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ABSTRACT

The Hellenic-Dinaric belt of the Eastern Mediterranean sea is characterized by huge and well preserved obducted slices of ophiolites. A well developed
and very thick metamorphic sole generally occurs at the base of the obducted ophiolite sequences. The best preserved metamorphic sole of the Hellenic-Di-
naric belt crops out in association with the Albanian ophiolites. In the Mirdita area (northern Albania) the metamorphic sole consists of an up to 600 m thick
assemblage of metasediments and amphibolites. Four different types of amphibolites, referred as T1 to T4, have been identified on the basis of grain-size and
mineralogical assemblages. The protoliths of all the amphibolites are basic rocks with OIB affinity, representative of within-plate magmatism typical of
oceanic seamounts; no MORB derived rocks have been identified. The associated metasedimentary rocks are presumably derived from oceanic covers. All the
lithologies from the Mirdita metamorphic sole are strongly deformed under lower to upper amphibolite facies conditions. A discontinuous inverted gradient is
observed close to harzburgites in the metamorphic sole, that shows high-grade amphibolite facies metamorphism. There are no prograde greenschist facies
metamorphic rocks, although all the lithologies from the Mirdita metamorphic sole are affected by greenschist facies retrogression. The different types of am-
phibolites display different P and T values at metamorphic climax conditions. The temperatures range from 624+9° to 796+50°C in the different units where
the pressure is always lower than 0.7 GPa. The boundaries between the amphibolite slices with different peak metamorphism as well as the bodies of the
gneisses and micaschists are sheared bands. The structural pattern common to all lithologies identified in the Mirdita metamorphic sole developed through
two deformation phases under amphibolite facies conditions, followed by a third phase under greenschist facies. The petrologic and structural characteristics

of the metamorphic sole are discussed in order to highlight the kinematics of the obduction process.

INTRODUCTION

Ophiolitic sequences along the main suture zones of col-
lisional belts are considered as remnants of oceanic lithos-
phere. These ophiolites can occur in different occurrences:
I) folded metaophiolite sequences, affected by high pressure
metamorphism followed by decompression recrystallization,
which are interpreted as fragments of oceanic lithosphere in-
volved in subduction-related processes (e.g., Kurz and
Froitzheim, 2002; Miller and Cartwright, 2000), II) ophi-
olitic slices, implicated in flysch sequences and generally
affected by a very low-temperature metamorphic overprint,
likely emplaced at shallow levels in accretionary prisms
(e.g., Cloos and Shreve, 1988; Meneghini et al., 2009), III)
ophiolitic sequences overlying the continental lithosphere
and lacking penetrative deformation and metamorphism,
which are considered as emplaced by obduction (e.g.,
Stampfli et al., 1998; Wemjiao et al., 2002).

Several key examples of obducted ophiolitic sequences oc-
cur in the Tethyan collisional belts of the Eastern Mediter-
ranean (Coleman, 1981; Lytwyn and Casey 1995; Carosi et
al., 1996). The obducted ophiolitic sequences typically in-
clude thick slices of undeformed oceanic lithosphere that
originated in a supra-subduction zone, detached from their
mantle basement and emplaced over adjacent continental
margins (Spray, 1983). According to Michard et al. (1991),
their emplacement included an early, intra-oceanic stage of
thrusting characterized by the development of a metamorphic
sole. The intra-oceanic stage was followed by a marginal
stage with the oceanic lithosphere overriding the continental

margin (Gray and Gregory, 2000; Bortolotti et al., 2005).
However, some features of the obduction process are still
a matter for debate. For example, the site of intra-oceanic
detachment, the nature of the involved oceanic crust and the
depth of the metamorphic processes (i.e. the geometry of the
intraoceanic thrust surfaces) are still unclear. Valuable in-
sights into the obduction process can be gained from petro-
logic and structural analysis of the metamorphic sole.
Within the Hellenic Dinaric orogenic belt of the Eastern
Mediterranean, a well-developed and very thick metamor-
phic sole occurs at the base of the Albanian ophiolites
(Carosi et al., 1996; Dimo-Lahitte et al., 2001). This paper
presents a study of the metamorphic sole below the Northern
Albanian ophiolites aimed to identify 1) the nature and origin
of its igneous protoliths, 2) the structural setting at meso- and
microscale and 3) the metamorphic evolution, in order to
provide useful constraints for the reconstruction of the kine-
matics of the metamorphic sole and its geodynamic setting.

REGIONAL GEOLOGY

In the Hellenic-Dinaric orogenic belt, large ophiolitic
nappes overlie the continental margin sequences. The ophio-
lites are regarded as slices of the Mesozoic Tethyan oceanic
lithosphere obducted onto the continental margin(s) during
the Late Jurassic convergence, which has related to the
north-eastward translation of Adria toward the Eurasia plate
(e.g., Robertson and Dixon, 1984).

The Mirdita ophiolites in northern Albania (Figure 1) rep-
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Fig. 1 - a) Tectonic scheme and location of
the major ophiolitic massifs (solid black) in
the Dinaric-Hellenic belt, modified after
Aubouin et al. (1970). Abbreviations: Guev =
Guevgueli; Vou = Vourinos; Oth = Othris;
Parn = Parnassus Zone. Box indicates the in-
vestigated area. b) Tectonic sketch of the
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Mirdita area, northern (Albania). Abbrevia-
tion: 1. Late Tertiary molasse deposits; 2.
Western belt ophiolite sequence (WOB); 3.
Eastern belt ophiolite sequence (EOB); 4. Ru-
bik melange; 5. Pelagonian units; 6. Krasta-
Cucali unit; 7. Kruja unit; 8. Units of the
Peskhopi window; 9. Albanian Alps.
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resent one of the largest and best preserved oceanic frag-
ments cropping out the Hellenic-Dinaric orogenic belt (Col-
laku et al., 1991; Beccaluva et al., 1994; Shallo, 1994; Kodra
et al., 2000; Robertson and Shallo, 2000; Bortolotti et al.,
2002; 2004; Hoeck et al., 2002; Saccani et al., 2004, 2008a;
2008b; Dilek et al., 2005; 2007; 2008). The ophiolites are
subdivided into two different sequences, known as the west-
ern and eastern ophiolitic belt, hereafter respectively referred
to as WOB and EOB (Shallo et al., 1987; Shallo, 1994; Bec-
caluva et al., 1994), both belonging to the same oceanic basin
(Bortolotti et al., 1996; 2004; Bébien et al., 1998; 2000; In-
serguex-Filippi et al., 2000; Saccani et al., 2008a; 2008b).
The WOB shows a sequence about 3-4 km thick that
mainly includes, from bottom up: lherzolitic mantle tec-
tonites, a gabbroic intrusive sequence, a discontinuous
sheeted dike complex and pillow-lava basalts with high-Ti
(MORB) affinity (Beccaluva et al., 1994). The WOB repre-
sents a MOR-type ophiolite that probably developed in a
low- or intermediate-spreading rate ridge (Cortesogno et al.,
1998; Nicolas et al., 1999). However, also volcanic se-

quences with intermediate MORB-IAT geochemical fea-
tures and very low-Ti basalt dikes are found in the WOB
(Bortolotti et al., 1996).

The EOB, up to 10 km thick, includes an oceanic se-
quence consisting of mantle harzburgites, mafic-ultramafic
cumulates, a well developed sheeted dike complex and a
volcanic sequence of massive and pillow basalts, basalt an-
desites, andesites, dacites and rhyolites (e.g., Shallo, 1994).
Boninitic dikes have also been reported by Beccaluva et al.
(1994). In the EOB, the IAT geochemical characterization
of the basalt rocks supports an origin in a supra-subduction
basin (Beccaluva et al., 1994; Shallo, 1994; Saccani et al.,
2004; Dilek et al., 2005; 2007; 2008).

