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ABSTRACT

Based on its petrological and geochemical characteristics, the Krivaja-Konjuh Ophiolite
Complex (KKOC) and the surrounding ophiolitic mélange make an integral part of the Central
Dinaridic Ophiolite Belt (CDOB) of the Internal Dinarides. The Jurassic ultramafic and mafic
sequences form about 80 % of the KKOC, whereas the rest belongs to the metamorphic
sole, which is found concentrating in the northwestern and southern margins. Due to the
emplacement processes, the main peridotite mass is reported to possess a highly
dismembered block-like structure.

The KKOC ultramafic rocks, comprising Iherzolites, pyroxenites, dunites, along with rocks
from the metamorphic sole and chromitites were subjected to an extensive analytical
investigation, which included electron micrope probe analysis (EMPA), secondary electron
microscopic (SEM) studies, x-ray fluorescence (XRF) analysis and inductively coupled
plasma mass spectrometry (ICP-MS), in order to reveal their mineralogical, geochemical and
petrological characteristics.

The lherzolitic modal mineralogy consists of olivine, orthopyroxene, clinopyroxene, spinel
and occasionally plagioclase. Most of the analysed samples are characterised by a mantle
porphyroclastic texture and a foliated structure. With respect to clear differences in modal
mineralogy, as well as in phase and bulk-rock chemistry, one is able to distinguish two main
varieties among the KKOC Iherzolites. The first one renders spinel Iherzolites, whilst the
second variety is known as plagioclase lherzolites.

Geothermometric estimations yielded the main equilibration range, for both spinel and
plagioclase lherzolites, to range from 809 to 1012 °C (T1). The Fe-Mg exchange between
olivine and spinel provided a temperature range of 550 to 682 °C (T2), which is found to be
indicative for subsolidus reequilibration processes. Using the oceanic and rift-ridge
geotherms, the equilibration pressures extending from 1.2 to 2.0 GPa (ca. 40-65 km depth)
were inferred for T1 temperatures. The final equilibration level marked by the T2
temperatures happened under pressures below 1.0 GPa.

Numerous geochemical parametres are pointing to the KKOC |herzolites as fertile solid
residues, which, before metamorphism, underwent low to moderate degrees of MOR melting.
The mineral chemistry of spinel and the REE normalisation levels (relative to chondrite)
yielded an average batch melting degree of ~ 7.7 % for spinel lherzolites. Based on this
estimation and constant values of melt production rate and depth of melting onset, the KKOC
oceanic crust thickness is calculated, having being around 5.4 km. This crustal thickness
would imply a ridge spreading rate of 32 mm/year, which defines the KKOC ridge system to
have been relatively slow-spreading (< 55 mm/year). The modern analogues of such MOR
settings exist in the Northern Atlantic and the Indian Ocean. The most-eastern segment of
the KKOC is, however reported to deviate from the MOR fertile geochemistry.

The occurrence of pargasitic amphibole, coupled with a Cr-enriched spinel, call for
enhanced mantle melting (~ 15 %) in a SSZ-type of setting. Contrary to the amphibole
formation in a SSZ mantle wedge, geochemical evidences clarify the growth of plagioclase
through sub-solidus equilibration (T2) and melt metasomatism of the lithospheric mantle at a
MOR-type setting. It can be concluded that the main part of the KKOC Iherzolites presents a
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segment of mantle column, which experienced relatively fast and continuous adiabatic
ascent under the spreading MOR environment. The main stage of equilibrium (T1) for the
coarse-grained and porphyroclastic Iherzolites is advocated to have occurred shortly after
partial melting. By further ascent, the KKOC mantle portion passed the dry solidus having
experienced different mineralogical adjustments (equilibration) (T2), ensued by melt
metasomatism, which had led to plagioclase formation.

Pyroxenites (olivine websterites) are reported to crop out sporadically in the NW part of
KKOC, where they form lenses up to 20 cm wide. They are always associated with dominant
plagioclase lherzolites. Mineral paragenesis of pyroxenites comprises big euhedral grains of
ortho- and clinopyroxene, which define a recondite cumulate texture. The intercumulus space
is occupied by small to medium-grained mosaic olivine and rarely spinel. Occasionally, a
mesh of altered plagioclase rims the spinel grains. Petrological and geochemical evidences
suggest that the KKOC pyroxenites formed under high pressures and temperatures as
‘deeply originated’ ultramafic cumulates. This required higher melting degrees of an already
depleted MORB source. It is suggested that crystallisation took place in thermal conduits,
located under the ocean ridge system, where significant cooling of conductive melt occurs.
The corresponding clinopyroxene mineral characteristics of pyroxenites and surrounding
plagioclase |herzolites imply that both rocks underwent a common late-stage metasomatic
path.

Dunites were recovered from two locations placed on the western and eastern margins of
KKOC. They possess a typical cumulate texture, containing major olivine (~ 90 vol.%) and
some minor clinopyroxene and spinel. The most striking geochemical and textural
characteristics are a concave-upward ‘U’-shaped REE pattern with a clear Eu positive
anomaly and coarse, massive euhedral grains of olivine. These features define the KKOC
dunites as highly refractory ultramafic rocks that underwent partial melting, accompanied by
a ‘boninitic fluid’ impregnation process. A chromitite body is reported from the Dubostica
locality (western KKOC), characterised by a high Cr content in spinel (Cr# = 80). This calls
upon for the influence of the subduction-related, most probably boninitic melts as well, as
parental to this mineralization. It is inferred that the KKOC dunites and associated chromitites
actually represent the uppermost part of the transitional zone (crust-mantle transition) formed
by crystal fractionation from a hypothesised crustal magma chamber. Mineralogical and
geochemical evidences further suggest that this process was followed by a sizable melt-rock
metasomatism. Initially, the chromitites segregated from the invading (boninitic) melt, which
subsequently percolated neighbouring rocks, producing dunites.

Between the two major KKOC peridotite blocks, an elongated metamorphic domain is
located. The northern part of the domain actually comprises only small, scattered meta-
morphic occurrences, whereas the main metamorphic portion is found southwards, around
the villages of DuboStica and Vijaka. Within the KKOC metamorphic unit, a variety of
metamorphic paragenesis, textures and structures was recognised. Textures are either
crystalloblastic or porphyroblastic. The rock structures are more often than not parallel,
showing an alternation of ‘white’ and ‘black’ rock segments. The differences in modal
mineralogy reflect discrepancies in the protolith geochemistry, but they also witness different
conditions of metamorphsim. Based on the general classification criteria set for
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metamorphic rocks, the following petrographic varieties among the KKOC metamorphic
rocks were distinguished: (1) granoblastic amphibolite, (2) garnet-diopside amphibolite, (3)
garnet-diopside-hypersthene amphibolite, (4) diopside amphibolites and (5) plagioclase-
garnet-diopside gneiss. Major and trace element geochemistry, as well as petrographic data
show that two-thirds of KKOC metamorphic rocks bear geochemical signatures of mafic to
ultramafic gabbroic rocks, whereas the rest corresponds to more evolved basalts of tholeiitic
affinity. In the case of metacumulates, a supra-subduction-zone (SSZ) type of geotectonic
setting was inferred, whereas for metabasalts the MORB-type of geotectonic affiliation was
evident.

Geothermobarometric calculations, based on the phase chemistry of different coexisting
minerals, yielded ranges of temperature and pressure for the different KKOC petrographic
varieties, as follows: (a) ~ 880 °C and 0.90-1.30 GPa for granoblastic amphibolites, (b) 802-
1028 °C and 0.94-1.40 GPa for garnet-diopside amphibolites, (c) for garnet-diopside-
hypersthene amphibolites the metamorphic conditions are analogue to the previous variety,
recording slightly reduced pressure values, (d) 0.84-0.89 GPa for diopside amphibolites, with
no temperature data, and (e) 729-890 °C and 1.10-1.60 GPa for plagioclase-garnet-
diopside gneisses. Based on geothermobarometric calculations and textural characteristics
of the rocks, hypothetical clockwise P-T-t paths or trajectories were constructed, suggesting
that the plagioclase-garnet-diopside gneisses present the deepest parts of the subducted
slab (~30-42 km), followed by the garnet-diopside and garnet-diopside-hypersthene
amphibolites (~24-35 and ~ 24-30 km, respectively). The shallowest domains of the
metamorphosed oceanic crust belong to the granoblastic amphibolites, approximating from 4
to 30 km depths.

Due to the striking similarities of CDOB with ophiolitic complexes in Albania and Greece,
the geodynamic evolution of KKOC is bound to the Mesozoic evolution of the Pindos Ocean,
a Tethyan back-arc type of ocean. The generation of KKOC commenced in the Late Triassic
by Pindos opening and subsequent Late Triassic to Early Jurassic ocean-spreading and
detachment of the Drina-lvanjica element from the Adriatic microplate. This extensional
processes might have lasted for some 30 to 40 Ma, when in the Early to Middle Jurassic
(Bajorcian-Taorcian period), due to the continuous northwards movement of Africa, an intra-
oceanic NE dipping subduction took place, indicating an overall space shortening. Strong
petrological and geochemical evidences imply the proximity of a Dinaridic intra-oceanic
subduction zone and a KKOC mantle domain. Furthermore, in order to reconcile the features
of two contrasting geotectonic settings (MOR and SSZ) displayed by almost all KKOC
lithological units, one suggests that a subducted slab must have been placed under the
Krivaja-Konjuh mantle domain. Such a scenario is logical with respect to the presence of
dunites, which are normally bound to SSZ boninitic melts. The existence of an island arc
should be expected, but the direct proof has not been relieved yet. The metamorphic sole is
also related to such a defined intra-oceanic subduction and underplating of the cold oceanic
crust under the hot mantle wedge. Part of the oceanic crust is found deeply subducted,
having recorded the highest metamorphic grades. During the late Jurassic to early
Cretaceous transition period, the subduction trench collided with the Adriatic microplate, and
the KKOC among other CDOB ultramafic complexes was thrust southwestwards on the
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Adriatic carbonate platform. Throughout the emplacement, the eastern KKOC mantle portion
was most probably tectonically exhumed along the ancient subduction channels, causing an
erosion of the above placed plagioclase-containing lithospheric mantle (impregnation zone).
This resulted in the present-day placement of spinel Iherzolites of the Konjuh domain at the
same attitude with the plagioclase Iherzolites of the western Krivaja segment, whereas the
metamorphic sole rocks are found situated in-between the two.



KURZFASSUNG

Der Krivajah-Konjuh Ophiolith-Komplex (KKOC) und die umgebende Ophiolithische
Mélange sind wichtige Bestandteile des Zentral-Dinaridischen Ophiolith-Glrtels (CDOB) der
internen Dinariden. Diese jurassischen ultramafischen und mafischen Gesteinssequenzen
bilden ca. 80 % des KKOC; der restliche Teil besteht aus Gesteinen der ,metamorphic sole®,
die vor allem in den nordwestlichen und siidlichen Randbereichen des KKOC zu finden sind.
Auf Grund des Platznahme-Prozesses ist die peridotitische Hauptmasse des KKOC
~.dismembered®, d.h. in zahlreiche tektonische Blocke zerlegt.

Die ultramafischen Gesteine des KKOC umfassen Lherzolithe, Pyroxenite und Dunite.
Diese wurden zusammen mit den Gesteinen der ,metamorphic sole“ und Chromititen im
Detail untersucht, wobei neben der Polarisationsmikroskopie auch die Elektronenstrahl-
Mikrosonde (EMPA), das Rasterelektronenmikroskop (SEM), das
Roéntgenfluoreszenzspektrometer (XRF) und das ICP-MS zum Einsatz kamen.

Der Modalbestand von Lherzolithen umfasst Olivin, Orthopyroxen, Clinopyroxen, Spinell
und manchmal auch Plagioklas. Die meisten der untersuchten Proben sind foliilert und
porphyroklastisch. Innerhalb der Lherzolite lassen sich auf Grund des Mineralbestandes, der
Mineralchemie und der Gesamtgesteinschemie zwei unterschiedliche Typen unterscheiden:
Spinell-Lherzolithe und Plagioklas-Lherzolithe.

Geothermometrische Abschatzungen zeigen, dass die Gleichgewichtstemperaturen fir
beide Lherzolithtypen bei 809 — 1012 °C liegen (T1). Der Fe-Mg-Austausch zwischen Olivin
und Spinell liefert deutliche geringere Temperaturen von 550 — 682 °C (T2). Dies ist durch
eine Redaquilibrierung im Subsolidus-Bereich bedingt. Unter Zuhilfenahme der ozeanischen
Rift-Geotherme ergeben sich fur T1 Dricke von 1.2 —2.0 GPa, was einer Tiefenlage von
40 — 65 km entspricht. Den T2 Temperaturen entsprechen Driicke von weniger als 1.0 GPa.

Zahlreiche geochemische Parameter belegen einen fertilen Charakter der KKOC-
Lherzolithe, die nur einem geringen Aufschmelzgrad unterlagen. Sowohl der Chemismus des
Spinells als auch die REE-Gehalte weisen auf einen durchschnittlichen ehemaligen Gleich-
gewichts-Aufschmelzgrad (,batch melting) von ~ 7.7 % flr die Spinell-Lherzolithe hin.
Basierend auf diesem Wert ergibt sich eine Krustenmachtigkeit von ca. 5.4 km, wenn man
eine konstante Schmelzmenge und Tiefe des Schmelzbeginns annimmt. Eine derartige
Krustenmachtigkeit impliziert eine Spreading-Rate von 32 mm/a, d.h. das KKOC Ridge-
System war durch eine langsame Spreizung charakterisiert. Moderne Analoga solcher MOR
existieren im Nordatlantik und im Indischen Ozean. Das dOstlichste Segment des KKOC ist
allerdings starker verarmt.

Das gleichzeitige Auftreten von pargasitischem Amphibol mit einem Cr-reichen Spinell
sprechen fir einen starkeren Aufschmelzgrad (~15 %) in einem Suprasubduktions-Setting
(SSZ). Im Gegensatz zur Amphibolbildung in einem SSZ-Mantelkeil, wird das Auftreten von
Plagioklas durch Subsolidusreaktion und Metasomatose in einem MOR-Setting erklart. Man
kann annehmen, dass die KKOC-Lherzolithe aus einem Segment der Mantelsaule stammen,
das unter einem Ozeanrlicken relativ schnell adiabatisch aufgestiegen ist. Die Haupt-
aquilibrierung der grobkoérnigen und porphyroklastischen Lherzolithe (T1) wird relativ rasch



nach dem partiellen Schmelzprozess stattgefunden haben. Beim Aufstieg reagierten die
Lherzolithe zunachst noch durchgreifend auf die fallenden P-T-Bedingungen und danach
wurden bei ca. 1020-800 °C viele Gleichgewichte zwischen den Mineralphasen eingefroren.
Lediglich die auch bei niedrigeren Temperaturen ablaufenden Elementaustauschprozesse
(z.B. Mg-Fe zwischen Spinell und Olivin) zeigen noch eine Uberpragung bei niedrigeren
Tempera-turen. Auch die Bildung von Plagioklas in einigen Lherzolithen erfolgte
wahrscheinlich bei relativ niedrigen Temperaturen.

Pyroxenite, i.e. Olivin-Websterite sind vereinzelt im NW-Teil des KKOC aufgeschlossen
und bilden Linsen, die selten mehr als 20 cm machtig sind. Diese Gesteine sind immer mit
Plagioklas-Lherzolithen vergesellschaftet. Die Paragenese der Olivin-Websterite besteht aus
grofllen, nahezu idiomorphen Kérnern von Ortho- und Clinopyroxen, die eine Kumulattextur
definieren. Als Interkumulusphasen treten fein- bis mittelkérniger Olivin und seltener auch
Spinell auf. Manchmal ist Spinell von Plagioklas umwachsen. Die KKOC-Pyroxenite (Olivin-
Websterite) wurden bei héheren Driicken und Temperaturen gebildet. Es handelt sich um
Kumulate. Wahrscheinlich sind sie durch weiteres Aufschmelzen eines bereits an MORB
verarmten Lherzoliths entstanden. Die Kristallisation dieser Magmen fand wahrscheinlich in
thermischen ,conduits” und dem mittelozeanischen Rlcken statt, wo die Schmelzen stark
auskulhlen und stecken bleiben kénnen. Die Clinopyroxene der Olivin-Websterite und der
Plagioklas-Lherzolithe sind ahnlich zusammengesetzt, was auf eine spate gemeinsame
metasomatische Uberpragung hinweist.

Dunite wurden an zwei Orten, entlang des westlichen und &stlichen Randes des KKOC
gefunden. Diese Gesteine besitzen eine typische Kumulattextur, enthalten hauptsachlich
Olivin (~ 90 %) neben Cpx und Spinel und zeichnen sich durch zwei Besonderheiten aus.
Einerseits besitzen sie nach oben konkave, ,U-férmige“ REE-Muster mit einer deutlichen
positiven Eu-Anomalie, andererseits enthalten sie grobkornigen, nahezu idiomorphen Olivin.
Diese Eigenschaften definieren die KKOC-Dunite als hoch refraktare ultramafische Gesteine,
die als Reste einer partiellen Schmelzbildung eventuell durch ,boninitische Fluide®
impragniert wurden. Bei Dubostica im westlichen KKOC ist ein Chromitkérper
aufgeschlossen, der durch Chromit mit einem hohen Cr#-Wert von ca. 80 charakterisiert ist.
Auch bei der Entstehung derartiger Spinell kénnten boninitische Schmelzen beteiligt
gewesen sein. Es wird vermutet, dass die Dunite und assoziierten Chromitite den obersten
Teil der Ubergangszone zwischen Mantel und Kruste darstellen, d.h. sie sind wahrscheinlich
durch Kristallisation aus einer Magmakammer entstanden. Dieser Prozess war von einer
durchgreifenden Metasomatose durch Schmelze begleitet.

Zwischen den beiden grossen KKOC-Bldcken ist ein langgestrecktes Areal metamorpher
Gesteine aufgeschlossen. Der nordliche Teil dieses Areals enthalt nur wenige und relativ
kleine Vorkommen von basischen Metamorphiten, wahrend diese Gesteine im sudlichen
Bereich um die Orte Dubostica und Vijaka sehr haufig sind. Insgesamt sind die metamorphen
Gesteine sehr unterschiedlich, mit kristalloblastischen oder porphyroklastischen Gefiigen. Relativ weit
verbreitet sind Gesteine, die abwechselnd aus hellen und dunkleren Lagen aufgebaut sind. Die
unterschiedliche mineralogische Zusammensetzung beruht nicht nur auf unterschiedlichem
Chemismus, sondern auch auf unterschiedlichem Metamorphosegrad. Insgesamt wurden
folgende Gesteinstypen unterschieden: (1) Granoblastische Amphibolite, (2) Granat-Diopsid-
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Amphibolite, (3) Granat-Diopsid-Hypersthen-Amphibolite, (4) Diopsid-Amphibolite und (5)
Plagioklas-Granat-Diopsid-Gneise. Der Chemismus dieser Gesteine sowie ihre
petrographischen Eigenheiten legen nahe, dass sie Uberwiegend (ca. 2/3) aus mafischen
oder ultramafischen gabbroiden Gesteinen entstanden sind. Das restliche Drittel entspricht
eher differenzierten Basalten tholeiitischer Affinitat.

Geothermobarometrische  Berechnungen zeigen, dass diese Gesteine bei
unterschiedlichen P-T-Bedingungen entstanden sind: (a) Granoblastische Amphibolite
lieferten ~ 880 °C und 0.9-1.3 GPa; (b) Granat-Diopsid-Amphibolite sind bei 802-1028 °C
und 0.94-1.40 GPa entstanden; (c) Granat-Diopsid-Hypersthen-Amphibolite weisen nahezu
die gleichen Ent-stehungsbedingungen auf wie (b), lediglich die Driicke sind etwas geringer;
(d) fur die Diopsid-Amphibolite liessen sich nur Druckwerte von 0.84-0.89 GPa, aber keine
Temperatur-werte ermitteln; (e) die Plagioklas-Granat-Diopsid-Gneise entstanden bei 729-
890 °C und 1.10-1.60 GPa. Aufbauend auf diesen Werten wurden fur die verschiedenen
Gesteinstypen metamorphe P-T-t-Pfade konstruiert. Sehr wahrscheinlich nahmen die
Plagioklas-Granat-Diopsid-Gneise in der Liegendplatte die tiefste Position ein (~ 30-42 km),
nach oben gefolgt von den Granat-Diopsid- und Granat-Diopsid-Hypersthen-Amphiboliten
(~24-35 and ~24-30 km). Aus dem flachsten Bereich (4-30 km) stammen die
granoblastischen Amphibolite.

Auf Grund der auffalligen Gemeinsamkeiten des CDOB mit den Ophiolithkomplexen
Albaniens und Griechenlands (nicht Kreta und &stliche Bereiche), wird auch der KKOC mit
der mesozoischen Entwicklung des Pindos-Ozeans als einem Back-arc Ozean in Verbindung
gebracht. Die Bildung des KKOC began in der spaten Trias durch die Offnung des Pindos-
Ozeans und dem “Spreading” im Zeitraum spate Trias bis friher Jura. In dieser Zeit wurde
auch das Drina-lvanjica-Terrain von der adriatischen Mikroplatte abgespalten. Dieser exten-
sionale Prozess dauerte fir ungefahr 30 bis 40 Millionen Jahre an, bis um die Grenze
zwischen dem Unteren und Mittleren Jura (Bajorcian-Toarcian), als eine intraozeanische
nach NE einfallende Subduktionszone entstand und von Einengungsprozessen gefolgt
wurde. Es gibt wichtige petrologische und geochemische Hinweise darauf, dass eine solche
intra-ozeanische Subduktionszone im Bereich des KKOC dokumentiert ist. So weisen die
Gesteine des KKOC darauf hin, dass sie in einem spateren Stadium Uber einer
Subduktionszone gelegen sind. Hierauf weisen unter anderem die Dunite hin, die
normalerweise mit SSZ verknlUpften Boniniten vergesellschaftet sind. Allerdings kann man
die Existenz eines Inselbogens nur vermuten, da direkte Hinweise (z.B. Kalkalkalivulkanite)
fehlen. Das Vorkommen von Gesteinen der “metamorphic sole” kann ebenfalls mit einer
intraozeanischen Subduktion in Verbindung gebracht werden. Wahrend des spaten Jura bis
in die frhe Kreide kollidierte der Subduktions-Trench mit der Adriatischen Mikroplatte und
der KKOC wurde neben anderen Ophiolithvorkommen des CDOB slidwestwarts auf die
Adriatische Karbonatplattform Uber-schoben. Wahrend der Platznahme wurde vor allem der
Ostliche Teil des KKOC (Konjuh-Segment) tektonisch abgetragen. Daher fehlt hier das
plagioklas-peridotische Stockwerk des lithospharischen Mantels, wahrend dieser vor allem
im Westen (Krivaja-Segment) anzutreffen ist. Die Gesteine der “metamorphic sole” sind vor
allem im zentralen Bereich des Gesamt-komplexes anzutreffen.






1. INTRODUCTION

1.1. Prologue

The key to the origin of igneous and metamorphic rocks lies in the study of their
structural, textural and mineralogical characteristics (including phase chemistry) and their
bulk-rock chemistry (including trace element concentrations). The science that interprets
these characteristics is usually called petrology. It offers possible answers to the genesis of
igneous and metamorphic rocks. In particular, a study of ophiolitic rocks may help to
constrain the genesis of mid-ocean ridge basalts (MORBs) and to understand the tectonic
progression from an oceanic ridge to a suprasubduction setting.

This thesis presents a petrogenetic study of Bosnian ophiolites. More precisely, it deals
with the large ophiolite complex of eastern Bosnia and Herzegovina, called the Krivaja-
Konjuh ophiolite complex (KKOC).

Ophiolites represent slivers of ancient oceanic lithosphere obducted onto the continental
or oceanic crust (Bodinier and Godard 2003)). Ophiolitic rocks are spread worldwide and they
can be found in all collisional belts. The exact definition of an ophiolite has been controversial
for many years. However, during the well-known Penrose Conference in 1972, a global
consensus was attained over the ophiolite definition (e.g. |Coleman 1977). It states that in a
completely developed ophiolite, the rock types are spatially arranged in the following upward
sequence: (1) metamorphic sole rocks, (2) ultramafic complex (mantle rocks), (3) ultramafic
cumulates (crustal rocks), (4) gabbroic complex, (5) mafic sheeted dike complex, (6) mafic
volcanic complex (pillow lavas) and (7) oceanic sediments (e.g. radiolarites, shales, pelagic
carbonates). The following decades of petrological research fully ascertained an oceanic
lithosphere origin of ophiolite complexes. Today, the term ophiolite clearly means fossil
oceanic lithosphere, normally found tectonically emplaced onto the continental margin. Most
commonly, after the emplacement, only parts of the ophiolite sequence is found preserved,
being associated with different sedimentary rocks. Together they form an ophiolitic mélange
(e.g./Miyashiro 1975, IDimitrijevi¢ and Dimitrijevi¢ 1973).

The Dinarides were formed during the Alpine evolution of the present-day area of SE
Europe. They show a regular zonation, visible in the spatial distribution of distinctive
Mesozoic-Palaeogene tectonostratigraphic units (Pami¢ and Tomljenovi¢ 1998). One of
these zones is the Central Dinaridic Ophiolite Belt (CDOB) comprising dismembered
ophiolite blocks and related sedimentary formations. The Krivaja-Konjuh ophiolite complex
renders the biggest block of the CDOB. lts size, intriguing lithological diversity and field
relations, outcrop accessibility, as well as lack of modern comprehensive petrologic studies,
make it a prominent choice for an attractive petrogenetic research. This thesis focuses on the
ultramafic and metamorphic parts of the Krivaja-Konjuh ophiolite complex, whereas the mafic
segment is the subject of another thesis, which was defended at the University of Tuzla,
Bosnia and Herzegovina in 2009 (Babaji¢ 2009).

The purpose of this dissertation is to present a detailed petrologic and geochemical
overview of metamorphic and ultramafic rocks of the KKOC. Strong accent is put on its



genesis in the context of regional geodynamics of the Dinarides, a part of the Mesozoic
Tethys.

1.2. Aims of dissertation

The aims of the thesis are thoroughly summarised as follows:

(1) Optical study of a large number of thin sections (~ 110) in order to select the most
representative samples for further analytical treatment.

(2) Provide detailed petrographic descriptions of the selected samples.
(3) Determine phase (mineral) compositions by electron microprobe.

(4) Interpret mineral compositions, in particular chemical zoning patterns, with respect to
changing pressure-temperature (P-T) conditions (geothermobaro-metry).

(5) Define the character and provenance of ultramafic rocks and estimate the degree of
partial melting.

(6) Determine potential metasomatic processes and reequilibration effects.
(7) Determine possible protoliths of metamorphic sole rocks.

(8) Determine the P-T conditions of the metamorphic sole rocks, and envision a grid of the
important metamorphic reactions.

(9) Describe the chromite occurrence (podiform type) in peridotite.

(10) Offer a critical overview of the petrogenesis of the Krivaja-Konjuh ophiolite complex,
including its geodynamic development and emplacement on the continental margin.

(11) Correlate petrogenetic results with other areas of the Central Dinaridic Ophiolite Belt and
compare it with genetically linked areas of the Pindos Ocean in Serbia, Kosovo,
Albania and Greece. Underline the differences with geographically proximal rocks of
the Vardar Zone in Serbia and Croatia.

1.3. Structure of the thesis

This thesis is partitioned in 7 chapters (without References), with an appendix at the
end. The chapters form a sequence where the foregoing chapter renders a logical precursor
to the following one. The thesis commences with an already presented general introduction
accompanied with a list of dissertation’s aims. Literature is considered up to the publication
date of December 2009. Chapter 2 offers detailed insight in the geographical position of
investigated area. Furthermore, sampling spots are indicated on a comprehensive geological
map of the Krivaja-Konjuh ophiolite complex (KKOC). Chapter 3 begins with an overview of
the modern Tethyan ophiolite theory. Apart from the classic ophiolite sequence, this
presentation also includes related rocks forming metamorphic soles. As well, a brief note on
the supra subduction zone (SSZ) Mesozoic Tethys ophiolites is presented here. In the mid-
subchapter one can find an introductory insight to the Geology of the Central Dinaridic
Ophiolite Belt. The chapter ends with a detailed outline of the geological features of the
Krivaja-Konjuh Ophiolite Complex (KKOC), which also includes the general petrography
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and geochemistry of ultramafic and metamorphic rocks. In Chapter 4, one finds the
description of the sampling locations. The following subchapter presents a detailed
petrography and mineral chemistry of the investigated ultramafic rocks. Great accent is given
to rock textures. Thereupon, the same is given for the rocks forming the metamorphic sole.
Chapter 5 offers data on whole-rock compositions. Several subchapters treat main
elements, trace elements and rare earth elements for ultramafic and metamorphic rocks,
respectively. Chapter 6 starts with geothermobarometric calculations defining equilibration of
ultramafic rocks and P-T conditions for the rocks forming the metamorphic sole. This is
followed by the discussion on petrogenesis and provenance of ultramafic rocks and by
speculations on plausible protoliths of metamorphic rocks. Further considerations deal with
the original geotectonic setting of protolith formation and present the most possible model of
the metamorphic event. Final thoughts go to the KKOC genesis and correlation of its
geodynamic history with adjacent ophiolitic realms of Serbia, Kosovo, Albania and Greece.
Chapter 7 includes an outline of all results and conclusions of this research. In Chapter 8,
the referred bibliography of this thesis is listed. The following items are found in the
Appendix: (a) Materials, (b) Analytical technique, (c) Mineral phase chemistry and (d) Bulk-
rock geochemistry.
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2. GEOGRAPHICAL SETTING

The Krivaja-Konjuh ophiolite complex (KKOC) is the biggest ophiolite occurrence in
Dinarides. It presents a tectonic sheet (~1 km thick) indicating a synclinal structure
(Roksandi¢ 1971)). The complex is situated in the northeastern part of Bosnia and
Herzegovina (Fig. 1), occupying the southern part of the Tuzla district, possessing a WNW-
ESE Dinaridic elongation and covering approximately 650 km?. Its longer axis is ~ 40 km,
and the shorter axis is ~ 20 km long. The closest large town is Tuzla (~15 km), whilst the
distance to Sarajevo approximates 100 km.

Northwards and northwestwards, the KKOC merges with the Ozren ultramafic massif,
whereas to the south, it is bordered by the town of Vare§ and by the Ravan and Zvijezda
mountains. The main state road, connecting Sarajevo and Tuzla, crosses the KKOC at the
Karaula locality. The furthest western frontier renders the valley of river Bosna (Pami¢ 1978).
The river Krivaja flows through the mid section of the KKOC, intersecting the complex along
its longest axis. To the southwest of the river, the area comprises almost ubiquitous
ultramafic rocks. To the northeast of the river, the mountainous area of Konjuh is also made
of ultramafic rocks. Therefore, in the literature this entire area is known as the Krivaja-Konjuh
ophiolite complex, with |Petkovic (1961) who introduced the term.

As already mentioned, the dominant constituents of the KKOC are ultramafic rocks,
accompanied by smaller outcrops of gabbro, dolerite, diabase, and meta-morphic rocks such
as granulite, amphibolite, and amphibolite gneisses. Together with greywacke, sandstone
and claystone, these crystalline rocks form the Jurassic ‘magmatic-sedimentary’ complex. If
one considers KKOC being part of the above-mentioned complex, then together with the
adjacent sediment formations, it covers an area of approximately 1000 km?.
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3. GEOLOGICAL SETTING

3.1. A modern conception of Tethyan ophiolites

Nowadays, the term ‘ophiolite’ includes sizeable ultramafic (and mafic) sections of fossil
oceanic lithosphere that were obducted onto the continental (or oceanic) crust. Many years
of scientific debate passed since the compromise on the ophiolite rock-suite definition was
reached at the Penrose Conference in 1972. Modern ophiolite geochemical classification
distinguishes different types of ophiolites through the simple classification scheme based on
their fertility. Italian internal Ligurides (fertile) and Semail ophiolites in Oman (refractory) are
found to be type localities, presenting two opposite compositional points regarding the
discussed criterion (e.g. Nicolas and Boudier 2003).

Mildly refractory ophiolite mantle material of |herzolitic composition is interpreted to
present an embryonic oceanic crust developed at the ocean ridge setting (e.g. Bodinier et al.
19864). Apart from the Ligurian ophiolites, dominantly lherzolitic mantle sequences are
reported from several other ophiolite localities, such as the eastern Dinarides and Hellenides
(e.g.Lugovic et al. 1991, INicolas et al. 1999, |Cvetkovi¢ et al. 2007). A common feature of all
these mantle rocks is a strong to moderate serpentinisation, whilst textural evidences, which
indicate their mantle tectonite’s origin, are occasionally preserved. The genesis of the
Iherzolitic sequence is attributed to lower degrees of partial melting relative to harzburgitic
mantle sections. This issue is usually explained by a slow-spreading rate at the mid-ocean
ridge (e.g. Moores et al. 2000).

Strongly refractory mantle material, e.g. tectonite harzburgite is generally more
frequently encountered and more occasionally preserved as complete ophiolitic sequences.
It comprises thick mantle sections up to 10 km (e.g. Semail ophiolite in Oman, Trodos
ophiolite on Cyprus, Zlatibor and Varda complexes in Dinarides) (Lippard et al. 1986, Pami¢
and Desmons 1989). The harzburgite tectonites are featured by coarse-grained
porphyroclastic textures recording high temperatures (> 1200 °C) and implying that ductile
deformation occurred during asthenospheric mantle flow. The foliation is well pronounced
with generally flat trends being parallel to the Mohorovi€i¢ discontinuity. The genesis of this
kind of highly refractory ophiolites has been widely debated since the supra-subduction zone
(SSZ) geotectonic setting came forward as a most liable origin environment (e.g. Miyashiro
1975, Moores et al. 2000, Shervais 2001). Consensus exists over the fact that the
harzburgite’s refractive character is due to a high degree of melt extraction. However, the
cause of this process is still in discussion, ascribing it either to hydrous melting in the SSZ
mantle wedges, or to decompression melting at fast-spreading mid-ocean ridges (e.g.
Coleman 1977, Boudier and Nicolas 1985).

The actual regional geotectonic models of Tethyan development differ considerably.
Notwithstanding, many characteristics are found to be in common. They are envisaged in
fact that the present day Tethyan orogens render succession of continental plate collisions
that supervened multi-phase dissolution of Gondwana and repeated cycles of ocean basins
onward, the northward drift of Gondwana fragments encompassed at least three opening
cycles. The last one indicates Neotethys opening, which commenced in Early Triassic, with
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separation of the Pelagonian mass, i.e. different detached continental blocks, such as
Tauride-Anatolide, Lhasa, Burma, Apulia, Adria, etc. Still, there is no sharp line between
Neotethys and older Palaeotethys oceanic realms, since the two oceanic systems evolved
from one to another (Robertson 2002). Today, the Neotethys ophiolites refer to those rifted in
the Early Mesozoic and being emplaced on the continental margins by the end of
Cretaceous. As outcome of Tethyan development, the ophiolites are known in the literature
as Tethyan ophiolites, today spread from the French Alps up to the Himalayas (Fig. 2.).
Almost by the rule, these ophiolites are all preserved in a highly dismembered state forming
blocks of ultramafic and mafic rocks tectonically emplaced on (sediment) rock sequences. If
the ophiolite suite rocks are found in a strongly mixed state, they are referred to form an
ophiolitic mélange.
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Fig. 2. Map showing the stretching of Tethyan ophiolites throughout Eurasia (after|Dilek et al. 2008).

