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Abstract The carbonate formations of NE Evvoia,
Greece, are remnants of the mature terrace phase of a
shelf that evolved, from the Late Triassic through the
Late Jurassic, on the periodically slumping passive
margin of the Pelagonian micro-continent, initially in
a divergent and later in a convergent setting. A
starved shelf configuration is indicated by northward,
distal thinning ( < 200 m) and deepening of facies, in
contrast to southward, proximal thickening ( > 1000 m)
and shallowing of facies. Tectonic subsidence dictated
the deposition of the generally deepening-upward
facies succession, which begins with peritidal carbon-
ates and ends with radiolarites and siliciclastic turbi-
dites. However, recurrent shallowing upward cycles
show that carbonate accumulation also responded to
oscillating sea level. The large-scale shelf architecture
consists of three sequences: a progradational highstand
tract, a shelf margin tract and a transgressive tract.
The transgressive sequence was initiated in a conver-
gent setting by tectonic loading and ended during
approximately the Latest Jurassic with the emplace-
ment of an (Eohellenic) ophiolite nappe over the Pel-
agonian formations. Contemporaneous with the deep-
ening-upward succession of the Pelagonian margin, a
shallowing-upward succession formed on top of the
oceanic ophiolite assemblage, initially below the CCD
in the early divergent setting, later above the CCD in
the convergent setting.

Key words Hellenides ´ Pelagonian Eohellenic
microfacies ´ Palaeoenvironments ´ Basin evolution ´
Tectonic mØlange ´ Ophiolite emplacement

Introduction

Palaeogeographically, the study area in NE Evvoia,
Greece (Fig. 1), is a part of the Pelagonian zone of
the Hellenides, a micro-continent upon which a car-
bonate platform evolved adjacent to deeper marine
zones: the externally located Subpelagonian and Pin-
dos zones, and the internally located Vardar zone
(Aubouin 1959, 1965; Guernet 1971; Jacobshagen et
al. 1978a). Rapid subsidence of the Pelagonian plat-
form during the Late Jurassic foreshadowed the tec-
tonic emplacement of the Eohellenic ophiolite nappe
(Bernoulli and Laubscher 1972; Eohellenic after
Jacobshagen et al. 1976 for the ophiolites emplaced on
top of the Pelagonian zone formations in the Late
Tithonian to Early Cretaceous), of which the ophiolite
complex of NE Evvoia is a small erosional remnant
(Baumgartner and Bernoulli 1976). The palaeogeo-
graphical origin of the Eohellenic ophiolite, whether
from the Vardar or from the Pindos ocean, is still con-
troversial (e.g. Mercier 1966; Bernoulli and Laubscher
1972; Dercourt 1972; Hynes et al.1972; Zimmerman
1972; Smith et al. 1975; Zimmerman and Ross 1976;
Jacobshagen et al. 1978a; Smith et al. 1979; Mountra-
kis et al. 1983; Robertson 1991; cf. Scherreiks 1998b;
Clift 1998). However, the ophiolite obduction led to
cessation of the Jurassic carbonate depositional cycle
in the Pelagonian zone.

The formations of northern Evvoia have been pre-
viously mapped as time-stratigraphic units (Katsikat-
sos et al. 1980), but microfacies analysis data are still
very scarce (Scherreiks 1998a). The present paper
focuses on the lateral and vertical facies associations
of the preserved tectonostratigraphic assemblages, and
on basin architecture (Ingersoll and Busby 1995), prior
to the time of ophiolite emplacement. The petrogene-
sis of the ophiolite and a full-scale tectonic analysis
are beyond the scope of this paper, but the palaeogeo-
graphic relations of the platform margin to the over-
thrust oceanic sedimentary succession and to the ophi-
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olite assemblage and mØlange have been assessed,
whereby post-Eohellenic rotations (McKenzie and
Jackson 1986; Kissel and Laj 1988) and regional pal-
aeogeography (Stampfli et al. 1998) have been taken
into consideration.

Field work was carried out from 1993 to 1997, over
250 samples and over 230 thin sections were studied,
and 392 fabric measurements were evaluated (Schmidt
net density distributions, Pangaea Scientific 1998).
Chemical analyses were carried out on selected late-
rites, lateritic rocks, and Fe-Mn crusts (ICP: ISA-In-
struments, Lyon, France).

Geological overview

The formations of the study area belong to two differ-
ent palaeogeographic and tectonostratigraphic units:
the non-metamorphic Pelagonian zone formations
(Katsikatsos et al. 1986), herein referred to simply as
the Pelagonian formations, and the Oceanic for-
mations, which are of controversial origin.

Amongst the Pelagonian formations, a northern
and a southern facies zone has been distinguished
(Figs. 2, 3): the relatively thick (>1000 m) mainly peri-
tidal, neritic, reefal to hemipelagic succession, in the
south, contrasts with the comparatively thin (<200 m)
mainly hemipelagic to pelagic succession, in the north.
A hemipelagic palaeoenvironment was maintained
throughout most of the Jurassic in the northern zone
while peritidal and neritic conditions persisted in the
south, until the entire area (north and south) was
drowned below the CCD during the Late Jurassic, as

is shown by the sudden appearance of carbonate-free
radiolarites. The Pelagonian formations are mainly of
Jurassic age (Table 1; Katsikatsos et al. 1980) except
for a reefal intraformational breccia of ?Permotriassic
(Katsikatsos et al. 1980) to Upper Triassic age (Rob-
ertson 1991), located east of Ellinika. The Permotrias-
sic and older basement is exposed outside of the

Fig. 1 Overview map of the
Hellenic isopic zones. The
study area in NE-Evvoia is
located in the Pelagonian iso-
pic zone (Aubouin 1959),
which is non-metamorphic in
the study area, in contrast to
major exhumed areas located
to the east, north and south.
The sense of post-Cretaceous
rotation (Kissel and Laj 1988)
and the isopic zones are
shown. V Vardar; P Pelagoni-
an; SP Subpelagonian; PD Pin-
dos; PN Parnasos; G Gavrovo;
T Tripolitza; I Ionian

Table 1 The fossils of the Xiron Foramation (reef and neritic
debris limestones; in corroboration with O. Ebli and F. Schla-
gintweit)

Protopeneroplis striata WEYNSCHENK: Middle to Upper
1Jurassic (cf. p. C741±42, Moore 1964)
Parakilianina rahonensis (FOURY and VINCENT)
1Kimmeridgian (cf. Flügel 1974; Figs. 2, 3, 4, 6, Table 1)
Parurgonina caeinensis CUVILLIER, FOURY and PIGNATTI
1MORANO: Oxfordian to Portlandian
Haurania sp. aff. deserta HENSON: Jurassic (cf. Moore 1964,
1p C492±C493)
Thaumatoporella parvovesiculifera RAINERI: (cf. Flügel 1974
1Taf. 3/3)
Cladocoropsis mirabilis FELIX: Kimmeridgian (cf. Hudson 1953;
1Hanzawa 1961, Pl. LXXIV; Flügel 1974, Taf. 2/1)
Actinostromaria tokadiensis YABE and SUGIYAMA:
1Kimmeridgian (cf. Turnsek and Barbulescu 1969, Pl. 1)
Actinostromarianina cf. lecomptei HUDSON: (cf. Hudson 1955,
1Pl. XXII/6)
Parastromatopora sp.: (cf. Hanzawa 1961 Pl. LXXIV; Hashimoto
11960, Pl. 1/1,2)
Milleporidium sp.
Lithocodium sp.
Bacinella irregularis RADOICIC
Rivulariacea nodule (Cayeuxia): (cf. Flügel 1974, Pl. 28/3;
1Perconig 1968, Pl. XC/2; and Cita 1965, Pl. XIII/2)
Zergabriella embergeri (BOUROULLEL and DECOFFRE)
1GRANIER: Tithonian? Berriasian/Valanginian
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immediate study area (15 km west and ca. 5 km north;
Katsikatsos et al. 1984).

