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ABSTRACT

The Mirdita-Subpelagonian ophiolites of the Albanide-Hellenide orogen are parts of a continuous belt extending from the former Yugoslavia to Greece
and share common geological, litho-stratigraphical, geochemical, and metallogenic features.
In the Albanian sector, two distinct ophiolitic belts can be clearly identified: the Western Belt, mainly composed of mid-ocean ridge (MORB) ophiolites, and
the Eastern Belt characterized by supra-subduction zone (SSZ) ophiolites with prevalent island arc tholeiitic (IAT) and minor boninitic affinity. In the eastern-
most border of the Western Belt (Central Mirdita), a transitional zone with MORB/IAT intermediate basalts and boninitic dykes also occur.
In the Greek sector, a definite distinction into two ophiolitic belts cannot be made, and MORB-type ophiolites (western type) are subordinate, being represen
ed only by the intrusive and lower volcanic sequences of the Pindos Massif. By contrast, SSZ- ophiolites (eastern type) are predominant and well-represen
by the IAT and boninitic sequences of the Vourinos Massif, as well as by MORB/IAT intermediate basaltic-andesitic suites and boninites of the upper part o
the Pindos volcanic sequence.
Petrological and geochemical modelling suggest that the different Albanide -Hellenide ophiolitic sequences originated from distinctly different parental mag-
mas by partial melting of mantle sources progressively depleted by previous melt extractions. MORB may have derived from 10 - 20% partial melting of ar
undepleted lherzolitic source, while MORB/IAT intermediate basalts may have generated by ca. L04asdibted partial melting of a cpx-poor Iherzolite
that had previously experienced MORB extraction. IAT magmas and boninites may, in turn, have derived from 10 — 20 % and ca. 30% partial melting of th
same source, variably enriched by subduction-derived fluids and related incompatible elements.
The favoured tectono-magmatic model for the genesis of the Albanide-Hellenide ophiolites implies a low plate-convergence velocity with: 1) intra-oceanic
subduction within a pristine MORB lithosphere, resulting in SSZ magmatism with IAT affinity, and generation of a nascent arc by nearly open-system supply
of undifferentiated basalts (sheeted dyke complexes); 2) progressive slab sinking and retreat coupled with mantle diapirism and extension from the arc axis
the forearc region, with generation of boninites and/or very low-Ti tholeiites from depleted sub-arc sources, leaving highly depleted harzburgitic residua; 3
contemporaneous generation at the spreading axis of IAT/MORB intermediate basalts resulting from the interference of MORB-source diapirs with suprasul
duction mantle sources; 4) convergence processes leading to obduction of large and relatively intact lithospheric s8&iophkiofits onto the Pelagon-
ian continental margin, often with the interposition of metamorphic soles. The latter have prevalent MORB affinity and represent relics of the pristine MORB
lithosphere overthrust by the still hot ophiolitic slab.

INTRODUCTION REGIONAL TECTONIC SETTING

Greek ophiolites have been the subject of research for a The Albanide-Hellenide orogenic belt is composed of
long time because they represent important elements foseveral westward-verging tectono-stratigraphic zones,
the reconstruction of the geodynamic evolution of the Hel- which can be referred to five fundamental paleo-tectonic
lenide orogenic belt. By contrast, Albanian ophiolites, settings (Beccaluva et al., 1997; Robertson and Shallo,
though representing the most intact examples of Jurassi2000, Pe-Piper and Piper, 2002), from west to east: 1) the
ophiolites in the Mediterranean region, have become ac-Adria continental margin (represented by five tectono-strati-
cessible to the international scientific community only in graphic zones); 2) the Jurassic Subpelagonian ophiolitic do-
the past decade. main; 3) the Pelagonian continental margin; 4) the Vardar

Nonetheless, the increasing number of literature dataophiolitic domain; and 5) the Rhodope continental margin.
from both Albanian (Mirdita) and Subpelagonian Greek  The tectono-stratigraphic zones, having different names in
ophiolites (Fig. 1) reveals that they share significant geo-Albania and Greece, are (from west to east) the following.
logical, geochemical and petrological characteristics (e.g.

Hoeck et al., 2002; Beccaluva et al., 2004), suggesting a The Adria Continental Margin includes:
common tectono-magmatic evolution from the same The Sazani (in the Albanides)/pre-Apulian (in the Hel-
oceanic basin. lenides) Zone is dominated by Late Triassic-Jurassic to Cre-

The aim of this paper is to present a review of the petro-taceous-Eocene platform carbonates, which are uncon-
genesis and original tectonic setting of the Albanide-Hel- formably overlain by Early Miocene shallow marine to flu-
lenide Subpelagonian ophiolites (Fig. 1a) in the frameworkvial terrigenous deposits.
of the Mesozoic tectonic evolution of the Eastern Neo- The lonian Zone includes evaporites, Late Triassic-Early
Tethyan oceanic basin. For this purpose, attention has beedurassic shallow marine limestones and dolomites, and
focused on some key areas of the Albanide-Hellenide ophio-Jurassic-Eocene cherty limestones overlain by Oligocene
lites, that is: the northern Mirdita (Fig. 1b) in Albania, and flysch. The exposed successions of this zone record an Ear-
the Pindos (Fig. 1c) and Vourinos (Fig. 1d) Massifs in ly to Middle Triassic rifting stage followed by a final
Greece. This review is based on published literature data, abreak-up and Early Jurassic post-rift subsidence with deep-
well as on new data on mafic volcanic rocks, mainly from water sedimentation.
the northern Mirdita area. The Kruja (in the Albanides)/Gavrovo-Tripolitsa (in the
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Hellenides) Zone in the Albanian sector is made up of Cre-ceous deep-water carbonates and Late Eocene-early
taceous-Eocene shallow-water limestones and dolomitesMiocene turbidites.

and Oligocene turbidites; the succession is locally covered The Albanian Alps (in the Albanides)/Parnassus (in the

by transgressive, Serravallian-Tortonian continental de-Hellenides) Zone in the Albanian sector consists of two sub-

posits. In the Greek sector, Triassic-Jurassic to Mid Cretazones (Valbona and Malesia-e-Madhe) with different paleo-

ceous shallow-water carbonates are followed by Late Cretageographic and paleotectonic significance. The Valbona
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Fig. 1 - A: Simplified tectonic map of the Albanide-Hellenide area showing the main tectono-stratigraphic units. Compiled after Robertson (1994); Robertsor
and Shallo (2000) and references therein. Dashed line indicates the inferred boundary between the Eastern and Western Ophiolitic Belts (from Beccaluva
al., 1994). B: Simplified geological map of the northern Mirdita area. Modified from Bortolotti et al. (2002). WOB = western ophiolitic belt, EOB = eastern
ophiolitic belt. C: Simplified geological map of the Pindos ophiolitic Massif. Modified from Jones and Robertson (1991). D: Simplified geological map of the
Vourinos ophiolitic Massif. Modified from Moores (1969); Mavrides et al. (1982, 1991).
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sub-zone is characterized by Jurassic limestones and Maashe Rhodope microcontinent with the Moesian platform
trichtian-Paleogene flysch, whereas the Malesia-e-Madhe(Robertson, 2002).
sub-zone includes Late Triassic-Cretaceous limestones and
Paleocene flysch. In Greece, the Parnassus zone has recently
been interpreted as a microcontinental platform within the ANALYTICAL METHODS
Neo-Tethyan ocean, and shows remarkable facies similari-
ties with the Malesia-e-Madhe sub-zone (Robertson and Bulk rock major and trace element (Pb, Zn, Ni, Co, Cr,
Shallo, 2000). V, Rb, Sr, Ba, Nb, Zr) analyses were performed on pressed
The Krasta-Cukali (in the Albanides)/Pindos (in the Hel- powder pellets using an automated Philips PW1400 X-ray
lenides) Zone is composed of units representing the deepfluorescence (XRF) spectrometer with the matrix correction
water passive margin of the Adria, and showing significantmethods proposed by Franzini et al. (1972). Precision and
facies variations from north to south. In the northern sector,accuracy are better than 3% for Si, Ti, Ca, K and 7% for Al,
the succession includes: Triassic mafic to intermediate vol-Mn, Mg, Na, P, and are better than 10% for trace elements
canics, Triassic shales, limestones and radiolarian chertsabove 10 ppm. Volatiles were determined as loss on ignition
Jurassic carbonates and radiolarian cherts, early Cretaceouf-.O.l.) at 1000°C.
Cenomanian carbonates, calcareous turbidites, mudstones, Rare Earth Elements (REE), Sc, Y, Nb, Ta, Hf, Th, U
and marlstones. In the south Albanian sector, the successiowere determined by inductively coupled plasma-mass spec-
is dominated by Cretaceous-Maastrichtian terrigenous turtrometry (ICP-MS), using a VG Elemental Plasma Quad
bidites and pelagic carbonates. In the Greek sector, the PinPQ2 Plus at the Department of Earth Sciences of the Uni-
dos Zone is mainly characterized by Tithonian-Early Creta-versity of Ferrara. Accuracy of better than 10% was evalu-
ceous deep-water limestones passing into Mid-Late Cretaated using results for international standard rocks, duplicate
ceous pelagic carbonates and Late Cretaceous-Paleogemens of several samples, and the blind standards included in
ophiolite-derived sandstones (Pindos Flysch). the sample set. ICP analyses were determined by inductive-
The Subpelagonian domainis represented by Mirdita ly coupled plasma-optical emission spectrometry at the
(in the Albanides)/Subpelagonian (in the Hellenides) Zone,Centre de Recherches Pétrographique et Géochimique
which consists of Jurassic ophiolites and related sedimentafC.R.P.G.) of Nancy (France) with an accuracy of 15% for
ry rocks. Ophiolites include sequences generated in bothYb and Lu and better than 8% for other REE and Y (see
mid-ocean ridge (MORB) and in supra-subduction zoneanalyses for reference standards from Roelandts and
(SSZz) settings (Beccaluva et al., 1984, 1994; Shallo, 1994Michel, 1986).
Capedri et al., 1980 Bébien et al., 2000). However, in Alba-
nia, MORB and SSZ ophiolites are clearly represented by
two distinct units (the western belt and eastern belt ophio- MIRDITA OPHIOLITES
lites, respectively) whereas, in Greece, a sharp geographical
distinction cannot be made. The associated sedimentary
rocks mainly include Triassic neritic carbonates and pelagic The Mirdita ophiolites extensively crop out from north to
cherty limestones, radiolarian cherts at the top of the ophi-south Albania (Fig. 1a) covering an area ca. 250 km long
olitic volcanics, and a supra-ophiolitic flysch. Sub-ophiolitic and up to 70 km wide. They are associated throughout with
(Rubik Complex, Avdella Mélange, etc.) and supra-ophi- the sub-ophiolitic mélange of the Rubik Complex with
olitic (Simoni Flysch) mélanges are widely associated to slices of metamorphic soles locally intercalated in-between.
ophiolites in this Zone (Bortolotti et al., 1996). Ophiolites are overlain by a thick sedimentary sequence
The Pelagonian continental marginis represented by  which, according to Bortolotti et al. (1996), can generally be
the Korab (in the Albanides)/Pelagonian (in the Hellenides)subdivided in: 1) the Late Jurassic- Early Cretaceous ophio-
Zone, which are characterized by a Paleozoic basement corite-derived sedimentary mélange (Mirdita Mélange) and
sisting of an Ordovician-Devonian terrigenous sequenceFirza Flysch, and 2) the Early-Late Cretaceous post-oro-
(with volcanic intercalations and granitoid intrusions) un- genic, carbonate sequence.
conformably covered by a Permo-Triassic clastic sequence, The Rubik Complex consists of an assemblage of block
possibly representing the early rifting stage of the Paleozoicand/or thrust sheets of (1) Triassic-Jurassic, mainly carbon-
continental domain. This sequence passes upwards to Earlyate sequence, (2) Triassic basalts with intercalations of radi-
Mid Triassic volcano-sedimentary sequences and Triassicolarites, (3) serpentinized mantle peridotites, and (4) Late
Jurassic neritic and pelagic carbonate deposits. Tertiary fly-Jurassic - Early Cretaceous Mirdita Mélange and Firza Fly-
sch and Triassic gypsum crop out in the Albanian Peshkopsch (Bortolotti et al., 1996).
tectonic window (Fig. 1b). In the Albanian - northern Greek  The metamorphic sole includes garnet-bearing amphibo-
sector, the Pelagonian Zone units were strongly deformedites, garnet-bearing micaschists and paragneisses. Based on
and metamorphosed during Late Jurassic-Cretaceous timeheir geochemical signatures, the inferred protoliths for am-
whereas in central and southern Greece the Pelagonian zonghibolites are mid-ocean ridge basalts (MORB), cumulate
is unmetamorphosed. gabbros and ocean island basalts, whereas paragneiss and
TheVardar Zone represents the oceanic suture zone be-smicaschists probably represent siliciclastic sediments (Bec-
tween the Pelagonian microplate and the Rhodope Massif¢caluva et al., 1994; Carosi et al., 1996).
and includes a complex assemblage of Hercynian continen- On the basis of petrographic, geochemical, and metallo-
tal basement rocks, Jurassic ophiolites, deep-water sedimergenic data (Beccaluva et al., 1994; Shallo, 1994), the Alban-
tary rocks, and calc-alkaline intrusives and volcanics (Bébi-ian ophiolites can be subdivided into two NNW-SSE trend-
en et al., 1984). ing subparallel belts, the Western and the Eastern Ophiolitic
The RhodopeMassif consists of a pre-alpine continental Belts (Fig. 1a). The best exposed and preserved ophiolitic
basement showing a complex Mesozoic-Early Tertiary de-sequences of both Western and Eastern Belts are found in
formation history resulting from the northward collision of the northern Mirdita area (Fig. 1b).