Regarding the ophiolite genesis itself, two principal concepts came through as the most
probable. These are (a) ocean-ridge, and (b) subduction-related origin (SSZ) concepts. The
first hypothesis advocates ophiolite formation along the sea- floor spreading zones. The
second hypothesis argues that ophiolites are formed in a supra-subduction zone setting
(SSZ) and thus underwent a relatively high degree of partial melting, enhanced by volatile
influx released from the subducted slab. Both hypotheses have some deficiencies. For
instance, two parallel ophiolitic belts stretching throughout the Western Tethyan Ophiolites
(Dinarides, Albanides and Hellenides) greatly differ in the refractory nature of their ultramafic
sequences. The western belt is not so depleted, since it is mainly of lherzolitic composition,
in marked contrast to the eastern belt, wich is more depleted (harzburgitic). Therefore, such
‘high fertility’ cannot be interpreted by the simple SSZ hypothesis. On the other hand,
development of geochemical discrimination techniques based on the comparison of ophiolite
extrusive rocks with oceanic volcanics of modern tectonic settings (e.g. Pearce 1980)

18



indicated that some ophiolites previously believed to be of MOR origin are unambiguously
SSZ affiliated.

In light of the above-mentioned concepts, the new geotectonic concepts on Tethyan
ophiolite development have started to conceal both hypotheses (Dilek and Flower 2003
Robertson 2002). It speculates with Mesozoic Tethyan ophiolites affiliated to slow spreading
mid-ocean ridges often evolved into the SSZ type peridotites. The lithological and structural
ophiolite diversities are due to progressive incorporation of magmatic and metamorphic
ridge, arc and back-arc domains into soon to be obducted ophiolite sequences.

Metamorphic rocks known as metamorphic sole accompany most of the Tethyan
ophiolite complexes. They are featured by an inverted metamorphic gradient with amphibolite
to granulite facies metamorphic rocks formed at temperatures of up to 1000 °C (e.g.
Guilmette et al. 2005, |Segvi¢ et al. 2006). The metamorphic gradient tends to drop
structurally downwards, attaining greenschist-facies conditions at the lowermost levels. The
pressure conditions are subjected to great oscillation depending on physical properties of the
overridden rock sequences. The overlying rock is an ophiolitic peridotite (e.g. cases of Oman
or Bosnia, Pami¢ et al. 1977, |Gnos and Peters 1993). Today there is general agreement that
oceanic spreading and metamorphic sole formation are synchronous or at least form two
closely sequential events occurred at the collapsed spreading ridges or in hypothetic back-
arc realm of Tethyan marginal basins (Dilek and Flower 2003).

3.2 The Central Dinaridic Ophiolite Belt (CDOB)

The Dinarides form part of the Alpine-Himalaya Tethyan orogenic belt. They possess a
NW-SE strike with a south-westward vergence. In the NW, the Dinarides merge with the
Southern Alps, whilst in the SE they are continued as Hellenides and Albanides. The overall
elongation covers ca. 700 km stretching throughout Slovenia, Croatia, Bosnia-Herzegovina,
Serbia, Montenegro and Kosovo. In the NE-SW crosscutting profile, a characteristic regular
zonal pattern in the spatial distribution of Mesozoic-Early Tertiary tectonostratigraphic units is
recognised (Pamic et al. 1998a) (Fig. 3). Thus, going from the Adriatic microplate to the NE,
the following units are distinguished: (1) the Adriatic-Dinaridic carbonate platform of External
Dinarides, (2) Jurassic-Cretaceous passive continental margins of Apulia known as ‘flysch
Bosniaques’ or Bosnian nappe (Aubouin et al. 1970), (3) ophiolites and genetically related
sedimentary formations, which together form the Central Dinaridic Ophiolite Belt (CDOB), (4)
a Late Cretaceous sequence composed of sedimentary, magmatic and metamorphic rocks
related to the Vardar zone (VZ-western belt), thrusted on the CDOB sequence, and (5)
Paleozoic-Triassic nappes of Eastern Dinarides as defined by Rampnoux (1970), which are
found thrusted on internal units of the Eastern Dinarides. Referring to the division presented
here, the Vardar zone ophiolites render the most internal units of the Dinarides. Units defined
as (2) to (4) forming the Internal Dinarides sensus-stricto are sometimes also called the
‘Supradinaric’ (Herak 1986).

The Dinaride ophiolites are reported to belong either to CDOB or to VZ (also called
IDOB = Inner Dinaridic ophiolite belt). In both cases, they are found associated with different
sedimentary formations. Their main differences happen to be: (a) diverse genetic model of
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origin, (b) different ages of formation, and (c) dissimilar structures, especially concerning
their relations to underlying and overstepping sedimentary sequences. Dismembered CDOB
ophiolites are related to the ocean-ridge geotectonic setting, whereas patches of the VZ
ophiolite occurrences are SSZ affiliated (Pamic et al. 2002, Bazylev et al. 2009).

The Central Dinaridic Ophiolite Zone (CDOB) (Fig. 3) is in the literature also known as
the Dinaride Ophiolite Zone (DOZ), Dinaride Ophiolite Belt (DOB) or formerly, as the Bosnian
serpentine zone. The CDOB stretches from Zagreb and the Banovina region in Croatia,
across all northern and central Bosnia to southern Serbia, with further prolongations to the
Hellenides. As stated above, the CDOB rocks are associated with different sedimentary rock
formations. Thus, they form an ophiolitic mélange known as the Jurassic magmatic-
sedimentary formation (Pami¢ 1974).

Main components of the CDOB are individual ophiolite fragments, ranging from small
ones (up to 1 km) to extensively large ones (up to several decades of km). Their principal
lithological constituent is tectonic (or cumulate) Iherzolite (spinel peridotite). Smaller blocks
can also be composed of different varieties of gabbro, dolerite, diabase, spilite and
metamorphic sole rocks. Mafic rocks make up to 5 % of the ophiolite complexes. The larger
ultramafic complexes as, for instance, the KKOC, are divided in several smaller blocks,
which display peculiar structural features (e.g. strike and dip of foliation). Apart from
ultramafic and mafic rocks and associated metamorphic rocks, the ophiolitic mélange is
composed of a shaly to silty matrix, which embeds fragments of greywacke, radiolarite and
exotic limestone of different Jurassic-Cretaceous ages. Sometimes the matrix also embeds
fragments of gabbro, diabase, basalt, ultramafics, tuff, amphibolite, chert and schist. Rarely
one encounters completely preserved ophiolite profiles. More often, they are chaotically
dispersed and found as ophiolitic mélange (Pami¢ and Desmons 1989, [Dimitrijevi¢ and
Dimitrijevic 1973). An ophiolitic mélange of the CDOB transgressively overrides sedimentary
sequences (up to 2000 m thick). This sequnece is known as Pogari formation. It is mainly
composed of conglomerates and breccias (Jovanovi¢ 1957)). Clasts of this sequence are
formed of ophiolitic fragments as well as some granitoids of presumed Variscan age. The
Pogari formation is determined to be of Late Cretaceous age. Hence, it is the youngest
possible age of all rocks belonging to the CDOB.

So far, the ophiolitic mélange, shales and greywackes in particular, do not exhibit any
characteristic index fossils. Based on the peculiar fauna of platy limestone their Jurassic age
is hypothesized. This correlates with results of radiometric measurements on metamorphic
sole rocks (Lanphere et al. 1975 Majer et al. 1979, Lugovi¢ et al. 1991). One infers that
fossil limestone content, radiometric ages and the age of the Pogari formation define the age
of the CDOB spanning the Early Jurassic to Early Cretaceous.

Inside the CDOB (Fig. 3), besides the KKOC, one can distinguish five other ophiolite
complexes: (1) Kozara ophiolite complex (e.g. [Pami¢ et al. 2002, [Karamata et al. 2005,
Ustaszewski et al. 2006), (2) Ljubi¢ and Cavka ophiolite complex (e.g. [Majer and Jurkovié
1963, [Pami¢ 1983, [Lugovi¢ et al. 1991), (3) Ozren ophiolite complex (e.g. Sijaric and
Sibenik-Studen 1989, [Lugovié et al. 1991, Bazylev et al. 2009), (4) Borje and Mahnjaga
ophiolite complex (e.g. DZepina 1970, |Pami¢ and Majer 1974, Lugovi¢ et al. 1991)), and (5)
Vardar and Zlatibor ophiolite area (e.g. Trubelja et al. 1974, Pami¢ and Desmons 1989,
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Popevi¢ et al. 1993, |[Korikovski et al. 1996). The interested reader is referred to the
bibliography provided and references therein.
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Fig. 3. Map showing the position of CDOB and VZ ophiolites in Dinarides (modified after
2009).

3.3. Geology of the Krivaja-Konjuh Ophiolite Complex (KKOC)

Comprehensive geological investigations on the KKOC began in the late 19" century by
the Croatian scientist KiSpati¢ (1897, 1902) in his work on the Bosnian Serpentinite Zone.
After the second world war the research dealing with KKOC was published by
(1958), Trubelja (1961), [Ristic and Mudrini¢ (1965), Sunari¢-Pami¢ and Oluji¢ (1968), [Pamid
and Keppeler (1971) and others. During the work on the basic geological map of the former
Socialist Federative Republic of Yugoslavia, much fruitful petrologic information on the KKOC
rocks has been gathered. This information can be found in the legends of the following map-
sheets: Zavidovici, Vares and Vlasenica (Pami¢ 1968, 1970, Dordevi¢ and Pami¢ 1972)). The
first modern comprehensive investigation of the KKOC rock suite is given in
(1977). A treatise on the ophiolitic mélange problematics of the Dinaridic ophiolite is given in
Dimitrijevic and Dimitrijevic (1973). A very detailed report on the KKOC mineral phase
chemistry is provided in [Maksimovi¢ and Majer (1981) and [Maksimovi¢ and Kolomejceva-|
\Jovanovi¢ (1987). The results of extensive studies on the CDOB Jurassic ophiolites and
associated metamorphics origin are reported in Lugovic et al. (1991), [Trubelja et al. (1995),

Operta (2004) and Bazylev et al. (2009).
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Ultramafic rocks form about 80 % of the KKOC, whereas the rest are mafic and
metamorphic rocks, which are found concentrating in the NW part and along the southern
margins of the complex, respectively (Fig. 4). Other lithologies are reported extremely rare.
The ophiolite sequence is highly dismembered due to its emplacement on the continental
margin. It is estimated that the present sedimentary succession of the KKOC was deposited
during or prior to the emplacement. This formation is usually referred as ophiolitic mélange or
magmatic-sedimentary formation, also known in the literature as the diabase-chert formation.
The ultramafic part of the KKOC covers an area of 500 km?. The composition is uniform,
consisting almost entirely of Iherzolite. However, one can distinguish rather large areas of
dunites with subordinate pyroxenites outcropping along the southern margins of the complex,
especially in the vicinity of Vijaka and Dubostica villages. Chromitite appearances inside the
peridotite bodies are not unusual. Nevertheless, they are found rather disseminated without
depicting any significant accumulation. The contact with Jurassic podiform sediments is
purely tectonic, since signs of sediment metamorphism have not been reported.
Serpentinisation is recorded not only along the marginal areas of the ultramafic mass, but
also in its central parts (Pamic et al. 1977)). According to geophysical data, the ultramafic
segment of the KKOC formes a slightly concave sheet (Roksandi¢ 1971)) with an estimated
maximal thickness of 2000 m. By the dismembering of the ophiolite sequence it acquired the
block-like structure. So, inside the structure of the KKOC two comparatively large blocks can
be recognised. The western block is further segmented by faulting, while the eastern one is
homogeneous with a syn-shaped form. The tectonic movements are echoed in the peridotite
structural and textural features. However, they are reported not to overlap with those of the
surrounding Jurassic sediments (Nicolas et al. 1971, Pami¢ et al. 1977). This implies
separate geological evolutions of these units, which is further corroborated by the lack of
contact metamorphism of sediments. Gabbro makes the main KKOC mafic component.
Compared to the ultramafics it is found as a minor constituent concentrated either along
margins or in the central areas of the complex. Thus, it renders the transitional zone to the
Jurassic sediments. Main outcrops are reported in the upper flow of the river Gostovi¢a and
at the hill of Romanovac. Overall, the gabbro surface in these localities is approximately
25 km?. The contact of the gabbro mass and lherzolite is not open, but the broader area is
featured by many gabbro veins. Sometimes, enclaves of lherzolite are perceived inside
gabbro. Mineral compositions of enclaved and surrounding peridotite are practically identical
(Pami¢c _and Antic 1964). Very often the gabbro displays cumulative structural features,
observed as a foliation. By comparing the pyroxene lineation of the gabbros with those of the
ultramafics, one can infer the intrusive contact of the gabbro mass with the neighbouring
Iherzolites (Pami€ et al. 1977). Therefore, it is estimated that the basic lavas intruded the
ultramafic complex before its tectonic emplacement. This is endorsed by the lack of intrusive
relation between gabbro and Jurassic sediments. Dolerite-diabase rocks form the third most
abundant lithological unit often observed inside the KKOC with the biggest surface
occurrence recorded along the northern slopes of the complex near the small town of
Banoviéi. There, these rocks comprise an area of ~ 25 km? The dolerite-diabase body is
made of a variety of coarse-grained dolerites and medium to small-grained diabases. The
contact to the Jurassic sediment is sharp and clearly indicates an intrusive
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event (Karamata and Pami¢ 196Q). Metamorphic rocks are reported to occupy the southern
margins of the KKOC, outcropping mostly in the vicinity of the Vijaka and Dubostica
localities. They form separated zones of up to 10 km long and several hundred metres in
width. Besides the stated outcrop localities, metamorphics are observed inside the complex,
particularly along the main longitudinal fault, dividing the complex into two large blocks
(Fig. 4). The contact of metamorphic and ultramafic rocks is mostly hidden. However, an
intimate gradation between the two units is noticed. Dubostica and Vijaka metamorphic rocks
present the biggest ophiolite-related occurrence of metamorphic rocks in the Dinarides. They
comprise an area of approximately 40 km?. It is a lithologically diverse terrain comprising
rocks from greenschist to granulite facies (Pami¢ and Keppeler 1971, Operta 2004).
However, amphibolites prevail depicting variable mineralogical compositions as well as
structural and textural characteristics. Their textural attributes are to a certain degree highly
correlated with those of the ultramafics and mafics (Pamic et al. 1977). On the other hand,
the relation to Jurassic sediments is solely tectonic. The sedimentary rocks belonging to
KKOC are not homogeneous. The dominant lithological units are small-to-medium grained
greywackes and dark greyish to black claystones accompanied by significant amounts of
breccias and limestones (Jovanovi¢ 1957, Pamic et al. 1977)).
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1810 ik GEOLOGICAL MAP OF THE KRIVAJA-KONJUH OPHIOLITE COMPLEX
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o 1 2 3 4 5 ke

Sheet authers: 1. Zavidoviéi - [PamiZ et al. 1577 Sarajeve
2. Vared - Serajevo

3. Viasenica - Strajin et al. 195572 Sarajeve
Banovici 4. Tuzla - [CiEi¢ et al. 1988[Sarajevo

_u. Miacena A} ;'lPogar serie
m J Oligomincena _| m": - s

B oo

- Diabase / spilite
imesin Bl coovoeiorte =
limesianes - Dalarita - mm 1.

1-16 Sampling lecations

Olovo

Fig. 4. Geological map of the Krivaja-Konjuh ophiolite complex with indicated sampling localities.
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4. PETROGRAPHY AND MINERAL CHEMISTRY OF THE KKOC ROCKS

4.1. Sampling locations

After a comprehensive KKOC terrain prospecting, 16 localities were chosen as the most
appropriate to be sampled from. They are briefly summarised in Table 1. The sampling date,
spot signs in the enclosed geological map of the KKOC (Fig. 4) and basic terrain and rock
lithology are shown in the same Table. The lithology is inferred from field observation and the
basic geological map of Bosnia and Herzegovina (e.g.[Pami¢ 1970). Where available, GPS
coordinates are provided.

Stipanovi¢i and Gostovica Rijeka are localities placed along the banks of the river
Gostovi¢a around 10 kilometres upstream from its confluence. The distance between these
two localities is approximately 2 km. Samples of peridotite and garnet pyribolite were taken
from the southern banks. The area is composed of Jurassic sediments, mostly sandstones.
Based on the rock fragments’ size and shape, it is believed that these boulders originate
from the relatively small ultramafic bodies tectonically displaced from the main ophiolitic
mass in the area located south and west of Gostovici village. The Manastir locality is situated
in the mid-part of the northern rim of a large Krivaja ultramafic body. The distance to the river
Krivaja totals ~ 10 km south-westwards. Samples of fresh foliated peridotite are very nicely
exposed, eroded by the hill's stream (Fig. 5). Krivaja and Krivaja Vozuca localities are placed
on the southern bank of the Krivaja river (Fig. 5). These localities are a few kilometres apart
and both are found inside the Jurassic magmatic-sedimantary formation. Metamorphic rocks
sampled here most probably originate from upstream Distica and Careva Cuprija
metamorphic areas, which mark the northern portion of the Krivaja and Konjuh ophiolite
segment junction.

Fig. 5. Manastir (left) and Krivaja (right) localities.

The next sampling spot, called Maoce (Fig. 6), is located further upstream the river
Krivaja. Here, the riverbed is made of fresh peridotite of different structures, whereas
amongst shore pebbles, one can encounter high-grade metamorphic rocks from nearby
metamorphic terrains. Careva Cuprija locality is placed further upstream, in the Olovo
direction. The locality is named after the village situated inside the metamorphic terrain as
shown on the geological map. It was hard to find a suitable outcrop for sampling. A sample of
high-grade pyribolite was taken near the city bridge at the river's shore. The localities Vijaka
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Stream and Vijaka are located some 10 km southwards. They are placed north and south of
the Vijaka village, respectively. The distance between these localities approximates one
kilometre. Pebbles of metamorphics were gathered from Vijaka Stream, whereas the Vijaka
locality is presented by an outcrop of in-situ metamorphic rocks. The metamorphic terrain of
the Vijaka area represents the main metamorphic mass inside the KKOC, featured by
particular pargasite schists. Some twenty kilometres westwards, DuboStica and DuboStica
North localities are placed (Fig. 6).

- T = G . -
Fig. 6. Maoce (left) and Dubostica (right) localities.

The hamlet of Dubostica can be reached passing the Pogari plateau in the direction of
VareS. The localities are found about 5 km uphill from the hamlet. Although the area is
covered by sediments, the riverbed of the Dubostica creek and pebbles recovered therein,
offer the best collection of ophiolite-related rocks in whole KKOC. Cumulate peridotite,
tectonite lherzolite (in contact with chromitite), amphibolite and granulite were sampled there.
Granulite was taken from the outcrop, whereas the peridotite is found just above it, in primary
contact with its metamorphic sole. Before entering the hamlet, one can see a steep
abandoned side road for the nearby Rakovac locality. In former times the chromite ore was
exploited there.

/ : : : g o A

Fig. 7. MuSka Voda (left) and Karaula (right) localities.
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Table 1. Locality overview with sampling time, map signs, samples’ names, Gauss-Krliger coordinates, and main

litholo

from field observation and geological map.

Pebbles of
Stipanovici 07/2007 1 GR2 2 95112 ﬁ2755 ultramafic &
metam. rocks -
terrain made of
Gostovica 4917 125, Jurassic
Rijeka 09/2006, 07/2007 2 GR12 6 514 420 m?gmat"
sedimentary
mélange.
4910 160 Ultramafic terrain.
Manastir 09/2006, 07/2007 3 U4, M2 6 520 200’ Nice samples of
layered peridotite.
o 4 910 405, Pebbles of high
Krivaja 07/2007 4 MK2 6 520 980 grade .
Krivaia — Vozud metamorphic
rivaja — vozuca 09/2006 5 U29, U30 n.a. rocks g athered
along river bank.
Ultramafic terrain
N 4 905 700, of fresh peridotite
Maoce old samples 6 R8, R/ 6 534 230 having different
texture.
Metamorphic
Careva 4 900 280, terrain with no
Cuprija 0772007 7 cc1 6 530 540 well exposed
outcrops.
.. 4 890 840, Main
Vijaka Stream 09/2006, 07/2007 8 V1, U40 6 530 510 metamorphic
mass inside
KKOC. Terrain is
Vijaka South 07/2007 9 V4, X1 285%002?1% featured by
distinctive
pargasite schists.
Stream-pebbles
DUbOétlca North 07/2007 10 U22, D5 4égsg% 279(:_; of igneous and
metamorphic
lithologies.
» 09/2006, 04 and u23, DU5, 4900 060, Contact of
Dubostica 07/ 2007, old 1 U19, D16, 6 520 510 ultramafics and
SampleS D17, D18 metamorphic
sole.
Fresh peridotite
10D, 11C, terrain.
Zepde OQslg?nO?,egld 12 Z1C, 1C, Not available Metamorphics-
P 2A, 4A ultramafics
contact.
Porphyroblastic
4 880 660, AN
Olovo 07/2007 13 02 6 540 710 perldqtlte
sampling.
Predominantly
mafic terrain.
Karaula 09/2006, 07/2007 14 KA1 4 893 084, Ultramafic
6 553 138
cumulate
sampled.
Ophiolite
s 4 902 750, mélange terrain.
Muska Voda 09/2006 15 U35 6 546 375 Composite
peridotite taken.
Heart of Konjuh
, 4910 720, ultramafic terrain.
Zlaca 0772007 16 24 6 545 198 Porphyroblastic
peridotite.
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Around fifty kilometres to the west from the hamlet of Dubostica, on the state road Doboj
- Zenica, the city of Zepée is located. It is surrounded by relatively small ophiolite terrains,
which are believed to be tectonically detached from the main KKOC ophiolite mass. The
sampling spot named Zep&e comprises one hundred metres of sampling along the canyon of
the river Ograjna, found in the vicinity of the city. The area is composed of fresh Iherzolite
with pyroxenite veins. Samples of peridotite and of a peridotite-pyroxenite contact were taken
there. Further up the canyon, one encounters the contact of altered peridotite and
metamorphic rocks. The contact is partially parallel with the foliation of metamorphic rocks.
Along the contact fault zone, plenty of peridotite inclusions are found inside the metamorphic
rocks. Samples of felsic and mafic granulite were taken from the contact area. As one gets
away from the contact, metamorphic lithology changes into magmatic (mafic), probably
presenting the metamorphic protolith. On the far opposite eastern side of the KKOC, at the
slopes of the Konjuh hill, the city of Olovo is located.

The Olovo locality is found a few kilometres to the north, following the main road to
Tuzla. There, nice samples of porphyroclastic peridotite were taken. Twenty kilometres
further north up the road, the locality of Karaula is situated. This whole area is formed of
mafic rocks with the primitive gabbro quarry placed just aside the road (Fig. 7). By carefully
observing, the good samples of cumulate plagioclase-rich peridotite were recovered. Further
northwest, following the Drinjaa stream, at the rim of the ultramafic Konjuh body, the locality
of MuSka Voda is located. It is a mountain spring, in a terrain made mostly of ophiolitic
mélange. A sample of peridotite, cut by mafic veins was taken from a nearby creek (Fig. 7).
Around 15 km towards the centre of the Konjuh ultramafic mount is the Zlaca locality. There,
nice outcrops of porphyroclastic peridotite are exposed.

4.2. Ultramafic rocks

4.2.1. Rock types, textures and structures

The great majority of the KKOC ultramafic rocks show characteristic granular or
porphyroclastic textures (Pamic et al. 1977). Granular textures are not frequently reported,
since these normally pertain to less abundant cumulate olivine-rich lherzolite and pyroxenite,
both having massive homogeneous structures with uniformly distributed mineral phases (Fig.
8). Such a distinct granular texture can easily be distinguished from immanent banded and
foliated tectonite peridotites, marked by characteristic mantle (metamorphic) texture (Fig. 9).
Banded peridotite structures are characterised by alternating layers of olivine- and pyroxene-
rich domains, with clear and sharp boundaries. This peridotite structure type is relatively rare
and crops out near the Dubostica village where peridotites are associated with chromite
mineralizations. On the other hand, about 90 % of KKOC Iherzolite possesses a foliated
peridotite structure (Pami¢ 1968, 1970| [Pordevi¢ and Pami¢ 1972) where one can notice
elongated pyroxene clusters imbedded in a medium to small grained olivine matrix, which
underwent a certain degree of serpentinisation (e.g. Fig. 11g). This Iherzolite texture variety
is in south Slavic geological literature referred as 'bobiCasti lercolit’.
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A detailed characterisation of the KKOC mantle rock (tectonite) subtypes, which is based
on their textural and structural features as well as on modal mineral composition, requires
comprehensive thin-section analyses. The petrographic descriptions given in here follow
textural classifications proposed by [Mercier and Nicolas (1975) and Basu (1977) for
porphyroclastic peridotites and |Wager and Brown (1968) for cumulate ultramafic rocks. Eight
rock-subtypes are reported within the ultramafic segment of the Krivaja-Konjuh ophiolite
taking into account: (a) rocks’ primary mineral paragenesis, (b) estimated phase
abundances, (c) rocks’ textures and (d) observed rocks’ alteration degrees, complex (Table
2). However, it needs to be added that modal mineralogy estimations are scarcely accurate
due to the combined effects of alteration and sample heterogeneity, partly induced by
extensive mantle deformations.

4.2.1.1. Plagioclase lherzolites

A transitional type of protogranular to porphyroclastic texture characterises this
ultramafic rock subtype represented by samples D5, GR2, GR12 and M2 recovered from the
NW part of the KKOC (Fig. 4, Table 2). Mineral constituents are olivine, orthopyroxene (Opx),
and in lesser quantities, clinopyroxene (Cpx) and spinel, whereas plagioclase is an
uncommon phase. Porphyroclasts are sporadically found, being mostly isometric or
occasionally slightly flattened subhedral Opx (~5 mm across). The grains show an
intracrystalline deformation history reflected in serrated grain boundaries, heavily kinked
subgrains and polygonisation (Fig. 10c). As well, cleavage planes, diopside exsolution
lamella and undulose extinction are ocassionally reported. The matrix is composed of equant
grains of olivine, Opx and Cpx (~ 2 mm across). Olivine is most abundant and it is preserved
in insular forms due to progressive serpentinisation, enhanced by the copious cracks and
grain-ruptures. Former grain boundaries between olivine and pyroxene are clearly
curvilinear, occasionally converging to triple points. Sometimes, peculiar olivine grains are
found as chada-crysts in pyroxene (sample GR12). Euhedral to subhedral Opx grains found
in the matrix are lamellae free, every so often marked by cleavage and polygoni-zation.
Clinopyroxene is not so frequent as olivine and orthopyroxene. It has subhedral grains,
usually marked by cleavage and exsolution lamellae. Incipient polygonisation is occasionally
reported. Within this texture one can rarely notice strain-free pyroxene neoblasts formed by
syntectonic recrystallisation and/or post-deformational annealing. Spinel is disseminated
throughout the sample, either as small anhedral blebs (~0.01 mm across) insulated in
olivine/Opx and encircling porphyroclasts or, as characteristic xenomorphic or holly-leaf
shapes with dimensions of up to 1.5 mm (Fig. 10a). Plagioclase is reported rarely, as a
subhedral matrix phase, with average grain size of ~0.8 mm across. This rock type
experienced comparatively low deformation, which is particularly supported in a coarse-
grained matrix and lack of neoblasts.
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Fig. 8a-d. Photographs showing ultramafic cumulate rocks having granular texture and homogeneous
structure, which form the smaller portion of the KKOC ultramafic segment: textures seen in saw-intersection
smooth surfaces (a and b); textures seen in natural rock surfaces (c and d).
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Fig. 9a-d. Photographs showing the KKOC ultramafic tectonite rocks having porphyroclastic texture and
banded or foliated structure: porphyroclastic textures in the saw-intersection smooth surfaces with foliated
(a) and banded (b) structures; textures in the normal rock surfaces (c and d).

4.2.1.2. Spinel lherzolites

This subtype is generally characterised by porphyroclastic textures, comprising a suite of
samples (02, Z2, Z4, U35) that were recovered from the eastern slopes of Konjuh (Fig. 4,
Table 2). The paragenesis comprises olivine, orthopyroxene, clinopyroxene, two kinds of
spinel and occasionally amphibole (samples Z4 and U35). Numerous porphyroclasts consist
of orthopyroxene, sometimes found randomly flattened (~5 mm across, with sample U35
having ~ 2 mm across). The deformation effects are echoed in undulose extinction, cleavage
planes, intra-grain ruptures, kink- bands, subgrains and sporadically in pressure lamellae
(sample Z4) and insulated phases (olivine in Z2 and spinel in U35, Fig. 10d). Often, the
strain-free neoblasts are found to encircle large porphyroclasts (Fig. 10e).
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Table 2. The Krivaja-Konjuh ultramafic rocks’ subtypes and their modal mineralogy estimation (vol.%)

Coarse- D5, GR2, Ql, Opx, Cpx,

grained PI GR12,and  PI, Sp, Srp,

Iherzolite — M2 and Tc 60-65 10-15 7-10 5-7 2-4 5-10
Type A

Spinel 02, 272,74, Ol, Opx, Cpx,

Iherzolite — and U35 Sp, Srp, Amp, 68-72 14-20 4-8 - 0-2 5-10
Type B and Chl

Pyroxene u4 Ol, Opx, Cpx,

rich PI PI, Sp, Tc, and

Iherzolite — Srp 50 20 15 3 2 10
Type C

Poikiloblastic 4A Ol, Opx, Cpx,

Iherzolite — PI, Sp, Srp, Pec 65 15 5 3 2 10
Type D and Chl

Equigranular R7 Ol, Opx, Cpx,

mylonitised Sp, and Srp

Sp lherzolite 70 12 4 B 4 10
—Type E

Spinel olivine 1C and 2A Ql, Opx, Cpx,

websterite — Sp, Chl, Srp, 20-25  30-35 20-30 - 2-4 10-15
Type F and Grt

Dunite U19and K1 Ol Cpx, Sp,

(cumulate) — Chl, Amp, Grt 82-88 - 0-3 - 4-6 5-10
Type G and Prh

Podiform D16, D17, Sp, Srp, and Ol

chromitite — and D18 0-2 - - - 95-100 0-5
Type H

Mineral abbreviations after Kretz (1983), extended by |Bucher and Frey (1994).

Olivine, ortho- and clinopyroxene grains found in a recrystallised matrix are all of similar
dimensions (~ 1 mm across). Olivine is the most abundant phase, mostly subhedral, featured
by kink-band boundaries, ruptures and serpentinisation. Many olivine grains display undulose
extinction and occasionally curvilinear grain boundaries. The obvious reduction in olivine
grain size as compared to rock type A is due to an enhanced matrix recrystallisation.
Subhedral to anhedral clinopyroxene is quantitatively subordinate, recording minimal strain
(Fig. 10f). Spinel often emerges as an anhedral chadacryst in olivine (~ 0.2 mm across) or
has an elongate xenomorphic shape (~ 0.8 mm across) (Fig. 11b). In sample Z4, secondary
actinolite is developed in form of rectangular bars after orthopyroxene porphyroclasts. On the
other hand, microprobe analyses of sample U35 record the minute growth of the primary
metasomatic amphibole along OI-Opx-Cpx triple points (Fig. 11h).
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4.2.1.3. Plagioclase lherzolites with pyroxene streaks

Sample U4 recovered from the western segment of Konjuh defines this rock subtype. Its
texture is practically analogue to that of subtype A, with an exception of pyroxene streaks or
lenses, which are unique for this type. They make up to 30 vol.% of the sample. In most
cases, the streaks are composed of both pyroxenes (~ 1 mm across) reported to be free of
strains or to decipher minimum deformation (Fig. 11g). The average streak size is ~4 mm
across. Similar garnet-free pyroxenite lenses in peridotites of the Western Alps are explained
through segregation and small-scaled transport of near-solidus partial melts from the host
peridotites (e.g. \Shervais 1979, |Bodinier et al. 1986b)). Occasionally, talc formation after
pyroxene is reported.

4.2.1.4. Plagioclase lherzolites with poikiloblastic texture

This textural subtype includes sample 4A recovered from the Zepée area (Fig. 4, Table
2). Its mineral paragenesis comprises olivine, Opx, Cpx, spinel and completely altered
plagioclase. Except the presence of plagioclase and large poikiloblasts, all other petrographic
features appear to be highly similar to rock type B. Hence, the peculiarity of this sample are
orthopyroxene porphyroclasts with incorporated olivine, clinopyroxene and pectolite chada-
crysts, as well as spinel holly-leaf grains found insulated by serpentinised olivine (Fig. 10g,
Fig. 11c). As it was the case with other samples from the Zep&e region (pyroxenite, rock type
F), the formation of hydrous phases, such as pectolite, is interpreted to be due to
rodingitisation.

4.2.1.5. Equigranular spinel Iherzolites

Sample R7 from the Maoce locality, situated inside the KKOC central fault zone, defines
this rock subtype (Fig. 4, Table 2). The paragenesis is primarily composed of olivine,
whereas pyroxene and spinel are subordinate phases. The average size of rare euhedral
orthopyroxene porphyroclasts is ~4 mm across, being remarkably parallel and elongated,
which clearly defines the rock’s fabric. The elongation of orthopyroxene is due to the strong
strain reflected in translation gliding under asthenospheric conditions (Gueguen and Nicolas
1980). Grains are also featured by undulose extinctions, cleavage and transversal cracks,
whereas diopside exsolution lamellae and encircling strain-free neoblasts are occasionally
observed. The fine-grained matrix (~ 0.05 mm across) is peculiar, linking this rock to high-
stress shear zones (Fig. 11f). Its main phase is olivine, followed by pyroxenes. Cr-spinel
forms a minor phase being regularly scattered. All mineral phases, which form the fine-
grained rock matrix, are devoid of deformation. They are anhedral to subhedral and have
straight boundaries. Secondary magnetite was formed during enhanced mesh-like
serpentinisation.

4.2.1.6. Spinel-olivine websterites

This rock type covers the pyroxenite rocks (samples 1C and 2A) recovered from the
western displaced segment of the KKOC in the Zepée region. The paragenesis comprises
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big euhedral to subhedral grains of Opx and Cpx (~4 mm and ~ 3 mm across, respectively)
(Fig. 11d). Grain size reduction at the grain boundaries has led to the development of many
strain-free matrix phases (~ 1 mm across) forming a mosaic texture with clear triple junctions
(Fig. 10h). Within the matrix, the main phases are olivine, spinel and garnet, whilst pyroxene
is rare. Spinel is occasionally particularly coarse (~ 2 mm across), possessing a corona of
needle-shaped secondary phases like chlorite and amphibole. Otherwise, spinel is
xenomorphic and scarcely distributed (~ 0.05 mm across). Porphyroclasts are full of cracks
and ruptures, regularly polygonated and sometimes containing olivine chadacrysts.
Additionally, some of them are featured by undulose extinction and banded exsolution
lamellae. Sample 2A records the formation of hydrogarnet (hybschite) and one other Ca-rich
unknown phase in the matrix zone between pyroxene grains. This nucleation is due to the
metasomatic processes that caused serpentinisation.