The oceanic formations of controversial origin con-
sist of tectonically emplaced mØlange, ophiolite and a
pelagic sedimentary complex deposited on the ophio-
lite substrate (Figs. 2, 3). The ophiolite is an Eohelle-

nic ophiolite (Jacobshagen et al. 1976), emplaced on
top of the Pelagonian zone formations in the Late
Tithonian to Early Cretaceous (cf. Baumgartner and
Bernoulli 1976).

Regional uplift followed ophiolite emplacement
(Bernoulli and Laubscher 1972) and was accompanied
by Lower Cretaceous erosion, karstification, and the
deposition of Fe-rich and Al-poor laterite deposits in
fractures, karstic vugs and breccias, and as pisolith
crusts over the post-Eohellenic unconformity. The lat-
erites were found to contain anomalous Ni, Cr and
Co, substantiating a post-Eohellenic ophiolitic prove-
nance (cf. Melidonis 1960; Guernet 1965; Kurzweil
1966; Katsikatsos et al. 1969; Spiliadis 1977). A pre-
Eohellenic emersion surface with bauxites, of upper
Middle to lower Upper Jurassic age like that of cen-
tral Evvoia (Guernet and Robert 1973), could not yet
be verified in the study area. However, considering
that the Pappades Ophiolite was tectonically loading
the Pelagonian margin during its late Middle Jurassic
advance (see later discussion), a plausible consequence
could have been emersion of the Pelagonian hinterland.

Fig. 3 Lithostratigraphy of the Mesozoic formations of NE
Evvoia. Two Hellenic Isopic zones are represented in the study
area: the Pelagonian zone and an oceanic isopic zone of dis-
puted origin. The Pelagonian zone facies in the southern part of
the study area consist of a relatively thick succession of peritidal
dolomites, neritic limestones, hemipelagic carbonates with reef-
debris and neritic debrite intercalations, radiolarites and grey-
wackes. In contrast to this, the northern part of the study area
consists of a condensed succession of Jurassic deeper water
facies and a tectonically disconnected Upper Triassic reefal
intra-formational breccia (Robertson 1991; cf. {Katsikatsos et al.
1980). The position of interpreted, large-scale sequence tracts
are shown. The Ophiolite of Pappades and the pelagic facies of
the Elias Complex are oceanic formations, whichcompose a
composite nappe (Eohellenic ophiolite). The restored lateral
relations and the positions of the major thrust faults are indi-
cated (F1, F2, F3)

Table 2 The fossils of the Rudistid limestone, Prasidi area (in
corroboration with O. Ebli and F. Schlagintweit)

Basal beds
1Hippurites sp.: (Turonian-Maastrichtian)
1Radiolitidae: (Cretaceous)
1Planorbulina cretae (Marson): on a rudistid clast (Coniacian)
Uppermost beds
1Idalina sp. (aff. I. antiqua SCHLUMBERGER and
MUNIER-CHALMAS): Senonian (cf. Moore 1964 p. C470±472)
1Plummerita bronnimanni (aff. P. hantkeninoides
1BRÖNNIMANN): Maastrichtian (cf. Moore 1964,
1p. C662±C663)
Rotaliacea: Upper Cretaceous ± Recent (Moore 1964)

u
Fig. 2 Geological overview map of the study area in NE Evvoia.
The geological map is based on the latest IGME Geological
Map (1980, Limni Sheet, 1 : 50,000) and own mapping and recon-
naissance of mainly the pre-Cenozoic areas at the scales
1 : 25,000 and 1 : 5000 during the years 1993 to 1997. The detailed
mapping was done in the triangle between Cape Agios Basilios,
Xiron oros and Elias. Although the Mesozoic formations are
covered to a great extent by Cenozoic clastic deposits, almost
complete north±south and east±west sections are nevertheless
exposed (compare Fig. 4). The tectonically emplaced Eohellenic
oceanic formations of the central area cover the Pelagonian for-
mations. Bedding attitudes, and major faults are shown. Loca-
tion names are referred to in the text
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The first reliably dated Post-Eohellenic marine sed-
imentation is documented in the study area by rudistid
limestones (Chenevart and Katsikatsos 1967), which
are widespread in the Hellenides (Renz 1955;
Aubouin and Guernet 1964; Guernet 1965; Bignot et
al. 1971; Katsikatsos 1977). They occur southeast of
Achladi (Fig. 2), are up to approximately 30 m thick,
and range in age from about Coniacian to Maastrich-
tian (Table 2).

The terrestrial Cenozoic formations (Katsikatsos et
al. 1980; Katsikatsos et al. 1981), which were deposited
on the uplifted and eroded Mesozoic substrate, exhibit
steep normal and strike-slip faults (Fig. 4B; cf.
McKenzie and Jackson 1986). In the present paper,
the post-Eohellenic (post-ophiolite emplacement)
deformations have been investigated only so far as to
distinguish them from Eohellenic deformations.

The Pelagonian formations

The Pelagonian formations consist of: the Pantokrator
Formation (Pantokrator Dolomite and Limestone);
the Xiron Formation (nodular chert limestone, reef
debris limestone, neritic debris limestone); the Achladi
radiolarite; and the Megali Lakka greywacke (Fig. 3).

The Pantokrator Formation

The peritidal carbonates at the base of the strati-
graphic column are assigned to the Pantokrator For-
mation in this paper. Until now, they have been infor-
mally distinguished as ªMiddle Triassic±Upper
Jurassic limestones and dolomitesº (Aubouin and
Guernet 1964; Guernet 1965; Katsikatsos 1976, 1977;
Katsikatsos et al. 1986). Although the type-locality of
the Pantokrator Limestone (Pantokratorkalk) is the
Pantokrator massif of northeast Korfu (Partsch 1887;
Flügel 1983), this formation nevertheless has a wide
regional distribution, extending from Korfu into the
Parnasos and Pelagonian zones (Renz 1955; Bannert
and Bender 1968; Bachmann and Risch 1979; Schäfer
and Senowbari-Daryan 1982; Baumgartner 1985;
Jacobshagen 1986). The Pantokrator Limestone is typ-
ically diachronous with dolomitic lithofacies, so that
Bernoulli and Renz (1970) informally distinguished
ªPantokrator Dolomiteº from ªPantokrator Lime-
stoneº, a distinction which will be followed here.

The Pantokrator Dolomite crops out mainly
between the Nilefs valley and the Xiron massif and a
small outcrop is near Angali (Fig. 2), but does not
occur in the northern facies zone (Fig. 3). It is dark
grey, massive to well bedded (15 cm to 2 m), weathers
grey to light grey, and is occasionally stained red by
iron hydroxides. Pervasively dolomitized fenestral
stromatolite, intraclast stromatolite and pisolith-grain-
stone are typical. Large bodies of the Dolomite,
mainly near the base, have been deformed into broken
formation (Fig. 4; Hsü 1974). The Pantokrator Dolo-
mite is approximately 300 m thick and is laterally
transitional and covered by the Pantokrator Limestone
(Figs. 3, 4).