The WOB is representative of a MOR oceanic lithos-
phere but the occurrence of IAT basalts indicates that the
oceanic basin from which these ophiolites derived had expe-
rienced a two-stage crustal growth (Bortolotti et al., 1996;
2002). In the first stage, MOR-type oceanic lithosphere was
generated at a mid-ocean ridge spreading center. Subse-
quently, during the second stage, a portion of this lithos-



phere was trapped in the supra-subduction setting (most
probably in a proto-forearc region) with consequent genera-
tion of IAT basalts. So, the western ophiolites can be inter-
preted as a MOR oceanic lithosphere trapped over a subduc-
tion zone (Bortolotti et al., 2002; 2004). In turn, the eastern
ophiolites represent an oceanic lithosphere entirely devel-
oped in a suprasubduction zone (Beccaluva et al., 1994;
Saccani et al., 2004; Dilek et al., 2005; 2007; 2008).

In both the WOB and EOB the sedimentary cover of
ophiolites consists of radiolarites (Kalur Cherts), ranging in
age from late Bathonian/early Callovian to middle Callov-
ian/early Oxfordian (Marcucci and Prela, 1996). The similar
age of the overlying sediments (Marcucci and Prela, 1996)
indicates that the IAT basalts in the eastern and western
units have the same age and originated in the same oceanic
environment during the Middle Jurassic. This oceanic basin,
located over a subduction zone, was therefore characterized
by a trapped MOR lithosphere where a younger oceanic
lithosphere, originating entirely in a supra-subduction zone,
probably in a fore-arc setting, was being formed.

Well developed metamorphic soles have been recognized
at the base of both the WOB and EOB sequences (Collaku
et al., 1992; Hoxha et al., 1993; Carosi et al., 1996; Dimo-
Lahitte et al., 2001). In the Mirdita region, the WOB and
EOB sequences overlie the Rubik Complex (Bortolotti et
al., 2005), which consists of an assemblage of thrust slices
derived from both the continental and oceanic domains. The
slices of continental origin generally consist of Triassic to
Jurassic carbonate successions. In addition, slices consisting
of within-plate to transitional igneous rocks emplaced in a
continental setting during the Anisian have also been recog-
nized. However, the most widespread igneous rocks, found
as a slice at the top of the Rubik Complex, are represented
by an up to 500 m thick sequence of MOR pillow-lava
basalts alternating with Middle to Late Triassic radiolarites
(Bortolotti et al., 2004; 2005), known as the “Volcano-sedi-
mentary Formation” or Porava Unit (Bortolotti et al, 2006).
In the Rubik Complex, other oceanic-derived slices are
mainly represented by serpentinites. The history of the Ru-
bik Complex, better recorded in the “Volcano-sedimentary
Formation” includes two superimposed folding phases, both
developed under sub-greenschist facies metamorphic condi-
tions (Carosi et al., 1996).

Both ophiolitic belts are unconformably covered by a sed-
imentary succession including the late Tithonian - Valangin-
ian Simoni Mélange and Firza Flysch (Bortolotti et al, 1996;
Chiari et al., 2008), in turn unconformably topped by Bar-
remian-Senonian shallow-water carbonate deposits (Bor-
tolotti et al, 1996; Chiari et al., 2007; Gawlick et al., 2008).

GEOLOGICAL SETTING OF THE ALBANIAN
METAMORPHIC SOLE

The metamorphic sole below the WOB was investigated
along two SW to NE geotraverses: 1) between the villages
of Rubiku and Rresheni, 2) west of Lake Shkoder. No dif-
ferences in the lithologies of the metamorphic soles below
the EOB and WOB was detected.

The metamorphic sole is generally sandwiched between
the peridotites of the ophiolitic sequence and the Rubik Com-
plex. The boundary with the underlying Rubik Complex is
represented by a low-angle, cataclastic shear zone, character-
ized by a top-to-west shear sense (Figure 2). The basal part of
the peridotites exhibits obduction-related, low-temperature
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mylonitic deformation (e.g., Hoxha and Boullier, 1995).

The metamorphic sole in both EOB and WOB consists of
alternating banded garnet-bearing gneisses, micaceous-
quartz-schists (hereafter referred to as micaschists), fine-
grained amphibolites, coarse-grained augen amphibolites,
and fine- to medium-grained, sometimes garnet-bearing,
amphibolites (Table 1). The metamorphic sole has a wide
thickness range, from 5-10 meters up to more than 500 me-
ters, mainly resulting from Tertiary brittle deformation that
produced a strong boudinage during thrust tectonics. The
maximum thickness is attained in the EOB, near the village
of Preja Lure (Figure 1), where the metamorphic sole is
about 600 m thick.

Four types of amphibolites have been identified, and re-
ferred to as T1 to T4 types, showing differences in grain
size and mineralogical assemblage (Carosi et al., 1996). T1
to T4 types of amphibolites show the same composition and
metamorphic features in both WOB and EOB. This evi-
dence suggests that the WOB and EOB represent the same
continuous structural level at the base of the peridotites.

The T1 amphibolites generally show homogeneous com-
position and prevail in the outcrops. They occur as decime-
tre to hundreds of meter-thick lenses or boudins interbedded
within the micaschists. T2 amphibolites generally are identi-
fied as thickest lens-shaped slices. The T1 and T2 amphibo-
lites generally occur at the base of the metamorphic sole.
The T3 garnet-bearing amphibolites are recognized as de-
cametre-thick lenses associated with garnet—bearing gneiss-
es. T4 amphibolites occurs interbedded with garnet-bearing
gneisses and often also with T3 amphibolites. The T3 and
T4 amphibolites occur close to the overlying peridotites.

The amphibolites show different field and frequency oc-
currence in the WOB and EOB. In the WOB, T1 amphibo-
lites are more abundant and T2 are relatively widespread,
whereas T4 are rare. In the EOB, T3 amphibolites are preva-
lent and T4 relatively frequent. The garnet-gneisses attain
their maximum thickness in the EOB. In the EOB the retro-
grade overprint is widespread, and rodingitization along my-
lonitic contacts between metabasites and serpentinites is fre-
quent. In the WOB, the retrograde processes are localized
along thin shear bands.

The WOB and EOB metamorphic soles are characterized
by a main, composite schistosity, referred as S,-S, foliation,
that is found everywhere parallel to the contact between the
harzburgites and the Rubik complex. The S,-S, schistosity,
developed during metamorphic peak conditions within am-
phibolite facies, bears well-developed mineral lineations
consisting of oriented amphiboles and/or plagioclases lying
on the main foliation. Mineral lineations (Figure 2) show
WNW-ESE to NWSE strikes in the WOB (Carosi et al.,
1996), whereas they display NWSE strikes in the EOB (Col-
laku et al., 1992; Carosi et al., 1996).

The kinematic indicators from the WOB metamorphic
sole clearly reveal a top-to-the west sense of shear (Carosi et
al. 1996). The same structural elements in the eastern meta-
morphic sole provide contrasting kinematics. According to
Collaku et al. (1991), Carosi et al. (1996) and Bortolotti et
al. (2005) the sense of shear is top-to-the-west, whereas Di-
mo-Labhitte et al. (2001) indicate coexistence of top-to-the
west and top-to-the-east indicators, with the latter prevailing.

Mylonitic to cataclastic shear zones are sometimes recog-
nized at the boundaries of the different lithologic units iden-
tified in the metamorphic sole. A retrograde phase, identi-
fied in both WOB and EOB, is represented by folds and a
crenulation cleavage, referred as S, foliation, under green-
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Fig. 2 - Reconstructed stratigraphy of the metamorphic sole from Mirdita ophiolitic nappe not to scale on the basis of all the data collected from the WOB and
EOB and stereoplots related to L1/L2 and S1/S2 structural elements. a) and b) L2 mineral lineation; ¢) and d) S2 foliation (Schmidt net, lower hemisphere,

modified aftef Bortolotti et al., 2005).

schist facies conditions (Carosi et al., 1996). Subsequently,
both the metamorphic sole and the Rubik complex were
folded together by a D, phase characterized by west-verg-
ing, asymmetric folds with NE/SW striking axes.