4.2.1.7. Dunites (cumulate ultramafics)

This granular rock comprises samples with a clear cumulate texture. Samples U19 and
K1 (Fig. 10b) were recovered from Dubostica and Karaula localities, respectively (Fig. 4,
Table 2). Inside a heteroadcumulate texture, olivine and spinel are cumulus phases, whereas
in the intercumulus interstices, one can notice plagioclase, Cpx, spinel and secondary
phases like amphibole, chlorite, prehnite (sample U19) and magnetite (sample K1). Olivine
cumulus grains are subhedral to anhedral, clearly isometric, polygonated and highly
serpentinised (especially K1 sample). Average grain size is ~2 mm across. Olivine makes
around 70 vol.% of these rocks. Cumulus spinel is ~ 1 mm across often being encircled by
altered plagioclase coronae (Fig. 11e). Dark-brown anhedral intercumulus spinel (~ 0.2 mm
across) is ubiquitously dispersed over the sample. Intercumulus plagioclase is regularly
altered, mostly to prehnite. Careful microprobe investigations revealed clinopyroxene and
occasionally olivine as xenomorphic intercumulus phases (~0.05 mm across). Detected
secondary chlorite and amphibole are pseudomorphs of orthopyroxene.

4.2.1.8. Podiform chromitite

A podiform chromitite deposit occurs near the Dubostica locality at the southern slopes
of the Konjuh ultramafic domain (Fig. 4, Table 2). Three samples (D16, D17 and D18) were
taken from this locality. The chromite grains are closely packed, having narrow interstices
filled with silicate phases in samples D16 and D17. Sample D18 is devoid of silicate
minerals; it was recovered away from the peridotite host rock. The chromitite texture is
massive, with coarse-grained chromite comprising more then 90 vol.% chromite. The grains
are ~ 4 mm across, being all anhedral with no reaction signs.

4.2.1.9. Summary of petrographic features

The most characteristic features of primary petrogenetic phases in the analysed
ultramafic rocks of the Krivaja-Konjuh ophiolitic complex are summarised and provided as
follows:
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Olivine is widely affected by alteration processes resulting occasionally in well-developed
mesh-texture nets of serpentine. The following olivine morphologies are recognised:

Relatively coarse, euhedral to subhedral olivine grains (~ 2 mm across) recovered from
plagioclase Iherzolite and cumulate ultramafics, which show signs of undulose
extinction, serpentinisation and disintegration (cracks and intragrain ruptures).

Subhedral, partly recrystallised, undulatory medium-sized olivine grains (~1 mm
across) marked by weak kinking (KBB) and irregularly curvilinear boundaries and
polygonisation. This olivine morphology is reported mostly in spinel Iherzolites but is
also found in plagioclase-bearing peridotites.

Plausible strain-free grains recovered from olivine websterite and mylonitised |herzolite
featured by polygonal shapes and fragment triple-point grain boundaries. The common
size is ~ 0.3 mm.

Chadacrysts of olivine occur occasionally in porphyroclasts of pyroxene and spinel.

Orthopyroxene is mostly found as porphyroclast or matrix phase but other morphological
varieties are also common. So, one can distinguish the following morphologies:

Mainly subhedral rounded or slightly elongated porphyroclasts with grain sizes of 4-
6 mm. Deformation features are echoed in undulose extinction, cleavage, kink-bands,
and sporadically in pressure lamellae.

Flattened porphyroclasts recovered from mylonitised Iherzolite with an average grain
size of 1-4 mm. Apart from mineral deformation effects, grain size reductions are
ubiquitous.

Matrix related small grains (~ 1 mm), mostly recording moderate deformation effects.

Mosaic anhedral strain-free grains (~ 0.2 mm across) recovered from mylonitised
Iherzolite.

Aggregates of polygonal grains (~ 0.5 mm across), often with converging triple point
boundaries are noticed clustering along surfaces of (elongate) porphyroclasts together
with recrystallised clinopyroxene and olivine.

Most of the Opx porphyroclasts include insulated phases such as olivine and hydrous
minerals. When significantly elongated, they define the rock texture, i.e. the foliation plane
which is typical for the solid-state flow deformation in the mantle.

Clinopyroxene appears as:

Coarse subhedral isometric grains (~ 3 mm across) found in olivine websterite. The
grains are marked by numerous cracks and fractures.

Rounded or weakly elongated grains (up to ~ 2 mm across, including porphyroclasts),
depicting significant strain-deformation such as exsolution lamellae, cleavage and
polygonisation.

Polycrystalline clinopyroxene aggregates reported as pyroxene streaks in plagioclase
Iherzolite. Strain-free grains have ~1 mm grain size, forming up to ~4 mm long
streaks.
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¢ Tiny clinopyroxene crystals (~ 0.02 mm across) formed either in mylonitised Iherzolite
matrix and bigger orthopyroxene porphyroclasts, or as an inter-cumulus phase in
cumulate ultramafics.

o Exsolution lamellae parallel to (100) in orthopyroxene.

Cpx porphyroclasts are always smaller then Opx porphyroclasts, recording less deformation
results. Fresh and colourless postkinematic grains, which occur in intergranular matrix
positions, might represent products of sub-solidus crystallisation processes, or an outcome of
local melting events as suggested by |Nicolas et al. (1980).

Cr-spinel is irregularly distributed and found in almost all analysed KKOC ultramafic rocks.
Various grain morphologies are recognised, mostly depending on the textures of associated
silicate phases:

e Disseminated anhedral grains (~ 0.02 mm across) found inside all silicate phases, but
mostly in olivine and/or orthopyroxene (porphyroclasts).

e Elongated amoeboidal grains (~ 0.8 mm across) or disseminated anhedral grains
occurring inside the serpentinised matrix.

e Skeletal holly-leaf spinel grains marked by their lobate structure (~ 1.5 mm across),
situated inside the rock matrix, occasionally occurring as porphyroclasts (~ 2.5 mm
across) which include olivine chadacrysts.

¢ Relatively isometric to xenomorphic spinel grains (~ 1 mm across) found as cumulus
phase in dunites. A peculiarity of this spinel shape is the development of secondary
coronas encircling the spinel grains. The coronae are composed of plagioclase
alteration products.

Generally, it can be concluded that spinel occurs either in form of small xenomorphic blebs
(~ 0.02 mm across) within insulated silicates or they are reported to possess elongated,
mostly irregular hook-shaped forms (~ 1 mm across).

4.2.2. Mineral chemistry
4.2.2.1. Olivine

Olivine is the most abundant and ubiquitous phase, occurring in all KKOC ultramafic
lithological types. A comprehensive data set of olivine analyses is given in Appendix C (Table
A-1-A-13). Olivine grains from the analysed KKOC ultramafics have a narrow compositional
span of Fogz4.923 indicating a moderately depleted nature of the upper mantle peridotites.
The minimum Fo value corresponds to ultramafic rocks having cumulate textures (dunites),
whereas the maximum Fo value is measured in chromitite interstitial olivine. Olivine from the
KKOC ultramafic rocks is classified either as forsterite or as chrysolite (Deer et al. 1992)). The
forsterite value in plagioclase and spinel lherzolites varies from 89.1 to 90.7 and from 88.8 to
91.9, respectively. This chemical homogeneity is attributed to balanced partial melting of
large areas of upper mantle, which resulted in a compositional continuity, specifically in Fo
content, throughout sections of depleted mantle up to several hundered square kilometres in
size (Arai_1994). Presented data are in correlation with Fo values of tectonite peridotites
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from the Vardar zone and the Central Dinaride Ophiolite Belt (e.g. |Lugovi¢ 1986, Maksimovi¢
and Kolomejceva-Jovanovic 1987, | Lugovic¢ et al. 1991, Majer 1993, Bazylev et al. 2009).
Olivine from olivine websterites has Fo values of 89.1 to 90.4, whereas Ol in dunites and
chromitites is marked by Fo values of 87.5-89.1 and 91.5-92.2, respectively. Elevated Mg#
values in olivines recovered from chromitites are due to the olivine subsolidus Mg-Fe
exchange with volumetrically dominant host chromite (e.g. |[Roeder et al. 1979, Lehmann
1983). Forsterite proportions in olivine from the KKOC minor lithological units correspond
well to similar ophiolitic and MORB domains found worldwide (e.g. olivine pyroxenites of
Southwest Indian Ridge, Dantas et al. 2007; dunites from Nan Uttaradit ophiolite, Oberger et
al. 1995} chromitites from the Luobusa ophiolite, Zhou et al. 2005)).

NiO contents vary from 0.28 to 0.56 wt%, with a minimum recorded in olivine
websterites, whereas the maximum value is found in chromitite interstitial olivine. Plagioclase
and spinel lherzolites have NiO values of 0.32 to 0.46 wt%. Based on the NiO and Fo values
in olivine, a discrimination diagramme is constructed, which distinguishes tectonite ultramafic
from cumulate and replacive ultramafic rocks (Leblanc et al. 1984). Regardless of host rock
petrography, all analysed olivine grains from the KKOC ultramafic segment are classified as
originating from tectonite ultramafic rocks (i.e. mantle rocks showing a metamorphic
overprint) (Fig. 12). In plagioclase and spinel lherzolites, no systematic change in Fo values
or NiO abundances are reported with respect to modal abundances of pyroxene.
Occasionally, in cumulate textured dunites, the detectable NiO depletion follows the FeO
enrichment. The CaO content and its fluctuations are low (0.01-0.04 wt%) for both peridotite
types. However, in the olivine websterites and dunites, CaO abundances are significantly
higher, reaching 0.19 wt%. Low TiO, values (~ 0.01 wt%) of all analysed olivine grains are
within the normal peridotite values (e.g. Burgath et al. 1997)).

4.2.2.2. Orthopyroxene

Microprobe analyses of different orthopyroxene varieties detected in the KKOC spinel
and plagioclase Iherzolites as well as olivine websterites are listed in Appendix C (Table B-
1-B-5,Table C-1-C-6).The analyses refer to porphyroclasts (88), deformed and undeformed
smaller matrix-grains (107), and exsolution lamellae (3).

The data show similar Mg# for porphyroclasts (88.2-90.9) and smaller grains (88.2-90.5).
Opx has a high range of Al,Os, i.e. 1.56-6.21 wt% in porphyroclasts and 1.40-6.21 wt% in
smaller grains, indicating a moderately depleted nature of upper mantle peridotites (Fig. 14).
Cr,O; abundances are within 0.27-0.97 wt% for porphyroclasts and 0.14-0.95 wt% for
smaller grains, whereas the CaO proportion in all Opx varieties varies from 0.32-3.23 wt%
(Fig. 13). There are no significant differences between Opx from spinel and plagioclase
Iherzolites and Opx recovered from olivine websterites. Even though, unusually elevated
TiO,, AlbO3 or Cr,0O; contents in Opx from the KKOC pyroxenites are in accordance with
published data on the chemistry of pyroxenite recovered from similar lherzolite massifs (e.g.
Lherz, French Pyrenees; Bodinier et al. 1986b).
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Fig. 10a-h. Selected microphotographs of analysed ultramafic rocks. For details see text (subchapter
4.2.1.); Ol = olivine, Sp = spinel, Opx = orthopyroxene, Cpx = clinopyroxene.
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Fig. 11a-h.. Selected BSE pictures of analysed ultramafic rocks. Description in text - subchapter 4.2.1.
Numbers in microprobe BSE pictures refer to the respective mineral chemistry analyses (Appendix C,
mineral chemistry); signs like in Fig. 8a-h, alt = alteration products. Abbreviations after |Kretz (1983).
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Al,O; and Cr,O; abundances in Opx are positively correlated, displaying a higher
correlation for plagioclase Iherzolites (r* = 0.56) as compared to spinel lherzolites (* = 0.13)
(Fig. 13). Analyses having the highest values of both elements belong to the large
orthopyroxene grains that are free of clinopyroxene exsolutions. Opx featured by spinel
blebs and Cpx exsolution lamellae show the lowest Al,O3; and Cr,O; values. Generally
higher Al,O; abundances of Opx from spinel Iherzolites as compared to Al,O3 values in Opx
from plagioclase lherzolites are consistent with experimental values for spinel and
plagioclase Iherzolite stability fields (e.g. |Borghini et al. 2007). Relatively high CaO values
and Al,O3/Cr,0; ratios of analysed KKOC orthopyroxene is typical for high temperature dry
systems that are devoid of major pressure influences (Sachtleben and Seck 1981, |Werner
and Pilot 1997).

The Ti-Cr diagramme (Fig. 14) reveals higher titanium values for orthopyroxene from
plagioclase Iherzolites, compared to spinel lherzolites. Plagioclase |herzolite shows similar
or higher Al,O3 contents, ranging within the same Mg# span like those of spinel Iherzolites
(Fig. 14). Furthermore, Ti-poor Opx porphyroclast cores are the richest in alumina at the
given CaO values, whereas the bulk of CaO values are elevated in Opx from plagioclase
Iherzolites compared to orthopyroxene from spinel Iherzolite (Fig. 13). All discussed features
might suggest that plagioclase lherzolites have undergone compositional changes due to
interaction with metasomatic fluids or impregnating melts (Cannat et al. 1990).
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Fig. 15. Selected profiles for FeO (left) and Al,O3 (right) made through the orthopyroxene porphyroclasts
from plagioclase and spinel lherzolites

Most of the profiles of Opx porphyroclasts in both, plagioclase and spinel Iherzolites,
show a clear tendency in the FeO distribution toward higher abundances in the grain rims
compared to the abated values in their cores (Fig. 15). Conversely, the content of Al,Oj is
found elevated inside the grains. CaO and Cr,O; behave irregular. The compositional
patterns of Opx porphyroclasts are best explained through the process of sub-solidus
reequilibration here seen as an impoverishment of alumina within the grain’s rim due to
cooling (e.g. Cannat el al. 1990).
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4.2.2.3. Clinopyroxene

Clinopyroxene is found in all major KKOC ultramafic subtypes including olivine
websterites, dunites and podiform chromitites. Its comprehensive microprobe analyses are
provided in Appendix C,comprising 90 analyses of clinopyroxene porphyroclasts (Table D-1-
D-5),45 analyses of smaller and postkinematic grains as well as 8 analyses of clinopyroxene
inclusions and lamellae (Table E-1-E-3).
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Fig. 16. Al,O3; vs CaO/(CaO+MgO) in clinopyroxene from different KKOC ultramafic rock lithologies (left);
Cr,03 vs Al,Os in clinopyroxene from different KKOC ultramafic rock lithologies (right). For symbols, see left
picture.

The Mg# of clinopyroxene in lherzolites varies considerably, both for prekinematic and
postkinematic grains (88.2-93.4 and 88.2-94.4, respectively). Taking into account the
average Mg# values of all clinopyroxene varieties being around 91, the KKOC clinopyroxene
host rocks are referred to less-depleted peridotites (Michael and Bonatti 1985, [Cannat et al.
1990). As well, in both morphological cases, the Mg# of Cpx is obviously higher than that of
Opx. Like in Opx, the Al,O; content of Cpx is wide-ranging, fitting 1.45-7.16 wt% for
prekinematic and 1.22-6.11 wt% for postkinematic grains. One can notice that Cpx from
spinel Iherzolite has almost twice as much Al,O3 as Cpx from plagioclase Iherzolite (Fig. 16).
Other main components decipher considerable variability, e.g. CaO ranges from 18.1 to 24.3
wt% and Cr,O3 from 0.06 to 1.72 wt% (Fig. 16). MgO is higher in postkinematic grains (15.3-
21.4 wt%), than in prekinematic ones (14.4-18.5 wt%), while FeO concentration shows a
different trend with porphyroclasts having a broader compositional range (2.04-4.08 wt%) as
compared to smaller grains and Cpx inclusions and lamellae. Minor element oxides, such as
TiO,, MnO and Na,O, are also found to have a high compositional span. The presented
mineral chemistry defines the analysed clinopyroxenes as aluminium to chromium diopsides.

In olivine websterites, the Mg# values of clinopyroxene range from 89.5 to 97.7.
These clinopyroxenes are highly aluminous, with Al,O3; contents ranging from 3.70 to 7.16
wt%. Their TiO, and Na,O abundances are also high, reported to be within the ranges of
0.35-0.55 and 0.41-0.62 wt%, respectively. The Cr.O3 concentration is relatively elevated,
reported within the span of 0.57-0.94 wt%. Main element abundances in Cpx from olivine
websterites are similar to those of fertile lherzolite subtypes, as is shown in Figures 16-18.
An exception is TiO,, which is significantly higher than in its Iherzolite host counterparts (Fig.
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18). The analysed clinopyroxene chemistry is very similar to Cpx from pyroxenites from the
Mid-Atlantic Ridge at the Kane Fracture Zone (e.g. Juteau at al. 1990) or those from the
Southwest Indian Ridge (Dantas et al. 2007)). Partly they correspond to those of the Alpine
pyroxenite bodies (e.g. Lherz, Bodinier et al. 1986a, b), whereas they are considerably richer
in TiO,, Al,O3; and Na,O with respect to Cpx of pyroxenite of several ophiolite domains found
worldwide (e.g. Troodos, Oman, Appalachian, and Thailand; Augé 1983, Ernewein et al.
1988, |Hébert and Laurent 1989, |Oberger et al. 1995, and references therein).
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Fig. 17a-d. (a)—-(c) Na,O, Al,O3 and SiO, vs Mg-number in analysed clinopyroxenes from different KKOC
ultramafic rock lithologies; (d) Ti vs Crin clinopyroxene from the different KKOC ultramafic rock lithologies.
For symbols, see Fig. 14.

Clinopyroxene occurs sporadically in dunites and chromitites as minor interstitial
constituent. Its Al,O; content ranges from 1.45 to 4.75 wt% and from 1.22 to 1.49 wt%,
respectively. TiO, ranges from 1.57 to 2.05 and from 0.06 to 0.10 wt% for dunite and
pyroxenite host varieties, respectively. It is interesting to remark that clinopyroxene in the
chromitites have higher SiO, but lower Al,O; and FeO in comparison to those originating
from Iherzolites and pyroxenites. This ratio is reversed for dunite clinopyroxene. It is
noteworthy to say that interstitial clino-pyroxene of cumulate dunites is characterised by high
Mg# values (~ 93.2), which might be diagnostic for subsolidus melt impregnation (Rampone
et al. 1997). Cpx found in chromitite shows similarities with Cpx reported from chromitite
transition zones of certain ophiolitic domains (e.g. Luobusa ophiolite, Zhou et al. 2005).
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cumulates, data from|Orberger et al. (1995)| and references therein (left); Selected profiles for CaO and
MgO across a typical clinopyroxene porphyroclast from plagioclase lherzolites of KKOC (right).

Assuming that (at least part of) the KKOC ultramafic rocks have an ocean-ridge origin,
100Ti vs 100Na and 100Ti vs AIY/AIY plots were used, originally constructed for
discrimination of ridge-affiliated suboceanic peridotites (e.g. |Girardeau and Francheteau
1993, |Niida 1997)) (Fig. 18). One can notice that the chemistry of parts of Cpx from the KKOC
spinel lherzolites bounds its host rocks to the near pre-rift oceanic peridotite setting,
nowadays recovered along the American-Antarctic ridge (Dick 1989). The rest of
clinopyroxene from spinel Iherzolites is comparatively impoverished in Na and Ti, implying
that those host rocks underwent higher (moderate) degrees of partial melting. The bulk of
clinopyroxenes from the KKOC plagioclase lherzolites and olivine websterites is, due to its Ti
content, shifted from the solid line, which presents a peridotite partial melting trend. The shift,
marked by a dashed line, is aimed to the array of metasomatically influenced peridotites (Fig.
18). As shown in Fig. 18 (right), the range of AI"/AI" values of clinopyroxenes that originate
from spinel Iherzolite (0.05-1.60) is generally twice as high than the range belonging to
clinopyroxene from plagioclase lherzolites or from olivine websterites (0.05-0.80). This
suggests deeper equilibration depths of spinel Iherzolite pyroxenes, whereas Cpx
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from plagioclase lherzolite and pyroxenite host rocks reequilibrated at shallower levels.
Furthermore, the Na content of Cpx from spinel Iherzolites is evidently higher for
porphyroclasts than for smaller post-kinematic grains. The Cpx group enriched in Na
corresponds to clinopyroxene from peridotites of an early stage of pre-oceanic rifting (e.g.
SW Australia,[Nicholls et al. 1981)).

The grain profile variations demonstrate a weak trend of opposite distribution of MgO
and CaO in Cpx porphyroclasts recovered from plagioclase l|herzolites. The rims are
enriched in MgO and impoverished in CaO, whereas the cores are impoverished in MgO and
enriched in CaO (Fig. 19). FeO behaves similar like MgO, whereas Al,O; records a
completely unpredictable pattern. For clinopyroxene from spinel Iherzolite, no significant
grain zonation is reported with respect to CaO and MgO/FeO. The Al,O; abundances
oscillate through the grain.

In Fig. 19, the composition of Cpx that originates from minor ultramafic lithologies of the
Krivaja-Konjuh ophiolite complex (olivine websterite, dunite and chromitite) is depicted with
respect to its Mg# and total Al per formula unit. It is indicative that clinopyroxene from these
rocks has significantly higher magnesia and alumina values compared to clinopyroxene from
several world’s ultramafic cumulate complexes (e.g. |Dantas et al. 2007, |(Oberger et al. 1995
and references therein). Thus, although many of the analysed dunites and pyroxenites
possess a cumulate texture, a stationary cumulate settling from basaltic magmas was not the
sole mechanism of formation of these rocks.

4.2.2.4. Spinel

211 microprobe analyses of spinel, an integral but irregularly distributed mineral in
KKOC ultramafic rocks, are listed in Appendix C,Tables F-1-F-12. The analyses cover spinel
recovered from spinel and plagioclase lherzolites, pyroxenites, dunites and chromitites.

In spinel |herzolites, spinel is mainly yellowish to brownish, whereas in plagioclase
Iherzolites, it is more brownish having a composition of chromium picotite. As well, in dunites
spinel has a picotite composition, whilst in pyroxenites it contains more alumina (Deer et al.
1992; Figs. 20 and 21). Generally, spinel chemistry is dominated by a strong Cr-Al trend,
ranging from Al rich spinel grains of ‘high-pressure’ spinel Iherzolites to Al- and Fe**-poor
spinel grains of chromitite podiform bodies. Roughly, the bulk of spinel grains from the KKOC
ultramafic rocks show a continuous geochemical transition within the ocean-floor
compositional range, whereas spinel grains from chromitites, and partly also from dunites,
show an arc-related affinity (Fig. 20). It is known that Al is rapidly removed from the spinel
lattice due to alteration, whereas Fe is added into the structure (e.g.|Barnes and Rdder
2001). Therefore, the grain rim analyses are usually excluded from further consideration.
However, in case of the KKOC ultramafic rocks, the spinel composition was not significantly
altered by serpentinisation (Fig. 20).

Spinel mineral chemistry is very informative regarding petrogenesis. The Chromium
number (Cr#) is a sensitive indicator of partial melting, while the Mg# indicates exchange
reaction temperatures with neighbouring silicates, whereas the ferric number (Fe*'#)
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depends on the sub-solidus oxygen fugacity (e.g. |Dick and Bullen 1984, Hellebrand et al.
2001). The lowest Cr# is 7.2, recorded in spinel from spinel lherzolite, and its maximum is
78.1 found in spinel from podiform chromitites. The compositional ranges of Cr# of spinel
originating from different ultramafic lithologies cluster from 7 to 50, 30 to 50, 15 to 32, 40 to
60, and 70 to 80 for spinel and plagioclase lherzolites, spinel websterites, dunites, and
podiform chromitites, respectively (Fig. 21). Spinel grains with Cr#>40 also have
considerably elevated Fe*# and TiO, contents (Fig. 22). The Mg# clusters from 40 to 80,
and Fe*'# from 1 to 16. Cr# and Fe*'# values of spinel from spinel Iherzolites plot inside the
compositional field defined by abyssal and alpine spinel peridotites, as shown in Fig. 21 (e.g.
Dick and Bullen 1984, Bonnati et al. 1992).
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Fig. 20. Trivalent ion classification plot for spinel from different KKOC ultramafic rock lithologies (left);
Trivalent ion composition of spinel grain rims and cores (right). The bulk of spinel grains from the KKOC
show a continuous geochemical transition in the ocean floor compositional range. Spinel in chromitites
shows an arc-related affinity.

According to the equation proposed by |Hellebrand et al. (2001), the degree of partial
melting of primary spinel lherzolite of MOR settings is ~ 7.7 %. Spinel from plagioclase
Iherzolite is found inside the compositional area defined by the arc- related harzburgites,
whereas spinel from dunites is found in both, the arc harzburgites’ and dunites’ compositional
fields (Ishii et al. 1992). Cr-rich spinel from chromitites is found ideally corresponding to the
field defined by chromitites (Barnes and Rdder 2001), and spinel grains from olivine
websterites display a non-uniform, broad range of composition, showing the highest match
with spinel of spinel Iherzolites (Figs. 20 and 21).

Spinel from all ultramafic lithological units is featured by peculiar TiO, abundances. Its
average abundances in spinel from plagioclase and spinel lherzolites, olivine websterites,
dunites, and chromitites are 0.48, 0.10, 0.36, 1.84 and 0.28 wt%,respectively (Tables F-1-
F-12).Taking into account general criterions and the large current analytical dataset for
residual peridotites in the world, it is inferred that only spinel with TiO, under 0.12 wt% is
considered as primary (Bazylev et al. 2009).
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Accordingly, only the spinel from plagioclase-free spinel lherzolites is a primary MOR-related
phase. Hence, low Ti in spinel supports the absence of plagioclase and testifies the rock’s
primary (residual) nature (e.g. Hellebrand et al. 2002). Both, the elevated TiO, contents and
the high Cr# values of spinel from plagioclase lherzolites are symptoms of sub-solidus
metasomatic processes that might have influenced these rocks (e.g./ Takahashi 2001)). In Fig.
21a, one can notice that Ti enriched spinel originating from the minor ultramafic lithologies is
shifted from the general trend of partial melting of MOR associated rocks (Niida 1997). This
shift of spinel chemistry from the MOR trend is also explained by lowered Mg# of associated
silicates or from lowered closure temperature of the Fe-Mg olivine-spinel exchange (Dick and
Bullen 1984)). Such a tendency is characteristic for non-MOR peridotites of (fore-)arc affinity
(Ishii et al. 1992, Zanetti et al. 2006).
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In Fig. 22, the geotectonic setting of the minor lithologies spinel host rocks is further
treated by discussing spinel TiO, vs. Fe**- and Cr-number proportions. Highly chromiferous
spinel, low in TiO; is characteristic for chromitites derived from boninite magmas or for those
formed by an interaction with magmas of boninite affinities (e.g. (Oberger et al. 1995, [Peck
and Keays 1990). Large Fe*'#, TiO,, and moderately Cr# and Mg# variations characterise
spinel from the dunite paragenesis. They need to be ascribed to the subsolidus partitioning
with the host olivine. An increase in Cr# is accompanied by decrease in Mg#, since Mg
enforces Al to enter the structure of spinel (e.g. |Sack 1982). Such a broad compositional
span of dunite-originated spinel suggests island-arc tholeiitic magma took part in their
formation as already previously suggested (Arai et al. 2007). Spinel hosted in olivine
websterite has relatively high Mg# (58-77), along with low Fe**# and Cr# values, suggesting
a within-limit overlap with the boninite spinel field (Fig. 22). Nevertheless, this indication is
due to a significant increase in Al and decrease in Fe of pyroxenite spinel, whereas the Cr
abundances are altered moderately, which strongly suggests a MOR origin of spinel in
pyroxenites (Fig. 22, e.g. Dantas et al. 2007).

Correlation trends of Cr# of analysed spinel grains were tested with respect to the Mg#
and Al,O; contents of the neighbouring silicates (Ol, Cpx and Opx) (Fig. 23). The phase
chemistry of coexisting olivine and spinel define its host rocks as tectonites, with only part of
the dunites additionally defined as cumulates. The upper part of the tectonite field portion in
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the diagramme Cr# vs Fo is occupied by the arc or melt impregnation-related lithological
units (chromitites and plagioclase lherzolites), whereas the lower part belongs to the
impregnation-unaffected MOR rocks, here being spinel Iherzolites and pyroxenites. Fo
content in olivine shows a weak correlation with the Cr# of spinel, whereas the Al,O3;
contents of both clinopyroxene and orthopyroxene show a clear negative correlation with Cr#
of neighbouring spinel. It is known that the alumina content of peridotite pyroxenes is
sensitive to the degrees of mantle melting regularly declining as the refractory nature of
peridotite increases (e.g.|Dick and Natland 1986)). On the other hand, spinel gets richer in Cr
as mantle melting advances.
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Fig. 22. TiO, vs Fe*/(Fe**+Cr+Al) plot for spinels from subordinate KKOC ultramafic lithologies (left); TiO,
vs Cr/(Cr+Al) of spinel from minor KKOC ultramafic lithologies (right); Geotectonic setting fields from
Oberger et al. (1995),|Arai (1992) and references therein. For symbols, see the first picture.
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4.2.2.5. Plagioclase

Plagioclase is reported occasionally, most often as rare fine-grained granoblastic
aggregates (plagioclase lherzolites), or in the form of alteration-generated marginal
aggregated substance formed around spinel of picotite composition (olivine websterites). The
complete plagioclase compositional dataset can be found in Appendix C, Table G-1.
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The compositional span of plagioclase is narrow, being mostly bytownite (Fig. 24). Within
bigger grains, a moderate Na-Ca zoning is noticed, often featured by a rimward increase of
the An component, whereas the rest shows oscillatory saw-tooth zoning as described in
Takahashi (2001)(Fig. 24). Described An enrichment along plagioclase margins, along with
the oscillatory zoning pattern, invoke to upper mantle melt migration processes triggered by
clear decompression processes (Ozawa and Takahashi 1995, Takahashi 2001)).
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Fig. 24. Ab-Or-An classification diagramme for feldspar from plagioclase Iherzolites and olivine websterites
from the KKOC complex (Deer et al. (1992) (left); Line profiles of An mol% (100Ca/(Ca+Na+K)) in
plagioclase from the KKOC Pl Iherzolites (right).

4.2.2.6. Other phases

Comprehensive microprobe analyses of minor phases are provided in Appendix C,
Tables H1-H2. In the KKOC ultramafic rocks, amphibole is either the primary or most often
secondary phase and it shows wide compositional variations (Fig. 25). The compositions of
secondary interstitial amphibole in dunites and olivine websterites range from tschermakite to
pargasite, whereas the secondary amphibole in spinel Iherzolites is of actinolite/tremolite
composition. The primary amphibole is detected in one sample of spinell lherzolite, always
along OI-Opx-Cpx triple points (sample U35, Fig. 11h). It has the composition of pargasitic
hornblende with Mg# fitting the range of 96.1-97.1. Concentrations of K,O range from 0.08-
0.10 wt% and the TiO, content is 1.45-1.53 wt%. Nowadays the primary-textured amphibole
is a feature widely accepted to indicate one or more metasomatic events, through fluid or
melts infiltration (e.g. [Erlank et al. 1987, Grégoire et al. 2005). In sample U35 the suggested
metasomatic overprint is highly consistent to erstwhile geochemical parametres, especially
the spinel chromium number.

Chilorite is a frequent secondary phase. According to the classification proposed by the
CMS committee for nomenclature (Bailey 1988), the analysed chlorites fit the range marked
by clinochlore and shamozite. Alternatively, they are classified as clinochlore or picnochlorite
(Hey 1954). Pectolite, a Ca-rich phase (CaO ~ 34 wt%) of the wollastonite group is found as
inclusion in Opx porphyroclasts due to the ongoing rodingitisation (e.g. |Sabzehei 2002,
Sample 4A).
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In pyroxenites, within the pyroxene intragrain reaction space (sample 2A), sub-solidus
hydrogarnet of hibschite composition was detected. The ubiquitous alteration phase is
serpentine, recorded in all samples; it is a dark green antigorite with Mg# of 88-93.
Secondary prehnite is recorded in sample U19 and pyrite in sample 2A.

4.3. Metamorphic sole

4.3.1. Rock types, textures and structures

As it was already outlined, the Krivaja-Konjuh ophiolite complex is composed of two
great individual blocks. Metamorphic rocks can be traced as small patches found within the
blocks’ junction zone (Krivaja, Maoge and Careva Cuprija localities), whereas their main
portion pertains to the great amphibolite mass (Dubostica and Vijaka localities), which forms
the southern rim of the KKOC western segment.

Metamorphic textures are crystalloblastic being mostly granoblastic or nematoblastic,
defined by the amphibole elongation (Figs. 26a, c, e). In rocks that contain garnet porhyro-
blasts, an adequate rock texture is reported as porphyroblastic (Figs. 26b,d). Rock structures
are either massive (homogenous) or parallel. The massive structure is rare and was found in
the Maode and Careva Cuprija localities of the KKOC junction zone (Figs. 26a, b). Parallel
structures (lineations, foliations) are more common, in particular in the DuboStica-Vijaka
amphibolite mass. Such parallel texture is more precisely described as banded with an
alternation of ‘bright’ and ‘dark’ rock domains. Bright domains are dominantly composed of
plagioclase, whereas dark ones are foliated to lineated and consist of dark to pale-green
amphibole, having a broad chemical composition. An average grain size in these
metamorphic rocks is 0.5 to 1.0 mm across. Compiling results of this research with previous
work of Pamic et al. (1977) and |Operta (2004 ), four main rock groups are to be distinguished
according to their macroscopic structural and textural criterions. They are provided as
follows, according to their occurence frequency:
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e group with pronounced banded and foliated structure and porphyroblastic texture (Fig.
26d, e.g. Duboética locality)

e group with pronounced banded and foliated structure and granular to nematoblastic
texture (Figs. 26¢c, e, e.g. Vijaka locality)

e group with pronounced massive (homogenous) structure and porphyroblastic texture

(Fig. 26b, e.g. Careva Cuprija locality)
¢ group with pronounced massive (homogenous) structure and granular to nematoblastic
texture (Fig. 26a, e.g. Maoce locality)

In addition to metabasites, one has reported the sporadic occurrence of metasediments,
mostly marbles and hornfels, within the suite of ophiolitic sole rocks, probably presenting the
uppermost (clastic) segment of the metamorphosed oceanic crust column (Fig. 26f). Horn-
fels and metabasites, when occurring together, both show a well-developed foliation, thus
indicating the thrust plane. Furthermore, due to the fact that the KKOC metamorphic rocks’
pile was affected by a dynamic process of obduction, the mineral constituents of analysed
rocks are often found stretched which may be informative for the direction of transport.

The granular to nematoblastic, banded Vijaka amphibolites show a characteristic pale to
dark-green colour, where subidiomorphic amphibole grains define the foliation of the rock
(Figs. 26¢,e). Other textural groups are characterised by a dark-green or more often black
colour having inclusions of pink rounded garnet grains (0.2—10 mm) embedded in a fine-
grained homogenous or parallel matrix composed of amphibole, clinopyroxene and
plagioclase (Figs. 26a,b,d). In none of the analysed metabasites, neither aluminous phases
such as kyanite and sillimanite, nor primary calcite were reported corroborating their igneous
non-altered (spilitised) origin (Dessai et al. 2004,|Celik and Delaloye 2006).

