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Abstract: The south Mediterranean region, including western Sicily, Crete and mainland 
Greece (southern Peloponnese and Evia), is critical to an interpretation of the Late 
Palaeozoic-Early Mesozoic tectonic evolution of Tethys. Several contrasting tectonic 
models compete to explain the regional evolution. In a divergence-related hypothesis (Model 
1) the south Aegean region experienced pulsed rifting along the northern margin of 
Gondwana that culminated in break-up to form the Pindos ocean in the region of Greece. In 
an alternative convergence-related hypothesis (Model 2) the south Aegean experienced Late 
Palaeozoic Early Mesozoic northward subduction, accretion and arc magmatism, culmina- 
ting in 'Cimmerian' suturing of a Palaeotethyan ocean in latest Triassic time. In a third 
model, southward subduction of a Palaeotethyan ocean took place beneath the North 
Gondwana margin during Late Palaeozoic-Triassic time, giving rise to back-arc magmatism 
in an extensional setting. In addition, a more complex setting involving two opposing sub- 
duction zones (Andean-type and intra-oceanic) has also been suggested (Model 4), mainly 
based on lava geochemistry. To test these tectonic alternatives, mainly sedimentary studies 
were carried out in western Sicily, western and eastern Crete, the Peloponnese and Evia (east- 
ern central Greece). Western Sicily was studied as a proxy for the unexposed deep Mediterra- 
nean south of Crete. Most of the available evidence supports the divergence-related (pulsed 
rift) hypothesis (Model 1). There is no clear evidence of sea-floor spreading (e.g. ophiolites) 
to the south of what became the Pindos ocean, or of plate convergence (e.g. magmatic arcs, 
subduction complexes), or collisional deformation in the south Aegean region that could be 
related to subduction or collision during the Mid-Carboniferous to Triassic, as in Model 2. 
Model 3 is not supported by evidence from the wider region (northern Greece, Turkey). 
Model 4 is not supported by evidence independent of igneous geochemistry. In the proposed 
interpretation, the northern margin of Gondwana initially rifted during Mid-Carboniferous 
to Early Permian time to form a wide deep-water basin. This was followed by further rifting, 
associated with volcanism during the Early Triassic; final continental break-up and spread- 
ing to form the Pindos ocean to the north during Late Triassic to Early Jurassic time then 
followed. Mid-Triassic uplift of part of the rift basin is explained as a flexural response to 
rifting as a precursor to opening of the Pindos ocean. Passive margin subsidence during the 
Early Mesozoic relates to opening of the Pindos ocean to the north. A subduction geochemi- 
cal signature within some Triassic volcanic rocks, in this interpretation, is explained by 
melting of heterogeneous sub-crustal mantle, following an earlier, possibly Hercynian, 
subduction event. 

The quest for 'Palaeotethys' of Late Palaeozoic 
to Early Mesozoic age in the Mediterranean 
region continues (Fig. 1). Most palaeomagnetic 
reconstructions suggest that a large westward- 
narrowing gulf of the super-ocean, Panthalassa 
('Palaeotethys'), existed in the Eastern Mediter- 
ranean region by Late Permian time (e.g. Smith 
et al. 1981). What was the nature of this ocean? 
Where are its remnants? How does it relate to 
younger Mesozoic Neotethyan oceanic basins 
in the Eastern Mediterranean region? Deep- 
marine facies are known to have bordered 
the north margin of Gondwana,  at least from 

Mid-Carboniferous time (Krahl et al. 1982; 
Kozur & Krahl 1984; Catalano et al. 1991; 
Kozur 1993, 1995), but their tectonic setting is 
controversial. 

In a first, divergence-related Model 1 (Fig. 2), 
a Palaeotethyan ocean was subducted north- 
wards beneath Eurasia, as indicated by evidence 
from the Pontides of northern Turkey and else- 
where along the southern margin of Eurasia. The 
Pelagonian Zone of Greece, eastern Crete and 
all of the units south of this continental fragment, 
known as the Pelagonian microcontinent, rifted 
from Gondwana during Early Mesozoic time 
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Fig. 1. Outline map of the Mediterranean region showing the major tectonic elements and the study area (within 
box). Modified after Papanikolaou & Ebner (1996-1997). 

to create several Neotethyan oceanic basins. The 
principal oceanic realm between Eurasia and 
Gondwana in the Late Triassic lay to the north 
of the Pelagonian continent in this interpretation 
and thus no arc remnants or collisional suture 
existed further south. Model 1, in several vari- 
ants, was favoured by workers such as Smith 
et al. (1975), Robertson & Dixon (1984), 
Dercourt et  al. (1986, 1993, 2000), Robertson 
et al. (1991, 1996, 2004), Papanikolaou (1996- 
1997), Ricou 1996, Yxlmaz et  al. (1996) and 
Dornsiepen et  al. (2001). 

In an alternative convergence-related Model 
2 (Fig. 2), a Palaeotethyan ocean was also sub- 
ducted northwards beneath the southern margin 
of Eurasia during Late Palaeozoic-Early Meso- 
zoic time; and again, the southern, Gondwana 
margin remained passive. However, a crucial 
difference is that the Palaeotethyan suture is 
inferred to be located much further south, within 
the south Aegean region, to the south of the Pela- 
gonian continent, which is considered as part of 
Eurasia. In this interpretation an ocean opened 
along the northern margin of Gondwana during 
Late Ordovician-Early Silurian time and a 

continental fragment, termed the Hun terrane, 
was detached and drifted northwards until it 
was accreted to Eurasia, with the Palaeotethys 
opening in its wake along the northern margin of 
Gondwana. The northern Palaeotethys was in 
turn subducted beneath Eurasia during the Late 
Palaeozoic until the Hun terrane collided and was 
accreted during the 'Hercynian' orogeny. During 
this subduction a new ocean basin, termed Neo- 
tethys in this model, rifted along the Gondwana 
margin during Late Permian time detaching a 
Cimmerian microcontinent. The remaining Pala- 
eotethys continued to subduct, opening several 
Triassic marginal basins (Vardar and Pindos) 
until it too sutured in the latest Triassic 'Cimme- 
rian' orogeny. The remaining Neotethys survived 
in this interpretation until Early Cenozoic sub- 
duction and eventual suturing of the African and 
Eurasian plates in the Balkan region. Variants 
of this interpretation were proposed by several 
workers (i.e. Pe-Piper 1982; Stampfli et al. 1991, 
1998, 2001; Stampfli & Borel 2002). 

In a radically different Model 3 (Fig. 2), 
Seng6r (1984) proposed that 'Palaeo-Tethys' 
was rooted in the north, adjacent to the southern 
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margin of Eurasia (e.g. Pontides; Crimea), and 
that a Neo-Tethyan ocean rifted to the south of 
this, as one of several back-arc basins above 
a south-dipping subduction zone during the 
Triassic. This model, like the first, implies that 
south of the Pelagonian continent the Triassic 
setting was one of rifting, not subduction, colli- 
sion or magmatism. This model has been tested 
and shown to be problematic based on studies in 
northern Turkey (e.g. Usta6mer & Robertson 
1997), but has recently received renewed support 
from several researchers (e.g. Smith 1999, 
Karamata et  al. 2006; Romano et  al. 2006). 

Finally, Pe-Piper & Piper (2002) have recently 
proposed an additional tectonic interpretation 
(Model 4; Fig. 2), based mainly on the geoche- 
mistry of Triassic volcanic rocks in Greece, which 
invokes double subduction (Fig. 2d). This infers 
Triassic northward subduction from a southerly 
Palaeotethys in the south Aegean region as in 
Model 2, but also the presence of an additional 
Triassic, southward-dipping intra-oceanic sub- 
duction zone located in the eastern part of a 
Triassic Pindos ocean. 

Models 2 and 4 require the existence of a Late 
Palaeozoic-Early Mesozoic convergent margin 
and a collisional suture in the region of Crete and 
the Peloponnnese, whereas Models 1 and 3 locate 
the subduction zone of this age well to the north 
(albeit with opposite polarities) and imply a rift 
and passive margin evolution to have character- 
ized the south Aegean region during the Triassic. 
The different models thus involve starkly con- 
trasting inferences about the tectonic setting at 
this time, in this region. 

The primary aim of the paper is to present 
field-based sedimentary evidence from Sicily, 
Crete, the Peloponnese and Evia which will be 
used to test the above tectonic hypotheses in the 
light of the existing literature. The key requi- 
rement is to distinguish between generic models, 
which infer either divergence (Models 1 and 3), or 
convergence (Models 2 and 4) during pre-Jurassic 
time, rather than to test any one specific model, 
as variants of each of these models have been 
published and further alternatives may exist. The 
end-product will be a new tectonic model for the 
south Aegean region for Late Palaeozoic-Early 
Mesozoic time. 

An immediate problem is that the evidence for 
the existence of any former oceanic crust located 
along the northern margin of Africa, south of 
Crete has been obscured by Cenozoic subduction 
and the present deep-marine basin. The timing 
and setting of Neotethyan continental break-up 
cannot be determined from the on-land record 
of North Africa alone (Guiraud et  al. 2001). 

However, further west, in Sicily, Cenozoic north- 
ward subduction has already resulted in collision 
of a Tethyan accretionary prism with a promon- 
tory of Gondwana and, as a result, fragments 
of Late Palaeozoic-Early Mesozoic crust are 
exposed within a thrust belt in western Sicily 
(Catalano et  al. 2000a, b). These units are critical 
to determine whether or not a 'Neotethyan' 
ocean existed in the South-Mediterranean during 
Late Palaeozoic-Early Mesozoic time. This area 
will be discussed first as a proxy for crust of this 
age south of Crete. The Upper Palaeozoic-Lower 
Mesozoic metasedimentary and metavolcanic 
units of Crete and the Peloponnese will then be 
considered. Evidence from the Pindos and 
Pelagonian zones further north in Greece is also 
important, particularly to determine if an early 
Mesozoic 'Cimmerian' collisional event affected 
these areas. 

One persistent problem is that Tethyan 
nomenclature tends to be model-specific. Thus, 
for Seng6r (1984) 'Palaeo-Tethys' is rooted in a 
relatively northerly location, whereas for Stamp- 
fli et  al. (2001) their Palaeotethys is rooted 
further south, and, by definition, Neotethys even 
further south again (Fig. 2). When such a model- 
specific nomenclature is adopted, one is at once 
locked into hypothesis confirmation rather than 
hypothesis testing (see Robertson & Mountrakis 
2006). For this reason, a looser, non model- 
dependent approach is used here. The term 
Palaeotethys as used here refers generally to older 
(i.e. pre-Mid-Jurassic) oceanic crust, and the 
term Neotethys to generally younger oceanic 
crust (i.e. Late Triassic-Early Cenozoic). 

The writer was unable to discriminate between 
the alternative tectonic models from the literature 
alone, and so decided to embark on a field-based 
study of the critical areas that has taken several 
years (Fig. 1, inset). There is no simple shortcut to 
understanding the pre-Jurassic tectonic evolution 
of the south Aegean region other than in-depth 
studies of the lithological assemblages in each of 
these areas, followed by comparisons and synthe- 
sis, which also takes account of evidence from the 
wider region and modern tectonic settings. A 
substantial body of new information has became 
available during this work, mainly concerning the 
sedimentary facies and palaeotectonic setting of 
the Upper Palaeozoic-Lower Mesozoic units in 
the region. The main results of a 10-year study 
of comparable units in western Turkey were 
recently summarized elsewhere (Robertson et  al. 
2002) and will be drawn on in the discussion 
section. 

The criteria for discriminating between tec- 
tonic settings are first outlined. The alternative 
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possible interpretations of each area are review- 
ed, and an indication of which model is favoured 
is given before moving on to the next area. Salient 
aspects of the wider regional setting, outside the 
area studied (e.g. Eurasian margin; central Euro- 
pean Hercynian orogen) will be considered in the 
discussion section. 

Many of the Upper Palaeozoic-Lower Meso- 
zoic units of Crete and the SW Peloponnese, 
in contrast to western Sicily and Evia, have 
undergone HP-LT (blueschist-facies) metamor- 
phism (Seidel 1978). For example, the extensive 
Phyllite-Quartzite unit in Crete was at least par- 
tially metamorphosed under high-grade condi- 
tions (8-19 kbar, 300M00~ during Late 
Oligocene-Early Miocene time (Seidel et  al. 1982; 
Theye et  al. 1992; Zulauf et  al. 2002). However, 
primary sedimentary lithologies and sedimentary 
structures, including stratigraphical way-up evi- 
dence, are still commonly recognizable. For this 
reason, rock types will be generally referred to 
here in their pre-metamorphosed states, dropping 
the ubiquitous 'meta-'; i.e. psammitic schists were 
commonly sandstones, marbles were limestones 
or dolomites, and pelitic schists were mudstones, 
etc. An informal stratigraphical terminology is 
used, as different local names have often been 
used for similar units in different areas. The 
time scale is that of Gradstein et  al. (2004). Coor- 
dinates given refer to the present day unless 
specified otherwise. 

Criteria for recognizing tectonic settings 

A combination of biostratigraphical, sedimen- 
tary, igneous and structural evidence (termed 
tectonic facies; Robertson 1994) allows different 
tectonic settings to be distinguished. Some of the 
main, relevant tectonic settings are as follows. 

Divergence-related tectonic settings include 
rifts, failed rifts (aulacogens) and intra-platform 
basins. Sedimentary environments associated 
with passive margins and marginal platforms inc- 
lude siliciclastic shelves and carbonate platforms. 
Tectonic settings associated with spreading cen- 
tres and oceanic basins include spreading ridges, 
abyssal plains, continental fragments, oceanic 
seamounts and oceanic plateaux. Conversely, 
tectonic settings associated with convergence- 
related settings include supra-subduction zone 
spreading centres (i.e. many ophiolites), oceanic 
arcs, subduction-accretion complexes, fore-arc 
basins, intra-oceanic back-arc basins and intra- 
continental back-arc basins. Tectonic settings 
associated with collisional tectonic settings 
include intra-oceanic collision zones, foreland 

basins and the sedimentary products of collision 
('molasse'). Additional tectonic settings charac- 
terize strike-slip-related settings (e.g. pull-apart 
basin), which could also be relevant here. Recog- 
nition of such tectonic settings in the south 
Aegean region should allow the alternative 
tectonic models to be distinguished. 

The recognition of such tectonic settings 
in metamorphic terranes as in the south Aegean 
region is obviously difficult, but still possible 
where the protoliths of the sedimentary and igne- 
ous rocks can be recognized and where the sedi- 
ments are reasonably well dated. As a cautionary 
note, however, it should be noted that metamor- 
phic rocks that have undergone HP-LT meta- 
morphism, like those of the south Aegean region, 
have been exhumed from a subduction zone 
setting so that parts of the original record may 
have been lost. Also, some subduction settings 
involve net loss of material from the overriding 
plate (i.e. subduction erosion) such that some 
critical tectonic units (e.g. accretionary prisms) 
may be lost. 

The main tectonic settings that would be exp- 
ected to occur for each of the four main alterna- 
tive tectonic settings of the south Aegean region 
are as follows. In a divergence (rift)-related 
model (Models 1 and 3) the tectonic facies would 
be those of rifts, passive margins and Atlantic- 
type ocean basins. In a convergence (subdu- 
ction)-related model (Models 2 and 4) the 
expected tectonic settings for the Triassic would 
identify both active margin (e.g. subduction com- 
plexes; magmatic arcs) and collisional settings 
(e.g. foreland basins). Also in these models, addi- 
tional divergence-related tectonic settings would 
characterize the Late Palaeozoic, inferred break- 
up and spreading of 'Neotethys' adjacent to 
Gondwana. Time relations are therefore clearly 
critical to distinguish the tectonic alternatives. 

The southward subduction hypothesis (Model 
3) should also be characterized by divergence- 
related tectonic settings, but coupled with 
igneous geochemical evidence of subduction. 
Finally, the model invoking both southward 
and northward subduction (Model 4) would 
imply the existence of two belts characterized 
by convergence-related tectonic settings and 
two belts of subduction-related magrnatism, one 
intra-continental (Andean type) and the other 
intra-oceanic. 

In summary, in the extension-related models 
(Models 1 and 3) only a limited number of tec- 
tonic settings would be represented, whereas 
many more would need to have existed for 
the convergence (subduction)-related models 
(Models 2 and 4). 
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Tectonic units of the south Mediterranean 
region 

The entire south Aegean region and areas to 
the west, as exposed in the Italian region (e.g. 
Calabria and Sicily), comprise piles of thrust 
sheets that were mainly emplaced during Ceno- 
zoic time related to northward subduction and 
suturing of the Neotethyan ocean. In this paper, 
units will be discussed in turn, working structur- 
ally upwards on a regional basis, beginning with 
those at the structural base that restore closest to 
Gondwana and ending with those that restore 
furthest north. 

As noted above, the most southerly unit, rep- 
resenting Neotethyan crust that formerly sepa- 
rated North Africa from the Cretan units, has 
been subducted or is located deep beneath the Sea 
of Crete and is not exposed and has not been 
sampled by drilling. The main evidence for the 
existence of this southerly oceanic basin is the 
record of subduction obtained from the Mediter- 
ranean Ridge accretionary complex south of 
Crete (Camerlenghi et al. 1995; ChaumiUon & 
Mascle 1997), and the record of Cenozoic HP-  
LT metamorphism within the Cretan nappes 
(Seidel 1978). A history of rifting is documented 
by wells and exposures in North Africa to the 
south (Guiraud et al. 2001) but it is not possible 
to determine from this when spreading of an 
adjacent southerly Neotethyan ocean began; 
possibilities include Late Permian, Mid-Late 
Triassic or Late Jurassic-Early Cretaceous. For 
this reason it was decided to study the Late 
Palaeozoic-Early Mesozoic of Sicily as a proxy 
for the oceanic basin between North Africa and 
Crete. This is reasonable, as the entire North 
African margin from the Nile to Morocco shows 
evidence of a comparable history of rifting during 
Late Palaeozoic-Early Mesozoic time and, 
indeed, some workers restore the Sicanian basin 
(Sicily) of this age to a location south of Crete or 
even further east (e.g. Garfunkel 2004). In Sicily, 
the Cenozoic thrust belt exposes units that 
formed in a southerly, Sicanian basin bordering 
Gondwana from the inception of this basin, 
during Late Palaeozoic time. There is thus an 
opportunity to determine the tectonic setting of 
the North African margin in this region during 
this period. In particular, does the lithology 
present record a rift setting as in Models 1 and 3 
or a spreading-related setting as in Models 2 and 
4? 

In the discussion below relevant aspects of the 
geology of western Sicily will be considered and 
it will be shown that the available evidence sup- 
ports Model 1 and that there is no firm evidence 
in support of Models 2, 3 or 4. 

Evidence from the Permo-Triassic of eastern 
Sicily 

Relevant outcrops occur in two main areas: 
Lercara-Roccapalumba and in the Sosio Valley 
(Fig. 3). These units are unmetamorphosed, in 
contrast to many of those of the south Aegean, 
which will be discussed later. The Permo-Triassic 
units of western Sicily were finally emplaced as 
a result of Late Neogene (Miocene-Pliocene) 
southward thrusting over the North African 
continental margin (Catalano et al. 2000a, b). 
This took place during closure of the Mesozoic 
Piedmont-Ligurian ocean to the north. Field evi- 
dence is augmented by results from local shallow 
drilling (e.g. in the Sosio Valley) and from hydro- 
carbon exploration drilling (e.g. Roccapalumba- 
1 well) (Catalano et al. 1991). It will be argued 
that the sedimentary sequences are most consis- 
tent with a progressively deepening rift basin 
that nevertheless continued to be supplied peri- 
odically with shallow-water carbonate debris and 
terrigenous elastic deposits. 

L o w e r  P e r m i a n  clast ic  s e d i m e n t s  and  basic 

igneous  r o c k s  

Exposures are few and far between (e.g. in 
railway cuttings) in an area of rolling hills and 
farmland. The main lithologies are terrigenous 
and carbonate turbidites, siltstones and shales, 
with subordinate detached blocks and coarse car- 
bonate debris flows of mainly shallow-water- 
derived material. The subsurface thickness 
exceeds 1000 m (e.g. in Roccapalumba-1 well), 
although stratal repetition is possible. Exposures 
are commonly highly deformed, steeply dipping, 
or inverted. Typically, thinner bedded units are 
strongly sheared, whereas thicker-bedded, more 
competent units have survived as undeformed 
beds, cemented by calcite spar. The mudstones 
within the turbiditic sequence are dated as Early 
Permian (Artinskian) by conodonts (Catalano 
et al. 1991). Occasional alkaline basic sills have 
been reported (Di Stefano & Gullo 1997). 

The Early Permian elastic sediments were 
examined in small exposures, SSW of a railway 
station, SE of Roccapalumba (c. 300 m west of 
the River Torto). Mudstones are greyish to red- 
dish in colour and include deep-water trace- 
fossils of the Nereites ichnofacies (Kozur et al. 
1996). The mudstones are intercalated with thin- 
bedded (5-10 cm) siliciclastic turbidites, exhibi- 
ting well-developed, partial Bouma sequences. 
Individual sandstone turbidites reach 1.6m 
in thickness in this area. Thin-section study 
shows that carbonate grains are typically more 
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Fig. 3. Upper Palaeozoic-Lower Mesozoic sedimentary and volcanic units exposed in central western Sicily. (a) 
Location; (b) sketch section of unit exposed in the Sosio Valley; (c) simplified sedimentary logs; (d) possible 
tectonic setting. (See text for explanation and data sources.). 

numerous than terrigenous ones. In general, the 
sandstones contain quartz and muscovite, with 
subordinate biotite and feldspar and rare zircon 
(Di Stefano & Gullo 1997). 

Thin-section study shows that both the terrig- 
enous and carbonate grains are mainly angular to 
sub-angular. The terrigenous grains are mainly 
monocrystalline quartz, polycrystalline quartz 
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(quartzite), mica-schist, plagioclase (mainly 
altered plagioclase and perthite), muscovite 
(including large unstrained laths), biotite and 
rare zircon. Occasional large grains containing 
plagioclase, quartz and biotite were probably de- 
rived from granitic rocks. There are also grains of 
weakly recrystallized quartzose sandstone, with 
individual grains set in a matrix of microcrystal- 
line silica. Siltstone rip-up clasts, rich in quartz 
and muscovite, are also seen, together with rare 
grains of reworked pelagic micrite with calcite- 
replaced radiolarians and detrital microcry- 
stalline quartz (?metachert). Some quartz grains 
are coated with calcareous algae, indicating a 
shallow-water origin. Carbonate grains are 
dominated by detrital grains of algal micrite 
and encrusting calcareous algae together with 
pisoliths, small oncolites, grapestone intraclasts, 
echinoids (some coated with calcareous algae), 
shell fragments, coral (replaced by coarse calcite 
spar), bryozoans, benthic Foraminifera (e.g. 
Miliolina), ostracodes, gastropods and recrystal- 
lized carbonate (marble). The matrix is micritic 
with scattered diagenetic pyrite. 

There are also occasional interbeds of car- 
bonate debris flows (up to 1 m thick), containing 
clasts (up to 2cm in size) of mainly neritic 
carbonate, including coral, encrusting algae, 
gastropods and fusulinids set in a partially recrys- 
tallized calcite spar cement. Rare blocks of 
deep-water carbonate contain an Early Permian 
fauna, including ammonoids, trilobites, brachio- 
pods, crinoids and Radiolaria. In general, the 
siliciclastic turbidites tend to be uniformly fine to 
medium grained, whereas the associated redepos- 
ited carbonates are considerably coarser grained, 
suggesting a more proximal origin. 

In the Leccara area there are several expo- 
sures of diabase and basalt, forming sheets up 
to 30 m thick (e.g. Contrada Rettino body, c. 3 km 
SW of Roccapalumba). These are interpreted 
as high-level intrusions into wet sediments. They 
contain phenocrysts of altered plagioclase, 
olivine, A1-Ti augite and exhibit an enriched 
mid-ocean ridge basalt (E-MORB) composition 
(Censi et al. 2000). Igneous rocks of similar age 
and composition are present in the Hyblean area 
(Bianchini et al. 1998). 

M i d d l e  P e r m i a n  success ion  

Key outcrops of deep-water sediments of Mid- 
Late Permian age occur in the classic Sosio 
Valley, SW of Palazzo Adriano (Fig. 3a). These 
units are highly disorganized and were mapped 
as tectonic m61ange, 'up to 500 m thick, related 
to Late Neogene thrusting (Di Stefano & Gullo 
1996, 1997). The Permian-Triassic deep-sea sedi- 
ments in this area are sheared and imbricated, 

and may include the deformed limb of a large 
inverted isoclinal fold. 