The metamorphic sole is roughly coeval with the age of
the radiolarites, and ranges from 162.4+2.4 Ma to 172.6+1.7
Ma, as determined by “°Ar-*Ar systematics on amphiboles
and white micas (Vergely et al., 1998). No differences in the
age determinations were detected between the WOB and
EOB soles.

PROTOLITHS AND PETROGENETIC SETTINGS.
Petrographic features

The mesoscale features of metamorphic sole lithologies
reflect their macroscopic field features. All the amphibolite
types and the metasedimentary rocks from the metamorphic
sole were investigated both at the meso- and microscale.

The T1 amphibolites consist of fine-grained, clinozoisite
and plagioclase-bearing rocks with pervasive, composite S,-
S, schistosity (Figure 3a). Hinges of intrafoliar folds, often
boudinaged, have preserved S, textural relics. The relic min-
eral grains are rotated and coarser (0.5-0.6 mm) than the
isoriented syn-kinematic grains along S, (0.1-0.5 mm). The
mineral assemblage in the S,-S, schistosity is represented by
brown-green hornblende (60-65% in volume), + plagioclase
(20-23% in volume), + clinozoisite (12-15% in volume), +
accessory ilmenite + rutile + quartz + muscovite + apatite. A
greenschist facies overprint (actinolite + albite + epidote +
chlorite + titanite) is widespread and associated with the S,
event.

The medium- to coarse-grained augen amphibolites be-
long to T2. The T2 amphibolites have an average grain size
in the range 0.2-3.0 mm (Figure 3b). Green to brown-green
hornblende (30-95% in volume) coexists with plagioclase
(5-55%), clinopyroxene (0-15%) and clinozoisite (0-10%).
Rutile is restricted to plagioclase-poor compositions; titan-
ite, sometimes with rutile cores, is more diffuse as inclu-
sions in hornblende, whereas ilmenite occurs rarely. The S1
foliation preserved in lens-shaped centimetre to decametre-
thick domains shows a broad compositional banding, and is
characterized by large (> 2.0 mm) poikiloblastic hornblende
and clinopyroxene including smaller hornblende and plagio-
clase grains. Euhedral inclusions of plagioclase within
clinopyroxene represent relic igneous (ophitic) textures. The
S, schistosity is characterized by grain-size reduction and
rotation and by development of nematoblastic to decussate
clinopyroxene, granoblastic plagioclase and clinozoisite,
without significant changes in mineral composition. A
spaced S, cleavage is associated with folding and with retro-
grade greenschist facies alteration (epidote, albite, actino-
lite). Later fractures were filled by epidote, prehnite, chlo-
rite, and tremolite.

T3 consists of medium-grained, brown hornblende and
garnet-bearing amphibolites (Figure 3c). The mineral com-
position is represented by reddish to brown hornblende (30-
50%), plagioclase (20-40%) + clinopyroxene (0-25%) + gar-
net (0-10%) + quartz (0-5%). Titanite is diffuse, commonly
overgrowing rutile and ilmenite. Relics of the S, foliation
are mostly preserved as inclusions in garnet (hornblende,
plagioclase, clinopyroxene, biotite, quartz and rutile). S, is
characterized by rotation, re-orientation and grain reduction
and by syn-kinematic recrystallization. A greenschist facies



Table 1 - Localization of samples.

Sample Locality Latitude Longitude Altitude (m)
GL 03 Fushe-Lura 41°47'22.51"N 20°14'00.31"E 1251
GL 04 Fushe-Lura 41°47'20.62"'N 20°13'57.71"E 1261
GL 08 Fushe-Lura 41°47'17.51"N 20°13'54.85"E 1246
GL 12 Fushe-Lura 41°47'14.52"'N 20°13'56.99"E 1275
GL13 Fushe-Lura 41°47'11.84"'N 20°13'53.67"E 1254
GL 14 Fushe-Lura 41°47°08.66"N 20°13'55.55"E 1273
GL 15 Fushe-Lura 41°47'05.07"N 20°13'52.25"E 1276
GL 17 Fushe-Lura 41°49'49.90"N 20°13'50.18"E 1275
GL 22 Pregje-Lura 41°47'00.39"N 20°13'08.02"E 1088
GL 28 Pregje-Lura 41°47'50.76"N 20°13'05.04"E 1074
GL 32 Pregje-Lura 41°50'00.21"N 20°13'12.27"E 1077
GL 35 Pregje-Lura 41°50'00.96"N 20°13'10.56"E 1066
SQ 02 Gomsique 42°00'33.83"N 19°40'16.20"E 240
SQ 03 Gomsique 42°00'33.62"N 19°40'16.95"E 244
SQ 04 Gomsique 42°00'33.20"N 19°40'17.67"E 246
SQ 08 Gomsique 42°00'33.10"N 19°40'17.75"E 249
SQ 09 Gomsique 41°58'56.20"N 19°47'27.91"E 350
sQ 18 Rubik 41°47'35.55"N 19°48'37.63"E 151
SQ 20 Rubik 41°48'13.41"N 19°48'04.25"E 270
sQ25 Rubik 41°48'11.49"'N 19°48'04.84"E 260
SQ 26 Gomsique 42°00'36.97"N 19°39'19.80"E 123
sQ 35 Gomsique 42°00'32.56"N 19°40'20.17"E 258
SQ 36 Gomsique 41°58'58.24"N 19°47'30.47"E 348
SQ 38 Gomsique 41°58'58.38"N 19°47'30.95"E 349
SQ 40 Gomsique 41°58'58.68"N 19°47'31.69"E 350
SQ 42 Gomsique 41°58'58.82"N 19°47'32.18"E 351
SQ 44 Gomsique 41°58'58.85"N 19°47'32.22"E 352
sSQ 45 Gomsique 41°58'58.90"N 19°47'32.29"E 352
SQ 47 Gomsique 41°58'59.00"N 19°47'32.37"E 352
SQ 48 Gomsique 41°58'59.10"N 19°47'32.39"E 352
SQ 49 Gomsique 41°58'59.10"N 19°47'32.41"E 352
SQ 50 Gomsique 41°58'59.80"N 19°47'32.49"E 353
SQ 52 Gomsique 41°58'22.64"N 19°43'54.52"E 230
sQ 55 Gomsique 41°58'22.07"N 19°43'55.17"E 224
SQ 56 Gomsique 41°58'22.04"N 19°43'55.53"E 223
sQ 57 Gomsique 41°58'21.72"N 19°43'56.57"E 217
SQ 60 Gomsique 41°58'21.66"N 19°43'57.29"E 215
SQ 61 Gomsique 41°58'21.64"N 19°43'57.65"E 213
SQ 64 Gomsique 41°58'22.09"N 19°43'57.76"E 219
SQ 65 Gomsique 41°58'21.53"N 19°43'59.04"E 223
SQ 66 Gomsique 41°58'21.21"N 19°43'59.70"E 228
SQ 67 Gomsique 41°58'59.24"N 19°47'33.63"E 353
SQ 68 Gomsique 41°58'59.33"N 19°47'33.69"E 354
sSQ 80 Fushe-Lura 41°47'10.20"N 20°14'01.40"E 1365
SQ 81 Fushe-Lura 41°47'10.33"N 20°14'01.49"E 1365
sSQ 82 Fushe-Lura 41°47'10.42"N 20°14'01.55"E 1366
sQ 83 Fushe-Lura 41°47'10.59"N 20°14'01.44"E 1366
SQ 86 Fushe-Lura 41°47'10.64"N 20°14'01.38"E 1364
SQ 92 Fushe-Lura 41°47'07.80"N 20°14'00.95"E 1371
SQ 93 Fushe-Lura 41°47'07.95"N 20°14'00.88"E 1368
SQ 95 Fushe-Lura 41°47°08.01"N 20°14'00.75"E 1366
SQ 96 Fushe-Lura 41°47°08.00"N 20°14'00.80"E 1366

