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ABSTRACT

The Grammos-Arrenes ophiolites crop out between the Pindos Flysch to the East and the Meso-Hellenic basin to the West and represent the northernmost
exposure of the Pindos Ophiolite belt in Greece. Field work and sampling on key outcrops of the Sub-ophiolitic Mélange provided new data on the oceaniza-
tion age and on the geochemistry of the effusive products. The basalts samples show a N-MOR affinity and are associated with latest Bajocian-early Bathon-

ian radiolarian cherts.

Emplacement of the ophiolites onto the continental margin is preceded by mass flow deposition of ophiolitic material in the basins facing the advancing ophi-
olitic nappe. Ophiolite-bearing debris flow deposits and slide blocks are recognized in the Early Cretaceous deep water sediments of the Beotian Unit and in the
upper portion of the Tertiary Pindos Flysch. The intercalations of ophiolitic material in the Beotian Flysch first, and in the Pindos Flysch, later, are interpreted as
the forerunners of the Ophiolitic Nappe which derived from the Vardar Ocean to the east, and was emplaced westwards onto the Adria continental margin.

The collected data allow consolidating the constraints for the timing and mechanism of ophiolite emplacement in the Pindos-Grammos area. In addition,
taking into consideration the geometry of the tectonic stack in the Grammos-Arrenes area and the ages of the involved sedimentary deposits it is possible to
reconstruct a geodynamic history comparable to that of the other zones studied along the Dinaric-Hellenic Chain.

INTRODUCTION

Ophiolites of the Dinaric-Hellenic belt are continuously
exposed along 1000 km from Bosnia-Herzegovina to south-
ern Greece, thus representing one of the largest ophiolite
outcrops in the world (Fig. 1). Although many studies have
been carried out on these ophiolites, a number of unre-
solved issues remain in the reconstruction of their evolu-
tion. A first discussion topic concerns the paleogeographic
position of these ophiolites. Two main reconstructions have
been proposed by different authors:

1- a para-autochthonous origin reflecting their present
tectonic configuration;

2- a tele-allochthonous origin envisaging the existence
of a far-travelled ophiolitic nappe.

In the first reconstruction the Pindos-Grammos-Arrenes
ophiolites were located between the Adria margin to the SE
and a Pelagonian microcontinent to the NE, separating the
Pindos oceanic basin from the wider Vardar Ocean (Smith
et al., 1975; Jones and Robertson, 1991; Robertson, 2002).
In the second reconstruction all the Greek ophiolites repre-
sent the remnants of a single ophiolitic nappe coming from
the Vardar Ocean to the east, that overthrust the eastern
margin of Adria (Bernoulli and Laubscher, 1972; Bortolotti
et al., 2004b, Bortolotti and Principi, 2005). In the second
hypothesis, the Pelagonian Zone represents the easternmost
sector of the Adria passive margin.

The ophiolites cropping out between the Grammos Mas-
sif to the North, and the Arrenes area to the South represent
the northernmost outcrops in Greece of the so called exter-
nal ophiolite belt (Pindos Zone sensu Brunn, 1956 and
Aubouin, 1959, Fig. 1), regarded as a link between the Al-
banian and Greek ophiolites. We here present new geo-

chemical and biostratigraphic data from basalt and radiolari-
an chert samples and frame them in the Mesozoic evolution
of the Dinaric-Hellenic Chain.

GEOLOGICAL SETTING

The closure of the Jurassic Tethys Ocean is recorded by
the Dinaric-Hellenic ophiolite belt, a major segment of the
Alpine-Himalayan mountain chain in the Eastern Mediter-
ranean. Ophiolite rocks from the Grammos-Arrenes area in
northwestern Greece record a Mesozoic history of subduc-
tion, accretion and obduction. The complex history of this
area is registered in four main tectonic units derived from
both oceanic and continental domains, they are, from top to
bottom (Figs. 2, 3): Ophiolitic Nappe, Sub-ophiolitic
Meélange, Beotian Unit and Pindos Flysch Unit.

Above the Ophiolitic Nappe and the Sub-ophiolitic
Mélange a thick carbonate sequence (Late Cretaceous in
age) is present. Moreover, in this area the thrust sheets have
been unconformably covered by the Tertiary molasses of
the Meso-Hellenic intermontane basin. The Pindos-Gram-
mos ophiolites represent the continuation below the Meso-
Hellenic basin, of the Vourinos ophiolites to the East
(Moores, 1969).

All the ophiolites along the Dinaric-Hellenic Chain show
evidences to have been emplaced onto a passive margin
through an obduction process (Gaggero et al., 2009), as also
recognized for many Tethyan ophiolites of the Eastern
Mediterranean and Middle East (e.g., Semail ophiolites in
Oman, Searle and Cox, 1999). Greenschist to amphibolite
facies metamorphic rocks formed at the base of the Pindos
Ophiolitic Nappe as the effect of intraoceanic displacement
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of a young and hot oceanic crust during the Middle Jurassic
(165+3 Ma, Spray et al., 1984).