Geological framework
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Table 1 - Bulk-rock major and trace element analyses of selected basaltic rocks from the Mirdita Western Belt Ophiolites.

MORB MORB / IAT

Locality Kalur Kalur Porave Blinish Ungrej Perlat Blinish Blinish Ungrej Kalur Simon Ungrej Kalur Kalur Kaginar Kalur

Sample RU273 RU269 AL127 ALS0 RUI92 SH42 AL4  ALS RU200 RU274 RUI122 RUI199 RU280 RU268 RUI24 RU283
Rock Bas Bas Bas Bas Bas Bas Bas Bas Bas Bas Bas Bas Bas Bas Bas Bas
Note Pillow Pillow Pillow Pillow Pillow Pillow Pillow Pillow Pillow Pillow Pillow MLF Pillow Pillow Pillow MLF
Data (a) (a) (a) (b) () (a) (b) (b) () (a) (d) © (a) (a) () (a)
XRF analyses:
SiO; 4446 4581 46.74 4697 4708 4975 4991 50.58 48.14 4842 4872 4878 48.81 4927 4928 5075
TiO, 2.06 222 1.87 3.49 2.23 1.94 1.58 2.70 0.87 0.83 0.96 1.06 0.76 1.09 1.31 0.70
Al O, 1453 1576 1448 1372 1503 1426 14.00 1347 1637 1734 1589 16.81 14.13 17.17 1476 1847
Fe,O; 1.33 1.85 1.63 2.09 1.83 1.77 1.45 1.89 1.35 1.11 1.38 1.25 1.30 1.21 1.38 1.03
FeO 889 1235 1089 1390 1217 11.78 964 12.59 9.04 737 9.19 8.32 8.67 8.10 9.23 6.87
MnO 0.18 022 0.18 0.25 0.21 0.20 0.17 0.20 0.17 0.18 0.18 020 0.20 0.18 0.16 0.16
MgO 6.26 6.97 8.46 5.11 7.13 6.65 7.79 4.87 8.08 7.56 8.65 7.66 8.52 6.79 8.92 6.08
CaO 11.43  10.17 8.97 8.06 8.17 920 10.74 6.42 11.25 1294 1097 1322 1391 1097 11.24 1044
Na,0O 1.81 2.69 2.90 3.74 388 223 343 546 2.92 1.43 250 224 1.94 2.89 2.80 3.15
K,O 0.03 026 024 0.18 042 017 0.09 0.16 0.29 009 0.11 0.01 0.03 0.37 0.02 0.75
P;0s 0.16 0.18 0.28 0.32 015 0.16 0.14 0.25 0.09 0.03 0.09 0.15 0.01 0.07 0.12 0.03
L.O.L 8.85 1.51 334 2.15 1.70 1.90 1.06 1.43 1.42 2.70 1.36 0.28 1.72 1.89 0.77 1.57
Total 100.00 100.00 100.00 100.01 100.00 100.01 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 100.00
mg# 55.6 50.2 58.1 39.8 51.1 50.4 593 41.1 614 64.6 62.6 62.1 63.7 59.9 633 612
Pb n.a. n.a. 21 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Zn n.a. n.a. 950 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. na. n.a. n.a.
Ni 81 62 70 44 76 37 63 43 87 89 67 108 117 103 63 69
Co 44 40 41 37 46 32 34 36 46 50 49 46 65 57 47 39
Cr 212 139 244 101 181 99 264 99 253 226 211 456 227 271 155 295
Vv 406 423 402 525 435 425 384 592 296 301 310 270 284 320 345 230
Rb n.d. n.d. 4 14 7 9 6 8 12 n.d. 5 7 n.d. n.d. 12 n.d.
Sr 60 99 123 85 123 55 83 105 86 54 48 57 27 65 49 80
Ba n.a. n.a. 65 30 296 4 2 31 38 n.a. 33 43 n.a. n.a. 22 na.
Nb n.a. n.a. n.a. n.d. n.a. 2 3 5 n.a. na. na. n.a. n.a. na. n.a. n.a.
Zr 107 116 124 209 133 91 82 156 53 13 52 91 11 27 111 14
ICP-MS and ICP analyses:

*) *) *) ) *) ) ) ) *) *) {*) *) *) (*) {*) *
Sc 112 137 76.5 na. 94.4 n.a. na. na. 123 102 81.5 125 106 126 86.8 875
Y 386 466 355 84.6 530 478 39.7 60.9 273 17.1 249 30.0 18.2 26.8 333 17.5
La 369 260 462 5.06 329 315 2.70 6.25 0.43 027 046 0.70 0.35 0.70 1.25 0.32
Ce 11.9 9.39 13.8 21.1 11.4 11.1 8.46 18.7 1.69 1.27 1.88 291 1.34 247 442 1.27
Pr 225 1.88 2.40 na. 2.15 n.a. n.a. na. 0.39 0.31 0.45 0.63 0.29 0.55 0.95 0.33
Nd 12.8 10.5 13.3 212 12.7 10.7 8.42 15.2 2.70 2.30 346 3.84 2.08 3.53 6.25 233
Sm 4.57 4.08 4.75 9.03 494 483 3.83 6.19 1.39 1.29 1.97 1.68 1.20 1.86 2.88 1.28
Eu 2.46 1.64 1.63 3.18 1.63 1.51 1.38 2.03 0.64 0.64 0.80 0.79 0.58 0.85 1.09  0.63
Gd 5.64 5.39 5.96 11.8 579  6.03 5.02 7.68 220 1.94 2.71 241 1.95 2.81 3.71 2.02
Tb 1.15 1.13 1.17 n.a. 1.09 n.a. n.a. n.a. 0.51 0.46 0.56 0.53 0.46 0.62 0.71 0.44
Dy 7.08 7.18 7.94 13.1 713 756 5.79 8.83 3.46 3.19 3.93 3.57 3.26 4,18 4.75 3.00
Ho 1.58 1.63 1.66 n.a. 1.56 n.a. na. n.a. 0.83 0.76 0.85 0.85 0.78 0.98 1.01 0.71
Er 4.37 4.65 5.08 6.55 466 401 313 4.73 2.44 227 2.62 248 2.36 2.80 3.09 2.11
Tm 0.60 0.66 0.67 n.a. 0.61 n.a. n.a. n.a. 0.35 0.33 0.34 0.36 0.34 0.40 0.40 0.30
Yb 3.65 3.91 5.15 6.22 4.53 447 3.69 545 2.17 2.09 2.55 2.26 2.10 247 3.00 1.90
Lu 0.61 0.65 0.72 1.02 062 073 0.59 0.88 0.37 0.35 0.35 0.38 0.35 0.42 0.41 0.31
Nb 1.56 1.45 3.65 n.a. 1.88 n.a. n.a. n.a. 0.35 0.18 0.24 0.31 0.18 0.61 0.79 0.13
Hf 2.94 2.96 441 n.a. 349 na. n.a. n.a. 0.85 0.78 1.04 1.13 0.65 1.16 0.98 0.76
Ta 029  0.11 0.38 n.a. 0.12 n.a. n.a. n.a. 0.04 0.05 0.05 0.04 0.04 0.05 0.06 0.02
Th 0.10  0.09 0.38 na. 0.15 n.a. n.a. n.a. 0.03 0.01 0.02 0.02 0.01 0.08 0.08 0.01
U 0.03 0.05 0.37 n.a. 0.04 na. n.a. n.a. 0.01 0.02 0.00 0.01 0.09 0.04 0.01 0.04
TV 30 31 28 40 31 27 25 27 18 16 19 24 16 20 23 18
Y 2.4 24 2.8 25 24 2.5 24 3.0 2.0 0.6 1.8 32 0.5 1.0 3.0 0.7
Ti/Cr 58 96 46 207 T4 118 36 164 21 k7] 27 14 20 24 51 14
(La/Sm)y 0.52 041 0.63 0.36 0.43 0.42 0.46 0.65 0.20 0.13 0.15 027 0.19 0.24 0.28 0.16
(Sm/Yb)y 1.39 1.16 1.02 1.61 1.21 1.20 1.15 1.26 0.71 0.68 0.86 0.83 0.64 0.84 1.07 0.75
(La/Yb)y 0.72 0.48 0.64 0.58 052 051 0.52 0.82 0.14 0.09 0.13 0.22 0.12 0.20 0.30 0.12