SQ 101 Fushe-Lura 41°47°05.10"N 20°13'53.62"E 1294

SQ 102 Fushe-Lura 41°47'04.46"N 20°13'52.60"E 1283

SQ 103 Fushe-Lura 41°47°03.81"N 20°13'51.57"E 1273

Series GL: Eastern metamorphic sole (present work); Series SQ: Western metamorphic sole (Carosi et al., 1996).
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Fig. 3 - Amphibolite type mineralogy and fabric. a) Type 1 metabasalt: S1 schistosity, crenulated by S2, defined by plagioclase and amphibole; b) Type 2
metaintrusive rock: hornblende, plagioclase, titanite aligned on S1; ¢) Type 3 metaintrusive rock: polyphase garnet and hornblende; d) Type 4 metaintrusive
rock: Fe- and Fe-Ti oxide, apatite, hornblende assemblage recording cumulus texture.

overprint is poorly developed. Later prehnite-bearing as-
semblages are also recognized in fractures.

T4 includes fine- to medium-grained amphibolites, gen-
erally ilmenite- and apatite-rich (Figure 3d). The grain-size
of T4 amphibolites varies between 0.1 and 0.4 mm. The
modal composition includes amphibole (= 48%) and plagio-
clase (= 37%). The occurrence of K-feldspar (5-7%), and/or
biotite (3-4%), greenish clinopyroxene (= 3%), and relative-
ly abundant ilmenite and apatite is a distinctive feature.
Quartz is rare and titanite occurs diffusely. The retrograde
overprint is poorly developed.

The metasedimentary rocks are mainly gneisses and mi-
caschists. In the gneisses, the S-S, composite schistosity
results in sub-millimetric quartz and mica layers. Quartz is
predominant (30-40%), with variable but abundant mus-
covite, garnet, plagioclase, biotite, and minor clinozoisite,
apatite, rutile, magnetite and tourmaline lying on the main
schistosity. Lens-shaped aggregates of relatively large
isoriented micas, garnet and plagioclase, wrapped in lepi-
doblastic micas, are relics of the D, event. The garnet is
commonly zoned and includes biotite, muscovite and
quartz, sometimes as snowball textures. The micaschists
are characterized by a planar S,-S, composite schistosity; a
centimeter to meter thick compositional banding parallel to
the schistosity is the dominant feature. Quartz is the main
constituent, with muscovite (10-40%), and subordinate bi-
otite (0-10%).

Chemical characterization

Ocean-derived rocks identified in the metamorphic sole
as well as continental lithologies were densely sampled in
order to identify their protoliths. Whole rock major and
trace element abundances for the amphibolites and for the
metasediments were carried out by XRF techniques at X-
RAL Laboratories, Canada. Losses on ignition (LOI) were
determined by the gravimetric method. The RE elements
were analyzed by ICP-MS at X-RAL Laboratories, Canada.
Detection limits are reported in Tables 2 and 3.

T1 amphibolites have a homogeneous composition, cor-
responding to basalts in the TAS diagram (not reported) and
to subalkalic andesite basalt, based on less mobile elements
(Figure 4). Relatively evolved compositions are also consis-
tent with Mg# in the range 31.49-55.46. TiO,, Zr and Y in-
versely correlate with Mg#, whereas P,O, has a relatively
flat trend (Fig. 5). The REE patterns (Fig. 6) are relatively
flat (LaN/YbN = 0.49-8.98) with HREE about 10-20 chon-
drite (XHREE: 4.32-12.05; GAN/YbN = 0.94-1.68) and
slightly depleted LREE (X LREE: 25.00-106.60; LaN/SmN
=043-3.79).

T2 amphibolites show a large compositional range with
SiO, between 45.1 and 49.4 wt%, relatively low Fe,O, (4.1-
11.3 wt%) and high MgO (6.4-24.0 wt%), (Figure 5). Dif-
ferent Mg# intervals (64.6-77.6 and 40.2-62.9) allow to dis-
tinguish 1) a group with REE depleted patterns (XREE:
3.76-11.44 ppm; YHREE=0.84-2.10 ppm), low LREE
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Fig. 4 - Zr/TiO2 - Nb/Y (Winchester and Floyd, 1977) classification dia-
gram. Symbols: diamond: T1; square: T2; circle: T3; triangle: T4; cross and
oblique cross indicate rodingitic samples within T1 and T2, respectively.

(ZLREE: 1.70-6.70 ppm) and positive Eu anomaly (Eu/Eu*
= 0.19-0.53) and II) a group with flat REE patterns and
abundances about 10 chondrite (X REE: 22.83 —34.55 ppm).

T3 amphibolites have a large compositional range; TiO,,
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P205, Zr and Y (Figure 5), are inversely correlated with
Mg#, whereas a direct correlation is highlighted for Cr and
Ni. In the classification diagram (Figure 4), the T3 amphi-
bolites plot in the subalkaline basalt and andesite basalt
fields. The REE patterns are relatively flat (LaN/YbN =
0.15-1.94); some of them show values less than 10 chon-
drite (sum REE: 12.26-20.77 ppm) with low HREE
(ZHREE: 2.55-3.83 ppm), with negative or no LREE frac-
tionation (LaN/SmN = 0.19-0.66). A second group of pat-
terns has Y REE in the range of 27.46-87.30 ppm, with
>HREE: 4.02-9.91 ppm and no to positive LREE fractiona-
tion (LaN/SmN = 4.02-9.91). The T4 amphibolites are char-
acterized by basaltic to trachy-basaltic compositions (TAS,
not reported) in the alkalic basalt field (Figure 4). The
modal hornblende plagioclase abundances largely account
for the wide compositional range (Mg# = 14.52-57.27, SiO,
= 33.7-50.9wt%, Al,O, = 8.9-17.4wt% and K,O = 0.7-
4.23wt%; Table 2d). Ba and Rb are high; TiO, (1.7-5.0wt%)
and P,O; (0.3-4.8wt%) are relatively high and inversely cor-
related with Mg# (Fig. 5), as well as Zr (131-404 ppm) and
Y (23-77 ppm). Cr and Ni are relatively low and directly
correlated with Mg#; Sr and, in part, Al,O, and CaO in-
crease as Mg# decreases whereas Sc decreases.

REE (Table 3d; XREE: 122.94-437.65 ppm) show paral-
lel patterns, with marked fractionation (LaN/YbN = 7.43-
15.19).

T4 amphibolites have a relatively wide compositional
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Fig. 6 - Chondrite-normalized REE patterns for T1-4 amphibolites (chondrite values after Nakamura, 1974).

range (Mg# between 14.52-57.27): samples with low trace
and REE contents and high Mg and Ni. On the whole, the T4
amphibolites correspond to alkalic intraplate basalts. Gneisses
and micaschists (Table 4) correspond to compositions be-
tween clays and graywackes (Carosi et al., 1996). NASC-
(North American Shale Composite; Gromet et al., 1984) nor-
malized multi-element diagrams (not reported) show relative-
ly homogeneous compositions close to the average crust.

Genetic environment and secondary processes

The inference on the genetic environment for T1, T2 and
T3 are based on field association and microtextural ground
together with chemical features. As a fact T1 are fine-
grained effusive metabasalts, whereas T2 and T3 are medi-
um and in part coarse grained intrusive rocks. Despite the
chemical signature of cumulus processes, the textural reho-
mogeneization following to tectonics and the grain size al-
low comparing meta-effusive and -intrusive rocks

T1, T2 and T3 show an overall tholeiitic chemical affini-
ty with LILE (mostly Rb and Ba) enrichment, which can be
inferred as due to early seafloor alteration before the obduc-
tion. The significantly high U content (T1: 0.1- 4 ppm; T2:
0.1-5 ppm; T3: = 0.4-4 ppm) can also be due to incorpora-
tion in seawater or to local anomalies.