In the Grammos-Arrenes area, the Ophiolitic Nappe in-
cludes harzburgitic mantle tectonites, ultramafic cumu-
lates, gabbros and basalts. The basalts are covered by a
cm- to dm-thick level of siliceous shales followed by radi-
olarian cherts. The exposure of a metamorphic sole under
the ophiolites is discontinuous and consists of a <1 m thick
continuous band of mesoscopically not foliated metamor-
phic rocks overlying a discontinuous, usually thick assem-
blage of metasediments and amphibolites. Below the Ophi-
olitic Nappe, the Sub-ophiolitic Mélange is characterized
by an upper portion of tectonic origin with a very low
grade metamorphic assemblage of ophiolites and a lower
portion largely built by gravitational mechanisms with ele-
ments of the metamorphic sole, ophiolites and continental-

derived blocks embedded in the debris flow deposits.

The Sub-ophiolitic Mélange and the Ophiolitic Nappe are
overthrust by a thick sequence of platform carbonates of
Santonian-Campanian age (Orliakas Group, Brunn, 1956;
Jones and Robertson, 1991). Locally, the basal contact of
the carbonate sequence on the ophiolitic basement is high-
lighted by a metric reddish horizon of laterites that uncon-
formably cover the ophiolites. The Ophiolitic Nappe + Sub-
ophiolitic Mélange overthrust discontinuous slices of Early
Cretaceous continental margin sequences, mostly consisting
of deep water carbonates, shales, radiolarites and ophiolite-
bearing debris flow deposits (Agios Nikolaos Formation,
Jones and Robertson, 1991). The stratigraphy of this se-
quence and its age (Berriasian-?Hauterivian, Terry and
Mercier, 1971; Richter and Miiller, 1992) allow a correla-
tion with the upper sequence of the Beotian Zone that is
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interpreted as the westward extension of the Pelagonian
platform (Robertson et al., 1991; Richter and Miiller, 1992;
Thiébault et al., 1994; Danelian and Robertson, 1998). The
ophiolite-bearing deposits at the top of the Beotian se-
quence, known as Beotian Flysch were shed in front of the
advancing Ophiolitic Nappe, thus dating the obduction onto
the Pelagonian continental margin to the Late Jurassic
(Richter et al., 1996). Ophiolite-bearing turbidite deposits of
Early Cretaceous age with the same paleogeographic signif-
icance of the Beotian Flysch are recognized all along the Di-
naric-Hellenic Chain (Bosnian Flysch, Blanchet et al., 1969;
Firza Flysch, Gardin et al., 1996; Vermoshi Flysch, Marroni
et al., 2009). From a regional point of view the ophiolite-
bearing detritus in the Pelagonian sequences show a young-
ing direction from the Maliac-Othrys area to the Beotia area
suggesting a westward emplacement direction of the Ophi-
olitic Nappe (De Bono, 1998 and reference therein).

The Paleocene - Late Eocene Pindos Flysch (Ananiadis
et al., 2004), is regarded as a foreland basin deposit, which
was progressively overthrust westwards-by the Sub-ophi-
olitic Mélange + Ophiolitic Nappe (Fig. 4a). This event is
recorded in the turbiditic sediments by diffuse syn-sedi-

@ Ophiolitic Nappe _

mentary deformations and catastrophic events of mass de-
position (mega-debris flows and slide blocks) with prove-
nance from both continental margin units (Fig. 4a) and
ophiolitic units (Fig. 4b; Bortolotti et al., 2009). In the
Grammos-Arrenes area, the flysch crops out as a folded
unit, when strongly deformed showing a broken formation
appearance.

DESCRIPTION OF THE SAMPLED AREAS

Samples of radiolarian cherts, basalts and greenschist to
amphibolite metamorphic rocks were collected in the Sub-
ophiolitic Mélange. A detailed sampling was performed
along a 30 m-wide outcrop of mélange along the Ioannina-
Kozani road (samples GRA1 to GRA16). Other samples
were collected in scattered outcrops in the Grammos-Ar-
renes Mountains (samples GRA17 to GRA20) (Fig. 2).

The outcrop along the Ioannina-Kozani road (Fig. 4c,
Fig. 5) exposes the base of a serpentinite thrust sheet (the
Ophiolitic Nappe) that lies on an assemblage of sheared de-
bris flow deposits and magmatic (locally metamorphosed)

Fig. 4 - a- Tectonic superposition of the Ophiolitic Nappe, Sub-ophiolitic Mélange and Pindos Flysch in the Aetomilitsa area; b- mass flow deposits of ophiolitic
material in the upper portion of the Pindos Flysch (Oxia area). 1- granular mega-debris flow deposit with ophiolitic elements ranging from cm up to tens of me-
ters in size; 2- ophiolitic cohesive debris flow deposit; 3- ophiolitic granular debris flow deposit with elements ranging in size from cm to few meters; 4- Pindos
Flysch with widespread syn-sedimentary deformations; c- sampled mélange outcrop along the Ioannina-Kozani road (see line drawing in Fig. 5 for explanation).