The stratigraphically lowest unit is composed 
of turbidites that are compositionally similar 
to, but younger (i.e. earliest Mid-Permian) than 
those of the Lercara-Roccapalumba area, des- 
cribed above (Catalano et al. 1991). Local succes- 
sions, up to several hundred metres thick, in the 
Sosio Valley are highly disorganized and have 
been interpreted as olistostromes (Catalano 
et al. 1991). Detached blocks are strewn through 
a shaly matrix, which locally contains a reworked 
Early Permian fauna. The individual blocks 
exhibit layer-parallel extension of thick turbiditic 
beds to produce classic sandstone 'phacoids'. 
Similar 'olistostromes' are exposed slightly fur- 
ther upstream to the SE, in tectonic contact with 
contrasting red mudstones of Late Permian age 
(Fig. 3b and ci). Several of the large detached 
sandstone blocks exhibit sheared and slicken- 
sided margins, and internal brecciation, showing 
that they were well lithified before being incor- 
porated into the 'olistostrome'. This questions 
whether these are really sub-aqueous debris- 
flows of Mid-Permian age or instead the 
uppermost levels of a thick Early-Mid-Permian 
turbiditic sequence that was sheared strongly to 
create m61ange during the Cenozoic thrusting. 

Thin-section study of the Middle Permian 
turbiditic clastic sediments shows that they are 
more mature, both texturally and chemically, 
than the turbidites of the Lower Permian interval 
described above. The terrigenous grains range 
from sub-angular, to rounded and very well 
rounded. Grains are mainly unstrained mono- 
crystalline quartz with, in addition, rare strained 
quartz, plagioclase, fine-grained polycrystalline 
quartz (quartzite) and rare grains of partially 
recrystallized siltstone. The carbonate bioclasts 
are, by contrast, relatively angular, and include 
all of the neritic grains (e.g. lithoclastic algal 
micrite) as in the underlying Lower Permian rede- 
posited sediments, with the addition of numerous 
radiolarians. The matrix is partially recrystallized 
micrite, with scattered diagenetic pyrite. 

Upper  P e r m i a n  success ion  

The 'olistostrome' is faulted against a younger 
unit composed of bright red, weakly consoli- 
dated, glutinous claystones that contain a rich 
fauna of Late Permian radiolarians, conodonts 
and ostracodes (Catalano et al. 1991; Kozur 
1993; Fig. 3cii). These red mudstones are 
interbedded with several thin, graded interbeds 
of redeposited neritic carbonate (< 15 cm thick), 
containing Radiolaria, Foraminifera and con- 
odonts of Late Permian age. The packstone- 
grainstones also contain minor amounts of 
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quartzose silt and sand (Catalano et al. 1991). 
Thin sections studied reveal mainly redeposited 
grains of neritic carbonate, as in the underlying 
Permian coarse clastic facies, especially algal 
micrite, together with shell fragments, benthic 
Foraminifera and reworked grains of radiolarian 
micrite. 

Midd le -Upper  Triassic succession 

The Middle-Permian succession is faulted against 
a contrasting, mainly pelagic carbonate succes- 
sion of Mid-Late Triassic (Late Anisian-Mid- 
Carnian) age (Fig. 3b). The Lower Triassic 
(Scythian) succession is typically absent in Sicily 
(Catalano et al. 1991). The presence of well- 
graded beds shows that the Triassic succession is 
inverted. It begins with thin- to medium-bedded, 
greenish to dark grey radiolarian mudstones, 
together with tuffaceous and siliceous pelagic 
limestones (in beds <20cm thick), of Late 
Anisian-Early Ladinian age, and then passes into 
grey to pink nodular and cherty limestones with 
marly partings (Catalano et al. 1991). The lowest 
interbeds are dark and apparently organic rich. 
Lenticles and nodules of quartzitic chert of repla- 
cement origin are common near the base, but 
generally decrease in abundance stratigraphically 
upwards. The highest exposed beds, of Late 
Ladinian-Early Carnian age, are thin-bedded 
pinkish pelagic carbonates, with minimal chert. 

Thin-section study shows that the carbonates 
begin with dark grey terrigenous silt, compo- 
sitionally similar to the material in the underlying 
Permian terrigenous sediments, dominated by 
quartz, muscovite and subordinate plagioclase. 
There are also abundant calcite-replaced radi- 
olarians and recrystallized shell fragments. The 
directly overlying silty limestone is composed 
of radiolarians, mainly replaced by microcrys- 
talline and chalcedonic quartz, together with 
well-aligned straight-shell fragments (Halobia), 
set in a micritic matrix. Pink and grey pelagic 
carbonates above this are dominated by pelagic 
micrite (with no terrigenous component), with 
calcified radiolarians, Halobia and Daonella pela- 
gic bivalves, pelagic gastropods, ostracodes and 
rare benthic Foraminifera. 

Coeval Permian pelagic and neritic 

carbonates 

Several small limestone blocks are located further 
NE (downstream) in the Sosio Valley, and may 
record contrasting slope or fault-block-type 
facies (Catalano et al. 1991; Kozur 1995). 

Notably, the 'Rupe del Passo di Burghio 
block' comprises Middle Permian (Wordian), 

white to grey, ammonoid- and conodont-bearing 
pelagic limestones (Hallstatt-type facies), with 
interbeds of redeposited bioclastic calcarenites 
(Kozur 1995; Di Stefano & Gullo 1997; 
Fig. 3ciii). In addition, a limestone block (SE of 
Rupe del Passo di Burgio) includes yellow to 
green clays with conodonts of Mid-Permian 
age (Catalano et al. 1991). There are also several 
other blocks of condensed rosso-type facies. 
Kozur (1995) suggested that these blocks record 
remnants of Permo-Triassic condensed succes- 
sions that were derived from widely differing 
areas of Palaeotethys, characterized by the 
presence or near absence of a Pseudofurnishius 
(conodont) fauna. Alternatively, the blocks origi- 
nated within several different palaeoenviron- 
ments, but all within a relatively local rift basin 
setting (Di Stefano et al. 1996). The relative 
abundance of conodonts was instead controlled 
by facies variation and sedimentation rate 
variation (i.e. dilution effects) in the latter view. 

The deformed Permian-Triassic deep-water 
succession is structurally overlain by a large 
block of highly fossiliferous limestone, the well- 
known Pietra di Salmone (Fig. 3civ). This unit 
is interpreted as the dismembered limb of a 
WNW-facing monoclinal fold (Flugel et al. 
1991). This large block is dominated by a gener- 
ally fining-upward sequence of redeposited 
neritic talus (c. 70 m thick). The carbonate talus 
ranges from disorganized, angular blocks and 
clasts (up to 3.5 m in size), to crudely stratified 
clast- to matrix-supported debris flows, to pebbly 
and to gravel-sized calciturbidites with marly 
tops. The constituents include a rich and diverse 
fauna of corals, algae, sponges, Foraminifera and 
conodonts. Some of the clasts, dated as Early- 
Mid-Permian, were redeposited into a matrix of 
yellowish, partly dolomitized marls containing 
conodonts of Mid-Permian age. 

Carnian and younger successions 

Succession of Late Triassic and younger Meso- 
zoic age are well exposed in a more intact, 
structurally associated succession (e.g. Pizzo 
Mondello; Di Stefano & Gullo 1997). These sedi- 
ments are dominated by marls, claystones and 
thin-bedded calcilutites and contain Radiolaria, 
Halobia and conodonts ('Mufara Formation'). 
Comparable facies, up to c. 400 m thick, occur 
widely in central-western Sicily and include black 
organic-rich anoxic facies. There are also rede- 
posited neritic carbonates, probably derived from 
large carbonate platforms (e.g. Hyblean Plateau; 
Di Stefano et al. 1996). Quartzose sediments, 
including polycrystalline quartz, muscovite and 
feldspars, are present in some sections and 
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appear to increase in abundance northwards, 
suggesting derivation from a metamorphic base- 
ment exposed in this direction (e.g. Hercynian 
Kabilo-Peloritani units). 

The succession continues upwards into 
uppermost Triassic pelagic Halobia-bearing lime- 
stones, commonly siliceous, with continued inter- 
beds of redeposited neritic carbonate. Locally, 
the Upper Norian interval exhibits huge slump 
breccias associated with terrigenous clastic input 
and a low-angle unconformity (e.g. Imerese 
unit, northern Sicily; Di Stefano et al. 1996). A 
strike-slip controlled setting was suggested by 
Di Stefana & Gullo 1997), although an associated 
unconformity in adjacent areas (e.g. Tunisia) 
might also be explained by a pulse of extension- 
related flexural uplift. Lower Jurassic cherty 
pelagic limestones and marls above this are fol- 
lowed by a more or less continuous deep-water 
succession dominated by radiolarian marls and 
pelagic limestone, with locally variable intercala- 
tions of redeposited neritic carbonate (e.g. Imerse 
and Sicanian units). Widespread volcanism occu- 
rred in the Late Jurassic within some basinal 
(e.g. Sicanian) and platform (e.g. Hyblean) units. 
Some Late Triassic Mesozoic platforms were 
drowned and covered by Ammonitico Rosso (e.g. 
Hyblean platform), whereas neritic platform 
deposition persisted elsewhere (e.g. Sicilide 
units). Passive margin conditions persisted 
until the end of Mesozoic time, after which 
convergence began (Catalano et al. 2000b). 

In terpre ta t ion ."  a s u b s i d i n g  d e e p - w a t e r  r i f t  

The thick, Lower Permian sandstones record 
accumulation in a deep-water basin (Fig. 3d), 
bordered by a relatively local carbonate platform 
and a metamorphic landmass, presumably the 
Hercynian orogen to the north (e.g. in the Pelo- 
ritani Mountains, NE Sicily; Di Stefano & Gullo 
1997). The source area included crystalline base- 
ment (e.g. mica schist), granitic rocks, low-grade 
siliciclastic sediments and metacarbonates. The 
inception of the basin must significantly predate 
the earliest known Early Permian deep-water 
sediments. The Middle Permian red claystones 
accumulated in a fertile relatively deep sea, with 
deep-water currents connecting to the eastern 
Tethys (e.g. Crete; Oman; Catalano et al. 1991; 
Kozur 1993). The thin calciturbidites with neritic 
detritus attest to the proximity of a Late Permian 
carbonate platform. This platform and related 
slope possibly included the Pietra di Salomone 
and several other local limestone blocks in the 
Sosio Valley. The Pietra di Salomone unit began 
to accumulate on a carbonate ramp bordering 
a well-established carbonate platform during 

Mid-Permian time. The slope later steepened, 
shedding coarse talus, then stabilized by latest 
Permian time. The Petra di Salomone 'mega- 
block' specifically represens the fill of a steep- 
sided channel or canyon cut into the margin of 
a carbonate platform (Flugel et al. 1991). By con- 
trast, the blocks of pink pelagic Hallstatt-type 
facies accumulated on isolated highs within the 
basin (e.g. Bernouilli & Jenkyns 1974), but the 
nature of their basement is not known. It is pro- 
bably not necessary to invoke tectonic transport 
of units from quite different oceanic areas, as 
suggested by Kozur (1993, 1995), but instead 
different facies may represent deposition in dif- 
ferent local palaeo-environments with different 
sedimentation rates and variable preservation of 
fossils. The Middle Triassic (Ladinian) interval 
then documents a quiet pelagic carbonate- 
depositing setting, in a still-fertile sea, rich in 
radiolarians. 

Although no unbroken succession is pre- 
served, it is likely that, prior to Neogene thru- 
sting, a remarkably long-lived, more or less 
continuous deep-water succession existed, exten- 
ding from Early Permian to Early Cenozoic time. 
No base of the succession is exposed and 
the Lower Permian siliciclastic turbidites are 
relatively distal, in contrast to the coarser neritic 
carbonate material that was supplied from a 
more local carbonate platform. The overlying 
'olistostrome' could indicate a period of tectonic 
instability during Mid-Permian time according 
to Catalano et al. (1991). By contrast, stable sea- 
floor conditions are indicated for Mid-Permian 
time when well-oxidized, fertile hemipelagic sedi- 
ments accumulated in a deep-water basin (500 m 
or more) (Catalano et al. 1991). 

The Lower-Middle Permian turbiditic clastic 
facies might, in principle, represent different 
tectonic settings. The first could be a flexural 
foreland basin related to the Hercynian orogeny 
(Catalano et al. 1991; Ziegler & Stampfli 2001). A 
foreland basin setting is, however, unlikely as 
there is no evidence of a foreland basin stratig- 
raphy (i.e. a thickening and coarsening-upward 
succession), of any overthrust load in the area, or 
of flexural rebound after a collisional event; 
rather, deepening continued during the Triassic. 
Second, the deep-sea sediments might record an 
accretionary prism (i.e. turbidites) and an asso- 
ciated perched fore-arc basin (i.e. pelagic carbon- 
ates) related to subduction. However, there is no 
evidence within the kilometre-thick siliciclastic 
turbidites of exotic accretionary material (e.g. 
pelagic sediments or ophiolites), or thrust repeti- 
tion of the succession as in an accretionary prism. 
Third, the succession might record a rift-basin 
(?transtensional) that post-dated the Early Car- 
boniferous Hercynian orogeny (Di Stefano et al. 
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1996). Of these alternatives, a rift setting best fits 
the sedimentary record and is consistent with 
the presence of the intruded 'enriched' basaltic ig- 
neous rocks (i.e. E -MORn;  Censi et al. 2000) 
and sparse Middle-Triassic silicic tufts. N-type 
M O R n  that could indicate the existence of 
strongly stretched continental crust or oceanic 
crust in the vicinity is not recorded. 

A rift-related (or transtensional) setting can 
be related to post-Hercynian extension during 
Mid?-Late Carboniferous time. By Early Per- 
mian time a broad palaeogeographically diversi- 
fied deep-water basin existed (Fig. 3d), open to 

Tethys to the east. Condensed pelagic sediments 
probably accumulated on isolated horsts that 
were bypassed by gravity flows. By the Early 
Anisian there was a general switch to hemipelagic 
carbonate deposition, possibly reflecting increa- 
sed input of peripelagic carbonate from adjacent 
carbonate platforms. Continuing high siliceous 
productivity is suggested by the presence of 
replacement chert. Variable, deep- or shallow- 
water carbonate conditions persisted throughout 
Mesozoic time, punctuated by periodic tectonic 
instability that triggered mass flows on the mar- 
gins of carbonate platforms (Di Stefano & Gullo 
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1996, 1997). Widespread volcanism and subsid- 
ence of carbonate platforms (e.g. Hyblean plat- 
form; SE Sicily) during Mid-Jurassic time was 
broadly coeval with spreading of the central 
North Atlantic. This rifting could also relate to 
break-up and the onset of sea-floor spreading to 
form the Ionian Sea (Catalano et  al. 2001), with 
implications for the timing of spreading further 
east (e.g. Sea of Crete). There is no evidence of 
the existence of an oceanic basin in the Sicily area 
until this time. 

In summary, the sedimentary facies and igne- 
ous rocks exposed in western Sicily are indicative 
of a rift or failed rift (aulacogen) setting as in 
Model 1. A deep-water basin open to the Tethys 
to the east clearly existed but there is no evidence 
of oceanic crust (ophiolites or related hydrother- 
mal deposits), or of a subsiding passive margin 
in which an overall thinning- and deepening- 
upward sedimentary succession would be 
expected (e.g. similar to the NW African or the 
eastern USA Mesozoic continental margins). 
Instead, a slowly subsiding rift persisted until this 
was reactivated related to opening of the central 
North Atlantic during Mid-Late Jurassic time. 
The main conclusion of fundamental importance 
from Sicily carried over to the south Aegean 
region, discussed below, is that there is no evi- 
dence for the existence of a Late Palaeozoic ocean 
basin bordering North Africa in this region. 

Cenozoic setting of the South Aegean region 

Crete and the Peloponnese document palaeo- 
tectonic units that were located to the north of 
a now largely subducted southerly Neotethyan 
ocean basin that rifted along the North African 
continental margin. In contrast to Sicily, the 
Upper Palaeozoic-Lower Mesozoic units there 
have experienced metamorphism ranging from 
HP-LT in the structurally lowest units to LP-LT 
in the higher units. 

Any interpretation of the pre-Cenozoic tec- 
tonic setting depends critically on correctly 
restoring the effects of Early Cenozoic-Recent 
deformation and metamorphism. During the 
Early Cenozoic, Neotethyan basins progressively 
closed, affecting, in turn, the Vardar zone to the 
NE, the Pelagonian zone, then the Pindos zone 
and finally Apulia-North Africa to the SW (e.g. 
Dercourt et  al. 1993; Robertson et  al. 1999). The 
higher thrust sheets, the Pindos zone, and the 
Tripolitza platform and the units above were 
largely detached from their former Mesozoic- 
early Cenozoic stratigraphic cover associated 
with the later stages of closure of Neotethys. 
They were then tectonically assembled during 
Late Eocene-Early Oligocene time related to 
generally northward subduction. The lower, 

more southerly derived nappes are represented by 
the Plattenkalk, Tripali and Phyllite-Quartzite 
units; these units were underplated to the 
hanging wall of a subduction trench during Late 
Oligocene-Early Miocene time, resulting in HP-  
LT metamorphism, internal thrust imbrication, 
large-scale structural inversion and polyphase 
folding. Fission-track dating (Thompson et  al. 
1998) indicates that crustal thickening culmi- 
nated in bi-vergent ductile extensional exhuma- 
tion during Late Oligocene-Early Miocene time 
(24-15 Ma) (Fig. 4b). The lower nappes experi- 
enced extension-related folding, shearing and 
large-scale detachment near the contact with 
the overlying unmetamorphosed Pindos and 
Tripolitza nappes and also internally (Bonneau 
1984; Papanikolaou 1988; Fassoulas et al. 1994; 
Kilias et  al. 1994, 2002; Jolivet et  al. 1996; Zulauf 
et  al. 2002). The lower nappes in western Crete 
were rapidly exhumed, whereas exhumation was 
possibly slower in central Crete, associated with 
retrograde metamorphism (Fassoulas et  al. 
1994). Subsequently, Mid-Miocene-Recent time 
was dominated by pulsed extension (Fig. 4c) in an 
above subduction zone setting, with an important 
component of strike-slip-transtension in eastern 
Crete (e.g. ten Veen & Meijer 1999). 

In Crete (Fig. 5), the Tripali and Plattenkalk 
units are discussed first as they restore to a more 
southerly position than the Phyllite-Quartzite 
unit when the Cenozoic tectonic effects are 
removed. 

Tectonostratigraphy of Crete 

In Crete, the lowest exposed unit in the tectono- 
stratigraphy is the Mesozoic-Lower Cenozoic 
Plattenkalk unit (Creutzburg et  al. 1977; Fig. 6). 
The Plattenkalk is dominated by grey platy pela- 
gic limestones, which contain numerous chert 
nodules. The lower part of the Plattenkalk unit is 
represented by the Talea Ori unit, best exposed in 
central northern Crete (Krahl et  al. 1988; Fig. 7). 
The Talea Ori is dominated by Upper Palaeozoic 
shallow-marine terrigenous and carbonate facies 
above a probable continental basement. The next 
unit above the Talea Ori-Plattenkalk unit is the 
Tripali unit. Based on recent studies in SW Crete 
(e.g. Lefka Off) Krahl & Kauffman (2004) sug- 
gested that the Tripali unit extends in age from 
the Early Liassic to Late Cretaceous (or even 
Early Cenozoic; see below). In the type area, in 
the Tripali Mountains, the Tripali unit forms a 
separate tectonostratigraphic entity (Kopp & Ott 
1977). However, in western Crete, an important 
mainly metacarbonate and meta-evaporitic suc- 
cession of Triassic age was initially referred to 
the Tripali unit (Gips-Rauhwacke Formation 
of Wurm 1950) but was later reinterpreted as an 
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Fig. 5. Outline map of Crete and the Southern Peloponnese showing the main locations of the Upper 
Palaeozoic-Lower Mesozoic Phyllite-Quartzite unit and related units. A cross-section of north central Crete is 
shown in Figure 7. More detailed maps of areas within boxes are shown in subsequent figures. 

upward continuation of a regionally inverted 
succession of the Upper Palaeozoic-Lower 
Mesozoic Phyllite-Quartzite unit (Krahl et  al. 
1983b; see below). 

The Phyllite-Quartzite unit includes Middle 
Carboniferous-Lower Cenozoic, mainly silici- 
clastic successions that are most widely exposed 
in western Crete (Fig. 5). In addition, contrasting 
units of 'Hercynian' basement slices, Permian 
hemipelagic sediments, Triassic volcanic- 
sedimentary units, and Triassic shallow-marine 
to non-marine sediments are well exposed in 
eastern Crete. 

The Phyllite-Quartzite unit is, in turn, over- 
lain by the relatively unmetamorphosed Tripo- 
litza and Pindos units (Fig. 6). In Crete, the 

Tripolitza unit, in places begins with Middle- 
Upper Triassic dolomites, schists and shallow- 
marine carbonates ( 'Ravdoucha beds'; Kopp & 
Wernado 1983) and then passes into a thick 
shallow-water platform carbonate unit that cul- 
minates in Upper Eocene turbidites (Creutzburg 
et  al. 1977; Fleury 1980). The Ravdoucha unit is 
well exposed in several areas in western Crete 
(e.g. the south coast at Sellia), where dark mud- 
rocks and carbonates with occasional ammonites 
pass transitionally upwards into the Tripolitiza 
carbonate platform (Fassoulas 2001). A compa- 
rable but thicker unit in the Peloponnese, known 
as the Tyros unit, includes extensive Triassic 
volcanogenic rocks and terrigenous sediments 
(see below). 
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The overlying Pindos unit includes Triassic 
deep-water sediments (e.g. pelagic limestones, 
radiolarites) and extrusive rocks (lavas, volcani- 
elastic rocks and tufts), Jurassic deep-water 
sediments and ophiolitic rocks, and culminates 
in deposition of terrigenous turbidites of 
Paleocene-Eocene age (Krahl et al. 1982; 
Bonneau 1984). The Pindos and Tripolitza units 
are locally downfaulted in direct juxtaposition 
with the Phyllite-Quartzite unit, related to mid- 
Cenozoic tectonic exhumation, as seen in western 
Crete. 

The Pindos unit is overlain by Upper 
Cretaceous metamorphic rocks, which are well 

exposed in central southern Crete (Asteroussia 
nappe), and finally by Upper Jurassic dismem- 
bered ophiolitic rocks (e.g. serpentinitized peri- 
dotite and gabbro) at the highest preserved levels 
of the thrust stack. 

The palaeotectonic settings of the lowermost 
units, the Talea-Ori and Plattenkalk units are 
next outlined. 

Talea Ori and Plattenkalk units 

These units include Upper Palaeozoic-Lower 
Mesozoic continental margin-type sediments and 
deep-sea sediments that restore to the northern 
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margin of the now largely subducted southern 
Neotethyan oceanic basin that rifted along the 
North African margin. In both Models 1 and 
2 these two units would be expected to record 
divergence-related tectonic facies but in a differ- 
ent tectonic context. In Model 1 these units would 
represent part of the northern passive margin of 
Gondwana that rifted in Late Palaeozoic time, 
whereas in Model 2 they represent the southern 
margin of a rifted 'Cimmerian' fragment, which 
evolved as a subsiding passive margin during the 
Mesozoic-Early Cenozoic. The inferred latest 
Triassic 'Cimmerian' collision to the north could 
have affected this margin (i.e. by creating a distal 
foreland basin setting). In Model 3 an entirely 
Triassic (back-arc) rift would be expected, 
whereas a Triassic convergent margin might have 
existed in Model 4. Below, it will be shown that 
the sedimentary record favours Late Palaeozoic 
rifting with a further strong pulse of rift-related 
subsidence in latest Triassic-Early Jurassic time. 

The older facies of the Plattenkalk, repre- 
sented by the much-discussed Talea Ori unit (e.g. 
Hall & Audley-Charles 1983; Hall et  al. 1984), is 
well exposed in the Talea Ori Mountains of cen- 
tral northern Crete, west of Iraklion (Fig. 8) and 
in the Psiloritis Mountains further south (Fig. 5). 
The succession exposed in the type area (Fig. 8a) 
is structurally inverted. The Talea Ori unit is 
reported to begin with Upper Palaeozoic clastic 
sediments (Krahl et  al. 1988) that contain detrital 
zircons as young as 297-325+_5 Ma; i.e. of 
inferred Hercynian age (Zulauf et  al. 2002; Brix 
et  al. 2002; Romano et  al. 2002, 2004). The sec- 
tion stratigraphically above comprises phyllites 
and sandstones with minor cherty horizons 
(Galinos beds), of inferred Early Permian age. 
These sediments are then overlain by neritic dolo- 
mites and limestones (i.e. Fodele beds), dated 
as Late Permian. The succession continues with 
mainly clastic dolomites, limestones and inter- 
bedded clastic sediments (Sisses beds), passing 
into Upper Scythian marbles (Epting et  al. 1972). 
The Middle-Triassic interval exhibits a deposi- 
tional hiatus (Epting et al. 1972) marked by sub- 
aerial exposure, karst development, diachronous 
erosion and local bauxite development. This was 
followed by marine transgression with deposition 
of Norian stromatolitic dolomites and massive 
dolomitic carbonates. Carbonate breccias then 
record a further discontinuity. Champod et  al. 
(2004) reported that Upper Triassic facies are 
transgressive on various different underlying 
units, down to the level of Late Permian platy 
pelagic limestones with chert nodules. In most 
interpretations the Upper Triassic facies are 
inferred to pass depositionally upwards into the 
typical deeper water Plattenkalk carbonates. 
However, Krahl & Kauffman (2004) considered 

that these pelagic carbonates are not part of the 
Plattenkalk unit sensu  s t r i e to  but rather represen- 
tative of a pelagic facies that occurs in several 
different units. They now consider the Talea Ori 
unit, of Late Carboniferous-late Early Creta- 
ceous age, to be a separate tectonic unit from the 
Plattenkalk unit although this is not supported 
here. 