However, oxidation or enrichment trends typical of low-T
seawater-rock interaction, expressed by 1) MgO enrichment
in parallel with SiO, loss, due to palagonitization and/or 2)
Ca loss and Na enrichment related to spilitization at sub-
greenschist facies temperatures, are not obvious. As a conse-
quence, subseafloor alteration is considered to have induced
only minor chemical mobilizations. Furthermore, a prevalent
igneous heritage is suggested by the LILE and Nb correlation
with the fractionation trends. On the whole, the gneisses
point to a continental island-arc signature on the basis of the
Th - Sc - Zr/10 diagram (Bhatia and Crook, 1986; Figure

7A), except for some samples characterized by lower Th/Sc
and Sc/Zr. A detrital continental input is shown in the Roser
and Korsch (1988) diagram (Figure 7B), where the gneisses
fall into the quartzose sedimentary provenance field.

On the whole, the petrography and chemical features of
the T1 amphibolites, and their tight association with
metasediments, are consistent with an origin as extrusive
protoliths. In contrast, the chemistry and relic textural fea-
tures of T2 amphibolites are in accord with an origin from a
cumulus gabbroic suite. The high abundances of MgO, Ni
and Cr, associated with low P2OS, HFSE and REE in most
samples and the poor REE fractionation with Eu positive
anomaly are likewise referable to olivine + plagioclase +
Cr-spinel cumulus. The increase of HFSE and Sc in samples
at decreasing Mg# matches clinopyroxene precipitation. An
origin in intrusive protoliths affected by olivine fractiona-
tion and by consequent clinopyroxene, apatite and ilmenite
enrichment in the more evolved compositions is inferred for
the T3 amphibolites.

All the data, and in particular that referring to LREE and
LILE enrichment relative to MORB, can be interpreted as
indicative of OIT affinity for the magmas that originated in
T1, T2 and T3. The OIB affinity of T1, T2 and T3 amphibo-
lites also matches their distinctive ratios (Blum et al., 1996;
Table 5) such as the low Zr/Nb (2.69-7.68, < 10 in OIB),
K/Ba (23.89-70.23) Ti/Y (314.33-619.48), and P/Ce (26.59-
42.86), Zr/Y (3.55-10.91) and Nb/Y (1.04-2.21). In the
La/10-Y/15-Nb/8 (Cabanis and Lecolle, 1989; not reported),
T1 and T3 amphibolites plot mostly in the enriched-MORB
field, and have Nb/La far exceeding those of BABB.

The K/Na defines a potassic alkaline character for T4. In-
compatible element abundances normalized to the primor-
dial mantle (Figure 8) show important Ta, Nb, Nd and P
spikes and Hf, Sr and K troughs, which match the HIMU-
dominated OIBs (Weaver, 1991), that also arise from char-
acteristic ratios (Table 2).
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Table 5a - Significant trace and rare earth ratios of Eastern (present work) and Western (Carosi et al., 1996) amphibolites.
Type 1.

Sample GL17 GL4 sQ1s sQ18' SQ50 5Q92 5Q93 5Q95 SQ96
Gure Lura Gure Lura 2 iy Along Fushe Lura Fushe Lura Fushe Lura Fushe Lura
Provenance village vilage  RrethijEperm RrethijEperm oo e river  village village village village
Schistose Clzo- . . it i Rodingitized Greenschist Greenschist Greenschist
Lithology bearing Fine-grained  Mylonitic Mylonitic schistose facies facies facies Amphibolite

amphibolite amphibolite amphibolite

amghibolile amghibolile metabasite metabasite metabasite

ZriNb 139 6.2 64.0 38.0 15.4 54.0 63.5 417 515
La/Nb 0.36 0.16 0.50 0.33 265 1.80 0.50 1.13 1.50
Ba/Nb 13.8 5.1 85.0 12.3 3.0 12.0 8.0 37.3 12.0
BalTh 620.0 443.3 48.6 18.5 27 240 8.0 112.0 24.0
Rb/Nb 1.00 0.35 3.00 1.00 0.30 1.50 1.50 2.67 1.50
KINb 2859 1M11.7 1618.7 387.4 8.3 954.6 954.6 802.4 498.1
Th/Nb 0.02 0.01 1.75 0.67 1.10 0.50 1.00 0.33 0.50
ThiLa 0.06 0.07 3.50 2.00 0.42 0.28 2.00 0.29 0.33

Balla 38.8 31.7 170.0 37.0 1.1 6.7 16.0 32.9 8.0
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Fig. 9 - Photomicrographs of structures recognized in the metamorphic sole of the Mirdita ophiolitic Nappe. a) amphibolites characterized by S2 schistosity
defined by oriented plagioclase and amphiboles. Microlithons with relics of S1 foliation are also shown; b) S-C structures in the garnet-bearing micaschists; c)
mylonitic shear zone in amphibolite; d) cataclastic shear zone in amphibolite.

STRUCTURAL EVOLUTION: INSIGHTS
ON THE ORIGIN OF THE METAMORPHIC SOLE

Structural evidences

The entire metamorphic sole experienced a complex
structural history, well preserved at the meso- and micro-
scopic scale. The intensity and degree of deformation vary
in the different lithologies, although the structural evolution
is similar to all of them and in both WOB and EOB. Gener-
ally, foliations and folds are pervasively developed in fine-
grained rocks such as micaschists and fine-grained amphi-
bolites, and less recorded in lithologies as the coarse-
grained amphibolites.

All the amphibolite types can be described as L-S tec-
tonites characterized by a well-developed, planar S, schis-
tosity, associated with the D, phase. Centimetre-thick, band-
ed mylonites occur in all amphibolites types parallel to the
S, schistosity. In the WOB, the S, schistosity, generally
steeply inclined toward the east, strikes from NW/SE to
WNWI/ESE. In the EOB, the S, schistosity shows a sharp N-
S trend from Gure Lure to Preja Lure. The dip ranges from
30° to 60° toward the west. North of Preja Lure, the schis-
tosity shows a NE/SW trend, probably resulting from rota-
tion of about 30° by a strike slip fault. The S, schistosity in
the metamorphic sole bears well developed L, mineral lin-
eations. In the amphibolites, hornblende and plagioclase
and, when present, clinopyroxene, are oriented or rotated on
S, planes, whereas in the paragneisses and micaschists the
mineral lineations are mainly represented by aligned mus-

covite and biotite. In the WOB the mineral lineation defines
a clear ESE-WNW trend, whereas in the EOB the lineation
strikes ENE-WSW. F, folds are rarely recognized in the
coarse-grained T2 amphibolites, whereas they are more
common in the micaschists and in the fine to medium-
grained T1, T3 and T4 amphibolites. Th F, folds have simi-
lar isoclinal folds, generally intrafolial and rootless, with
rounded hinges and axial planes parallel to the S, schistosi-
ty. The F2 folds can be defined as sheath folds showing fold
hinge lines, reoriented on their axial planes parallel with the
L, mineral lineations. Their amplitude ranges from several
mm to a few cm, and no asymmetry can be observed.