rocks, mainly including dolerites, basalts and serpentinites,
associated with sedimentary rocks, such as limestone and
radiolarites. The contacts among the different lithotypes
(e.g., between carbonates and radiolarite or basalt, as well as
those between serpentinite and debris flow deposits) are
generally tectonic or tectonized because of the occurrence of
several shear zones, especially developed along the litholog-
ic boundaries. Nevertheless, a possible stratigraphic origin
cannot be excluded for any of the mentioned contacts. A
primary sedimentary contact is observed between basalts
and radiolarites, while a primary magmatic contact can be
assumed between the dolerite intrusion and the limestones.
In fact, the dolerite mass partially includes the limestones,
represented by some centimetres up to 2-3 meters thick dis-
articulated carbonatic bodies, internally characterized by
regular, closely-spaced sedimentary bedding. Close to the
lithologic boundary, 1-3 cm thick dark reaction borders de-
veloped in the carbonatic levels, mainly consisting of a gar-
net and pyroxene association.

The carbonatic rocks are recrystallized and transformed
into marbles. The dolerite, essentially made of clinopyrox-
ene and plagioclase, is characterized by an isotropic to foli-
ated texture, with a medium-fine grain size. A foliation is
well detectable in most outcrops of these lithologies. The
serpentinite is characterized by a discontinuous foliation,
variously penetrative at a mm/cm scale.

Other samples were collected in the Sub-ophiolitic
Meélange along the contact with the underlying Pindos Fly-
sch in the Aetomilitsa area and in the Arrenes Mountains
(GRA17-20). The mélange in these areas consists of a shaly
matrix, in some cases represented by sheared debris flow
deposits, embedding slivers of limestones, cherts, basalts,
serpentinites and greenschist/sub-greenschist (GRA 19-20)
to granulite facies (GRA17-18) metamorphic rocks.

PETROGRAPHY AND GEOCHEMISTRY
Petrography

All the basaltic samples (GRA6-7, GRA15-16) were af-
fected by high degrees of ocean-floor hydrothermal alter-
ation under static, lower greenschist facies conditions,
which has resulted in a complete re-crystallization of the
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primary igneous phases. Plagioclase has been replaced by
either albite or clay minerals, clinopyroxene has been trans-
formed into chlorite, and glass has been re-crystallized as
clay minerals. By contrast, the primary igneous textures are
well preserved. The studied basalts show very fine-grained
aphyric texture with hyalophitic groundmass. Groundmass
mineral assemblages include thin laths of plagioclase and
interstitial clinopyroxene and glass. Such a texture testifies
for the early crystallization of plagioclase with respect to
clinopyroxene. These volcanic rocks are also characterized
by sparse calcite veins.

The dolerite intrusion (GRA11; Fig. 5) is composed by
plagioclase and clinopyroxene (diopside) inside which are
present some intergrowths, now transformed into chlorite.
Ilmenite, Ti-oxide, chrome and spinel are also present. Do-
lerite is generally characterized by a micro-granular ipid-
iomorphic texture, with idiomorphic plagioclase and inter-
stitial to poikilitic clinopyroxene (Fig. 6a). The magmatic
foliation is underlined by the albite and albite-Carlsbad
twinning of the plagioclase. Low-temperature mineral as-
semblages, crystallized under static conditions, are wide-
spread: amphiboles such as tremolite, are often pseudomor-
phic after magmatic clinopyroxene plagioclase is altered in-
to a fine-grained assemblage of albite, epidote, prehnite and
sericite.

The limestones (GRAS; Fig. 5) enclosed in the doleritic
intrusion are transformed in marble with a granoblastic tex-
ture. The metamorphic mineral assemblages contain calcite,
garnet, vesuvianite and clinopyroxene. At the contact with
the magmatic body it can be recognized a centimetric (1-3
cm) reaction rim essentially made of granoblastic level of
garnet and clinopyroxene.

Centimetric to decimetric gabbro-derived granulite slices
in the Sub-ophiolitic Mélange (GRA17-18; Fig. 2) show
high-temperature metamorphic recrystallization, evidenced
by the development of a tectonic pervasive foliation, at the
sub-millimetric/millimetric scale, marked by alternating pla-
gioclase and pyroxenes levels. Plagioclase forms polygonal
aggregates with 120° triple junctions. Clinopyroxenes are
recrystallized into aggregates of secondary syn-kinematic
neoblastic clinopyroxene, with 120° triple junctions associ-
ated with minor brown amphibole + ilmenite + brown
spinel.