During this work detailed sedimentological 
observations were made, particularly on the 
Upper Palaeozoic Fodele and Sisses units and the 
overlying Triassic carbonate succession that shed 
light on the depositional and tectonic setting. The 
Permian Fodele beds (e.g. 1 km east of Sisses) are 
dominated by regularly dipping, little deformed 
alternations of darker and lighter coloured, 
locally pebbly limestones with numerous shelly 
and bioclastic layers (Fig. 8). Highly fossiliferous 
dark limestones include well-preserved large bra- 
chiopods, coral and gastropods. The bioclastic 
material is suggestive of a storm-influenced death 
assemblage. 

In the succession studied, north of Fodele vill- 
age, the base of the succession is in tectonic con- 
tact with phyllites of the Phyllite-Quartzite unit. 
There, the lowest exposed beds of the Sisses unit 
are very coarsely crystalline marbles intercalated 
with buff phyllites. These phyllites are lithologi- 
cally similar to the underlying Phyllite-Quartzite 
unit so that the exact location of the thrust 
contact is indeterminate. A similar alternating 
carbonate-clastic succession is well exposed fur- 
ther east (0.5 km), along the national road, where 
thick-bedded shales and limestones are inter- 
bedded, although the contacts are commonly 
sheared. A major carbonate conglomerate 
(c. 4.5 m thick) contains well-rounded clasts, up 
to 3 cm in size, set in a buff-coloured matrix 
of phyllite. Pebbly phyllitic interbeds contain 
well-rounded clasts (up to 5 cm in size). These 
matrix-supported conglomerates form laterally 
continuous units, up to 6 m thick. Close to the 
inferred tectonic contact with the Phyllite- 
Quartzite unit small thrust slices of carbonate 
rocks and shale include small slices of dark 
bioclastic and nodular limestone, correlated with 
the Fodele unit. The matrix-supported conglom- 
erates are suggestive of deposition in a slope 
setting. Stratigraphically above, the Sisses unit 
is dominated by neritic carbonates (Fig. 8). The 
higher levels of the Sisses unit are uniformly fine- 
grained, thick-bedded to massive carbonates, 
ranging in colour from white, grey and buff to 
pink. Massive beds, commonly rich in vugs, 
appear to include boundstones. Locally, thin 
beds (c. 10 cm thick) exhibit sand-sized clastic 
interbeds (up to 10 cm thick), showing grading 
and fine parallel lamination. There are also sev- 
eral thin micro-breccias dominated by small platy 
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Fig. 8. Summary of the main restored Upper Palaeozoic-Lower Cenozoic successions exposed in the lowest 
thrust sheets on Crete that experienced HP-LT metamorphism and are discussed in detail in this paper. 
(See text for discussion and data sources.) 
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carbonate clasts (< 1 cm long) of probable micro- 
bial origin (i.e. reworked microbial mats). 

The Sisses unit is overlain by very well expo- 
sed algal limestones, which are mainly medium 
to thick bedded, but include thin (several 
millimetres) lenticular siltstones, suggestive of 
current reworking. Above the hardground and 
bauxitic horizons (Epting et aL 1972; Fassoulas 
et al. 2004), an upper limestonemlolomite succes- 
sion is dominated by dark foetid interlayers that 
increase in abundance upwards and culminate in 
very dark organic-rich carbonate. Dark stroma- 
tolitic carbonates and lighter vuggy carbonates 
are interstratified as alternating units c. 5-8 m 
thick. Massive vuggy white limestones follow 
with occasional pebbly horizons containing grey 
to white finely laminated carbonate clasts, up to 
4 cm in size. Above this (near Aloides village), the 
succession is dominated by a spectacular high- 
density carbonate turbidites, slumps, carbonate 
debris flows and coarse carbonate talus. Indi- 
vidual mega-breccia units reach 5 m thickness 
and include a range of very angular to well- 
rounded clasts, some > 1 m in size. Several depo- 
sitional units (up to 2.5 m thick) comprise very 
well exposed carbonate debris flows grading into 
high-density type calciturbidites, showing evi- 
dence of dewatering, slumping and soft-sediment 
deformation. Most of the clasts are of light- 
coloured carbonate facies but a few are dark, 
similar to the underlying intact carbonate succes- 
sion. The highest levels of the redeposited facies 
comprise thick-bedded limestones with limestone 
conglomerates forming several metre-thick units 
with well-rounded limestone. Some beds are 
graded confirming stratigraphic inversion. The 
typical pelagic Plattenkalk facies then follows 
without a break (Fig. 8). The lowest of the 
Plattenkalk sediments are very thick-bedded (up 
to 0.8 m thick), pale grey crystalline limestones 
with numerous white chert lenticles and nodules. 

In terpre ta t ion:  a ri f t  se t t ing  

The lower part of the succession is consistent with 
a Permian transgression onto a Late Palaeozoic 
basement and input of clastic sediment in a tec- 
tonically unstable shallow-marine setting. This 
was followed by a marked regression, probably 
related to tectonic uplift during Early-Mid- 
Triassic time, which gave rise to the Mid-Triassic 
depositional hiatus. The thick organic-rich stro- 
matolitic carbonates accumulated on a subsiding 
carbonate platform. This was followed, during 
the Late Triassic, by catastrophic collapse of the 
carbonate platform leading to the genesis of 
slumps, mega-breccias, carbonate debris flows 
and calciturbidites. The deep-water Plattenkalk 

facies then began to accumulate as calciturbidites 
and relatively siliceous pelagic carbonates. In 
Model 1 the above succession records rifting of 
the North African margin, including a phase of 
flexural uplift in the Mid-Triassic, followed by 
a further major rift pulse in the Late Triassic. In 
Model 2, the succession (Galinos and Fodele 
units) records extension and subsidence related 
to opening of a Neotethyan ocean to the south. 
This was followed by flexural uplift, and crucially 
collision and post-collisional marine transgres- 
sion during Mid-Late Triassic time related to 
and following closure of Palaeotethys (Champod 
et al. 2004). 

Here, the sedimentary record of the Talea Ori 
unit is considered to be consistent with Model 1 
(or Model 3). The strong relative subsidence in 
the Late Triassic is attributed to a pulse of rifting 
to create a deep-water (Ionian) basin to the south. 
This pervasive rifting, fault scarp degradation, 
platform break-up and subsidence from a neritic 
to a carbonate-depositing setting during the 
Late Triassic is fully consistent with Model 1. 
However, these features cannot be explained as a 
flexural response to a Palaeotethyan 'Cimmerian' 
collision, as a contrasting flysch-type basin would 
be expected above the carbonate platform. Also, 
there is no evidence of the required foreland basin 
within the Plattenkalk, which restores to a more 
northerly position, as discussed below. 

Tripali unit 

The regionally overlying Tripali unit (Fig. 8) 
is dominated by platform carbonates and is 
exposed in many mountainous areas (e.g. Levka 
Ori and Tripali Ori). The Tripali unit was tradi- 
tionally seen as being restricted to very thick 
(>  1000 m) successions of Upper Triassic-Lower 
Jurassic, partly dolomitized platform carbonates 
(e.g. Jacobshagen 1986). However, Krahl & Kau- 
fmann (2004) reported an upward passage into 
siliceous metacarbonates (i.e. Plattenkalk-type 
facies) and metasiliciclastic sediments, extending 
in age from Early Jurassic (based on ammonites), 
to at least Albian (based on planktonic Forami- 
nifera). Cenomanian planktonic Foraminifera 
and rudists occur in debris related to the emplace- 
ment of this unit over the Plattenkalk. This 
suggests that the original succession spanned the 
Late Triassic to Late Cretaceous-Paleocene. 

The higher, post-Triassic, part of the Tripali 
succession, for example, is well exposed along, 
and adjacent to, the main north-south road link- 
ing Vrisses with Hora Sfakion (Figs 5, 6 and 8). 
The succession structurally overlies the Platten- 
kalk in the north. The lowest part of the local 
succession exposed further south (near the turn- 
ing to Asfendou) comprises massive to weakly 
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bedded, pale grey crystalline neritic carbonates, 
of inferred Late Jurassic age (J. Kxahl, pers. 
comm.). Upwards, there is an incoming of 
medium-grey to dark grey limestone with abun- 
dant chert nodules concentrated in finer-grained 
intervals. The limestones include thick-bedded 
matrix-supported bioclastic carbonate conglo- 
merates, with clasts up to 5 cm in size, bivalve 
debris and belemnites. There are also several 
finely laminated, soft-weathering, shaly intervals. 
Upwards, the succession becomes increasingly 
thinly bedded and chert rich, and then passes into 
c. 20 m of brownish shale with chert-rich beds 
(up to 0.3 m thick), formed by almost complete 
replacement of thin carbonate beds. Above, there 
is a return to thicker bedded, purer limestone 
with abundant chert nodules. The highest levels 
of the succession, dipping southwards at a mod- 
erate angle towards the south coast, comprise 
medium- to thick-bedded (up to 2.9 m) dark, 
foetid, marble with abundant cannonball-shaped 
chert nodules. Individual beds (up to 0.3 m thick) 
are graded, with scoured bases and shaly tops. 
Higher parts of the succession, exposed further 
north (on the main road north of Kares near the 
col), are dated by a rare occurrence of Upper 
Cretaceous rudist limestone (J. Krahl, pers. 
com.). Thick-bedded coarse bioclastic limestones 
comprise subangular to subrounded carbonate 
clasts (up to 10 cm in size), including algal car- 
bonate, and thin interbeds of pale grey calcilutite. 

Interpretation: a subsiding rift basin 

The Upper Triassic-Lower Jurassic limestones 
of the Tripali unit record a widespread neritic 
carbonate platform facies. By contrast, the depo- 
sition during Jurassic-Late Cretaceous time 
took place in deep water in a relatively proximal 
carbonate slope setting. Facies ranged from 
carbonate debris flows, to high- and low-density 
turbidity current deposits and siliceous hemi- 
pelagic carbonates. The distinctive shaly interval 
rich in replacement chert may correspond the 
regional Late Jurassic-Early Cretaceous interval 
of high siliceous productivity and chert formation 
(e.g. De Wever 1989). The Tripali unit can be 
restored as a distal equivalent of the Plattenkalk, 
hence its similarity in facies. The source of the 
redeposited carbonate material is inferred to be 
the Tripolitza carbonate platform, then located 
to the north. 

In Model 1, the Tripali unit records Late Tri- 
assic rifting to create a deep-water basin to the 
south in which deep-water slope and pelagic 
carbonates accumulated. The Tripali unit can be 
correlated with the margin of the deep-water 
Ionian rift basin in the Peloponnese, whereas the 
Plattenkalk can be correlated with the more distal 
deep-water pelagic carbonate facies of the Ionian 
basin which overlies stretched continental crust 
in the Peloponnese (e.g. British Petroleum Com- 
pany Ltd 1971). This contrasts with Model 2, in 
which the Tripali and Plattenkalk units would 
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be expected to overlie south-Neotethyan oceanic 
crust, for which there is no evidence in either 
Crete or the Peloponnese. 

Phyllite-Quartzite unit of western Crete 

Lithofacies of the Phyllite-Quartzite unit as 
exposed in western and eastern Crete are substan- 
tially different and so will be discussed separately 
below. In general, the Phyllite-Quartzite unit 
of western Crete comprises a Middle Carbo- 
niferous to Lower Triassic deep-water siliciclastic 
sequence, with alkaline igneous rocks of mainly 
Early Triassic age. The overall succession 
shallowed upwards into an Upper Triassic, 
evaporitic sequence and an Upper Triassic- 
lowemost Jurassic? conglomeratic sequence in 
different areas. 

In Model 1 (Fig. 2) the siliciclastic sequence 
represents a divergence-related tectonic setting, 
namely a Late Palaeozoic deep-water rift. A 
further pulse of rifting later gave rise to alkaline 
magmatism in this interpretation. The observed 
shallowing upwards is interpreted as the effect 
of flexural uplift related to break-up to form the 
Pindos ocean to the north. This inferred flexural 
uplift also affected the Plattenkalk (Talea Ori 
unit), as noted earlier. In Model 2 the Late 
Palaeozoic succession would record rifting of a 
Cimmerian fragment from Gondwana coupled 
with opening of Neotethys, whereas the Triassic 
shallowing-upward succession would record a 
foreland basin or collisional setting. In Model 3, 
the Triassic volcanic rocks would be expected to 
show a subduction influence, although the succe- 
ssions might be located too far south from the 
trench to show such an effect. In Model 4 there 
would be a greater chance that the volcanic rocks 
would be subduction related as they should direc- 
tly overlie a northward-dipping subduction zone. 

The key discriminants are again the time 
and length scales of the inferred tectonic controls 
on the sedimentary sequences: how proximal or 
distal are the successions? Is there evidence of 
contractional deformation coeval with sedimen- 
tation, and what is the character and consequent 
explanation of coeval magmatism? It will be 
argued that the sequences are consistent with 
deposition in a rift setting, which then shallowed, 
rather than with a developing passive margin 
bordering an already extant oceanic basin or with 
any form of convergent setting. 

One lithological assemblage of the Phyllite- 
Quartzite unit is widely exposed in western 
Crete and is now relatively well dated following 
careful biostratigraphical work, mainly using 
conodonts, benthic Foraminifera and ostracodes 
(Krahl et al. 1983a,b,c). The dating evidence 
suggests that both an inverted and a right-way-up 

succession are present (Fig. 8), which have been 
interpreted as the lower and upper limbs, respec- 
tively, of a regional-scale south-facing recumbent 
nappe (Fig. 9; Krahl et al. 1983a,b,c). The Late 
Palaeozoic successions are similar in both of 
these sections, but the facies differed markedly 
during the Triassic, as outlined below; assuming 
the large-scale structure is correctly interpreted, 
this has important implications for sedimentary 
polarity, when restored. 

Carboni ferous-Lower  Triassic succession 

In general, the lower part of the succession 
(c. 600-800 m thick; Fig. 10b) is dominated by 
siliciclastic sandstones (quartzites), interbedded 
with shales (phytlites) and subordinate thin- 
bedded limestones (marbles), ranging in age from 
Mid-Late Carboniferous to Early Triassic. The 
thickest-bedded and coarsest-grained siliciclastic 
sediments are inferred to be of Mid-Permian age 
(Krahl et al. 1983c). Several thin conglomeratic 
intervals, here interpreted as debris flows, occur 
especially in the Lower and Upper Permian inter- 
vals (J. Krahl, pers. com.). The Lower Triassic 
interval (starting at the Middle-Upper Scythian 
boundary) exhibits abundant evidence of gravity 
redeposition of variably consolidated sediment, 
derived from both deep-water and shallow-water 
settings, of both Permian and Early Triassic age. 

The oldest known part of the succession, 
of Mid-Late Carboniferous age (Krahl et al. 
1983c), is, for example, well exposed in the NW 
(e.g. near Sfinari; Fig. 10a), where it dips north- 
wards at a moderate angle. The succession 
between Sfinari and Kambos, estimated as 
c. 700 m thick, dips generally northwards, with 
an average dip of 10-15 ~ , and, in places, is 
strongly sheared, isoclinally folded and faulted. 
Southwards, a continuous (inverted) succession 
exposes facies of Early, Mid-? and Late Permian, 
and then Early Triassic (Scythian) age (Krahl 
et al. 1983b; Fig. 10b). 

Sedimentary  fac ies  

The Middle-Upper Carboniferous part of the 
succession (near Sfinari, Fig. 10a) comprises 
medium- to thick-bedded, grey to black, quartz- 
itic meta-sandstones, with dark pelitic interca- 
lations and thin-bedded dark metacarbonates. 
Individual packets of medium-bedded sands- 
tones, commonly several metres thick, are com- 
monly transitional upwards, over several metres, 
to grey mudstones, interbedded with subequal 
thicknesses of relatively fine-grained quartz- and 
muscovite-rich sandstones (in beds up to 0.25 m 
thick). These sandstone fade out over several 
metres and pass into silver-grey mudrocks 
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Fig. 10. Late Palaeozoic-Early Mesozoic evolution of western Crete. (a) Outline map; (b) composite 
sedimentary log; (c) measured logs of matrix-supported conglomerates of  late Early-Mid-Triassic age; 
(d) possible interpretation of the units of Late Palaeozoic-Early Mesozoic age. (See text for discussion.) 

(phyllites), with only a few thin lenses of 
fine-grained sandstone (up to 15 cm thick). Occa- 
sional carbonate-cemented lenses and concre- 
tions are less compacted and retain traces of 
cross-lamination. A less well-exposed, argilla- 
ceous succession further south (disrupted by 
landslipping) includes several isolated sandstone 
lenses, individually 3-5 m thick. Further south 

(near Ano Sfinari) there is a return to thick- 
bedded sandstones (in beds up to l m thick), 
forming packets up to 2(L40 m thick, alternating 
with finer-grained facies. The beds within indi- 
vidual packets tend to thicken stratigraphically 
upwards, assuming the succession is inverted. 

The Upper Palaeozoic-Lower Triassic succes- 
sion is cyclical, with alternations of thicker- and 
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thinner-bedded sediment packets, each around 
100 m thick. Despite isoclinal folding, outcrop 
patterns suggest that the alternating packets are 
laterally lenticular, on scales of several hundred 
metres. The thin-bedded packages are dominated 
by medium-bedded sandstones, up to 25-30 m 
thick, alternating with thinner-bedded shales, 
limestones and sandstones. By contrast, the 
thicker-bedded packets comprise massive sand- 
stones, up to 5 m thick, with subordinate thinner- 
bedded sandstones, shales and rare limestones. 
The thickest and most homogeneous Upper Per- 
mian? metasandstones (>  5 m thick) appear to 
be the most laterally persistent along strike. 
Most of the thick-bedded sandstone appears to 
be massive, possibly reflecting partial recrystal- 
lization during Alpine high-pressure metamor- 
phism. However, the bases of some of the 
thinner-bedded sandstones, interbedded with 
dark shales, exhibit sharp bases and traces of gra- 
ding. The thickest-bedded sandstones are locally 
pebbly, with well-rounded quartzitic pebbles (up 
to 1 cm in size), and are invariably poorly sorted. 

In thin section, medium-coarse grained sand- 
stones (e.g. near Sfinari) exhibit moderately to 
well-rounded quartz grains set in a matrix of finer 
grained quartzose sandstones and siltstones. 
Other sandstones are dominated by subangular 
grains of quartz and include subordinate litho- 
clasts of muscovite schist and quartzite. Minor 
plagioclase is commonly recrystallized. The 
matrix includes muscovite, probably entirely 
recrystallized, and scattered heavy minerals (e.g 
epidote, amphibole and zircon). Higher in the 
succession (e.g. near Kambos), contrasting cal- 
careous interbeds are composed of sandy lime- 
stone with scattered, mainly subrounded grains 
of quartz within a matrix of recrystallized coarse- 
grained carbonate. Thinner, dark coloured, sand- 
stone interbeds are well graded with abundant 
pyrite and organic-rich material within a fine- 
grained matrix. Overall, the sandstones are 
mainly quartzarenites and sublitharenites, 
showing ubiquitous evidence of textural 
inversion. 

S e d i m e n t  c h e m & t r y  

To help determine sediment provenance seven 
samples of dark metashales were collected from 
the stratigraphically higher part of the succession 
(of Late Permian?-Early Triassic age) located on 
a mountainous ridge (Ayias Zinas, NE of Kan- 
danos; Fig. 10a) and were analysed for major- 
and trace elements by X-ray fluorescence (XRF; 
see Table 1 for representative analyses). When 
normalized against the composition of average 
North American shale (Gromet et al. 1984), the 
samples are compositionally similar to average 
shale, although relatively enriched in several 

elements (e.g. La, Ce and Nd), but depleted in Sc, 
Zn and Ba (Fig. 11). The Ba depletion could 
relate to mobility of this element during Alpine 
metamorphism. The shales are compositionally 
similar to the average shale derived from the 
north margin of Gondwana in northern Syria 
(A1-Riyami & Robertson 2002). When plotted 
on several tectonic discrimination diagrams (Th 
v. Sc v. Zr/1000; K20/Na20 v. SiO2; TiO2 v. Fe203 
+ MgO) the samples plot in the oceanic island 
arc or active margin fields. However, the inferred 
igneous component is unlikely to relate to con- 
temporaneous volcanogenic input, as sediments 
are interbedded with siliciclastic sandstones and 
lack volcanogenic material. In agreement with 
Romano et al. (2006; see also Bojar et al. 2002), 
the petrographic and geochemical evidence sug- 
gests that the terrigenous sediments were derived 
from the North African craton, or possibly from 
a rifted continental fragment of the same crustal 
composition. 

M a g m a t i c  in terca la t ions  

Alkaline magmatic rocks, metamorphosed under 
HP-LT conditions, are locally present, mainly 
in the higher levels of the siliciclastic-shale suc- 
cession (Seidel 1978). Small volumes of meta- 
alkaline volcanic rocks, volcaniclastic sediments 
and tufts are interbedded with deep-sea sedi- 
ments of Early Triassic (i.e. Early Scythian) age 
(Krahl et al. 1983c). Using a modern time scale 
(e.g. Gradstein et al. 2004), 'Late Permian' 
ages, radiometrically determined by Seidel (1978) 
are reassigned to the Early Triassic, although 
volcanism may have begun in the Late Permian. 

Prominent exposures of basic igneous rocks 
mainly occur in the higher levels of the 
siliciclastic-dominated succession. Metabasic 
igneous rocks were studied from well-exposed 
ridges to the NE of Kandanos (e.g. Palea Rou- 
mata; Spina; Ano Kefala; see Seidel 1978). These 
form lenticular, competent bodies, ranging from 
several metres to c. 15 m thick, usually traceable 
laterally up to several hundred metres. The most 
common lithologies show no obvious extrusive 
features and are likely to have originated as sills. 
For example, on a high ridge (near Ayios Ionnis 
Apopigadi), medium- to thick bedded quartzites 
and grey phyllites are interbedded with metabasic 
rocks, in layers up to 3-5 m thick. Further north, 
at Palea Romata, bluffs of very hard, very resis- 
tant metabasites, c. 10 m thick, are intercalated 
with isoclinally folded dark phyllites. Meta- 
igneous lenses, 10-12 m thick, are traceable late- 
rally for hundreds of metres along the hillside. 
Similar igneous bodies (5-8 m thick) were also 
studied further north (at Ano Kefala), within 
similar NE-east dipping sandstones and phyllites. 
Resistant bands, up to 10-20 m thick, are also 
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Fig. 11. Sedimentary geochemistry of shales from the Upper Palaeozoic-Lower Triassic interval of the Phyllite- 
Quartzite unit in western Crete. The results suggest derivation from a continental basement, probably North 
Africa. 

traceable across the hillside, 2 km south of 
Kandanos (above Anisaraki), within mainly 
fine-grained metasedimentary rocks. 

Meta-basic rocks (17 samples) from several 
localities in the NW of the area (e.g. Skaphi, 
Orthouni and Chosti) were analysed for major 
and trace elements by XRF (see Table 1). When 
plotted on MORB-normalized 'spider diagrams' 
(e.g. Pearce 1980), the amphibolites are typical of 
alkaline rift-related basalts and more fraction- 
ated alkaline igneous rocks (Fig. 12), in agree- 
ment with previous studies (Seidel 1978). In 
addition, a further 18 samples of metabasalts 
were analysed from a small exposure of the 
Phyllite-Quartzite unit on the hillside above 
Amoundi Beach on the south coast, SE of Kato 
Preveli monastery (Fig. 5) and these showed very 
similar 'enriched' patterns (unpublished data). 

Triass ic  i nver t ed  success ion  

Depositional transitions from the typical silici- 
clastic facies to the Middle-Upper Triassic more 

carbonate-rich facies are well exposed in the 
NW (Kambos area) and in an inlier in the SW 
(Kandanos area; Fig. 10a). In general, a succes- 
sion of mainly shales and platy limestones of 
Early-Mid-Triassic age passes into mainly dolo- 
mitic carbonates and shales of Late Triassic age, 
culminating in shales and dolomitic carbonates 
with gypsum, of Carnian-Liassic? age. An infe- 
rred hiatus during the Late Scythian-Anisian 
time interval may correlate with the prominent 
hiatus in the Talea Ori unit (Epting et al. 1972; 
Krahl et al. 1983a). 