Abbreviations: Bas = basalt; MLF = massive lava flow; mg# = molar Mg/(Mg+Fe)*100; n.d. = not detected; n.a. = not analyzed. Data source: (a) original da-
ta, (b) Beccaluva et al. (1994); (c) Bortolotti et al. (2002); (d) Bortolotti et al. (1996). (*) ICP-MS analyses; (°) ICP analyses. Normalization values for REE
ratios are from Sun and McDonough (1989).
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Western Ophiolitic Belt The eastern part of this belt (central Mirdita in Fig. 2) is
characterized by the occurrence of volcanic sequences
where pure MORBSs alternate with basalts showing MORB /
island arc thoeliite (IAT) intermediate geochemical features,
and are cross-cut by very low-Ti basaltic dykes with

This belt is largely characterized by a stratigraphic se-
quence (Western Mirdita in Fig. 2) which includes, from
bottom to top: (1) Iherzolitic mantle tectonites; (2) a layered

matfic-ultramafic cumulitic sequence, consisting of (pl-) boninitic affinity (Bortolotti et al., 1996, 2002, Bébien et al.,

dunites, troctolites, (pl-) wehrlites, (mela-) gabbros, and ) )
very scarce Fe-gabbros and plagiogranites; and (3) a vo[2000; Hoeck et al., 2002). Moreover, these sequences local

canic sequence, which is mainly composed of pillow IavaIy S.H?W sheer:ed QyITe rc]omplex_es_ at thfeg baslg. ks sh
basalts with MORB (high-Ti) affinity (Beccaluva et al., . € g('a\fl)gReémcf? ¢ aL"’.‘C:]e;lTQ‘“CS 0 .?S‘Zt'bc roci S slow—
1994). The crystallization order observed in both intrusivesmghpflj_gg conten?(;qltgo(wl[%/ )' alr)n?r'le':i /3“;';,[?08 é;_eﬁt)'veAZ_
and extrusives is olivine + chromite followed by plagioclase gn 115, ¢ Ao HWLTD) A : :
and clinopyroxene, the order typical of MOR magmatism cordingly, in the discrimination diagram of Fig. 3, they clus-
All rock types are'variably affected by ocean floor meta. € in the field for basalts generated at mid-ocean ridge set-
morphism mainly in greenschist facies. The most completetIngS (Shervais, 1982; Be_ccaluva et al., 1983). H|gh—T|
ophiolitic sequences of the Western Belt may reach a totaFa%altS fromh thle erd|t?chi|§EI)ay relatively abu(nl_(ilggtEh/lgl\fll

. ; . . ield strength element concentrations -
thickness of about 3-4 km. Radiolarian cherts, overlying theMORB — 1 to 5), 20 to 50 times chondritic abundances for

western ophiolites display middle Bathonian assemblage%eavy REE (HREE) (Fig. 4a) and significant light REE

(Marcucci etal., 1994). (LREE) depletion (Lg/Sm, = 0.36-0.63; Ly/Yb,, = 0.48-
0.72) (Bortolotti et al., 1996, 2002; Hoeck et al., 2002). All
Albania these characteristics are consistent with N-MORB composi-
KEY Eastern Belt tions at variable degrees of differentiation, as suggested by
1o == Albania Western Belt ¢ - eastern Mirdita FeQ, TiOz, and V enrichments, typical of low-P, tholeiitic
% fract|ona_t|on at a mid-ocean rldg_e (Beccaluva et al., 1994,
0 o b = Gehtial S Bortolotti et al., 1996, 2002; Bébien et al., 2000; Hoeck et
irdita Mirdita T al., 2002).
Foe o v R The MORB / IAT intermediate basalts of central Mirdita
8 u (medium-Ti basalts of Bortolotti et al., 2002; low Zr/Y
RN basalts of Hoeck et al., 2002) show Tintents varying
from 0.71 wt% to 1.32 wt%, Zr = 11-111 ppm, Y = 21-37
7 110 ppm, and FO.= 0.01 wt% - 0.15 wt%. These intermediate
s B 2222 geo.chem.ical featurgs are evidenced in the Ti vs. V discrimi-
AAAAA A nation diagram (Fig. 3), where they c_Iuster across the
~b —— chroniite boundary between the IAT and MORB fields (Ti/V = 20),
5 PN a lenses as well as by the HFSE depletion intermediate between the
Western belt N-MORBs and the Eastern Belt IATs (0.5t0 1
4 ‘, i times N-MORB: Bortolotti et al., 1996, 2002, Hoeck et al.,

'
d - Pindos \

2002). These basalts are characterized by severe Th and

FETT © Dramala ) IR f Voiiirise LREE depletion (Lg/lSm, = 0.15-0.28). Co, Ni, and Cr con-
3 >/ b Complex : — tents, usually higher than those of MORBSs, suggest that
4 N e these basalts represent rather primitive magmas.
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Fig. 2 - Stratigraphic columns of the main Jurassic ophiolitic types of Al-

bania and Greece. Key. 1: Sub-ophiolitic mélange and metamorphic sole;
2: Mantle tectonites (a- lherzolite, b- harzburgite); 3: ultramafic cumulates 100 -

Vourinos
® Krapa Series IAT

A Asprokambo Series

(a- dunite, wehrlite, pl-dunite and pl-wehrlite; b- alternating sequences of Very Low-Ti
dunite-anorthosite-troctolite-gabbro series and dunite-wehrlite-olivine gab-

bro series; c- dunite, chromitite, pl-lherzolite, Iherzolite, olivine websterite,

websterite); 4: troctolite; 5: mafic cumulates (a- gabbro; b- gabbronorite); O T T T T T T T T T T

6: Qz-diorite and plagiogranite; 7: sheeted dykes; 8: mafic pillowed and 0 2 4 6 8 10 12 14 16 18 20 22 24
massive volcanics (a- high-Ti basalts; b- alternating high-Ti and Ti/1000 (ppm)

MORB/IAT intermediate basalts; c- low-Ti and very low-Ti volcanics and

dykes); 9: andesite, dacites, rhyolite volcanics and dykes; 10: sedimentaryFig. 3 - V vs. Ti/1000 discrimination diagram (Shervais, 1982) for mafic
sequences including radiolarian cherts and flysch. Compiled from: Jonesvolcanic and subvolcanic rocks from the Mirdita, Pindos, and Vourinos
and Robertson (1991); Beccaluva et al. (1994, 1997); Bortolotti et al. gphiolites. Field encircles MORB/IAT intermediate basalts from different
(1996, 2002); Robertson (2002); Saccani and Photiades (2004). localities.
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Very low-Ti basaltic dykes, sporadically found in the The radiolarian cherts topping the eastern belt ophiolites
central Mirdita, display boninitic affinities and geochemical display ages similar to those of the western ophiolites, rang-
characteristics undistinguishable from similar lithologies of ing from middle Bathonian at the base to middle Bathonian
the Eastern Belt (e.g. sample RU196 in Table 2). - early Callovian at the top (Marcucci et al., 1994; Marcucci
and Prela, 1996).

IAT basaltic rocks range in Tidrom 0.29 wt% to 0.81
wt%, (Table 2) and in Ti/V ratios between 10 and 20 (Fig.

The eastern ophiolitic belt shows a generalized sequenc&). N-MORB normalized HFSE patterns range from 0.2 to
that is distinctly different from those of the Western Belt 0.8 (Bortolotti et al., 2002). Low-Ti basaltic - andesitic
(Beccaluva et al., 1994; 1997) and includes (Eastern Mirditarocks are characterized by depletion in LREE (Fig. 5a, b), as
in Fig. 2), from bottom to top: (1) harzburgitic mantle tec- exemplified by the Lg/Sm, and Lg/Yb,, ratios ranging
tonites with dunite and chromitite pods and lenses in theirfrom 0.15 to 0.64 and 0.11-0.56, respectively, whereas
upper part; (2) ultramafic cumulates consisting of dunitesHREE are significantly more depleted (6 to 15 times chon-
with chromitite layers, (ol-) websterites, and plagioclase- dritic abundances) when compared to the Western Belt
Iherzolites with very subordinate troctolites in few-decime- MORBSs.
tre layers in the lower part of the cumulitic sequences of the Very low-Ti basalts and basaltic andesites resembling
Bulgiza and Shebenik ultramafic massifs (Beccaluva et al.,high-Ca boninites (Crawford et al., 1989) and are typically
1994; Bebien et al., 1998); (3) mafic cumulates mainly com-characterized by very low TiCcontents (0.12-0.39 wt%),
posed of (ol-) gabbronorites, followed by abundant quartz-coupled with high amounts of MgO (9.62-16.72 wt%) and
diorites and plagiogranites; (4) a sheeted dike complex; (5)CaO (9.87-11.91 wt%). Ti/V ratios are less than 10 (Fig. 3)
a volcanic sequence including massive and pillowed basaltstypical of boninitic-type mafic rocks. Basalts and basaltic
basaltic andesites, andesites, dacites and rhyolites showingndesites are generally characterized by a severe HFSE and
mainly IAT (low-Ti), and subordinately, boninitic (very REE depletion (Table 2); REE patterns display both LREE
low-Ti) affinities (Beccaluva et al., 1994; Shallo, 1994; Bé- depleted (Fig. 5¢) and U-shaped (Fig. 5d) chondrite-normal-
bien et al., 2000; Bortolotti et al., 1996). Boninitic rocks are ized patterns.
also found as dykes cutting the whole ophiolitic sequence.