" [Ophiolitic Nappe

Fig. 5 - Mélange outcrop sampled along the Ioannina-Kozani road. The “volcano-sedimentary” sequence, though intensively sheared, is partly preserved. X-
serpentinite; df- sheared debris flow deposit; B- basalt; ch- radiolarian chert and siliceous shale; Is- metamorphosed limestone; - doleritic intrusion.
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The petrographical and textural features of the serpen-
tinites (GRA1-2; Fig. 5) indicate an origin from mantle peri-
dotites. Serpentinization affected olivine and orthopyroxene,
whereas clinopyroxene and spinel occur as mineral relics.
The serpentinites display an “orogenic\post-orogenic” per-
vasive tectonic foliation related to ductile and brittle shear
zones, developed in greenschist to sub-greenschist meta-
morphic conditions. The shear zones are characterized by a
textural and mineralogic reorganization that causes the de-
velopment of mylonitic fabrics associated with a foliation
marked by lepidoblastic/nematoblastic tremolite and actino-
lite levels.

In the phyllites and calcschists sampled at the contact be-
tween Sub-ophiolitic Mélange and Pindos Flysch (GRA19-
20; Fig. 2), two deformational phases (D, and D,) were rec-
ognized. The D, phase produced the S, foliation corre-
sponding to a slaty cleavage marked by the alternation of
quartz-feldspar-calcite-rich and phyllosilicate-rich layers,
consisting of fine-grained intergrowth of white mica and
chlorite. No folding structures associated with this foliation
were recognized. The S, foliation is made of greenschist fa-
cies mineral assemblages (muscovite + sericite + calcite +
chlorite + quartz). The D, phase folding event (Fig. 6b) gen-
erated the S, foliation that consists in a crenulation cleav-
age, where the S, foliation is preserved as relict foliation in
microlithons. The S, mm-spaced axial plane foliation is
made of greenschist to sub-greeschist facies mineral assem-
blages (chlorite + quartz + opaque).

Analytical methods

Bulk-rock major and trace element analyses on the two
basaltic samples (GRA15-16; Fig. 5) that are stratigraphical-
ly associated with radiolarites were performed by X-ray fluo-
rescence (XRF) and by inductively coupled plasma-mass
spectrometry (ICP-MS) at the Department of Earth Sciences
of the University of Ferrara. Samples GRA6 and GRA7 were
not analysed because it was not possible to assign an age to
the associated radiolarian chert samples due to their bad
preservation. Chemical compositions are presented in Table
1. The XRF analyses were performed on pressed powder pel-
lets with an ARL Advant-XP automated spectrometer using
the matrix correction methods proposed by Lachance and
Trail (1966). The ICP-MS analyses were achieved using a
VG Elemental Plasma Quad PQ?2 Plus spectrometer. Accura-
cy for XRF analyses is better than 3% for Si, Ti, Ca, K and
7% for Al, Mn, Mg, Na, P, and better than 6% for trace ele-
ments, with the exception of Ba (12%), Th (8%), and Nb
(13%). Detection limits for trace elements are: Zn, Cu, Sc,
Ga, Ba, Ce, Pb = 5 ppm; Ni, Co, Cr, V, Rb, Th, Nb, La, Sr,
Zr,Y =2 ppm. Accuracy for ICP-MS analyses ranges from 2
to 7 relative percent, with the exception of Nb (11%), Ta
(14%), and U (12%). Detection limits (in ppm) are: Nb, Hf,
Ta = 0.02; Th, U = 0.01; light (L-) and medium (M-) rare
earth elements (REE) <0.05; heavy REE (HREE) <0.07.

Basalt geochemistry and tectono-magmatic
interpretation

Ocean-floor hydrothermal processes commonly lead to a
variable mobilization of large ion lithophile elements
(LILE), such as Ba, Rb, K, and Sr. By contrast, the transition
metals (e.g., V, Cr, Mn, Fe, Co, Ni, Zn) and high field
strength elements (HFSE) (Zr, Y, Nb, Th, Ta, Ti, Hf, P) are
relatively immobile, and largely reflect magmatic abun-

dances (Beccaluva et al., 1979; Pearce and Norry, 1979;
Shervais, 1982). REE are also relatively immobile during al-
teration processes, although LREE may be slightly mobile
compared to HREE. For these reasons, the discussion on the
geochemical and petrogenetic features of the studied rocks
will be mainly based on those elements which can be consid-
ered immobile during metamorphic and alteration processes.

The studied basalts (SiO, = 52.02, 51.36) display a clear
sub-alkaline nature, as exemplified by their Nb/Y ratios <0.7
(Table E1). MgO (5.68, 7.25wt%), CaO (8.75, 10.70wt%)
contents, and Mg# (62.4, 63.4), indicate that these samples
represent slightly evolved volcanic products. TiO, (1.34,
1.50wt%), P,0O5 (0.12, 0.14wt%), Zr (77, 108 ppm), Y (26,
28 ppm) contents are relatively high. These basalts generally
display low compatible element contents (Cr = 158, 180
ppm, Ni = 108, 158 ppm, Co = 50, 55 ppm). The distribution
of HFSE concentrations (Fig. 7a) indicates that these rocks
share affinities with ocean-floor basalts. In particular, ele-
ments from P to Yb exhibit flat patterns showing approxi-
mately 1 times N-MORB abundances (Sun and McDonough,
1989). Nonetheless, these basalts show a slight enrichment in
Th, U, and Ta with respect to the typical N-MORB (Fig. 7a).
REE patterns (Fig. 7b) are also consistent with N-MORB
compositions. They have an overall enrichment in HREE of
13-20 times chondrite (Fig. 7b). They are characterized by
either mild LREE depletion or enrichment with respect to
medium REE (Lay/Smy = 0.76, 1.07), but show a slight to
moderate LREE/HREE enrichment (Lay/Yby = 1.09, 148).
In accordance with their slightly evolved nature, no negative
Eu anomaly can be observed (Fig. 7b).