The Pantokrator Limestone crops out mainly
between the Xiron Oros and the Diolati ridge, and in
smaller exposures along the southern part of the
Nilefs valley (Fig. 2). It is dark grey to brownish grey,
usually well bedded (10±50 cm), and occasionally lam-

Fig. 4A,B Geological sections. A The north±south section
between Ellinika and the lower Nilefs valley and the inset with
a parallel section through the Komi Leibadi area show the large-
scale stratigraphic and structural situation. The major thrust
faults (F1, F2, F3) are south-vergent and a tectonic mØlange is
found between the ophiolite composite nappe and the grey-
wacke and radiolarite of the southern part of the study area.
The youngest tectonic event was normal faulting. B The east±
west section, between Cape Agios Basilios and Xiron oros, and
the parallel section east of Megali Lakka, show in particular the
superposition of post-Upper Cretaceous structures related to
major Cenozoic events: folding and westward tilting of the
Mesozoic formations (compare Fig. 8); uplift, erosion, and sed-
imentation; normal faulting (see Diagram 1 of Fig. 7); renewed
erosion
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inated. Typical facies are cross-bedded oolites and
molluscan rudstones and floatstones containing mega-
lodonts and gastropods. Occurrences of Thaumatopo-
rella parvovesiculifera (RAINERI) are reminiscent of
the Pantokrator Limestone of Korfu (Flügel 1983) and
of Hydra (Schäfer and Senowbari-Daryan 1982).
These Pantokrator Limestone facies occur only in the
southern facies zone. However, an intraformational
breccia, containing reef-debris, only occurring in the
northern facies zone (Figs. 2, 3), is considered here to
be equivalent to the Pantokrator Limestone. As Rob-
ertson (1991) points out, it is probably of Late Triassic
age and may document platform slumping related to
early platform rifting and basal clastic deposition.

The Pantokrator Limestone is approximately 200 m
thick (Figs. 3, 4). Towards the top, a thick (25±50 m)
succession of cross-bedded oolites occurs, which is lat-
erally associated and intercalated with mudstone and
nodular-spiculite wackestone (Xiron Formation).

Palaeoenvironments and basin architecture of the
Pantokrator Formation

The microfacies of the Pantokrator Dolomite give a
fairly precise palaeobathymetry for this part of the
stratigraphic column: The dissolution fenestrae contain
crystal silts and limpid drusy, zoned dolomite-spar
cements, which indicate freshwater vadose to mixed-
water phreatic environments (Land 1973; Folk and
Land 1975; Ward and Halley 1985; Humphrey 1988).
Vadose environment is substantiated by the meniscus
cements (Dunham 1971) in Pisolith dolo-rudstones,
which have also been described in the Pantokrator
Formation of other areas (cf. Schäfer and Senowbari-
Daryan 1982; Flügel 1983). Widespread Laminoid
fenestral stromatolites (dolo-boundstone), having lami-
noid to hemispheroidal and porostromate fabrics of
probable cyanobacterial origin (Monty 1981), com-
plete the picture of an extensive supratidal to inter-
tidal palaeoenvironment. The microfacies with dissolu-
tion fenestrae or meniscus cements indicate subaerial
exposure, and such facies reoccur cyclically in the Pan-
tokrator Dolomite (see below). Early diagenetic ªmix-
ing-zoneº type dolomitization (Hanshaw et al. 1971;
Badiozamani 1973), is thought to have prevailed, par-
ticularly because signs of hypersalinity are completely
lacking, and the excellent preservation of fabrics sug-
gests that dolomitization took place near the surface
before compaction and cementation substantially
reduced permeability (Sibley 1982; Sibley and Gregg
1987). Packed peloid dolo-mudstone to wackestone is a
common microfacies, consisting of bioturbated micrite
and peloids with occasional micro-bioclasts, inter-
preted to represent intertidal back-beach lagoonal
environments.

The shelly to micritic microfacies of the Pantokra-
tor Limestone are interpreted to represent palaeoenvi-
ronments ranging from barrier beaches to a distal

neritic terrace. Rudaceous molluscan packstones and
floatstones, containing thick-shelled molluscan clasts
and biomorphs (megalodonts and high spired gastro-
pods: Nerineids and Cerithiids), are envisioned to
have built up beaches and fore slopes. Alternating
phreatic/vadose influence is documented by recurring
horizons in which the shells have been organically
coated and micritized, whereas in others they have
been dissolved and subsequently cemented in two gen-
erations with an initial isopachous layer of scalenohe-
dral calcite followed by pore-occluding rhombohedral
calcite (Fig. 5). A more distal subtidal terrace is most
likely represented by Peloid bioclast wackestones and
packstones, composed of peloids and varying amounts
of micrite lumps, cortoids, Thaumatoporellid clasts,
articulated and disarticulated ostracods, textularians
and miliolinids. Imbricate shelly beds are indicative of
high-energy episodes on this neritic terrace.

The maintenance of near supratidal environments,
during the period in which the Pantokrator Formation
attained a thickness of over 500 m, indicates that tec-
tonic subsidence as well as Jurassic global sea-level
rise (second-order Zuni cycle; Sloss 1963; Hallam
1988) were fully compensated by the carbonate sed-

Fig. 5 Shallowing upward cyclicity. High-frequency third- to
fifth-order cyclicity in the 1- to 2-m range occurs in the lime-
stone and dolomite members of the Pantokrator Formation.
Ideal cycles in the Pantokrator Dolomite consist of: A pelleted
dolo-mudstone, 40±220 cm; B stromatolite (dolo-boundstone),
50±200 cm; C vadose fenestral stromatolite and dolo-pisolite
with meniscus cement, 5±20 cm. Ideal cycles in the Pantokrator
Limestone consist of: A© bioclast floatstone, 10±150 cm; B© bio-
clast rudstone, 20±100 cm; C© vadose bioclast rudstone showing
selective aragonite dissolution and calcite cement, less than 1 m
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imentation. Typical for the Pantokrator Formation are
high-frequency third- to fifth-order asymmetric shal-
lowing-upward cycles in the 1- to 2-m range, usually
culminating with subaerial exposure (Fig. 5). Cycles
like these have been observed in the Pantokrator For-
mation of Hydra and the Argolis peninsula (Schäfer
and Senowbari- Daryan 1982) and extend throughout
the western Liassic Tethys (Bosence et al. 1999), dem-
onstrating their regional significance. High-frequency
shallowing upward peritidal cycles have been
explained by allocyclicity (see Fischer 1986; Plint et al.
1992; Schulz and Schäfer-Neth 1997) as well as autocy-
clicity (see reviews in Grotzinger 1986 and Pratt et al.
1992), whereas rapid tectonic ups and downs are con-
sidered improbable (Plint et al. 1992). The observed
Pantokrator 1- to 2-m cycles can have been caused
either by eustacy or intrinsic (autocyclic) processes of
carbonate sedimentation or both, superimposed on a
generally subsiding platform.

On the whole, the Pantokrator Formation built up
a prograding, periodically shoaling platform, which, in
the terminology of sequence stratigraphy (Sarg 1988;
Van Wagoner et al. 1988), can be interpreted as a
high-stand systems tract (HST), characterised by prox-
imal peritidal and distal neritic terrace facies. The
Pantokrator HST is succeeded by a 25- to 50-m-thick
package of oolitic grainstones (micritized tangential
ooids and composite ooids), interpreted as an equili-
brating shelf marginal wedge systems tract (SMST;
after Sarg 1988). Drusy calcite-spar-cements indicate
that this marginal wedge probably was temporally
exposed. Toward the top, the oolites intercalate with
and are eventually covered by deeper-water facies
(Xiron Formation).

Age-range of the Pantokrator Formation

Regional comparisons indicate that the Pantokrator
Formation of the study area ranges in age from
approximately Late Triassic to Upper Jurassic (cf.
Katsikatsos 1976 , 1977; Katsikatsos et al. 1980, 1986).
The intraformational reefal breccia of the northern
facies zone (Figs. 2, 3), being of probable Late Triassic
age (Robertson 1991), was coeval with the Late Trias-
sic to Early Jurassic reefs of Hydra (Schäfer and
Senowbari- Daryan 1982).

Xiron Formation

The Xiron Formation consists of three main litho-
facies, considered here as informal formations: nodular
chert limestone; reef-debris limestone; and neritic
debris limestone (Fig. 3). The latter two debris lime-
stones are conventionally grouped together as ªClado-
coropsis limestoneº (Renz 1955; Flügel 1974; Jacob-
shagen 1986), but are considered here as two distinct
lithofacies.