A later D, phase can be recognized in T1 amphibolites,
paragneisses and micaschists, but is poorly developed in the
T2 amphibolites. The D, phase is characterized by chevron,
tight to open folds with NW/SE axes. Their axial plane, gen-
erally showing eastward dip, is either a steep surface, as in
the Gomsique area, or a weakly inclined plane, as in the
Preja Lure area. The amplitude of the F, folds ranges from a
few dm to several m, and a clear westward asymmetry can
be observed in both the WOB and EOB. NW-SE axes and
NW plunging characterize the F, folds. The F, folds are on-
ly associated with a poorly evolved S, axial plane crenula-
tion cleavage in T1 amphibolites, paragneisses and micas-
chists. In these rocks the superimposed S,/S, foliations pro-
duce a NW-SE intersection lineations very evident at the
mesoscale. Traces of non-schistogenous folding are recog-
nizable in the coarse-grained amphibolites, particularly
where S, is most pervasive.
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Non-foliated cataclasites with strong grain-size reduction
and rounded porphyroclasts of amphibole and clinopyrox-
ene developed in millimetre to centimetre-thick shear zones
cutting the S, and S, foliations at a high angle. The catacla-
sites, together with a diffuse brittle deformation, associated
with sub-greenschist metamorphic assemblages represent
the last deformation structures affecting the metamorphic
sole, and also the Rubik Complex.

In thin sections, the most striking feature of the metamor-
phic sole is a well-developed and widespread S, schistosity
(Figure 9a). S, is generally defined by thin layers of orient-
ed plagioclases alternating with bands enriched in syn-kine-
matic amphibole + clinopyroxene. The paragneisses and mi-
caschists are also characterized by a main S, schistosity de-
fined by thin bands of granoblastic plagioclase and quartz
alternating with layers of lepidoblastic micas (Figure 9b).
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The shear sense of the metamorphic sole has been deter-
mined from the kinematic indicators, mainly C-type shear
bands, mica fish and o-type garnet porphyroblasts, evi-
denced in oriented thin sections. Generally, kinematic indi-
cators are less clear in amphibolites, whereas in paragneiss-
es and micaschists the shear sense can be easily determined.
The metasedimentary rocks are generally characterized by a
cleavage represented by shear bands that transect the mica-
preferred orientation and the compositional layering at a low
angle. The shear bands, generally of C-type, are mainly de-
veloped in the micaschists, where the mica fish structures,
represented by lozenge-type, single grains of muscovite, are
also widespread. Syn-tectonic o-type garnet porphyroblasts
with asymmetric pressure shadows are also common in the
paragneisses. In the amphibolites the shear sense indicators
are represented by syn-tectonic o-type porphyroblasts of
garnet and amphibole with asymmetric pressure shadows of
fine-grained feldspar and amphibole fibers. The majority of
these structures point to a clear top-to-W sense of shear in
both the WOB and EOB (Figure 9c).

Relics of older structures are preserved at most places,
mainly in the T2 and T3 amphibolites; relics of S, schistosity
have also been identified in the T1 and T4 ones. At the mi-
cro-scale, the S, schistosity is generally preserved in lens-
shaped centimeter to tens of meters-thick domains distin-
guishable by a broad, coarse-grained compositional banding.
In addition, the S, schistosity transposes intrafolial, isoclinal
folds that have been interpreted as remnants of the D, defor-
mation phase. In the paragneisses and micaschists the textur-
al remnants of an older schistosity are preserved in lens-
shaped boudins of weakly oriented granoblastic quartz, pla-
gioclase and mica aggregates. This may suggest a strain par-
titioning of the D, deformation resulted in a large scale struc-
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Fig. 11 - Garnet composition A: T2- (square), T3- (empty circle: Eastern
belt; filled circle: Western belt) and T4-amphibolites (triangle). B: gneisses
associated with T3.

ture where lenses characterized by prevailing coaxial defor-
mation are surrounded by thin layers showing non-coaxial
strain. Deformation partitioning was probably occurring dur-
ing the whole deformation history of the amphibolites.

The D, and D, phases were followed by a D, phase char-
acterized by greenschist facies overprint (Figure 9d).

THERMOBARIC CONSTRAINTS
TO THE METAMORPHIC HISTORY

Mineral chemistry

Major elements in the mineral phases were analyzed at
Genoa University using a Philips SEM 515 scanning elec-
tron microscope equipped with an EDAX PV9100 spec-
trometer in the energy-dispersive mode. Operating condi-
tions were 15 kV accelerating voltage and 2.1 nA of beam
current. The atomic proportions of pyroxene were calculated
assuming stoichiometry and charge balance. The nomencla-
ture follows the scheme of Morimoto et al. (1988), ampli-
fied by Rock (1990) for Na-Ca and Na-pyroxenes. Plagio-
clase was normalized to 5 cations and 8 oxygens. Garnet
was recast to 5 cations and 12 oxygens. The epidote was
normalized to 12.5 oxygens.

The nomenclature of Leake et al., (1997; 2003) revised
by Hawthorne and Oberti (2007) was adopted (diagrams not
reported). The Ca-amphibole cation sum was normalized to
13-(Ca+Na+K), as suggested by Laird and Albee (1981);
Fe** = 46-total cation charge and Fe?* = Fetot-Fe**; AlY =
8-Si, AIV! = Al _-Al". The mineral abbreviations follow
Kretz (1983).

Amphibole

In T1, the amphiboles equilibrated at metamorphic peak
are Mg-hornblendes to tschermakites (Table 6a) with low
Mg# (0.55-0.63). The wide Al and (Na+K)A variation in a
tschermakite substitution trend is highlighted in Figures
10A and B, the Ti content is relatively low (Figure 10C).

In T2, the amphiboles are Mg-hornblendes (Table 6b),
with rare tschermakites and pargasites, all showing high
Mg# (0.62-0.81). The Na content is relatively high and in-
creases with AI"V (Figure 10A). The TiO, content reaches 1
wt%.

In T3, the amphiboles are tschermakites, more rarely par-
gasites (Table 6¢), characterized by either (I) prevalent
tschermakite substitution, associated with a TiO, content of
about 1 wt%, or (II) prevalent pargasite substitution, associ-
ated with TiO, in excess of 2 wt% (Figures 10A and D).

In T4, amphiboles are mostly tschermakites or pargasites,
up to Fe-pargasites (Table 6d). The prevailing pargasite sub-
stitution associated with TiO, in the range 1 - 2.5 wt%, as
shown in Figure 10A.

On the whole, the amphibole composition is in part con-
trolled by the bulk rock, but the A1203, and TiO2 contents
likewise depend on the metamorphic parameters. The
AIV/AIM are distributed, for the major part, along the parga-
site vector (Figure 10B) and suggest intermediate tempera-
ture gradients (Fleet and Barnett, 1978).

Clinopyroxene

In T2, the clinopyroxenes are almost pure diopside, with
low hedenbergite and appreciable enstatite (En = 0.38-0.50).
In T3, they are diopside with appreciable hedenbergite and
En/Fs = 1.63-2.8. In T4, the clinopyroxenes have higher Fe?*
and aegirine content in the range 7-11 mole% (Table 7a).
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Garnet

In T3 amphibolites, garnet (Table 7b) shows a wide com-
positional variability (Alm,, Grs, .Prp,, ,.Sps, (Adr, ), and
compositions are homogeneous in samples of comparable
bulk composition. They exhibit weak zoning and the pyrope
content tends to increase toward the rim. Garnets from one T4
amphibolite differ, due to their high grandite content and low
pyrope (Fig. 11A; Grs,, , Alm,, . Adr,, ,,Sps, ;Prp, ), con-
sistent with the low bulk rock Mg/Fe_ . In the rodingitized
samples the garnet is almost pure grandite (Grs,, s Adr, ;.
,SPS, 1.00)» €xcept for one sample with an appreciable Alm (up
to 18 mole%). The garnets from the gneisses have a homoge-
neous almandine composition with significant grandite and
pyrope (Fig. 11B; Prp,, ,,Alm, , Sps, (Grs, ,; Table 7c).