Fig. 6 - a- Photomicrograph (nicols +) of idiomorphic plagioclase and in-
terstitial to poikilitic clinopyroxene in the dolerite of Figs. 4c, 5 (sample
GRA11); b- Photomicrograph of metamorphic rock in the Sub-ophiolitic
Mélange, photomicrograph (nicols +) of D, structure (sample GRA19).



Table 1 - Bulk rock major and trace ele-
ment analyses of basalts from the Gram-
mos-Arrenes area (samples GRA15-16).

Sample GRA15 GRAI6
Rock basalt basalt
Type N-MORB N-MORB

a b a b
Si0, 52.02 51.36
TiO, 1.50 1.34
ALO; 1645 14.98
Fe,0; 09I 1.12
FeO 6.10 7.46
MnO 0.43 0.16
MgO 5.68 7.25
CaO 8.75 10.70
Na,O 3.95 3.79
K,0 1.84 0.19
P,0; 0.14 0.12
L.O.I 1.97 1.58
Total  99.75 100.04
Mg# 62.4 63.4
Zn 75 72
Cu 99 88
Se 12 16
Ga 18 21
Ni 108 158
Co 50 55
Cr 180 158
v 183 237
Rb 38 365 4 199
Ba 564 174
Nb 3 2.66 3 377
Hf 2.58 1.97
Ta 0.26 0.23
Th 0.29 0.23
U 0.08 0.09
Pb 7 6
Sr 408 387 139 136
Zr 108 77
Y 260 244 28 275
La 4 372 6 4.73
Ce 13 121 14 127
Pr 2.02 1.88
Nd 9.82 8.82
Sm 3.15 2.85
Eu 1.17 1.05
Gd 3.98 3.64
Th 0.71 0.66
Dy 4.56 4.18
Ho 0.95 0.91
Er 2.64 242
Tm 0.40 0.36
Yb 2.45 2.29
Lu 0.36 0.32
Ti/V 50 35
Nb/Y 0.10 0.13
(La/Sm)y 0.76 1.07
(Sm/Yb)y 1.43 1.38
(La/Yb)y 1.09 1.48
Th/Ta 1.12 1.02
Th/Tb 0.41 0.36
CelY 0.46 0.45
Nb/Yb 1.09 1.64

Samples location are reported in Figs. 2, 3. N-
MORB- normal-type mid-ocean ridge basalt; a-
XRF analyses; b- ICP-MS analyses. Fe,05- 0.15 x
FeO; Mg#- 100 x Mg/(Mg+Fe?*), where Mg-
MgO/40 and Fe- FeO/72. Normalizing values for
REE ratios are from Sun and McDonough (1989).
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The Ti/V ratios are 35 and 50, which are typical values
for basalts generated at mid-ocean ridge settings (Shervais,
1982). In the Zr/4-Y-2Nb (Meschede, 1986) and Th-Ta-
Hf/3 (Wood, 1980) discrimination diagrams of Fig. 8, these
basalts plot in the fields for N-MORB compositions.

Ratios of highly incompatible trace elements, such as
Ce/Y are generally little influenced by moderate extents of
fractional crystallization, and are believed to reflect either
the source characteristics or the degree of partial melting
(Saunders et al., 1988). Ce is more incompatible than Y;
thus, rocks representing the smallest degree of partial melt-
ing or derived from more enriched sources exhibit both the
highest Ce/Y ratios. The studied basalts exhibit very similar
Ce/Y ratios (0.45,0.46), which are, however, slightly higher
than those of typical N-MORB (0.27) and slightly lower
than those of typical E-MORB (0.68) (Sun and McDo-
nough, 1989). Ce/Y ratios of the studied basalts are there-
fore compatible with a genesis either from primary magmas
originating from slightly enriched N-MORB type sub-
oceanic mantle sources or from low degree partial melting
of a depleted N-MORB type mantle source. Hygromag-
matophile elements are weakly fractionated by small ex-
tents of both partial melting and fractional crystallization.
Therefore, hygromagmatophile element ratios (e.g., Th/Ta,
Th/Tb) in basalts are believed to reflect the elemental ratios
in their mantle sources. The studied basalts have very simi-
lar Th/Tb (0.36, 0.41) and Th/Ta (1.02, 1.12) ratios, which
suggest that they most likely derived from compositionally
very similar mantle sources. However, a comparison
of these ratios and those observed in typical N-MORB
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Fig. 7 - N-MORB normalized incompatible element (a) and chondrite-nor-
malized REE (b) patterns for basalts from the Grammos-Arrenes area
(samples GRA15-16). Normalizing values are from Sun and McDonough
(1989).
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Fig. 8 - a- Zr/4-Y-2Nb (Meschede, 1986) and b) Th, Ta, Hf/3 (Wood,
1980) discrimination diagrams for basalts from the Grammos-Arrenes area
(samples GRA15-16). Abbreviations: WP- within-plate; VA- volcanic arc;
A- alkaline; T- tholeiite; N-MORB- normal-type mid-ocean ridge basalts;
E-MORB- enriched-type mid-ocean ridge basalt.