The crystallization order is olivine + chromite, pyroxene,

followed by plagioclase, magnetite, ilmenite and, finally, PINDOS OPHIOLITES

hornblende in quartz-diorites and plagiogranites. The most

complete ophiolitic sequences of the Eastern Belt are char-

acterized by a total thickness (from mantle tectonites to vol- The Pindos Massif (Fig. 1c) represents the widest ophi-

canics) of about 6-8 km. olitic outcrop of the Hellenides (2500 Rmlt is character-

ized by ophiolitic successions dismembered in a series of

west-verging, thrust sheets imbricated together with plat-

form carbonates, pelagic and turbiditic sediments and

mélange units. These thrust sheets are emplaced over the au-

tochthonous Maastrichtian-Eocene Pindos Flysch (Fig. 1c).

According to Jones and Robertson (1991), the Jurassic Pin-

dos Ophiolite Group represents the uppermost tectonic ele-

ment in the Pindos Massif, and it can be subdivided into two

main tectonic units (from bottom to top): the Aspropotamos

Complex and the Dramala Complex (Figs.1c, 2). Both these

, units are characterized by a metamorphic sole (Loumnitsa

a - HIGH-Ti BASALTS Unit) and a sub-ophiolitic mélange (Avdella Mélange) at
their base. The Pindos ophiolite Group is overlain by the

1 Eocene-Miocene molasse deposits of the Meso-Hellenic

La Ce PrNdPmSmEuGd Tb Dy Ho Er TmYb Lu Trough (Fig. 1c). _ _
The Aspropotamos Complexalthough highly dismem-

100 - bered, shows an apparent stratigraphic sequence (Fig. 2) in-

] cluding: layered ultramafic and mafic cumulates, as well as
b - MORB/IAT BASALTS isotropic mafic intrusive and mafic volcanic rocks (Mon-
tigny et al., 1973). The ultramafic-mafic cumulates are char-
acterized by alternating sequences of (1) dunite-anorthosite-
troctolite-gabbro and (2) dunite-wehrlite-olivine gabbro,
passing upward into isotropic gabbros and scarce pla-
giogranites.

A sheeted dyke complex marks the transition between
the intrusive and volcanic sequence; the latter consists of
pillow and massive basalts, basaltic breccias and hyalo-

R NI clastites. The mafic rocks of the Aspropotamos Complex
1=ttt display the coexistence of distinct magmatic affinities. In

La Ce Pr NdPmSmEu Gd Tb Dy Ho Er TmYb Lu fact, in the intrusive section, the sequences dunite-

Fig. 4 - Chondrite-normalized (Sun and McDonough, 1989) REE patterns anorthosite-troctolite-gabbro may have resulted from a frac-

for basalts from the Mirdita Western Belt Ophiolites. A: high-Ti basalts; : tional crystallization order O, PI, Cpx typical of MOR-type
MORBY/IAT intermediate basalts. magmatism; in contrast, the sequences dunite-wehrlite-
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olivine gabbro reflect a Ol, Cpx, PI-Opx fractional crystal-
lization order, typical of supra-subduction zone-type mag-
matism (Beccaluva et al., 1983).

Accordingly, in the volcanic sequence, Capedri et al.
(1980) provided evidence for the presence of both MORBs
and IAT volcanics cut by boninitic dykes in the Metsovo
area. Kostopoulos (1988) documented the occurrence of
volcanic sequences in the central sector of Pindos, in which
rocks with different magmatic affinities alternate, thus re-
flecting a general evolution from MORB to IAT, and finally
to boninitic rocks. In addition, Saccani and Photiades (2004)
reported a volcanic sequence in the Aspropotamos river area
consisting of (from bottom to top): 1) a lower pillow lava
with MORB (high-Ti) affinity; 2) lava flows showing
boninitic (very low-Ti) affinity; 3) an upper pillow lava sec-
tion with MORBY/IAT intermediate basalts; and 4) boninitic
dykes cutting the whole sequence.

The Dramala Complexis mainly composed (Fig. 2) of
variably serpentinized harzburgitic tectonites locally cov-
ered by dunite, pyroxenite and ultramafic cumulates (Jones
and Robertson, 1991).

The Loumnitsa Unit represents the metamorphic sole of
both Aspropotamos and Dramala Complexes (Fig. 1c, 2),
and consists of metabasites and metasedimentary rocks
ranging from greenschist to amphibolite facies. According
to Jones and Robertson (1991), two main types of mafic
protoliths are found in this Unit: typical mid-ocean ridge
basalts (MORBSs) and within-plate basalts (WPBs). Various
dating methods (Thuizat et al., 1981; Spray et al., 1984 and
references therein) give ages ranging from 163+3Ma to
172+5Ma.

The Avdella Mélange is a typical tectono-sedimentary
mélange (Kemp and McCaig, 1984; Jones and Robertson,
1991), which occurs at the base of both Aspropotamos and
Dramala Complexes. Blocks in the mélange include sedi-
mentary rocks, basalts, rocks of the metamorphic sole, as
well as radiolarian cherts indicating both Late Triassic and
Jurassic ages. The available analyses on basaltic blocks re-
veal MORB and WPB compositions typical of oceanic-
ridge and oceanic island settings, respectively (Jones and
Robertson, 1991).

Geochemistry

Saccani and Photiades (2004) recognized three main geo-
chemical groups in the volcanic sequence of the Aspropota-
mos River section: (1) high-Ti basalts from the lower part of
the pillow sequence; (2) MORBJ/IAT intermediate basalts
and basaltic andesites from the upper part of the pillow se-
quence; and (3) very low-Ti basaltic and basaltic andesitic
dykes and massive lava flows intercalated in the pillow se-
quence. These groups can be identified in thesVTi dis-
crimination diagram of Fig. 3, where basaltic rocks from the
lower pillow sequence display Ti/V ratios typical of
MORBs (around Ti/V = 30); the upper pillow sequence has
lower Ti/V ratios (22), and dykes and massive lava flows
exhibit Ti/V ratios comparable with those of boninitic rocks
(lower than 10).

High-Ti basalts from the lower pillow sequence are char-
acterized by HFSE concentrations approximately equal to N-
MORB, and rather flat chondrite-normalized REE patterns
(Fig. 6a) with a mild LREE depletion (j&m, = 0.89).

Volcanics from the upper pillow have very low Ni and

lites. a: low-Ti basalts; b: low-Ti basaltic andesites and andesites; c: veryCl contents (11-12 ppm, 16-19 ppm, respectively), moderate
low-Ti basalts; d: very low-Ti basalts and basaltic andesites.

to low MgO (4.1-7.59%), and higher FgkagO ratio (1.4-
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Table 2 - Bulk-rock major and trace element analyses of selected volcanic and subvolcanic rocks from the Mirdita Easter
Belt Ophiolites.

IAT VERY LOW-Ti

Local. Kalivar G.Vogel Kalivar Perlat Kalivar Tuc  Puke Q.Mali Gjazuj Shemri Tug Ungrej Tuc Arst  Arst  Kalivar

Sample A266 AL48 A261 A432 A256 A462 SH47 AL40 1A204 1A144 AL139 RUI9 Ad464 ALI130 ALI129 A257
Rock Bas Bas Bas Bas Bas B.And B.And And Bas Bas Bas Bas B.And B.And B.And B.And
Note Pillow Dyke Pillow Dyke(1) Dyke Dyke
Data (a) (a) (b) (b) (b) (b) (b) (a) (a) (a) (a) (c) (b) (a) (a) (b)
XRF analyses:
SiO, 4792 48.54 51.66 5192 5288 5454 5470 57.62 4768 50.14 5154 5207 5271 5481 5532 56.57
TiO, 0.62 0.81 0.89 0.44 0.46 0.76 0.58 0.66 0.33 0.12 0.29 0.35 0.29 0.39 0.18 0.24
Al O 1566 1460 1423 1464 1367 1342 1510 13.58 12.01 941 1440 1238 1461 1510 1046 1401
Fe,O; 1.47 1.25 1.45 1.13 1.34 1.39 1.34 1.44 1.11 1.28 1.20 1.07 1.16 1.34 1.03 1.05
FeO 9.79 8.33 9.65 7.50 8.93 9.26 8.90 9.61 742 8.52 8.01 7.15 7.76 8.94 6.89 732
MnO 0.11 0.16 0.15 0.13 0.18 0.14 0.17 0.11 0.15 0.20 0.14 0.15 0.13 0.15 0.14 0.16
MgO 6.68 10.70 6.90 9.84 10.88 7.74 7.11 6.30 16.11 16.31 938 12.02 9.49 557 11.77 7.99
CaO 837 12.92 8.02 9.13 3.34 4.50 5.07 275 11.02  11.07 1162 1092 9.53 769 1057 473
Na,O 4.35 1.39 3.81 1.66 346 2.94 3.60 5.78 1.51 0.42 0.59 222 0.73 3.03 1.75 5.68
K,0 0.02 0.03 0.01 007 003 1.25 0.80 0.04 0.04 0.03 0.10 0.04 0.08 0.05 0.12 0.02
P,0s 0.06 0.11 0.10 0.08 0.06 0.06 0.05 0.05 0.06 0.05 024 003 0.07 0.11 0.20 0.04
L.O.1 4.94 1.15 3.14 345 4.78 3.99 2.58 2.04 257 246 248 1.60 343 2.82 1.57 2.19
Total 99.99 100.00 100.01 99.99 100.01 9999 100.01 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
mg# 55.1 69.8 56.3 70.2 68.7 60.1 58.7 54.1 79.5 713 67.6 75.0 68.5 526 75.3 65.8
Pb na. na. n.a. n.a. n.a. na. na. na. 5 4 3 na. na. 9 2 n.a.
Zn n.a. n.a. n.a. n.a. na. n.a. n.a. n.a. 57 32 72 n.a. n.a. 84 82 n.a.
Ni 21 86 49 53 54 24 23 10 242 370 146 160 89 22 116 33
Co 34 46 41 35 26 28 28 34 54 63 42 41 38 33 38 31
Cr 49 482 45 114 161 50 66 20 878 1702 563 734 294 38 777 113
A" 422 244 474 312 264 416 321 337 224 205 276 223 266 323 252 240
Rb n.d. n.d. n.d. n.d. 4 9 15 n.d. 10 14 6 n.d. nd. 2 2 n.d.
Sr 91 42 19 85 39 81 77 36 950 25 27 117 34 8 79 27
Ba 27 22 9 29 11 29 61 42 170 18 64 334 23 30 57 18
Nb n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.a. n.a. n.a. na. n.d. n.a. n.a. nd.
Zr 21 34 43 28 36 34 21 31 50 15 12 36 12 30 27 19
ICP-MS and ICP analyses:

