade et al. 1994; Solounias et al. 1995; Solounias et al.

1999). New methods for the determination of the palaeodietary adaptations of the late 

Miocene ungulates were employed, such as: isotopes from teeth enamel (Quade et al. 1994), 

masticatory morphology (Solounias et al. 1988; Solounias and Dawson-Saunders 1988;
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Solounias and Moelleken 1993; Solounias et al. 1995) and tooth microwear (Hayek et al.

1992; Solounias and Moelleken 1992; Solounias et al. 2000). These methods have revealed 

interesting and sometimes quite unexpected results about the anim als’ feeding habits. 

Palaeobotanical data (Axelrod 1973, 1975; Guemet eta l. 1976; Sauvage 1977; loaldm and 

Solounias 1985; Knobloch and Velitzelos 1987; Gregor and Velitzelos 1987; Solounias and 

Dawson-Saunders 1988; Bernor et al. 1988; Solounias and M oelleken 1992; Kloosterboer van 

Hoeve 2000; Ivanov et al. 2002) and the isotopic composition of soil carbonates and tooth 

enamel (Cerling et al. 1989; Cerling and Quade 1990; Quade et al. 1994; Cerling 2001) have 

supported the presence of a C3 dominated vegetation and thus the presence of extensive 

woodlands with undergrowth. Despite their successful expansion in the rest of the world, it 

seems that C4 grasses never managed to expand in Western Eurasia. All these data suggest 

warm and humid enough conditions during the late Miocene that allowed the development of 

such a flora and supported the formation of soil carbonates.

But what does Kerassia and its giraffids reveal about the palaeoecology and the 

palaeoenvironmental settings of the North Euboea Island in the middle Turolian? First of all, 

geographically Kerassia is situated within the boundaries of the “Greco-irano-afganian” 

province; the west boundary is Tito Veles and the eastern one the Molayan localities in east 

Afganistan. This palaeogeographic province is characterised mainly by the abundance of 

bovids and giraffids (Bonis et al. 1992). In Kerassia such diversity was also observed as a 

significant number of bovids and five species of giraffids are present. At Kerassia, four of 

these species coexisted in the lower and four coexisted in the upper fossiliferous horizon. In 

addition to giraffids and bovids, hipparions (at least two species), rhinoceroses, 

proboscideans, and other herbivores thrived and are preserved in both horizons. Although the 

study of the fauna has not been yet completed, the preliminary data of the excavated material 

have suggested that at least fifteen different herbivore species coexisted in each horizon. 

Therefore, the four giraffid species would have had to compete not only with each other but 

also with the other herbivores. Such abundance and diversity of herbivores, as well as of 

giraffid species, indicates a habitat with a combination of climate and vegetation that could 

support them. H. duvernoyi, S. major and B. attica were very large animals, and even the 

smaller of the five species P. rouenii was larger than most of the other ungulate species. This 

means that they would need daily a considerable amount of food to survive and it is therefore 

unlikely that they competed for the same food sources. It would be more reasonable if the 

different species of giraffes occupied different niches and also had different feeding habits. 

During the last fifteen years Solounias, with a number of different co-workers, has used and
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developed a number of different methods (as stated above) trying to depict the diet and 

feeding habits of late Miocene ungulates, and in particular those that came from the “Greco- 

lrano-Afganian” province. Their methods and results provided new data about the feeding 

habits of late Miocene giraffes as well as of other ungulates. The material for these studies 

came mostly from Pikermi and Samos. From the study of its tooth micro wear H. duvernoyi 

was inteipreted as a browser (Solounias et al. 2000). The tooth microwear method (Teaford 

and W alker 1984) is based on the identification and counting of enamel wear patterns, such as 

pits and scratches on its wear surface. The numbers of pits and scratches found were similar 

as those of the extant G. Camelopardalis. B. attica was also characterised as a browser from 

its masticatory morphology and tooth microwear (Solounias et al. 1999; Solounias et al.