In the NW, near Kambos, alternating sand- 
stones and shales of the Phyllite-Quartzite unit 
(of Late Permian-Scythian age) pass strati- 
graphically upwards into dominantly thick- 
bedded marble, associated with an interval of 
carbonate conglomerates (r 10 m) comprising 
clasts of marble (up to 15 cm in size), some of 
which are well rounded (near the Mid-Late 
Scythian boundary; Fig. 10c). Individual depo- 
sitional units, up to several metres thick, are 
dominated by marble clasts (up to 10 cm in size) 
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Fig. 12. MORB-normalized 'spider diagrams' of selected metabasic rocks from the Lower Triassic? interval of 
the Phyllite-Quartzite unit in western Crete. All the samples show 'enriched' trends and plot within a relatively 
narrow compositional range. (See text for explanation and Fig. 10a for locations.) 

that are locally very well rounded. These con- 
glomerates are interbedded with medium- to 
thick-bedded metalimestones (up to 3 m thick), 
purple-red shale (phyllite) and several thin inter- 
beds of white sericitic-rich shale (up to 0.12 m 
thick), possibly tuff. The limestones include 
reworked ostracodes (Krahl et al. 1983c). Some 
beds contain numerous elongate sandstone 
or siltstone rip-up clasts (up to 0.4 m long), 
set in a poorly sorted quartz-rich matrix. Intra- 
formational clasts of dark grey phyllite are also 
present within poorly sorted 'gritty' quartzose 
metasandstone. Long thin clasts were disrupted 
while still poorly lithified. Some reworked quartz 
grains are relatively large and well rounded. 
Thicker bedded, almost clast-supported con- 
glomerates, occur higher in the succession (in 
beds up to 2.3 m thick) and contain subrounded 
limestone clasts (up to 0.6 m long), in which indi- 
vidual clasts range from pure to muddy carbo- 
nate. Several of these limestone conglomerates 
exhibit scoured bases and sharp tops, confirming 
that this succession is inverted. The succession 
then passes stratigraphically into well-bedded 
platy limestones and shales of inferred Mid- 
Triassic (Anisian-Ladinan) age. A comparable 
exposure in the Kandanos area extends into Late 
Triassic dolomitic carbonates and evaporitic 
facies. 

In addition, the inverted Triassic succession 
is well exposed in an arcuate belt further south, 
an area strongly affected by neotectonic 

east-west faulting. However, Krahl (1983a,b,c) 
has reported a number of locally intact Triassic 
successions. The Triassic succession is, for exam- 
ple, locally exposed on the footwall (commonly 
landslipped) of a prominent east-west neotec- 
tonic fault zone. Just north of Voutas, typical 
thick-bedded quartzite (in beds up to 1.5m 
thick), of inferred Early Triassic age, is followed 
northwards (after a short gap in exposure) by 
thin- to medium-bedded platy granular carbo- 
nates with interbedded dark organic-rich phy- 
llites, of inferred Mid-Triassic (Anisian) age. 
Higher parts of the succession, of inferred Late 
Triassic age are well exposed in a hilly area to the 
south (e.g. SW of Voutas). This succession, 100- 
200 m thick, mainly dips eastwards at moderate 
angles (c. 38 ~ and is dominated by dark grey 
dolomitic carbonates, interbedded with thin- to 
medium- and thick-bedded carbonate-rich shales. 
The section is locally deformed into south-facing 
outcrop-scale folds and small duplexes. Indi- 
vidual dolomitic beds, up to 0.6 m thick, are 
composed of buff sugary carbonate, full of small 
vugs, apparently created by evaporite dissolu- 
tion. Thinner-bedded, dark interbeds are finely 
crystalline, locally with small intraclasts of gyp- 
siferous marl. Fissile intercalations are dark and 
organic rich. Elsewhere, Triassic evaporites have 
locally been mobilized to form lenticular masses 
of ductile-deformed gypsum, tens to several 
hundred metres thick. 

 at University of St Andrews on March 7, 2015http://sp.lyellcollection.org/Downloaded from 

http://sp.lyellcollection.org/


TESTING ALTERNATIVE SOUTH MEDITERRANEAN TECTONIC MODELS 115 

Triassic right-way up succession: Mana unit 

A regional right-way up succession, best exposed 
in the NW (e.g. NE of Sfinari, near Mana 
and Sineniana; Fig. 10a), exhibits a relatively 
deep-water setting that persisted during Mid- 
Triassic time, with Radiolaria and pelagic cono- 
donts, but then shallowed upwards during Late 
Triassic time (Norian), allowing the deposition of 
shallow-marine limestones and dolomites (with- 
out evaporites). The succession is capped by the 
Mana unit, which is composed of marbles (Mana 
marble) of inferred Late Triassic-Early Jurassic? 
age, followed by undated conglomerates (Mana 
conglomerate) (Krahl et al. 1983c). 

The Mana unit is critical to the interpretation 
of the later Triassic palaeoenvironments. For this 
reason three sections were studied, one in the 
NW, one further south and one in the far south, 
to provide a regional overview. In Model 1 this 
unit would be expected to relate to a rift setting, 
whereas in Model 2 it should record a foreland 
basin or post-collisional 'molasse'-type setting. 

In the NW, near Sineniana (Fig. 10a), a com- 
posite succession was pieced together in several 
adjacent fault blocks. The exposed succession 
above the valley floor (c. 1 km south of Sine- 
niana; near Tsortsiana chapel; Fig. 13a, locality 
A) begins with thick-bedded, massive quartzitic 
sandstones (in beds up to 0.6 m thick) with subor- 
dinate mud-rock (dark phyllite). These sediments 
correlate with the stratigraphically higher parts 
of the Phyllite-Quartzite succession in the 
adjacent area. The quartzitic sandstones pass 
upwards into massive or thick-bedded marble 
(Mana marble). Similar marbles are downfaulted 
to the north forming two fault blocks (Fig. 13a). 
In the more northerly fault block the marbles are 
locally intercalated with, and then overlain by, 
coarse quartzitic facies (Mana conglomerate; 
Fig. 13c). 

The lowest exposed clastic facies deposi- 
tionally overlie a white marble that exhibits a 
fissured upper surface. Fissures are infilled with 
grey calcareous mudstone, lenticular (0.3m) 
sandstone and then conglomerate (c. 0.6 m) with 
very well-rounded, dark grey quartzitic clasts 
(Fig. 13a, locality B). The clasts (up to 0.35 m in 
size) are poorly sorted and set in a sandy matrix. 
There is then further marble (c. 80 m thick) before 
the main succession of the Mana conglomerate 
comes in depositionally above. This comprises a 
gently dipping succession of alternating conglom- 
erates, quartzitic sandstones and dark-coloured 
mud-rocks (phyllites) (Fig. 13c). The succession, 
although faulted, is locally well exposed along the 
road directly south of Sineniana (Fig. 13, locality 
C). There, several individual conglomeratic depo- 
sitional units (up to 4.5 m thick) exhibit scoured 

bases, overlain by conglomerate with mainly sub- 
rounded to well-rounded clasts (up to 0.5 m in 
size). The succession grades upwards through 
medium and fine sandstone to shale. There are 
also several amalgamated, ungraded intervals of 
conglomerate and sandstone, again with well- 
rounded clasts and common intraformational 
rip-up clasts. 

Similar graded, or ungraded, conglomerates 
are exposed more widely on the hillside to the 
SW (at Fig. 13, locality D) and can be traced late- 
rally for hundreds of metres with little change in 
thickness. Interbedded sandstones are commonly 
graded, fining upwards from coarse sandstone, to 
fine sandstone, then dark shale. The mudrocks 
commonly include sandy partings (up to several 
millimetres thick) with very well-rounded quartz 
grains. The highest levels of the exposed suc- 
cession include poorly exposed intercalations of 
shales, sandstone and conglomerate, and several 
laterally impersistent intercalations of marble 
(up to 10 m thick). In this area the Mana unit is 
structurally overlain by highly recrystallized 
carbonates and other facies (e.g. shales; radiolar- 
ian cherts) of the unmetamorphosed Pindos unit. 

At the second, more southerly locality, near 
Sarakina c. 14 km further south, the Mana unit is 
again well exposed as an isolated exposure near 
the top of a prominent hill (820m) above 
Sarakina village (Fig. 14). The succession above 
the village begins with pale grey, buff or yellow 
phyllite with occasional thicker quartzitic 
sandstone beds (up to 0.6 m), of inferred Early 
Triassic (Scythian) age. South of a prominent col 
(Fig. 14a) the succession passes upwards without 
a break into medium-bedded sugary marble with 
pale phyllite partings. A sheared and folded suc- 
cession above this is dominated by medium- to 
thick-bedded grey dolomite and shale of inferred 
Mid-Late Triassic age. 

Above comes thick-bedded marble (Mana 
marble). The basal contact is marked locally by a 
c. 0.5 m thick zone of sheared and brecciated 
phyllite and recrystallized marble. The overlying, 
nearly massive Maria marble is overlain, appa- 
rently depositionally, by a veneer of conglomer- 
ate (Mana conglomerate) near the hilltop (Fig. 
14a). The conglomerate comprises repeated 
weakly stratified depositional units, each up to 
several metres thick, made up of densely packed, 
clast-supported quartzitic conglomerates. The 
clasts range from well rounded to subrounded 
(average size 14 cm; maximum 60 cm), with occa- 
sional lenticular intercalations of dark sandstone. 
Despite the strong shearing and localized thrust- 
ing it is likely that an originally Lower Triassic- 
Upper Triassic or Lower Jurassic? right-way up 
succession is represented at this locality (Fig. 14b 
and c). 
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The third succession studied occurs further 
south again, in the hanging wall of an east-west- 
trending zone of major neotectonic downfaulting 

to the south. Local successions are shown 
in Figure 10c, logs 2-4. For example, a 
partially landslipped succession, exposed near 
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Kondokinigi (by the turning to Voutas), passes 
from green phyllite (of Mid-Triassic? age, into 
thick-bedded marble (c. 16 thick; Mana marble?) 
and then into a coarsening-upward clastic succes- 
sion of sandstone (10 m), coarse sandstone (8 m), 
then conglomerate (>25 m). In the same area 
(1 km south of Kondokinigi), a gently north- 
ward-dipping succession of dark phyllites and 
thick-bedded quartzitic sandstones passes 
depositionally upwards into typical Mana con- 
glomerates, c. 60 m thick. This conglomerate is 
dominated by elongate, subrounded, pale yellow 
to grey, fine-grained sandstone and siltstone, 
in a matrix of yellowish grey phyllite. Occasional 
clasts of coarse sandstones are also present. 
Many of the clasts are elongate (up to 0.6 cm x 
15 cm) and set in a sandy and gritty matrix. 
The conglomerates were in turn overridden by 
the unmetamorphosed Gavrovo-Tripolitza and 
Pindos units. Further west, on the westward 
extension of the fault zone, near Papadiana, local 
exposures of the Mana unit include conglomerate 
with subrounded sandstone clasts (up to 0.2 m 
in size) and quartzitic sandstones affected by 
soft-sediment deformation. 

Interpretation: a developing rift 

The overall Middle-Upper Carboniferous to 
Lower Triassic succession accumulated on a rela- 
tively deep-marine slope, to base-of-slope, set- 
ting, judging from the redeposited nature of the 
sandstones and limestones, and the presence 
of Radiolaria and deep-water conodonts within 
the interbedded shales. The palaeowater depths 
are estimated as > 500 m (H. Kozur, pers. com.; 
Fig. 10d). The large-scale (tens to hundreds of 
metres thick) cycles record the interplay of local 
tectonics versus eustatic sea-level change, 
whereas the smaller scale (tens of metres or less) 
thickening- and coarsening-upward cycles may 
relate to autocyclic (steady-state) depositional 
processes (e.g. sand lobe progradation). Sand 
input peaked during the Mid?-Permian, then 
waned, whereas carbonate input relatively 
increased during Early Triassic time. The source 
of the sandstones was probably Pan-African 
basement, as exposed in Egypt and Libya, or 
possibly a rifted continental fragment of the same 
crustal type. The common well-rounded pebbles 
within thicker-bedded sandstones were derived 
from a high-energy shallow-marine or fluvial 
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setting. These sediments were redeposited into 
deep water by a range of low- to high-density 
turbidity current and mass-flow processes. Most 
of the thick-bedded, locally pebbly sandstones 
are seen as subaqueous sand flows (gravity 
flows). The prominent interval of matrix to clast- 
supported conglomerates of Early Triassic age 
towards the top of the siliciclastic succession 
records oversteepening of the pre-existing slope, 
resulting in widespread down-margin gravity 
transport. The mass movement was possibly 
triggered by uplift from a deep-sea setting to 
a shallow-marine carbonate-depositing setting 
during Mid-Triassic time, resulting in a hiatus 
in deposition. Material of mostly Permian and 
Triassic age was derived from settings ranging 
from shallow shelf (e.g. oolites) to deep water 
(e.g. micritic clasts with pelagic conodonts). 

Little evidence was observed to support the 
suggestion of sand deposition, within (or close to) 
an idealized deep-sea submarine canyon (Dorn- 
siepen et al. 2001). There are few examples of 
coarse lenticular, channelized, debris-flow-type 
conglomerates, typical of such canyon-mouth 
settings. The sandstones are also dissimilar to 
typical 'classical' turbidites, as most are poorly 
sorted and only rarely well graded. These sedi- 
ments were possibly deposited as sandy mass 
flows that were transported down a relatively 
steep, fault-controlled slope, possibly fed from 
line sources, rather than through regional-scale 
submarine canyons. The subordinate thinner 
bedded limestones are interpreted as relatively 
distal calciturbidites derived from a carbonate 
platform. 

The alternating thinner- and thicker- 
bedded sand deposition persisted from Mid- 
Carboniferous to Early Triassic time. This is con- 
sistent with gentle subsidence of a rift rather than 
the long-term subsidence of a passive continental 
margin bordering an ocean basin, in which an 
overall thinning and fining-upward and deepe- 
ning succession would be anticipated. As inferred 
from western Sicily, above, there is actually no 
evidence that a Late Palaeozoic ocean actually 
ever existed in the south Aegean region to the 
south, adjacent to Gondwana. Also, the Triassic 
alkaline volcanic rocks (extrusives and sills) that 
were erupted into deep water mainly during 
Late Permian?-Early Triassic time would not be 
expected in a mature passive margin succession. 
Given their characteristic 'enriched' composition, 
these volcanic rocks are better interpreted to 
represent low-degree melts that erupted in an 
extensional rift setting. 

The Phyllite-Quartzite unit of western Crete 
has also been suggested to represent the distal 

facies of a south-Palaeotethyan passive margin 
that accumulated on oceanic crust (Ziegler & 
Stampfli 2001), but this is opposed by the rela- 
tively proximal setting of the sediments. This unit 
was also suggested to represent Palaeotethyan 
oceanic sediments preserved as a 'Cimmerian' 
accretionary prism of pre-Jurassic age (Ziegler & 
Stampfli 2001). However, this interpretation is 
opposed by the existence of long intact sedimen- 
tary successions and the absence of contempo- 
raneous thrust-imbrication as in accretionary 
prisms. The observed deformation and metamor- 
phism are instead believed to be entirely of Early 
Cenozoic age. 

The inferred rift basin generally experienced 
uplift of > 500 m during Mid- to Late Triassic 
time. This uplift took place especially during Late 
Early Triassic to Mid-Triassic time (Krahl et  al. 
1983c). This shallowing was linked to more 
calcareous, shallower water deposition, although 
with continuing siliciclastic input. Shallowing 
continued until deposition was restricted to semi- 
isolated shallow-marine to lagoonal settings that 
were possibly fault-controlled. Relative sea-level 
fall culminated in gypsum deposition in evapo- 
rating marginal lagoons. Partial dissolution in 
response to freshwater leaching gave rise to local 
solution-collapse breccias (Pomoni-Papaioannou 
& Karakitsios 2002). By contrast, in the right- 
way-up succession, open-marine carbonate depo- 
sition persisted into the Mid-Triassic, followed 
by a relatively abrupt upward transition to 
a shallow-marine carbonate-depositing setting 
during latest Triassic-Early Jurassic time (Krahl 
et  al. 1983c); this culminated in the deposition of 
the Mana marble and Mana conglomerate. The 
Mana conglomerates are interpreted as shallow- 
marine to non-marine facies that were deposited 
in high-energy deltaic settings, possibly including 
fan deltas. The source of the nearly monomict, 
remarkably pure quartzitic sandstones is proble- 
matic, as derivation from either Pan-African or 
Hercynian basement would be expected to have 
produced more polymict material, including 
schist and gneiss. The sandstones could instead 
have been derived from an uplifted part of the 
Phyllite-Quartzite succession, assuming this was 
already lithified, but again, a more heterogeneous 
composition, including quartzose, carbonate and 
basic igneous rocks, would be expected. One 
other possibility is that the Mana conglomerates 
were eroded from a succession of texturally ma- 
ture sandstones, which accumulated on a mar- 
ginal high (fault block or plateau) bordering a rift 
basin. 

Assuming the regional structure of a south- 
facing recumbent nappe is correct (Krahl et  al. 
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1983c), the inverted limb restores to a relatively 
southerly position, compared with the right-way- 
up limb. This would imply that the source area 
of the Mana conglomerate was generally to the 
north. If correct, the source was a rifted margin 
or intra-basinal high to the north. 

In summary, the western Crete successions 
are consistent with Model 1 in which rifting 
took place in pulses, at least during Mid- 
Carboniferous (post-Hercynian orogeny) and 
Mid-Triassic time. In Model 2 the turbiditic 
sandstones of Permian-Early Triassic age would 
relate to subsidence of the southern margin of 
a Cimmerian passive margin. However, similar 
deep-water siliciclastic sedimentation started up 
to 150 Ma earlier. In Model 2 the Mid-Triassic 
hiatus and uplift could reflect the passage of a 
flexural bulge across the basin as Palaeotethys 
closed to the north. However, such flexural uplift, 
if significant, should have been followed by fie- 
xural downwarping related to southward passage 
of a thrust load, itself related to the latest Triassic 
'Cimmerian' collision with the Eurasian conti- 
nent to the north. Instead, continued relative 
uplift is seen through Late Triassic time, culmi- 
nating in evaporitic deposition. The Mana con- 
glomerate cannot have been shed from the 
Eurasian margin, in view of its nearly homoge- 
neous quartzitic composition. A more heter- 
ogeneous composition, including arc-related or 
ophiolitic rocks, would be expected if the con- 
glomerates were related to a forearc, foreland 
basin or collisional setting. Also, if related to a 
convergent setting an upward-thickening and 
coarsening succession would be expected, which 
is not observed. 

Phyllite-Quartzite unit of eastern and 
central Crete 

Distinctive lithofacies of the Phyllite-Quartzite 
unit are exposed in eastern Crete, particularly in 
the Chemezi and Vai areas (Fig. 5). These litho- 
logies differ from those western Crete in terms of 
facies and structure. In particular, long intact 
successions are preserved in eastern Crete wher- 
eas successions in western Crete form parts of a 
tectonic slice complex. In eastern Crete there are 
two main exposure areas: the Chemezi area and 
the Vai area in the far east of the island. Here, the 
main focus will be on the Chemezi area, where 
most of the relevant units are exposed and the 
tectonostratigraphy is relatively simple. On the 
other hand, the local tectonostratigraphy of 
the Vai area is extremely complicated and to 
some extent controversial, mainly owing to 
Cenozoic deformation and metamorphism, such 

that a fuller treatment is required elsewhere. 
Most of the units in the Vai area can be generally 
correlated with those of the Chemezi area, dis- 
cussed below. However, two critical units in the 
Vai area are not known in the Chemezi area and 
these will be discussed below. Some thrust sheets 
(e.g. high-grade metamorphic rocks) are thin and 
laterally variable such that no simple tectono- 
stratigraphy is applicable to the area as a whole, 
and so the various units must be studied and 
interpreted individually. 

In the Iraklion area of central Crete (Fig. 5) an 
additional outcrop area of Triassic sedimentary 
and volcanic rocks can be correlated with the 
units cropping out in eastern Crete. Importantly, 
these structurally overlie a unit with lithological 
affinities with the Phyllite-Quartzite unit of 
western Crete. This allows an assessment to be 
made of the relative tectonic settings of these two 
regionally contrasting units. 

Taking the Chemezi and Vai areas together, 
in Model 1 the Upper Permian-Lower Triassic 
succession represents a rift setting. Upper 
Permian-Lower Triassic deep-water sediments 
(i.e. radiolarian shales and hemipelagic lime- 
stones) record part of an early rift basin, a 
counterpart of the pelagic sediments exposed in 
western Sicily. Middle-Upper Triassic succes- 
sions then represent a shallow-water to non- 
marine rift-setting and also deeper marine rift- 
related settings related to opening of the Pindos 
ocean to the north. Some Triassic lithologies are 
associated with volcanic rocks of basic to inter- 
mediate composition, which are interpreted as 
rift related in this model. Fragments of pre-rift 
continental basement are represented by thrust 
slices of 'Hercynian' high-grade metamorphic 
rocks. In Model 2 the successions in the different 
thrust sheets should record a wide range of 
tectonic settings, including an ocean basin with 
volcanic seamounts, a forearc basin represented 
by radiolarian sediments, a continental crust unit 
represented by 'Hercynian' basement and a back- 
arc basin related to the opening of the Pindos 
ocean. In Model 3, only a Triassic rift would 
be expected, together with subduction-related 
magmatic rocks. In Model 4 a supra-subduction 
zone rift-related setting would be expected, with 
magmatism possibly affected by either, or both, 
of a northward-dipping and a southward-dipping 
subduction zone. 

For  the central Crete Iraklion area, in Model 
1 both structural units exposed would relate to 
Triassic rift successions. However, in Model 2 
this occurrence would record the actual Palaeo- 
tethyan suture between a rifted Cimmerian 
passive margin (i.e. North  Africa derived) and an 
Eurasian active continental margin. 
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Evidence from the Chemezi area 

In this area the Phyllite-Quartzite unit forms 
a number of thrust sheets that are folded into 
a broad east-west-trending syncline (Mersini 
syncline; Krahl et al. 1986; Fig. 15a). Two well- 
exposed traverses were examined during this 
study (Fig. 15b). Combining these, the following 
units are recognized from the structural base 
upwards. 

Hemipelagic shale and pelagic limestone 

This unit is well exposed in the NW, 0.3 km west 
of Kalavros (Fig. 15bii). The highest levels of 
the Plattenkalk unit there, the Lower Cenozoic 
Kalavros beds, are composed of muddy lime- 
stones that are overthrust by a distinctive unit of 
thin-bedded, relatively undeformed reddish 
brown platy shale (phyllite), up to 100 m thick, 
with Mn coatings on fractures. These shales 
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(Violetschiefer) contain Radiolaria and pelagic 
conodonts of Early Permian age (Kozur & Krahl 
1984). In places, the shales are chemically 
reduced to a grey or green colour. In thin section, 
the typical shale is mainly ferruginous mudstone 
with silty laminae composed of quartz and 
feldspar. The reddish shale grades upwards 
into grey- green shale, then into thin-bedded 
hemipelagic limestone, of up to Early Triassic age 
(Krahl et al. 1986). A succession of relatively 
undeformed alternating well-bedded pure and 
muddier limestone with shale partings, c. 120 m 
thick (Agrilos Schichten), is then overthrust by a 
strongly contrasting mainly volcanogenic unit 
(Fig. 15ci). 

Similar, but faulted and thrust-imbricated, 
Permian shales and overlying Lower Triassic 
hemipelagic limestones are well exposed further 
south, especially along the main road from Ayios 
Nikolaos to Sitia. Local transitions from red 
shale to pelagic limestone are again seen. Nota- 
bly, c. 200 m east of Exo Mouliana, a local 
hemipelagic limestone succession (c. 80 m thick) 
comprises alternations of thin- to medium- and 
thick-bedded facies, with muddy partings. Fur- 
ther east, near Ayios Theodoros, dark muddy 
partings are rich in fine plant material. In thin 
section, the limestones are finely laminated, with 
numerous small organic-rich grains. 

The Lower Permian reddish shales are inter- 
preted as deep-sea hemipelagic sediments, with 
radiolarians, conodonts and fine-grained terri- 
genous sediment. The presence of reworked 
fossils suggests that the deep-water succession 
may date at least from Late Carboniferous time 
(Krahl et al. 1986), contemporaneous with the 
deep-water sediments in western Crete. The 
abundant manganese oxide in the pink shales 
could reflect continental runoff or even a hydro- 
thermal source of manganese, but there is no 
known lithological association with igneous 
rocks. No basement to these deep-sea sediments 
is exposed. The siliceous sediments gave way to 
hemipelagic carbonates in the Early Triassic, 
with continued input of terrigenous silt and the 
addition of organic matter. The upward colour 
change possibly reflects a decrease in bottom- 
water oxygenation, or increase in organic matter, 
that was possibly climatically controlled. 