{°) ) (*) ) ) *) (°) ) *) *) (*) *) ) (*) *) )
Sc n.a. n.a. n.a. n.a. na. n.a. n.a. n.a. 94,7 76.4 812 116 na. 71.7 80.2 n.a.
Y 11.4 22.7 19.3 11.9 13.9 16.8 16.3 17.6 9.46 3.84 7.07 941 8.05 10.3 527 9.00
La 0.96 1.01 0.98 0.96 0.86 1.20 1.42 211 0.29 1.03 0.37 0.56 0.48 090 061 121
Ce 242 3.77 3.06 2.44 3.05 3.09 3.83 5.64 0.82 227 085 1.29 1.66 227 1.31 2.89
Pr n.a. n.a. n.a. n.a. na. n.a. n.a. n.a. 0.16 0.25 0.13 0.24 n.a. 0.31 0.16 n.a.
Nd 2.50 433 3.03 227 2.58 249 349 3.64 1.03 0.98 0.78 1.30 1.27 1.66 0.79 1.82
Sm 1.42 2.07 1.34 1.10 1.21 1.21 1.41 1.72 0.49 0.28 0.38 0.57 0.51 0.66 0.33 0.61
Eu 0.44 0.78 0.54 0.35 039 047 0.51 0.51 0.25 0.09 0.18 0.28 0.23 0.19 0.14 0.23
Gd 1.46 342 2.10 1.74 1.57 1.69 1.67 1.95 0.80 0.30 0.1 0.76 0.87 095 0.45 0.82
Tb n.a. n.a. n.a. n.a. na. n.a. n.a. n.a. 0.17 0.06 0.13 0.17 n.a. 0.19 0.11 n.a.
Dy 2.00 3.67 271 1.71 2.04 2.56 241 2.68 1.25 0.48 1.00 1.17 1.17 1.52 0.89 1.35
Ho n.a. n.a. n.a. n.a. na. n.a. n.a. n.a. 0.29 0.12 0.23 0.28 na. 0.36 0.22 n.a.
Er 1.16 1.92 1.49 0.95 1.19 1.26 1.31 1.54 089 044 0.78 082 074 1.18 0.74 0.96
Tm n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.13 0.07 0.11 0.12 na. 0.18 0.12 n.a.
Yb 1.33 2.15 1.93 1.24 1.36 1.74 1.74 1.91 0.99 0.60 0.98 0.82 1.00 1.50 0.97 1.18
Lu 0.23 0.38 0.31 0.22 0.24 0.28 0.31 0.35 014  0.10 0.15 014 019 023 0.16 0.22
Nb n.a. n.a. n.a. n.a. na. n.a. n.a. n.a. 0.35 0.92 0.22 0.58 n.a. 0.46 0.54 n.a.
Hf n.a. n.a. n.a. n.a. na. n.a. n.a. n.a. 0.36 0.35 0.33 0.42 n.a. 0.63 045 n.a.
Ta n.a. n.a. n.a. na. na. na. n.a. n.a. 005 030 003 0.09 na. 005 0.06 na.
Th n.a. n.a. n.a. n.a. na. n.a. n.a. na. 0.03 0.52 0.10 0.08 n.a. 0.26 0.15 n.a.
u n.a. n.a. n.a. n.a. na. n.a. na. n.a. 0.01 0.24 0.08 0.03 n.a. 0.12 0.06 n.a.
TilV 9 20 11 8 10 11 11 12 9 3 6 10 7 7 4 6
ZrY 1.3 1.7 1.9 2.0 22 1.7 1.6 1.8 56 52 1.5 34 1.2 25 4.5 1.7
Ti/Cr 77 10 119 23 17 90 53 197 2 3 3 6 61 1 13
(La/Sm)y 0.44 0.31 047  0.56 0.46 0.64 0.65 0.79 0.38 237 0.63 0.64 0.61 0.89 1.20 1.28
(Sm/Yb)y 1.19 .07 077 099 0.99 0.77 0.90 1.00 0.55 0.51 0.44 0.77 0.57 048 038 0.57
(La/Yb)y 0.52 0.34 036  0.56 0.45 0.49 0.59 0.79 0.21 1.22 027 049 0.34 0.43 045 0.74

(1) Dyke in Western Ophiolitic Belt MORBs.

Abbreviations: Bas = basalt; B.And = basaltic andesite; And = andesite; mg# = molar Mg/(Mg+Fe)*100; n.d. = not detected; n.a. = not analyzed. Data sourc
(a) original data, (b) Beccaluva et al. (1994); (c) Bortolotti et al. (2002). (*) ICP-MS analyses; (°) ICP analyses. Normalization values for REE ratios are from
Sun and McDonough (1989).
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1.9) in comparison with those of the lower pillow sequence

(Table 3). Moreover, in spite of their more evolved nature,

they display lower HFSE concentrations with flat patterns at
0.5-1 times N-MORB (Saccani and Photiades, 2004). These
rocks show HREE concentrations (Fig. 6a) similar to those
of basalts from the lower pillow sequence, but have com-
paratively greater LREE depletion ((/&m, = 0.68-0.80).

In summary, basaltic rocks from the upper pillow sequence
show overall geochemical characteristics which are inter-
mediate between N-MORB and IAT compositions.

Dykes and massive lava flows interlayered in the pillow
lavas are represented by very low-Ti basalts and basaltic an-
desites (Table 3), characterized by very low contents of
HFSE (e.g., TiQ 0.14-0.39%, FO,, <0.01%, Zr 10-38
ppm, Y 7-16 ppm), between 0.1 and 1 times N-MORB
composition (Saccani and Photiades, 2004). They display
REE with the U-shaped patterns (Figs.6b, c) typical of
boninites observed in forearc regions (Crawford et al.,
1989; Falloon and Crawford, 1991), as well as in many
ophiolitic complexes (e.g., Beccaluva and Serri, 1988; Bé-
dard, 1999).

Mantle peridotites of the Dramala Complex (Upper
Ophiolitic Unit) show compositional variations mainly re-
flected in their TiQ, Al,O,, and CaO contents, as well as
REE distributions (Table 3) related, in turn, to clinopyrox-
ene abundance. The refractory and clinopyroxene-poor
harzburgite (EP6) is characterized by low Ji@l,O, and
CaO contents coupled with very depleted REE patterns
(Fig. 6d). By contrast, the clinopyroxene-bearing harzbur-
gites/Inerzolite EP22 displays comparatively higher TiO
Al,O, and CaO contents, as well as overall abundance of
REE (Fig. 6d).

VOURINOS OPHIOLITES
Geological framework

The Vourinos Complex is located eastward of the Pindos
Complex (Fig. 1a), and is thought to be continuous with the
latter below the Meso-Hellenic through molasse (Ross and
Zimmerman, 1996). This ophiolitic complex is largely dom-
inated by mantle tectonites (Fig. 1d), consisting of massive
harzburgite and deformed pods and lenses of dunite and
chromitite. Mantle tectonites are frequently cross-cut by
dunite and pyroxenite dykes, and overlain by ultramafic cu-
mulates, mainly represented by dunite and subordinate
chromitite and wehrlite. The generalized stratigraphic se-
guence of the Vourinos Complex (Fig. 2) continues upward
with mafic cumulates, in which gabbronorites (with scarce
ol-clinopyroxenite layers) predominate. Locally, mafic cu-
mulates are topped by isotropic diorites and plagiogranites,
as well as by magmatic breccias in the upper part of cumu-
late section. Dykes and sills of basaltic to dacitic composi-
tions are found at the top of the diorites in the Krapa series,
and are overlain by basaltic and andesitic massive lavas
(Beccaluva et al., 1984). The ophiolitic sequence is topped
by latest Bajocian-early Callovian radiolarian cherts (Chiari
et al., 2003) followed by Albian-Aptian calcareous arenites
and Cenomanian limestones. Sub-ophiolitic mélange and
amphibolitic soles, dated as 171+4 Ma (Spray and Roddick,
1980), crop out in the eastern border of the massif (Fig. 1d).
In the Rhodiani area (Fig. 1d) the Vourinos Complex is dis-
membered in several thrust sheets emplaced over the Pelag-

plex (a, b, c) and mantle harzburgites from the Pindos Dramala Complex ONian platform. These include an ultramafic unit, a volcanic

(d). Modified from Saccani and Photiades (2004).

unit, and a Middle-Late Jurassic carbonate platform sliver
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Table 3 - Bulk-rock major and trace element analyses of selected volcanic, subvolcanic, and peridotitic rocks from the Pindc
Ophiolites.