2000). The numbers of pits and scratches though are significantly higher than H. duvernoyi 

and G. Camelopardalis. Although the masticatory morphology indicated a browser, the tooth 

microwear consistently showed that P. coelophrys was a grazer and therefore it was 

characterised as a grazer (Solounias and Moelleken 1988; Solounias et al. 1999; Solounias et 

al. 2000). P. rouenii on the other hand presents a masticatory morphology of a browser-mixed 

feeder and tooth microwear of a mixed feeder, and was interpreted as a seasonal mixed feeder 

(Solounias et al. 1999; Solounias et al. 2000). The wear pattern values suggest that P. rouenii 

is closer to the browsing mode, and thus these animals would turn to grazing seasonally when 

the opportunity for browsing became less rewarding, as in winter or summer. Their size 

would also limit the animal from accessing the higher parts of the trees, and grazing would be 

a possible solution. Finally, S. major was interpreted as a grazer. Both masticatory 

morphology and tooth microwear clearly indicated grazing (Solounias and Moelleken 1988; 

Solounias et al. 1999; Solounias et al. 2000). The orbit, as described by Senyurek (1954) for 

the skull of S. major from Tasldnpasa, is clearly located behind M3; hence this according to 

Solounias and Dawson-Saunders (1988) also suggests that S. major was a grazer.

Furthermore, stable carbon analysis showed much enriched values of which indicated 

that C4 grasses were probably part of S. m ajor’s diet. In one of the cases also the very high 

number of pits and scratches indicated mountain grazing (Solounias et al. 2000). The 

similarities in the microwear pattern between H. duvernoyi and G. Camelopardalis might 

indicate that H. duvernoyi was a specialised browser like G. Camelopardalis (G. 

Camelopardalis feeds only on Acacia leaves). In the same regard it can be presumed that B. 

attica, due the higher number of pits and scratches on the enamel, could be considered as a 

generalised browser. These interpretations verify the hypothesis that the four species of 

giraffes in order to coexist had to exploit different food resources. Browsing and even 

seasonal mixed feeding suggest that there was enough tree coverage to provide the necessary
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food. And this is in accordance with the evergreen sclerophylous woodland scenario that was 

mentioned above.

The phalange from site K3 revealed a pathologic condition for the H. duvernoyi individual 

that it belonged to. The animal suffered acute pyogenic osteomyelitis and this condition 

probably required a period of several months until it was fully healed (Karamitsos (veterinary 

surgeon), pers. com.). Pain and lameness would affect its mobility and thus the animal would 

be an easy target for predators. Also, the open wound and the pus from the inflammation 

would provide a strong and distinct odour that could easily attract predators. Therefore, the 

animal in order to survive would have to hide in a place that would provide it with cover and 

plenty of food and available water so that the animal would not have to move a lot. Such a 

protected habitat could possibly be a forest or dense woodland. Conversely, in an open 

environment the animal despite its size would have less possibility to survive.

Some strildng differences found in the morphology of the lower epiphysis of the radius 

between S. major and H. duvernoyi, probably indicate different functional morphologies for 

the radiuses of the two animals and thus different modes of locomotion. As noted above the 

lower epiphysis of H. duvernoyi is wider with a shorter anteroposterior diameter than S. 

major. This probably suggests that H. duvernoyi was adapted for a life in a close environment 

such as a forest or dense woodland. The wide epiphysis would provide it with the ability to 

perform swift manoeuvres in such an environment. Conversely, the narrower but longer 

anteroposterior diameter and thus more robust epiphysis in S. major suggests an animal that is 

better adapted for a life in an open environment, with the ability to run. The deep muscle 

grooves at the anterior of the epiphysis also support this hypothesis and indicate strong and 

powerful muscles that enhanced the anim al’s ability to run faster.