Taking into account the above-discussed structural and textural features of the analysed
rocks, along with other criteria established for the metamorphic rocks’ classification (modal
mineral composition, foreseen protolith and appropriate special name, [Yardley 1989), the
following metabasite rock varieties and their subtypes in the Krivaja-Konjuh ophiolite complex
may be recognised:

e Granoblastic amphibolites
a) Clinozoisite-sapphirine amphibolites (sample U30)
b) Corundum amphibolites (sample U29)
c¢) Epidote-ilmenite amphibolites (sample 11C)
d) Normal amphibolites (samples R8 and U23)
e Porphyroblastic garnet-diopside amphibolites
a) Rutile-garnet-diopside amphibolites (sample CC1)
b) Contact Opx-bearing garnet-diopside amphibolites (MK2, GR7 and V1)
c¢) Titanite-garnet-diopside amphibolites (sample DU5)
d) Garnet-diopside amphibolites (sample U22)

e Garnet-diopside-hypersthene amphibolites

a) Porphyroblastic Garnet-Diopside-Hypersthene amphibolites
(Samples U22 and U40)
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b) Granoblastic Garnet-diopside-hypersthene amphibolites (Sample V4)
o Diopside-amphibole gneisses
¢ Plagioclase-garnet-diopside gneisses

4.3.1.1. Granoblastic amphibolites

4.3.1.1.1. Clinozoisite-sapphirine amphibolite

This amphibolite subtype contains amphibole, plagioclase, clinozoisite, sapphirine and
Cr and Al spinel (sample U30 recovered from the Krivaja-Vozuca locality; Table 3). The rock
is of nematoblastic texture, but retains some igneous (gabbroic) texture characteristics. It is
defined by the prevailing medium- to coarse-grained polygonated and partly elongated
colourless amphibole of pargasite to tschermakite composition (~ 0.3 mm) (Fig. 27a). The
amphibole interstitial space is filled by An-rich plagioclase, having clear tapered twinning and
oriented granoblastic polygonal forms, which are due to the tendency to reduce mineral
interface area during the polygonisation process (Paterson et al. 1989). Secondary
clinozoisite may also a relatively abundant constituent, forming flattened lenses that are
oriented according to the rock’s general fabric. Its origin is partly due to the late instability of
anorthite (Fig. 29a). Further retrogression induces epidote, which develops on the
clinozoisite substrate as aggregated, optically inactive film. The same picture (Fig. 29a)
records a relatively coarse (~ 0.7 mm) isometric blast of relict chromium spinel, rimmed by a
narrow reaction assemblage composed of Al-rich spinel, clinozoisite and sapphirine. As a
rule, sapphirine emerges as blue pleochroitic medium-sized blast (~ 0.5 mm), commonly
including Cr-rich spinel cores, apparently completely resorbing them (Fig. 27b). The overall
texture of dominant amphibole and anorthite is depicted by mineral equilibrium with simple
grain boundaries and triple-point contacts. However, sapphirine and especially clinozoisite
single crystals record textural disequilibrium due to extensive grain boundary migration (Fig.
29b). Chemical prerequisites for sapphirine formation in silica unsaturated systems presume
the high aluminous environment at high grades of metamorphism (e.g. |Williams 1984, |Gnos
and Kurz 1994). Thus, sapphirine formation at the expense of spinel records changing
conditions of temperature and pressure, coupled with the progressive silification, during or
shortly after the peak-metamorphism event (Deer et al. 1992).

4.3.1.1.2. Corundum amphibolite

The paragenesis of this rock subtype comprises amphibole, plagioclase, corundum as
major, and clinopyroxene, clinozoisite, Al- and Cr-spinel, clintonite, Al-pumpellyite, and
calcite as accessory phases. Attractive corundum bearing amphibolite has been recovered
from the Krivaja-Vozuca locality (sample U29, Table 3), but one also reports its presence
more southwards, near the Vijaka village. However, former works decipher slightly different
mineral assemblages (e.g. |Operta et al. 2003).
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Fig. 26a-f. Photographs showing KKOC metamorphic sole rocks: (a) granoblastic to nematoblastic massive
amphibolite, (b) porphyroblastic massive granulite, (c) granoblastic to nematoblastic banded amphibolite,
(d) porphyroblastic banded granulite, (e) granoblastic to nematoblastic banded structure of pale-green Cr-
pargasite amphibolite and (f) hornfels and marble, which form the metasediment portion of the metamorphic

sole profile.
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Grains of medium-sized amphibole and corundum (~0.15 mm) define the rocks’
granoblastic to porphyroblastic textures (former gabbroic), with inner-space occupied by
relics of euhedral calcic plagioclase from peak metamorphism, and anhedral albite and
clinozoisite crystals formed during retrogression (Fig. 27¢). Small relicts of igneous pyroxene
(Al,O3 contents of 6.5-11.3 wt%) exhibit no clear shape due to the epitaxial metamorphic
amphibole growth (Fig. 29d). Prismatic hornblende is a pale-green pargasite having no
pronounced pleochroism, rarely showing a weak fabric. The appearance of idiomorphic to
hypidiomorphic Cr-spinel inclusions within the amphibole porphyroblasts is frequently
reported. Occasionally, inclusions of Cr- spinel are accompanied by blebs of clinozoisite, Al-
pumpellyite, clinopyroxene, plagioclase and calcite. Matching geochemical parametres, like
the spinel Cr-number and TiO, content from both sources,strongly indicate so(Table Y-1-Y-2,
Morishita and Arai 2001). Corundum commonly appears as subhedral rod-shaped crystals,
characterised by many cracks with no cleavages (Fig. 27d). Corundum prismatic granoblasts
are always mantled by Mg-Al green spinel and occasional pronounced resorption of the core
phase (Fig. 29c). Such phenomenon is usually explained by reaction of corundum and Mg-
rich calcite yielding spinel and carbon dioxide (Nitch et al. 1985| [Liati 1988)). A further
peculiarity of this sample is the formation of Al-rich mica, clintonite, in some domains
emerging as corundum’s second (outer) rim. The spinel and clintonite occurrence are clearly
related to peak metamorphic conditions, being additionally coupled with higher water activity
that enhanced formation of both phases in such a peraluminous environment. Like in the
case of sapphirine-bearing amphibolite, recovered from the same locality as this one, the
high metamorphic conditions are hypothesised with an igneous mafic precursor sufficiently
rich in alumina, e.g. troctolite or gabbro (Morishita and Arai 2001)).

4.3.1.1.3. Epidote-ilmenite amphibolite

This basic metamorphic rock has amphibole, plagioclase and epidote/clinozoisite as
major, as well as ilmenite, titanite, chlorite, prehnite, apatite, albite, Fe- to Al- pumpellyite and
clinopyroxene as accessory phases. This paragenesis is confined to sample 11C, which was
recovered from the displaced Zepé&e ophiolite area (Table 3). As in the previous amphibolite
subtypes, the texture is relict gabbroic marked by dominant polygonate amphibole
crystalloblasts (~ 0.4 mm), while the interstitial space is occupied by xenomorphic
plagioclase alteration products (saussuritisation). Amphibole is green magnesio-hornblende
to edenite, featured by strong light absorption parallel to elongation (dark-greenish to
brownish colour). Commonly, it contains bleb-shaped titanite inclusions. Since titanite is an
anisotropic phase, the reported ellipsoidal form in this rock variety is the most adequate low-
energy inclusion shape (Vernon and Clarke 2008)). Plagioclase shows complete obliteration
by late alteration(s), characterised by widespread formation of clinozoisite- and prehnite-rich
aggregates (Fig. 29f). Although plagioclase boundaries are not always clear, due to the
ongoing alteration and twinning absence, one can notice that they are not straight with
respect to amphibole. It may imply disequilibrium during peak-metamorphism. Clinopyroxene
occurs rarely, mostly in form of small patches or nucleation seeds surrounding and
interpenetrating amphibole host grains (Fig. 29f).

56



1. AMPHIBOLITE

Clinozoisite —
sapphirine- Amp, PI, Czo,
amphibolite - uso Spr, Sp 0
Subtype A
Corrundum Amp, PI, Crn,
amphibolite - u29 Czo, Cpx, Ct, 0
Subtype B Pmp, Cc,
Cpx, Sp
Epidote- Amp, PI, Ep,
ilmenite 11C Prh, lIm, Cpx, 0
amphibolite - Ttn, Ap, Pmp,
Subtype C Chl
Amphibolite - Amp, PI, Ttn,
Subtype D R8, Uz3 lim, Ap, Chl, 0
Prh

2. GARNET-DIOPSIDE AMPHIBOLITE
Rutile

o Grt, Amp, PI, 20-
amphibolite - CC1 Cpx, T, Rt, ‘39
Subtype A Cc, Ilm
Contact Opx MK2,  Grt, Amp,Pl, 10
amphibolite - GR7,V1  Cpx, Opx, Mt 15
Subtype B
Titani’Fe . DUS Grt, Amp, Pl,  25.
amphibolite - Cpx, Ttn, Xo 30
Subtype C
Grt-Di

Grt, Amp, PI, -

amphibolite - u22 Cpx Cph| 11%
Subtype D '

60-
70

40-
50

40-
45

50-
70

20-
30

20-
40

35-
40

20-
25

3. GARNET-DIOPSIDE-HYPERSTHENE AMPHIBOLITE

Porphyroblasti Grt, Cpx, PI
c amphibolite -~ X1,U40 50 pOX’px SCY
Subtype A RoME 2D
Granoblastic

Grt, C y PI1 -
amphibolite - V4 Amp op;))(x Mt 11%
Subtype B ’ ,
4. DIOPSIDE AMPHIBOLITE GNEISS
Diopside Amp, Cpx, PI
amphibolite 10D Ttnp’urr?x,’b\p 0
gneiss , Prh’ ’
5. PLAGIOCLASE-GARNET-DIOPSIDE GNEISS
Plagioclase - Grt, C

, Cpx, PI,

ggrngt - Z1C Sp, Opx, Ttn,  5-10
diopside lIm
gneiss

20-
25

45-
50

35-
40

(&)

(&)

o

20-
25

10-
30

15-
20

30-
35

25-
35

25-
30

40-
45

Table 3. The Krivaja-Konjuh metamorphic sole rocks and their estimated modal mineralo

0-5

5-15

5-10

10-
20

25-
30

15-
20

25-
40

10-

15

20-
30

0-5

15-
25

20-

25

25-

30

20-
25

25-
30

Czo (10-20)
Spr (0-5)

Crn(10-20)
Czo (5-10)

Ep (15-20)
lim (5-10)
Prh (10-15)

Ttn (5)
Prh (5)
Others (5)

Rt (0-5)
Other (0-5)

0-5

Ttn (5-10)
Other (0-5)

0-5

0-5

0-5

0-5

lim (5-10)
Sp (0-5)

57



It is important to mention that this clinopyroxene stands as the only documented
occurrence of potential metamorphic clinopyroxene (diopside, Al,O3; content up to 1.9 wt% in
the rim, and 0.5 wt% in the core) within the analysed metamorphic rocks of the Krivaja-
Konjuh ophiolite complex. The first appearance of clinopyroxene in metabasites is usually
used to trace the boundary of the upper amphibolite facies (~ 750 °C, 0.8 GPa, [EI-Naby et
al. 2000) where Ts-amphibole is no longer a stable phase. A portion of the analysed sample
was affected by a most pronounced regression; this part of the rock probably served as the
late fluid conduit space. It contains relative coarse grains of ilmenite (~ 0.5 mm), and the
surrounding ground mass is characterised by a secondary paragenesis of blue interfering
zoisite, Fe- to Al-pumpellyite, prismatic shaped apatite and dark-green chlorite (Fig. 27e).
Zoisite and pumpellyite form numerous rod-shaped crystals clearly formed at the expense of
plagioclase. Within the ilmenite crystalloblasts, one can perceive regular titanite exsolutions,
being nicely depicted in the related BSE photograph (Fig. 29e). The clear coalescing history
of the depicted grain indicates that this phenomenon was facilitated by deformation, which
affected this rock domain. Since the titanite mineral chemistry reveals a high water content
per formula unit (analyses total to ~ 97.5 wt%), the ilmenite replacement by titanite is most
often ascribed to retrogressive changes induced by hydration, which may follow a breakdown
of upper-amphibolite- or granulite-facies assemblage (e.g.|lInicki 2002).

4.3.1.1.4. Amphibolite

This is an amphibolite sensus stricto, which is characteristic for samples R8 and U23,
recovered from the MaoCe and Dubostica localities respectively (Table 3). Both samples
record a mineral assemblage of prevailing hornblende and plagioclase with minor titanite,
prehnite, ilmenite, chlorite, and apatite. Rock texture in sample R8 is relict gabbroic defined
by isometric hornblende crystalloblasts (~ 0.5 mm) having often obscure grain boundaries
(Fig. 27f). In the case of sample U23, the rock texture is described as granoblastic to
nematoblastic illustrated by the lobe-shaped, polygonal hornblende (~ 2 mm) having perfectly
straight grain boundaries (Fig. 27g). Former textural features were recognised in genetically
related subophiolitic rocks from the Greek island of Evia, being reported as the granoblastic
relict cumulate texture type (Gartzos et al. 2009). Xenomorphic and isomorphic plagioclase
grains fill the remaining interstitial space. The sample from Dubostica (U23) also records
weak fabric shown in partial subparallel alignment of amphibole crystalloblasts. In both
samples, amphibole is the fresh green typomorphic hornblende, having more pronounced
pleochroism in the sample from the Maoce locality (R8). Plagioclase is of intermediate,
andesine to labradorite composition. Often, it is obliterated by a regression testifying
formation of the aggregated neoalbite and prehnite. Titanite is the most abundant accessory
mineral indicating moderate temperature conditions. It is usually found scattered within large
hornblende crystalloblasts in form of undersized ellipsoidal blebs. limenite, in form of
isometric, lobate and opaque mineralization, is perceived ubiquitously disseminated
throughout samples. The more altered rock domains are featured by a dark-green chlorite
mineralization.
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4.3.1.2. Porphyroblastic garnet-diopside amphibolite

4.3.1.2.1. Rutile-garnet-diopside amphibolite

This metamorphic rock variety has been recovered from the Careva Cuprija locality,
placed in the central part of the Krivaja-Konjuh ophiolite complex (sample CC1). Its mineral
paragenesis comprises garnet, amphibole, clinopyroxene, and plagioclase as major phases,
whilst rutile, titanite, ilmenite and calcite appear as minor constituents (Table 3). The texture
is typically porphyroblastic, defined by a medium- to coarse-grained isometric garnet (up to
2 mm across), and medium grained sub-rounded clinopyroxene and partly elongated
amphibole crystaloblasts (up to 1 mm across) (Fig. 27h). The matrix is homogenous, consist-
ing of polygonated fine granoblasts of amphibole, clinopyroxene, plagioclase and minor
phases. Such a diverse matrix composition, as well as brittle deformation features and kink-
bands reported within porphyroblasts, imply that the recrystallisation was highly advocated
by varying degrees of cataclasis. The garnet crystalloblasts correspond to the pyrope-
almandine compositional span. They are frequently marked by inclusions of clinopyroxene,
plagioclase, rutile and titanite, indicating that garnet grew at the expense of the main
assemblage (e.g. |Guilmette et al. 2008). Moderately developed kelyphitic coronas around
garnet are commonly observed, having an average width of 30 um. Amphibole is a pale-
green edenite to pargasite of striking pleochroism. In the matrix, amphibole is found in
intimate contact with clinopyroxene developing after it (Fig. 29g). Clinopyroxene is an
igneous relict (Al,O3 content of 4.7 to 6.5 wt%) being entirely pseudomorphed, or recording
the incipient amphibole rimming around larger crystalloblasts. Plagioclase occurs as small
polygonal interstitial grains, which record nice twinning and no alteration. Small euhedral
grains (up to 0.05 mm long) of brown rutile and black ilmenite are ubiquitous and commonly
considered to be a part of the peak high-pressure paragenesis (e.g.|Meinhold et al. 2008).
However, the presence of rutile in the high-grade metabasites may be linked to TiO,-rich
incipient melts and subsequent rutile precipitation during decompression and cooling (e.g.
Finger et al. 2003)).

4.3.1.2.2. Contact Opx-bearing garnet-diopside amphibolite

This rock type has been ascribed to the samples MK2, GR7 and V1 recovered from the
Krivaja, Gostovica Rijeka and Vijaka localities, respectively. Major phases are garnet,
amphibole, clinopyroxene and plagioclase, whereas accessory phases are orthopyroxene
and magnetite (Table 3). Furthermore, all samples all characterised by extremely large
garnet crystalloblasts (up to 10 mm across), thus marking the rocks’ textures as
porphyroblastic. Other major phases are more often than not equidimensional and
granoblastic (~ 0.1 mm), occasionally attaining larger proportions (~ 1.5 mm). Garnet is
essentially composed of pyrope-almandine components. Commonly, it embeds
clinopyroxene and amphibole inclusions implying garnet growth on their account. In sample
MK2, certain garnet domains are featured by a system of rutile needles with an apparent
crystallographic orientation ({111} direction of garnet) (Fig. 28a). Retrograde metamorphism
heterogeneously overprinted garnet-bearing prograde paragenesis, being clearly indicated
by up to 0.2 mm wide coronas found around garnet. Kelyphitic rims are composed of

secondary phases (albite, orthopyroxene, hornblende
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and magnetite), which grew at the expense of primary garnet. Such vermicular and radial
symplectites of orthopyroxene, plagioclase and magnetite (Fig. 29h) without any preferred
orientation, are commonly attributed to alteration effects of silica saturated, oxidising fluids
which may enhance the garnet decompression breakdown through the reaction Grt + Cpx +
silica (from fluid) = Opx + Pl + Mt (e.g. |Prakash et al. 2007). Clinopyroxene is of igneous
origin (Al,O; content = 6 wt%), sometimes weakly coloured and partly recrystallised,
sporadically reporting epitaxial overgrowth of hornblende or tiny orthopyroxene reaction rims.
All samples within this rock type have similar amphibole edenitic to pargasitic composition.
The colour is pale-green to green showing clear pleochroism. Plagioclase depicts more
elongated forms than other phases and highly basic compositions, which may be indicative
to the magmatic origin (Vernon and Clarke 2008). Orthopyroxene is a pinkish coloured
hypersthene occurring almost exclusively as small radial intergrowth within the garnet
kelyphitic coronas. Occasionally it emerges in form of small spots (~ 50 um) attached to
plagioclase faces. Both occurrences reflect metamorphic retrogression (Fig. 30a). The
explanation of the aforementioned rutile needles in garnet has been debated for a long time.
Most recent work on the subject offers a cleaving/healing garnet theory as the most liable
clarification of this unique phenomenon (Hwang et al. 2007). The garnet {110} microparting is
underlined as a response to the strain events within the ultra-high pressures metabasite
rocks. Micro-scale partial melts, characteristic for such high-grade metamorphics during peak
or immediate post-peak metamorphism, might have had reacted with the garnet host, hence
precipitating the oriented rutile needles. The Ti source is hypothesised as external due to the
moderately low garnet TiO, content (~ 0.07 wt%).

4.3.1.2.3. Titanite-garnet-diopside amphibolite

This rock type has been recognised in the sample DU5 recovered from the Dubostica
locality. Garnet, amphibole, clinopyroxene and titanite form the principal mineral assemblage,
whereas ilmenite is an accessory phase (Table 3). Apart from garnet inclusions, no
plagioclase has been reported. The texture is characterised by ubiquitous and uniformly
positioned garnet grains (~ 1.5 mm), which nicely define the rock’s granoblastic texture and
homogenous structure. The inner space matrix is composed of prevailing granular amphibole
mixed with the other two main phases. (Fig. 28c). Kelyphitic coronas around garnet are
hardly developed, recording a formation of Ca-Si hydrous silicate, xonotlite, emerging in form
of cloudy aggregated mineral patches. Garnet is usually observed incorporating, engulfing, or
coalescing with clinopyroxene relicts, thus testifying that it grew on the clinopyroxene
account (Figs. 28d and 30b). Amphibole is a greenish to pale-brownish Ti-rich pargasite (up
to 1.9 wt% TiO,), having an accentuated pleochroism. The igneous clinopyroxene (up to 6.5
wt% Al,O3) records an unusually high degree of deformation via kink bands, bent cleavages
and undulose extinction. The proportion of titanite is elevated. It depicts xenomorphic
shapes, and it is often found embedded by garnets or along the weak lineation defined by
amphibole crystalloblasts. Occasionally, ilmenite is intergrown with titanite, which may raise
the conclusion on titanite origin through ilmenite hydration or oxidation via reactions with
clinopyroxene and amphibole, respectively (Harlov et al. 2006). The same hydrothermal
event may be considered as a trigger to the formation of xonotlite crystallite agglomerations,
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which rim garnet porphyroblasts (Hacker and Mosenfelder 1996)). Plagioclase is reported to
be a metastable relict, preserved only within porphyroblasts of garnet. Such an insular
textural position protected the grain from sub-solidus metamorphic processes, having
affected the rest of plagioclase found in matrix (Fig. 28d).

4.3.1.2.4. Garnet-diopside amphibolite

This rock subtype is classified as garnet-diopside amphibolite sensu stricto and it is
confined to the sample U22 recovered from the Dubostica locality. The mineral assemblage
consists of garnet, clinopyroxene, plagioclase, amphibole and secondary chlorite, albite and
prehnite (Table 3). Texturally and compositionally, this rock subtype is an analogue of the
subtype 2a, with the exception of rutile being part of the metamorphic paragenesis. Other
differences are the extent of garnet retrograde decomposition and plagioclase alteration.
Garnet crystalloblasts (~ 2 mm) are inter-mittently found completely obliterated (Fig. 28e),
whereas plagioclase often records formation of ‘neo-albite’ and prehnite on its substrate.

4.3.1.3. Garnet-diopside-hypersthene amphibolite

4.3.1.3.1. Porphyroblastic garnet-diopside-hypersthene amphibolite

A porphyroblastic subtype of this rock variety has been recognised in samples X1 and
U40 from the Vijaka locality. The metamorphic mineral paragenesis includes garnet,
clinopyroxene, plagioclase, and amphibole as principal constituents, whereas rutile and
magnetite are accessory phases (Table 3). A high match of this variety with the Grt-Di
amphibolites of subtype 2b has been recognised due to their great textural, structural and
compositional similarities. The main difference is due to the complex mode of orthopyroxene
occurrence. Apart from the vermicular appearance of orthopyroxene in garnet kelyphitic rims,
or in clinopyroxene reaction rims, orthopyroxene is found as part of the rock’s matrix, as
pinkish pleochroic and isometric crystalloblasts (Fig. 28g). Occasionally, orthopyroxene
granoblasts inlcude lobate and xenomorphic secondary amphiboles (Fig. 28h). Quite a
similar occurrence was reported in the Brazilian amphibolites from the Curaga Belt, Sao
Francisco Craton. There, orthopyroxene granoblasts in the matrix were ascribed to
metamorphic overgrowth at the expense of amphibole and probably they record the last
temperature raise (D'el-Rey Silva et al. 2007). Another difference with respect to the Grt-Di
amphibolites of the second subtype is related to the clinopyroxene crystalloblasts. They
appear to be more frequent and comparably coarser (~1.5 mm), thus nicely defining the
rock’s relict cumulate (e.g. spinel pyroxenite) texture (Fig. 30c). Furthermore, the igneous
nature of this rock variety is witnessed in the sharp contacts of contrasting mineral grain size.
The sample X1 of this metamorphic rock’s subtype possesses the earlier described
phenomena of garnets, bearing the rutile needles of an apparent {111} crystallographic
orientation.

4.3.1.3.2. Granoblastic garnet-diopside-hypersthene amphibolite

This rock subtype is also characteristic for the metamorphic rocks from the Vijaka locality
(sample V4). The metamorphic assemblage consists of amphibole, plagioclase, garnet
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and orthopyroxene as well as minor clinopyroxene (Table 3). The rock texture is markedly
granoblastic, defined by the prevailing isometric to rod-shaped polygonate amphibole grains
(~ 0.5 mm). Other phases are mostly equidimensional, and fill the amphibole inner space.
Amphibole is a green to dark-green pargasite exhibiting a distinct pleochroism. Commonly,
the amphibole grains encompass small inclusions of clinopyroxene and plagioclase (Fig.
30d). The ubiquitous twinning is characteristic for plagioclase. However, certain rock
domains witness its complete obliteration and formation of tiny aggregated albite. As in the
previous subtype, orthopyroxene forms subhedral pinkish grains in the matrix and emerges
in the garnet kelyphitic coronas around garnet. Garnet occurs only sporadically, and forms
isometric medium to coarse grains (~0.2 mm) that may be highly altered. Clinopyroxene is
rare and is mostly found within amphibole. Its Al,O; content (2.9 wt%) and its textural context
do not necessarily classify it as an igneous relict.

4.3.1.4. Diopside-amphibolite gneiss

This metamorphic rock variety has been recovered from the Zepée area (sample 10D).
The metamorphic assemblage is confined to amphibole, clinopyroxene and altered
plagioclase as major, and titanite, ilmenite, apatite and prehnite as accessory phases (Table
3). The rock’s texture is transitional, nematoblastic to granoblastic, where changes in the
relative abundances of amphibole and clinopyroxene define a conspicuous layering. This is
seen as a successive alternation of amphibole- and clinopyroxene-rich bands, which form a
clear shistosity (Fig. 28b). The polygonal, lobe-shaped amphibole of dark brownish colour
and expressed pleochroism is the prevailing phase. It is characterised by elevated TiO, and
Al,O3 contents of 4.1 and 14.8 wt%, respectively. These compositional parameters are found
to be typical for Ti-rich pargasites (kaersutitic variety) in high-grade metabasites from
collision zones and subophiolitic metamorphic soles (e.g. Raase 1974). Occasionally, a
secondary amphibole of an unstable xenomorphic mineral form is to be observed (Fig. 30e).
Such Ti- and Al-poor, but Fe-rich amphibole is believed to appear on the account of primary
kaersutitic pargasite and clinopyroxene due to the post-peak metamorphic instability.
Clinopyroxene is a pale-green magmatic relict, apparently having no pleochroism. Apart from
the layers it forms, one can encounter clinopyroxene within the rock’s amphibole-rich
portions, in epitaxial intergrowth. Although completely devastated by the secondary
processes (prehnitisation and albitisation), plagioclase used to have clear xenomorphic
shapes, concentrated within the leucocratic bands or lenses. Titanite is the common
accessory phase, mostly found embedded in kaersutitic pargasite or it is a post-peak phase
formed at the expense of ilmenite (Fig. 30f). The very high Ti-content of the bulk-rock has
also been manifested in the high proportion of ilmenite, which occurs as lobate, anhedral
medium-grained granoblasts (~ 0.2 mm).

4.3.1.5. Plagioclase-garnet-diopside gneiss

This rock variety has also been recognised within the Zepe metamorphic terrain
(sample Z1C). Its mineral assemblage consists of major clinopyroxene, plagioclase, garnet,
orthopyroxene, ulvdspinel and minor ilmenite, as well as titanite. The rock’s banded structure
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Fig. 27a-h.. Selected microphotographs of analysed metamorphic rocks. For details see text (subchapter
4.3.1.); Amp = amphibole, Sp = spinel, Spr = sapphirine, Cpx = clinopyroxene, Pl = plagioclase, Grt =
garnet, Crn = corundum
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Fig. 28a-h.. Selected microphotographs of analysed metamorphic rocks. For details see text (subchapter
4.3.1.); Amp = amphibole, Rt = rutil, Ttn = titanite, Cpx = clinopyroxene, Pl = plagioclase, Grt = garnet, Opx
= orthopyroxene. Abbreviations after Kretz (1983).
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Fig. 29a-h. Selected BSE pictures of analysed metamorphic rocks. Description in text (subchapter 4.3.1).
Numbers in microprobe BSE pictures refer to the respective mineral chemistry analyses (Appendix C ,
mineral chemistry); Ep/Czo = epdote/clinozoisite, Pl = plagioclase, Amp = amphibole, Sp = spinel, Spr =
sapphirine, Crn = corundum, Ct = clintonite, Cpx = clinopyroxene, Chl = chlorite, Ttn = titanite, llm =
ilmenite, Ap = apatite, Prh = prehnite, Grt = garnet, Rt = rutile, Mt = magnetite.
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Fig. 30a-h. Selected BSE pictures of analysed metamorphic rocks. Description in text - subchapter 4.3.1.
Numbers in microprobe BSE pictures refer to the respective mineral chemistry analyses (Appendix C ,
mineral chemistry); Pl = plagioclase, Amp = amphibole, Amp1 = first generation amphibole, Amp2 = second
generation amphibole, Cpx = clinopyroxene, Opx = orthopyroxene, Tin = titanite, llm = ilmenite, Grt =

garnet, Mt = magnetite. Abbreviations after|Kretz (7983).
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is marked by a conspicuous alternation of dull-brownish layers of Cpx and apparently fade,
lens-shaped, domains markedly composed of plagioclase (Fig. 28f). Prevailing clinopyroxene
forms equidimensional polygonal blasts (~0.2 mm across) which define the rock’s
granoblastic texture. Cpx is an early formed, partly recrystallised magmatic phase found in
alternation with plagioclase rich domains. The clinopyroxenes’ distinct pale-green colour
corroborates its salite chemistry. Pleochroism is weak or absent. An epitaxial orthopyroxene
overgrow along the margins of clinopyroxene is commonly reported (Fig. 30g). Relatively
small pinkish porphyroblasts or claw-shaped garnets do not exceed 1 mm across (Fig. 30h).
They are constituents of the clinopyroxene-rich bands. The kelifitic coronas around garnet
are ‘embryonic’ but ubiquitous. By the rule, garnet embeds or engulfs ilmenite, titanite,
plagioclase, clinopyroxene and apatite. The dominant opaque phase in this metamorphic
rock variety is xenomorphic or lobate, partly hydrated ulvospinel, found in close but texturally
disequilibrated contact with clinopyroxene (Fig. 28). Due to the ulvéspinel texture and
proportion in the system, it is believed that it had formed the pristine spinel phase, which
upon oxidation may have yielded the Fe-rich ilmenite. Furthermore, the ilmenite was proven
to be included or embayed by garnet (Fig. 30h), which, according to the reaction proposed
by Sengupta et al. (1999), implicate that garnet grew at the expense of ilmenite (e.g. Fe-
ilmenite + plagioclase * quartz - ilmenite + garnet + oxygen). The plagioclase is of
oligoclase composition and it appears as an anhedral, granular to rod-shaped crystalloblast
(~ 0.5 mm) devoid of twinning. |Pami¢ et al. (1973) already reported on this kind of
metamorphic rock from the vicinity of Vare$S. These authors explained it as a transitional
metamorphic assemblage toward eclogites.
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4.3.2. Mineral chemistry

4.3.2.1. Amphibole

Amphibole in all analysed metamorphic rocks of the Krivaja-Konjuh ophiolite complex is,
according to Leake et al. (1997), calcic and clusters through the broad compositional range
from magnesio-hornblende, edenitic and pargasitic hornblende to pargasite, ferroan
pargasite and magnesio-hastingsite (Fig. 30). A comprehensive dataset of amphibole
chemistry, including cation structural distribution per formula unit, is provided in Appendix C
(Tables I-1-1-14).
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Fig. 32. Correlations of SiO, vs Al,Os (leff) and Na,0+K,0 vs Al,O3 (right) in amphiboles from different
metamorphic rock varieties of the KKOC.

Within the amphibolite group of paragenesis, the amphibole is either magnesio-hornblende to
tschermakitic hornblende or pargasite with minor actinolite, deciphering elevated meta-
morphic conditions. Magnesio-hornblende and edenitic hornblende are reported in samples
U23, 11C, and R8 having no uniform composition, as it was the case with pargasite.
According to |Spear (1981), magnesio-hornblende and edenitic hornblende are stable at
comparatively low pressures and temperatures, characteristic for an incipient segment of the
amphibolite facies. In samples 11C and R8, secondary actinolitic amphibole is noticed,
forming narrow margins especially in contact with altered plagioclase. The second group of
paragenesis (Grt-Di amphibolite) comprises edenitic and pargasitic hornblende and pargasite
with minor magnesio-hornblende and tremolitic hornblende. Pargasite and pargasitic
hornblende are confined to samples DU5, U22, GR7 and MK2, whereas edenitic hornblende
is characteristic for samples CC1 and V1. Occasionally, within the peculiar textural position
of samples U22 and GR7, as well as V1, magnesio-hastingsite and actinolite have been
reported. Increased Fe**-values (and decreased Aly) in amphibole are linked to the
oscillation and increase of fO, (Spear 1981)). Still, one must bear in mind that the amphibole
discrimination based on its Fe®*" content must be taken with precaution due to the microprobe
limitations measuring Fe** concentrations of analysed mineral phases. Apart from the
amphibole crystalloblasts, all samples belonging to this paragenesis show two other modes
of amphibole occurrence, the first formingradial symplectites in garnet kelyphitic coronas, or
as epitaxial rims around clinopyroxene. The first type is featured by slightly elevated total iron
abundances along with silica deficiency, being especially marked in sample GR7. The former
shows no chemical differences compared to crystalloblasts, strongly suggesting that reported
epitaxial margins were the first step of amphibole blastosis. The third group of paragenesis
(Grt-Di-Hy amphibolite) embraces edenitic and pargasitic hornblende, though the fourth
group of paragenesis (Di amphibolite gneisses) numbers ferroan pargasite along with minor
ferro-pargasitic hornblende and ferro-actinolite. Compared to ferroan pargasite, the ferro-
pargasitic hornblende is a retrograde phase, enriched in FeOy (~ 25 wt%) and impoverished
in MgO (~ 4.7 wt%). Such an intermediate hornblende composition stands for incomplete
retrograde reequilibrium (e.g. Carosi et al. 1997)). An actinolite mineralization is sporadically
reported along the pargasite margins or inner cracks.
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Taking into account the calcic amphibole composition from different groups of
paragenesis, one can elucidate that there is no systematic variation in their composition.
Hence, the compositional changes in amphiboles reflect facies changes, along with decrease
and increase of pressure and temperature during amphibole crystallisation.
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Fig. 33. Ti vs Al correlation in amphiboles from different metamorphic rock varieties of the KKOC illustrating
changing pressure conditions (left); Ti vs Si correlation in amphiboles from the KKOC metamorphic rock
varieties indicating highest temperatures for Di amphibolite gneisses. Both diagrammes are after Hynes
(1982). For symbols see Fig. 32.
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Fig. 34. Intercationic correlation for amphiboles from the different KKOC metamorphic rock varieties with
main substitution trends indicated. For symbols see Fig.32.

The overall amphibole composition is marked by the following major element span: SiO,
(38.8-51.7 wt%), TiO, (0.03-4.15 wt%), Al,O3 (0.41-20.2 wt%), FeO (4.1-27.4), K;O (0.0-0.7
wt%), MgO (4.7-17.9 wt%), and Mg# [100-Mg/(Mg+Fe?*)] (28-100). In Fig. 32, the evidences
of a strongly negative SiO, vs Al,O; and a positive Na,O+K,O vs Al,O; correlation are
shown, confirming almost linear increase of alumina and alkalies along with silica decrease
in amphibole mineral chemistry during (mostly) prograde metamorphism. Fig. 33 shows a
sharp increase of Ti (decrease), within the short Al interval (Si interval), regardless of the
total alumina content or of bul-rock composition.