(Th/Tb = 0.18 and Th/Ta = 0.91, Sun and McDonough,
1989) further supports the hypothesis that the Grammos-Ar-
renes basalts derived from a slightly enriched N-MORB
type mantle source, as also indicated by the Th/Yb vs.
Ta/Yb ratios plotted in Fig. 9. According to the model pro-
posed by Haase and Devey (1996), their (Dy/Yb)y and
(Ce/Yb)y compositions are compatible with low degree (4-
5%) partial melting of a depleted MORB mantle source
(Fig. 10). In summary, the chemistry of the Grammos-Ar-
renes basalts suggests a genesis in a mid-ocean ridge tecton-
ic setting from low degree partial melting of a N-MORB
type sub-oceanic mantle source.

RADIOLARIAN BIOSTRATIGRAPHY

We collected eight chert samples for radiolarian analy-
ses: GRA3, 4, 8,9, 10 associated withbasalt samples GRAG6,

10 :
1 Th/Yb (ppm)
y
0.1
]
0.01 } — —rry S—
0.01 0.1 1Ta/Yb (ppm) 10

Fig. 9 - Th/Yb vs. Ta/Yb diagram for basalts from the Grammos-Arrenes
area (samples GRA15-16). Compositions of Modern ocean-island basalts
(OIB), enriched-type mid-ocean ridge basalts (E-MORB), and normal-type
mid-ocean ridge basalts (N-MORB) are from Sun and McDonough (1989).
Variations of elemental ratios of Triassic alkaline within-plate basalts
(WPB), Triassic enriched-type mid-ocean ridge basalts (E-MORB) and
Triassic-Jurassic normal-type mid-ocean ridge basalts (N-MORB) from
various localities of the Hellenides are reported for comparison (data from
Saccani and Photiades, 2005, and references therein).

7 and GRA12, 13, 14 associated with basalt samples
GRA15, 16 respectively (Fig. 5). All the samples were
etched with hydrofluoric acid at different concentrations, us-
ing the method proposed by Dumitrica (1970) and Pessagno
and Newport (1972). Probably due to the effects of strong
recrystallization associated with shear zones, samples
GRA3, 4, 8,9 and 10 show very bad preservation that ham-
pered an age determination. On the other hand, the samples
collected in areas far from shear zones contain radiolarians
with a good preservation (Plate 1); in particular sample
GRA13 shows very well preserved radiolarians.

In this paper we utilize the zonation proposed by Baum-
gartner et al. (1995) that span the Middle Jurassic - Early
Cretaceous time (Aalenian - early Aptian) and it includes 22
Unitary Association Zones (UAZ). These 22 UAZ represent
a synthesis of the 127 unitary associations (UA) calculated
utilizing the Biograph program (Savary and Guex, 1991).

Sample GRA12

Archaeodictyomitra sp. cf. A. patricki Kocher, Archaeod-
ictyomitra sp. cf. A. rigida Pessagno, Archaeodictyomitra
sp., Archicapsa sp., Eucyrtidiellum sp. cf. E. circumperfora-
tum Chiari, Marcucci and Prela, Eucyrtidiellum sp. cf. E.
unumaense unumaense (Yao), Hexasaturnalis suboblongus
(Yao), Hsuum sp., Praewilliriedellum robustum (Matsuoka),
Saitoum levium De Wever, Saitoum sp., Stichocapsa japoni-
ca Yao, Striatojaponocapsa plicarum (Yao), Striatojapono-
capsa sp. cf. S. plicarum (Yao), Svinitzium kamoensis
(Mizutani and Kido), Williriedellum yaoi (Kozur),
Williriedellum sp. cf. W. buekkense (Kozur), Williriedellum
sp. cf. W. yaoi (Kozur), Unuma sp.

AGE: latest Bajocian-early Bathonian (UAZ 5) for the
occurrence of Praewilliriedellum robustum (Matsuoka) with



Striatojaponocapsa plicarum (Yao) and Hexasaturnalis
suboblongus (Yao)

In this sample is present the taxon Hexasaturnalis subob-
longus (Yao). After Dumitrica and Dumitrica-Jud (2005) the
range of this taxon is early-middle Bajocian to late Bajocian
(UAZ 3-4), whereas Chiari et al. (2007) indicated that the
range could be longer: early-middle Bajocian to latest Bajo-
cian-early Bathonian (UAZ 3-5).