If the area was covered by savannahs or extensive seasonal grasslands, it would mean that the 

animals would have to migrate during the dry season to find new food resources. The fossil 

record, however, does not indicate such major seasonal migrations. B. attica and S. major are 

relatively localised taxa, limited in the southwest part of the province. Especially this is clear 

for S. major a dedicated grazer which was limited in an even smaller palaeogeographic area 

than B. attica. During the Turolian there were two possible pathways for the giraffes of 

Kerassia to migrate: north and east. B. attica has not been found north of Kalimanci and east 

of Maragha, whereas S. major has not been found north of Vathylaldcos and east of 

Tasldnpasa. Therefore, it can be assumed that during the latest Vallesian -Turolian in the
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central Greco-Anatolian tem tory there was enough grass cover, and enough rainfall and/or 

waterbodies that could support it all year long. The presence of areas covered with woodlands 

and/or forests would be essential to support these large browsing animals. There is enough 

palaeobotanical evidence to support this. Macrofossils and pollen from a number of late 

Miocene localities in the Greco-Irano-Afganian province indicate the presence of 

sclerophylous hardwood floras (conifers, oaks etc.) accompanied by significant chaparral 

undergrowth (Axelrod 1973, 1975; Guernet et al. 1976; Sauvage 1977; Orgetta 1979; loaldm 

and Solounias 1985; Knobloch and Velitzelos 1987; Gregor and Velitzelos 1987; Solounias 

and Dawson-Saunders 1988; Bem or et al. 1988; Solounias and M oelleken 1992; Kloosterboer 

van Hoeve 2000; Ivanov et al. 2002). The abundance of soil carbonates is similar to that 

found in other late Miocene Greek localities by Quade et al. (1994). It indicates an annual 

precipitation of under approximately 1000 mm/yr. This agrees with recent precipitation data 

for the late Miocene of NW  Bulgaria (Ivanov et al. 2001). Evidence also from extensive 

bacterial damage in bones and teeth from Kerassia, and also from other late Miocene Greek 

localities suggest a temperate to warm and moist climate for the late M iocene of the 

Northeastern Mediterranean (Iliopoulos 2002, 2003). The presence of wetland components, 

like Taxodium  and Glyptostrobus in floral remains (Velitzelos and Gregor 1986; Orgetta 

1979), and lignites (Symeonidis and Marcopoulou-Diacantoni 1977; Kloosterboer van Hoeve

2 0 0 0 ) suggest wet enough conditions to maintain waterbodies such as lakes and marshes with 

no winter frost. Agusti and Anton (2002) suggested that the climatic changes that took place 

in the late Yallesian in Europe did not have a dramatic effect on the fauna. They considered 

that the new seasonal conditions affected mostly the plants, not by the expansion of 

grasslands but by the prevalence of deciduous trees. Seasonality disrupted fruit plants and this 

in retum  had an effect on omnivore and frugivore animals with a significant fruit component 

in their diet. Therefore, a seasonal, temperate to warm and moist climate must be implied for 

the late Miocene of Kerassia, with probably temperate and wet winters and warm and 

relatively dry summers.

Kerassia’s giraffes in both horizons lived in a diverse environment that consisted of a mosaic 

of different écologie habitats that ranged from open areas with C3 grasslands, rivers, 

woodlands, and forests and possibly even with some wetland facies and facies of different 

altitudes. S. major and P. coelophrys (P. sp.) lived close to open areas with enough C3 

dominated grass to graze on, H. duvernoyi and B. attica lived in woodlands or forested areas, 

while P. rouenii lived probably in more open woodlands and fed seasonally on the available 

browsing or grazing (tree undergrowth or grasses close to waterbodies). The presence of
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possibly two grazers and one browser in the lower horizon and conversely of one grazer and 

two browsers in the upper horizons, indicate that it is probable that the upper horizon 

represented more forested (more tree coverage) habitats than the lower one. This is also 

supported by the presence of some forest dwellers like Microstonyx m ajor and Dorcatherium  

sp. in the upper horizon and which aie absent from the lower one. This might also indicate a 

general trend towards a change to more forested conditions during the middle Turolian, or it 

might just represent a localised event without any further general climatic or environmental 

meaning.
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Appendix 7: Malleolus

Specimen
number Species Locaiity Museum / author DAP DT H

K1/A343 Samotherium major Kerassia AMPG 55.1 26.6 45.4
K4/A314/7 Helladotherium duvernoyi Kerassia AMPG 59.0 27.3