ASPROPOTAMOS RIVER DRAMALA
COMPLEX COMPLEX
MORB MORB/IAT
LPS UPS VERY LOW-Ti LAVAS AND DYKES PERIDOTITES
Sample EP45 EP49 EP50 EP48 EP43 EP54 EP32 EP39 EPI5 EP42 EP46 EP47 EP40 EP38 EP6 EP22
Rock Bas B.And B.And B.And Bas Bas Bas Bas B.And B.And B.And B.And B.And B.And Harz  Lherz
Note Pillow  Pillow Dyke Pillow MLF Dyke Dyke Dyke MLF Dyke MLF MLF Dyke Dyke
XRF analyses:
SiO, 47.50 5275 5205 5534 50.08 5066 50.88 5286 5341 5365 54.85 5490 5505 56.04 42.86 41.13
TiO, 1.25 1.12 1.01 1.21 016 014 015 016 027 019 039 022 027 028 0.01 0.06
AlLO; 16.78 16.75 1836 14.91 13.99 11.90 1029 1006 1494 1508 1628 1556 1609 14.75 035 240
Fe; 05 1.15 1.33 1.25 142 1.08 1.13 1.10 1.06 0.81 1.15 1.25 1.20 1.16 1.34
FeO 7.65 884 830 943 7.21 756 732 709 538 764 832 802 773 8.91 678  6.50
MnO 0.16 0.18 0.18 0.17 0.16 0.15 0.16 0.15 0.14 0.15 0.16 0.15 0.15 0.16 0.13 0.13
MgO 9.57 5.36 5.57 7.59 1435 1624 1869 1694 13.17 7.55 6.52 747 7.31 7.23 4428 40.50
CaO 10.95 3.95 3.08 223 7.24 6.86 8.12 8.89 364 9.68 6.16 7.39 5.67 8.24 0.56 223
Na,O 2.87 5.08 8.23 3.72 1.99 241 0.68 0.86 428 2.74 3.53 242 4.30 1.75 0.00 0.00
K,O 0.06 228 0.12 1.31 010 020 008 0.03 0.03 0.01 057 019 023 0.04 000  0.00
P:Os 0.09 0.07 0.08 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
L.OL 1.96 2.29 1.77 2.56 364 275 2.53 1.89 393 2.16 1.96 248 2.03 1.27 5.03 7.04
Total 100.00  100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
mg# 69.3 522 54.7 59.2 78.0 79.3 820 81.0 814 638 583 62.4 628  59.1 92.1 91.7
Pb 31 25 6 27 5 7 5 3 5 5 33 33 6 2 n.d. 7
Zn 78 79 69 89 77 54 61 64 61 65 69 76 71 64 42 42
Ni 140 11 11 12 187 268 310 228 53 56 24 76 52 42 2367 1934
Co 39 23 24 30 42 51 52 49 32 29 36 39 35 37 115 96
Cr 399 19 18 16 658 1105 1348 1082 111 74 47 138 111 72 2625 2580
A" 247 307 255 314 264 233 231 212 173 290 243 263 249 299 31 70
Rb 5 42 n.d. 21 nd. 3 2 nd. n.d. n.d. 10 4 2 nd. n.d. n.d.
Sr 155 139 122 107 82 52 29 41 49 126 125 111 107 88 n.d. 24
Ba 22 131 18 113 22 21 17 8 9 9 39 30 13 10 n.d. 6
£r 107 67 54 68 12 10 11 11 30 14 38 17 22 23 n.d. n.d.
ICP-MS analyses:
Sc 31.7 29.6 273 29.1 475 278 24.7 3l6 128 424 23.1 379 283 349 5.16 8.64
Y 284 21.8 210 26.8 6.68 535 419 494 7.44 6.12 15.3 8.09 8.71 10.3 0.08 2,12
La 3.52 2.11 1.99 241 059 048 047 040 082 0.66 1.33 0.88 1.16  0.80 002 003
Ce 9.93 5.85 4.71 6.23 1.34 1.10 1.08 091 1.92 1.48 3.14 1.76  2.68 1.83 0.04 009
Pr 1.65 1.12 0.92 1.05 0.17 0.13 0.14 0.13 0.27 0.19 0.48 0.26 0.40 0.25 0.01 0.02
Nd 8.55 591 4.85 577 0.73 0.61 068  0.60 136 084 263 .10 2.05 1.29 002 017
Sm 2.56 2.02 1.72 1.95 0.27 0.20 0.24 0.23 0.46 0.30 0.92 0.40 0.80 0.47 0.01 0.12
Eu 0.88 0.65 0.62 0.70 014 007 009 009 014 0.5 0.33 0.14 041 0.15 n.d. 0.05
Gd 3.28 2.80 248 207 043 0.34 0.36 0.35 0.70 0.48 1.46 0.70 1.11 0.75 0.01 0.22
Th 0.62 0.56 0.51 0.55 010  0.08 008 008 014 0.11 030 0.16 029 017 nd. 0.06
Dy 3.98 3.80 346 3.67 077 061 058 059 1.02 079 210 1.24 1.91 1.26 002 038
Ho 0.88 085 0.80 083 0.21 016 014 015 024 020 049 033 0.51 0.32 0.01 0.10
Er 2.62 255 239 252 067 055 048 049 072 066 1.50 1.05 1.67 1.03 002 030
Tm 0.38 040 037 038 012 009 007 008 0.11 0.11 0.23 018 026 017 n.d. 0.05
Yb 2.64 2.65 243 2.65 0.91 0.77 0.60 0.62 0.77 0.87 1.66 1.32 1.81 1.28 0.03 0.32
Lu 0.38 040 037 038 016  0.11 0.08 009 0.11 0.14 024 021 0.31 0.19 0.01 0.05
Nb 364 235 1.33 247 0.94 0.76 0.70 0.42 1.96 1.00 1.04 1.17 1.03 0.95 0.42 0.06
Hf 2.61 236 1.58 2.02 052 027 026 027 n.d. 0.63 1.01 0.53 0.96 0.57 0.02 0.09
Ta 0.25 016 009 0.17 010 0.08 017 0.05 0.14 016 009 0.11 025 007 047 0.06
Th 0.23 0.25 0.18 0.27 0.20 0.17 0.14 0.13 0.21 0.19 0.28 0.24 0.43 0.33 0.01 0.01
u 0.07 012  0.16 0.13 009 007 007 007 008 009 0.15 0.12 033 0.14 n.d. nd.
Tifv 30 22 23 4 4 4 5 9 4 10 5 7 6
Y 3.7 29 23 26 1.5 15 1.9 1.6 3.0 1.9 24 1.8 1.9 1.7
Ti/Cr 19 360 453 1 1 1 1 15 15 51 10 15 24
{La/Sm)y 0.89 0.68 0.75 0.80 1.38 1.53 1.27 1.14 1.16 1.42 0.94 1.41 0.94 1.10 1.67 0.14
(Sm/Yb)y 1.08 0.85 0.79 0.82 0.34 029 044 040 066 038 062 034 049 041 025 040
(La/Yb)}y 0.96 0.57 0.59 0.65 047 045 0.56 0.46 0.77 0.54 0.58 0.48 0.46 0.45 0.42 0.06

Abbreviations: LPS = lower pillow series; UPS = upper pillow series; Bas = basalt; B.And = basaltic andesite; Harz = harzburgite; Lherz = lherzolite; MLF =
massive lava flow; mg# = molar Mg/(Mg+Fe)*100; n.d. = not detected. Data from Saccani and Photiades (2004). Normalization values for REE ratios are
from Sun and McDonough (1989).
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overlain by neritic to pelagic Cretaceous limestone (Photi-ferent source characteristics that are associated, in turn, to
ades and Pomoni-Papaioannou, 2001; Carras et al., 2004). distinct tectono-magmatic settings of formation. Moreover,

Beccaluva et al. (1984) distinguished two differing mag- the particular association of MORB, intermediate
matic series in the Vourinos Complex: (1) a predominant is-MORB/IAT, and boninitic rocks observed along some
land-arc tholeiitic series represented by the Krapa Hills se-Mirdita volcanic sequences (e.g. the Kalur sequence, Bor-
guence, which includes wehrlites, clinopyroxenites, andtolotti et al., 2002) and in the Pindos Aspropotamos Com-
gabbronorites, covered by volcanic and subvolcanic rocks;plex (Capedri et al., 1980; Saccani and Photiades, 2004)
and (2) a subordinate and younger boninitic series represensuggests that distinct magma sources were closely associat-
ed by the Asprokambo dykes and associated websterited in space and time during the oceanic accretionary
layered gabbronorites, quartz-diorites, and granophyres.  processes.

The overall REE and HFSE contents are commonly con-
sidered a distinctive geochemical characteristic of magma
types and their related mantle sources, with particular regard

According to Beccaluva et al. (1984) the two volcanic and to the degree of depletion(s) (Pearce et al., 1984, Pearce,
subvolcanic sequences of the Vourinos Complex consist 0f2003).

(1) basalts, basaltic andesites, andesites, and dacites in the The high-Ti basalts corresponding to N-MORB composi-
low-Ti series of the Krapa Hills; and (2) basalts, basaltic an-tion (Figs. 4a and 6a) show the highest REE patterns and
desites, andesites, dacites, and rhyolites in the very low-Ttherefore represent magmas generated from the least deplet-
series of the Asprokambo (Table 4). Basaltic rocks from ed mantle sources.

these groups can be readily distinguished on the basis of their The MORBY/IAT intermediate basalts show relatively low
Ti/V ratios (Fig. 3), which lie between 10 and 20 and less REE concentrations (Fig. 4b) suggesting that they originated
than 10 for the Krapa and Asprokambo series, respectively. by partial melting of mantle sources that were more refrac-

The Krapa basalts have Ti/Zr ratios (100-135) and Zr/Y tory with respect to MORB. Similar REE patterns can be
ratios (2-2.6) typical of island arc tholeiites (Beccaluva et al. observed in many SSZ basalts (Yumul, 1996; Klein and
1979), whereas the Asprokambo basaltic dykes show comKarsten, 1995), and are considered the product,0f-&$-
paratively lower Ti/Zr (79-99), Zr/Y (1.8-2.2) and sisted re-melting of a SSZ mantle wedge that already under-
Al,0,/TiO, (33-77) ratios with affinities with boninitic ~ went MORB extraction. In fact, the marked LREE depletion
rocks from western Pacific island arcs (Beccaluva and Serri(Figs.4b) of these basalts ([/&m, = 0.13-0.28) suggests
1988). The Krapa and Asprokambo series are characterizethat the SSZ mantle wedge did not undergo any significant
by distinct crystallization orders, which are respectively: enrichment by subduction-related fluids, except water. On
olivine - clinopyroxene - plagioclase - orthopyroxene — Fe- the other hand, low-Ti and very low-Ti basaltic rocks, corre-
Ti-oxides, and (olivine) - orthopyroxene + clinopyroxene -
plagioclase — amphibole. In addition, the early appearance
of orthopyroxene, the presence of quartz - albite myrmekite 100 3
in basaltic andesites and quartz phenocrysts in dacites fror 3 a - LOW-Ti KRAPA SERIES
Asprokambo suggest a more saturated character of this se 1
ries with respect to the Krapa series.