The peak-metamorphic ferroan pargasite of the diopside amphibolite gneiss is recorded
as the Ti-richest amphibole variety. Additionally, a wide range of amphibole Ti abundances
decipher low- to medium-pressures of crystallisation (Fig. 33), whereas higher Ti contents
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generally indicate higher temperatures (Fig. 33, e.g. Raase 1974, Raase et al. 1986). The
studied amphibole chemistry can be best depicted as complex solid solutions between
independent end-member components: tremolite, tschermakite, pargasite and glaucophane.

Amphibole compositional oscillations in Krivaja-Konjuh metamorphites are essentially
controlled by the pargasitic substitution vector (Fig. 34), which is defined by the reaction
A + (Mg, Fe*)viiwms + 2 Si'¥ — (Na, K)a + (Al, Fe**) s + 2 AlY

(Grapes and Graham 1978). It implies a temperature-controlled metamorphism, whereby Al
in tetrahedral coordination and Na in structural position A have been highly correlated.
Relatively high AI"Y/AIY' proportions in analysed amphiboles correspond to a moderate
pressure increase. In retrograde assemblages, amphiboles correspond to actinolite
composition having low-Al contents in both structural positions (AlV<1, AM'<0.5 p.f.u.,
Carosi_et_al. 1997). An increase of tschermakitic and pargasitic components over the
hornblende component in amphibole crystaloblasts’ profile analyses is manifested in total
Al,O; content raise, going from the core toward the grain rim (Fig. 35.). Such a compositional
trend defines the prograde metamorphism, featured by an increase of pressure and
temperature conditions through the upper amphibolite and granulite facies. The described
tendency is recognised, although not always clearly, in most of the analysed pargasites,
ferroan pargasites and pargasitic hornblende. On the contrary, actinolite and various
intermediate composition amphiboles mostly record the opposite trend, indicating a
retrograde metamorphic event.
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Fig. 35. Selected profiles for Al,O3 made through the amphibole crystalloblasts from different KKOC
metamorphic rock varieties.

4.3.2.2. Garnet

The garnet composition of the analysed metamorphic rocks shows a broad
compositional span within a range of Py2.56AIM24.49SP00-05Grog-32ANdgo-10. I1ts comprehensive
mineral chemistry dataset, including proportions of the characteristic end-members, is
provided in Appendix C (Tables J-1-J-6). The iron-rich garnet varieties in the PI-Grt-Di
gneiss contain ~ 45 mol% of almandine component, whereas pyrope and grossular contents
gradually increase in Grt-Di and Grt-Di-Hy amphibolites, reaching a maximum of 56 and 32
mol%, respectively (Fig. 35). The distinct Fe-Mg proportions in analysed samples are due to
the bulk chemistry inconstancy.

71



A further division of the analysed garnets is performed on the base of different types
of kelyphitic coronas observed around garnet grains (Fig. 36). Hence, garnets from gneisses,
having Opx-Pl coronae possess the highest almandine abundances of the almandine
component. The rest of the orthopyroxene containing corona paragenesis (Opx+P/+Mt+Py
and Opx+PIl+Mt) compositionally overlaps, holding lowest grossular and moderate pyrope as
well as almandine concentrations. Garnet grains with Al-rich pargasite + plagioclase coronas
are the richest in pyrope, whilst garnets having discrete ‘cloudy’ xonotlite-containing coronas
of the same paragenesis report elevated grossular values. This may imply garnet growth at
expense of hornblende and plagioclase (high grossularite values) as suggested by |EI-Naby
et al. (2000). The small relict grains of pyrope (~95 mol%) recognised within the kelyphitic
corona are found to be due to garnet alteration processes.
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Fig. 36 Garnet compositions in KKOC amphibolites in terms of almandine+spessartine (Alm+Sp), pyrope
(Py), and grossular+andradite (Gr+And) molecular end-members. Discrimination is based on different
source paragenesis (left) or different types of secondary coronas (right)

Evidences of garnet zoning, observed in grains originating from different metamorphic
rock paragenesis, are given in Fig. 37a-d. Oscillations of grossular, almandine, spessartine
and pyrope molar proportions have been tested. The spessartine zonation is apparently
slightly concave in all depicted samples, reaching its maximum in the grain's core. Based on
the distribution patterns of remaining components, the two following trends are recognised:

o the compositional zoning of garnet characterised by Fe-Mg substitution with gradual
pyrope content increasing towards the rim of the grains, whereas almandine records
opposite compositional trend, having higher values in the grain cores. Similar convex step-
like trend is also depicted by grossular concentration pattern. Described trend is pertain to
samples GR7 and Z1C (Fig. 37b,d)

o lack of garnet zoning reflecting a compositional equilibration (samples U22 and X1;
Fig. 37a,c)
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Fig. 37a-d. Representative zoning profiles of garnets recovered from the KKOC amphibolites with respect
to variations in grossular, almandine, spessartine and pyrope molar proportions; (a) Sample U22: Grt-Di
amphibolite (Al-amp+Pl corona), (b) Sample GR7: Grt-Di amphibolite (Al-amp+PIl+Mt+UnPh corona), (c)
Sample X1: Grt-Di-Hy amphibolite (Opx+PI+Mt corona), (d) Sample Z1C: PI-Grt-Di gneiss (Opx+Pl+UnPh
corona)

Former flat profile patterns, suggest phase equilibration and homogenisation by means of
cation volume diffusion under the peak pressure-temperature conditions of metamorphism
(e.g. Woodsworth 1977). The characteristic “U” shape of pyrope’s concentration patterns,
accompanied by the opposite almandine pattern, clearly imply a prograde metamorphic
event (e.g. Romano et al. 2006). On the other hand, the grossular and spessartine concave,
and tending-to-be-concave compositional patterns, are a sign of retrogressive alterations.

4.3.2.3. Plagioclase

The complete plagioclase mineral chemistry dataset, which includes albite, orthoclase
and anorthite mineral proportions, is provided in Appendix C (Table K-1-K-10.). Plagioclase
is a ubiquitous phase within the metamorphites of the Krivaja-Konjuh ophiolite complex. It
occurs either as small anorthite-rich blasts, or as medium to coarse grained, less An-rich
plagioclase. The former is thought to present the previous magmatic (gabbroic) structure.
Plagioclase of the amphibolites is also An-rich (on average Ang;3), which defines it as the
most basic plagioclase variety (Fig. 38). An exception is sample R8, with plagioclase
compositions within the oligoclase-labradorite range.
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Fig. 38. Ab-Or-An classification diagramme for feldspar from different metamorphic rock varieties (left, Deer
et al. 1992); Line profiles of An mol% (100Ca/(Ca+Na+K)) in plagioclase from the KKOC metamorphites
(right). For more details, see text.

Plagioclase analyses from Grt-Di amphibolites show uniform compositions
corresponding mostly to labradorite and bytownite (Ans;.91) with an average of Anggg. In
samples GR7 and V1, plagioclase inclusions in garnet were also analysed, yielding lower
anorthite proportions compared to the ‘outer’ matrix plagioclase (~ 8 mol% lower in An). Such
a phenomenon confirms garnet growth at the expense of plagioclase, since mass balance in
a closed system requires that, with ongoing plagioclase consumation, the remaining
plagioclase becomes increasingly albitic (Spear et al. 1990). On the other hand, plagioclase
inclusions in amphibole show no compositional difference compared to matrix constituents.
Plagioclase originating from Grt-Di-Hy amphibolites is compositionally similar to the previous
one (Anss.g), with an average of Anzsg. Garnet-insulated plagioclase deciphers again a
significant anorthite deficiency (~ 10 mol%). Plagioclase recovered from Di amphibolite
gneiss is obliterated due to retrogression, whereas plagioclase from PI-Grt-Di gneiss has
andesine-oligoclase composition (An,s.s5), with an average of Anse;. Taking into account all
samples with developed orthopyroxene-plagioclase symplectites around garnet
porphyroblasts, it is reported that in such cases plagioclase tends to be highly calcic (~
90 % An), likely having been formed through the breakdown of garnet at lower temperatures
(Baldwin et al. 2003)). Normally, the Or values in all analysed plagioclase grains are found to
be <1 mol%, with an exception in samples R8 and CC1 reaching 4.4 and 7.2 mol%,
respectively.

With respect to the alteration degree, plagioclase is reported to be: (1) completely
altered to albite, or saussuritised containing minute inclusions of prehnite and clinozoisite, (2)
affected by the incipient alteration processes recognised in its structure instability. In sample
R8 a profile through the plagioclase grain is made recording pronounced oscillatory zoning of
its anorthite content (Fig. 38). This kind of zoning is linked by some authors to the igneous
origin of plagioclase, which may be preserved through high-grade metamorphism (e.g.
Rutland et al. 1960). The remaining occurrence form of plagioclase (3) appears to be
apparently intact (fresh) and mostly An-rich plagioclase minerals. It is generally homogenous
within a single crystal, but occasionally shows a characteristic enrichment of An within the
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grain rims, known as reverse plagioclase zoning (e.g. Cannon 1966). An illustrative profile is
provided in Fig. 38, depicting a “U”-shape anorthite curve. Such a feature of the high-grade
metabasites is common and usually explained by variations in P-T conditions during
metamorphism.

Certain correlation trends between plagioclase and amphibole composition are
recognised. The most basic plagioclase is reported in pargasite-bearing rocks (samples U29
and U30). As the plagioclase becomes more sodic, amphibole corresponds to edenitic and
hornbende compositions (e.g. samples R8, U23 and CC1). However, this is not found to
present a typical trend in analysed rocks since pargasite is found associated with less basic
plagioclase as well (e.g. in samples GR7 and U40). Though, as it is suggested for
amphibolite terrains (EI-Naby et al. 2000), a tendency that bounds increased anorthite
content in plagioclase to high temperature Al"V-rich pargasite amphibole is predicted.

4.3.2.4. Clinopyroxene

Comprehensive microprobe analyses of clinopyroxene measured in the Krivaja-Konjuh
metamorphic rocks are given in Appendix C (Table L-1-L-11.). The end-members of
clinopyroxene were normalised on wollastonite (Wo), enstatite (En), and ferrosilite (Fs), with
respect to different host metamorphic paragenesis and textural positions (Fig. 39). Analysed
clinopyroxene has a composition in the range 44.8-55.9 wt% Wo, 23.7-44.8 wt% En, and 4.0-
25.6 wt% Fs. The Al,O; content is highly variable and ranges from 0.51-11.30 wt%. The
lower values are typical for matrix-structured clinopyroxene of sample 11C, most likely of
metamorphic origin (0.51-1.95 wt% Al,O3), whereas Al,O; in the rest of analysed
clinopyroxenes is significantly higher with an average value of 7.01 wt%. It suggests an
igneous origin of clinopyroxene, already indicated by preserved magmatic rock textures and
developed amphibole rims, replacing most of the clinopyroxene crystalloblasts (e.g. Onen
and Hall 2000, |Deer et al. 1992). Mg# values are recording a great span as well, ranging
from 65.9-100.0. High-Mg# varieties are located in sample U29 (~98 Mg#), whereas
clinopyroxene with low Mg# is recognised in sample Z1C (Mg# = 70). Other significant
elements range widely, with CaO from 18.89-25.62 wt% and Cr,O3 from 0.00-0.93 wt%.

Most of the analysed clinopyroxenes are classified as salite (Fig. 38). Some of the
Cpx from the Grt-Di amphibolites project into the field of diopside, whereas high-Wo
clinopyroxene originating from the ampbhibolites is classified as aluminium diopside. Low-Mg#
clinopyroxene from the Di amphibolite is transitional between salite and ferrosalite. Most
clinopyroxenes from PI-Grt-Di gneisses and Grt-Di-Hy amphibolites are augites. The textural
position of analysed clinopyroxenes does not considerably affect their compositions (Fig. 39).
Only clinopyroxene found as inclusion in garnet depicts slightly higher MgO and FeO, and
lower CaO values. Both clinopyroxenes, relict igneous and metamorphic, show weak
compositional zoning within grain margins depicting increasing Ca and decreasing Al
towards the rim. This kind of zonation is imputed to retrograde alteration (e.g. |Raase et al.
1986).
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The relative enrichment in Tschermaks component of analysed KKOC clinopyroxene,
which is characteristic for granulite facies, can be assessed by usage of a A" vs AIY
diagramme (Fig. 40, Mukhopadhyay 1991). The diagramme suggests that igneous
clinopyroxene experienced moderate metamorphic recrystallisation, having resulted in Al
octahedral enrichment. The gradation trend toward eclogite facies clinopyroxene is not
clearly established.

4.3.2.5. Orthopyroxene

Microprobe analyses of orthopyroxene from the KKOC metamorphic rocks are provided
in Appendix C (Tables M-1-M-3). Analysed orthopyroxene forms a solid solution between
enstatite and ferrosilite plotting exclusively within the field of hypersthene (68.2-78.6 wt% En,
Fig. 41). The Al and Fe® contents are normally low, with the highest Al,O; value of 6.08 wt%
recorded in orthopyroxene originating from kelyphitic rims around garnet. Generally, Opx
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from kelyphitic coronas possesses on average twice the Al content of Opx from other textural
positions. The Mg# value of analysed orthopyroxene shows a narrower compositional span
compared to clinopyroxene (70.8-81.5). Other important elements like Ca and Cr, are found
within the range of 0.26-1.23 and 0.00-1.18 for CaO and Cr,03, respectively.
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[ ) Gri-Df amphibolite

50
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] Opx within keliphitic rim

¥ Opx growth over amphibole
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Fig. 41. Composition of orthopyroxene in different metamorphic rock varieties of the KKOC with respect to
different host paragenesis (left), or textural position (right). Classification after Morimoto et al. (1989).

However, orthopyroxene from kelyphitic coronas around garnet is featured with the lowest
CaO values (~0.3wt%), and as already mentioned, the highest Al,O; abundances
(~ 5.0 wt%). Prismatic orthopyroxenes, revealed mostly in Grt-Di-Hy amphibolite, do not
depict clear compositional zoning, just a weak retrograde pattern already discussed in
clinopyroxene.

4.3.2.6. Other phases

Analyses of mineral chemistry with structural formulas of epidote-clinozoisite, prehnite,
sapphirine, spinel, ulvéspinel, magnetite, ilmenite, titanite, corundum, clintonite, apatite and
rutile are provided in Appendix C (Tables N-1-N-7).

Epidote-clinozoisite most usually occurs as epitaxial fine-grained pseudomorph after
plagioclase (samples U30, U29, 11C) only rarely forming single grains (sample U30). It has
the general formula Ca1.926-2.145Fe3+0.000-0.574A|2.438-3.012[Si2.938-3.05204]3(oH)- The highest Fe®
values are reported in sample 11C (~ 0.5 a.p.f.u.).

Prehnite is found in samples 11C, R8, U23 and 10D. Similar to clinozoisite, the formation
of prehnite depends on plagioclase decomposition. Its chemical composition is homogenous:
Ca1.906-2.004Al1.902-2.124512.932.3.041010(OH)2. Another Ca-Si hydrous phase is xonotlite, with the
formula: Cass1.6.01(Si5.71-5.97A10.03-0.34)047(OH).. It emerges in sample DUS5, forming cloudy
aggregates of crystallites around porphyroblasts of garnet.

Sapphirine is encountered only in sample U30, having the composition (Mg3.129-3.241Al4.291-
4.396)(A|4.455-4.5158i1.485-1.545)020-

Spinel is either an Al-rich variety, with a mineral chemistry best corresponding to
pleonaste, (Mgo s51-0.751F€%"0.240-0423)(Al1 727-1.978CF0.004-0.239F € 0.002-0.036)Oa, OF it is a Cr-rich
igneous variety defined by the following formula: (Mg0,397_0,537Fe2+0_408_0_562)(AI0_910_1_193Cro_722_
1034F€>*0.057-0.003)04. Pleonast is recovered in sample U29 forming narrow rims around
corundum, as well as in sample U30 where sapphirine develops on the account of spinel. In
sample U29, Cr-rich varieties form characteristic euhedral to subhedral inclusions within the
pargasite amphibole.
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Fe-Ti oxides with compositions similar to those of ulvospinel have been reported along
with co-existing ilmenite in sample Z1C. They both lie on the ilmente-magnetite junction in
the related discrimination diagramme (Fig. 42). In sample 11C, ilmenite forms coarse grains
featured by regular titanite exsolution lamellas, whereas in samples R8, CC1 and 10D,
ilmenite is found as small euhedral, sometimes lobate blebs. The formula of ilmenite is
Feo.s40-0-956 Tio 928-1.00303, and ulvéspinel has the composition (Tio 244-0440F€>*1 061-1.354Al0.052-0.154)
Fe?*, 201.141304. On the other hand, the ulvéspinel mole percentage of magnetites, detected in
samples U40 and V4, is low (Fig. 42). Magnetite occurrence is exclusively pertain to garnet
kelifitic decomposition rims, and it is featured by high Fe content with only minor Al and Mg
substitution, (F92+0.967-0.988M90.010-0.019)(F93+1.861-1.963A|0.021-0.110)04-

Titanite is a common mineral phase, mostly found in forms of blebs embedded by
amphibole (samples 11C and 10D) or garnet (samples CC1, DU5, and Z1C) porphyroblasts.
Occasionally, in Ti-rich metamorphic rocks, it is found intergrown with and forming at the
expense of ilmenite (samples DU5 and 10D). The general titanite formula is Caggso-
1.014(Tio.882-0965F € 0.013.0.044Al0.036-0.118)Si0s,  Which implies equability of main element
abundances in titanite formula, as well as low main substitution through the (Al, Fe**) + (OH,
F) < Ti* + O* mechanism (Higgins and Ribbe 1976). Such a low substitution degree,
having resulted in a titanite formula stoichiometric purity, is known as a relative
geothermometre and refers to elevated metamorphic conditions.

Corundum is reported in sample U29 where it is outlined as a subhedral rod-shaped
porphyroblast always armoured by Al-spinel coronas. Mineral chemistry is uniform, having an
Al,O3 content between 99 and 100 wt%. FeO and Cr,O3; abundances irregularly oscillate
through the grain within the range of 0.07-0.25 wt% and 0.36-0.55 wt%, respectively. No
amphibole and plagioclase inclusions have been reported as it was suggested in Operta
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(2004), investigating corundum amphibolites from the southern portions of Krivaja-Konjuh
ophiolite complex.

Appearance of clintonite is characteristic for the same sample, where it forms a
discontinuous tiny outer rim around spinel coronas. Its chemical composition corresponds to

CaO.928-0.993Mg1 .923-2.016A|5.41 6-5.6868i2.203-2.46901 O(OH )2-

Rutile emerges as small euhedral grains in sample CC1, whereas in samples U40 and
MK2, it is reported to form peculiar needles in garnet porphyroblasts. First rutile occurrence
is featured by a high TiO, content ranging from 99.02-99.71 wt%, with the rest having very
small concentrations of Cr,0O; and FeO ranging from 0.12-0.26% and 0.24-0.61 wt%,
respectively. Rutile needles are marked by slightly reduced TiO, values ranging from 97.3-
97.4 wt% and elevated MnO concentrations attaining the range of 1.08-1.31 wt%.

79



80



5. GEOCHEMISTRY OF KKOC ROCKS
5.1. Ultramafic rocks
5.1.1. Peridotites

Whole-rock analyses of the Krivaja-Konjuh ultramafic rocks were performed on the same
samples as the mineral analyses. In addition, three bulk-rock samples of plagioclase
Iherzolite from the Zepée region were analysed (yellow circles in the following diagrammes).
Analyses were carried out on 4 samples of spinel lherzolite, 9 samples of plagioclase
Iherzolite, 2 samples of ultramafic cumulate and 2 samples of olivine websterite. The
complete dataset is provided in Appendix D, Table X-1-X-2. The analyses were normalised
on mean values of chondrite and primitive mantle for main and trace elements (including the
rare earth elements) according to [Taylor and McLennan (1985), [Hofmann (1988),
McDonough and Sun (1990, 1995).

In Fig. 43, variation diagrammes for a number of elements or element oxides versus
MgO are displayed. For comparison, primitive mantle (PM) values from the literature are
provided as shaded portions. In the peridotites, the majority of incompatible elements or their
oxides (e.g. SiO,, TiO,, Al,O3, FeO, Na,O, Ba, Sr, Y, Yb) have somewhat lower abundances
than PM, defining KKOC peridotites as relatively depleted mantle rocks. CaO, however,
forms an exception. The compatible elements Cr, Ni and Sc are, however, not enriched and
do not show consistent positive correlations with MgO. In the peridotites, most of the major
elements show coherent covariation trends with respect to MgO, e.g. TiO,, Al,O3, CaO0, Y,
Yb, Zr and Sc show a negative correlation. Al,O3 contents between 2.50 and 3.00 wt% are
characteristic for some fertile orogenic massifs (e.g. Pyrenees, Bodinier et al. 2004; Lower
Austria, Becker 1996). The analysed KKOC Iherzolites do not show a negative correlation of
Cr with MgO, which tends to be characteristic for many other Alpine peridotites and peridotite
xenoliths from alkali basalts (e.g.|Liang and Elthon 1990). Furthermore, a decrease of Sc
with increasing MgO indicates melting within the spinel peridotite stability field, while a
positive correlation of Sc with MgO would signalize melting in the garnet peridotite field (e.g.
Liu et al. 2004). Al/Ti and Ca/Al ratios are somewhat higher than respective PM values. The
measured ratios correspond very well to literature data of different CDOB peridotites (Al/Ti
21-50, Ca/Al 1.05-1.45; Lugovi¢ et al. 1991).

In summary, the covariation trends, as well as major and trace element abundances
suggest a relatively fertile nature of the plagioclase and spinel lherzolites from the Krivaja-
Konjuh ophiolite complex. Therefore it may well be that these peridotites were refertilised by
metasomatic processes.

Invoking the rocks’ modal mineralogy and phase chemistry (e.g. primary amphibole,
plagioclase, pyroxene), the whole-rock compositions offer several possible lines of indication
for refertilisation: (1) selective enrichment of LREE (La, Ce, Pr and Nd) in plagioclase
Iherzolites and La in spinel lherzolites (Gruau et al. 1998), (2) a selective enrichment in
incompatible HFS elements and also in Th and U due to refertilisation after melt extraction
(Niu_and Hekinian 1997, |Asimow 1999)), and (3) pronounced negative SiO, and positive FeO
covariation trends relative to MgO which are explained by olivine addition in the topmost
mantle portions beneath mid-ocean ridges (Niu 1997, INiu_2004), (4) a higher Ca/Al ratio
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than in PM, which might have been enhanced by selective precipitation of clinopyroxene at
the expense of olivine or orthopyroxene (e.g. [Fabriés et al. 1989). Comparing covariation
trends for KKOC Iherzolites presented in Fig. 44a-c, as well as the normalised REE patterns
with comprehensive models of the isobaric batch and near fractional melting of abyssal and
ophiolite peridotites (Niu 2004, Bazylev et al. 2009), it is inferred that the batch melting model
better deciphers the mantle history of the KKOC.
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Fig. 44a-c. Correlation coefficients of relatively incompatible elements relative to those of Ti (a), Zr (b) and
Lu (c). A higher correlation (R > 0.3) suggests that the element is immobile during alterations and its
behaviour is governed by magmatic processes. (d) Inverse correlations of REE with MgO suggest that MgO
retained its initial mantle signatures.

LOI values of the KKOC Iherzolites (4.90-8.70 wt%) reflect the enhanced rock alteration
during serpentinisation. Detected hydrous phases referred to alteration are serpentine,
secondary amphibole, chlorite, pectolite and hibschite. These alterations caused a decrease
of K;O (below the detection limit of ~0.01 wt%) and MgO (to ~ 35 wt%) and partly a minor
increase in Na,O. Nowadays, it is generally estimated that due to serpentinisation and
seafloor weathering, the moderately altered ultramafic rocks display a significant loss of MgO
(e.g. Niu 2004). Therefore, the composition of the KKOC Iherzolites might have been
severely affected by such processes. Furthermore, there is a widespread belief that
serpentinisation in cumulate oceanic peridotites obliterates their magmatic signatures (e.g.
Dick et al. 1984, [Michael and Bonatti 1985). The following diagrammes, presented in Fig.
44a-c, were constructed in order to test this. They depict the correlation coefficients of highly
immobile elements (Ti, Lu and Zr) with other incompatible elements. Except for the alkalis
and Sr, the rest of the elements show a relatively high correlation (R > 0.3), which suggests
that the processes that led to the enrichments of the LREE or MREE (Sm, Eu, Gd) also led to
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Fig. 43. Variation diagrammes of different KKOC ultramafic lithologies with respect to MgO, as well as Al/Ti and Ca/Al vs MgO diagrammes. Symbols: o filled in grey =
spinel Iherzolite, ¢ filled in purple = plagioclase lherzolite, o filled in yellow = dunites, A = olivine websterite, blue hexagon = KKOC peridotites not analysed by EMPA.
Shadowed areas represent primitive mantle (PM) values (Taylor and McLennan 19885, McDonough and Sun 1995). Omissions are due to the y axis limitation (Zr, Ce, and
Sm).
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enrichments of the HREE and HFSE (e.g. Ti and Zr). Knowing that HFSE are essentially
immobile during alteration or metamorphism, the presented rates imply that the pristine
signatures remained intact during serpentinisation. Fig. 44d shows the correlation of MgO
with a set of REE. Apart from the LREE, the MREE and especially the HREE display a
significant correlation with MgO, thus suggesting that these elements fully track magmatic
mantle signatures as defined by the highly incompatible elements. Even the HREE
decreased during mantle melting, despite a possible mass loss of MgO due to
serpentinisation and/or seafloor alteration. Therefore, the KKOC whole-rock chemistry data
are still suitable for further petrogenetic considerations. As expected, only the alkalis and Sr
are mainly governed by alterations caused by hydrous solutions (Fig. 44a,c). Elevated values
of LREEs are, however, due to sub-solidus refertilisation.

Calculated CIPW normative mineral compositions of KKOC ultramafic rocks are given in
Table X-1. One can notice that the analysed samples contain normative olivine and
hypersthene. The presence of normative magnetite is an indicator of the advanced
serpentinisation of olivine. The chemical classification of peridotites, based on their
normative mineralogy calculated on a volatile-free basis (mode calculation after Lensch
1968) and plotted in the OI-Opx-Cpx diagramme (not shown), defines the analysed KKOC
ultramafic rocks as Iherzolites (Streckeisen 1973).
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Fig. 45. Positions of the KKOC ultramafic rock samples in the MgO-CaO-Al,O; discrimination diagramme
(Coleman 1977) (left); Positions of the KKOC ultramafic rocks in the Ni-Cr diagramme, discriminating
mantle from cumulate rock series (lrvine and Findley 1972) (right). For symbols, see left image.

According to a discrimination diagramme proposed by Coleman (1977), the KKOC spinel
and plagioclase Iherzolites are characterised as ultramafic tectonites (Fig. 45). Although it is
apparent that a part of the Iherzolite samples is shifted to the field of ultramafic cumulates,
one can explain this by effects of serpentinisation, which must have caused a decrease in
MgO but an increase in CaO. The latter variation may also be attributed to sub-solidus
events (e.g. formation of Cpx or PI).

The olivine websterites plot into the field of ultramafic cumulates. Their origin, as it will be
discussed later (see Chapter 5.1.2., Chapter 6.2.2.), is bound to mantle-derived ultramafic
crystallisates, featured by regularly obscured cumulate textures. The other diagramme,
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introduced by |Irvine and Findley (1972), is used for distinguishing mantle from cumulate
ultramafic rocks (Fig. 45). It takes into account the abundances of compatible Ni and Cr.
Accordingly, all samples of spinel and plagioclase lherzolites are defined as mantle rocks,
whereas the olivine websterites and ultramafic cumulates have a bulk-rock chemical
composition of cumulate rocks. The ultramafite rock ‘end-member’ classification proposed by
Piccardo (1995) characterises the spinel and plagioclase lherzolites of the Krivaja-Konjuh
ophiolite complex as tectonite ultramafic rocks of the Iherzolite-harzburgite type, derived from
a moderately depleted mantle bounded to mid-ocean ridge magmatism.
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Fig. 46. Diagramme proposed by |Bonatti and Michael (1989) displaying the relative abundances of
Mg/Fe/Al which deciphers the major element composition of analysed KKOC lherzolites with respect to
known fertile environments. Arrows point to an increasing degree of depletion (left); Positions of analysed
KKOC Iherzolites in the Yb-Al,O; diagramme with respect to literature data from the Alpine Tethyan realm
and adjacent Dinaride ophiolite suite (right).

In Fig. 46, the chemical composition of KKOC lherzolites is given in the Al,O3-FeO-MgO
space. Arrows indicate the mantle depletion sequence with a continental undepleted mantle
as the starting point. According to the KKOC plagioclase and spinel lherzolites’ major
element compositions, one can infer their mild refractory nature, corresponding to the
compositional range of fertile mid-oceanic ridge peridotite (Bonatti and Michael 1989). The
nature of KKOC peridotites is further evaluated in the Yb-Al,O3; diagramme (Frey 1984, Fig.
46), where the abundance of Al,O; is taken as a measure of depletion. Most of the
tectonically emplaced and abyssal peridotites show a well-defined Yb-Al,O3; correlation trend,
with occasional exceptions of plagioclase-bearing peridotites, showing low Yb concentrations
relative to Al,O; (Bodinier and Godard 2003). This is, however, not the case for the KKOC
peridotites. Analysed l|herzolites show a coherent Yb-Al,Os; correlation and their values
closely correspond to those of fertile Ligurian harzburgites and lherzolites. The values
obtained for harzburgites derived from the ViSegrad ophiolite complex (central and eastern
CDOB, Trubelja et al. 1995), as well as from Medvednica Mt. peridotites (most western
segment of VZ ophiolites, Slovenec 2003), suggest that these are typical high-grade residual
rocks showing no similarities with the KKOC peridotites.

The geotectonic setting and the nature of Krivaja-Konjuh ophiolite spinel and plagioclase
Iherzolites can also be tested by means of an Al,Os;-Mg# diagramme (Fig. 47). KKOC
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Iherzolites have Mg# values of 89.2-89.8, which is characteristic for Alpine peridotites of the
Tethyan collisional belts, including ophiolite areas of the CDOB and VZ (Coleman 1977).
Hence, the diagramme is useful to test similarities within neighbouring peridotite areas, but
also to compare them with other orogenic terrains in the world. One can notice that the
analysed samples plot into the field of fertile Iherzolites, defined by Tethyan peridotites of the
CDOB, Ligurides and Eastern Alps (Lugovi¢ at al. 1991, Majer 1993, Trubelja et al. 1995|

Rampone et al. 1996, Koller et al. 1999 and Bazylev et al. 2009), fore-arc peridotites of the

South-Sandwich island arc (Pearce et al. 2000), and Palaeozoic Uralian orogenic peridotites

(Spadea et al. 2003). The match with the latest CDOB data, provided by Bazylev et al.

(2009), is fully complete. The distinction from the field defined by harzburgites from the
adjacent ophiolite terrains of the Vardar zone and Eastern Alps (Lugovi¢ 1986, Koller et al.
1999 and Slovenec 2003), as well as Oman and the South-Sandwich arc/fore-arc (Boudier|

and Juteau 2000, Pearce et al. 2000 and Mcinnes et al. 2001) is unequivocal.
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Fig. 48. Cr/AI-Ni/Al discrimi-nation
diagramme for KKOC Iherzolites.
Reference areas are: Tethyan
peridotites (Ligurides, Dinarides,
Semail, |Rampone et al. 1996,
Slovenec 2003, |Lugovi¢ 1986,
Lugovi¢ et al. 1991, Majer 1993,
Trubelja et al. 1995, |Bazylev et all
2003, | Boudier _and Juteau 2000),
Late Palaeozoic Uralian lherzolites
(Spadea ef al. 2003), Altered
Miocene mid-Atlantic period-tites
(Burgath et al. 1997) and
Paleogene ridge and fore-arc
peridotites (South-Sandwich
islands, South Atlantic and Guinea,
Pacific, |Pearce et al. 2000,
|Mcinnes et al. 2001).




Average |herzolite abundances of compatible Cr and Ni (i.e. 2515 ppm Cr, 1949 ppm Ni) and
a relatively high value of Al,O; result in moderate Cr/Al and Ni/Al ratios. Such Cr and Ni
values are characteristic for Alpine peridotites, whereas the obtained Cr/Al and Ni/Al ratios
are useful in estimating the depletion level of the peridotites (Liang and Elthon 1990, |Roberts
and Neary 1993). In Fig. 48, the KKOC peridotites clearly mark a fertile trend that ideally
corresponds to the South-Sandwich lherzolite projections (Pearce et al. 2000). A high
correlation degree of analysed rocks with the Dinaride and Liguride reference samples is
reported as well (Rampone et al. 1996, |Slovenec 2003, |Lugovi¢ 1986, [Lugovi¢ et al. 1991,
Majer 1993, [Trubelja et al. 1995, Bazylev 2003, [Bazylev et al. 2009).

The following diagrammes (Figs. 49 and 50), which also discriminate the most plausible
geotectonic position of peridotites, are based on the bulk-rock composition of (spinel)
peridotites and the chromium number of primary spinel (Cr#). Generally, applied ratios show
a good correlation trend. In Fig. 49, the correlation between the Cr# of bulk-rocks and that of
their primary spinel is displayed. Plagioclase lherzolites together with cumulates and
pyroxenites plot outside the correlation trend set by the spinel Iherzolite samples. However,
one sample of spinel Iherzolite (U35) plots far off the correlation trend and lies within the field
of plagioclase lherzolites, most probably due to the high degree of sub-solidus
metasomatism. In plagioclase bearing rocks, the Cr# of spinel increases with the modal
abundance of plagioclase (e.g. Bazylev et al. 2009). Still, two samples of the KKOC
plagioclase |herzolites plot near the correlation trend, which indicates that the chemical
composition of spinel may be only sporadically affected by the formation of plagioclase. The
bulk-rock Cr# of plagioclase Iherzolites fit the interval defined by the bulk-rock Cr# values of
the spinel Iherzolites. The ultramafic cumulates, however, show somewhat higher bulk-rock
Cr# values (Table X-1-X-2).

One can notice that the compositions of spinel Iherzolites from the Krivaja-Konjuh
ophiolite complex, that are unaffected by sub-solidus refertilisation perfectly correspond to
the analyses of other Dinaridic spinel peridotites as provided by Lugovi¢ et al. (1991) and
Bazylev et al. (2009). This holds also true for the majority of analysed KKOC plagioclase
Iherzolites that plot within the field of Dinaridic plagioclase peridotites (Fig. 49). What needs
to be pointed out is that the bulk-rock and spinel chemistry of KKOC fertile spinel lherzolites
follow the residual trend of continuous melting of spinel peridotites as obtained for oceanic
and alpine-type peridotites (Bazylev 2003, Niu 2004)). In Fig. 49, whole-rock compositions of
KKOC spinel and plagioclase lherzolites are compared with a possible mantle source by
using TiO,/Al, O3 and Al,O4/SiO, ratios. The possible mantle source of KKOC Iherzolites
closely corresponds to the estimated depleted mantle composition (DM), which passed
through a certain degree of MORB extraction (e.g. [Workman and Hart 2005). It is evident
that the plagioclase |herzolites of the KKOC are compositionally similar to spinel lherzolites.
This implies a residual nature of the plagioclase Iherzolites prior to refertilisation and shows
the relative insensibility of the applied ratios to sub-solidus alterations. In this diagramme, the
KKOC plagioclase and spinel Iherzolites do not form a clear residual trend of mantle rocks
after partial melting (bold line). On the other hand, dunites and olivine websterites have much
higher Al,O3; and lower TiO, values.
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Fig. 49. Chromium numbers of bulk rocks and spinel in KKOC ultramafic rocks (left); Correlation of bulk-
rock Al,0ySiO, and TiO,/Al,O3 ratios measured in samples of the KKOC ultramafic rocks (right). The
composition of primitive mantle (PM) is taken from McDonough and Sun (1995), while the compositions of
the depleted mantle (DM) are from Salters and Stracke (2004) and |Workman and Hart (2005).
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spinels (right). For symbols see left image. Values for the specified Dinaridic ophiolite complexes are from
Bazylev et al. (2009).