M4277 Samotherium boissieri Samos NHML 45.5 30.2 30.8
M4286a Samotherium boissieri Sam os NHML 50.9 25.4 36.0
IVI4286b Samotherium boissieri Samos NHML 46.4 23.6 35.8
M4286C Samotherium boissieri Samos NHML 45.6 19.7 36.1
M4286d Samotherium boissieri Samos NHML 49.4 24.8 35.8

M4280a(139a) Samotherium boissieri Samos NHML 50.7
M4281 (65) Samotherium boissieri Samos NHML 49.8 26.7 35.9

M4280b(77) Samotherium boissieri Samos NHML 49.8 35.5
M4280c(309) Samotherium boissieri Samos NHML 51.3 25.0 35.5

M5432 Samotherium major Samos NHML 49.3 38.5
MAR 624 Samotherium neumayri Maragha Geraads, 1974 56.0 26.0 34.0
MAR 625 Samotherium neumayri Maragha Geraads, 1974 54.0 23.0 35.0
MAR 626 Samotherium neumayri Maragha Geraads, 1974 48.0 28.0 36.0
Lok. 30 Samotherium sinense China Bohiin 1926 68.0 32.0 35.0

Lok 116/1 Samotherium sinense China Bohlin 1926 58.0 30.0 32.0
Lok 116/2 Samotherium sinense China Bohiin 1926 53.0 26.0 29.0
Lok 116/3 Samotherium sinense China Bohlin 1926 64.0 30.0 32.0
Lok 116/4 Samotherium sinense China Bohiin 1926 68.0 31.0 37.0

Samotherium eminens China Bohiin 1926 57.0 30.0
PIK 1536-1540 Heiiadotherium duvernoyi Pikermi Geraads, 1974 53.0 26.0 33.0

Heiiadotherium duvernoyi Pikermi Geraads, 1974 59.0 29.0 37.0
PIK 1582 Bohiinia attioa Pikermi G eraads, 1974 47.0 24.0 30.0

VAT 2 Bohiinia attioa Vathylakkos 2 Geraads, 1974 50.0 28.0 33.0
MAR Bohiinia attioa? Maragha Geraads, 1974 51.0 26.0 31.0

Deoennatherium paoheooi Nombrevilia Crusafont 1952 45.5 21.0 29.0
152 Birgerbohiinia sohaubi Piera Crusafont 1952 49.0 25.6 38.0
482 Deoennatherium paoheooi Los Valias Morales and Soria, 1981 46.0 22.0 31.0
1095 Deoennatherium paoheooi Los Vailes Morales and Soria, 1981 45.0 23.5 30.5
2364 Deoennatherium paoheooi Los Vailes Morales and Soria, 1981 44.6 19.0 29.0
2588 Deoennatherium paoheooi Los Vailes Morales and Soria, 1981 41.0 17.0 26.6
930 Deoennatherium paoheooi Los Vailes Morales and Soria, 1981 43.5 21.0 29.7

2111 Deoennatherium paoheooi Los Valles Morales and Soria, 1981 44.3 20.6 31.4
1226 Deoennatherium paoheooi Los Valles Morales and Soria, 1981 44.5 22.0 30.0

15004 Deoennatherium paoheooi Los Vailes Morales and Soria, 1981 45.6 20.4 30.8
1971 Deoennatherium paoheooi Los Valles Morales and Soria, 1981 46.2 21.7 34.5
262? Deoennatherium paoheooi Los Vailes Morales and Soria, 1981 43.1 21.6
min Birgerbohiinia sohaubi Creviilente 2 Montoya-Moraies 1991 47.0 22.7 33.6
av Birgerbohiinia sohaubi Creviilente 2 Montoya-Morales 1991 48.8 24.7 35.1