Sample GRA13

Archaeodictyomitra rigida Pessagno, Archaeodictyomi-
tra sp. cf. A. rigida Pessagno, Eucyrtidiellum unumaense
unumaense (Yao), Eucyrtidiellum sp. cf. E. unumaense
unumaense (Yao), Eucyrtidiellum sp., Hexasaturnalis
tetraspinus (Yao), Hsuum sp., Japonocapsa fusiformis
(Yao), Japonocapsa sp. cf. J. fusiformis (Yao), Parahsuum
sp., Praewilliriedellum sp. cf. P. robustum (Matsuoka),
Saitoum levium De Wever, Saitoum sp. cf. S. levium De
Wever, Saitoum sp., Stichocapsa japonica Yao, Striato-
Jjaponocapsa plicarum (Yao), Striatojaponocapsa sp. cf. S.
plicarum (Yao), Svinitzium sp. cf. S. kamoensis (Mizutani
and Kido), Transhsuum sp. cf. T. brevicostatum (Ozvoldo-
va), Unuma echinatus Ichikawa and Yao, Unuma sp.,
Unuma sp. cf. U. echinatus Ichikawa and Yao, Williriedel-
lum sp. cf. W. yaoi (Kozur).

AGE: late Bajocian to latest Bajocian-early Bathonian
(UAZ 4-5) for the occurrence of Saitoum levium De Wever,
Striatojaponocapsa plicarum (Yao) with Japonocapsa
fusiformis (Yao).

Sample GRA14

Archaeodictyomitra patricki Kocher, Archaeodictyomitra
rigida Pessagno, Archaeodictyomitra sp., Belleza decora
(Riist), Saitoum sp., Striatojaponocapsa plicarum (Yao),
Svinitzium kamoensis (Mizutani and Kido), Svinitzium sp.
cf. S. kamoensis (Mizutani and Kido), Transhsuum sp.,
Unuma sp., Unuma echinatus Ichikawa and Yao,
Williriedellum sp. cf. W. yaoi (Kozur), Williriedellum sp.
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Fig. 10 - (Dy/Yb)y vs. (Ce/Yb)y diagram for basalts from the Grammos-
Arrenes area (samples GRA15-16). Melt model is from Haase and Dewey
(1996).
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AGE: late Bajocian to latest Bajocian-early Bathonian
(UAZ 4-5) for the occurrence of Striatojaponocapsa pli-
carum (Yao) and Belleza decora (Riist).

FINAL REMARKS

The radiolarian cherts associated with N-MORB basalts
sampled in the Sub-ophiolitic Mélange of the Grammos-Ar-
renes area are latest Bajocian-early Bathonian in age (UAZ
5). This datum is consistent with others from the Sub-ophi-
olitic Mélange: Argolis (Bortolotti et al., 2003; Baumgartner
1984; 1985; 1995), Othris (Bortolotti et al., 2008), Eubea
(Danelian and Robertson, 2001), as well as from the Ophi-
olitic Nappe: Vourinos (Chiari et al., 2003), Eubea (Scher-
reikes et al., 2010).

The dolerites in the Sub-ophiolitic Mélange (Fig. 5) at
times clearly intrude whereas in other cases enclose a lime-
stone sequence, while its contact with the volcano-sedimen-
tary cover of the ophiolites is unclear, possibly tectonic.
Different hypotheses can be proposed to explain this situa-
tion: a- the dolerite intruded the mélange sequence, where
the limestones were associated with radiolarian cherts and
basalts; b- the dolerite intruded a limestone sequence, prob-
ably pertaining to a continental margin, and was then incor-
porated in the Sub-ophiolitic Mélange as a block and associ-
ated with the ophiolitic volcano-sedimentary cover. Al-
though very rare, both situations have been documented in
the Dinaric-Hellenic Chain. Saccani and Photiades (2005)
documented the occurrence of both boninitic and MORB
dykes cutting the sedimentary structures of the sub-ophi-
olitic mélange (Rubik Complex) in northern Albania. These
dykes were interpreted as injections of magmas in the fore-
arc region where the tectono-sedimentary mélange was
forming. By contrast, Ghikas et al. (2010) described the oc-
currence of dolerite and gabbro dykes intruding Triassic
continental margin carbonate sequences. These intrusions
have been interpreted as the earliest magmatic events that
accompanied the continental rift and break up. The data here
presented do not allow a clear definition of the tectonic sig-
nificance of the dolerite intrusion in the Grammos-Arrenes
area and further investigations will be necessary.