Spinel peridotites unaffected by sub-solidus alterations show increasing Al,O3/SiO; ratios
with decreasing Cr# of their spinel. This relationship nicely reflects the melting extent of the
original mantle source of the CDOB ophiolites (Fig. 50). Such a relationship does not hold for
the plagioclase lherzolites, since plagioclase formation most probably follows the incongruent
reaction:

Al-rich spinel + melt1 --> Cr spinel + plagioclase + melt2,

resulting in an increased Cr# of spinel (e.g. |Kaczmarek and Mintener 2008). It is to be
inferred that the unaltered KKOC spinel lherzolites are at the point of melting, a trend set by
the other large complexes of the Central Dinaric ophiolitic belt (CDOB) (Bazylev et al. 2009).
One might question why acquired data from the KKOC correspond better to the provided
compositional span of the Cavka and Borja complexes than to those of the Konjuh complex.
Such discrepancies are however, expected, since the differences are within the normal range
of a fertile ophiolite suite, such as the fertile spinel peridotites from Cavka and Borja, which
are the western compositional equivalents of the KKOC peridotites (e.g. Lugovi¢ et al. 1991).
The bulk-rock CaO/Al,O; ratio in less altered spinel peridotites also correlates well with the
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Crit of spinel. The negative correlation defines a melting trend in the CDOB ophiolites (Fig.
50). In fertile spinel Iherzolites this ratio is found to be 0.8-0.9, whereas in refractory
harzburgites it is higher, ranging from 1.0-1.3 (Bazylev et al. 2009). Analysed KKOC spinel
Iherzolites are similar to the reference data of the Borja, Bosanski Ozren, Cavka and Konjuh
complexes, except the altered U35 sample, which has a much higher Cr# of spinel due to a
partial loss of its Al content.

In Fig. 51, the concentrations of REE in KKOC Iherzolites are displayed as chondrite-
normalised values (according to McDonough and Sun 1995). One can see that the MREE
and HREE contents, both in spinel and plagioclase Iherzolites, are similar, gradually
increasing from 0.5 to 1.1 x chondrites. Their slope is flat and moderately positive with
average ratios of (Sm/Yb)y and (Tb/Yb)y being 0.42 and 0.84 respectively. On the other
hand, the contents of LREE in spinel lherzolites (Fig. 51) are extremely depleted, typically
having concentrations which were under the detection limit [(Ce/Yb)y = 0.09-0.16]. Such
(REE)y trends fit well the second group of chondrite-normalised REE patterns (ophiolitic
Iherzolites and cpx-harzburgites), as defined by Bodinier and Godard (2003). They are
characterised by a highly LREE-depleted “N-MORB” pattern and lower LREE/MREE,
MREE/HREE, and LREE/HREE ratios. The REE slopes increase monotonically with an
extreme concentration jump in the Ce-Nd region (Ce/Nd)y= 0.25). The described trend is also
reported from Cpx compositions (Rivalenti et al. 1996)). The only difference with the
aforementioned pattern is the unusually high La values spanning from 0.30-1.05 x
chondrites, whereas normally they fit the 0.005-0.05 x chondrites range. Nevertheless, all the
analysed La values in spinel Iherzolites, except those in sample U35, are under the detection
limit, which leaves the possibility that they actually fit the given range. Sample U35 is
characterised by an unusual mineral paragenesis, containing an equilibrated primary
amphibole. Invoking the metasomatic history of this sample, one can bound its extremely
high La value to sub-solidus alterations. The metasomatic LREE enrichment in peridotites,
especially of the highly incompatible and relatively mobile La, is typical for ophiolitic
complexes and might be constrained to low-temperature alteration events (Frey 1984, Gruau
et al. 1998). If we exclude La, the same REE distribution trends in spinel and plagioclase
Iherzolites are also reported from other CDOB ophiolitic complexes (Lugovi¢ et al. 1991)).
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Fig. 51. Chondrite-normalised abundances of REEs in spinel Iherzolites (left) and plagioclase Iherzolites
(right). Normalisation values after |McDonough and Sun (1995). The arrows indicate measured
concentrations of REE that are under the detection limit.
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different Cpx TiO, content due to sub-solidus reactions.

Plagioclase lherzolites from the KKOC display somewhat different REE distribution
patterns (Fig. 51). Their LREE abundances (La, Ce and Pr) are progressively elevated,
approaching the shape of the fourth group of “flat” or slightly sigmoid REE patterns (Bodinier
and Godard 2003). Such a feature is characteristic for orogenic peridotite massifs, but it is
also reported in those ophiolitic peridotites that underwent metasomatic changes (Prinzhofer
and Allegre 1985), as well as in some mantle xenoliths (Song and Frey 1989). Additionally,
observed REE trends in plagioclase |herzolites are marked by a negative correlation of
LREE/MREE and HREE ratios versus HREE abundances (Dy-Yb). Elevated LREE
abundances or slight enrichments of La (x Ce), relative to MREE, which caused the
discussed flat REE patterns, are thought to be due to: (a) decreasing melting degrees under
the oceanic ridge (Takazawa et al. 2003), (b) refertilisation by trapped or upwelling partial
impregnation melts which freeze near-solidus (Cannat et al. 1990, Takahashi 2001, [Barth et
al. 2003 and [Niu 2004) and (c) low-temperature metamorphic alterations induced by ground-
water or meteoric water (Gruau et al. 1998).

In Fig. 52, one can notice that in KKOC plagioclase and spinel lherzolites, the LREE
enrichment (Ce/Sm)y is not dependant on the overall rock fertility, since the Al/Si ratio is
practically the same for both lherzolite varieties. However, in plagioclase lherzolites (and the
metasomatised U35 spinel lherzolite), which contain Ti-rich clinopyroxene (A parametre
being consensually set as a fertilisation indicator, e.g. Cannat et al. 1990), the LREE
abundances are enhanced [(Ce/Sm)y = 1]. Furthermore, low-temperature alterations involve
fluids that are ultimately of seawater origin (e.g. sea-floor weathering, serpentinisation). But
average seawater has REE levels up to six orders of magnitude lower than in peridotites
(e.g. Elderfield and Greaves 1982), so seawater cannot be a reliable source for an excess of
LREE in analysed plagioclase lherzolites (Niu 2004). Discussed lines of evidence advocate a
refertilisation mechanism as the most probable process which may cause a selective and
progressive enrichment of LREE. The strong depletion of LREE in spinel and pre-
metasomatised plagioclase Iherzolites of the KKOC most probably echoes a single event of
melt extraction which probably occurred during adiabatic melting of upwelling asthenosphere.
This is consistent with experimental and theoretical modelling, stating that only very small
fractions of melt are needed to trigger the LREE segregation. So, the strong depletion of
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LREE relative to HREE may be considered as proof for an incremental melt extraction,
approaching the fractional melting model (Shaw 1970, Fig. 51).

Although the trace element patterns meet general standards set for fertile ophiolite
peridotites (e.g. |Bodinier and Godard 2003), and in spite of very low (undetectable)
concentrations of certain highly incompatible elements, one is able to identify particularities
pertaining to the discussed LREE enrichment. An abnormal Cs abundance in both
plagioclase and spinel lherzolites (10-40 x primitive mantle) along with minor additions of
other LILE to many other samples of both Iherzolite types may indicate an incipient supra-
subduction zone (SSZ) imprint, or just pronounce secondary alteration processes (Parkinson
and Pearce 1998, [Slovenec 2003). High Sr fluctuation and the frequent occurrence of
positive anomalies of Sr especially in plagioclase lherzolites are attributed to the
impregnating melts that were certainly enriched in highly incompatible elements and in
volatiles, notably in water (e.g. Brenan et al. 1995). A strong enrichment in P and LREE (La
and Ce) along with the sporadical occurrence of texturally equilibrated amphibole (sample
U35) also indicates the presence of evolved residual melts. Finally, the Nb fractionation that
is particularly significant in the U35 sample of spinel lherzolite might be attributed to minute
amounts of rutile, which may easily precipitate from such evolved melts (Bodinier et al.
2004).
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Fig. 53. Comparison of chondrite-normalised REE patterns of KKOC spinel and plagioclase lherzolites with
several other world localities: (1) seawater altered peridotites of Islas Orcadas fracture zone (Kimball et al.
1988; INiu 2004), (2) Shaka fracture zone lherzolites and South-Sandwich fracture zone lherzolites (Pearce
et al. 2000;[Niu 2004), (3) Andrew Bain Iherzolite (Peyve et al. 2007)), (4) Medvednica Mt. SSZ harzburgites
(west Vardar Zone, |Slovenec 2003), (5) ophiolitic peridotites of Internal Ligurides (Rampone et al. 1996), (6)
South-Sandwich fore-arc peridotites (Boudier and Juteau 2000, |Pearce et al. 2000, Mcinnes et al. 2001),
and (7) CDOB fresh spinel and plagioclase Iherzolites (Lugovic et al. 1991)). The shaded regions represent
residues of 5-30% melting from a depleted mantle source according to the respective model. Normalisation
values according to McDonough and Sun (1995).

In Fig. 53, chondrite-normalised REE abundances of analysed Krivaja-Konjuh Iherzolites
are presented in comparison to some of the world-known literature localities, which present
different geotectonic peridotite settings (references in Fig. 53 captions).lt is to be inferred that
the plagioclase Iherzolites show a high correlation with the abyssal Andrew Bain Iherzolites
(Indian Ocean), especially in the portion of the LREE enrichment, which underwent certain
metasomatism (Peyve et al. 2007). However, the analysed rocks exhibit higher
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fractionation degrees. Krivaja-Konjuh spinel Iherzolites are in the concentration level, as
expected, remarkably well correlated with other CDOB ophiolites (Cugovi¢ et al. 1997)), but
decipher some discrepancies in LILE abundances. Their LREE pattern corresponds better to
fertile Shaka ophiolites and South-Sandwich abyssal fracture zone Iherzolites, but on a
slightly lower fractionation level (Pearce et al. 2000, INiu 2004).

Both in the compositional and intra-element relation sense, one can see clear
differences when comparing the REE patterns of the KKOC rocks (Fig. 51) to: (a) South-
Sandwich fore-arc peridotites (Boudier and Juteau 2000, |Pearce et al. 2000, Mclnnes et al.
2001), (b) highly altered Islas Orcadas peridotites (Kimball et al. 1985, Niu_2004), and (c)
refractory Ligurian ophiolites (Rampone et al. 2006). Some similarities, but with a huge
compositional bias, are to be noticed with peridotites from the Medvednica Mt. ophiolite
complex, which actually present a transitional peridotite type from depleted fore-arc
harzburgites to fertile abyssal clinopyroxene harzburgites and Iherzolites (Slovenec 2003).

The presented discussion clearly leads to the conclusion that analysed Krivaja-Konjuh
peridotites are fertile ridge-related mantle rocks, which had experienced a higher (plagioclase
Iherzolite) or lower degree (spinel lherzolite) of sub-solidus alterations.

5.1.2. Olivine websterites and dunites

Whole-rock chemical analyses were performed on two olivine websterites and two
dunites from the Krivaja-Konjuh complex. The complete data set is provided in Appendix D,
Table X-1-X-2.

Pyroxenites are mantle rocks characterised by the predominance of modal pyroxene. In
a broader sense, the term may even include lithologies rich in hornblende or phlogopite, or a
different metamorphic sole paragenesis (Bodinier and Godard 2003). The mineralogical
variation of mantle pyroxenites is due to the extensive range of their major-element
compositions, as depicted in the SiO,/MgO vs Al,O3; diagramme (Fig. 54). The array of
garnet (Grt)-free mantle pyroxenites stretches from ultramafic compositions adjacent to the
field of mantle peridotites to Si- and Al-rich compositions of mafic intrusives and ridge
basalts.
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The Krivaja-Konjuh olivine websterites plot into the field of anhydrous Grt-free
pyroxenites, having a moderate SiO,/MgO ratio (~ 1.8) and Al,O3 contents below 10 wt%.
These characteristics define them as low-alumina pyroxenites, approximating the Cr-diopside
pyroxenite group, as defined by [Shervais (1979). Compared to the average basalt
composition (PetDB database), KKOC pyroxenites are strongly depleted in Si, Ti, Al, Fe, P
and alkalies, enriched in Mg, whereas the Ca content is practically the same. The Mg#
values (= 100 x Mg/(Mg+Fe*"), 89.4 and 89.5, correspond well to those of the fertile spinel
and plagioclase Iherzolites, thus suggesting a low degree of differentiation of these rocks.
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Fig. 55a-d. Variation diagrammes of Na,0O, CaO, Al,O; and SiO, vs Mg# (100 x Mg/(Mg+Fe**) for Krivaja-
Konjuh olivine websterites and dunites. Compositional fields shown for comparison: Garnet pyroxenites
(Pearson_et_al._1993] Majer et al. 2003), spinel and olivine websterites (Oberger et al. 1995, [Garido and
Bodinier 1999), and websterites (Bodinier 1989).

As suggested by |Garrido and Bodinier (1999), a strong depletion of K;O and P,0s in
comparison to average basalts argues against the possibility that the pyroxenites (olivine
websterites) are actually frozen basaltic melts. Major element chemical variations and inter-
element correlations are difficult to trace due to the small number of analysed samples. A set
of variation diagrammes, i.e. Na,O, CaO, Al,O3; and SiO, versus Mg#, are provided in Fig.
55. The comparison with other mantle pyroxenite occurrences (e.g. Bosnia, Northern Italy,
New Caledonia, and Thailand) shows that the KKOC olivine websterites are similar to Alpine
layered websterites, likewise to those of the Lanzo ophiolite in Italy. A characteristic alumina
deficiency (< 8 wt%), very low contents of TiO, (0.15-0.18 wt%), and high MgO (25.2-28.1
wt%), along with the constant Mg# of ~ 89.5 were also recognised in some of the back-arc
ophiolite mantle sections (e.g.|DeBari and Sleep 1991). Discrepancies in SiO, and CaO
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contents (42.74 and 45.93, 6.15 and 9.41wt%, respectively) are in accordance with observed
variations in their modal mineralogy.

The SiO, abundance of less than 45 wit% defines the analysed rocks as ultramafic,
according to the|Peccerillo and Taylor (1976) classification. The Al,O3;-Ca0O-MgO diagramme
(Fig. 45) of Coleman (1977) further classifies this rocks as ultramafic cumulates, whereas
their AFM relations, as defined by [Bread (1986), suggest an ophiolitic cumulate to an island-
arc related mafic cumulate origin (not shown). A normative mineralogy (CIPW) classification,
which is based on the rock's ol-opx-cpx proportion (Streckeisen 1973), defines these rocks
as websterites and olivine orthopyroxenites (not shown).

Some of the trace element concentrations and their correlation with Mg# are provided in
Fig. 56, along with the compositional fields of several pyroxenite varieties, which are shown
for comparison. The olivine websterites are characterised by ~ 200 ppm V, ~ 35 ppm Sc and
~ 1000 ppm Ni, while the dunites have ~ 20 ppm V, ~5 ppm Sc and ~ 1700 ppm Ni. These
differences are clearly related to the rocks’ mineralogy. Portrayed trace element
concentrations of the olivine websterites are nearly similar to those of olivine websterites
from the Ronda ultramafic complex (Spain) as illustrated by |Garrido and Bodinier (1999). In
comparison with the average basalt composition (PetDB database,|Chen and Lee 1996), the
KKOC olivine websterites are enriched in Cr, Ni, and Co, they have a similar content of Cu
and V, but are impoverished in Sr and Zr (not shown). A pronounced discrepancy in the Cr
abundance between the two analysed samples (0.49 and 0.71 wt% Cr,03) is in line with
different proportions of Cr-enriched spinel. Likewise, the differences in the amount of Cu (176
vs 54 ppm) between the two samples (Table X-2) suggests the presence of sulphides in
sample 1C. Compared to the KKOC Iherzolites, the analysed pyroxenites have higher
contents of LILE, V, Sc, Cu and most of the REE, whereas they are depleted in Cr, Co, Ni
and Zn. On average, eight times higher concentrations of Sr are reported in comparison to
associated lherzolites (Tables X-1 and X-2). This might reflect a seawater impact through
ocean-floor metasomatism. Zr contents coincide with mantle abundances, both being
considerably lower than those of average MORB melts. A reduced distribution coefficient
(Kp) for Zr of pyroxene in equilibrium with primitive mafic melts might have caused this
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Fig. 56. Variation diagrammes of V, Sc, and Ni versus the Mg# for Krivaja-Konjuh olivine websterites and
dunites. Compositional fields shown for comparison: Spinel (+-Grt) pyroxenites (Majer et al. 2003, Garrido
and Bodinier 1999), Olivine websterites and orthopyroxenites (Garrido and Bodinier 1999).

Chondrite-normalised REE patterns (normalisation after McDonough and Sun 1995) of
KKOC olivine websterites show characteristics of a typical N-MORB moderately fractionated
REE pattern (Fig. 57) with a relatively enriched HREE to MREE (3-4 x chondrites)
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flat segment [(Sm/Yb)y=0.57-0.79] and a substantial LREE depletion (Cey<0.2 and
(CelYb)y= 0.03-0.06). Such a depletion of LREE with regard to HREE, along with a lack of a
Eu anomaly, is characteristic for non-intrusive, low-Al Cr-spinel clinopyroxenites, websterites,
and orthopyroxenites (Garrido and Bodinier 1999, [Bodinier and Godard 2003), and it is
comparable to data provided by |Frey (1984) on pyroxenites from various ophiolite bodies.
Furthermore, such a LREE/HREE ratio suggests a depleted mantle source as parental to the
olivine websterites. The LREE depletion is readily attributed to reflect the composition of
pristine melts rather than being due to later equilibration with host LREE-depleted mantle
Iherzolites (Downes 2007)). Compared with N-MORB, Krivaja-Konjuh olivine websterites
possess markedly lower REE concentrations (LREE-HREE). The low abundances of MREE
and HREE in the KKOC websterites are partly consistent with a MORB-picrite trace element
composition, thus further advocating the unfractionated nature of parental melts (Elthon
1989). The olivine websterite REE patterns show a great similarity with the REE patterns of
spatially associated plagioclase I|herzolites of the Zepée displaced terrain (Fig. 51).
Interestingly, similar REE patterns were found in pyroxenites from the Ronda massif in Spain
(Gervilla and Remaidi 1993).
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Fig. 57.Chondrite-normalised abundances of REE in KKOC olivine websterites (left) and dunites (right).
Normalisation values are afterl McDonough and Sun (1995). The arrows indicate measured concentrations
of REE that are under the detection limit.

Analogue to the olivine websterites, the dunites that are characterised by cumulate textures
represent a minor lithological unit of the KKOC, being recognised only in the Dubostica and
Karaula localities (Fig. 4). Chemical analyses of these rocks are given in Tables X-1-X-2.
Relative to the olivine websterites, these rocks are characterised by lower SiO, Al,O3, MgO,
Mg#, CaO, Na,0O, Sc, Cu, V, Y and most of the MREE and HREE. An increase is recorded in
the concentrations of FeO and Zn, whereas the abundances of MnO, P,Os, Zr, Pb, Co, Ga,
Tb and certain LREE (La and Nd) remain practically the same like in Iherzolites. Since the
dunites contain more serpentinised olivine than the olivine websterites, they show higher H,O
contents of ~10 wt%. The relatively high CaO content is due to formation of secondary Ca-
rich phases within the olivine interstitial space (e.g. amphibole, prehnite, hydrogarnet, and
chlorite). Unusually high Al,O3; contents (~ 5.5 wt%; Tables X-1-X-2) are ascribed to the
presence of modal plagioclase and a high proportion of Al-rich chromite (e.g. Zhou et al.
2001).
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Due to the fact that the dunites are more Al-rich than the lherzolites and given the
incompatible character of Al, it follows that the dunites cannot have originated by increased
partial melting from the Iherzolites. Moreover, the dunites have lower Mg# values than the
Iherzolites (Table X-1). Correlation diagrammes of SiO,, Al,O;, CaO, Na,O and a suite of
selected trace elements versus Mg# (Figs. 55 and 56) are not very informative, because of
the limited number of dunite analyses.

Chondrite-normalised REE patterns of the Krivajah-Konjuh dunites are presented in
Fig. 57 (normalisation after McDonough and Sun 1995), portraying a concave-upward, “U"-
shaped pattern with a clear positive Eu anomaly. HREE concentrations range from 0.2-1.0 x
chondrite, approximately the same as for the LREE, whereas the MREE form a depleted
plateau with values in the range of 0.1-0.5 x chondrite (except Eu). This behaviour of REE is
characteristic for transitional-zone dunites, formed by a pervasive melt impregnation on the
host peridotite rocks (e.g.|Zhou et al. 2005). An analogue REE trend has been reported for
ophiolite peridotites of California (Trinity), being interpreted through the contamination by
continental derived fluids (Gruau et al. 1998). So, the REE pattern of the Krivaja-Konjuh
dunites clearly differs from the "N-MORB" trend observed in lherzolites, which tends to be
LREE depleted with higher concentrations of MREE and HREE (Figs. 51 and 57).

5.2. Metamorphic sole

Comprehensive whole-rock chemical analyses of the Krivaja-Konjuh metamorphic rocks
were performed on the same set of 16 samples used for petrographic and mineral chemistry
researches. In addition, chemical data on two samples (YU145, YU137) were included in the
investigation. These additional samples were recovered from Vijaka and the central KKOC
domain (vicinity of Careva Cuprija) during prior field works. The complete data set of bulk-
rock chemical analyses is listed in Appendix D, Tables Y-1-Y-2.
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Major element compositions are typical for ultramafic to mafic igneous rocks, with SiO, in
the range from 39.7 to 50.1 wt%, MgO from 8.4 to 20.0 wt% and Al,O3 from 12.6 to 27.5 wt%
(Table Y-1). However, some of the samples (e.g. U29, 10D) have Al,O; contents that are
either to high or to low for mafic igneous rocks. Likewise, an MgO content of 20.0 wt%
(sample U30) and a CaO content of 19.3 wt% (sample 10D) are also beyond the respective
ranges of normal igneous rocks. Mg# values of primary mantle melts [Mg# =
100 x MgO/(MgO+0.9FeOy)] should be around 70. Therefore, analyses with Mg# > 70 are
most probably metacumulates (e.g. U30, U29, U23, YU145; Table Y-1).

In the TAS diagramme (Le Maitre et al. 2002) the analyses of the mafic metamorphic
rocks fall into the fields of basalt and picrobasalt, characterised by (extremely) low contents
of Na,O+K,0O (Fig. 58). With the exception of sample 10D, all analyses show (very) low
contents of incompatible elements and in particular of potassium (Tables Y-1-Y-2). Although
it is well known that the alkalis and some chemically related elements (e.g. Ba and Sr) may
be highly mobile during low-temperature alterations (e.g. [Staudigel et al. 1981)), the analyses
of the mafic rocks at first glance suggest a tholeiitic affinity of their precursor rocks. This
seems to be corroborated by their HFSE contents (e.g. Fig. 59, Nb/Y vs Zr/(P,Os*10000,
Floyd and Winchester 1975). However, SiO, contents of most samples are significantly lower
than those of MORB (~ 47-51 wt%) and consequently, most samples have CIPW normative
ne, which is not observed in modern MORB. We conclude, that many of the analysed mafic
metamorphic rocks must have cumulate protoliths, which questions the rock nhomenclature
yielded by employment of the TAS classification scheme.

In a diagramme of TiO, vs Mg# (Fig. 59), one can notice that the Krivaja-Konjuh
metamorphic rocks form three distinct clusters. Keeping in mind that the metamorphism of
amphibolite rocks is a process essentially inferred as isochemical (e.g.|Vernon and Clarke
2008), plausible protoliths of analysed rocks are thus defined as low to high titanium basalts
with Mg# values reaching 70, above which they are assumed to have a cumulate origin.
Cumulates often retain relict magmatic cumulate gabbro textures, as it is reported for
analysed amphibolites (sample U23) and garnet-diopside-hypersthene amphibolites
(samples X1 and U40) (see Chapter 4.3.1.). Partly, their ultramafic affinity is corroborated by
low abundances of SiO, (39.7-48.2 wt%) and TiO, (0.06-0.55 wt%), and comparatively
higher MgO (9.3-20.0 wt%). Sample Z1C characterised as high Ti basalt, also records the
lowest MgO and highest FeO values, and it is virtually devoid of modal amphibole. Similarly,
samples discriminated as low Ti basalts show relatively low abundances of MgO (< 9 wt%),
but relatively high FeO contents (> 8 wt%). Besides preserved relict textures, cumulates are
featured by an elevated MgO content (over 10 wt%), and comparatively lower SiO, and FeO
(average 45 and 6 wt%, respectively). Their amphibole is defined as pargasite to pargasitic
hornblende (Chapter 4.3.2.1.). Comparing discussed MgO and TiO, contents of the Krivaja-
Konjuh metamorphites to those of well-documented gabbro and basalt localities from the
neighbouring Alpine ophiolite complexes and from oceanic environments, one states high
correspondence of the vast majority of analysed rocks and ophiolitic cumulate gabbros from
the Alpine, Corsican and Ligurian regions (e.g. Bertrand et al. 1987, [Serri and Saitta 1980,
Beccaluva et al. 1977). Conversely, the low-Ti basalts (samples Z1C, YU137, 10D and R8)
depict similarities with basalts originated from modern oceanic fracture zones (e.g. Juan de

Fuca, |[Langmuir and Bender 1984).
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The concentrations of trace elements in the analysed rocks are also controlled by the
geochemical affinity of the protolith. Thus, the high-Mg# metamorphic rocks regarded as
former cumulates show moderate to high concentrations of compatible elements (e.g. 35 to
269 ppm Ni, 30.4 to 53.7 ppm Co and 41 to 257 ppm V). On the other hand, the
concentrations of incompatible elements such as Zr (1 -20 ppm, Y (1.8 = 11.1 ppm) or Ba
(2 — 26 ppm) are significantly lower with respect to possible basaltic protoliths which would
have 25 — 100 ppm Zr, 18 — 46 ppm Y and15 — 200 ppm Ba. The diabases of Krivaja-Konjuh,
for example, have average values of 77 ppm Zr, 12 ppm Y and 32 ppm Ba ([Trubelja et al.
1995, Babaiji¢ 2009).

Particularly high concentrations of incompatible trace elements, along with moderate Ni
and Co values for the KKOC mafic metamorphic rocks may suggest a pronounced
fractionation of their parental melts. This can be further tested by looking at the variation of
selected major and trace elements with Zr as fractionation index (Fig. 60). Although most
elements show no clear correlation pattern with the fractionation index, a rough increase in
Sm, P,0s, TiO, and SiO,, and decrease in Mg# and Al,O3 with increasing Zr is obvious. In
particular, it is inferred that P and Ti show the most pronounced positive correlations with Zr.
This leads to the conclusion that Ti-rich phases (e.g. ilmenite, rutile, Ti-rich amphibole) must
have fractionated in the more evolved melts (e.g. |(Gomez-Pugnaire et al. 2003). It is
important to remark that the metamorphic rocks, previously shown to have originated from
mafic and ultramafic cumulates (Zr 1 —20 ppm), are not featured by the disambiguated
correlation trends established for metamorphic rocks having Zr contents above 20 ppm. The
exception is inferred for some REE (Eu), TiO, and Mg#, possessing obscured positive,
namely negative correlations.

The proposed discrimination of the KKOC metamorphic rocks, based on their major and
trace element geochemistry, is best elucidated from the chondrite-normalised REE patterns
(Fig. 61, normalisation after|McDonough and Sun 1995). Four groups of metamorphic rocks
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Fig. 60a-f. Selected major and trace element variation plots for Krivaja-Konjuh metamorphic rocks with Zr
used as differentiation index. See text for discussion. Symbols as in Fig. 59.

can be distinguished. The first rock group (Group 1 hereafter) is the most numerous. It
comprises samples from all defined petrographic groups, except gneisses (U29, U30, GR7,
MK2, V1, U22, X1, U40, and V4). The lowest total REE abundances are displayed by
members of this group, having a very narrow compositional span, ranging from 0.3-2.0 for
the LREE to 1-8 x chondrite values for the HREE. Their similar, almost parallel and mutually
overlapping REE patterns are characteristic for rocks sharing a common origin. Most of the
rocks exhibit slightly LREE depleted patterns [(La/Yb)y = 0.12-0.47], occasionally being flat
[sample U30 with (La/Yb)y = 1.12]. Samples U29 and U30 slightly deviate from the rest of the
group in terms of bulk REE concentrations and partly also in LREE depletion. Some but
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not all of these samples show a relative impoverishment of Ce which may be caused by sea-
floor alterations. Ce** may be transported away by seawater under oxidising conditions. All
samples of this group decipher flat HREE plots [(Tb/Yb)y = 0.79-1.47] and substantial
positive Eu anomalies (Eu/Eu* = 1.29-3.02). This implies plagioclase accumulation in the
early stage of magma evolution, preferably accompanied by pyroxene for samples having
more Yb than La (maijority of samples), and eventually olivine for samples having the same
proportion of Yb and La (sample U30). This geochemical consideration is consistent with the
previous discussion, characterising these samples to have had an ultramafic to mafic
cumulate origin based on their high Mg-number (above 70), lower concentrations in all
incompatible elements, and partly preserved cumulate gabbroic textures.
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Fig. 61. Chondrite-normalised abundances of REEs in the KKOC metamorphites: normal amphibolites and
garnet-diopside amphibolites (left); Garnet-diopside-hypersthene amphibolites, diopside amphibolite
gneisses, plagioclase-garnet-diopside gneisses and old samples (right). Normalisation values are after
McDonough and Sun (1995). The arrows indicate measured concentrations of REE that are under the
detection limit.

The second group of metamorphic rocks (Group 2 hereafter) comprises samples DU5,
R8, Z1C and 11C. Their REE patterns are also featured by parallel trends, attaining relatively
higher concentration levels, up to 20 x chondrite. The LREE depletion is, in comparison with
Group 1, more pronounced [(La/Yb)y = 0.27-0.82], and all samples show a weak negative Eu
anomaly (Eu/Eu* = 0.86-0.97). This is characteristic for an early incorporation of Eu®* in a
plagioclase crystal structure, leading to its impoverishment in evolved magmas. Thus, a
fractional crystallisation is inferred as the main mechanism governing the generation of this
group. The fractionated REE patterns of samples from this group are consistent with
derivation through relatively low degrees of partial melting. Samples DU5 and Z1C, being the
most fractionated, also possess the most pronounced negative Eu anomaly and the lowest
Mg# values. This geochemical characterisation bounds the discussed group to the N-MORB
geotectonic setting. Furthermore, this fully corresponds to the fact that all analysed samples
belonging to this group have already been suggested, based on their main elements
geochemistry, to correspond to low and high Ti metabasalts (metadolerites). Since rocks
from this group decipher moderate LREE depletion, their derivation from a slightly depleted
source is hypothesised, whereas the flat normalised heavy REE patterns indicate the
absence of residual garnet within the mantle source (e.g.|Wood et al. 1979).
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The third group of samples (Group 3 hereafter) consists of samples CC1 and U23. They
depict relatively flat REE patterns [(La/Yb)y= 1.16-1.35], featured by a moderately developed
positive Eu anomaly (Eu/Eu* = 1.21-1.23). Bulk REE concentration values are on the 5 — 8 x
chondrite levels. The rocks of this group are considered to be genetically linked to group 1
metamorphites, having practically identical chemical characteristics, the same level of HREE,
but a less developed Eu anomaly and being markedly LREE enriched. The explanation of
these differences might be linked to an enriched mantle source and a lower level of crystal
accumulation.

The fourth group of metamorphics (Group 4 hereafter) consists only of sample 10D. Its
main chemistry, REE fractionation index, and minor negative Eu anomaly (Eu/Eu* = 0.84)
highly correspond to those of rocks belonging to Group 2. Significant LREE enrichment
makes the difference [(La/Yb)y = 0.84]. This discrepancy is best explained by a different
provenance of this sample, which suits transitional to evolved MORB patterns (Sun and
McDonough 1989, Saunders 1984).
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Fig. 62a-d. Primitive mantle-normalised abundances of trace elements in the KKOC metamorphic rocks: (a)
amphibolites, (b) garnet-diopside amphibolites, (c) garnet-diopside-hypersthene amphibolites, (d) gneisses
and old samples. Normalisation values after Hofmann (1988). Arrows indicate measured concentrations of
trace elements that are under the detection limit.

Comparing the REE patterns of metamorphic rocks from the KKOC with the most recent
literature data of the mafic intrusives and extrusives from the same complex (Babaji¢ 2009),
several lines of conclusion can be made that will be briefly discussed in here (for further
discussion, the reader is referred to Chapter 6.3.1). The rocks belonging to Group 1, being
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interpreted as metacumulates, show excellent correspondence with gabbros, gabbronorites
to amphibole gabbronorites originated mainly from Kamenica and DuboStica (Krivaja
domain), as well as the Muska Voda and Karaula (Konjuh domain) localities. Samples U30
and U29, displaying discrepancies in comparison to other members of the group, in terms of
the bulk REE composition and LREE enrichment, are reported to correlate best with
troctolites of the Kamenica and Maoc¢a localities of the Krivaja domain, along with those of
the Karaula locality at SE Konjuh. Apart from troctolites, the REE distribution patterns of
these two samples correspond well to those of mafic dykes of the MuSka Voda locality.
Members of Group 2, featured by an unambiguous MORB affiliation, nicely correlate with
dolerites, diabases and pillow basalts (spilites) of the Ribnica area (Konjuh domain). Some
compositional affinity can be drawn with few gabbro samples from the Kamenica and
Dubostica areas. Still, the gabbro cumulate nature is traced in a weak positive Eu and Sr
anomaly. The REE geochemical signatures of metamorphic Group 3 cannot be recognised in
the available REE patterns of the Krivaja-Konjuh mafic extrusives and intrusives. Sample
10D, which solely forms the metamorphic Group 4, depicts certain similarities with the
sample of diorite from Dubostica. They are both featured with highly fractionated REE
patterns, having an extremely LREE enrichment.
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Fig. 63a-d. N-MORB-normalised abundances of trace elements in the KKOC metamorphic rocks: (a)
amphibolites, (b) garnet-diopside amphibolites, (c) garnet-diopside-hypersthene amphibolites, (d) and
gneisses with old samples. Normalisation values are after Hofmann (1988). Arrows indicate measured
concentrations of trace elements that are under the detection limit.
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Figs. 62 and 63 depict the behaviour of trace elements in the analysed metamorphic
rocks with respect to the concentrations in primitive mantle and N-MORB. Both normalisation
standards were employed for the sake of the presentation clarity, due to relatively large
number of analysed samples. All groups of metamorphic rocks decipher roughly similar trace
element patterns, featured by apparent MORB characteristics. However, most of the
analysed trace element distribution patterns are affected by the process of crystal
accumulation, along with influences characteristic for SSZ environments. The patterns of
Group 1, defined to have had a cumulate protolith, show no or low enrichment in LILE,
except a moderately positive K anomaly in the N-MORB normalised diagrammes. Th and U
abundances were under the detection limit. In general, most of the element values are below
the N-MORB standard and substantially correspond to primitive mantle values. Highly
incompatible elements are depleted, especially in samples U29 and U30, set to possess
troctolite’s geochemical signatures. Therefore, they are featured by the highest Sr and Eu
positive anomalies (Sr/Sr* = 116). The Sr and Eu anomalies are well correlated, since they
are consistent with the accumulation of plagioclase. Moreover, due to the Cr high
compatibility in olivine, these samples record 10 x higher concentrations of Cr compared to
other analysed metamorphic rocks (0.26 and 0.72 wt% Cr,O; respectively). Other members
of this group are also coupled with the Sr positive anomaly. Clear Ti and Zr negative
anomalies, that are attributed to an early fractionation of Ti-rich phases (ilmenite, rutile,
magnetite) are moreover characteristic for all rocks of the group. Zirconium deficiency may
be linked to the strong preference that ilmenite show toward this element during a
crystal/melt or crystal/fluid partitioning (e.g. |Green 1994)). The distinct positive Pb anomaly,
along with the slightly negative Nb and Hf anomaly, coupled with generally lower Nb/Y ratios
are interpreted as echoes of the hypothesised SSZ geotectonic regime, which might have
influenced a formation of cumulate protoliths in a BARB geotectonic environment.
Oscillations in the trace element patterns between samples U29 and U30, compared to the
rest of the group are due to different modal contents of plagioclase, pyroxene and olivine in
the original protoliths (metatroctolites versus metagabbronorites).