The Xiron Formation is laterally transitional with
and transgresses over the oolitic grainstones that form
the final succession of the Pantokrator Formation, and
in turn is covered by the Achladi radiolarite (Figs. 3,
6). In the northern facies zone, the Xiron Formation
has an exposed composite thickness of less than
200 m; in the south it is 500 m thick (Figs. 3, 4).

Nodular chert limestone comprises the major part
of the Xiron Formation. It has been described pre-
viously in Evvoia (Guernet 1965; Katsikatsos et al.
1980; Katsikatsos et al. 1986; Robertson 1991), and a
similar lithofacies is widespread in the Hellenides
(Renz 1955; Jacobshagen 1986). The nodular chert
limestone is a dark-grey to black, bituminous, porce-
lainous-micrite, sporadically containing nodular chert.
Bedding is most often not well developed. Intercala-
tions of Cladocoropsis-bearing reef limestones appear
in the upper third part of the nodular chert limestone.
A very similar 200- to 300-m succession of bituminous
limestones with oolites near the base and Cladocorop-
sis limestone progressively higher up has been
described by Robertson (1991) in central Evvoia.

Reef debris limestone

ªCladocoropsis limestoneº and ªCladocoropsis Zoneº
(Turnsek et al. 1981) are informal and formal usage
for a widespread reefal limestone known to extend
from the Apennines, through the Dinarides and Helle-
nides into the Near East and also to Japan (Hanzawa
1961; Sartoni and Crescenti 1962; Flügel 1974; Turnsek
et al.1981). Turnsek et al. (1981) interpret the Clado-
coropsis Zone as a sheltered back reef area of a reef

Fig. 6 The Xiron Formation/Achladi radiolarite transition at
Achladi beach. The upper 14 m of the Xiron Formation, at
Achladi beach, is a transition of interstratified neritic debris
limestones and nodular chert limestones, intercalated carbonate-
free radiolarite in nodular chert limestones, and finally interdigi-
tated debris limestones in radiolarite
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complex, comparable to the present Great Barrier
Reef of Australia. In the study area and elsewhere it
is characterised by an array of hydrozoans, notably
Cladocoropsis mirabilis FELIX, in addition to other
frame-builders and encrusting algae (Flügel 1974).
Cladocoropsis bearing limestones appear to be limited
to the Internal Hellenides (Fig. 1), extending from the
vicinity of the study area to the Peloponnesus, Crete,
Rhodes, and Cyprus (Renz 1940, 1955; Celet 1962;
Mutti et al. 1970; Bassoulet and Guernet 1970; Guer-
net 1971; Jacobshagen et al. 1978a; Dercourt et al.
1980; Rimpel and Rothenhöfer 1983). This facies has
not been reported in the External Hellenides (Smith
et al. 1975; stratigraphic overview in Jacobshagen
1986).

In the study area, reef debris limestone (=Cladoco-
ropsis limestone in the strict sense) is composed of
rudaceous reefal components and lithoclasts derived
from framestones, containing macroscopically discerni-
ble frame-builders (Table 1). The intergranular pores
were occluded by organic crusts, fibrous cement, silty-
micritic sediment, and lastly by drusy calcite spar. The
latter cement indicates late diagenetic vadose con-
ditions. Reef debris limestone occurs in beds of
1±20 m, intercalated in nodular chert limestone, and is
found only in the southern facies zone (e.g. Cape
Agios Basilios, Megali Lakka, and Xiron Oros;
Fig. 2).

Neritic debris limestone is a turbiditic facies
(Baumgartner and Bernoulli 1976), occurring inter-
stratified with nodular chert limestone and radiolarite
in the top 14±20 m of the Xiron Formation (Fig. 6).
This facies is distinguished from the reefal debris
facies by its lateral association with radiolarites and
great variety of allochems comprising echinoids, cri-
noids, molluscs, foraminifera, bryozoans, ostracods,
algal lithoclasts, peloids, micritized ooids, quartz-silt,
seldom hydrozoans, including Cladocoropsis, stroma-
toporids, scleractinians, and admixtures of monaxone
spicules and radiolarians. The relatively thin intercala-
tions of medium to fine-arenitic neritic allochems in
the northern facies zone have been tectonically flat-
tened and sheared, whereas in the south, the debris is
generally coarser and the intercalations thicker.

Palaeoenvironments and basin architecture of the
Xiron Formation

The depositional environments of the Xiron For-
mation extended seaward from shallow neritic oolite
banks (SMST) of the Pantokrator Formation to a
deeper neritic terrace, composed of spiculite wacke-
stones, containing calcareous peloids, siliceous monax-
one and tetraxone spicules, calcispheres, few radiolari-
ans and forams; and transported, micritized ooids.
Calcareous spicules and minor detrital quartz are less
common. This terrace transgressed over the SMST
during approximately the Middle Jurassic, and during

the Late Jurassic it was studded with photic zone
algal-encrusted hydrozoan patch reefs, which occasion-
ally may have been subaerially exposed (pore-occlud-
ing silt and calcite cement). Reef debris, consisting of
pebble to boulder-size clasts (up to 80 cm across; Rob-
ertson 1991), accumulated either in the vicinity of the
patch reefs or at the base of syngenetic fault escarp-
ments along the terrace margin. Direct observation of
such faults have not been made, but evidence for their
one-time existence is given by intercalations of reefal
and other neritic debrites in radiolarites (see Achladi
radiolarite) which are in close proximity, in time and
space, with the reef debris facies (Fig. 6). Therefore,
beyond the terrace a rapidly deepening, slumping car-
bonate mud slope, composed mainly of spiculite mud
and diagenetic chert nodules, is envisaged to have
extended down below the CCD level where terrace-
derived neritic debris and spiculite mud interdigitated
with radiolarite. A metalliferous layer in the northern
facies zone (Robertson 1991) can be regarded as a
hardground of a starved environment. This (H.
Bahlburg, pers. commun.) could be strongly indicative
to rapid deepening after tectonic loading. The basin
architecture is envisioned to have been a developing
tectonically depressed foreland basin (cf. Ingersoll and
Busby 1995) that thinned toward the northern facies
zone (Fig. 3).

In the context of sequence stratigraphy (Sarg 1988),
where the Xiron Formation stratigraphically succeeds
the SMST of the Pantokrator Formation, a transgres-
sive systems tract (TST) begins. The large scale
changeover from a HST (see Pantokrator Formation),
to an equilibrating SMST, to a TST is interpreted as
the response of carbonate accumulation to the change-
over from divergent to convergent plate polarity. This
is referred to later and in the Discussion.

Age

The Xiron Formation ranges in age from Upper Trias-
sic to Upper Jurassic (Katsikatsos et al. 1980). Howev-
er, in the northern facies zone, the Xiron Formation is
in still problematic tectonic contact with Late Triassic
Pantokrator intraformational reef-debris breccia (Rob-
ertson 1991). The typical Tethyan reef facies of the
upper part of the Xiron Formation (Cladocoropsis
limestone; Flügel 1974) ranges in age from Oxfordian
to approximately Tithonian, shown by Parurgonina,
the suite of hydrozoans (cf. Bassoulet and Guernet
1970; Flügel 1974, 1982), and the calcareous alga Zerg-
abriella (Table 1) found in the neritic debris lime-
stone.

Achladi Radiolarite and the Megali Lakka Greywacke

A much-investigated radiolarite formation, which is
widespread in the Hellenides, outcrops at Achladi Par-
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alia (Fig. 2; la sØrie radiolaritique: Guernet and Parrot
1972; Baumgartner and Bernoulli 1976; Robertson
1991). It has been informally referred to as the
Achladi radiolarite and has been described in detail
by Baumgartner and Bernoulli (1976): it is a succes-
sion of radiolarian silts and mudstones, radiolarian
cherts, with sporadic laminae of graded lithic arenite;
at the base it is laterally transitional with neritic-debris
facies; it is approximately 20 m thick, and it is in con-
tact with a so-called boulder bed, which actually is an
ophiolite mØlange. This contact is a transition from
coherent bedded radiolarite, to sheared radiolarite
and to tectonic mØlange on top (see below Komi Lei-
badi mØlange).