Birgerbohiinia sohaubi Creviilente 2 Montoya-Moraies 1991 50.5 25.9 37.8

Notes
DAP = anteroposterior diameter 
DT = transverse diameter 
H  = height
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Appendix 12; Intermediolateral cnneiforme
Specimen

number Species Locality Museum / author D A P DT H

K1/A45 Samotherium major Kerassia AMGP 55.2 37.2 17.2
K1/A247/3 Samotherium major Kerassia AMGP 52.9 37.1 18.0
K1/A341/2 Samotherium major Kerassia AMGP 56.9 36.4 17.5
M11391a Heiiadotherium duvernoyi Pikermi NHML 56.0 37.6 19.1
M11391b Heiiadotherium duvernoyi Pikermi NHML 48.8 33.6 14.7
M4285a Samotherium boissieri Samos NHML 41.4 33.7 14.4
M4285b Samotherium boissieri Samos NHML 43.2 28.8 14.2
M4285C Samotherium boissieri Samos NHML 42.0 30.0 13.5
IV14285d Samotherium boissieri Samos NHML 43.0 30.5 14.0
W14285e Samotherium boissieri Samos NHML 46.1 30.7 13.9
M4285f Samotherium boissieri Samos NHML 48.7 31.5

M4287(80) Samotherium boissieri Samos NHML 50.5 38.7 17.5
M4284(291) Samotherium boissieri Samos NHML 47.1 32.5 15.7

M4278 Samotherium boissieri Samos NHML 45.6 37.1 13.3
M4280(139) Samotherium boissieri Samos NHML 42.0 33.7 11.5

M? (293) Samotherium boissieri Sam os NHML 45.9 33.2 14.4
M4280(77) Samotherium boissieri Samos NHML 53.3 30.3 13.7

M4287(254) Samotherium boissieri Samos NHML 51.1 33.9 14.9
M4289(99) Samotherium boissieri Sam os NHML 49.2 36.4 14.9
M4289(61) Samotherium boissieri Samos NHML 41.5 33.5 11.8
M4288(83) Samotherium boissieri Samos NHML 41.4 29.8 14.8

M5432* Samotherium major Samos NHML 48.7 42.8 18.6
PQ-L22186 Sivatherium hendeyi Langebaanweg SAM 61.0 43.0 20.0

Heiiadotherium duvernoyi Pikermi Gaudry, 1862 54.0
Samotherium sinense 30 Bohiin 1926 58.0 36.0 25.0

1 Samotherium sinense 116 Bohiin 1926 60.0 38.0 25.0
2 Samotherium sinense 116 Bohlin 1926 56.0 40.0 23.0
3 Samotherium sinense 116 Bohlin 1926 59.0 41.0 26.0
4 Samotherium sinense 116 Bohlin 1926 61.0 41.0 29.0

Samotherium eminens Bohiin 1926 61.0 39.0 21.0

Notes
DAP = anteroposterior diameter 
DT = maximum transverse diameter 
H = height in the middle of tlie bone 
specimens with a star (*) characterize juveniles



Appendix 13: Phalanx I

Specimen
number Species Locaiity Museum/author L DAPpr DTpr DAPd DTd

Ke90 Samotherium major Kerassia AMPG 119.6 58.3 52.5 37.3 52.6
Ke 131 Bohiinia attioa Kerassia AMPG 109.9 55.2 41.8 34.6 46.0

K3.4 Heiiadotherium duvernoyi Kerassia AMPG 131.3 65.4 54.7 38.6 50.5
K4/A354 Heiiadotherium duvernoyi Kerassia AMPG 119.9 69.3 60.5 45.4 44.4
M l2921 Paiaeotragus rouenii Pikermi NHML 76.4 28.6 27.0 20.6 22.9

Paiaeotragus rouenii Pikermi Sedgwick 37.3 28.9
Paiaeotragus rouenii Pikermi Sedgwick 86.9 39.0 29.8 25.4 25.5

M11404 Bohiinia attioa Pikermi NHML 112.2 59.1 43.8 32.8
M il 393a Heiiadotherium duvernoyi Pikermi NHML 117.0 62.8 54.5 41.2 53.2
Ml 1393b Heiiadotherium duvernoyi Pikermi NHML 112.3 56.8 50.5 38.3 51.7
M11393c Heiiadotherium duvernoyi Pikermi NHML 111.8 54.7 47.5 34.5 49.8
Ml 1393d Heiiadotherium duvernoyi Pikermi NHML 98.0 56.8 46.6 37.6
M11393e Heiiadotherium duvernoyi Pikermi NHML 100.6 57.9 49.7 36.5 47.8
M11393f Heiiadotherium duvernoyi Pikermi NHML 110.9 57.0 53.4 40.0 53.3
M11393g Heiiadotherium duvernoyi Pikermi NHML 106.5 56.9 49.0 36.0 41.5