Volcanic-pelagic carbonate unit 

In the SW, near Mesa Mouliana (Fig. 15bii), the 
Plattenkalk unit dips at 40 ~ to the north and is 
structurally overlain by volcanic rocks (Seidel 
1978), including strongly weathered aphyric, 
non-vesicular massive basalts and andesites. 
These volcanic rocks are locally interbedded with 

grey to pink pelagic limestone, in depositional 
units up to 8 m thick. The volcanic rocks record 
eruption in a open-marine relatively deep-water 
setting, and may correlate with thicker and more 
intact Lower Triassic successions exposed on 
the northern flank of the Mersini syncline (see 
below). 

High-grade metamorphic  basement  

The Permo-Triassic sediments and volcanic rocks 
are locally structurally overlain by several slices 
of high-grade basement rocks, mainly gneiss, 
mica schist, amphibolite and marble (Seidel 1978; 
Seidel et al. 1982). The protoliths include meta- 
sediments, basic igneous rocks and granitic 
rocks. For example, near Chemezi, the metamor- 
phic rocks are dominated by dark grey, brown 
weathering, mica-schist intercalated with dark 
amphibolite. The metamorphic rocks are cut 
by numerous quartz veins and show evidence of 
extensive brittle deformation (e.g. small-scale 
duplexes), especially near the thrust contact with 
the underlying deep-sea sediments. Recent radio- 
metric dating shows that the high-grade meta- 
morphic rocks are divisible into several units, one 
with Cadomian (late Precambrian) and Late Car- 
boniferous ages (Mirsini crystalline complex), 
and another with Late Permian ages (Kalavros 
crystalline complex; Finger et al. 2002; Romano 
et al. 2002, 2004, 2006). Some of the amphibolites 
exhibit MOR-type protoliths suggesting that they 
could have been accreted from a 'Hercynian' 
ocean prior to metamorphism. South-verging 
small-scale structures (e.g. C-S fabrics) have 
been reported by Romano et al. (2006), although 
these need to be treated with caution as they 
occur within relatively thin thrust sheets that 
have undergone Early to Mid-Cenozoic subduc- 
tion and exhumation. 

Volcanogenic- l imes tone-shale-  

conglomerate unit 

In the NW, on the northern flank of the Mersini 
syncline (Fig. 15bi), the Permian-Early Triassic 
deep-water radiolarian shale-pelagic carbonate 
succession or, locally, high-grade metamorphic 
rocks are structurally overlain by a contrasting 
succession that begins with metavolcanic rocks 
(mainly basaltic andesite), c. 100 m thick (Fig. 
15cii). Occasional massive lavas near the exposed 
base of the succession are overlain by lava brec- 
cias, in units up to 8 m thick. These are mainly 
composed of pebbly volcaniclastic conglomerate 
or breccia (with stretched pebbles up to 10 cm 
long), volcaniclastic sandstones, volcanogenic 
shales. Repeated thin (< 1 m) lava flows are inter- 
bedded with limestone conglomerates. The lavas 
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Fig. 16. Geochemical plots of Triassic basalts from the Phyllite-Quartzite unit in the Vai and Chemezi areas of 
eastern Crete. (See text for explanation and Table 1 for locations.) 

and associated relatively deep-water sediments 
are inferred to be of mainly Late Scythian (Late 
Olenekian) age (Krahl et  al. 1986). Several 
samples of basalt of sub-alkaline composition 
were analysed by XRF and when plotted on 
MORB-normalized spider diagrams (Fig. 16) 
reveal a distinctive subduction influence, as 
shown by a relative depletion of immobile incom- 
patible elements (e.g. Pearce 1980), and notably a 
pronounced negative niobium anomaly. 

The mainly volcanogenic lithologies are, in 
turn, overlain by thin- to medium-bedded lime- 
stones (c. 60 m thick). The thicker-bedded lime- 
stones are deformed into 'mega-boudins' (up to 
10 m thick • 80 m long) by extensional shear, 
whereas the thinner beds are stretched to form 
detached' phacoids' within shale. 

Above this follows a strongly sheared interval, 
10 m thick, probably also of Early Triassic age, 
made up of crudely stratified conglomerates 
and breccias, in beds up to e. 3 m thick, with 
clasts (up to 0.6 m in size) including schist and 
gneiss ('Chemezi beds'). Intercalated green 
volcanogenic shale (1 m thick) includes blocks of 
mica-schist (up to 0.4 m long). Overlying conglo- 
merates are dominated by stretched pebbles com- 
posed of limestone, intercalated with sandstone 
lenses (up to 1.5 m thick). 

Higher levels of the succession, c. 150 m thick, 
comprise intercalations of siliciclastic sandstone, 
andesitic lava breccia (with clasts up to 0.35 m 
in size), volcanogenic debris flows, pebbly 

sandstones (with angular limestone clasts), vol- 
caniclastic sandstone (in <1 m thick interbeds) 
and volcanogenic shale. Occasional competent 
beds of limestone debris flows (in units <1 m 
thick) are strongly stretched to form phacoids in 
an incompetent volcanogenic matrix. Grading 
and scour structures indicate that the succession 
is mainly the right way up. The highest levels 
are isoclinally folded, suggesting the presence 
of a thrust, or at least strongly sheared contact, 
above which there are slightly metamorphosed 
brilliant reddish purple meta-mudrocks ('violet 
schists'), with thin (<10 cm), fine-grained sand- 
stone interbeds (c. 80 m thick altogether). Fresh 
cuttings reveal the presence of dark organic-rich 
mudrocks prior to surface oxidation. 

The mixed volcanogenic-limestone-shale- 
conglomerate unit records andesitic volcanism 
in a highly unstable setting marked by redepo- 
sitional processes, with volcanogenic and carbo- 
nate debris flows and turbiditic volcaniclastic 
sandstones. Volcanism later gave way to the 
accumulation of volcanogenic sediments and 
limestone conglomerates with clasts of locally 
derived metamorphic basement lithologies. This 
unit is inferred to be late Early to Early Mid- 
Triassic in age (Chemezi beds; Krahl et al. 1986). 
The overlying dark organic-rich muds and minor 
volcaniclastic turbidites possibly represent an 
original upward continuation of this setting 
in a quiescent relatively deep-water, reducing 
environment. 
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Coarse l imestone conglomerate  unit 

The above unit is structurally overlain by a thick 
(<250 m) succession of very coarse limestone 
conglomerates and breccias (Tripokefala beds), 
well exposed in the vicinity of the OTE tower; 
Fig. 15a). To the north, the underlying volcano- 
genic unit is bounded by a major high-angle fault. 
According to Kozur (pers. com.), the limestone 
conglomerates are no younger than late Early 
to early Mid-Triassic in age, whereas Champod 
et al. (2004) suggested a Ladinian to Carnian age. 
Near the basal thrust contact coarse limestone 
conglomerates predominate, with stretched, but 
originally well-rounded clasts (Fig. 15cii). These 
clasts are locally fused, giving the impression of 
massive carbonate rock. The limestones locally 
include small slices (duplexes) of metavolcanic 
rocks (up to 4 m thick x 10 m long), as seen on a 
steep slope 0.4 km WNW of the OTE tower. 
Above this there is a generally thinning- and fin- 
ing-upward succession of limestone rudites, sand- 
stones and shales (Fig. 15cii). The limestone are 
mainly lenticular conglomerates and breccias, 
mostly composed of stretched limestone clasts. 
The interbedded sandstones are packed with 
elongate limestone clasts (up to 35 cm long) and 
include occasional large blocks of schist, gneiss 
(up to 0.6 m in size) and occasionally andesite. 
Several individual units grade from micro- 
conglomerate to sandstone with shale partings 
and occasional pebbly bands, suggesting that 
the succession is the right way up. The highest 
exposed levels (near the OTE tower) are domi- 
nated by brown-weathering shales and sand- 
stones, with only occasional conglomerates (up 
to several metres thick). Most clasts are < 10 cm 
in size but a few intervals with larger clasts are 
also is present. 

Thin sections show that the typical sandstones 
are dominated by polycrystalline and monocrys- 
talline quartz, with subordinate mica-schist, mus- 
covite and plagioclase, set in a variably altered, 
chloritic fine-grained, or siliceous matrix. Some 
sandstones contain abundant relatively fresh 
basalt, mainly as angular elongate grains (shards) 
in a dark mesostasis of altered volcanic glass. 
Other sandstones contain coarse plagioclase (dia- 
base or gabbro) and large clear tabular quartz 
grains (possibly reworked phenocrysts). 

The coarse limestone conglomerates (of 
Early-Mid-Triassic age) are interpreted as a 
proximal deltaic unit that accumulated in a 
shallow-marine to possibly non-marine setting. 
The clasts were derived from metamorphic base- 
ment, shallow-water carbonates and volcano- 
genic units. The structurally underlying units 

(volcangenic units and high-grade metamorphic 
slices) could have supplied most of this material. 
However, a suggestion that the conglomerates 
represent a 'Verrucano-type facies' unconfor- 
mably overlying metamorphic basement (Chain- 
pod et al. 2004) could not be confirmed, as all the 
observed contacts are tectonic. 

Exo t i c  gypsum 

A notable feature of this area is the presence of 
large lenses of gypsum, up to several hundred 
metres thick, in which Triassic fossils are recor- 
ded (Krahl et al. 1986). A good example is 
exposed in, and around, a large working quarry 
in the west of the area (SSW of Mochlos; marked 
G in Fig. 15a), just above the Plattenkalk unit. 
This gypsum is entirely recrystallized, shows 
locally steep banding and is deformed by ductile 
folds. The sugary recrystallized gypsum includes 
numerous angular fragments of dark dolomitic 
carbonate (up to 15 cm long). The gypsum is 
exotic to the intact stratigraphic successions in 
the Chemezi area and is interpreted as having 
been extruded along the regional tectonic contact 
between the underlying Plattenkalk and the over- 
lying Permo-Triassic units from a source of 
Triassic evaporite elsewhere in the basin. 

The possible regional tectonic significance 
of the Chemezi area will be considered after a 
summary of the comparable Vai area, below. 

Evidence from the Vai area 

The outcrops in the Vai Peninsula (Fig. 5) are 
located on the western and eastern parts of the 
peninsula with intervening Neogene-Recent sedi- 
ments (Fig. 17). An initial non-trivial problem is 
how to correlate the tectonostratigraphy of these 
two outcrop areas. 

Recent workers agree that a stack of thrust 
sheets is present in the Vai Peninsula as a whole, 
as in the Chemezi area discussed above. The 
entire peninsula was mapped and described by 
Haude (1989). He interpreted the peninsula as 
a pile of thrust sheets, which were folded into 
a huge NNE-SSW-trending recumbent isoclinal 
fold, with the western limb mainly the right way 
up and the eastern limb inverted. This inter- 
pretation was largely followed by Krahl & 
Kauffman (2004). During this work it was found 
that by no means all of the successions within 
individual thrust sheets in the eastern Vai expo- 
sures are stratigraphically inverted, questioning 
the existence of a simple west-facing nappe 
structure. 

In the western peninsula area (Fig. 17d) most 
of the contacts between lithological units are 
sheared such that it is commonly difficult to 
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distinguish between primary thrust contacts 
and sheared lithological contacts. However, sev- 
eral intact successions can be inferred in the west- 
ern peninsula area (Fig. 17a-c). Details of these 
successions and measured logs will be given else- 
where. In general, moving structurally upwards 

there is a lower unit dominated by relatively 
deep-marine, mainly andesitic volcanogenic 
rocks, including pelagic limestones (e.g. Ammon- 
itico Rosso) and rare red chert, of inferred Early 
Triassic age, mainly based on dating of con- 
odonts within the interbedded Ammonitico 
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eastern Crete. Inset: larger area including Toplou monastery and the west coast of the Vai peninsula (Fig. 17d). 
(See text for explanation and data sources.) 

Rosso (J. Krahl, pers. comm). This volcanogenic 
unit is locally intersliced with schist and gneiss, 
and may include older (?Late Permian-Early 
Triassic) dark organic-rich shales and carbonates 

near the base. The volcanogenic unit is overthrust 
by a mainly shallow-water succession of carbon- 
ates interbedded with siliciclastic sandstones and 
conglomerates of  inferred deltaic origin. Clasts 
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range from mainly carbonate to metamorphic 
basement-derived. The age of this succession is 
possibly Mid-Late? Triassic based mainly on 
lithological correlation with similar units exposed 
in the eastern side of the peninsula. 

The eastern peninsula area (Fig. 18) is more 
complex, lithologically and structurally. In 
general, four main eastward-dipping units were 
recognized during this work in ascending 
(present-day) structural order. Sedimentary logs 
were measured in each of these units (Fig. 19) and 
will be described in detail elsewhere. 

First, a mixed volcanogenic-siliciclastic unit 
('arc unit' of Stampfli et  al. 2003) is exposed in a 
small area (several square kilometres.) in the east- 
ern part of the peninsula inland from Vai beach 
(Figs 18a, b & 19a, b). This outcrop correlates 
with a much larger volcanogenic succession of 
Early Triassic (Olenekian) age of the western 
area of the Vai Peninsula (Fig. 17a, b). Several 
samples of relatively fresh basaltic lava of sub-al- 
kaline composition were chemically analysed 
from this unit (see Table 1). Samples from near 
the base of the succession (Fig. 16) show a sub- 
duction influence, as indicated by a pronounced 
negative Nb anomaly, similar to the lavas from 
the Chemezi area. 

Second, a mixed siliciclastic-carbonate unit is 
extensively exposed (Figs 18c, d & 19c, d), espe- 
cially SE of Vai beach on a broad ridge running 
southwards c. 3 krn, as far as near Meridati (Fig. 
18d inset), and is also well-exposed NW of Vai 
beach. The exposures, north and south of Vai 
beach, are likely to be offset by a down-to-the- 
north normal fault (Haude 1989). The succession 
is equivalent to the 'Vai flysch, Upper forearc' 
unit of Stampfli et  al. (2003). However, the suc- 
cession reported here differs, as it necessary to 
take account of folding on north-south axes as 
indicated by changes in the younging direction 
(Figs 18 and 19). 

Third, a coarse quartzitic and carbonate con- 
glomerate unit (Figs 18e, f & 19e, f) is exposed 
north of Vai beach, near the coast. This com- 
prises siliciclastic conglomerates and breccias 
equivalent to the 'Vai flysch upper forearc unit' of 
Stampfli et  al. 2003. Units 1-3 can be generally 
correlated with the Triassic coarse clastic units 
exposed in the Chemezi area. 

Fourth, there is a slice of m61ange, c. 300 m 
thick, equivalent to the 'olistostrome' of Stampfli 
et  al. 2003 (Figs 18f and 19f). This is associated 
with a slice of high-grade metamorphic rocks 
(Fig. 18f). There is no known equivalent of this 
m61ange unit in the Chemezi area. However, 
it is critical to the interpretation of alternative 

settings, as it has been interpreted as a Palaeo- 
tethyan accretionary complex in Model 2 (Stam- 
pfli et  al. 2003) and so will be discussed in some 
detail below. 

The sedimentary matrix of the m61ange, which 
is well exposed along the coast, comprises inter- 
calations of coarse clastic sediments and mud 
rocks (phyllites), ranging from reddish to pink 
and green, owing to local oxidation-reduction 
effects. Individual matrix-supported conglo- 
merates, typically c. 1 m thick, and with scoured 
bases, grade from pebbly conglomerate into 
coarse quartzitic sandstone, then shale. Other 
interbeds include abundant limestone talus. 
Other coarse clastic sediments are interpreted as 
high-density turbidites and classical turbidites. 
Sedimentary way-up evidence is indicative of 
outcrop-scale isoclinal folding on north-south 
axes. However, the eastward-dipping m61ange 
fabric appears to be mainly inverted based on 
graded bedding and basal scour structures in 
most debris flows and sandstone turbidites. 

Individual m61ange blocks are best exposed 
several hundred metres inland. The most com- 
mon m61ange block is limestone, which shows 
local transitions to sedimentary limestone talus. 
There are also rare small blocks of pelagic sedi- 
ment. For example, a small block (0.6 m • 0.3 m) 
of red radiolarite was observed within quartzitic 
and carbonate-rich debrites. Small lenses and 
blocks of red shale are also present, together 
with several blocks of pink pelagic limestone 
(Ammonitico Rosso), up to c. 15 m in size, as 
seen in the east. Several blocks of andesitic lava 
and basaltic lava breccia are also present. The 
Ammonitico Rosso is inferred to be of Anisian 
age, whereas the red radiolarite was dated as Late 
Anisian (Mid-Triassic) (Stampfli et  al. 2003). 
Blocks of both chemically andesitic and within- 
plate-type basalt were reported (Stampfli et  al. 
2003). One lava block analysed during this 
study shows a subduction-influenced signature 
(Fig. 16). 

In addition, in the highest structural position 
along the coast there is a well-exposed, remar- 
kably intact, relatively undeformed succession of 
pelagic limestone, shale and sandstone (Figs 18g 
& 19g). No direct equivalent of this is known in 
the Chemezi area, although the pelagic lime- 
stones at the base of the succession in the eastern 
part of the Vai Peninsula could be equivalent to 
the pelagic limestones in the upper part of the 
Upper Permian-Lower Triassic succession at 
Chemezi. 

This eastward-dipping composite unit is 
well exposed between Megala Kephali and 
Kokino Kavo (Figs 18g and 19g), the latter name 
reflecting a brilliant red-brown-violet colour 
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of metashales and metasandstones exposed on 
headlands. The basal contact with the m61ange is 
associated with strong shearing, isoclinal folding, 
duplex formation, tension gashes and carbonate 
veining. Kinematic indicators indicate normal 
fault displacement (in present orientation). 

Above this contact, the unit begins with 
strongly deformed thin- to medium-bedded black 
limestones and black shales (c. 8 m). Grading and 
sharp bases in less deformed medium-bedded 
limestones near the contact are indicative of 
(local) stratigraphic inversion. Associated folded 
phyllite varies from green to purple, probably 
related to diagenetic alteration. Southwards, 
the succession passes into alternating thin-, 
medium- and locally thick-bedded grey lime- 
stone-phyllite alternations (c. 80 m thick). The 
limestones contain deep-water conodonts of 
Mid-Permian age (Stampfli et al. 2003; Krahl & 
Kauffman 2004). The individual pelagic lime- 
stone beds are laterally continuous and exhibit 
internal fine parallel lamination, suggestive of 
an origin as fine-grained calciturbidites, together 
with scattered nodules and lenticles of black 
chert of diagenetic origin. There is then a sharp, 
but apparently depositional contact between the 
fine-grained limestone and very coarse breccia- 
conglomerate above, composed mostly of quar- 
tzitic clasts. Traced laterally, this contact appears 
to cut stratigraphically downwards into the hemi- 
pelagic limestones and is therefore interpreted as 
a low-angle erosional unconformity. 

Above this contact, individual well-bedded 
(eastward-dipping) lenticular conglomerates and 
sandstones ('Vai flysch, lower forearc unit' of 
Stampfli et al. 2003) can be traced laterally (up 
to several hundred metres) before wedging out. 
Individual depositional units, up to 3 m thick, 
begin with clast-supported, quartzose conglom- 
erates (clasts up to 4 cm in size), grading upwards 
into sandstones with muddy tops. Excellently 
developed grading in many beds confirms that 
this succession is the right way up. In all, nine 
graded packages of conglomerate-sandstone, 
each up to 2.5 m thick, were observed. The aver- 
age thickness and grain size of each depositional 
package decreases upwards, until the exposed 
succession (in coastal cliffs) culminates (at 
Kokino Kavo) in up to 100 m of reddish meta- 
mud-rocks (phyllites), interbedded with thin- to 
medium-bedded, graded metasandstones (Fig. 
19g). Although this succession generally thins 
and fines upwards, several thick, relatively coarse 
beds persist to the highest exposed levels along 
the coast. In thin section, the sandstones are 
composed of relatively uniform, well-sorted 
grains of mainly quartz and quartzite, with 

minor muscovite and granular iron oxide. 
This spectacular succession remains undated but 
is probably of Triassic age based on regional 
comparisons with other facies. 

In terpre ta t ion:  r i f t - re la ted  se t t ings  

In the eastern Vai exposure area, the 
volcanogenic-siltstone-carbonate unit (Unit 1) 
of Early-Mid-Triassic (Late Scythian-Anisian?) 
age records the extrusion of mainly subduction- 
influenced andesites, as massive flows, volcanic 
breccias and rare pillow lavas, interbedded with 
volcaniclastic sediments, tufts, pelagic carbon- 
ates, with deep-water conodonts (of Early Trias- 
sic age) and rare metacherts (jaspers). This 
volcanogenic succession (or a lateral equivalent) 
is a possible source for Mid-Triassic island-arc 
tholeiite (IAT)-type basalt blocks and also the 
Ammonitico Rosso and chert in the m61ange, 
assuming volcanism continued into the Mid- 
Triassic. A possible exception is one recorded 
instance of a block of within-plate basalt in the 
m61ange, which Stampfli et al. (2003) interpreted 
as remnant of an oceanic seamount. However, 
geochemically similar basalts also occur in rift 
settings, e.g. as in western Crete, discussed above. 

The mixed siliciclastic-carbonate unit (Unit 
2), widely exposed in both the eastern and west- 
ern outcrop, is interpreted as a shallow-marine to 
locally non-marine, channelized deltaic sequence 
of Early Triassic (Early Olekenian)-Late Triassic 
(Carnian-Norian?) to Early Jurassic (Rhaetian?) 
age (Stampfli et al. 2003). The conglomerates 
accumulated in a proximal deltaic setting where 
metamorphic basement was exposed. The inter- 
bedded limestone conglomerates probably record 
the erosion of a carbonate platform, in response 
to relative sea-level changes or local tectonics. 
A more intact carbonate platform, rich in coral, 
became established during the Norian-Rhaetian. 
The conodont assemblage within these lime- 
stones is reported to be similar to that elsewhere 
at the base of Tripolitza carbonate platform 
succession, which may suggest that the Phyllite- 
Quartzite succession originally continued 
upwards into the Tripolitza platform (Stampfli 
et al. 2003). However, the actual contact is now 
a major structural and metamorphic discon- 
tinuity, probably a major Alpine thrust that was 
reactivated by exhumation. 

The structurally overlying coarse quartzitic 
and carbonate conglomerate unit (Unit 3), of 
inferred late Early-Mid-Triassic age, accumu- 
lated on relatively steep subaqueous slopes 
dominated by gravity-flow processes, probably 
as proximal fan deltas on a linear margin. These 
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Fig. 20. Occurrence and tectonostratigraphy of the Phyllite-Quartzite unit, west of Iraklion in central northern 
Crete. (See text for explanation and data sources.) 

sediments are unlikely to represent a channelized 
mid-fan of an idealized deep-sea fan, as suggested 
by Stampfli et al. (2003), especially as the con- 
glomerates are tabular to broadly lenticular 
rather than markedly channelized; finer grained 
inter-channel fan muds and turbidites, as expec- 
ted in mid-fan settings, appear to be absent. The 
abundance of quartzitic clasts may reflect pre- 
ferential preservation of erosionally resistant 
lithologies derived from a nearby continental 
basement. The abundance of gneiss clasts con- 
firms the existence of a metamorphic basement. 
This unit may be broadly coeval with, but more 
distal than the deltaic, to shallow-marine mixed 

siliciclastic-carbonate unit (unit 2), and a moder- 
ate depth (e.g. outer shelf-type) rather than 
abyssal setting is preferred here. 

The m61ange unit includes pelagic carbonate, 
radiolarite and both within-plate basalt (WPB)- 
type and subduction-influenced basalts within a 
sheared, siliciclastic and volcaniclastic matrix. 
The age of the m61ange is likely to be Mid- 
Triassic, of similar age to, or slightly younger 
than, the exotic blocks present. 

The structurally highest unit, exposed only on 
the east coast (Unit 4), is interpreted as turbidites 
and mass flows derived from a continental source 
area, controlled by relative sea-level changes. A 
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relatively proximal setting is particularly sugges- 
ted by the presence of occasional relatively thick- 
bedded debris flows and high-density turbidites 
towards the top of the exposed succession. This 
does not support the suggestion that these sedi- 
ments accumulated on the distal outer part of 
a deep-sea fan (see Stampfli et al. 2003), where 
thinner bedded and more hemipelagic sediments 
would be expected. The small scale and thickness 
of the sedimentary units is inconsistent with 
regional-scale settings such as deep-sea fan in a 
fore-arc basin, as implied in Model 2. The bright 
red-purple colour ('violet schists') probably 
reflects secondary oxidation of iron, possibly 
controlled by a high amount of organic matter 
originally deposited in these sediments (as noted 
in the Chemezi area). 