Lateral and vertical associations

In the south, the radiolarite intercalates with nodular
chert and neritic-debris limestones (Figs. 3, 6). In the
northern facies zone (near Ellinika; Fig. 4A) the
radiolarite is tectonically imbricated with nodular-
chert and neritic debris limestones. Intercalations of
turbiditic lithic sandstones of minor thickness occur
toward the top of the sequence at Achladi beach
(Baumgartner and Bernoulli 1976). These graded and
laminated lithic arenites were described by Robertson
(1991) as an example of the widespread ªquartzose
flyschº facies also found in central Evvoia, the Pindos
and Subpelagonian zones (Jones et al. 1992). In some
locations (Megali Lakka, Nilefs Valley) the thick-
nesses of these lithic sandstones (greywackes) swell on
to noteworthy sheets and lenses (Scherreiks 1998a).
They are of siliciclastic greywacke lithology, occurring
near and at the top of the Achladi radiolarite in lenses
that attain up to 20 m thickness, having tens of metres
width, and up to a few hundred metres length (Megali
Lakka, Komi Leibadi, Nilefs valley). However, the
original thickness of the greywacke is not known
because of tectonic offscraping, which must have
taken place as is shown by the abundant greywacke
components in the superposed tectonic mØlange
(Figs. 3, 4, 6).

Lithology

The quartzose greywackes are of the lithic to feldspa-
thic types (Folk 1965), consisting of relatively high
percentages (10±20%) of feldspar and lithic grains and
having a very fine clayey-micaceous matrix, compris-
ing well over 15% and up to approximately 40±50%
of the groundmass. Most grains (80±90%) are quartz,
either unstrained mono-crystalline or, to a lesser
extent, stressed and showing undulose extinction. The
weathered feldspar grains consist of orthoclase, albite-
twinned plagioclases, few simple-twinned orthoclases,
and rare microcline. The lithic grains consist of poly-
crystalline sutured quartzite with undulose extinction,

quartz sandstone, chert and granitic lithic grains.
Some opaque grains and mica-flakes of sand size
occur also. A search for dolomite lithic-grains was
negative and neither calcite nor limestone lithoclasts
could be found, which was verified by staining the
thin sections with alizarin-red-s. The typical turbidites
exhibit flat, uniform bedding, typical fining-upward
grading, convolute laminations and occasional ripple
marks. Textural immaturity is shown by moderate to
poor sorting, a wide range of angular to rounded
grains, and low to high sphericities.

Palaeoenvironments of the Achladi radiolarite and the
Megali Lakka Greywacke, and basin architecture

The relatively sudden appearance of mainly green-
grey, occasionally red, radiolarites, devoid of calcite,
indicate that the Pelagonian carbonate shelf substrate
subsided below the concomitant CCD, into a generally
starved, poorly oxygenated environment, where ini-
tially the radiolarian ooze, carbonate turbidites, and
debris flows accumulated. Later, long after carbonate
deposition ceased, turbiditic lithic sands (cf. Robertson
1991), were deposited prior to the tectonic emplace-
ment of the Pappades Ophiolite and Komi Leibadi
mØlange (see below). The mineralogy of the grey-
wackes resembles the granitic composition of the Pel-
agonian basement (e.g. exposed 5 km north and
15 km northeast of the study area), suggesting that an
uplifted block of Pelagonian basement was the likely
source of the Megali Lakka Greywacke. The lack of
carbonate in the greywackes indicates that the trans-
porting medium probably did not pass over the car-
bonate shelf, and the lack of volcanic or ophiolitic
grains in the greywackes precludes oceanic prove-
nance. The siliciclastic laden turbidity currents were
most likely transported parallel to the shelf slope from
a distal source of uplifted Pelagonian basement, a
common phenomenon during collisional events (Inger-
soll et al. 1995). The ESE±WNW strike of the long
axis of a greywacke lens in the area of Komi Leibadi
may represent the orientation of the Pelagonian shelf
margin and possibly a foredeep, which has been sug-
gested by Robertson (1991) to have developed in front
of the Hellenic ophiolite prior to its obduction. The
turbiditic greywacke and the radiolarite were the final
deposits before the emplacement of the Ophiolite of
Pappades and Komi Leibadi mØlange.

Age of the Achladi radiolarite and Megali Lakka
Greywacke

Based on the radiolarian assemblage, Baumgartner
and Bernoulli (1976) ascertained a Tithonian to
Valanginian, probably a Berriasian to Valanginian age
for the Achladi radiolarite. De Wever (in Ferri�re et
al. 1989) and Robertson (1991) assign a Kimmeridgian
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to Tithonian age to stratigraphically corresponding
radiolarites outside of the present study area. The
neritic debris limestone at the base of the radiolarite
sequence, at Achladi beach, is of Tithonian age or
younger, indicated by the alga Zergabriella embergeri
(Table 1), so that the superposed 20 m thick radiolar-
ite and greywacke formations must be of the order of
later Tithonian or younger, which supports an age
close to that originally suggested by Baumgartner and
Bernoulli (1976).

The Oceanic formations

The Elias Complex and its substrate, the Ophiolite of
Pappades are of controversial oceanic provenance
(Eohellenic ophiolite; see Introduction). These units
were tectonically emplaced over the Pelagonian for-
mations together with the Komi Leibadi mØlange.

The Pappades Ophiolite

The Pappades Ophiolite forms a 100-km2 massif in the
centre of the study area (Figs. 2, 3, 4A). It is a rem-
nant of Eohellenic ophiolite (Jacobshagen et al. 1976;
for definition see Introduction), like the petrograph-
ically similar ophiolite complex of central Evvoia (B�-
bien et al. 1980). The Pappades Ophiolite gained
some attention for the magnesite occurring in post-
Cretaceous fractures (Petrascheck 1961; Katsikatsos et
al. 1975).

The ophiolite assemblage

In adherence to the Penrose-conference definition
(Anonymous 1972), the Pappades Ophiolite is an
incomplete, dismembered, ophiolite assemblage, which
is only approximately 500 m thick. Pillow basalts lie
on top of a thin layer of ophicalcite, which in turn is
on top of the main bulk of the ophiolite, a serpentin-
ite, petrographically similar to the ophiolite of central
Evvoia, which has harzburgite composition (cf.
Capedri 1974; B�bien et al. 1980), with some lherzolite
bodies (Parrot and Guernet 1972). The normally to be
expected sheeted dyke, gabbroic and cumulate com-
plexes (Spray 1991) are missing. The pelagic succes-
sion of Elias lies on top of the pillow lavas.

Nappe structure

The Pappades Ophiolite has an imbricate internal
structure in which two main nappes have been distin-
guished: the Nilefs and Basilika ophiolite nappes
(Figs. 2, 3, 4A). The Nilefs nappe, together with the
tectonic mØlange (Komi Leibadi) lies on top of the

Achladi radiolarite and Megali Lakka greywacke for-
mations (thrust fault F2: Fig. 4A). The Basilika ophio-
lite nappe rests on top of the Nilefs ophiolite nappe
and the pelagic Elias Complex (thrust fault F3). The
composite thickness of both nappes is approximately
1000 m, showing that the Pappades Ophiolite has
been drastically reduced in thickness compared with
other ophiolites and oceanic crust (numerous authors
in Spray 1991). Small outcrops of ophicalcite, occur-
ring at the base of ophiolite-klippen (southeast of
Achladi; Figs. 2, 4B) and below the pillow lavas, may
have formed by the hydrothermal alterations along
faults or in the vicinity of sea-floor vents near faults
(cf. Capedri 1974; Lavoie 1995).