M4290(80) Samotherium boissieri Samos NHML 73.1 35.2 24.1 23.9 25.2
M4290 Samotherium boissieri Samos NHML 69.1 37.3 29.6 21.8 24.4

M4299(196) Samotherium boissieri Samos NHML 77.1 37.3 28.8 22.3 26.3
M4299 Samotherium boissieri Samos NHML 83.2 36.9 29.0 23.6
M4299 Samotherium boissieri Samos NHML 93.0 45.6 33.2 28.7 32.6
M4299 Samotherium boissieri Samos NHML 86.8 42.6 35,7 25.5 32.8
M4299 Samotherium boissieri Samos NHML 82.8 37.6 26.4 29.7

M4299(84) Samotherium boissieri Samos NHML 90.2 44.5 28.7 27.4 27.3
M4303 Samotherium boissieri Samos NHML 84.6 40.5 35.3 26.7 34.0

M4299(356) Samotherium boissieri Samos NHML 82.7 39.2 35.6 26.2 33.0
M4299(71) Samotherium boissieri Samos NHML 86.8 42.9 33.5 24.1 30.6
M4299(72) Samotherium boissieri Samos NHML 86.6 41.8 26.9 30.8

M4300(354) Samotherium boissieri Samos NHML 90.0 41.2 28.3 38.5
M4300 Samotherium boissieri Samos NHML 89.3 39.6 37.2 27.9 33.5
M4300 Samotherium boissieri Samos NHML 87.2 43.7 40.5 29.7 37.4

M4300(352) Samotherium boissieri Samos NHML 83.0 40.3 37.1 27.8 38.4
M4300(353) Samotherium boissieri Samos NHML 80.3 40.6 33.6 25.7 32.5

M3897a Heiiadotherium duvernoyi Maragha NHML 108.8 52.0 50.0 33.3 46.0
M3897b Samotherium neumayri Maragha NHML 90.0 45.5 42.2 28.1 39.2
Ant min Samotherium neumayri Maragha Geraads, 1974 93.0 38.0 40.0
Ant max Samotherium neumayri Maragha Geraads, 1974 99.0 40.0 46.0
Post min Samotherium neumayri Maragha Geraads, 1974 97.0 39.0 37.0
Post max Samotherium neumayri Maragha Geraads, 1974 106.0 41.0 40.0

Ant Samotherium sinense China Bohlin 1926 98.0 53.0 51.0
Post Samotherium sinense China Bohlin 1926 94.0 49.0 43.0

SIq 699 Samotherium major Salonique Geraads, 1974 96.0 41.0 44.0
SIq 700 Samotherium major Salonique Geraads, 1974 98.0 42.0

Sans Samotherium major Salonique Geraads, 1974 106.0 41.0 46.0
PIK1568 Heiiadotherium duvernoyi Pikermi Geraads, 1974 112.0 51.0 48.0
PIK1571 Heiiadotherium duvernoyi Pikermi Geraads, 1974 110.0 50.0 45.0
VAT 2 A Bohiinia attioa Vathylakkos 2 Geraads, 1974 108.0 39.0 43.0
VAT2B Bohiinia attioa Vathylakkos 2 Geraads, 1974 39.0 43.0
SIq 701 Bohiinia attioa Salonique Geraads, 1974 104.0 42.0 42.0

1973 XXI 67 Samotherium boissieri Maragha Erdbrink, 1978 89.0 45.0 41.0 31.0 32.5
116 P. microdon Bohlin 1926 83.0 36.0 29.0
108 P. microdon Bohlin 1926 76.0 34.0 28.0

Notes 
L = length
DAPpr = proximal anteroposterior diameter 
DTpr = proximal transverse diameter 
DAPd = distal anteroposterior diameter 
DTd = distal transverse diameter



Conclusions

The issues elaborated in this thesis are multidisciplinary in nature. They involve the 

taphonomic investigation of the fossil mammal material, and the taxonomic study of the 

Giraffidae material from a new Late Miocene Greek locality, Kerassia. The taphonomic 

aspects highlighted in this study are the histological and biogeochemical alterations of fossil 

bones and teeth. This study provided not only taxonomic and taphonomic information but also 

information about the palaeoenvironment and the palaeoclimate of Kerassia.