Evidence from the Iraklion area, central 
Crete 

The Phyllite-Quartzite unit is also extensively 
exposed in central Crete, west of Iraklion (Fig. 
20), where two contrasting units are separated 
by an undated interval of coarsely crystalline 
marble (Vassilikon unit; Epting et al. 1972; Krahl 
et al. 1988). It is important to note that the 
lower of these units shows similarities to the 
Phyllite-Quartzite unit of western Crete, whereas 
the upper is more similar to the successions 
exposed in eastern Crete. This is one area in 
Crete where the two contrasting units of the 
Phyllite-Quartzite unit are known to occur 
together. 

The lower part of the exposed succession, 
structurally above the Talea Ori-Plattenkalk 
unit, is dominated by soft-weathering, pale 
micaceous phyllite with alternating packages of 
medium- to thick-bedded sandstones and dark 
shale. Laterally continuous medium beds of soft- 
weathering, fine-grained micaceous sandstones 
are interbedded with dark phyllite. Several cliff- 
forming intervals of medium- to thick-bedded, 
laterally continuous quartzitic sandstones (in 
beds up to 3 m thick) include subordinate inter- 
beds of black phyllite. The highest exposed levels 
beneath the Vassilikon marble comprise strongly 
cleaved grey phyllites with psammitic alter- 
nations. The gently north-dipping Vassilikon 
marble is virtually massive, with evidence of 
pervasive anastomosing shear zones in the 
lower part. A sharp contact with the underlying 
phyllites is indicative of a tectonic contact. 
The upper contact of the Vassilikon marble, 
exposed on the dip slope to the north, is also 
interpreted as tectonic. Above this, a contrasting 

Phyllite-Quartzite succession includes thin- 
bedded limestones, volcaniclastic sandstones and 
tuffaceous sediments, followed by massive, 
locally porphyritic andesitic lava and then further 
marble intercalations. Higher levels of the succes- 
sion, exposed towards the coast, include massive 
andesitic lavas, lava breccias, volcaniclastic 
sandstones and tuffaceous sediments, >250 m 
thick. 

Interpretation: additional rift-related 

settings 

The lower Phyllite-Quartzite unit exposed in 
the south is lithologically comparable with the 
Phyllite-Quartzite unit in western Crete, as dis- 
cussed above, although inferred sandstone tur- 
bidites are thinner bedded and the succession 
is more shaly overall, suggestive of a relatively 
distal setting. The undated Vassilikon marble 
might represent a slice of Hercynian basement, 
Triassic neritic limestones, or a strongly recrys- 
tallized fragment of later Mesozoic carbonate 
platform rocks, the last-mentioned being plau- 
sible as the marble is homogeneous, comparable 
with the Mesozoic Tripolitza carbonate platform. 
The overlying mixed terrigenous-volcanogenic 
succession includes andesitic lavas that have 
geochemical affinities with the Triassic volcanic 
rocks exposed in eastern Crete (Seidel 1978) and 
is interpreted as part of a similar rift-related 
setting. 

D&cussion o f  tectonic settings in eastern and 

central Crete 

Most of the evidence from the Chemezi, Vai 
and Iraklion areas of the Phyllite-Quartzite unit 
is consistent with Model 1, in which all of the 
units, including the volcanic rocks, developed in a 
proximal to more distal rift setting, dating from 
the Permian, or earlier. In this interpretation the 
volcanic rocks relate to a pulse of Early-Mid?- 
Triassic extension. The pre-existing sediments 
were uplifted related to flexural uplift of the rifted 
margin during Mid-Triassic time, ushering in 
shallow-water to non-marine deposition adjacent 
to Hercynian continental basement during Late 
Triassic-earliest Jurassic? time. This could be 
same regional flexural effect that also affected the 
Phyllite-Quartzite unit in western Crete and the 
Talea Ori (Plattenkalk) unit. The possible cause 
of this inferred flexural uplift is considered in the 
discussion section near the end of the paper. 

In Model 1, the contrasting exposures in the 
Iraklion area could be explained as different 
depocentres within a palaeogeographically varied 
rift setting. The Vassilikon marble might record 
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the remnant of a former intra-rifl high on which 
neritic carbonates accumulated, possibly during 
Late Triassic-later Mesozoic time. On the other 
hand, there is little evidence that the Iraklion out- 
crops record an actual Palaeotethyan suture, 
as in Model 2, as there is no evidence there of 
accreted oceanic material (deep-sea sediments 
or oceanic crust), or of any more intense defor- 
mation than seen elsewhere. Relatively intact suc- 
cessions are preserved in both the upper (eastern 
Crete-like) and lower (western Crete-like) thrust 
sheets there. 

In Model 2, the Vai, Chemezi and Iraklion 
areas restore as a series of volcanic arc, basement 
(backstop), fore-arc and accretionary tectonic 
settings. The andesitic volcanic rocks and related 
sediments record part of the arc. The high-grade 
metamorphic basement slices represent part of 
the backstop of a subduction zone. The deep- 
water clastic and carbonate sediments ('Vai 
flysch') accumulated in a proximal to distal fore- 
arc basin and finally the m61ange unit (eastern 
Vai area) represents a preserved fragment of an 
accretionary wedge created by northward sub- 
duction of Palaeotethys. The younger, coarser 
conglomerates and shallow-water carbonates 
accumulated in a post-collisional, transgressive 
setting in this model. 

Some problems with Model 2 include the 
following. 

(1) The inferred Permian-Lower Triassic 'fore- 
arc' sediments exposed in eastern Crete (i.e. 
Vai and Chemezi areas) contain terrigenous 
silt, but no arc-derived volcaniclastic sedi- 
ment, as expected for a fore-arc basin. These 
sediments appear to have accumulated in a 
quiet, deep-water environment, unlike fore- 
arc basins that are typically unstable, and 
generally include turbidites, debris flows and 
slump deposits, rich in volcaniclastic debris. 

(2) There is no definite record of any related 
accretionary wedge (e.g. trench-type sedi- 
ments, or slices of oceanic crust). The blocks 
of within plate-type basalt within the Middle 
Triassic m61ange unit in the eastern Vai 
outcrop could be related to Triassic rifting, 
rather than fragments of Palaeotethyan 
seamounts. 'Subduction-erosion' (e.g. von 
Huene & Scholle 1991) might account for 
the lack of an accretionary wedge. However, 
many comparable modern settings, inclu- 
ding the eastern Mediterranean Sea south of 
Crete (Chaumillon et  al. 1996) and the Gulf 
of Makran (Glennie et al. 1990) are asso- 
ciated with the development of accretionary 
prisms, which have a high potential for 
preservation in the stratigraphical record. 

(3) No major Triassic magmatic arc, e.g. invol- 
ving large-scale central-type volcanism, is 

(4) 

(5) 

(6) 

known anywhere in the region. Triassic vol- 
canic rocks that exhibit a subduction-related 
chemistry are interbedded with continentally 
derived subaqueous slope material, inclu- 
ding coarse terrigenous debris flows and 
turbidites; there is no evidence of volcanic 
build-up, typical of continental margin arcs 
(e.g. Cascades, Andes). Also, air-fall tufts 
typical of Andean-type margins (e.g. Andes) 
are sparse. The absence of large central-type 
volcanoes is surprising, as modern back-arc 
rifts typically develop by the splitting of 
developed volcanic arcs (e.g. the Marianas 
and Tonga arcs; and the SW Pacific; see 
Robertson 1994, for literature). The fact 
that both the Pindos and Vardar Triassic 
basins are inferred to be back-arc basins in 
Model 2 would lead one to expect the exist- 
ence of a substantially developed magrnatic 
arc, which in reality does not exist. On the 
other hand, the volcanic rocks are mainly 
andesitic and do show a subduction-related 
geochemical influence. This is consistent 
with Models 2, 3 and 4, but apparently not 
with Model 1. Possible reasons for this dis- 
crepancy are considered in the discussion 
and conclusion section. 
The expected > 6 0 k m  width of crust 
between the inferred trench, arc, continental 
backstop and back-arc rift appears to be 
absent. For example, in the Vai area, all four 
of these units, as inferred by Stampfli et al. 
(2003), appear locally as thin thrust sheets 
one above the other. Even taking into 
account Cenozoic deformation, too many 
plate-scale processes are inferred in too 
small an area. In the convergent Model 2, 
tiny slivers from a range of tectonic settings 
(oceanic, fore-arc continental) originally at 
least tens of kilometres apart, were preferen- 
tially incorporated in a 'Cimmerian' thrust 
belt during pre-Jurassic time 
Collision of a 'Cimmerian' continent with 
the Eurasian margin during latest Triassic 
time would be expected to result in flexural 
collapse of the continental margin to form a 
regional, turbidite-filled foreland basin, yet 
neritic deposition prevailed, after a break 
in deposition during Mid-Triassic to Early 
Jurassic time. 
Perhaps aware of some of the above diffi- 
culties, Ziegler & Stampfli (2001) suggested 
that only a 'soft collision' and 'docking' 
took place of the Cimmerian continent with 
the Eurasian (Pelagonian) margin, leaving 
no perceptible stratigraphic or structural 
record. This was, however, contradicted by 
Stampfli et al. (2003), who inferred more 
pervasive collision and metamorphism. 
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However, there is, as yet, no firm evidence 
of a significant regional 'Eo-Cimmerian' 
compressional or metamorphic event dating 
from Late Triassic (Carnian-Norian) time 
in Crete or the Peloponnese (see below). 
For example, detailed structural studies in 
eastern Crete show that the main regional 
D2 event affects both the Phyllite-Quartzite 
unit and underlying Plattenkalk (Lower 
Cenozoic Kalavros beds) and thus must be 
Alpine. DI is represented by rare east-west- 
trending, isolated folds and a bedding- 
subparallel cleavage (Zulauf et al. 2002) of 
uncertain origin. There is no obvious petro- 
graphic evidence of an Eo-Cimmerian meta- 
morphic event (e.g. relict textures) of upper 
greenschist facies, or higher grade, despite 
reported conodont colour indices suggesting 
temperatures of c. 500 ~ i .e.c.  100 ~ in 
excess of the temperature estimated for the 
reported regional HP-LT alpine metamor- 
phism (Stampfli et al. 2003). However, the 
metamorphic grade of the lower thrust 
sheets (Plattenkalk, Tripali and Phyllite- 
Quartzite) varies considerably throughout 
Crete (e.g. Zulauf et al. 2002) and so this 
may not be a problem. 

Evidence from the Peloponnese 

The tectonostratigraphy of the Peloponnese is 
similar to that of Crete, with a similar pile of 
thrust sheets exposed in the same order. Most 
relevant outcrops are located in the southern and 
central Peloponnese, but there are also small iso- 
lated exposures in the NW Peloponnese (e.g. 
Zarouhla-Feneos area; De Wever 1975). Coun- 
terparts of the Plattenkalk and the Phyllite- 
Quartzite units, and possibly the Tripali unit, 
are present, and above this there are counterparts 
of two different facies-associations representing 
the Phyllite-Quartzite unit. In general, these units 
are less well dated than in Crete. As in Crete, 
the HP-LT metamorphic units are structurally 
overlain by a low-grade metamorphosed to 
unmetamorphosed shelf to carbonate platform 
succession. 

There are, however, several differences 
between Crete and the Peloponnese, which make 
some discussion useful here in the attempt to 
discriminate amongst regional tectonic settings. 

First, in Crete the Mesozoic Gavrovo- 
Tripolitza carbonate platform that overrides the 
entire underlying thrust stack is depositionally 
underlain only by a thin intact sedimentary 
succession (Ravdoucha beds). However, in the 
Peloponnese the equivalent Gavrovo-Tripolitza 
carbonate platform is stratigraphically underlain, 

albeit with a sheared contact, by a much thicker 
Triassic unit, known as the Tyros beds, which 
include both volcanic and terrigenous sedimen- 
tary units. These are critical to an understanding 
of the Triassic rift history of the Pindos basin 
to the north. Second, fragments of unmetamor- 
phosed Palaeozoic sediments, known locally 
in the Peloponnese, could record part of a pre- 
existing continental basement. Third, there have 
been reports of a possible Palaeotethyan accre- 
tionary prism in the Peloponnese, which if correct 
would constitute important evidence for Model 2. 

In the discussion below evidence from the 
equivalents of the Plattenkalk unit and equiva- 
lents of the western Crete Phyllite-Quartzite unit 
will be summarized, highlighting features that are 
relevant to understanding the tectonic setting, 
although a wealth of new information available 
warrants a fuller discussion elsewhere. It will 
be concluded in this section that most of the evi- 
dence is again consistent with the rift-related 
Model 1, although as in eastern and central Crete 
some of the Triassic volcanic rocks appear to be 
anomalous, as they record a subduction-related 
geochemistry. 

Metasediments of the structurally lower 
units in the Peloponnese 

T e c t o n o s t r a t i g r a p h y  

The Plattenkalk in the Peloponnese, as in Crete, 
is dominated by platy pelagic metalimestones 
with replacement chert, of inferred Jurassic- 
Cretaceous age, passing into Eocene flysch 
(Lekkas & Papanikolaou 1980; Papanikolaou & 
Skarpelis 1986). The typical Plattenkalk facies 
is underlain by poorly dated 'Permo-Triassic' 
phyllites, quartzite and conglomerates (Psonias 
1981). According to some workers (Dittmar et al. 
1989; Dittmar & Kowalczyk 1991) these facies 
form the stratigraphic base of the Plattenkalk 
unit. However, in the SW Mani Peninsula, 
marbles (Mani marbles) and associated meta- 
elastic facies, correlated with the Plattenkalk, are 
reported to be locally tectonically inverted and 
thrust over the Phyllite-Quartzite unit (Alexo- 
poulos & Lekkas 1999). This raises the possibility 
that metaquartzose sediments underlying the 
Plattenkalk generally in the SW Peloponnese 
could represent thrust slices of the Phyllite- 
Quartzite unit rather than a true stratigraphic 
basement, as some workers have previously 
assumed. 

The Phyllite-Quartzite unit in the Pelopo- 
nnese is traditionally divided into three 'nappes', 
although these are only partially exposed in indi- 
vidual areas and are separated by Cenozoic 
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sedimentary basins (Ktenas 1924, 1926; 
Thi6bault 1982; Triboulet & Bassias 1986). The 
'lower nappe', dated as partially Triassic (Brauer 
et al. 1980; Doert et al. 1985), together with the 
Lower Cenozoic? meta-flysch (Papanikolaou & 
Skarpelis 1986), has a total structural thickness 
of c. 2000 m in the Parnon massif and c. 1300 m 
in the Taygetos massif (e.g. Doutsos et al. 2000; 
Xypolias & Doutsos 2000). This unit has 
experienced intense deformation and HP-LT 
metamorphism (c. 400~ and 10 kbar), although 
mineral assemblages indicative of  P - T  conditions 
are commonly lacking; also P - T  conditions may 
vary regionally as in Crete. The Phyllite-Quartz- 
ite unit is dominated by meta-mudrocks and 
metaquartzitic sandstones. However, exposures 
in the Tagetos Mountains, termed the Arna unit, 
include metashales (phyllites), metaquartzose 
conglomerates, MORB-type tholeiitic meta- 
basalt and rare harzburgite (Skarpelis 1982). 
Occasional occurrences of harzburgite and 
metabasic igneous rock occur elsewhere in the 
Peloponnese (Thi6bault 1991; see below). In NE 
Kythira (Fig. 1), the Phyllite-Quartzite unit is 
associated with granitic gneiss of Hercynian age 
(Xypolias et al. 2006). Also on Kythira, accord- 
ing to Stampfli et al. (2003), Danamos (1992) has 
reported the presence of metabasic rocks and 
metacherts (lydites) that are said to exhibit pri- 
mary contacts; if correct, this could be indicative 
of an origin as accreted Palaeotethyan oceanic 
crust, consistent with Model 2 (Stampfli et al. 
2003). The ultramafic rocks and basic lavas 
within the Phyllite-Quartzite unit generally 
(including the Arna unit) have been interpreted to 
include exotic accretionary material (Skarpelis 
1982), and could thus represent part of a 
Palaeotethyan accretionary complex (Stampfli 
et al. 2003). An alternative view is that these 
thrust-intercalated mafic-ultramafic rocks were 
derived from the Pindos ocean to the east, in the 
Cycladic region, during Early Cenozoic Alpine 
deformation and metamorphism (Papanikolaou 
1996-1997; Pe-Piper & Piper 2002). 

In the literature a 'middle nappe' of the 
Phyllite-Quartzite unit is reported to comprise 
meta-clastic rocks, metacarbonates, metashales 
and sparse metavolcanic rocks, of possibly Car- 
boniferous, Permian and Triassic age (Thi6bault 
1982; Triboulet & Bassias 1986; Bassias & 
Triboulet 1994). Lithologies of no higher meta- 
morphic grade than greenschist facies attributed 
to this unit are reported to be exposed in areas 
including the NW Peloponnese (Zarouhla and 
Feneos areas; De Wever 1975; Pe-Piper 1983), 
the SE Peloponnese (near Molai) and near 
Kalamata (Verga). However, these successions 
(Fig. 21) remain poorly dated and are reported 
to be overlain by carbonates similar to the 

Gavrovo-Tripolitza unit (i.e. without any overly- 
ing 'upper nappe'), thus questioning the reality 
of a 'middle nappe' as a regionally significant 
tectonic unit. 

The mainly volcanogenic 'upper nappe' 
(Tyros beds), of greenschist-facies metamorphic 
grade, is widely exposed and less deformed. 
Dating is primarily based on an inferred deposi- 
tional passage upwards into well-dated shallow- 
marine carbonates of the Gavrovo-Tripolitza 
zone of Late Triassic (locally Carnian) age 
(Thi6bault & Kozur 1979; Lekkas & Papani- 
kolaou 1980; Skarpelis 1982). Successions in the 
SW Peloponnese (Stephania-Krokee area) are 
commonly assumed to be Early Triassic in age 
(Doert et al. 1985), but remain poorly dated. In 
the SE Peloponnese volcanic rocks are reported 
to be interbedded with carbonates and clastic 
sediments that are well dated as Carnian in age 
(Thi6bault & Kozur 1979; Brauer et al. 1980). 
According to Gerolynatos (1994) the Tyros unit 
as a whole comprises a Permian to Upper Trias- 
sic, mainly sedimentary succession with volcanic 
intercalations mainly of Scythian and Late 
Triassic (Carnian-Norian) age. However, it is 
questionable whether an intact stratigraphic 
succession is anywhere present. 

The volcanogenic rocks range from basalts 
and basaltic andesites to dacites in different 
areas, with commonly pyroclastic and tuffaceous 
sediments, previously believed to be mainly non- 
marine, together with minor intrusive rocks 
(Pe-Piper 1983). Extensive geochemical studies 
have showed that the Triassic volcanic rocks 
are largely calc-alkaline, but locally tholeiitic, to 
alkaline in composition (Pe-Piper 1983; Pe-Piper 
& Piper 2002; see Degnan & Robertson 2006). 
The tectonic settings of eruption were seen as 
either intra-continental extension-related (Dorn- 
siepen & Manutsoglu 1996), or subduction- 
related (Pe-Piper & Piper 2002). 

P l a t t e n k a l k  ( M a n i  un i t )  

The lowest unit, the Plattenkalk, locally termed 
the Mani unit, is structurally overlain, first by 
the HP-LT Phyllite-Quartzite unit (including the 
Arna unit) and then by the LP-LT Tyros unit, 
followed in turn by a deformed sedimentary tran- 
sition to the Gavrovo-Tripolitza unit. These 
two units are separated by a regional low-angle 
tectonic contact, interpreted in different areas 
as a thrust fault (related to subduction), or a 
low angle-extensional detachment (related to 
exhumation). 

The base of the Plattenkalk unit, as exposed 
in the eastern Tagetos (e.g. near Kastania, south 
of Arna; Fig. 21, log 6), is a low-angle tectonic 

 at University of St Andrews on March 7, 2015http://sp.lyellcollection.org/Downloaded from 

http://sp.lyellcollection.org/


TESTING ALTERNATIVE SOUTH MEDITERRANEAN TECTONIC MODELS 135 

contact, underlain by thick-bedded quartzose 
sandstones and phyllites that are lithologically 
very similar to the Phyllite-Quartzite unit of 
western Crete or the SE Peloponnese (see below). 
These rocks are thus unlikely to represent a true 
stratigraphic basement (Doert & Kowalczyk 
1985), or to be equivalent to the shallow-water 
carbonates of the Talea Ori unit in Crete (i.e. 
Sisses and Fodele units). 

Phy l l i t e -Quar t z i t e  unit 

The Phyllite-Quartzite unit shows considerable 
lithological variation throughout the Pelopo- 
nnese, as follows. 

Metasediments. In most areas the succession 
is dominated by quartzose sandstones, shales 
(locally carpholite-bearing) and subordinate qua- 
rtzose conglomerates. The sandstones are most 
thickly bedded and coarse grained in the far SE 
(i.e. on Kythira) and in the Napoli area (Fig. 21, 
logs 2 and 3). However, sandstones are generally 
thinner, finer grained and more thinly bedded 
further north (e.g. Vresthena; Fig. 12, log 4) and 
in the NW Peloponnese (Fig. 21, log 5), although 
even in these areas occasional intercalations of 
relatively thick-bedded (>0 .5m)  and coarse- 
grained (conglomerate grade) sandstones are 
present. In all cases, the sandstones are mainly 
quartzitic and comprise well-rounded grains, as 
seen in western Crete. The Arna unit in the type 
area of the Tagetos Mountains (Fig. 21, log 1) 
is unusual, as the background grey or black 
(chloritoid-bearing) phyllites include numerous 
conglomerate intercalations composed almost 
entirely of quartzite clasts, ranging from clast- 
supported to locally matrix-supported conglo- 
merates. Clasts (up to 80 cm in size) vary from 
angular to rounded, and locally to well rounded. 
Conglomeratic horizons, up to c. 20 m thick, can 
be traced laterally for hundreds of metres along 
strike, but no intact succession can be recognized. 

Metabasic igneous rocks within the Arna unit. 
In the type Arna unit in the Tagetos, the meta- 
sediments (mainly phyllites and quartzite 
conglomerates) are locally intercalated with 
metabasic rocks of MORB type (Skarpelis 1982). 
At one locality (Malevos, near the Neohori- 
Georgitza road; see Papanikolaou & Skarpelis 
1986) metabasalt, c. 100 m thick occurs within 
dark pelitic metasediments but the upper and 
lower contacts are poorly exposed. Further south 
(e.g. near Gorani, 14 km south of Arna village) 
metabasic rocks include definite volcanic breccias 
and appear to be interbedded with metasedi- 
ments, including quartzitic conglomerates; some 

meta-sills may also be present. Individual, meta- 
basic units are mapped as lenses up to 4 km long 
(see Papanikolaou & Skarpelis 1986). In addi- 
tion, a small exposure of glaucophane-bearing 
metabasic rocks (several metres thick) with WPB 
chemical affinities occurs in the NW Parnon 
massif (near Lakkomata), associated with small 
bodies of serpentinized ultramafic rock (Tribolet 
& Bassias 1986). 

Metaserpentinite. The Phyllite-Quartzite unit 
includes small bodies of serpentinized ultramafic 
rocks at five well-documented localities, the first 
three of which mentioned below were studied in 
the field. All of these occur near the overlying tec- 
tonic contact with the Gavrovo-Tripolitza unit 
and appear to have undergone similar HP-LT 
metamorphism and deformation as the enclosing 
metasedimentary rocks. First, in the Tagetos 
massif, the Arna unit includes a lenticular, 
north-south-trending exposure of antigoritic 
harzburgite, several hundred metres long by sev- 
eral tens of metres wide (Skarpelis 1982; Fig. 21, 
log 1). Second, on Kythira, harzburgite is located 
(south of Ayia Pelagia; Fig. 21, log 2) within 
terrigenous metasediments, near the contact with 
the overriding Gavrovo-Tripolitza carbonate 
platform. Third, in the NW Parnon massif 
(at Vresthena; Fig. 21, log 4) serpentinized 
harzburgite forms a lens (c. 10 m thick) within 
terrigenous sediments. This is located several tens 
of metres beneath the overriding Gavrovo- 
Tripolitza platform carbonates. Fourth, a 
smaller body (a few metres) elsewhere in the 
Parnon Massif (Agios Petra) is mapped as occur- 
ring directly along the tectonic contact of the 
Arna unit with the Gavrovo-Tripolitza carbon- 
ates (Skarpelis 1982). Finally, a small body of 
sheared serpentinized ultramafic rocks (possibly 
including dunite) is associated with phyllites and 
minor metabasic igneous rocks in the NE Parnon 
massif, at Lakkomata (Triboulet & Bassias 
1986). 