63-71 5.10°

Plagioclase

In the T1 amphibolites the An content ranges from 23 to
30 mole%, whereas in T2 the plagioclase is generally saus-
suritized with rare An_,; relics. In T3 the composition is in
the range An,, .. In T4, plagioclase An, ,, sometimes co-
exists with K-feldspar, mostly pure orthoclase, but composi-
tions with Ab up to 16 mole% as well as Ab exsolutions
with K-feldspar = 20 mole% are found. The plagioclase
from the gneisses has Ang ;..
Micas

The micas from the gneisses and micaschists are biotite
and white mica. The biotite from the garnet-bearing gneiss-
es exhibits TiO, = 1.5-1.7wt%, Al,O, = 18.9-19.9 wt%,
Mg# = 0.6. The scant biotite from the T4 amphibolite has
very low TiO, (0.19wt%), A1203 = 17.54wt%, Mg# = 0.70.
The white mica from the garnet-bearing gneisses is mus-
covite with Fe,O, between 0.6 and 2.4wt%, negligible FeO,
and MgO in the range 0.8-1.8wt%. The Na/Na+K is in the
range 0.08-0.35 and phengite substitution is negligible.

Accessory phases (ilmenite, epidote)

The ilmenites from the amphibolites are almost pure with
appreciable Mn-ilmenite (5-8 mole%) and hematite (3-7
mole%).

The epidotes in equilibrium at the metamorphic peak in
the amphibolites are clinozoisites. Their composition de-
pends on the bulk rock composition: low Ps 100%Fe?**
/Fe3*+AIY! = 1.3-1.5 in T2, and 100*Fe3* /Fe3*+AlY! be-
tween 21-26 in T1 and T4. The epidotes included in the gar-
net of the gneisses have (100*Fe** /Fe**+AlV! = 16). The
retrograde epidotes tend to near pure Fe-epidote.

Thermobarometric constraints

The Hbl — Plg geothermometer (Blundy and Holland,
1990) was applied to several mineral pairs selected from the
different amphibolite types (Table 8). On the whole, the re-
sults confirm those in Carosi et al. (1996). For T1, the cali-
bration yields T 637°+7°C, for P between 0.4-0.5 GPa; T2
gives results of about 624+9°C for P = 0.5-0.7 GPa. The
Hbl-Plg thermometer for T3 gives the highest values of
755+33°C, for P = 0.7 GPa. The Grt-Cpx thermometer (Ellis
and Green, 1979) applied to T3 yields T = 796+50°C. The
Grt - Plg - Hbl - Qtz geobarometer (Kohn and Spear, 1990)
applied to the T3 parageneses gives results of about 0.70-
0.75 GPa. The Grt-Cpx thermometer calibrations applied to
T4 yield T = 755+55°C, for P = 0.7 GPa. Amphibole-based
thermometry could not be applied to T4 due to the sub-sili-
cic composition of the amphibole.
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The resulting temperatures are consistent with medium-
grade, garnet-free amphibolite facies conditions for T1 and
with relatively high T and P, within amphibolite facies at
coexisting clinopyroxene and garnet for T3. As for T2, the
occurrence of clinopyroxene and the lack of garnet could
suggest intermediate conditions between T1 and T3.

However, it should be pointed out that the composition
corresponding to cumulus protoliths, characterized by high
modal plagioclase and sometimes olivine, with consequent
high Mg#, can account for the garnet-free assemblages.

The PT data obtained for T3 and T4 correspond to the
suprasolidus conditions of a tholeiitic basalt with H,O > 5 %
(Green, 1982). However, geochemical and petrographic evi-
dence of partial melting, except for rare Plg - Qtz veins, is
lacking.

We can therefore suppose that the hydrous fluids in equi-
librium with the rock could virtually correspond to the am-
phibole OH-group and, hence, not exceed 2% of the bulk
rock composition. Under these PT conditions, the metasedi-
ments possibly associated with this origin, could suffer in-
tense partial melting and so be expelled due to differential
rheology.

DISCUSSION

The models generally proposed for the obduction of the
oceanic lithosphere (e.g., McCaig, 1983; Michard et al., 1991;
Cawood and Suhr, 1992; Searle and Cox 1999; Searle et al.,
2004 and many others) encompass an early intra-oceanic and
a subsequent marginal stage (Michard et al., 1991).

The intra-oceanic stage is characterized by detachment of
a section of oceanic lithosphere and subsequent thrusting
over a neighbouring one. The detachment level is located
within the oceanic mantle, probably along a rheological sur-
face. During the intra-oceanic stage, the metamorphic sole
originates in the high-temperature shear zone between the
two sections of young and still hot oceanic lithosphere. The
metamorphic sole, recognized everywhere at the base of the
overriding slice of oceanic lithosphere, is formed by a thick
(up to 800 m) assemblage of oceanic-derived rocks, general-
ly deformed and metamorphosed under amphibolite facies
conditions. The peridotite overlying the metamorphic sole is
affected by mylonitic deformation and serpentinization. The
high temperature required for the development of the meta-
morphic sole is provided by thermal flux from the over-
thrusted mantle tectonites.

In contrast, the marginal stage corresponds to thrusting
onto the continental margin of the already cold oceanic
lithosphere, in this phase deformed only at its base. Sub-
greenschist metamorphism develops in the underlying conti-
nental margin sequences. Generally, the marginal stage is
characterized by the development of tectonic mélanges and
during its latest stage, brittle deformation can dismember
the metamorphic sole.

However, some problems are still unresolved in the pro-
posed models (e.g., McCaig, 1981; 1983; Michard et al.,
1991; Cawood and Suhr, 1992; Searle and Cox 1999; Searle
et al., 2004 and many others), like the geochemical signa-
ture of the igneous protoliths, and the occurrence of a verita-
bly inverted metamorphic gradient from amphibolite facies
at the top of the metamorphic sole to greenschist facies at its
base. In addition, the P and T conditions of the metamorphic
climax are still a matter for debate, mainly concerning the
pressure attained. The main open question however, regards
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the geodynamic setting in which the metamorphic sole orig-
inated. Two main environments are proposed in the litera-
ture: 1) the metamorphic sole originates during thrusting of
a thick section of oceanic lithosphere within a suprasubduc-
tion basin, far from a subduction zone (e.g., Michard et al.,
1991); 2) the metamorphic sole in the second proposed set-
ting originates in a subduction zone where a slice of hot
oceanic lithosphere is underthrusted below an accretionary
wedge (e.g., Wakabayashi and Dilek, 2003).

The analysis of the metamorphic sole of the Mirdita
ophiolites helped to highlight some aspects of the obduction
process. The main results are the following:

1. The metamorphic sole consists of an assemblage of
slices derived from different protoliths. Different types of
amphibolites have been identified, each showing the same

structural history but different P and T values for the climax
conditions of their metamorphism. The boundaries between
the T1-T4 amphibolite slices as well as those between of
gneisses and micaschists are shear zones. This structure pat-
tern and the deformation features can be explained as the re-
sult of progressive accretion in a single body - i.e. the meta-
morphic sole - of slices of different peak metamorphism at
different times during the progressive intra-oceanic thrust-
ing of the obducted ophiolites. The slices with the highest
metamorphic grade (T3 and T4) were enclosed in the sole
shortly after the obduction began, whereas the rocks with
the lowest metamorphic grade (T1 and T2) were enclosed
subsequently, when the obducting ophiolites were colder.
The structure of the metamorphic sole described in this pa-
per is similar to that observed in obducted ophiolites, such
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Fig. 12 - Cartoon depicting the dynamics of the Mirdita ocean suture and its obduction. A) subduction and development of a suprasubduction basin with MOR
and OIB oceanic lithosphere B) development of an embryonic thrust surface in the suprasubduction basin close to the mid-ocean ridge, along which relatively
high temperatures are maintained (e.g. ca 1000°C/km, Boudier et al., 1988). C) Intraoceanic stage of the obduction process. In the enlarged area the relation-
ships between the overriding oceanic lithosphere, the metamorphic sole and the underlying oceanic lower plate are shown D) Marginal stage of the obduction
process. In the enlarged area the relationships between the overriding oceanic lithosphere, the metamorphic sole, the Rubik complex and the underlying conti-
nental lower plate are shown.



as those in Oman (Hacker and Mosenfelder, 1996).