Elias Complex

The Elias Complex is a radiolarite±dolomite±lime-
stone succession, exposed in tectonic windows west of
the village of Pappades and east and north of Basilika
(Figs. 2, 3, 4A). This Complex is distinguished from
the Achladi radiolarite because it has a strikingly dif-
ferent lithology and because it occurs on top of an
oceanic substrate, the pillow lavas of the Pappades
Ophiolite, a distinction not made previously (Katsikat-
sos et al. 1980). The Elias Complex is approximately
60±100 m thick and consists, from bottom to top, of
radiolarian cherts and pelites, inter-laminated radiolar-
ite and dolomitized limestone, dolomitized nodular-
chert limestone, and strongly silicified pelagic lime-
stone. The greenish-grey radiolarian pelite, overlying
the pillow lava, gradually reddens upwards. Towards
the top of the complex, centimicron- to centimetre-
scale red chert and dolomite laminae appear, which
are succeeded by 10 m of wavy bedded dolomites con-
taining red chert nodules. The dolomites are laterally
associated with dark-grey, strongly neomorphosed and
silicified limestones. The complex is tectonically over-
lain by the Basilika ophiolite nappe (Figs. 3, 4A).

Palaeoenvironments

The radiolarites, which are devoid of carbonate, were
deposited in an oceanic realm below CCD on top of
pillow lavas. Intercalations of intraclasts (0.2±4 mm)
on top of recurring scoured surfaces and millimetre
ferruginous-manganiferous crusts (0.73±9.6% Fe and
580 ppm ± 0.18% Mn), indicate periods of submarine
erosion and, respectively, periods of non-deposition
(hardgrounds). The chert-nodule dolostone at the top
of the succession is composed of clear sucrose, euhe-
dral dolomite, intercrystalline ferruginous matter and
seldom preserved siliceous radiolarians and spicules.
This is a dolomitized pelagic limestone, in which the
chert-nodules were probably formed from the silica of
former radiolarians and spicules. The query as to the
origin of the dolomite is beyond the scope of the
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present study, but examples of deep-sea dolomite are
not unusual (i.e. Kelts and McKenzie 1984; Mullins et
al. 1985).

The upward colour change of the radiolarian pelites
from green-grey to red, and the gradual appearance of
pelagic carbonates in their stead (Fig. 3), most proba-
bly resulted from ocean-floor uplift into better oxy-
genated and above-CCD environments. This uplift
could have occurred during an early stage of thrusting
as the Nilefs-nappe (Figs. 2, 3, 4) ophiolite substrate
was advancing towards the Pelagonian margin (Scher-
reiks 1998a) before it was emplaced during Late
Tithonian/Early Cretaceous; thus, the upper part of
the Elias Complex may have formed in a piggyback-
type basin (cf. Ori and Friend 1984).

Age

Like the Achladi radiolarite which was overthrust by
the Nilefs nappe during approximately Late Tithonian/
Early Cretaceous, the Elias Complex was overthrust
by the Basilika nappe, suggesting that it is of similar
age. The lower part has not yet been dated.

The Komi Leibadi MØlange

The Komi Leibadi MØlange has variable thickness up
to approximately 25 m, occurring in the vicinity of
Komi Leibadi and in a few other areas (Figs. 2, 4). It
is in tectonic contact over the Pelagonian radiolarite
and greywacke formations, and is covered by the
Nilefs ophiolite nappe. This tectonostratigraphic posi-
tion shows that it is genetically related to the Pagon-
das Complex of central Evvoia, defined by Robertson
(1991, p 27, 29) as: ª... a mØlange of pervasively
broken lithologies with a matrixº; a unit occurring
between the Mesozoic platform of the Pelagonian
zone and ªa major ophiolite aboveº. This mØlange has
an extensive distribution in the Internal Hellenides
(Mercier and Vergely 1972; Parrot and Guernet 1972;
Baumgartner and Bernoulli 1976; Spray and Roddick
1980; Simantov and Bertrand 1987; Ferri�re et al.
1989). However, the Pagondas mØlange of central
Evvoia is a ªpolygenetic mØlangeº (Robertson 1991),
consisting of volcaniclastics, serpentinite, shallow- and
deep-water limestones, radiolarian chert, matrix sup-
ported conglomerates (i.e. diamicrit; Robertson 1991),
sandstone and shale, in addition to kilometre-sized
sheets and blocks of neritic limestone, and metre to
tens-of-metre-scale fragmented sheets (i.e. broken for-
mation; Robertson 1991). The lithology of the Komi
Leibadi mØlange is remarkably different: it does not
contain limestones, diamicrit, nor kilometre-size
broken formation.

The quasi-broken formations in the northern facies
zone, south of Ellinika, have been considered by Rob-
ertson (1991) to be part of the Pagondas Complex. An

investigation of these formations shows them to con-
sist of Xiron Formation lithofacies covered by Achladi
radiolarite, which, contrary to the coeval equivalents
in the southern facies zone, have undergone strong
tectonic shear, imbrication, and ductile deformation.
Despite this advanced stage of deformation, these for-
mations are identified as a contiguous stratigraphic
succession; thus, they are not considered to be part of
the Pagondas Complex in this paper.

Lithology

The Komi Leibadi mØlange is composed of matrix
supported lozenge-shaped autoclasts (Hsü 1974) of
radiolarite, greywacke, basaltic lava and altered glass,
serpentinite, amphibolite and anorthosite. The matrix
is clayey-arenitic and was derived mainly from sheared
radiolarite and greywacke. House-size autoclasts are
composed of serpentinite, amphibolite and anortho-
site. An amphibolite block of approximately 100 m in
diameter is located at Komi Leibadi, and a large pha-
coid of saussuritized anorthosite (ca. 125 � 20 m)
occurs east of Megali Lakka (Fig. 2). The mØlange
exhibits a stacked structure (Scherreiks 1998a), with
predominantly greywacke clasts and few volcaniclasts
at the base, in contrast to a higher content of volcani-
clasts and the appearance of amphibolite, anorthosite
and serpentinite toward the top.

h
Fig. 7 Tectonic data in pole diagrams. Diagram 1: Faults in the
Cenozoic formations (post-Eohellenic). Most of the faults strike
about NW±SE and dip either E or W at angles over 70�. Smaller
maxima represent strikes and dips of ca. 180�/40�E, 80�/90�,
90�/90�, and 80�±100�/40�±60�S. These faults are readily distin-
guished from the Eohellenic thrust fault maximum (compare
Diagrams 2a,b). Diagrams 2a,b: Faults and shear in the Jurassic
Pelagonian formations, between Xiron Oros and Cape Agios
Basilios. Diagram 2a depicts all faults dipping >50�, and matches
well with Diagram 1, indicating that these steeply dipping faults
are, by and large, post-Eohellenic, Cenozoic faults. Diagram 2b
depicts all faults dipping <50�. The distinct maximum represents
the present attitude of the Eohellenic thrust faults, striking and
dipping around 84�/18� NNW, which do not occur in the Ceno-
zoic formations. Diagram 3a: Bedding of the Pelagonian for-
mations between Xiron Oros and Cape Agios Basilios. The
strike and dip of the bedding maximum is 353.3�/33� WSW.
Diagram 3b depicts this maximum rotated ± 45�, restoring pre-
Cenozoic palaeogeographic North (PN). Diagram 3c shows the
bedding maximum after two rotations: R1= ± 45� around a verti-
cal axis and R2=a rotation of 33� SSW around a horizontal axis
striking 308.3�, restoring original horizontality. Diagram 4a:
Thrust faults and shear in the Elias Complex and adjacent ophi-
olite nappes. This maximum corresponds to a strike and dip of
70�/17� NNW. Diagram 4b: rotation R1 shifts the data to a max-
imum at 25�/17� WNW. Diagram 4c: rotations R1 plus R2 shifts
the data to a maximum at 98�/33� NNE.
Diagram 5a: Thrust faults and shear in the Jurassic Pelagonian
formations (same as Diagram 2b). Diagram 5b: rotation R1
shifts the strike and dip maximum to 39�/18�NW. Diagram 5c:
after rotations R1 and R2, the maximum is at 98�/37� NNE
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Palaeoenvironment: formation of the Komi Leibadi
MØlange and the emplacement of the Pappades
Ophiolite