To date, seven different fossiliferous sites have been found within the Kerassia region. 

Stratigraphie, sedimentological and geochemical data collected during this study suggest that 

at least two fossiliferous horizons occur. The sediments of the upper horizon are seen at sites 

K1 and K6, whilst the sediments of the lower horizon are seen at sites K2, K3, K4 and 

possibly K5. Data from site K7 are cumently insufficient to determine which horizon it 

belongs to and thus, the existence of a third fossiliferous horizon cannot be ruled out. In 

addition, geochemical data, faunal data, the preservational state of the material and 

information by Doukas (pers. communication, 2001) indicate that the material from the 1982 

excavation was collected from the upper horizon, and most probably from site K l.

The histological study of bone and tooth tissues from both horizons at Kerassia revealed the 

presence of extensive bacterial damage. The size of the microtunnels (150-600 nm) in the 

destructive foci of the damaged bone, dentine and cement tissues indicate that the invading 

microorganisms were soil bacteria. The rims of the foci appear more mineralised and are 

enriched in Ca and P O F \ and the foci appear demineralised and depleted in Ca and POF". 

Despite this, the Ca/P ratios for the three structural areas of the bioeroded tissues, the 

undamaged areas, the foci and the rims of the foci are practically the same. However, 

chemical differences do occur between the three structural areas. The concentrations of F are 

higher in the undamaged areas and lower in the foci and conversely, the concentrations of Cl, 

Mg and Na are relatively higher in the foci and lower in the undamaged areas. Early 

recrystallization of crystallites in the foci of damaged tissues that followed bacterial activity is 

most likely responsible for the differential incorporation of F. Probably, early recrystallization 

is also responsible for the differential leaching of Na, Cl and M g from the three structural 

areas of the bioeroded tissues and may explain the distribution of these elements.
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Such extensive bacterial damage indicates that favourable conditions for the development of 

bacteria prevailed during the Late Miocene of Kerassia; warm, relatively moist and near 

neutral soil conditions are considered as such favourable conditions (Paul and Clark, 1989). 

The presence of overlapping dark and bright foci in the studied material, and thus of two 

generations of foci, has been attributed to seasonality and more precisely to the two periods of 

growth of soil microorganisms in seasonal, Mediteii'anean type environments (Schaefer,

1973). The same or similar extensive bacterial damage has been also recognised in bone 

specimens from eight other Late Miocene Greek localities. Therefore, similar environmental 

conditions and a seasonal, Mediteii'anean type climate can be inferred for the Late Miocene of 

the Northeastern Mediterranean.

XRD analyses showed that fossil bone and dentine consist of carbonate fluorapatite with 

crystallinity indices significantly higher than those in modern fresh bone. The more compact 

and crystallized enamel consists of carbonate hydroxyapatite and presents much higher 

crystallinity indices than bone and dentine. The crystallinity and the overall chemistry of the 

different hard tissues is controlled by the physicochemical conditions of the localized burial 

environment and the chemistry of the local pore waters.

The study of the abundant and diverse giraffid material from Kerassia revealed the presence 

of five different species of giraffes. Four species, Paiaeotragus rouenii, Paiaeotragus sp., 

Samotherium major and Heiiadotherium duvernoyi were found in the lower horizon and four 

species were determined in the upper horizon, namely, Paiaeotragus rouenii, Samotherium  

major, Heiiadotherium duvernoyi and Bohiinia attica. Although most of these species have a 

wide biostrati graphic range, the presence of S. major provides a more accurate means of 

dating. Kerassia can be correlated with the well dated Main Bone Beds at Samos locality 

(Greece) which contain S. major (Swisher, 1996; Bem or et a l ,  1996; Koufos et a l ,  1997). 