The basalts studied in this paper record a step of the Mid-
dle Jurassic oceanic evolution in the Hellenides. In fact, their
N-MORB geochemistry implies that a mid-ocean ridge was
still active in this sector of the Neo-Tethys during this time.
However, most of the N-MORBs from the external ophiolite
belt are Triassic in age (Bortolotti et al., 2004a; 2008), while
Middle Jurassic N-MORBs (Chiari et al., 2002) are volumet-
rically subordinate. Moreover, though the age of N-MORBs
from the external ophiolite belt is not well constrained, the
occurrence of both Triassic and Middle Jurassic N-MORBs
has also been reported in this ophiolite belt (see Pe-Piper and
Piper, 2002; Saccani et al., 2008a for references).

While it is commonly accepted that the Triassic N-
MORBS record the main mid-ocean ridge spreading phase
of the Neo-Tethys, the geodynamic significance of Middle
Jurassic N-MORBs is still matter of debate. In fact, accord-
ing to many authors (e.g., Robertson, 2002; Bortolotti and
Principi, 2005; Dilek et al., 2008; Saccani et al., 2010), the
Neo-Tethys was largely dominated by convergent move-
ments with the development of intra-oceanic island arcs in
supra-subduction zone settings (SSZ) since the Early-Mid-
dle Jurassic, as deduced from the massive occurrence of
SSZ-type ophiolites in both the external (Saccani et al.,
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2010) and internal (Saccani et al., 2008a; 2008b; 2010)
ophiolite belts.

All along the westernmost side of the external ophiolite
belt, from northern Albania (Bortolotti et al., 1996; 2002;
Bébien et al., 2000) to southern Albania (Hoeck et al.,
2002), Pindos (Saccani and Photiades, 2004), and Othrys
(Photiades et al., 2003; Saccani and Photiades, 2005; Barth
et al., 2008; Barth and Gluhak, 2009), most of the Middle
Jurassic N-MORBs are closely associated in space and time
with SSZ-type ophiolites, such as boninitic volcanics and
medium-Ti basalts (MTB). In particular, in the neighbour-
ing areas (i.e., southern Albania and Aspropotamos Com-
plex in the Pindos Massif) the Middle-Jurassic N-MORBs
are stratigraphically associated with boninite volcanics and
MTBs (Hoeck et al., 2002; Saccani and Photiades, 2004).
For explaining this close association of N-MORBs and
SSZ-type volcanics in the external ophiolites many authors
have suggested, thought with some variants, that most of
the N-MORBs of this belt formed in a SSZ setting (Bor-
tolotti et al., 1996; 2002; Bébien et al., 2000; Robertson
and Shallo, 2000; Barth et al., 2008; Barth and Gluhak,
2009). A comparison with similar rocks from the As-
propotamos series of the Pindos ophiolites (Saccani and
Photiades, 2004) indicates that the N-MORBs from the
Grammos-Arrenes area record the Middle Jurassic evolu-
tion of a mid-ocean spreading ridge located near to or with-
in a SSZ setting.

The present tectonic stack represents the result of a long-
lasting tectonic history. The tectonic slices of Beotian Fly-
sch below the Sub-ophiolitic Mélange testify an eastern
provenance of the Ophiolitc Nappe that during its westward
emplacement onto the continental margin scraped off por-
tions of sequences that are now juxtaposed to more external
units (i.e., Pindos Flysch). The westward movement of the
oceanic units onto the Pindos Flysch ended only during the
latest Eocene-Early Oligocene, when a climax of compres-
sional deformation lead to the formation of eastward verg-
ing reverse faults, followed by strike slip movements
(Zelilidis et al., 2002, Vamvaka et al., 2006), that cut the
Ophiolitic Nappe + Sub-ophiolitic Mélange basal thrust and
led to inversion tectonics in the western border of the Meso-
Hellenic Basin (Ferriére et al., 2004).
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omitra patricki Kocher, GRA14; 2) Archaeodictyomitra rigida Pessagno, GRA14; 3) Archicapsa sp., GRA12; 4) Belleza decora
(Riist), GRA14; 5) Eucyrtidiellum unumaense unumaense (Yao), GRA13; 6) Eucyrtidiellum sp. cf. E. unumaense unumaense (Yao), GRA12; 7) Hexasaturnalis
suboblongus (Yao), GRA12; 8) Hexasaturnalis tetraspinus (Yao), GRA13; 9) Japonocapsa fusiformis (Yao), GRA13; 10) Japonocapsa fusiformis (Yao),
GRA13; 11) Praewilliriedellum robustum (Matsuoka), GRA12; 12) Saitoum levium De Wever, GRA12; 13) Saitoum levium De Wever, GRA13; 14) Stichocap-
sa japonica Yao, GRA13; 15) Striatojaponocapsa plicarum (Yao), GRA14; 16) Striatojaponocapsa plicarum (Yao), GRA12; 17) Svinitzium kamoensis (Mizu-
tani and Kido), GRA14; 18) Unuma echinatus Ichikawa and Yao, GRA13; 19) Williriedellum yaoi (Kozur), GRA12; 20) Williriedellum sp., GRA14.
Scale bar = 20u.