The structure and the tectonostratigraphic position of
the Komi Leibadi mØlange identify it as a tectonic
mØlange (cf. Hsü 1974). Besides some of the radiolar-
ite and greywacke, the components of the mØlange
represent various levels of an oceanic assemblage

(Spray 1991). MØlange components of island arc
provenance (pyroclastics, rhyolite, andesite) are lack-
ing. Like the Pagondas Complex (Robertson 1991),
the Komi Leibadi mØlange is envisaged to have
evolved in an intra-oceanic subduction zone along the
sole of the overriding ophiolite nappe, a setting which
was postulated by Simantov et al. (1991) for central
Evvoia. The observed composition could have evolved
stepwise, initially by offscraping and underplating of
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deeper-seated ultra basic and gabbroic substrates, fol-
lowed by the subcretion of volcanic oceanic substrates,
and finally of radiolarite and greywacke from the
drowned Pelagonian substrate, thus reflecting the
compositions along the basal dØcollement over which
the ophiolite was transported (cf. case studies in
Dewey 1976). Flow mØlange, characterised by chaotic
matrix supported block fabric (Cowan 1985), probably
acted as a lubricant between the descending and over-
riding plates, whereby tectonic erosion of the base of
the overriding ophiolite and erosion of the top of the
ophiolite could also have added material to the mØl-
ange (Shreve and Cloos 1986; Dickinson 1995; Under-
wood and Moore 1995). In contrast to the Pagondas
MØlange (Robertson 1991), limestones were neither
accreted nor subcreted to the Komi Leibadi mØlange,
apparently because the Pappades Ophiolite composite
nappe did not directly override carbonate formations.

Age constraints of ophiolite emplacement

The metamorphic ages determined by Spray and Rod-
dick (1980) for amphibolites taken from the soles of
numerous Hellenic ophiolites correspond to late
Lower to early Middle Jurassic, the time of subcretion
of the amphibolites to the sole of the ophiolites (cf.
Woodcock and Robertson 1977; Spray and Roddick
1980; Spray et al. 1984; Robertson et al. 1991). This
was the time of plate polarity change, from divergent
sea-floor spreading to convergent intra-oceanic sub-
duction and obduction. Final emplacement of the
ophiolite occurred during latest Late Jurassic to earli-
est Early Cretaceous (Baumgartner and Bernoulli
1976), based on the age of the Achladi radiolarite,
which together with the Megali Lakka greywacke is
the substrate of the Komi Leibadi mØlange.

Direction of tectonic emplacement of the oceanic
formations with consideration of post-Eohellenic
deformations

The tectonic analysis shows that the normal faults of
the study area affected both the Cenozoic and Meso-
zoic formations, whereas low-angle shear and thrust

faulting primarily affected the pre-Cretaceous for-
mations (diagrams 1, 2a, 2b of Fig. 7). This distin-
guishes two dominant deformation eras: an Eohellenic
deformation plan, characterised by thrust faults and
low-angle shear; and a post-Eohellenic deformation
plan, characterised by normal faults. The Eohellenic
deformation, which is of interest in this context, is
especially evident in the radiolarites as shear planes
and in the serpentinites as thrust faults, and in the
northern facies zone as imbrication in the contact
zone between the radiolarite and the subjacent lime-
stones of the Xiron Formation (Figs. 3, 4A). The pole
diagrams (diagrams 4a and 5a of Fig. 7) show that the
shear and thrust planes have predominantly S-ver-
gence, indicating that thrusting was from the north.
This agrees with a previous schematic tectonic recon-
struction made by Katsikatsos (1976) for Evvoia, and
in a regional context, is the prevalent Eohellenic
thrust direction on the Argolis peninsula (Baumgart-
ner 1985; Clift and Dixon 1998).

Numerous post-Eohellenic tectonic phases of uplift
and subsidence, documented by laterites, rudistid
limestones, molasse and intervening unconformities,
have caused crustal rotations, some of which have
altered the original bedding and (Eohellenic) thrust
fault attitudes. Presently, the Pelagonian formations,
including the rudistid limestones are tilted generally
towards the WSW (Diagram 3a of Fig. 7). A recon-
struction (Fig. 8) shows that strong uplift occurred in
the Aegean realm during the post-Cretaceous Era,
which apparently exhumed the Aegean metamorphic
zone and subsequently led to the deposition of exotic
Cenozoic molasse (Besenecker and Büttner 1978).
This anti-form structure (Fig. 8) collapsed into graben
and horst blocks (Fig. 4B), a process that is still going
on in the Aegean shear zone (McKenzie and Jackson
1986). These episodes occurred as the Hellenides
acquired an arcuate pattern, whereby northern Evvoia
rotated clockwise approximately 26±45� (Fig. 1; Kissel
and Laj 1988).

Corrections for the post-Cretaceous clockwise rota-
tion of the Hellenides (diagrams 3b, 4b, 5b of Fig. 7;
Kissel and Laj 1988), and for formation tilting (di-
agrams 3c, 4c, 5c of Fig. 7), restores a southeastward
or, respectively, southward palaeo-thrust direction,
indicating that the Pappades Ophiolite had a north or

Fig. 8 Reconstructed post-
Cretaceous E±W geological
section. This reconstruction
shows the Mesozoic for-
mations after folding, west-
ward tilting, and a relative
uplift of approximately 3000 m
toward the eastern margin of
the study area. This defor-
mation was accompanied by
erosion and clastic deposition,
and was followed by normal
faulting (compare Fig. 4B and
Diagram 1 of Fig. 7)



103

northwestern derivation. This is in accord with the
present facies analysis, showing that a deeper starved
marine zone was situated towards the north during the
Jurassic.

Discussion and conclusion

The evolution of the Pelagonian shelf and the
overthrust oceanic formations in northern Evvoia

Late Triassic to Late Lower Jurassic

The initial Triassic scenario in the Hellenides (Stamp-
fli et al. 1991), was one of extension and lithospheric
thinning, which led to the opening of the Neotethys
and to the subsidence of the passive margins
(Fig. 9A). This early history is only fragmentarily doc-
umented in the study area by an Upper Triassic intra-
formational breccia (east of Ellinika; Figs. 2, 3, 4A),
containing reefal debris. It is most likely a Late Trias-
sic platform-slumping breccia (Robertson 1991). The
reefal lithoclasts are envisaged to have stemmed from
a slumping Pantokrator reef margin which was later-
ally equivalent to the Upper Triassic to late Lower
Jurassic reef margin known from the Pantokrator pro-
gradational shelf of Hydra (Schäfer and Senowbari-
Daryan 1982). Another contemporary progradational
shelf, that also was initially dominated by an extensive
peritidal environment like that of the study area and
of Hydra, was the Othrys shelf, NW of the study area