A study of the trace element geochemistry of Group 2 metamorphic rocks confirmed the
same geotectonic provenance, as their clear N-NORB rare-earth elements’ distribution had
already suggested. Total trace element abundances roughly correspond to MORB values,
exceeding the primitive mantle up to 10 times. Occasionally, they show a weak Ti and Zr
negative anomaly, but no clear parametres pertain to the oceanic crust involvement. Trace
element normalisation patterns of this metamorphic rock group decipher a slight LILE
enrichment that may connote an enriched mantle source. Still, one needs to stay reserved,
since alkali and REEs are quite mobile, and their enrichment might have had an origin in
secondary processes. Members of Group 3 and Group 4 show trace element geochemical
characteristics compatible to those of Group 1 and Group 2, respectively.

It is inferred that the trace-element distribution in analysed metamorphics fully correlates
to the REE and main elements’ geochemical behaviour. Additionally, differences and
characteristics of various metamorphic groups are more accentuated in the trace element
spider diagrammes. Origin of magmatic precursors of Group 1 are best explained in terms of
a silicate mineral accumulation (plagioclase, pyroxene with minor olivine and ilmenite
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or Ti-magnetite) in different modal abundances, yielding the shallow ocean-crust gabbroic
rocks. Most probably, these rocks experienced a minor SSZ influx, documented in related
geochemical parametres, which most ideally place them in a hypothetical back-arc basin
environment (see Chapter 6.3.1.). The rocks of Group 2 possess no such influences. They
are highly fractionated, up to the MORB level, and clearly correspond to the MORB
geotectonic setting. A recent comprehensive research on the differences of cumulate
gabbros and N-MORB within the oceanic crust (Hart et al. 1999) showed that the average
upper 500 m gabbro section is somewhat lower than the average N-MORB in trace elements
such as Ba (30 %), Nb (50 %), U (40 %), and heavy REE (Yb and Lu, 30 %), but somewhat
enriched in others, such as La (23 %), Ce (24 %), Pb (23 %), and Sr (40 %). This is found
valid, employed to the differences between the KKOC Group 1 and 2, which are supposed to
represent an oceanic crust relating gabbroic and basaltic rocks, respectively.
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6. DISCUSSION
6.1. Geothermobarometry

6.1.1. Introduction

Differences in the occupancy of a certain crystal site depend upon the crystallochemical
properties of the respective position, as well as the chemical properties of the elements
involved. The first stands for the site coordination number and the nature of surrounding
atoms, whereas the second denotes the atomic valence, charge and radius. Independent
variables like pressure (P), temperature (T) and bulk-rock chemistry (X) influence the
paragenesis and chemical compositions of coexisting phases. The partitioning of elements
among phases in equilibrium, which tends to be strongly dependent on external variables (P
and T) and less on the mineral chemistry itself, have been calibrated and used as
thermobarometric tools in petrology. Hence, reactions based on the exchange of elements
having similar ionic radii and oxygen coordination values, are normally characterised by large
entropy changes (AS) and low volume changes (AV) (The ‘Clausius-Clapeyron law’, for
details see Carswell and Harley 1990). Those kinds of exchanges are employed as potential
geothermometers. On the other hand, the exchange of elements having diverse ionic radii
and different crystal site occupancies causes significant volume adjustments (AV) of the co-
existing phases. This makes the specified reactions suitable in geobarometric calculations.

Generally, it is to be concluded that thermobarometers used in geology are based on the
chemical analyses of coexisting phases, which are found in the state of heterogeneous
equilibrium. The thermodynamic background of calibrations used for the P-T estimations will
be shortly addressed here. As mentioned, the relationship between pressure, temperature
and mineral composition counts for the main thermodynamic dependency, defining the
employed set of thermobarometers. In other words, the experimentally determined inter-ionic
exchange equilibrium is a function of those parameters. A fundamental thermodynamic
expression describing equilibrium is presented in:

Au=AG®+ RTInK. (1)

This equation states that the overall chemical potential, which in equilibrium equals zero, is
the sum of changes in Gibbs free energy and an expression, resulting in multiplying the
equilibrium constant (K), temperature (T) and gas constant (R). Gibbs free energy is defined
by pressure and temperature. The changes in entropy (AS), enthalpy (AH), volume (AV) and
heat capacity (AC,) of the system are accounted influencing the same. In natural minerals,
besides P and T, Gibbs free energy is determined by the element distribution in crystal
lattice, which in thermodynamics is expressed through the activity-composition relationships.
For the reaction between solids, it is assumed that the heat capacity and volumes of minerals
are not influenced by changes in P and T (Vernon and Clarke 2008)). Bearing in mind those
simplifications and the fact that the free energy of reaction in equilibrium states zero, Gibbs
free energy of reaction may be expressed as:

AG°=0=AH-TAS +(P-1)AV + RTInK. 2)

107



The equilibrium constant (K) for pure phases equals 1, leading InK to equal zero. However,
for transfers between phases having a substantial solid solution, K serves as an input
variable in the thermobarometric calculation, as it is discussed later on. By rearranging the
equation (2), K is expressed as:

InK = -(AH - TAS + (P— 1) AV) / RT. 3)

This clearly differentiates the thermodynamic data, constant for a given reaction (right side of
the equation), from K, normally expressed by the activity ratios of elements involved (left
side). Activity values are best obtained through the formula recalculation of the microprobe
acquired data. A simple linear relationship between P and T is apparent in a hypothetical
state of equilibrium.

For example, a widely known geothermometer of Holland and Blundy (1994), used on
coexisting amphibole and plagioclase, is based on the following reaction:
NaCa,Mgs(AlSi3)Si;0,2(0OH), + NaAlSi;0s <> Na(CaNa)MgsSigO,2(OH), + CaAl,Si,Og 4)

edenite albite richterite anorthite

The constant of ideal mixing equilibrium (K) of this reaction is expressed through the activity
(a) ratio of products and reactants equalling:

Ke&eh = 0. 423[(a(Na"a(Si™))/(a(CaM)a(Al"))*™P[a(Ca)/a(Na)]™. (5)

Activity (&) of a certain component j is normally expressed as the product of the related mole
proportion (Xj) and activity coefficient (y;) (a = x;- y;). In an ideal basic system, the values of
the activity and mole proportion are equal. However, in multi-component natural systems this
is not the case, due to the non-ideal behaviour of the components involved. In order to
determine the real activity values under such circumstances, one needs to utilise the
appropriate solubility model (functional relation between the activity and mole proportion of
the element involved). Thus, in such cases, either the experimentally derived data or those
being obtained by the compositional correction of measured values have been availed.

Expressions found in the superscripts of elements stand for the structural position of the
related element within the crystal. Referring to the relation presented in equation (3), authors
have provided a thermometer, calibrated against an extensive dataset of natural and
synthetic amphiboles, which also acknowledges a non-ideal mixing in amphibole and
plagioclase. Simplified, it can be written as:

T = [78.44+Yap.an—33.6a(Na'")—(66.8—2.92P)a(AI"?)+78.5a(Al"')+9.4a(Na™)] / [0.0721-RInK**™"  (6)
(Note: Yap.anis 3 kd for a(Na)™>0.5, otherwise it is 12(2a(Na)™-1)+3 kJ)

When applying the experimentally calibrated thermometers to natural mineral
assemblages, it is often necessary to extrapolate the relatively narrowest part of the
calibrated P-T-X dependences. This may lead to uncertainties. So, to secure a reliable
extrapolation from the simple model experiments to complex natural systems, one needs to
perform a set of thermodynamic modelling. Further uncertainties in P-T condition estimations
are often linked to the microprobe data analyses (e.g. Fe**/Fe®" distribution).
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P-T calculations yielding conditions of equilibration and formation of the KKOC
metamorphic rocks were performed by usage of PT Calc-1 Peridotite and PT Calc-2
Granulite software developed by Friedhelm Henjes-Kunst and Hans-Peter Meyer from the
Institute of Geosciences, Ruprecht-Karls University of Heidelberg. The calculation software
designed by Dale et al. (2000), and those of Holland and Blundy (1994) (Hbl-PI) have been
additionally consulted for the calculation of metamorphic P-T equilibration values, whereas
PTEXL3 software was employed for the revealing of the mantle assemblages’ equilibration
conditions (developed by Thomas Koéhler and Andrei Girnis, downloaded from the webpage
of the Johann-Wolfgang-Goethe University of Frankfurt - Gerhard Brey personal pages).

Besides pressure and temperature, oxygen fugacity (fO,) or redox-state is a third
variable known to govern metamorphic processes. It defines the oxidation state of Earth’s
interior, having an important impact on mantle dynamics (i.e. magma genesis,
metasomatism, chemical differentiation, mantle-core equilibria and a number of geophysical
properties of the mantle; |Woodland and Koch 2003, Ballhaus et al. 1991| and references
therein). Furthermore, fO, oversees speciation of volatiles, which may influence the mantle
melting regime. For example, CHg-enriched fluids, having originated in deeper mantle
portions, readily interact with more oxidising peridotites, triggering water formation that
instantaneously affects the solidus of mantle rocks, initiating partial melting (Taylor and
Green 1988).

A comprehensive study of Woodland and Koch (2003)| on 49 ultramafic xenoliths from
South Africa and Lesotho has shown a systematic, non-monotonic, decrease in fO, with
depth, hence corroborating mantle heterogeneity. Based on olivine-orthopyroxene-spinel
equilibria, one can summarise the behaviour of fO, through the lithosphere as follows
(Ballhaus et al. 1991): The MOR-type fertile peridotites show moderately reduced oxygen
fugacity around -2 log units, relative to the fayalite-magnetite-quartz (FMQ) buffer. Depleted
abyssal peridotites and mid-ocean ridge basalts (N-MORB) are slightly oxidised, plotting
around FMQ - 1. Peridotites impregnated by oxidising melt/fluid are featured by fO, values
ranging from O to +1 log units relative to the FMQ buffer. Finally, SSZ affiliated peridotites
and arc-related magmas are the most oxidised, varying around FMQ + 2. Bearing all this in
mind, a conclusion may be drawn, pointing to fO, as a useful tool in assessment of various
mantle processes.

In four-phase spinel Iherzolite assemblages, the oxygen barometer is normally based on
experimental calibration of spinel-olivine-orthopyroxene Fe-Mg exchange (e.g.|Ballhaus et al.
1991). The reaction that depicts OI-Opx-Sp thermodynamic equilibrium is defined as:

6 Fezsi04 + 02 3 Fezsizoe +2 Fe304,
olivine fluid Opx spinel

with the following compounds used as buffers: Fe-FeO (IW), WC-WO,-C, Ni-NiO (NNO), and
Fe,O4-Fe;0O3 (MH). In the present study, the ferric iron content of spinel was not analysed
directly. It was calculated assuming the stoichiometric spinel composition in the form
R*R3*,0,. The obtained results were inadequate having yielded unreliable fO, estimations.
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6.1.2. Peridotites

Determination of the P-T equilibration conditions of the analysed ultramafic rocks is
based upon at least two mineral reactions operating in the sample concerned. The first
reaction serves as a thermometer and the second as a barometer. Several applicable
geothermobarometers were utilised in order to constrain equilibration values. Following these
calculations, the acquired results are presented in Table 4, depicting equilibration values of
the Krivaja-Konjuh ultramafic varieties (spinel and plagioclase lherzolites, and olivine
websterites).

It is important to remark that in samples having no disequilibrium characteristics (e.g.
zoning, exsolution and breakdown occurrence), there are no confinements in combining the
applicable geothermobarometers. Conversely, in samples that are un-equilibrated, one
needs to be cautious when choosing the adequate thermometer-barometer pair. For
instance, the diffusion rate of Al in pyroxene is extremely slow in comparison with elements
of high diffusivities (Fe, Mg, and Ca). Under such conditions the combination of the Al-in-Opx
barometer and a 2-pyroxene thermometer would yield values of the last equilibration that are
not real (e.g. |Gara8i¢ 1994). However, the total number of thermometer-barometer
combinations is reduced with regard to the analysed rocks since a barometer of Kéhler and
Brey (1990) is the sole applicable to garnet-free peridotitic assemblages.

6.1.2.1. Geothermometers

Over the years, numerous calibrations have been introduced as geothermo-meters,
estimating the equilibrium temperatures of mineral parageneses in spinel peridotites. Four of
the most widely accepted geothermometers were applied to the analysed KKOC ultramafic
rocks. These are: (a) the 2-pyroxene thermometer (Wells 1977), (b) the Ca-in-orthopyroxene
thermometer (Brey and Kohler 1990), (c) the spinel-orthopyroxene-olivine thermometer (Witt-
Eickschen and Seck 1991)), and (d) the spinel-olivine thermometer (Fabries 1979). The
values of pressure estimated by the usage of Kéhler and Brey (1990) geobarometer were
used as input pressures needed for the calculation of equilibrium temperatures using a
respective thermo-meter.

1. Wells (1977)

The Wells thermometer is based on the long known (e.g. Boyd 1973, Wood and Banng
1973) temperature dependent exchange of the enstatite component between coexisting
ortho- and clinopyroxene:

M928i206 g Mgzsian.
Opx Cpx

Assuming that AV and AC, of the above reaction equal zero, Wells (1977) provided an
optimum expression for the reaction equilibrium coefficient:

InK =-7341/T + 3.355.
Further recasting of the expression for K yielded the following thermometric formula:
T = 7341/ (3.355 + 2.44X(Fe)°™ — InK),
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with
X(Fe)°" = Fe*'/(Fe*" + Mg).

The presented thermometer is consistent with the experimental data over a range from 785
to 1500 °C, which makes it suitable for the application in mantle rocks and high-grade
granulites. One needs to pay attention to Fe and Al amounts in orthopyroxene, since they are
reported to significantly reduce the activity of the Mg,Si,Os component. The range from 0 to 1
would be optimal for X(Fe)°™, whereas the alumina content should not exceed 12 wt%.
Observed uncertainties for experimentally aluminous enstatite and diopside solid solutions
are found within the range of 70 °C.

2. Brey and Koéhler (1990)

This thermometer is primarily designed to constrain the transfer of enstatite between
coexisting ortho- and clinopyroxene. Additionally, the authors have provided thermometers
based solely on the amount of Ca in Opx, and on the partioning equilibrium of Na between
Opx and Cpx. All thermometers were calibrated on experimental samples of four phase’s
peridotites.

The two-pyroxene thermometric expression has been formulated as:

T =[23664 + (24.9 + 126.3X(Fe)*™)P] / [13.38 + (InK)? + 11.593X(Fe)°™.
The thermometer based on the Ca content in orthopyroxene is expressed as:

T = (6425 + 26.4P) / (-InX(Ca)°™ + 1.843),
while the other thermometer taking into account the partition of Na equals:

T = (35000 + 61.5P) / (In(X(Na)°™/X(Na)**) + 19.8).
Presented equations are based on the assumption that Ca is restricted to the M2 site of
pyroxene and that (Mg"")eox/(Mg“")opx should equal 1. Moreover, the Al values need to be

identical under certain P-T conditions. All thermometers were shown to possess an analytical
error ranging from 20 to 50 °C.

By using these calibrations, one needs to take the temperature estimations with
caution because the Ca content in orthopyroxene is supposed to have been influenced by
the subsolidus mantle metasomatism (see Chapters 6.2.1.1. and 4.2.2.2.).

3. Witt-Eickschen and Seck (1991)

Experiments performed on spinel peridotites have shown that the Al content in
orthopyroxene, which is found in an equilibrium state with olivine (forsterite) and spinel, is
primarily temperature dependent, whereas pressure is a subordinate factor. The Tschermak
component solubility in orthopyroxene is defined through the following reaction:

MQQSiQOG + MgA|204 > MgA|28|Os + M928|O4

enstatite  spinel Al-enstatite olivine
In natural systems, the alumina solubility is not just a function of temperature. It also depends
on the other chemical components present in the system concerned. Thus, [Sachtleben and
Seck (1981) found that the molar proportion of Al in orthopyroxene is
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conditioned by the Cr-number of coexisting spinel. Witt-Eickschen and Seck (1991) proposed
an improved version of the former empirical geothermometer, derived from the evaluation of
solubilities of Ca and Al in orthopyroxene. Using a least square regression, they expressed
the equilibrium constant as:

InK = In[(X2(Mg)°" X(AI)°P /[ XE(AI** X(Mg)®® X(Mg)°™],

Referring to the values from the thermometer of Brey and Kohler (1990) for X(Al)
X(Ca)®™, the authors provided the following temperature equation:

T = 2248.25 + 991.58 InK + 153.32 In’K + 539.95 Y(Cr)®" — 2005.54 Y?(Cr)*",

opx

and

with
Y(Cr)*" = Cr/(Cr + Al).

This thermometer is reported to operate under the confidence range of about + 20 °C.

4. Fabriés (1979)

The basis of this thermometer is the exchange of Fe and Mg between coexisting spinel
and olivine through the following reaction:
5 Fe,Si0, + Mg(Cr,Al,Fe®),0, < ¥ Mg,SiO, + Fe?*(Cr,Al,Fe®*"),0,.
olivine (fa) spinel-1 olivine (fo) spinel-2
Apart from the temperature, this reaction equilibrium is reported to depend on molecular
proportions of cations that occupy the spinel octahedral sites (Cr, Al and Fe®*"). Numerous

calibrations have been based upon this exchange, with those of Fabriés (1979) being the
most commonly accepted. He defined the reaction equilibrium as:

InK = In(X(Mg)°'X(Fe)®*/X(Fe)°'X(Mg)°P),
with the temperature expressed as:

T = (4250Y(Cr)%® + 1343)/(InK + 1.825Y(Cr)*" + 0.571),
and

Y(Cr)° = Cr/(Cr + Al + Fe*).

This geothermometer is quite suitable for estimating the last equilibration stages
(deformation and/or recrystallisation) under low temperatures, when the steady thermal state
is almost reached. Moreover, it is reported to be appropriate when olivine has a composition
near to Fog, and spinel contains limited amounts of Fe** (usually under 0.05 a.p.f.u.) The
KKOC spinel and plagioclase lherzolites possess > 0.05 and 0.05 — 0.07 a.p.f.u. of ferric iron,
respectively. The analytical uncertainty of this calibration yields + 50 °C.

6.1.2.2. Geobarometer

In garnet-devoid spinel and plagioclase peridotites of the Krivaja-Konjuh ophiolite
complex, the Ca-in-olivine/clinopyroxene barometer of Kohler and Brey (1990) was
employed. It operates on the basis of the Ca exchange between olivine and clinopyroxene,
generally understood as a function of pressure, but the model is also temperature sensitive.
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Thermometric data estimated by presented thermometers were used as input temperatures.
Calculated pressure estimations of each analysed sample are summarised in Table 4.

The calibration of [Kéhler and Brey (1990) yielded the following pressure expressions
with respect to the non-linear solubility of Ca in olivine at around 1100 °C:

P=(-TInD¢c, - 11982 + 3.61 T)/ 56.2 for T = (1275.25 + 2.827 P),
and
P =(-TInDc,-5792-1.25T)/42.5for T <(1275.25 + 2.827 P),

where

Dca = X(Ca)® X(Ca)“P*.

Suggested uncertainties for this geobarometer are estimated at around £ 0.17 GPa, although
the error may widen at higher temperatures.

This geobarometer yielded unreliable results for plagioclase Iherzolites due to the fact
that their X(Ca)°/X(Ca)°™ ratios were compromised during subsolidus mantle impregnations.
Furthermore, the pressure estimations for spinel lherzolites obtained via Ca-in-Opx input
temperatures might have also been compromised due to the same reason (for details see
Chapter 6.2.1.1.).

6.1.3. Metamorphic rocks

In order to estimate the P-T conditions of the formation of metamorphic rocks from the
Krivaja-Konjuh ophiolite complex, two different approaches have been engaged. Firstly, a set
of different classical exchange geothermobarometers is used in order to cover a huge span
of parageneses encountered in analysed metamorphic rocks. Calculations were performed
for peak metamorphic assemblages, as well as for retrograde parageneses (kelyphitic
coronas of garnets or secondary amphibole assemblages). Secondly, the metamorphic P-T
space has been defined through appropriate reaction curves calibrated in a basaltic system
(NCFMASH and CFMASH). Results of described techniques used for the P-T estimates are
discussed in Chapter 6.3.2.2. In this chapter, one can find short descriptions and main
exchange reactions of applied geothermobarometers. Some of them, used in the P-T
modelling of mantle rocks, are presented in Chapter 6.1.2. A table, listing all applied
techniques and obtained results, is provided at the end of the present chapter (Table 5).

6.1.3.1. Geothermometers

1. Spear (1980)

This thermometer operates on the equilibrium between coexisting plagioclase and
amphibole. The exchange reaction, calibrated using data from natural amphibolites, is
defined as:

2N8A|S|303 + CazMg3A|4Si6022(OH)2 > 2CGA|28i203 + NazMg3A|28i3022(OH)2.
albite tschermakite anorthite glaucophane

The equilibrium constant is expressed as:
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K = [(X(Na")/(X(Ca"*)*P[X (Ca)/X(Na)™".

Information on temperature is being extrapolated from the empirical equilibrium model, based
on the above-mentioned calibration. The diagramme is defined by values of
In(X(Ca"*)/X(Na"*)) in amphibole and In(X(Ca)/X(Na)) in plagioclase. The implementation of
this thermometer may be jeopardised by uncertainties in the calculation of amphibole
formulas, especially concerning the allocation of Na at the M4 structural position and the
composition of neighbouring phases. Suggested errors are within the range of + 50 °C.

2. Holland and Blundy (1994)

The principles of the thermometer proposed by |Holland and Blundy (1994) were already
provided as an example of reaction equilibrium thermodynamics [equations (4), (5), and (6)].
Essentially, it is based on the NaSiCa”Al" exchange vector between amphibole and
plagioclase. The authors noted that this thermometer, based on reaction (4), is most useful at
high temperatures, where An-rich plagioclase predominates and the silica activity is low. In
low-temperature metamorphic rocks like greenschists, having practically solely albitic
plagioclase, this thermometer is not to be used. Uncertainties of the thermometer are ~ 35—
40 °C, largely depending on amphibole chemistry, but primarily on Fe**/Fe®" distribution.

3. Krogh (1988)

The thermometer of Krogh (1988) uses partitioning effects of Fe?* and Mg between
garnet and clinopyroxene, according to the reaction:

1/3 Mg3A|28i3012 + CaFeSi,Og <« 1/3 FesAl,SizOq5 + CaMgS|206
pyrope hedenbergite almandine diopside

The P-T dependence of the equilibrium constant (K) for this reaction has been
experimentally calibrated by [Krogh (1988) and some other authors (e.g. [Ellis and Green
1979, |[Powell 1985). Accordingly, |Krogh (1988) offered an expression based on the
curvilinear relationship between the InK and Ca activity in garnet (a(Ca)®"), yielding the
temperature:

T = ((-6173(a(Ca)®")? + 6173(a(Ca)®") + 1879 + 10P) / ((InK + 1.392) — 273)

Estimated errors are within the range of 30 to 50 °C. One needs to be aware of several
possible circumstances hampering the suitability of thermometer: (1) in low Ca garnets, the
relationship of InK and X(Ca)®R" is not clearly established (e.g. Grt peridotites), (2)
stoichiometry of clinopyroxene with regard to Fe?*/Fe** distribution and/or intergrowths of low
silica phases, such as amphibole, jeopardise the calculation, and (3) significant variations of
the jadeite component within the pyroxene formula is not included in this calibration.

4. Harley (1984)

The thermometer proposed by [Harley (1984) is based on the Fe?*-Mg partitioning
equilibrium between coexisting garnet and orthopyroxene. The exchange reaction describing
the distribution is defined as:

1/3 M93A|28i3012 +v F628i206 — 1/3 F63A|28i3012 + v M928i206
pyrope ferrosilite almandine enstatite
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The geothermometer is given by the following equation:
T=[(3.740 + 1.4 X(Ca)®" + 22.86 P) / (R InK + 1.96)] — 273
with partition coefficient (K) being defined as:
K = (Fe/Mg)®" / (Fe/Mg)°™
and

X(Ca)®"= (Ca/(Ca+Mg+Fe))®".

The thermometer is highly applicable to granulites and garnet peridotites. At lower
temperatures, its precision becomes limited by analytical uncertainties. The following
possibilities are needed to be taken into account, in order to use the thermometer
successfully: (1) minor impurities in garnet, not considered in calibration (e.g. Mn, Cr** and
Fe**) may significantly affect K, (2) the Fe**/Fe*" distribution is of great importance, since

even a small reduction of K, having resulted from inadequate iron distribution, influences the
estimated temperatures (uncertainties of 20 to 100 °C).

5. Lee and Ganguly (1988)

This thermometer also operates on the Fe?*-Mg fractionation between coexisting garnet
and orthopyroxene. The exchange reaction describing this process is the same like in the
case of Harley’s thermometer. The exchange mechanism is arbitrary taken as isobaric, due
to the small AV changes, allowing the coefficient of equilibrium to be expressed in a simpler
way:

In K=2269 (+142)/ T -0.96

Respecting uncertainties induced by the mineral chemistry particularities discussed
previously (Harley’s thermometer) and assuming that the coefficient of equilibrium is
independent of the Fe/Mg ratio, the following geothermobarometric expression recasted from
the K equation was suggested:

T=[1971+11.91 P + 1/R(AWcaXca + AWMnXMn)]G"/ (InK + 0.96),
with
AWea ~ AW, ~ 3000 (x 500) cal/mol of cation for Xc, and Xy, < 30 in garnet.

The authors suggested that uncertainties in the mixing property and the analytical data will
cause an average error ranging from 30 to 50 °C when estimating the equilibration
temperature of most of the natural mineral parageneses (granulites, garnet peridotites), at
least above 1000 °C.

6. Graham and Powell (1984)

The thermometer introduced by the above authors is established on the FeMg™
exchange between garnet and amphibole, and the exchange reaction may be represented
as:

Ya NaC32F94Al3Si5022(OH)2 +1/3 Mg3A|28i3012 — Y NaCazMg4Al3Si6022(OH)2+1/3 Fe3A|28i3012
ferro-pargasite pyrope pargasite almandine
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It is calibrated against the garnet-clinopyroxene geothermometer of Ellis and Green (1979),
using data on coexisting garnet, amphibole, and clinopyroxene in amphibolite- and granulite-
facies assemblages. By using the robust regression approach, the authors suggested the
following form of the thermometer:

T = (2880 + 3280 X(Ca)®") / (In K + 2.426) — 273,
where
K = (Fe/Mg)®"/ (Fe/Mg)*™®
and
X(Ca)®" = [Ca/(Ca+Mg+Fe)|®"
The described thermometer is usually recommended for metamorphic conditions up to 850

°C and at low oxygen activity with Mn-poor garnet [X(Mn)®" < 0.1].

7. Krogh Ravna (2000)

The thermometer of [Krogh Ravna (2000) also follows the FeMg” exchange between
garnet and amphibole, being calibrated on natural samples from basaltic and intermediate
rocks having coexisting garnet—clinopyroxene—hornblende assem-blages. The partition
coefficient (K) between amphibole and garnet is a function of P, T and compositional
parameters of garnet [X(Ca)®" and X(Mn)®"]. By recasting the relations yielding K, Krogh
Ravna (2000) provided the following geothermometric expression:

T = [1504+1784(X(Ca)®"+X(Mn)®")] / (InK + 0.720) — 273,
where

K = (Fe*'/Mg)®"/ (Fe**/Mg) ™
and

X(Ca)®"= [Ca/(Ca+Mg+Fe? +Mn)]®",

X(Mn)®" = [Mn/(Ca+Mg+Fe?*+Mn)]°".
The presented thermometer found its application in the study of various metamorphic rocks,
notably garnet amphibolites and hornblende-bearing pelitic rocks. This thermometer
represents an upgrade of previously calibrated garnet-amphibole thermometers, like that of
Graham and Powell (1984). As expected, minor difficulties in the application of this
mechanism are encountered due to the complex Fe?* and Mg distribution over several

structural positions of amphibole, and uncertainties with the ferric—ferrous iron ratio
determination in this mineral group. The average error was reported range from 20 to 50 °C.

8. Owen and Greenough (1991)

The partition of Fe and Mg between sapphirine and spinel may serve as a geothermometer
and it functions according to the following reaction:

2 MgA|204 + Fe,Al;06Si0, < 2 FesAlb,O4 + M92A|4068i04,
spinel Fe-sapphirine hercynite  Mg-sapphirine
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The partition coefficient is defined as:
K = [X(Fe)*"IX(Mg)"] / [X(Fe)>?/X(Mg)*.

Equilibration temperatures are based upon an empirical sapphirine-spinel Mg-Fe exchange,
and calibrated data from the literature resulted with the expression:

T =[800 + (228 InK)] — 273.

Uncertainties are considered to be around + 100 °C, largely depending on the phase
chemistry, especially on the Fe*" allocation. Redistribution of Mg and Fe during cooling may
also influence the results of this geothermometer.

6.1.3.2. Geobarometers

1. Newton and Perkins (1982)

This barometer, which is based on the exchange of Fe?* and Mg between garnet,
clinopyroxene and plagioclase, is expressed by the continuous reaction:

CaAl,Si,Og + CaMgSi O «» 2/3 CazAl,SizOq, + 1/3 MgsAlLSizOq, + SiO,.

anorthite diopside grossular pyrope quartz
The equilibrium coefficient (K) of this reaction is defined as:

K = [X¥(Ca)X*(Mg)]*"/[X(Ca)""X(CaMg)™,
and the recasted barometric formula, featured by an uncertainty + 0.16 GPa, is expressed
as:

P=675+17.179T + 3.5962 T In K.

The analytical error (+ 0.16 GPa) is due to non-ideal behaviour in the solid solution of silica
phases, although at elevated temperature, an equi-partitioning of Fe?* and Mg in garnet is
assumed. However, there is no clear agreement on the behaviour of the Ca and Mn
components. This barometric equation was further reformulated by Eckert et al. (1991),
deriving the following expression:

P=2.60+0.0171T + 0.003596'T InK.

2. Harley and Green (1982) and Nickel and Green (1985)

The barometer of Harley and Green (1982) is based on the garnet-orthopyroxene
equilibrium. The germane reaction that buffers the orthopyroxene alumina content with
coexisting garnet is expressed as:

M928i206 + MgA|28|06 > Mg3A|28i3012.
enstatite Mg-Tschermak pyrope

This reaction induces a large change of volume (AV), thus being an adequate geobarometric
tool. By calibrating such a process, the authors offered an equation quite useful as a
geobarometer in granulite terrains or garnet peridotites:

P =1/AV [(RInNK — 2.93)T + 5.650 + 5.157(1 — X(Al)°P*(1-2X(A1)°™) X(Fe)°™] — 6.300[X(Ca)®"
X(Fe)™ + X(Ca)®",

with
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K = [X(AN°P(1- X(AN™) / (1- X3(Ca)®1,
and
AV =-[183.3 + 178.98(X(AI)°P*(1- X(A°P)].

Uncertainties of the barometer are within +0.1 GPa. When employed, one may
experience serious difficulties in situations of the elevated activity of Fe and Mn in both
phases, or a high Cr-content in garnet. In addition, some problems may induce a low alumina
content of pyroxene, or uncertainties with the temperature estimation.

Nickel and Green (1985) offered a barometer, analogue to this one and based on the
same reaction, depicting the garnet-orthopyroxene equilibrium. The new mechanism was
calibrated somewhat differently, taking into account the Cr-content of garnet as well.

3. Paria et al. (1988)

This barometer is based on the following reactions, characteristic for the granulite facies
assemblage:

FesAl,Si;O4, + CaFeSi,Og + SiOs «+» 2FesSisOg + CaAlLSisOe,
almandine diopside quartz ferrosilite anorthite
and
Mg3A|28i3O12 + CaMgS|206 + Si0y 2MQQS|205 + CaAl,SiyOe.
pyrop diopside quartz enstatite anorthite

Paria et al. (1988) provided the barometric expressions for both end-members, Fe and Mg,
as follows:

P (Fe) = 32.097T - 26385 - 22.79(T — 848 — TIn(7/848)) — (3.655 + 0.0138T)((7T-848)°/T) — 3.123TInKr,
P (Mg) = 9.270T - 4006 — 0.9305(T — 848 — TIn(7/848)) — (1.1963 — 6.0128*10°T)((T-848)*/T) —
3.489TInK)yg,

with

Kre = (X(Ca™)(X*(Fe™™)) / (X(Fe®")X(Fe))*,
and

Kig = (X(Ca™)(XE(Mg®™)) / (X(Mg®")X(Mg))°™".
Pressure values obtained through the Fe end-member equilibrium are reported to be more
accurate than those from the Mg-end member reaction. The commonly known non-ideal
mixing of silicates, especially garnet, is recognised as a major cause of discrepancies
between the two. Uncertainties, experienced by the usage of this barometre are known to fit

the range of 0.0004 to 1.5 GPa and 0.0004 to 0.06 for the Fe and Mg end-members,
respectively.