Granitic gneiss. On the island of Kythira (Fig. 5) 
the Arna unit is associated with a small body 
of granitic gneiss (near Ayia Pelagia) that was 
recently shown to be of Hercynian age (Xypolias 
et al. 2006), similar to eastern Crete (see Romano 
et al. 2006). Metagranitic rocks, affected by 
neotectonic extensional faulting, occur near the 
coast, just north ofAgios Pelagia; these are rocks 
locally overlain by carbonates of the Gavrovo- 
Tripolitza unit and are in faulted contact with 
unmetamorphosed, Triassic? sandstone, shale 
and limestone of the Pindos zone. 
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Interpretation: a rifted continental basement 

The quartzitic sandstones were derived from a 
continental setting, as in western Crete. Also, 
the Upper Palaeozoic gneissic rocks exposed 
on Kythira are suggestive of the existence of a 
Hercynian basement, as in eastern Crete. 

The serpentinized ultramafic rocks (mainly 
harzburgites) are likely to represent remnants 
of oceanic mantle (either oceanic or sub- 
continental). The MORB-type rocks in the Tage- 
tos appear to be at least partially interbedded 
with metasedimentary rocks, rather than entirely 
exotic units. These associated sediments include 
quartzose conglomerates that are lithologically 
very similar to the Mani unit of western Crete, of 
inferred latest Triassic age. These volcanic rocks 
might conceivably relate to opening of the adja- 
cent Pindos ocean during the Late Triassic. How- 
ever, an origin as allochthonous thrust slices 
related to Alpine deformation cannot be ruled 
out in view of the strong deformation and 
high pressure metamorphism (Skarpelis 1982). In 
addition, the WPB-type metavolcanic rocks in 
NW Parnon (Lakkomata) might be of oceanic 
origin (seamounts), as they are associated with 
serpentinite, although Thirbault (1991) favoured 
an intracontinental origin. Indeed, the ultramafic 
rocks in all cases occur enclosed within terrig- 
enous clastic sediments and lack evidence of 
significant amounts of other possible ophiolite- 
related rocks (e.g. cherts, gabbro, etc.). Also, the 
existence of metacherts and metabasic volcanic 
rocks on Kythira was not confirmed. 

In all cases the meta-ultramafic rocks occur in 
lenses or pods just beneath the major thrust fault 
or extensional detachment at the base of the 
Gavrovo-Tripolitza carbonate platform. They 
are thus entrained within or close to a profound 
tectonic and metamorphic discontinuity. It is, 
therefore, probable that these lithologies repre- 
sent exotic units that were exhumed from a deep 
subduction environment related to exhumation 
of the HP-LT Mana (Phyllite-Quartzite) unit. It 
is possible that the serpentinites ultimately origi- 
nated as fragments of subducted Pindos ocean (in 
the Cycladic region) that were later exhumed as 
diapiric pods in response to deep-seated out-of- 
sequence thrusting. There is, thus, no clear evi- 
dence that the ultramafic rocks record parts of 
a Palaeotethyan accretionary complex, which is 
otherwise not supported by field evidence within 
the Phyllite-Quartzite unit in the Peloponnese. 

Summarizing, the structurally lower HP-LT 
unit in the Peloponnese are consistent with a 
rift-related setting, as in Models 1 and 3. The 
claimed evidence of a Palaeotethyan accretionary 
complex, apparent evidence supporting Models 

2 or 3 (e.g. on Kythira island), can now be 
discounted. 

Evidence from the structurally higher units in 
the Peloponnese 

Triassic volcanic-sedimentary Tyros unit 

During this work it was found that an overall 
succession in this unit divides into a lower part, 
which is mainly volcanogenic, and an upper part, 
which is mainly terrigenous. The 'intermediate 
nappe' is here not considered to be a regionally 
significant unit (see below), but can instead be 
correlated with the traditional 'upper nappe'. 
The lower part of the volcanogenic succession is 
dominated by massive lavas, with, in addition, 
subordinate volcanic rudites (breccias and con- 
glomerates; e.g. Aridia; Fig. 21, log 8). The upper 
part of the volcanogenic succession is commonly 
more varied and includes numerous thick (up to 
tens of metres) intercalations of poorly sorted 
volcanogenic rudites, volcaniclastic sandstones, 
occasional shales (typically pink coloured) and 
silicic tufts (e.g. Tyros, Fig. 21, log 10; Marion, 
log 9). The succession in the SW Peloponnese 
(Krokee area) is mainly volcaniclastic (Fig. 21, 
log 7), although there exposure is limited by low 
topography; potentially deeper levels of the suc- 
cession are not exposed. In the NW Peloponnese 
(e.g. at Zarouhla, Feneos and Kastania; Fig. 21) 
tuffaceous sediments and volcaniclastic sedi- 
ments are relatively more abundant, together 
with common intermediate to silicic composition 
lava flows. 

The upper part of the Tyros unit, where 
exposed, comprises strongly contrasting terri- 
genous sediments, mainly lithologically homoge- 
neous quartzitic shales and mica-schists. The 
contact with the underlying volcanogenic unit 
is typically sheared, but is interpreted here as an 
deformed normal contact rather than a major 
tectonic break. The upper terrigenous unit is rela- 
tively thick (>  100 m) in most areas (e.g. Tyros, 
Marion and NW Peloponnese; Fig. 21, logs 
9-11). Elsewhere, the upper terrigenous unit is 
much thinner (tens of metres at Krokee; Fig. 21, 
log 7), down to only several metres (e.g. near 
Aridia and Floka). However, parts of the original 
succession may have been tectonically removed. 
Locally, evaporite (gypsum) has been reported 
from the upper terrigenous unit near the contact 
with the overlying Gavrovo-Tripolitza platform 
carbonates (e.g. Krokee and near Verga, 
Kalamata area; N. Skarpelis, pers. comm). 

The upper terrigenous unit, or locally the 
volcanogenic unit (e.g. near Aridia and Floka), is 
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overlain by neritic carbonates, commonly stro- 
matolitic, forming the base of the Mesozoic 
Gavrovo-Tripolitza carbonate platform succe- 
ssion. In all areas the contact is moderately to 
strongly sheared, with much evidence of layer- 
parallel extension and other features indicating 
at least partial detachment from the underlying 
Tyros unit. However, in some areas (e.g. south of 
Aridhia; Tyros) facies are transitional indicating 
that a normal contact was originally present 
(Lekkas & Papanikolaou 1980). 

The 'intermediate' nappe is problematic. In 
the NW Peloponnese a two-part volcanogenic- 
terrigenous succession, as elsewhere, is struc- 
turally overlain by the Gavrovo-Tripolitza 
carbonate platform, providing no basis for the 
recognition of a separate, higher tectonostrati- 
graphical unit. A large exposure in the SE 
Peloponnese (south of Aridia) includes folded 
phyllites, mica-schists and limestone conglomer- 
ates with subordinate volcanic intercalations. 
Local contacts are not well exposed. However, 
directly east of Molai (Fig. 21, log 8) comparable 
limestone conglomerates appear to pass depo- 
sitionally into the Gavrovo-Tripolitza platform 
carbonates. On the other hand, well-dated meta- 
clastic 'Permo-Carboniferous' sediments with 
Late Carboniferous sporomorphs structurally 
underlie the Gavrovo-Tripolitza carbonate plat- 
form in the SE Peloponnese (south of Monem- 
vasia; Paraskevopoulou 1951; Fytrolakis 1971; 
N. Skarpelis, pers. comm), suggesting that the 
Triassic volcanic rocks in this area could have 
a continental basement. It, therefore, seems 
likely that the 'intermediate nappe' is a composite 
unit including lithologies underlying, laterally 
equivalent to, and overlying the overall 
volcanogenic-terrigenous succession. 

Interpretation: rift settings 

The Triassic Tyros unit volcanogenic succession 
formed in a regionally extensive, subaqueous rift 
setting. Fragments of a sedimentary basement 
may be represented by the occurrences of Palae- 
ozoic terrigenous and calcareous sediments 
(south of Monemvasia; Fytrolakis 1971). The rift 
basin was partially filled by flood basalt. The 
presence of abundant volcaniclastic sediments, 
largely subaqueous debris flows, with little terri- 
genous material, is suggestive of mass wasting 
on a subaqueous fault scarps. More fractionated 
(intermediate-silicic) volcanism predominated in 
the NW Peloponnese (Feneos-Zarouhla). After 
volcanism largely ended the inferred rift was 
covered by terrigenous muds and shallowed, cul- 
minating in the accumulation of varied carbon- 
ates, organic-rich muds and local evaporites. 

The presence of volcanogenic horizons inter- 
bedded with transitional neritic carbonates (e.g. 
at Tyros) is suggestive of volcanism during the 
Carnian. This volcanism can be directly related 
to the opening of the Pindos ocean basin to 
the NE (in present coordinates). Where locally 
intact, the succession passes transitionally 
upwards into the Gavrovo-Tripolitza platform 
of Late Triassic-Early Jurassic age. Localized 
limestone conglomerates beneath the carbonate 
platform (i.e. west of Molai) are indicative of 
mass wasting of a nascent carbonate platform, 
as the pre-existing rift-related accommodation 
space was filled prior to regional covering by a 
thick Bahama-type carbonate platform. 

The Phyllite-Quartzite unit in the Pelo- 
ponnese is generally similar to counterparts in 
western and central Crete. The intercalations 
of quartzitic conglomerates in the Arna unit 
(Tagetos massif) are lithologically similar to the 
Mana conglomerate in western Crete, of inferred 
latest Triassic-earliest Jurassic? age there. The 
clastic sediments and carbonates exposed in 
the transition between the Tyros unit and the 
Tripolitza platform are similar to the Ravdoucha 
Beds of western Crete, although Late Triassic 
volcanic rocks are not exposed in the latter unit. 

Despite differences in metamorphic grade 
(relatively high grade in eastern Crete, but lower 
grade in the Peloponnese) the Tyros unit shows 
some similarities to the Phyllite-Quartzite unit of 
eastern Crete (Vai-Chemezi areas) and central 
Crete (upper structural unit). In both the Pelopo- 
nnese and eastern Crete, intact succession include 
a thick basaltic-andesitic volcanogenic sequence 
(lavas and volcaniclastic sediments) that passes 
upwards into shallow-water carbonates of Late 
Triassic-earliest Triassic age, correlated with the 
Tripolitza carbonate platform. In addition, slices 
of Hercynian granitic gneiss occur locally in both 
areas. However, conglomerates (with abundant 
basement-derived material) are much more ex- 
tensive in eastern Crete than in the southern 
Peloponnese. Also, the Late Triassic volcanism in 
the Peloponnese is unknown in Crete (although 
dating remains limited). Similar volcanic rocks 
of the Tyros beds locally underlie the most pro- 
ximal of the Pindos-Olonos nappes (Degnan & 
Robertson 1998, 2006), confirming that the Late 
Triassic Tyros volcanic rocks relate to opening of 
the Pindos ocean. 

Most of the evidence, outlined above, is con- 
sistent with Model 1, as for Crete. However, the 
presence of subduction-influenced Triassic vol- 
canic rocks could also be consistent with Models 
3 and 4, which invoke a southward-dipping sub- 
duction zone, although as noted below there is 
little or no evidence independent of geochemistry 
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that such a south-dipping subduction zone 
existed in the Triassic. 

Evidence from the Pindos zone 

Additional relevant evidence comes from the 
regionally overlying Pindos zone, which is frag- 
mentary in Crete but better exposed in the 
Peloponnese (Fig. 5) and in Greece further 
north. The Gavrovo-Tripolitza platform was 
overthrust by the relatively unmetamorphosed 
Pindos unit during Early Cenozoic time (e.g. 
Bonneau 1984; Jacobshagen 1986; Papanikolaou 
1996-1997). Much evidence already exists in the 
literature, which can be used to test the 
alternative tectonic models. 

In Model 1 (divergence-related), the Pindos 
zone originated as a continental rift in the Tria- 
ssic (Dercourt et  al. 1986) but then developed 
into a subsiding passive margin as the Pindos 
ocean opened (Smith et  al. 1975; Robertson & 
Dixon 1984; Robertson et  al. 1991). The Pindos 
thrust sheets restore as an east-facing deep-water 
slope to abyssal plain (Degnan & Robertson 
1998) that probably accumulated on 'transi- 
tional' crust within a continental-ocean transi- 
tion zone (Degnan & Robertson 2006). 

In Model 2 (convergence-related) the Pindos 
ocean originated as a Late Triassic back-arc 
basin related to the later stages of northward sub- 
duction of Palaeotethys (Stampfli et al. 2003). 
This subduction culminated in the collision of 
a rifted 'Cimmerian' fragment with a Eurasia- 
related unit represented by the Pelagonian zone 
during Late Triassic (Carnian-Norian) time. In 
principle, any such Cimmerian suturing related 
to northward subduction need not have affected a 
related marginal basin to the north, which could 
have remained isolated. However, Stampfli et  al. 
(2003) specifically argued that a coUision-related 
compressional event is, indeed observed within 
the Pelagonian zone further north; this implies 
that stress was transmitted across the Pindos 
deep-sea basin from a suture zone to the south to 
a Pelagonian continent to the north. 

Is such a compression-related event actually 
recorded in the Late Triassic sedimentary fill of 
the Pindos basin? A regional 'Cimmerian' sutu- 
ring to the south could have resulted in uplift and 
increased supply of clastic sediment to the basin 
during latest Triassic-earliest Jurassic time. Also, 
if the basin was internally deformed, sediment 
redeposition, slumping, or an intra-basin uncon- 
formity might be present: however, none of these 
features are apparent within the Triassic-Early 
Cenozoic Pindos succession (Degnan & Robert- 
son 1998). The field evidence instead supports 
continuing passive margin subsidence of the 

Pindos basin from Late Triassic to Early Ceno- 
zoic, punctuated by clastic influxes that can be 
mainly related to the effects of eustatic sea-level 
change. 

The Pindos thrust sheets are locally underlain 
and intercalated with a m61ange including blocks 
of volcanic rocks, some of which are dated as Tri- 
assic from associated sediments. Discrete thrust 
sheets including Triassic volcanic rocks are 
also locally present (see Pe-Piper & Piper 2002; 
Degnan & Robertson 2006). Extensive geochemi- 
cal studies indicate that the Triassic igneous rocks 
commonly show a geochemical subduction 
influence that could be consistent with Models 2, 
3, or 4. In addition, some 'enriched' basalts 
are present that could represent fragments of 
emplaced seamounts (Degnan & Robertson 
2006). An origin related to a northward-dipping 
subduction zone (Models 2 and 4) is, however, 
unlikely as no ocean to the south has been 
identified, as discussed earlier. 

Pe-Piper & Piper (1998, 2002) have invoked 
an additional Triassic subduction zone (an 
intra-oceanic one that dipped southwards) to 
explain, in particular, localized occurrences of 
high-magnesian andesites (boninites) and plagio- 
granites. In this interpretation (Model 4) subduc- 
tion would have culminated in collision of a 
trench with a Pelagonian passive margin to the 
north. This would have been expected to emplace 
Triassic (and younger) ocean crust (ophiolite) 
over a Triassic or younger accretionary prism. 
However, the overriding ophiolites are Mid- 
Jurassic in age (Liati et  al. 2004) and under- 
lying accretionary units document a Triassic 
rifted margin (e.g. in Evia, Othris and Pindos; 
Robertson et  al. 1991). There is thus no sedimen- 
tary or structural evidence for southward Triassic 
intra-oceanic subduction, as in Model 4. On the 
other hand, the presence of Mg-andesites locally 
that imply remelting of previously depleted 
mantle, clearly needs an explanation. 

Evidence from the Pelagonian zone 

The Pelagonian zone, in turn, structurally over- 
lies the Pindos zone; it is restricted to high-level 
fragments in Crete and the Peloponnese but is 
much more intact and widely present in central 
and northern Greece. Key areas include those 
NE of Athens, such as in Evia, where the 
Pelagonian zone has experienced only low-grade 
metamorphism, in contrast to northern Greece 
where the grade is higher (Mountrakis 1986). 
The Pelagonian zone comprises a pre-Triassic 
continental basement, which includes Upper 
Palaeozoic granites. Transgressive platform car- 
bonate deposition was punctuated by ophiolite 
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emplacement and deformation during Late 
Jurassic-Early Cretaceous time (see Rassios & 
Moores 2006). This was followed by renewed 
platform deposition until emplacement as part of 
the Hellenide nappe pile during Early Cenozoic 
time (Mountrakis 1986). 

In Model 1 (divergence-related) the Pelago- 
nian zone is interpreted as a microcontinent rifted 
from Gondwana in the Triassic (Dercourt et  al. 
1986) related to opening of a Pindos ocean 
(Robertson et  al. 1991). In Model 2 the Pelago- 
nian zone is interpreted as a microcontinent that 
was rifted from Eurasia related to opening of a 
Vardar back-arc oceanic basin to the north and 
a Pindos back-arc basin to the south (De Bono 
et  al. 1998; Vavassis et  al. 2000; Stampfli et  al. 
2001). In Models 3 and 4 the Pelagonian zone is 
seen as a microcontinent that was detached from 
Gondwana associated with opening of a back- 
arc marginal basin, over either a south- or a 
north-dipping slab. 

Evidence to test the above alternatives mainly 
comes from the western (Pindos) and eastern 
(Vardar) margins of the Pelagonian zone. The 
evidence from the western Pelagonian margin is 
clearly consistent with Model 1, as there is evi- 
dence of Triassic rift-related sedimentation and 
alkaline volcanism (Mountrakis 1986), as is well 
exposed in the Othris area (Smith et  al. 1975). 
Available evidence from the eastern margin of 
the Pelagonian zone (Vardar margin) also points 
to the existence of a Triassic rifted margin (see 
Sharp & Robertson 2006). Triassic basalts in the 
Vardar zone (i.e. within the Eastern Almopias 
zone) lack geochemical evidence of a subduction 
influence, opposing Models 2 and 3, in which 
the adjacent Vardar basin is seen as an above- 
subduction zone back-arc rift or oceanic basin. 

In presenting evidence that, if valid, would 
support Model 2, Stampfli et al. (2003) argued 
that the Pelagonian zone experienced a pulse 
of regional 'Cimmerian' compression related to 
suturing of Palaeotethys to the south in latest 
Triassic time. Stress from this collision was trans- 
mitted across the Pindos, inferred back-arc mar- 
ginal basin, triggering a stratigraphic inversion 
event within the Pelagonian zone during latest 
Triassic time. Stampfli et  al. specifically argued 
that a Permian-Triassic rift succession exposed 
on the island of Evia (Fig. 5), termed the Liri unit, 
experienced compression-related uplift, associ- 
ated with mass-wasting of 'olistostromes', and 
that this was then unconformably overlain by a 
Jurassic carbonate platform (Stropones Lime- 
stone). During the present work, this interpre- 
tation was tested in the field and it was found 
that the evidence is instead consistent with the 
extension-related Model 1. 

The Liri unit is divisible into southerly and 
northerly exposures, separated by an inaccessible 
mountainous area (Fig. 22a). The Liri Unit has 
experienced greenschist-facies metamorphism 
and extreme layer-parallel extension, with the 
development of ubiquitous 'phacoidal' fabrics. 
Sedimentary structures (e.g. grading) are rela- 
tively well preserved, especially in the higher 
stratigraphic levels, and show that the sequence 
is mainly the right way up. The Jurassic shallow- 
water Stropones Limestone ('cover unit') is, 
in fact, located structurally beneath rather than 
above the Liri Unit; consequently, the Liri unit 
lacks any preserved overlying depositional cover 
in this area (Fig. 22b and c). The Liri unit is 
instead structurally overlain, above a major low- 
angle thrust contact, by a regionally extensive 
Pelagonian thrust sheet. The local Pelagonian 
sequence, of Late Permian? to Mid-Triassic 
age, includes metasiliciclastic sandstones, shale, 
ribbon chert, redeposited carbonates (including 
debris flows), andesitic-rhyolitic metavolcanic 
rocks and tuffaceous-volcaniclastic sediments, 
consistent with a rift-related origin. The succes- 
sion passes upwards into a several-kilometre- 
thick unit of platform carbonates of Late 
Triassic-Jurassic age, typical of the Pelagonian 
zone generally (Fig. 22d). This overall succession 
is stratigraphically underlain by schists and gra- 
nitic rocks ('Hercynian basement') and coarse 
'basal' clastic sediments derived from these 
lithologies (Fig. 22b). 

Petrographic study (19 samples) shows 
that the meta-sandstones of the lithic unit are 
mainly arkoses and lithic arkoses, mainly derived 
from granitic and metasedimentary lithologies, 
as widely exposed within the 'Hercynian' base- 
ment beneath the Jurassic platform carbonates 
throughout the Pelagonian zone (Mountrakis 
1986). 

The Liri unit was mainly deposited by turbi- 
dity currents and mass-flow processes that were 
active during an inferred Permo-Triassic rift set- 
ting. However, there are few indications of water 
depths, which could have been relatively shallow 
(tens to several hundred metres). Radiolarian 
cherts or other evidence of pelagic deposition 
are absent. Some localized 'cherts' represent 
secondary alteration, of possibly hydrothermal 
origin. 

The uppermost part of the Liri unit, mostly 
< 10 m below the overriding Pelagonian thrust 
sheet, includes scattered small outcrops of 
highly fossiliferous shallow-water carbonate 
(Fig. 22b). This limestone is well dated as Late 
Carboniferous-Late Permian based on shallow- 
water calcareous fossils (e.g. benthic foramin- 
ifera) (Stampfli et  al. 2003). These limestones 
apparently represent fragments of a long-lived 
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Fig. 22. Upper Palaeozoic-Lower Mesozoic sedimentary and volcanic units exposed on the Island of Evia. (a) 
Regional location; (b) Cross-section at location B (see d); (e) Cross-section at A-A; (d) Outline geological map; 
(e) Tectonic-stratigraphy in this area (left) and specific sedimentary log of the Liri Unit (right). ( See text for 
explanation and data sources.) 

carbonate platform that was possibly constructed 
on Hercynian basement within the Pelagonian 
zone. Individual blocks are typically less than 
a metre to several tens of metres in size. Small 
outcrops of distinctive dark grey shallow-water 
limestone can be traced for tens to hundreds of 
metres along strike, suggesting the existence of 

dismembered sheets, in addition to detached 
blocks. Where smaller blocks (several metres 
across) are seen lower down the sides of valleys 
these are commonly landslipped. 

Measurements of bedding dip within the 
limestone blocks and sheets show that the 
bedding is everywhere moderately inclined 
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(Fig. 22d), subparallel to the tectonic contact 
with the overlying Pelagonian thrust sheet. 
Where the contact with the shale-sandstone 
matrix is rarely exposed this is seen to be a sharp 
tectonic contact. The margins of the limestone 
blocks are commonly brecciated and calcite 
veined. The adjacent matrix sediments do not 
contain sedimentary fragments of the same lime- 
stone (although some entrained phacoida! frag- 
ments are locally present). Petrographic study of 
the sandstone matrix enclosing the limestone 
blocks did not reveal sedimentary limestone 
clasts, but rather the composition remains 
unchanged from the underlying sandstones. 

Interpretation: rift basin deformed in Early 
Cenozoic time 

In Model 1 the exotic blocks and sheets were shed 
into a rift basin related to rifting (i.e. rift shoulder 
uplift) that immediately preceded break-up to 
form the Pindos ocean in Late Triassic time (Fig. 
23b). In Model 2 (convergent margin-collision) 
the upper part  of the Liri unit is viewed as an 
'olistostrome' containing blocks shed into a back- 
arc basin, an event that was triggered by strati- 
graphic inversion related to 'Eo-Cimmerian'  
orogeny in latest Triassic time (Fig. 23a). How- 
ever, as noted above there is no evidence of a 
critical Jurassic sealing unconformity, which is 
essential to validate this interpretation. Without 

this, there is no evidence of pre-Jurassic deforma- 
tion and instead the deformation is likely to be 
Cenozoic, associated with the SW-directed 
regional emplacement of Pelagonian thrust 
sheets. 

It is also possible that neither of the above 
alternatives is correct and that the 'olistostrome' 
instead relates to Cenozoic overthrusting. In this 
interpretation (Fig. 23c) the limestones could rep- 
resent the dismembered remnants of a thrust 
sheet of neritic limestone of Pelagonian affinity 
that was entrained, together with the overriding 
Pelagonian thrust sheet, during regional Early 
Cenozoic deformation. Several observations are 
consistent with this interpretation: first, most 
of the blocks occur in highly sheared shales just 
beneath the overlying Pelagonian thrust sheet; 
second, many blocks join up as larger dismem- 
bered sheets at the same structural level; third, 
the dips are parallel to the overlying Pelagonian 
thrust sheet and are not variable as expected for a 
debris flow (olistostrome) origin; finally, there is 
an absence of associated limestone-derived debris 
flows and other gravity-flow deposits within 
the Liri unit, in contrast to typical large-scale 
debris-flow deposits (olistostromes). 

In summary, it is concluded that there is no 
evidence for latest Triassic 'Cimmerian'  compres- 
sion within the Pelagonian zone, as implied by 
Model 2. 

a Late Triassic b latest Triassic 

Pelagoni.an nappe .............. 