Moreover, the Krapa rocks are richer in Ti@&l,0O,,
FeO, and HFSE and are poorer in Ni and Cr with respect tc
the Asprokambo lavas (Table 4). Krapa basaltic rocks dis-
play LREE depleted patterns with overall REE concentra- ]
tions from 5 to 10 times chondrite (Fig. 7a). ] ------- Bas —}— B.And

The most striking characteristics of the Asprokambo ---@-- Bas —e—-A---- And
basaltic rocks are their extremely low contents of HFSE wanBsss Dag
(TiO, 0.19-0.44%, FO, 0.01-0.02%, Zr 16-31 ppm, Y 9-15 e A T S S S SO ST ST ST SR ST S S '

L] L L] L T L L ] Ll L] L] L L] T T

ppm), associated with a relatively low 8% (13.6-15.7%) L Pr NdPmSmEuU Gd Tb Dv Ho Er Tm Yb Lu
and marked REE depletion. Their REE abundances rang: RGRIFE NEmSmEY by

from 2 to 8 times chondrites (Fig. 7b). All these features co- 100 -
herently indicate similarities between the Asprokambo se- 1  b-VERY LOW-Ti ASPROKAMBO SERIES
ries and boninitic lavas found in the forearc regions of ]

Geochemistry

Rock/Chondrite

-

oceanic island arcs (Beccaluva and Serri, 1988; Crawford e 2
al., 1989; Falloon and Crawford, 1991). D ] -—-----Bas ---B-- Bas
e -_-..:_'_::'_lﬂ":ﬂ
N = /ﬁnuﬁg_ﬁ--
g 10 3 A 2
MAGMA GENESIS AND MANTLE SOURCES Q
14
From the data presented above, it results that four mair
groups of parental basic magmas occur in the Albanide-Hel-
lenide ophiolites: (1) high-Ti basalts comparable to N- -l 0— B.And --—A—--Dac ---O--- Rhy
MORB; (2) low-Ti basalt-basaltic andesite,which are best P T SR L ST . S L L
equated to IAT; (3) basalts and basaltic andesites showin( LaCe Pr NdPmSmEuUGd Tb Dy Ho Er TmYb Lu

geochemical features intermediate between MORB andgiy 7 _ chondrite-normalized (Sun and McDonough, 1989) REE patterns
IAT; (4) very low-Ti basalt-basaltic andesite-andesite, re- for volcanic and subvolcanic rocks from the Vourinos Ophiolites. a: low-Ti

sembling a boninite suite. The compositional differences be-rocks from the Krapa series; b: - very low-Ti rocks from the Asprokambo
tween these magma types could be primarily related to dif-series.
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Table 4 - Bulk-rock major and trace element analyses of selected volcanic, and subvolcanic rocks from the Vourinos Ophiolites

KRAPA SERIES ASPROKAMBO SERIES
IAT VERY LOW-Ti

Sample AP-10-6 AP-26-7 AP-19-7 AP-9-6 AP-1-7 AP-3-4 AP-13-1 AP-1-3  AP-1-1 AP-5-1
Rock Bas Bas B.And And Dac Bas Bas B.And Dac Rhy
SiO, 48.92 52.41 53.24 58.50 64.25 51.85 52.51 55.70 68.39 7240
TiO, 1.01 0.45 0.66 0.78 0.73 0.44 0.21 0.19 0.32 0.25
AL Os 18.42 15.80 16.57 15.12 13.83 14.35 15.70 14.62 1290 10.90
Fe,Os 1.47 1.07 1.21 1.23 1.03 1.02 0.91 0.83 0.77 0.65
FeO 9.80 7.16 8.10 823 6.86 6.79 6.05 5.56 5.14 4.30
MnO n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
MgO 4,12 8.10 523 4.55 2.63 6.75 8.20 5.86 1.72 1.45
CaO 8.15 4.35 2.95 2.86 1.22 12.06 8.80 9.55 2.60 3.10
Na,O 3.85 3.56 4.85 441 5.02 1.21 2.56 2.54 4.18 3.51
K,O 0.33 1.54 1.23 0.37 0.16 0.30 0.15 0.12 0.03
P,0s 0.06 0.02 0.03 0.05 0.07 0.02 0.01 0.01 0.03 0.04
L.O.I. 1.78 491 5.02 3.16 2.64 3.66 343 332 2.06 1.75
Total 97.9 99.4 99.1 99.3 98.4 98.2 98.7 98.3 98.2 98.4
mg# 43.1 67.1 53.8 49.9 40.8 64.1 70.9 65.5 37.6 37.8
Zn 82 101 97 80 96 63 74 94 78 64
Ni 30 47 33 27 20 105 86 57 31 15
Co 47 39 37 34 14 44 43 40 25 16
Cr 28 130 54 62 52 402 311 154 92 81
\% 443 241 294 300 177 278 290 215 93 24
Rb 7 11 13 5 n.d. 3 5 6 5 n.d.
Sr 125 87 72 74 36 133 89 59 78 73
Nb 3 <2 <2 3 4 <2 <2 <2 3 4
Zr 58 27 35 47 66 27 16 24 35 37
Y 24 11 16 20 32 13 9 11 24 25
Sc 36.9 35.5 30.8 32.7 258 414 45.5 44 4 21.6 19.4
La 2.13 1.17 1.53 1.60 2.28 1.09 0.70 0.91 1.86 1.71
Ce 6.21 3.51 4.46 4.78 6.80 3.02 2.01 2.58 5.40 4.86
Sm 1.81 0.98 1.40 1.50 2.36 0.95 0.56 0.80 1.43 1.32
Eu 0.69 0.35 0.54 0.50 0.69 0.37 0.13 0.20 04 0.35
Tb 0.49 0.29 0.39 0.43 0.65 0.27 0.17 0.23 047 0.48
Yb 2.28 1.34 1.75 1.95 2.82 1.25 0.93 1.20 2.38 2.55
Lu 0.39 0.23 0.30 0.34 0.48 0.23 0.17 0.23 041 0.45
Hf 1.57 0.81 1.04 1.36 1.88 0.79 0.60 0.99 1.29 1.16
Ti/V 14 11 13 16 9 4 5

ZrlY 2.4 25 2:2 24 2.1 2.1 1.8 2.2 1.5 1.5
Ti/Cr 216 21 73 75 7 4 7

(La/Sm)y 0.76 0.77 0.71 0.69 0.62 0.74 0.81 0.73 0.84 0.84
(Sm/Yb)y 0.88 0.81 0.89 0.85 0.93 0.84 0.67 0.74 0.67 0.58
(La/Yb)y 0.67 0.63 0.63 0.59 0.58 0.63 0.54 0.54 0.56 0.48

Abbreviations: Bas = basalt; B.And = basaltic andesite; And = andesite; Dac = dacite; Rhy = rhyolite; mg# = molar Mg/(Mg+Fe)*100; n.d. = not detected;
n.a. = not analyzed. Major and trace element analyses (except REE) are from Beccaluva et al. (1984). REE determined by ICP analyses. Normalization valt
for REE ratios are from Sun and McDonough (1989).
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Fig. 8 - Ti vs. (La/Sm) diagram for mafic volcanic and subvolcanic rocks ~ Fig. 9 - Ti vs. (La/Sm) diagram for mafic volcanic and subvolcanic rocks
from the Mirdita ophiolites (simplified after Beccaluva and Serri, 1988). from the Pindos and Vourinos ophiolites (simplified after Beccaluva and
MORBs and boninites from various localities, boninites from Troodos, as Serri, 1988). MORBs and boninites from various localities, boninites from
well as IAT data for New Hebrides, Tonga, South Sandwich, Mariana fore- Troodos, as well as IAT data for New Hebrides, Tonga, South Sandwich,
arc, and Troodos upper pillow lavas (UPL) are reported for comparison Mariana forearc, and Troodos upper pillow lavas (UPL) are reported for
(see Beccaluva and Serri, 1988 for references). comparison (see Beccaluva and Serri, 1988 for references).

sponding to IAT and boninites respectively, show more pro- From the above, it is evident that sources M2 (lherzolitic)
nounced HREE and HFSE overall depletion coupled withand M3 (harzburgitic) correspond to refractory mantle resid-
variable LREE enrichment when compared with ua after extraction of MORB and IAT magmas, respective-
MORBY/IAT intermediate basalts (Figs.5, 6b,c, 7). This is ly. It should also be noted that, in the Albanide-Hellenide
usually interpreted as resulting from partial melting of pro- system, mantle Iherzolites are associated with high-Ti ophi-
gressively more refractory mantle sources variably enrichedolites (Western Belt) whereas mantle harzburgites typically
in the most incompatible elements (LREE and LFSE) from belong to the SSZ ophiolites (Eastern Belt).
subduction-derived hydrous fluids. The REE distribution of basaltic rocks and associated
Similarly, as suggested by Beccaluva and Serri (1988),mantle lithologies from the Albanide-Hellenide ophiolites
the gradual Ti decrease and (La/Qnmcrease observed may be used to put further constraints on mutual relation-
from MORB to IAT and Boninites (Figs.8, 9) are compati- ships between melt, source and refractory residuum
ble with high degrees of melting of progressively more re- (Figs.11, 12). The generation of MORB/IAT intermediate
fractory mantle sources under variable hydrous conditionsbasalts (e.g. RU200 and RU274) can be accounted for by
which are also responsible for the LREE enrichment fromabout 10% partial melting of the Pindos Cpx-poor Iherzolite
the subduction zone. EP22 (Fig. 11), which is compositionally similar to source
An estimate of the degree of depletion of the mantle M2. The very low-Ti boninitic rocks (AL130, EP42, EP43
source(s) can be made by plotting a compatible versus an inn Fig. 12) may result from 30% partial melting of the Iher-
compatible element, such as Cr and Y (Pearce, 1983). Thigolitic source S4, enriched in LREE by subduction-related
projection depicts both the possible mantle sources and théuids, as modelled by Beccaluva et al. (1984) for the Vouri-
degree of partial melting for the different magmas. Threenos Ophiolites. This source is in excellent agreement with
possible mantle sources generated by incremental batcthe middle to HREE pattern of the Cpx-poor Iherzolite
melting of a MOR-type source (Murton, 1989), are reported EP22. The calculated residuum (R in Fig. 12) has a REE
in Fig. 10 for the genesis of MOR, IAT, and boninitic rocks, pattern very similar to the Pindos Cpx-free harzburgite EP6
respectively. M1 corresponds to an undepleted asthenosfFig. 12). It may be concluded that boninitic magmas are
pheric (MORB) source, whereas M2 corresponds to a lher-most likely represent high degree of partial melting of Cpx-
zolitic mantle source that experienced about 20% MORBpoor Iherzolites to Cpx-rich harzburgites variably modified
extraction and M3 represents a harzburgitic source residuaby LREE- and LFSE-enriched hydrous fluids. The related
after about further 12% melt extraction from source M2. refractory residua correspond to the highly depleted mantle
According to this model, MORBs from Albanide-Hellenide harzburgites commonly observed in the Albanide-Hellenide
ophiolites are compatible with about 10 to 20% partial melt- Eastern Belt Ophiolites.
ing of source M1; MORB/IAT intermediate basalts, and  Experimental anhydrous melts obtained at various tem-
IATs may represent 8-10% and 10-20 % partial melting of perature, pressures, and degrees of melting by Hirose and
source M2, respectively. It should be noted that degrees oKushiro (1993) are plotted in the normative olivine-plagio-
melting exceeding 30% would require exceptionally hot clase-silica diagram of Fig. 13. The most primitive MORB
and/or wet melting regimes starting from less depleted mansamples from both Mirdita and Pindos ophiolites cluster
tle sources (Tatsumi and Eggins, 1995). close to the pseudo-invariant points between 10 and 15 kbar
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Fig. 11 - Chondrite-normalized (Sun and McDonough, 1989) REE pat- Fig. 12 - Chondrite-normalized (Sun and McDonough, 1989) REE patterns
terns for Pindos lherzolite EP22 (Saccani and Photiades, 2004) andfor Pindos harzburgite EP6 and very low-Ti basalts AL130 from Mirdita

MORBY/IAT intermediate basalts RU200 and RU274 from Mirdita West-

ern Belt Ophiolites.