Therefore, the age of the sediments and fossils at Kerassia can be determined as early MN12 

(Middle Turolian). According to recent work on masticatory morphology and tooth 

microwear (Solounias et a l ,  1999; Solounias et a l ,  2000; Solounias and Moelleken, 1988; 

Solounias and Dawson-Saunders, 1988), H. duvernoyi and B. attica were characterised as 

browsers, S. major as a grazer and P. rouenii as a mixed feeder. Moreover, if  P. sp. is indeed 

related with P. coelophrys, it could be characterised as a grazer. The presence of four species 

in each horizon with different feeding adaptations and diets suggests that during the Middle 

Turolian in Kerassia there was enough tree coverage to support two browsing species, and 

grasslands to support the grazing species. The mixed feeding habits of P. rouenii possibly
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indicate seasonal shifting from a browsing to a grazing diet depending on the available 

browsing or grazing each season. The above agrees with palaeobotanical data and the 

presence during the Late Miocene of sclerophylous hardwood floras and significant chaparral 

undergrowth which indicate a seasonal, Mediterranean type climate (Axelrod 1973, 1975; 

Guemet et al. 1976; Sauvage 1977; Orgetta 1979; loaldm and Solounias 1985; Knobloch and 

Velitzelos 1987; Gregor and Velitzelos 1987; Solounias and Dawson-Saunders 1988; Bemor 

et al. 1988; Solounias and Moelleken 1992; Kloosterboer van Hoeve 2000; Ivanov et al.

2002).

The study of the giraffid material, the bacterially damaged bones and teeth from Kerassia and 

their chemistry shows that a seasonal Mediterranean type, relatively temperate to warm and 

moist climate can be inferred for the MN12 (Middle Turolian) of the Kerassia region. Further 

geochemical study of fossil bones and teeth and their host sediments would provide additional 

information on the burial environment and the overall climate of Kerassia. Initial results of 

my ongoing investigation of the chemistry of bones and teeth from Kerassia show that the 

conditions in the burial environment and the suiTounding soils were slightly oxidising and 

moderately alkaline. The soils were well drained with significant carbonation, and the depth 

of the calcic horizons in the paleosol sequences indicates a mean annual precipitation between 

700-1000 mm/yr. Seasonal fluctuations occurred in temperature and soil moisture, ranging 

between warm and dry conditions duiing the summer and cool and wet conditions during the 

winter.

In order to test and expand the findings of the present study, a detailed histological and 

geochemical study of fossil bones and teeth, including their surrounding sediments, should be 

expanded to other Late Miocene localities in the wider ai'ea of the North-Eastern 

Mediterranean and today’s “Greco-Irano-Afganian” province. The Late Miocene was a 

critical period of tectonic and consequently climatic changes that affected the extinction of 

and the evolution of numerous species including humans. According to Solounias et al.

(2000) a lai'ge number of recent Eurasian and African species originated from the so called 

“Pikermian” biome of the Late Miocene “Greco-Irano-Afganian” province. Such an 

investigation will provide further data to elucidate the palaeoenvironmental conditions that 

prevailed during the Late Miocene in this province.

The study of bones and teeth buried in soils from different climates and burial environments 

should be undertaken. This investigation will provide infoiTnation on the effect that climatic
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and burial conditions have on microbial focal destruction, and presents a challenging area of 

further research.

A revision of the Eurasian Late Miocene giraffidae is also considered as essential. During the 

last 100 years giraffid material has been collected from a significant number of localities in 

China and the former Soviet republics, and an unusually large number of new species has 

been determined (particulai'ly those of Samotherium). In the past these collections were not 

easily accessible, thus they are not well studied. Thorough examination of these collections 

would elucidate the relationships of the Eurasian Late Miocene giraffids and would allow 

taxonomic revision, including the recognition of synonyms among the plethora of species 

names.
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