-Schists 

Detached blocks 

Triassic siliciclastic sediments 
Mid- Late Carboniferous - Mid Permian 
neritic sediments 
Hercynian intrusive igneous rocks 

r ~  Hercynian metamorphic rocks 

Oceanic crust 

Fig. 23. Alternative tectonic setting for the Triassic of central Evia (Pelagonian zone). (a) Compression 
(stratigraphic inversion interpretation) (Stampfli et al. 2003); (b) rift-related interpretation; (c) formation by 
layer-parallel extension (boudinage) of a thrust sheet beneath the Pelagonian nappe during the Cenozoic. A 
thrust-related interpretation is favoured, as discussed in the text. 
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Possible objections to rift-related settings 

Although the rift-related Model 1 explains most 
features of the geological evolution, there are 
several potential arguments against this interpre- 
tation, which are discussed below. However, each 
of these can be countered, as will be seen. 

(1) The Mid-Carboniferous-Early Triassic 
basins, as documented in Sicily and western 
Crete, were sufficiently deep (c. 500 m or 
more) (Kozur 1993, 1995) to require the 
existence o f  a contemporaneous ocean basin 
even i f  no oceanic crust is preserved 

There is, however, no requirement for an oceanic 
basin to have existed adjacent to Gondwana 
during Late Palaeozoic time, as in Models 2 and 
4. Similar broad, deep basins existed widely 
around the margins of the Atlantic prior to 
spreading. These include the Jean d'Arc basin off 
Newfoundland (Reid & Keen 1990), the Hatton 
Bank and adjacent basins off Ireland (Fowler 
et al. 1989), the Lusitanian basin off Portugal 
(Wilson 1988), and comparable rift basins bor- 
dering the Central and South Atlantic and Indian 
oceans, and the Red Sea (Purser & Bosence 
1998). There are also numerous examples of 
deep-water rifts marginal to now-sutured oceans 
that are exposed on land, notably around the 
Western Alps (Lemoine et al. 1986). 

(2) No viable mechanism for the Triassic 
rifting o f  continental fragments exists other 
than back-arc extension 

If true, this would favour Models 2, 3 and 4 over 
Model 1. However, similar rift settings are 
known from non-emplaced passive margins, 
notably the Exmouth Plateau off the NW Aus- 
tralia margin (Von Rad et al. 1992). Also, simi- 
larly rifted fragments appear be embedded in 
accretionary margins of Indonesia (Pigram & 
Pannabean 1984). A plausible mechanism might 
involve calving of weak marginal rift units, up to 
several hundred kilometres in size from a parent 
continent. The driving force could be slab-pull 
related to regional subduction, in this case north- 
ward subduction under the Eurasian margin 
during Late Palaeozoic-Early Mesozoic time. 
Although slab-pull by itself might be insufficient 
to initiate continental break-up (Smith 1999), it is 
possible that break-up could result from multiple 
rift events, especially once a rift was weakened 
by rift magmatism (Buck 1993). In the south 
Aegean there is indeed a history of pulsed rifting 
starting in Mid-Late Carboniferous time, with an 

extensional pulse associated with magmatism in 
the Early Triassic, and final break-up to form the 
Pindos ocean in the Late Triassic. 

(3) The change from deep-water to shallow- 
water deposition during the late Early-Mid 
Triassic, as documented within the Phyllite- 
Quartzite unit o f  western Crete and eastern 
Crete implies uplift o f  > 500 m and so 

favours a convergence-related, foreland basin 
or collisional setting 

Undeformed rifts worldwide, including the Red 
Sea (Purser & Bosence 1998), the Gulf of Aden 
(Robertson & Bamakhalif 2001), the Avalon 
margin (e.g. Avalon platform; Tuckolke et al. 
2004), the Indian ocean (e.g. off East Africa- 
Madagascar; Hankel 1994), and many other 
examples are known to have undergone hundreds 
of metres (to several kilometres) of marginal 
uplift related to extension, prior to the onset of 
sea-floor spreading. 

There are several possible mechanisms for 
such uplift. First, a model of inhomogeneous 
crustal stretching with depth predicts flank uplift 
of 1-2 km (e.g. Braun & Beaumont 1989; Steckler 
& Omar 1994), although this would be hard to 
test using field geological evidence. Second, a 
thermal pulse could cause regional uplift. A 
plume influence related to Triassic rifting has 
been suggested for the Balkan region (Dixon & 
Robertson 1999). The presence of ocean island 
basalt (OIB)-type basalts in many areas (e.g. 
western Crete) could reflect a plume influence but 
could alternatively be explained by low-degree 
melting of potentially inhomogeneous subcrustal 
mantle. As yet, there is no definite evidence of a 
plume-related setting in the south Aegean region. 
Third, a pre-existing rift basin could be flexurally 
uplifted related to a pulse of extension that was 
focused elsewhere in the rift zone. Such a change 
in the locus of rifting could cause a change in the 
dip of the related extensional faults such that 
the pre-existing rift footwall was transferred to 
the hanging wall of the subsequent rift. Such an 
effect alone would be capable of explaining the 
relatively rapid change from relatively deep-sea 
(>  500 m) to neritic depositional conditions, as 
observed in the south Aegean region. 

(4) The geochemical evidence o f  Triassic 
igneous rocks requires coeval subduction in 
the south Aegean region 

The Triassic volcanic rocks of eastern Crete, 
the Peloponnese, many other parts of Greece 
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and also NW Turkey exhibit a chemical signature 
that is widely believed to require a subduction 
setting, at least locally (Pe-Piper & Piper 2002). 
Key points are the presence of Triassic arc-type 
granites (e.g. Cyclades, northern Menderes, east- 
ern Crete; see Romano et al. 2006), the local 
occurrences of shoshonitic and high-K andesites 
(Lakmon Mtns.) and high-K andesitic intrusions 
(i.e. Kokkino, SW Peloponnese), the rare occu- 
rrence of boninitic-type lavas (Othris and 
Edipsos), and the presence of pyroclastic rocks 
(implying a high volatile content). Following 
an extended discussion, Pe-Piper & Piper (2002) 
concluded that the chemistry of some of the Tri- 
assic igneous rocks requires the involvement 
of subduction-derived fluid in the melt process 
and 'that subduction may be either Hercynian or 
of Triassic age' (p. 103). An inherited subduction 
influence, presumably related to Hercynian sub- 
duction in the south Aegean region, was previ- 
ously proposed by various workers (Robertson & 
Dixon 1984; Dixon & Robertson 1993, 1999; 
Capedri et al. 1997; Pe-Piper & Piper 1998). 
Implicitly, Pe-Piper & Piper (2002) have 
acknowledged that these two alternatives, a 
coeval Triassic versus a Hercynian inherited 
subduction signature, cannot be resolved by 
geochemical evidence alone. Thus, the decisive 
factors can only be the geological evidence for 
subduction zones of the requisite age and loca- 
tion. No independent evidence for such Triassic 
subduction zones was found in the south Aegean 
region during this study and, therefore, the model 
of subduction zone inheritance is preferred. In 
keeping with this, volcanic rocks within units that 
restore further south (e.g. Phyllite-Quartzite 
unit, western Crete) are enriched in incompatible 
elements (with no subduction influence), similar 
to modern rift basalts (e.g. Fitton et al. 1998). By 
contrast, volcanic rocks extruded through 
Hercynian basement units, generally located fur- 
ther north, are relatively depleted in incompatible 
elements (e.g. Nb), possibly reflecting the 
extraction of a lithosphere-hosted subduction 
component of probable Hercynian age. 

It was similarly suggested that the presence of 
radiometrically dated Late Triassic calc-alkaline 
granitic rocks (orthogneiss) in the Vai area, 
eastern Crete, implies a convergent margin (sub- 
duction) setting during the Triassic, possibly 
related to southward subduction (Romano et al. 
2006; Model 3). At least some of the granitic 
rocks in this area crystallized, then were exhumed 
and eroded throughout Mid-Late Triassic time, 
as similar granitic rocks are found as clasts within 
associated coarse clastic sediments of this age. 
The small Triassic granitic bodies might relate 
to melting in an extensional setting, followed 
by rapid exhumation, as inferred, for example, 

for the Oligocene granites of northern Greece 
(Kolokotroni & Dixon 1991). 

(5) There is no evidence o f  a Triassic 

subduction zone & northern Greece and thus 

the convergence o f  Africa and Eurasia must 

be accommodated in the south Aegean 

However, several studies of units associated 
with the southern margin of Eurasia, including 
the Pontides (e.g. Usta6mer & Robertson 1997; 
Okay 2000), the Caucasus (e.g. Adamia et al. 
1995) and the south margin of Eurasia generally 
(Nikishin et al. 2001) have concluded that a 
subduction zone dipped northwards beneath 
Eurasia and was active especially during Carbo- 
niferous to Mid-Jurassic time (Nikishin et al. 
2001; Usta6mer et al. 2005; Kazmin & 
Tikhonova 2006). Palaeotethyan units have also 
been identified in former Yugoslavia (see 
Karamata 2006). Some workers have suggested 
that a Palaeotethyan suture is located in the 
Vardar zone of northern Greece (Robertson & 
Dixon 1984; Mountrakis 1986). However, the 
assumption that the Serbo-Macedonian and 
Rhodope zones formed part of the southern 
margin of Eurasia by Early Mesozoic time is now 
questioned by radiometric dating and structural 
studies that suggest that independent terranes 
existed until docking with Eurasia during Alpine 
(Jurassic) deformation (Himmerkus et al. 2006). 
A Palaeotethyan suture may thus be buried 
within northern Greece, removing the need for a 
more southerly located Palaeotethyan subdu- 
ction zone. Such a subduction zone would have 
extended eastwards into the Pontides and 
westwards into former Yugoslavia. 

(6) Regional plate reconstructions favour  

the existence o f  a Palaeotethyan ocean & the 

south Aegean region 

Garkunkel (2004) favoured a reconstruction akin 
to the convergence-related Model 2. He argued 
that between Late Permian and Late Triassic 
time, the regional palaeogeography evolved from 
a Pangaea A to a Pangaea A-2 type setting (see 
Smith et al. 1981; Smith 2006; Fig. 24). If correct, 
this would imply convergence along the southern 
margin of Eurasia of several hundred kilometres 
during this time. This reconstruction assumes 
c. 500 km of right-lateral motion between Africa 
and Eurasia, and that this was translated into 
clockwise tightening of a Palaeotethyan gulf in 
the east (comparable with the setting of the 
modern Gulf of Makran). Ziegler & Stampfli 
(2001) argued that up to 400 km of right-lateral 
displacement did indeed take place, but placed 
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Fig. 24. Alternative models for the Late Palaeozoic-Early Mesozoic tectonic evolution of the south Aegean 
region. (a) A single spreading axis propagated from the wider Tethys to the east (Ricou 1996); (b) northward 
subduction zone and continental rifting (Stampfli et al. 2001); (c) extensional setting, assuming a Pangaea A-like 
reconstruction (Garfunkel 2004); (d) convergent setting assuming a Pangaea A2-1ike reconstruction (Garfunkel 
2004). AA, Austro-Alpine; Ap, Apulia; CR, Crete; Cy, Cyreanaica; E, Evia; Gr, Greece; I, Italy; L, Levant; Pe, 
Pelagonian; PEL, Peloponnese; Po, Pindos; PQ, Phyllite-Quartzite; SI, Sicily; Ta, Tauride. 

this within the latest Carboniferous-Early Per- 
mian time interval, associated with transten- 
sional collapse of the Hercynian orogen and the 
development of related pull-apart basins (see, e.g. 
Scotese & Langford 1995). Regional magmatism 
(granitic intrusion and calc-alkaline extrusion) 
climaxed in Early Permian time. As a result, the 
preferred Pangaea A-2 type setting could have 
been established prior to Triassic time. A several 
hundred kilometre wrench offset might have been 
dissipated along several lineaments within the 
Hercynian orogen rather then being directly 
translated into regional clockwise rotation of 
the Eurasian margin in the Central and Western 
Mediterranean. Garfunkel (2004) considered 
an alternative, extension-related setting, which 
could be valid for the Triassic assuming Pangaea 

reorganization largely occurred in pre-Triassic 
time, as favoured here (Fig. 24). 

Regional tectonic development 

One of the remaining problems is the relationship 
between Hercynian deformation and meta- 
morphism, as documented by the fragmentary 
high-grade units scattered around the south 
Aegean region, and the Triassic rift setting (see 
Romano e t  al. 2006)�9 How did the North African 
passive margin to the present south escape this 
deformation and metamorphism? By contrast, 
Hercynian compressional deformation affected 
the North African margin west of Tunisia 
(Guiraud e t  al. 2001). Also, what was the nature 
of the contact between these metamorphosed 
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(e.g. Crete) and unmetamorphosed (e.g. North 
Africa) domains? 

In Model 1 (divergent setting) the Talea Ori- 
Plattenkalk unit in Crete and the Southern 
Peloponnese formed the distal edge of the North 
African margin during pre-Triassic time. Assu- 
ming that the Hercynian-age detritus within the 
Talea Ori-Plattenkalk unit (Brix et  al. 2002) was 
locally derived, these sedimentary units are likely 
have been deposited on Hercynian basement, 
which was detached during Early Cenozoic sub- 
duction and is thus mainly not now exposed. In 
this model it is possible that the deformed and 
metamorphosed northern edge of the Hercynian 
orogeny, located along the North Gondwana 
margin, was later rifted to open the Neotethyan 
ocean basin to the north (Triassic or younger), 
stranding it entirely to the north. 

Models 2 and 4 (convergent settings) are 
problematic as no evidence of a northward- 
dipping Palaeotethyan subduction zone has been 
identified in the south Aegean region, ruling out 
any juxtaposition of metamorphosed and unme- 
tamorphosed units as a result of subduction- 
collision (pre-Jurassic). In Model 2 the Talea 
Ori-Plattenkalk unit rifted from North Africa as 
the Cimmerian continent, well south of areas 
affected by Hercynian orogenesis, yet contains 
Hercynian-age detritus. To explain this, 
Champod et  al. (2004) suggested that Hercynian- 
aged detrital zircons were transported hundreds 
of kilometres southwestwards through a conti- 
nental rift system from the well-established 
Hercynian orogen in the central-west Mediterra- 
nean region. However, a local provenance from 
exposures of high-grade 'Hercynian' basement 
is more consistent with the sedimentological 
evidence outlined earlier in the paper. 

In Model 3 (southward subduction), the 
Hercynian-age granitic rocks (e.g. Pelagonian 
and South Aegean) relate to southward subduc- 
tion of Palaeotethys (e.g. ~eng6r 1984; Romano 
et  al. 2006; Xypolias et  al. 2006). Units affected 
by Hercynian metamorphism (e.g. Chemezi and 
Kythira) were close to the trench in the north 
relative to the North African continent further 
south. The deformation and metamorphism 
could then simply have tailed off southwards, 
with the original transition now being hidden 
beneath the Sea of Crete. In this interpretation 
the Carboniferous radiometric ages of the 
Mersini basement complex, eastern Crete, and 
associated structural evidence (Romano et  al. 
2006) are consistent with southward 'Hercynian' 
subduction. However, in this interpretation the 
Permian and Triassic ages from other crystalline 
units in the area (Romano et  al. 2006) are surpris- 
ing, as it is generally believed that Hercynian 

orogeny had given way to extension-controlled 
exhumation by the Late Carboniferous (Ziegler 
1988; Ziegler & Stampfl 2001). Also, the Triassic 
rift-related basaltic rocks of western Crete do 
not exhibit a subduction influence or contain 
arc-derived detritus, as would be expected if they 
represented back-arc marginal basins above a 
coeval southward-dipping subduction zone. 

There is evidence of Carboniferous 
subduction-related magmatism further east, in 
Turkey, but only in the north (e.g. in the NW 
Pontides; Usta6mer et  al. 2005), which implies 
the existence of northward subduction beneath 
Eurasia. If southward subduction in the south 
Aegean region is also accepted, this would 
require the existence of two subduction zones, 
one dipping northwards beneath Eurasia and the 
other dipping southwards beneath Gondwana, 
both active during Late Palaeozoic time. How- 
ever, in Turkey there is as yet no convincing 
evidence of Late Palaeozoic southward subduc- 
tion; for eample, along the northern margin of 
the Tauride-Anatolide platform, where passive 
margin conditions persisted (Robertson et  al. 
2004). This suggests that any south-directed sub- 
duction would have mainly affected areas in the 
west, in the central and western Mediterranean 
regions and elsewhere in southern Europe but not 
Turkey further east. Devonian-Carboniferous 
southward subduction as well as northward sub- 
duction have indeed been inferred for the Her- 
cynian basement in central and western Europe 
(e.g. Eastern Alps), giving rise to a doubly 
vergent orogen (Neubauer & Handler 1999). 

The apparent absence of Hercynian defor- 
mation and metamorphism within both North 
Africa and Gondwana-derived units (e.g. Tau- 
rides and Anatolides) raises the possibility 
that the Hercynian units of the south Aegean 
region might represent exotic terranes that were 
emplaced from the central Mediterranean region 
by right-lateral strike-slip (Dornsiepen et  al. 
2001). In this scenario, the fragmentary 'high- 
grade' metamorphic units of the south Aegean 
region (e.g. eastern Crete) formed in response to 
collisional suturing of Palaeotethys, some way 
westwards of their present position during Car- 
boniferous time (Fig. 25). Open-ocean conditions 
(i.e. Palaeotethys) persisted further east, from 
western Turkey eastwards. Palaeotethyan exotic 
terranes were displaced eastwards in response to 
tectonic escape from the Hercynian suture zone 
to an open ocean to the east, during or soon after 
diachronous closure of Palaeotethys further west 
(SW and central Europe; Alps) during Late 
Devonian-Early Carboniferous time. This pro- 
cess would be comparable with the westward 
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Fig. 25. Proposed tectonic evolution of the Upper Palaeozoic-Lower Mesozoic units of the south Aegean 
region. (a) Diachronous closure of Palaeotethys. (b) Syn-post-collisional right-lateral wrench faulting displaces 
exotic Hercynian terranes into the south Aegean region. Deep-water sediments accumulate in transtensional 
basins open to Palaeotethys to the east. (c) The south Aegean margin undergoes continental break-up to form 
the Pindos ocean and counterparts in the easternmost Mediterranean region. 

tectonic escape of Anatolia after the Miocene. 
Such dextral displacement might have occurred 
at any time during Late Carboniferous-Early 
Triassic time, associated with reorganization to 
a Pangaea A-2 type assembly. Depending on 
the timing of any such displacement, the Late 
Palaeozoic deep-water basins of the south 
Aegean could have been strike-slip controlled. 
More evidence is needed to discriminate between 
the above alternatives, but the tectonic escape 
interpretation is promising. 

Following the Hercynian orogeny, the 
Permian-Triassic deep-sea sediments of western 
Sicily and eastern Crete accumulated in a broad, 
relatively deep, possibly transtensional rift basin. 
In Sicily, terrigenous turbidites sourced in the 
exhumed Hercynian orogen were deposited in 
deep water, followed by open-marine radiolarian 
sediments and pelagic carbonates. Condensed 
pelagic carbonates accumulated on intra-basin 

highs and carbonate platforms developed around 
the periphery of the basin. Further east, in Crete, 
the Late Palaeozoic deep-sea siliciclastic sedi- 
ments of the Phyllite-Quartzite unit and the 
shallow-marine siliciclastic sediments of the 
Talea Ori unit were deposited within, and along, 
the margins of a broad deep-water rift basin, 
fed from the North Africa craton and possibly 
from the detached northern margin of this basin. 
The coeval deep-sea sediments of eastern Crete 
formed in a relatively distal part of the rift, 
isolated from coarse terrigenous input. During 
this time the south Aegean region remained open 
to Palaeotethys further east. 

The Triassic Pindos rift basin in Greece 
extended northwestwards through the Budva 
zone of former Yugoslavia to connect with the 
Lagonegro zone in southern Italy. The rifted 
pelagic basin in the Lagonegro zone dates 
from the Mid-Triassic, but rifting apparently 
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commenced in the Late Permian, based partly on 
the evidence of reworked neritic fossils (see 
Ziegler & Stampfli 2001 for review). However, 
there is little evidence for the existence of a pre- 
existing, Late Palaeozoic deep-water basin in the 
Lagonegro zone similar to the Sicanian basin. 
This, in turn, implies that the Pindos ocean did 
not simply widen the pre-existing Late Palaeozoic 
rift, but instead created a new basin, which reacti- 
vated an older rift in the east (e.g. Crete) but left it 
abandoned in the west (Sicanian basin). 

The Late Palaeozoic deep-water rift basin in 
the south Aegean region was reactivated in the 
Triassic as a precursor to opening of the Pindos 
ocean. A pulse of rifting, probably focused along 
the Pindos rift to the NE, resulted in flexural 
uplift of part of the pre-existing rift basin (i.e. rift- 
shoulder uplift) in the south Aegean region (Fig. 
26). By contrast, the Permo-Triassic rift basin 
further west, in Sicily (Sicanian basin), was aban- 
doned and gently subsided until Mid-Jurassic 
time when it was reactivated related to opening of 
the central North  Atlantic. Extension, however, 
reached as far west as this area and resulted in 
episodic destabilization of bordering carbonate 
platforms and localized Triassic volcanism. 

After spreading of the Pindos ocean began in 
Late Triassic time, passive margin subsidence 
was accommodated by the growth of large car- 
bonate platforms bordering the Pindos ocean and 
the abandoned Permian rift basin in the Sicily 
area. The platforms were constructed right across 
the former rift basins represented by the Phyllite- 
Quartzite unit after their Mid-Triassic flexural 
emergence and some erosion (e.g. to form the 
Mana conglomerate; Fig. 26). 

During Late Triassic time, Crete, the Pelopo- 
nnese and south Aegean as a whole experienced 
passive margin subsidence, building up the 
kilometres thick Gavrovo-Tripolitza carbonate 
platform and its passive margin units, including 
the Talea Ori and Tripali units. The platform was 
detached when the basement was subducted 
during the Early Cenozoic, followed by exhuma- 
tion, whereas the platform cover and its local 
substratum (Tyros and Ravdoucha units) were 
accreted to the overriding plate. In Crete, the 
Triassic carbonate platform represented by the 
Talea Ori and Tripali units rifted and foundered, 
followed by deposition of the pelagic Plattenkalk, 
a counterpart of the deep-water Ionian zone in 
western Greece and Albania. 

In western Sicily, the Sicanian basin was reac- 
tivated during Mid-Jurassic time, related to ope- 
ning of the Central Atlantic. A spreading centre 
possibly migrated eastwards to open the oceanic 
Ionian basin during Late Jurassic time (see 
Catalano et al. 2001), possibly even extending 
eastwards to open or widen the southernmost 

Neotethyan oceanic basin between Crete and 
North  Africa. 

During Cenozoic subduction in the south 
Aegean region the Tripolitza platform was deta- 
ched from its pre-Jurassic rift-related substratum 
that was subducted, accreted to the overriding 
plate, and then was exhumed as the HP-LT units 
of the lower thrust sheets (Phyllite-Quartzite, 
Talea Ori-Plattenkalk and Tripali units). 

Conclusion 

Of the alternative models for the Late 
Palaeozoic-Early Mesozoic setting of the south 
Aegean region, a pulsed rift model best fits 
the evidence, based on new field-based observa- 
tions in western Sicily, Crete, the Peloponnnese 
and Evia combined with a review of the literature 
(Figs 2 and 26). A deep-water rift opened along 
the northern margin of Gondwana during the 
Mid-Late  Carboniferous, followed by a further 
pulse of rifting in the Early Triassic, preparatory 
to opening of the Pindos ocean to the NE 
(present coordinates) during the Late Triassic. 
Mid-Triassic uplift and erosion in Crete is explai- 
ned by upward flexure of the preceding Late 
Palaeozoic rift zone, related to renewed rifting 
to form the Pindos ocean in the south Aegean 
region. In the absence of evidence for contem- 
poraneous Triassic subduction, it is inferred 
that the observed subduction signature in many 
the Triassic rift-related basalts (e.g. eastern 
Crete, Peloponnese) relates to melting of hetero- 
geneous subcrustal mantle. The subduction fluids 
were probably introduced during Hercynian 
orogenesis. 

Our present understanding of the tectonic development 
of the south Aegean region owes much to the detailed 
biostratigraphical studies of J. Krahl in Crete. I would 
like to thank him for information on the literature and 
relevant outcrops in Crete. Thanks are also due to H. 
Kozur for written and verbal discussions during this 
work. I am grateful to R. Catalano for a helpful field 
introduction to the geology of western Sicily, and to 
N. Skarpelis for a similar introduction to the SW 
Peloponnese. J. Dixon is thanked for continuing help- 
ful discussion. G. Karner provided useful insights into 
modern rifted margins. The manuscript benefited from 
comments by J. Dixon, P. Degnan and D. Mountrakis. 
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