2. The OIB protoliths of T1, T2 and T3 are defined by
their distinctive trace element ratios (Blum et al., 1996) also
pointing to a K-alkaline character. Incompatible element
abundances normalized to primordial mantle (not reported)
match the HIMU-dominated OIBs (Weaver, 1991). Com-
pared with the typical HIMU end-member, the T4 amphibo-
lites show evidence of contamination by crustal-derived
material in the sources (Blum et al., 1996) and of partial
melting of a mantle source where garnet was a residual
phase. The protoliths of the associated paragneisses are
probably siliciclastic sediments with subordinate pelite com-
ponent. Their origin as metarenites/metapelites belonging to
an ophiolite sedimentary cover is strongly suggested.

3. The metamorphic overprint in the metamorphic sole is
clearly characterized by HT/LP conditions, from lower to
higher-grade amphibolite facies. No evidence was found for
slices affected only by greenschist metamorphism. The tem-
perature ranged from 624+9°C to 796+£50°C in the slices
where pressure was generally lower than 0.7 GPa. These data
are consistent with a tectonic load provided by an entire sec-
tion of oceanic lithosphere ranging in thickness from 15 to 20
km. Pressure values in excess of 1.1 GPa for T > 750°C, i.e.
largely exceeding our data, were proposed by Dimo-Lahitte
et al. (2001). The parameters proposed by Dimo-Labhitte et al.
(2001) indicate HP facies conditions, hardly matching the de-
scribed mineral assemblage represented by diopside and gar-
net. In addition, the granulites from the Mirdita metamorphic
sole are characterized by the occurrence of orthopyroxene
(Dimo-Lahitte, 2001), whose absence is diagnostic of HP
granulites (e.g., O’Brien and Rotzler, 2003).

4. A discontinuous inverted gradient is observed in the
metamorphic sole, where the higher grade amphibolite fa-
cies occurs close to the harzburgites. On the whole, the
metamorphic sole of the Mirdita ophiolites consists of meta-
morphic rocks with a decreasing climax metamorphism at
increasing structural depth beneath the harzburgites. How-
ever, no progressive and continuous change in the P and T
conditions of peak metamorphism was observed in the dif-
ferent types of amphibolites.

5. According to e.g., Malpas et al. (1973) and Wak-
abayashi and Dilek (2003), a rheologically prominent basal
horizon is required for a detachment of an entire section of
oceanic lithosphere, as the case for the Mirdita ophiolites.
Here, the most probable basal detachment horizon is repre-
sented by the lithosphere/asthenosphere boundary corre-
sponding to the 1000°C isotherm (Boudier et al., 1988). In
addition, a spreading center is generally regarded as the dis-
continuity where the basal thrust nucleates (e.g., Boudier et
al., 1988). Alternatively, emersion of the detachment hori-
zon can be connected with occurrence of a lithospheric dis-
continuity, possibly represented by a volcanic range, consis-
tent with the large quantity of OIB rocks in this metamor-
phic sole.

6. A sharp jump in metamorphic characters occurs be-
tween the metamorphic sole and the underlying “Volcano-
sedimentary Formation”, belonging to the Rubik complex,
with no evidence of any gradual transition between the two
tectonic units. This suggests that the two metamorphic
events differ in age and geodynamic significance. The am-
phibolite facies of the metamorphic sole and its later retro-
gression to greenschist facies corresponds to the intra-
oceanic thrusting phase, whereas the subgreenschist meta-
morphic overprint can be assumed to have occurred during
the subsequent marginal stage.
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CONCLUSION

In the Mirdita area, the metamorphic sole consists of an up
to 600 m thick assemblage of metasediments and metabasites,
mostly amphibolites, at the base of an ophiolitic nappe. Four
different amphibolite types were identified for geochemistry,
grain-size and mineral assemblages. The protoliths of the am-
phibolites consist of basic rocks with OIB affinity representa-
tive of within-plate magmatism typical of oceanic seamounts.
No MORB-derived rocks have been identified. The metasedi-
mentary rocks are in turn likely derived from sedimentary
cover of an oceanic crust. All the lithologies from the Mirdita
metamorphic sole are strongly deformed under lower to high-
er amphibolite facies metamorphic conditions. A discontinu-
ous inverted gradient occurs with the rocks showing the high-
est amphibolite facies metamorphism near the harzburgites.
However, no progressive and continuous change in the P and
T conditions of the climax metamorphism has been observed
in the different types of amphibolites. Greenschist facies
metamorphic rocks are absent, although all the lithologies
from the Mirdita metamorphic sole are affected by green-
schist facies retrogression. The amphibolite types are charac-
terized by different P - T values of metamorphic climax. The
temperature ranges from 624+9°C to 796+50°C in the differ-
ent types of amphibolites but the pressure is everywhere low-
er than 0.7 GPa. The boundaries between amphibolite slices
with different climax metamorphisms and the bodies of the
gneisses and micaschists are shear zones. The structural histo-
ry, common to all rock types in the Mirdita metamorphic sole,
highlights two deformation phases that developed under am-
phibolite facies metamorphism, followed by a third phase in
greenschist facies conditions.

These data fit very well in a model (Figure 12) where the
metamorphic sole developed by the intra-oceanic thrusting of
a very hot slice of oceanic lithosphere obducted over a adja-
cent oceanic crust. In this model, progressive thrusting led to
formation of the metamorphic sole through the accretion of
oceanic seamounts from the lower plate to the base of the
overriding plate. The different peak P and T conditions in the
amphibolite slices can be interpreted as due to the accretion
process through the different stages and to assembly into a
single body during the thrusting of the ophiolites (e.g., Hack-
er and Mosenfelder, 1996). A heat source is required to ex-
plain the very high geothermal gradient suggested by the oc-
currence of amphibolite metamorphism. Residual heat from
young, still hot oceanic lithosphere could provide the tem-
peratures required for syn-obduction metamorphism. In addi-
tion, frictional heating can be regarded as an additional
source during intra-oceanic thrusting. The pressure below 0.7
GPa in all the amphibolite slices is consistent with develop-
ment of the Mirdita metamorphic sole in a shear zone at the
base of an overriding section of oceanic lithosphere not
thicker than 15-20 km. Recent models consider obduction
process to occur in the lower plate during underthrusting in a
flattening subduction zone (e.g., Dimo-Lahitte, 2001). How-
ever, the very high geothermal gradient is in contrast with
subduction process where metamorphism is characterized by
low T/P gradients, and in general by HP conditions. Further-
more, gabbros and basalts from the crustal section lack a
HP/LT metamorphic overprint and related pervasive defor-
mation of the whole ophiolite sequence, confirming that the
Mirdita ophiolite was not involved in a subduction zone.
Moreover, the geochemistry of the Mirdita ophiolites, that
points to a suprasubduction origin, as well as the tectono-
metamorphic features of the sole, rather suggest that the ob-
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duction process was localized in the upper plate, over a sub-
duction zone, where young and still hot oceanic lithosphere
was affected by compression immediately after its formation
(e.g., Bortolotti et al., 2005). Furthermore, the present data
suggest that the entire metamorphic sole developed during an
intra-oceanic stage sensu Michard et al. (1991), while its em-
placement over the continental margin occurred later, when
the Mirdita ophiolites were cooled and the metamorphic sole
already formed. At this latter stage, only brittle deformation
affected the metamorphic sole, as recorded bythe brittle
faults at its base. Instead, below the overriding obducted
oceanic lithosphere, a tectonic mélange, i.e. the Rubik Com-
plex, developed contemporaneously in a brittle regime under
sub-greenschist facies metamorphism.
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