Fig. 9A ± C The evolution of the Pelagonian margin in diver-
gent, convergent and ophiolite emplacement settings and the
interplay of carbonate accumulation, tectonic subsidence and
second-order eustacy. A During the Late Triassic to Middle
Jurassic, carbonate accumulation responded to moderate global
sea-level rise (Jurassic eustatic curve after Hallam 1988) and tec-
tonic subsidence in a divergent setting due to the formation of
the Meliata-Vardar arm of the Neotethys (Stampfli and Mosar
1998), and constructed a prograding highstand systems tract
(HST), characterised by shallowing upward cyclicity of the third
to fifth order (cf. Figs. 3, 5). B During approximately the Early
Jurassic/Middle Jurassic transition the change-over from plate
spreading to plate convergence and a period of slowed-down
sea-level rise began. This interim appears to have been a period
of sedimentary equilibrium, in which a shelf margin systems
tract (SMST) formed, culminating with a grainstone wedge with
interdigitated spiculite mudstones. B,C The SMST was buried
beneath a transgressive systems tract (TST), composed mainly of
spiculites and nodular chert mudstones, as a response to
stepped-up subsidence, probably due to the beginning of plate
convergence and the subduction and closure of a remnant ocean
basin, partially preserved in the Komi Leibadi mØlange. C The
tectonically induced subsidence and the stepped-up Late Jurassic
sea-level rise, was initially conducive for reef accommodation,
but inevitably led to reef drowning (a) and burial beneath
sponge-spiculite muddy facies. Subsidence of the Pelagonian
platform below the CCD is documented by a final succession of
(a) neritic debrites, (b) radiolarites, and (c) distal siliciclastic tur-
bidites. The advancing ophiolite telescoped outer-shelf facies
over the inner peritidal realm (F1) and (d) emplaced the Nilefs
ophiolite nappe, including the Komi Leibadi tectonic mØlange,
over the drowned shelf facies (F2). An intra-ophiolite thrust
(F3) emplaced the Basilika nappe over the Nilefs nappe and its
volcanic and pelagic sedimentary cover
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(Smith et al. 1975). Like the shelf of the study area,
the over 1600-m-thick peritidal formation of the
Othrys shelf was laterally associated with a 200-m-
thick nodular chert limestone succession, documenting
a slumping passive margin, starved of sediment (Rob-
ertson 1991). These regional observations on early
basin evolution compared with that of the study area
± reef breccias, extensive peritidal formations and lat-
erally associated nodular chert limestone ± suggest
that the Pelagonian shelf followed a similar evolution
over a larger region. In the terminology of sequence
stratigraphy (Sarg 1988; Van Wagoner et al. 1988),
these Late Triassic and Lower Jurassic Pelagonian
platform margins were high-stand systems tracts
(HST) that prograded, while keeping pace with sub-
sidence, and occasionally became exposed during sub-
ordinate eustatic fluctuations (Fig. 5).

The newly formed oceanic realm (Stampfli et al.
1998) adjacent to the Pelagonian micro-continent was
the depositional basin of radiolarite (Elias Complex),
which accumulated below the CCD on top of the pil-
low lavas of the Pappades Ophiolite assemblage.
These radiolarites are envisaged to have formed in the
early divergent oceanic setting at the same time that
the Pelagonian HST was prograding; however, fossil
evidence which could date these radiolarites is still
lacking.

Late Lower and Middle Jurassic

Plate convergence is postulated to have begun, during
the late Lower Jurassic (dating of amphibolite meta-
morphism: Spray and Roddick 1980; Spray et al.
1984), at which time second-order eustacy was rel-
atively stable (Fig. 9B). During this changeover from
divergent to convergent plate motion a temporary
slowdown in the subsidence rate is suggested to have
favoured the build-up of the shelf margin grainstone
wedge that occurs at the top of the Pantokrator For-
mation and intercalates with nodular chert limestone
(Fig. 3). In the context of sequence stratigraphy, this
grainstone wedge is interpreted as a shelf margin sys-
tems tract (SMST; Figs. 3; 9B), that evolved over a
type-2 sequence boundary (ª... interpreted to form
when the rate of eustatic fall is less than or equal to
the rate of basin subsidence at the platform/bank mar-
gin...": Sarg 1988, p 156). This sequence boundary
coincides with the substrate of the oolite wedge. The
age range of the SMST is still insecure (Fig. 3).

In the oceanic Elias Complex, the change from
radiolarite to pelagic carbonate deposition (Fig. 3) is
interpreted to have been coeval with the changeover
from divergent to convergent plate movement, and to
have evolved in an intra-oceanic forearc subduction
complex as the overriding plate lifted the oceanic sub-
strate above the CCD (Fig. 9B).

Upper Jurassic

The deposition of hemipelagic nodular chert lime-
stones over the antecedent SMST, during the ?Middle
to early Late Jurassic, signals that shelf subsidence
was occurring, which circumstantial evidence indicates
was due to tectonic loading of the Pelagonian Margin
by the advancing Pappades Ophiolite composite nappe
and was enhanced by stepped-up second-order eustatic
sea-level rise (Fig. 9C). Reef growth on the shelf ter-
race was initially accommodated by the increased rate
of subsidence, but later, tectonically induced slumping
led to reef drowning and rapid burial by deeper water
facies (Figs. 3, 6, 9C). The drowning of the Pelagonian
margin culminated with the intercalation of neritic
debrites and radiolarian pelite in a below the CCD
palaeoenvironment. Robertson (1991) suggests that a
foredeep developed in front of the advancing ophiolite
nappe, into which boulders were deposited, derived
from antecedent formations exposed in fault escarp-
ments. In the final depositional episode, siliciclastic
turbidites (Megali Lakka greywacke) were deposited
on top of the radiolarite, parallel to the shelf (Figs. 2,
3). The turbidites are interpreted as distal synorogenic
flysch, derived from uplifted Pelagonian basement
which may have become exposed by sequential colli-
sion of oceanic crust (Eohellenic ophiolite) with the
Pelagonian continental margin, much like the present
situation in the Huon Gulf, Papua New Guinea (In-
gersoll et al. 1995; Dickinson 1995). The turbidites
were deposited during approximately the Late Titho-
nian before the Pappades Ophiolite was emplaced, an
age constraint supported by the Tithonian (or young-
er) age of the debris limestones (Table 1), which inter-
calate with the lower Achladi radiolarite (Fig. 6).

The Nilefs and Basilika ophiolite nappes, and inter-
leaved Elias Complex, are interpreted as imbricate
slabs of a subduction wedge of a forearc subduction
complex, comparable to the Recent scenario of the
New Britain trench, where an oceanic subduction
complex is being thrust over the Solomon Sea rem-
nant ocean towards the Papua New Guinea shelf (cf.
Huon Gulf; Ingersoll et al. 1995; Dickinson 1995).

The Komi Leibadi mØlange and the entire complex
of telescoped Pelagonian and oceanic formations (F1,
F2, F3; Figs. 4A, 9C) may represent a juvenile stage
of an accretionary complex, which perhaps would
have evolved into a Pagondas-type accretionary com-
plex (Robertson 1991) had nappe thrusting continued.
However, it is supposed that obduction came to a pre-
mature halt in the study area for the following possi-
ble reasons: in addition to the resistance that the rel-
ative buoyant Pelagonian continental crust must have
presented to subduction (Dewey 1976), irregularities
of the collisional margin could have promoted thrust-
ing of different intensities from place to place (Inger-
soll et al. 1995). Shelf telescoping along thrust F1 and
along a possible deeper dØcollement, coinciding with
the broken formation that often occurs at the base of
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the Pantokrator Dolomite (Fig. 4A,B), may have
translated most of the thrust energy.

The provenience of the Pappades Ophiolite

The tectonic analysis, in consideration of post-Eohelle-
nic rotations, indicates that the Pappades Ophiolite
had a derivation northwards of the study area.
Regional palaeogeographic reconstructions (Kissel and
Laj 1988; Stampfli et al. 1991) show that the Vardar
ocean was located north of the Pelagonian zone dur-
ing the Late Jurassic and that it closed (Stampfli and
Mosar 1998) at the same time that the Eohellenic
ophiolite of Pappades was emplaced. Although this
circumstantial evidence strongly supports previous
Vardar-root models (Bernoulli and Laubscher 1972;
Jacobshagen et. al. 1976; Zimmerman and Ross 1976;
Jacobshagen et al. 1978b), the regional palaeogeogra-
phy still remains controversial (Scherreiks 1998b; Clift
1998).
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