Eastern Belt Ophiolites and EP42, EP43 from Pindos ophiolites (data for
Pindos samples are from Saccani and Photiades, 2004). The patterns of a
melt (melt30) corresponding to 30% equilibrium partial melting of a hypo-
thetical source (S4), and relative residuum (R), modelled according to Bec-
caluva et al. (1984), are also shown.

(Fig. 13), corresponding to 1300°C temperature - 30% par-of Fig. 14. The primitive IAT basalts from Mirdita (Fig.

tial melting and 1350°C - 28% partial melting, respectively. 14a) correspond to experimental melts at about 18-30% par-
Experimental melts obtained from a spinel lherzolite at tial melting at 10 kbar pressure. More evolved basalts,
10 kbar under water undersaturated conditions (Hirose andbasaltic andesites, and andesites are multi-saturated in py-
Kawamoto, 1995), as well as compositional fields for Troo- roxenes and plagioclase, while dacites and rhyolites ap-
dos andesites and dacites (Thy and Xenophontos, 1991) aggroach quartz-saturated compositions (Fig. 14a). Similar re-
reported in the normative olivine-plagioclase-silica diagram sults are observed for Mirdita boninitic very low-Ti basalts,
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2002), southern Mirdita (Hoeck et al., 2002), Pindos (Saccani
and Photiades, 2004) and Othrys Massifs (Photiades et al.,
2003). MORBY/IAT intermediate basalts are always in close
spatial/temporal association with typical MOR- and other
SSZ-type volcanics, indicating that distinctly different mag-
ma sources were contemporaneously active in a relatively re-
stricted sector across the supra-subduction region (Bortolotti
et al., 1996; 2002; Bébien et al., 2000; Hoeck et al., 2002).
According to the two-dimensional geophysical model
proposed by Bébien et al. (2000) and Insergueix-Filippi et
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(PI, Ol, Qz) projected from diopside (Walker et al., 1979) for high-Ti vol- (o]|
canics from Mirdita Western Belt Ophiolites (a) and Pindos Opbhiolites (b).
Solid phase boundaries from experimental melts obtained from anhydrous Olivine
conditions (Hirose and Kushiro, 1993) are also projected for comparison. b-MIRDITA 18%A
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. . . . . 29%
basaltic andesites, and andesites (Fig. 14b). Very low-Ti m§-§>

basalts from Pindos ophiolites (Fig. 14c) cluster around ex-
perimental melts at 29-38% partial melting. Basaltic an-
desites and andesites, in turn, plot along the 10 kbar pyrox
ene-plagioclase cotectic (Fig. 14c). Both low-Ti and very
low-Ti rocks from Vourinos ophiolites (Fig. 14d) are pla-
gioclase-2pyroxene multisaturated with the most evolved
compositions reaching the quartz field.

TECTONO-MAGMATIC MODEL

The regional reconstruction of the Neo-Tethyan basin in
the eastern Mediterranean implies (1) the opening of the
Mirdita-Pindos oceanic basin between Adria (in the west)
and Pelagonian (in the east) continental margins during the
Late Triassic-Middle Jurassic (Jones and Robertson, 1991
Beccaluva et al., 1994; Robertson, 2002; Saccani et al., 200:
2004), and (2) its closure by an intra-oceanic subduction dur-
ing the Middle-Late Jurassic (Beccaluva et al., 1984; Becca-
luva et al., 1994; Bortolotti et al., 2002; Robertson, 2002).

The discussion in this section is focused on the possible
geodynamic setting(s) in which the different ophiolitic types
formed.
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Several models have been provided to explain the coexis Fig. 14 - Pseudo-ternary diagram of normative plagioclase-olivine-silica
tence of MORB and SSZ ophiolites, as well as the tectono-(Pl, Ol, Qz) projected from diopside (Walker et al., 1979) for low-Ti and
magmatic Signiﬁcance of MORB-IAT intermediate basalts Ve low-Ti volcanics from Mirdita Eastern Belt (a, b), Pindos (c), and

and their relationships with typical MORBs and boninites in
the Albanide-Hellenide system. In fact, the occurrence of

Vourinos (d) ophiolites. The effect of hydrated pressure on the plagioclase-
augite-orthopyroxene is based on Merzbacher and Eggler (1984). Experi-
mental melts obtained from water undersaturated conditions (Hirose and

MORB/IAT basalts has been. dQCumented i_n volcanic se-kawamoto, 1995) and compositional fields for Troodos andesites and
quences from the northern Mirdita (Bortolotti et al., 1996; Dacites (Thy and Xenophontos, 1991) are also projected for comparison.
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Fig. 15 - Schematic geodynamic model for for-
mation of the Mirdita-Pindos-Vourinos ophio-
lites according to the model of subduction initi-
ated in proximity of a former mid-ocean ridge
(modified from Bébien et al., 2000; Bortolotti et
al., 2002; Photiades et al., 2003). SSZ ophiolites
include IAT and boninitic series. Tectonic-dom-
inated mélange includes Triassic T-MORBs, N-
MORBs, and WPBs, as well as Jurassic N-
MORBSs; sedimentary-dominated mélange in-
cludes Jurassic N-MORBs, MORB/IATSs, and
boninites (Photiades et al., 2003; Saccani et al.,
2003; Saccani et al., 2004).

Fig. 16 - Sketch sections showing the develop-
ment of SSZ oceanic lithosphere in the Alban-
ide-Hellenide ophiolites. Modified after Becca-
luva et al. (2004). Scale is approximate. See text
for detailed explanation. (a) nascent arc generat-
ed by intra-oceanic subduction in a MORB
oceanic basin with development of IAT magma-
tism from ascending mantle diapirs (lightly stip-
pled). (b) continuous slab sinking and retreat,
and generation of boninite magmatism by shal-
low partial melting of wedged wet mantle di-
apirs residual after IAT extraction (medium
stippled), leaving residual depleted harzburgites
(heavy stippled). (c) convergence processes and
obduction onto the Pelagonian continental mar-
gin of large and relatively intact lithospheric
sections of SSZ ophiolites. (d) generalized
cross-section of the Albanide-Hellenide ophio-
lites referred to Mirdita, Pindos, and Vourinos
ophiolitic complexes. Explanation: 1) basaltic to
rhyodacitic pillowed and massive lavas vol-
canics, mostly with IAT (and minor boninitic)
magmatic affinity; 2) large sheeted dike com-
plexes with the same compositional range and
affinity of volcanics, representing the temporary
conduits from the underlying magma chambers
(intrusives) to the eruptive system; 3) multiple
intrusions consisting of cumulitic layered and
isotropic gabbro-norite, with minor quartz-dior-
ite and plagiogranite; 4) multiple intrusions of
ultramafic cumulates consisting of dunite (plus
chromitite), wehrlite, Iherzolite, websterite, and
clinopyroxenite; 5) mantle tectonites, mostly
harzburgitic in composition, including dunite
plus chromitite lenses. Pindos ophiolites also in-
clude relics of MORB crust not represented in
this figure. Sections in (d) are compiled from
Beccaluva et al. (1994), Jones et al. (1991),
Beccaluva et al. (1984).



91

al. (2000), the possible tectono-magmatic setting in which  The convergence processes finally caused obduction onto
Albanide-Hellenide ophiolites formed is an intra-oceanic, the Pelagonian continental margin (often with an interposed
east-dipping subduction located near an active mid-oceaimetamorphic sole) of large and relatively intact lithospheric
spreading ridge. In this model, Bortolotti et al. (2002) and sections of SSZ ophiolites (Figs. 16c, d). This metamorphic
Hoeck et al. (2002) suggested that MORB/IAT basalts weresole has a MORB affinity, and is contemporaneous with, or
generated from partial melting of relatively hot, depleted slightly older than, the SSZ ophiolites. It thus represents
peridotites in a supra-subduction mantle wedge, thermallyrelics of the pristine MORB lithosphere overthrust by the
perturbed by the nearby active mid-ocean ridge (Fig. 15).still hot ophiolitic slab. The subsequent tectonic evolution is
Accordingly, MORB magmas are produced in the active characterized by back-thrusting onto the Adriatic margin
mid-ocean ridge whereas IAT and boninites of the Mirdita during continental collision.

Eastern Belt and Vourinos represent a mature arc stage.

Hoeck et al. (2002) considered an alternative model,
based on the comparison with the triangular-shaped present- ACKNOWLEDGEMENTS
day Lau Basin, suggesting that Albanide-Hellenide ophio-
lites formed by backarc spreading which was oblique with  The authors are grateful to I. Premti, and A. Photiades for
respect to a west-dipping subduction zone. As a consetheir precious help during field work and scientific discus-
guence, subduction-related fluids could only influence thesions. Many thanks go to R. Tassinari for analytical facili-
narrower sector of the backarc basin, producing MORBY/IAT ties, as well as to J.A. Pearce and A. Photiades for their
intermediate basalts. helpful reviews.
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