4. Perkins and Chipera (1985)

Based on the equilibrium between garnet, orthopyroxene and plagioclase, the above
authors have calibrated the following reactions:
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CazAlSisOqp + 2 Mg3A|28i3012 +3Si0, < 3 Mg28i206 + 3 CaAl,Si,Og,
grossular pyrop quartz enstatite anorthite

and

CazAlSis0qs + 2 FesAlLSizO4, + 3 SiO, - 3 FesSinOg + 3 CaAlLSinOg,
grossular almandine quartz ferrosilite anorthite

yielding precise barometric equations of the following forms:
P (Mg) = 6.1346 — 0.3471InKjy + 0.0136 T — 0.000997 T InKg
P (Fe) = 0.0630 — 0.3482InKg, + 0.0143T — 0.000997 T InKk,
with
Kug = X°(En)(XC(AN)] / [X(Grs)X*(Py)],
and
Kre = [X3(Fs)(X?(An)] / [X(Grs)X?(AIm)]

Small uncertainties in temperature estimates (x 50 °C) influence the Mg-reaction up to
+0.05 GPa, and the Fe-reaction up to 0.1 GPa. Normally, the suggested garnet-
orthopyroxene-plagioclase-quartz barometry yields an accurate and precise pressure to
within 0.1 GPa.

5. Plyusnina (1982)

The base of this geothermobarometer is the dependence of the alumina content in Ca-
amphibole and coexisting plagioclase on P-T conditions of their crystallisation. The calibrated
reaction is defined as:

Hbl + Zo (Ep) + H,O + CO, « Pl + Chl + Cc + Qtz

The author has provided a diagramme, having used values of the An-content in plagioclase
and the Al-content in Ca-amphibole. Isobars are noted according to the variation of the Al-
content in amphibole in dependence of both P and T, whereas isotherms are a function of
the An-content in plagioclase. The standard error of this geothermobarometer is based upon
the analytical uncertainty in the compositions of plagioclase and amphibole, and it is usually
+ 0.1 GPa and = 10-15 °C. The presented mechanism is very useful for analyses of
metamorphic conditions of metabasites, especially for those assemblages containing zoisite
or epidote. One needs to be aware that the application of this PI-Hbl geothermobarometer is
limited to calcic and sub-calcic amphiboles, containing more than 1.5 Ca atoms per formula
unit.
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Table 4. Thermobarometric data for the KKOC lherzolites, dunites and olivine websterites. For analytical uncertainties, please consult the brief description of the respective
method provided in text above

Sample 02 z2 Z4 u3s GR2 GR12 M2 u4
Rock type Sp Lh Sp Lh Sp Lh Sp Lh Pl Lh PlLh Pl Lh Pl Lh

GEOTHERMOMETRES (in °C):

2-pyroxene thermometre

1. WELLS (1977) 921 938 1043 920 945 932 948 917

Ca-in-OPX thermometre

1. BREY and KOHLER (1990) 1000 1045 1009 992 1033 1090 975 1021
Spinel-OPX-olivine thermometre

1. WITT-EICKSCHEN AND SECK (1991) n.a. n.a. 809 723 910 n.a. 1028 751

Spinel-olivine thermometre

1. FABRIES (1979) 662 621 637 550 596 587 625 597

GEOBAROMETRE (in GPa):
Ca-in-olivine/CPX barometre

1. KOHLER AND BREY (1990)

a) T (Wells 1977) 1.73 2.18 2.01 2.20 n.a. n.a. n.a. n.a.
b) T (Brey and Kdéhler 1990) 2.75(?) 3.06(?) 3.20(?) 3.15(?) n.a. n.a. n.a. n.a.
c) T (Witt-Eickschen and Seck) n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Sp Lh = spinel lherzolite. Pl Lh = plagioclase lherzolite. n.a. = not applicable. ?= not reliable results. Discrepancies obtained by the geobarometer of Kéhler and Brey
1990) are due to the input temperature differences (see text for details)
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Table 4. (continued) Thermobarometric data for the KKOC Iherzolites, dunites and olivine websterites. For analytical uncertainties, please consult the brief description of the
respective method provided in text above

Sample 4A R7 K1 u19 2A 1C
Rock type Pl Lh Sp Lh Dun Dun Ol web Ol web

GEOTHERMOMETERS (in °C):

2-pyroxene thermometre

1. WELLS (1977) 891 1038 n.a. n.a. 903 912

Ca-in-OPX thermometre

1. BREY and KOHLER (1990) 986 932 n.a. n.a. 1112 1092
Spinel-OPX-olivine thermometre

1. WITT-EICKSCHEN AND SECK (1991) 1056 n.a. n.a. n.a. n.a. 782

Spinel-olivine thermometre

1. FABRIES (1979) 626 627 682 594 n.a. 624

GEOBAROMETER (in GPa):

Ca-in-olivine/CPX barometre

1. KOHLER AND BREY (1990)

a) T (Wells 1977) n.a. n.a. n.a. n.a. 2.38 2.21
b) T (Brey and Kdéhler 1990) n.a. n.a. n.a. n.a. n.a. n.a
c) T (Witt-Eickschen and Seck) n.a. n.a. n.a. n.a. n.a. 1.12

PI Lh = plagioclase lherzolite. Ol web = olivine websterite, Dun = dunite. n.a. = not applicable. Discrepancies obtained by geobarometre of|K6hIer and Brey (1990)| are
due to the input temperature differences (see text for details)
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Table 5. Thermometric data for the KKOC metamorphic rocks. For analytical uncertainties, please consult the brief description of the respective method provided in text above

Sample u30 u29* 11C R8 u23 CC1 MK2 GR7
Rock type Amp Amp Amp Amp Amp G-DA G-DA G-DA

GEOTHERMOMETERS (in °C):

AMPH-PLAGIOCLASE

1. SPEAR (1980) n.a. n.a. n.a. 550-730 750-800 725-750 750-800 >800
2. HOLLAND and BLUNDY (1994) n.a. n.a. n.a. 675-770 780-820 750-820 850-920 940-997
PAIR GRT-CPX

1. KROGH (1988) n.a. n.a. n.a. n.a. n.a. 943-962 869-908 870-1019

PAIR GRT-OPX

1. HARLEY (1984) n.a. n.a. n.a. n.a. n.a. n.a. 780-790 1100-1149
2. LEE and GANGULY (1988) n.a. n.a. n.a. n.a. n.a. n.a. 810-833 1170-1184
PAIR GRT-AMPH

1. GRAHAM and POWELL (1984) n.a. n.a. n.a. n.a. n.a. 816-827 n.a. 926
2. KROGH RAVNA (2000) n.a. n.a. n.a. n.a. n.a. 802-840 n.a. 911

TWO PYROXENES
1. WELLS (1977) n.a. n.a. n.a. n.a. n.a. n.a. 860-880 n.a.

2. BREY and KOHLER (1990) n.a. n.a. n.a. n.a. n.a. n.a. 825-832 n.a.

SAPPHIRINE-SPINEL

1. OWEN and GREENOUGH (1991) 880 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Amp=amphibolite. G-D A=Grt-Di amphibolite. n.a. = not applicable. * = Sample U29 is unsuitable for any conventional geothermometric method due to its peculiar
mineralogical assemblage. For details, see Chapter 6.3.2.2.
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Table 5. (continued) Barometric data for the KKOC metamorphic rocks. For analytical uncertainties, please consult the brief description of the respective method provided in

text above.

Sample

Rock type

u30
Amp

u29
Amp

11C
Amp

R8
Amp

u23
Amp

CC1
G-DA

MK2
G-DA

GRY7
G-DA

GEOBAROMETERS (in GPa):

Al in AMPH
1. SCHMIDT (1992)

CONTACT GRT-CPX-PL

1. NEWTON and PARKINS (1982)
PAIR GRT-OPX

1. HARLEY and GREEN (1982)

2. NICKEL and GREEN (1985)
CONTACT OPX-CPX-GRT-PL

1. PARIA et al. (1988)
CONTACT OPX-GRT-PL

1. PERKINS and CHIPERA (1985)

0.92-0.96

n.a.

GEOTHERMOBAROMETRES (in °C, GPa):

PAIR AMPH-PL

1. PLYUSNINA (1982)

1.02-1.33

0.49-0.55

0.21-0.27

530-650

0.25-0.55

0.53-0.61

n.a.

0.59-0.82

1.32-1.37

0.50-0.69

1.36-1.38

1.15-1.25
1.10-1.26

1.05-1.11

1.11-1.13

0.80-0.87

1.36-1.40

1.24-1.25
1.29-1.30

1.26-1.31

Amp=amphibolite. G-D A=Grt-Di amphibolite. n.a. = not applicable.

124



Table 5. (continued) Thermometric data for the KKOC metamorphic rocks. For analytical uncertainties, please consult the brief description of the respective method provided

in text above.

Sample V1 DU5 u22 X1 u40 V4 10D Z1C
Rock type G-DA G-DA G-DA G-D-H G-D-H G-D-H D-A-S PGDS
GEOTHERMOMETERS (in °C):

PAIR AMPH-PL

1. SPEAR (1980) > 750 n.a. > 750 > 750 > 750 > 750 n.a. n.a.
2. HOLLAND and BLUNDY (1994) 820-950 n.a. 820-865 810-840 835-967 847-880 n.a. n.a.
PAIR GRT-CPX

1. KROGH (1988) 814-977 507-533 1028 859-886 868-892 843-879 n.a. 726-1023
PAIR GRT-OPX

1. HARLEY (1984) 855 n.a. n.a. 714-868 854 780-822 n.a. 705
2. LEE and GANGULY (1988) 895 n.a. n.a. 749-911 891 798-862 n.a. 732
PAIR GRT-AMPH

1. GRAHAM and POWELL (1984) n.a. 834-966 944 771 n.a. 800-821 n.a. n.a.
2. KROGH RAVNA (2000) n.a. 801-840 922 740 n.a. 787-802 n.a. n.a.
TWO PYROXENES

1. WELLS (1977) 907-920 n.a. n.a. 833-859 947-958 890-910 n.a. 844-890
2. BREY and KOHLER (1990) 828-847 n.a. n.a. 713-777 856-889 821-880 n.a. 729-812

G-D A = Grt-Di amphibolite. G-D-H = Grt-Di-Hy amphibolite. D-A-S = Di amphibolite gneiss. PGDS = PI-Grt-Di gneiss. n.a. = not applicable.
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Table 5. (continued) Barometric data for the KKOC metamorphic rocks. For analytical uncertainties, please consult the brief description of the respective method provided in

text above.

Sample V1 DU5 u22 X1 u40 V4 10D Z1C
Rock type G-DA G-DA G-DA G-D-H G-D-H G-D-H D-A-S PGDS
GEOBAROMETERS (in GPa):

Al in AMPH

1. SCHMIDT (1992) 0.52-0.76 n.a. 0.81-1.11 0.68-0.73 0.71-0.72 0.69-0.73 0.84-0.89" n.a.
CONTACT GRT-CPX-PL

1. NEWTON and PARKINS (1982) 0.94-1.11 n.a. unreal 0.85-1.10 1.04-1.11 0.84-1.05 n.a. 1.10-1.20
PAIR GRT-OPX

1. HARLEY and GREEN (1982) 1.08-1.17 n.a. n.a. 0.67-0.74 0.70-0.82 0.68-0.75 n.a. 1.40-1.59
2. NICKEL and GREEN (1985) unreal n.a. n.a. unreal 0.94-0.11 0.85-0.93 n.a. unreal
CONTACT OPX-CPX-GRT-PL

1. PARIA et al. (1988) 1.01-1.10 n.a. n.a. 0.90-1.01 n.a. 0.95-1.02 n.a. 1.40-1.60
CONTACT OPX-GRT-PL

1. PERKINS and CHIPERA (1985) 1.10 n.a. n.a. 0.95-1.04 1.01-1.03 0.98-0.99 n.a. 1.25-1.35

GEOTHERMOBAROMETERS (in °C, GPa):
PAIR AMPH-PL

1. PLYUSNINA (1982) n.a. n.a. n.a. n.a. n.a. n.a.

G-D A=Grt-Di amphibolite. G-D-H=Grt-Di-Hy amphibolite. D-A-S=Di amphibolite gneiss. PGDS=PI-Grt-Di gneiss. n.a. = not applicable.
* = Pressure values for the post-peak Fe-enriched hornblende (analyses 3) are estimated to 0.26 GPa
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6.2. Petrogenesis of peridotitic rocks
6.2.1. Mantle peridotites

6.2.1.1. Composition and equilibration of KKOC upper mantle

The Krivaja-Konjuh ultramafic domain is predominantly composed of mantle peridotites,
having the characteristic Iherzolite composition (Ol, Opx, Cpx, Sp, £Pl). Most of the analysed
samples are characterised by a porphyroclastic texture and a foliated structure, marked by
elongated pyroxene grains embedded in a medium to fine-grained olivine matrix, which
underwent a certain degree of serpentinisation (e.g.|Dordevi¢ and Pami¢ 1972; Figs. 9 and
11g, see Chapter 4.2.1.). Within the suite of the KKOC Iherzolitic lithologies, one can
distinguish two main varieties based on their modal mineralogy, mineral phase and bulk-rock
chemistry, and textural characteristics. First variety is spinel Iherzolite, whereas the second
one is plagioclase Iherzolite. Plagioclase Iherzolite occupies the eastern portion of the
Krivaja-Konjuh ophiolitic complex, roughly constrained to the area of the Krivaja ultramafic
segment, whilst spinel lherzolite has been encountered within the Konjuh ultramafic domain,
eastwards from the river Krivaja and the present position of the main metamorphic mass
(Figs. 3 and 4). Differences between the two will be summarised in the following paragraph,
since they are referred to be essential for the complete understanding of the peridotite
equilibration processes and mantle dynamics as whole.

According to the classification of Mercier and Nicolas (1975) and |Basu (1977),
plagioclase Iherzolites depict transitional protogranular to porphyroclastic textures and
plagioclase as a usual constituent of their modal mineralogy. On the other hand, spinel
Iherzolites are devoid of plagioclase, but occasionally comprise primary pargasitic amphibole.
Their texture is reported as typical mantle porphyroclastic, implying that these rocks
experienced a comparatively higher degree of mantle deformations (see Chapters 4.2.1.1.
and 4.2.1.2.). Olivine from both plagioclase and spinel Iherzolite is chemically homogenous
(Fo ~ 90), showing no zonation (see Chapter 4.2.2.1.). Such homogeneity indicates that a
large portion of the upper mantle, up to several hundred square kilometres in size, has been
affected by partial melting and subsequently equilibrated under the constant pressure regime
(e.g. Arai 1994). The NiO abundances of both varieties fit the range from 0.32 to 0.46 wt%,
defining the analysed rocks in the Fo-NiO space as mantle ultramafic rocks (Fig. 12).
However, in plagioclase Iherzolites, a discrete olivine mineralization is detected, depicting a
low NiO content ranging from 0.33 to 0.35 wt%. Such a peculiar mineralization is interpreted
to be due to low crystallisation degrees of impregnation melts that coexisted with the host
peridotite (e.g. INiu 2004, Takahashi 2001). There are no significant differences between
orthopyroxene from plagioclase and spinel Iherzolite (see Chapter 4.2.2.2.). Still higher Al,O3
values are recovered in orthopyroxene from spinel Iherzolite compared to those from
plagioclase lherzolite. This trend is consistent with the transition from the spinel to
plagioclase peridotite stability field (e.g. Borghini et al. 2007), but possibly also due to the late
interactions with percolating melts (e.g. Rampone et al. 1997). The first possibility is taken as
a more liable scenario, since orthopyroxene from plagioclase lherzolites also possesses
elevated Ti and Ca abundances (e.g. |Cannat et al. 1990). The clinopyroxene chemistry
delivers even higher inconsistency with respect to the AlLO; contents of spinel and
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plagioclase lherzolites (see Chapter 4.2.2.3.). Thus, clinopyroxene originated from spinel
Iherzolite records almost double the Al,O; content than its counterpart from plagioclase
Iherzolite (Fig. 16). Furthermore, clinopyroxene from spinel lherzolite shows a positive
correlation of SiO, and a negative of Na,O and Al,O3 with respect to Mg# (Fig. 17). Such a
trend is however not reported in case of clinopyroxene from plagioclase |herzolite,
corroborating their metasomatic record. The Ti content of clinopyroxene from plagioclase
Iherzolites further argues in favour of such a metasomatic trend, being significantly elevated
in comparison to clinopyroxene from spinel Iherzolite (Figs. 17d, 18). The AIYYAI"Y ratio of
clinopyroxene in spinel Iherzolite doubles that of clinopyroxene in plagioclase lherzolite (Fig.
18), thus inferring deeper equilibration pressure of spinel Iherzolites. The analogue trend is
reported for the distribution of Na, where a higher Na content in clinopyroxene from spinel
Iherzolites is known to be typical for an early oceanic rifting environment (Nicholls et al.
1981). Zonation in the ortho- and clinopyroxene porphyroclasts is relatively uniform, no
matter of their host paragenesis (Figs. 15, 16). The most obvious discrepancy between
spinel and plagioclase lherzolites is their spinel composition. In spinel lherzolites, spinel has
Cr# values between 7 and 50, whereas in plagioclase |herzolites, spinel is more brownish,
with a composition of chromium picotite (Cr# 30-50) (Fig. 21).

Differences in the KKOC lherzolite types are recorded in their bulk-rock chemical
composition as well. With regard to the main elements’ distribution, there is no difference
between the lherzolite types. However, due to the impregnation, plagioclase Iherzolites
possess elevated LREE (La, Ce and Pr) concentrations, whereas spinel lherzolites are
higher in La values (see Chapter 5.1.1.).
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Fig. 64. Al vs Ca in orthopyroxene (left) and Al in Opx vs Ca in Cpx in KKOC lherzolites (right). Dashed
curves represent the theoretical equilibrium between the Al amount in orthopyroxene and Ca in clino- and
orthopyroxene (after|Cabanes and Mercier 1988).

The geothermometry of KKOC Iherzolites indicates consistent comparative
discrepancies between the values obtained by the two-pyroxene, Ca-in-Opx and spinel-Opx-
olivine thermometers (Wells 1977,/ Brey and Kdhler 1990, |Witt-Eickschen and Seck 1991)
with respect to those of the spinel-olivine thermometer (Fabriés 1979) (see Table 4). The first
three thermometers yielded temperatures ranging from 809 to 1012 °C (T1), whilst the
spinel-olivine calibration resulted within the range of 550 to 682 °C (T2). For both, spinel and
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plagioclase Iherzolites, the differences between T1 and T2 values is found to be in the range
of 200 + 20 °C. Such differences are to be expected, since the geothermometer of Fabriés
(1979), based on the Fe-Mg exchange between olivine and spinel, is well-known to be
sensitive to later thermal events. This makes the thermometer suitable for estimating the last
‘equilibration’ stages during cooling of the peridotites. Furthermore, these differences are
taken to imply a relatively fast and continuous cooling of the ‘mantle column’ during its ascent
under the spreading MOR environment (Dick and Bullen 1984, |[Bazylev and Silantyev 2000).
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Fig. 65. Mg# in Opx vs Mg# in olivine (left) and Mg# in Opx vs Mg#(right) in clinopyroxene for KKOC
Iherzolites. Solid lines represent the theoretical isothermal equilibrium for the exchange reaction with
different Fe/Mg distribution coefficients between olivine and orthopyroxene (after Aldanmaz et al. 2009).

Within the analysed lherzolites, the observed temperature gap (T2 - T1) has also been
recorded in their textural characteristics. Recrystallisation and equilibration occurred in the
lower temperature range (T2) and are reflected in the formation of numerous strain-free
mosaic neoblasts of pyroxene and olivine. On the other hand, textural characteristics are due
to the main deformational stage that took place in the higher temperature range (T1). These
deformations produced ortho- and clinopyroxene porphyroclasts, kink bands, exsolution
lamellae and chadacryst insulations (see Chapter 4.2.1.). It needs to be noted that the upper
limit of the T1 equilibration range (1012 °C) might be slightly overestimated, being preferably
somewhat lower (ca 50-100 °C). The highest values of equilibration temperatures were
acquired by the Ca-in-Opx thermometry. The Ca content in orthopyroxene is readily affected
by late metasomatic processes (see Chapter 4.2.2. and Chapter 6.2.1.2.). This can easily be
observed in Fig. 64, where Ca in pyroxene from plagio-clase and partly spinel lherzolite is
being shifted away from the theoretical equilibrium curves. Still, the Fe-Mg distribution
between olivine and orthopyroxene, along with the inter-pyroxene equilibrium, has not been
compromised by subsolidus reactions, as seen in Fig. 65, reflecting a complete chemical
equilibrium between the phases.

The range of equilibration pressures in analysed spinel and plagioclase |herzolites is
defined by their parageneses, mineral phase chemistry and textural characteristics, as well
as the values of estimated temperatures. For temperatures T1 (809-1012 °C), the oceanic
and rift-ridge geotherms yield the equilibration pressure ranging from 1.2 to 2.0 GPa (ca. 40-
65 km depth). This means that the concerned mantle portion first experienced a certain
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degree of partial melting, being subsequently equilibrated in the spinel peridotite stability
field. The final equilibration level, which recorded the temperature span T2 (550-682 °C), and
the neoblast formation occurred under pressures below 1.0 GPa. This process is normally
initiated along the kink-band boundaries, causing the development of a small-scaled mosaic
texture with grain boundaries converging at 120 ° triple points. In garnet-devoid spinel and
plagioclase peridotites, the only useful barometer is based on the equilibrium of coexisting
olivine/clinopyroxene pairs (Kéhler and Brey 1990). However, in KKOC peridotites, due to the
late metasomatism and uncertainties in the measured Ca content of olivine, this calibration
resulted with anomalously high values of pressure. Still, the provided pressure constraints
can be discussed in terms of the pyroxene chemistry, especially because its Al,O; and CaO
contents are known to be sensitive to equilibrium conditions (e.g.|Benoit 1987). The large
orthopyroxene grains have the highest values of Al,O; and are free of clinopyroxene
segregations, whereas orthopyroxene grains featured by spinel blebs and Cpx exsolution
lamellae are comparatively impoverished in Al,Os. The lowest Al,O; values are observed in
small orthopyroxene neoblasts (see Chapter 4.2.2.2., Fig. 13). Since all orthopyroxene grains
unaffected by the late metasomatism form a distinct compositional trend with respect to the
Al-Ca equilibrium curve, the above-mentioned differences in the Opx alumina content
indicate discrepancies in rock equilibration conditions (Fig. 64). Hence, the first mentioned
orthopyroxene group of coarse exsolution-free grains presents the deepest equilibrated
rocks. As the mantle deformation proceeds, equilibrium temperatures decrease, recording
the lowest values in recrystallised neoblasts (T2 temperatures, P < 1.0 GPa). Furthermore,
relatively high CaO values and Al,O3/Cr,0O; ratios in all orthopyroxene porphyroclasts are
typical to high-temperature dry systems, lacking a significant pressure oscillation (e.g.
Werner and Pilot 1997). These constrain Cpx exsolution lamellae and spinel segregation in
Opx porphyroclasts to have occurred in the deeper lithospheric portions. The correlation
trend of main oxides (Na,O, Al,O; and SiO,) vs Mg# in clinopyroxene from spinel |herzolites
is very clear, whereas for clinopyroxene from plagioclase lherzolites such a trend is
somewhat less pronounced (Fig. 17a-c). According to |Grégoire et al. (2005) and 'Smith
(2000), garnet peridotites do not display any correlation. Therefore, these characteristics
strongly suggest that KKOC Iherzolites are mantle peridotites, equilibrated in the spinel-
peridotite stability field. The span of AIY/AI"Y values of clinopyroxene from spinel Iherzolite
(0.05-1.60) is generally twice as high as that of clinopyroxene from plagioclase lherzolites or
olivine websterites (0.05-0.80) (Fig. 18). Apart from impregnation, this also suggests deeper
equilibration of spinel lherzolite compared to plagioclase Iherzolite and pyroxenite, which
were partially re-equilibrated at shallower subsolidus levels.

The zoning patterns of principal phases in KKOC Iherzolites call upon the processes of
cooling and partial subsolidus re-equilibration, induced by the decreasing pressure and
temperature conditions and/or metasomatic processes. In orthopyroxene, there is a clear
tendency in the FeO distribution toward higher abundances in grain rims, whereas
conversely, the Al,O; content is found elevated within the core (Fig. 15). CaO and Cr,0O3
show no regular distribution through the grains. The Al,O3; and partly also CaO decrease in
orthopyroxene margins are mainly attributed to the loss of its Ca-Tschermak component with
the fall of pressure and temperature. In clinopyroxene from plagioclase lherzolites, the rims
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are enriched in MgO and impoverished in CaO contents (Fig. 19). FeO behaves similarly to
MgO, whereas Al,O; records a completely unpredictable pattern. Like in orthopyroxene, the
CaO loss in clinopyroxene margins is explained by the decreased solubility of the Ca-
Tschermak component at lower equilibration conditions. On the other hand, the increase of
MgO in Cpx rims is interpreted through reactions with late interstitial fluids, under increased
oxygen fugacity (e.g.|Hewins 1974)). For clinopyroxene from spinel lherzolite no significant
grain zonations are reported with respect to CaO and MgO/FeO. Al,O3; abundances oscillate
through the grain. The plagioclase zonation trend is defined by the oscillatory saw-tooth
zoning of the An component, along with its enrichment at grain margins (Fig. 24). Such a W-
shaped Ca-Na zoning pattern invokes to the upper-mantle melt impregnation that, according
to [Takahashi (2001), occurred at shallower lithospheric levels when the adiabatically
ascending mantle portion passed the solidus.

Based on presented lines of evidence, the following equilibration path of KKOC
Iherzolites is to be concluded. Analysed rocks present the mantle column that experienced
relatively fast and continuous adiabatic ascent under the spreading MOR environment.
Assuming an average adiabatic gradient of 0.4 °C/km and a temperature of 1365 °C at
100 km below the ocean ridge (Hamlyn and Bonatti 1980), the estimated KKOC Iherzolite
equilibration depth (40-65 km) is found above the experimentally determined garnet-spinel
peridotite inversion at depth (55-80 km). The main stage of equilibration reported for the
coarse-grained and porphyroclastic plagioclase and spinel Iherzolites (809-1012 °C, 1.2 to
2.0 GPa, Table 4) happened shortly after partial melting (~ 7.7 %) and melt segregation
followed by the mantle thermal relaxation and cooling of the rock residue and the remaining
melt fraction. Further ascent of the KKOC mantle portion passed the dry solidus and led to
subsolidus re-equilibration and mineralogical changes (e.g. mineral zonation, strain-free
neoblasts formation) under temperatures reported by the olivine-spinel thermometry (550-
682 °C, < 1.0 GPa). Peculiarities in the mineral chemistry of pyroxene, olivine and spinel,
along with the presence of plagioclase and amphibole in some of the KKOC Iherzolites
strongly appeal to the subsolidus melt impregnation of those mantle regions during the final
stage of the rocks’ equilibration (see Chapters 4.2.2. and 6.2.1.2.). Taking into account the
above discussion, one can suggest that the final steady state of phases in analysed rocks
was reached below 30 km depth, prior to their exhumation and emplacement to the southern
continental margin as part of an ophiolite sequence (see Chapter 6.2.1.3.).

6.2.1.2. Nature of upper mantle dynamics

This subchapter provides an overview on the compositional characteristics and the
equilibration path of the KKOC mantle domain. In that sense, the significant episodes that
are explanatory to the heterogeneity and chemical dynamics of the analysed mantle portion
are just being shortly addressed. Therefore, the following points will be discussed: (a) nature
and regime of the upper mantle partial melting, (b) spreading character of an ocean ridge,
and (c) modality of subsolidus metasomatism and the origin of plagioclase.
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Fig. 66. Olivine-spinel
relation-ship in KKOC mantle
period-tites, depicting
changes in the mineral
chemistry  during  partial
melting. The solid lines stand
for the olivine-spinel mantle
array (Arai 1987). Dashed
line indicates a trend of N-
MORB  spinel  peridotite
mineral composition (Bazylev.
2003). Dotted line points to a
trend of subcontinental spinel
peridotite  mineral compo-
sitions (Bazylev 2003).
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The Krivaja-Konjuh Iherzolites show characteristics of fertile solid residues having
resulted from low to moderate degrees of MORB partial melting. As it is suggested in the
equilibration model presented earlier, melting might have started along the garnet-spinel
peridotite transition, being completely equilibrated under spinel-facies conditions (809-
1012 °C, 1.2 to 2.0 GPa, Table 4). The geochemical parameters corroborating mantle fertility
include: (a) low Mg# of olivine, (b) moderate values of Mg# and broad ranges of the Al,O;
content in pyroxene, (c) low to moderate Cr# of spinel, and (d) bulk-rock chemistry, recording
slight depletion in Al,O;, CaO, Na,O, FeO and REEs, along with a weak enrichment in
compatible Ni and Co (see Chapters 4.2.2. and 5.1.1.). The range of Fo values of olivine in
both spinel and plagioclase l|herzolite is quite narrow (88.79-91.86 and 89.16-90.73,
respectively), suggesting a rather fertile nature of the entire KKOC mantle portion. A similar
conclusion is derived from high Al,O; values in orthopyroxene (up to 6.21 wt%), whereas with
an average Mg# of clinopyroxene being around 91, the KKOC mantle rocks are inferred to be
less depleted in comparison to fertile abyssal peridotites (e.g. Garrett transform fault, North
Atlantic peridotites,|Michael and Bonatti 1985, |Cannat et al. 1990). The chromium content of
spinel is known to be very informative with respect to the processes of partial melting as well
as late impregnation metasomatism. The Cr# from spinel Iherzolites normally fits the range of
8 to 20, and thus defines the analysed rocks as fertile mantle residues of abyssal or Alpine
peridotite affinity (Fig. 21). Due to metasomatism, the Cr# of spinel in plagioclase Iherzolites
is normally > 30, which hampers its usage in petrogenetic considerations.

Mantle fertility can also be evaluated from whole-rock chemical data. A mild refractory
nature of KKOC peridotites is clearly seen from their Al,O3-MgO-FeO systematics, which
completely overlap with those of fertile MOR abyssal peridotites (Fig. 46). The same line of
fertility witnesses the well-defined Y-Al,O3 trend, which closely corresponds to the trend of
fertile Ligurian peridotites (Fig. 46). A low depletion level is further elucidated from the Mg#
vs Al,O3; and Cr/Al vs Ni/Al ratios (Fig. 47-48). Both fertile trends are nicely defined, thus
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bounding the KKOC mantle rocks to the occurrences of other fertile peridotites known from
the literature (e.g. the South-Sandwich lherzolites, Pearce et al. 2000).

Relatively low melting degrees of the KKOC mantle domain, inferred from the peridotite
mineral and whole-rock chemistry, have also been tested with respect to the trend of
continuous melting of spinel peridotites originated from the fertile ocean and/or Alpine-type
peridotites. A relationship of the Cr# in spinel vs the Mg# in olivine is known to define an
olivine-spinel mantle array, whose changing composition may nicely depict a melting trend of
peridotite (Arai 1987). In Fig. 66, the dashed line indicates a depletion trend of spinel
peridotites affiliated to the MOR setting. Spinel peridotites recovered from xenoliths and
orogenic massifs (subcontinental mantle) show a faster increase in the olivine Mg# as the
Crit of spinel increases (dotted line in same diagramme, Bazylev 2003). One can notice that
KKOC spinel Iherzolites, having a pre-metasomatic spinel chemistry, are clearly plotted along
the sub-oceanic (MOR) melting trend. These results are consistent with the data from the
neighbouring ophiolitic complexes of Ozren and Borja (Fig. 4, |Bazylev et al. 2009). Due to
the metasomatism and sensitivity of the spinel chemistry, such a melting trend cannot be
suggested for plagioclase Iherzolites. However, if one compares the Al,03/SiO, vs TiO,/Al,O3
correlation in KKOC mantle rocks with respect to primitive and depleted mantle estimations
(Fig. 49, PM, DM respectively), it is evident that the plagioclase and spinel Iherzolites whole-
rock chemistry follows the same depletion trend, roughly corresponding to DM, and
subsequently experiencing a low degree of MOR melting. It is important to remark that
although metasomatism has seriously affected the mineral chemistry of spinel, it has not
considerably influenced the bulk-rock major element chemistry, or values of the Mg# of
spinel and pyroxene. Therefore, a pre-metasomatic residual nature of plagiclase lherzolites is
suggested. The conclusion on the melting regime drawn for the spinel Iherzolites are, as well,
equally applicable to plagioclase Iherzolites.

In order to constrain the degree of partial melting experienced by the KKOC fertile
mantle rocks, the equation of Hellebrand et al. (2001) has been employed, having yielded an
average melting degree of ~ 7.7 % for spinel Iherzolites. This result is indicative with respect
to the behaviour of the REEs in KKOC mantle rocks during the processes of partial melting.
Both melting models, batch and fractional, have been presented in Fig. 53. A proposed
melting degree of ~ 7.7 % based on the spinel chemistry and REE normalisation values in
KKOC peridotites are in good agreement with the batch model of partial melting, with an
estimated degree of melting being around 5 %. Based on the spinel Cr# and calculated
melting degree, it is also possible to assess the variations in crustal thickness and its
dependence on a spreading rate. Taking the melt production rate and depth of melting onset
(~ 70 km) as constant values, the simple expression of |Hellebrand et al. (2002) yielded the
KKOC oceanic crust thickness to be around 5.4 km. According to the modelling of Reid and
Jackson (1981), such a crustal thickness would imply the predicted ridge spreading rate of
32 mm/year. This spreading velocity defines a KKOC spreading system as slow-rated
(< 55 mml/year). Slow spreading ridges are generally characterised by large wide rift valleys
(often > 10 km) and a coarse terrain at the ridge crest that can have a relief of up to 1 km
(Fig. 67). Melting is proposed to be low and vary along the spreading centres of such slow
spreading ridges (e.g. \Whitehead et al. 1984). Bearing this in mind, the fertility of the KKOC
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mantle rocks is best explained through low melting degrees along slow spreading middle
ocean ridges, like nowadays existent in the Northern Atlantic or the Indian Ocean.

Fig. 67. Model of a slow spreading mid ocean
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There are numerous lines of evidence suggesting the existence of processes of late
metasomatism or melt refertilisation that affected the large portion of the KKOC mantle rock,
resulting in the formation of plagioclase and amphibole. Metasomatism also causes peculiar
geochemical changes in the mineral chemistry, as well as in the trace element bulk rock
chemistry. Such features were mentioned in previous chapters (4 and 5), and here they will
be further discussed. According to the proposed ascent model of the KKOC mantle column
(see Chapter 6.2.1.1.) and the fact that the plagioclase formation is not an omnipresent
occurrence within the suite of KKOC mantle rocks, it is believed that analysed rocks had
cooled to subsolidus temperatures prior to entering the stability field of plagioclase
peridotites.Thus, a sub-solidus partial equilibration and mantle impregnation of the KKOC
mantle domain most probably occurred at temperatures and pressures (T2) that closely
correspond to depths of the spinel-plagioclase peridotite transition.

The mineral chemistry of olivine does not display significant differences between spinel
and plagioclase lherzolites. However, a discrete olivine mineralization is detected in
plagioclase lherzolites, depicting a low NiO content, ranging from 0.33 to 0.35 wt%. Such
values are bound to low degrees of crystallisation from partial melts, which impregnated
and/or coexisted with the host peridotite (e.g. Niu 2004, |Takahashi 2001). In orthopyroxene
from plagioclase Iherzolites, late metasomatism is seen in elevated TiO, and reduced Al,O;
contents (Figs. 13-14). The same behaviour of TiO, and Al,O; is also reported in
clinopyroxene from plagioclase l|herzolites. Spinel from plagioclase lherzolites has, in
comparison to those from spinel lherzolites, a higher Cr# value and TiO, content, which
implies that such a spinel crystallised from, or was influenced by an impregnation fluid (see
Chapter 4.2.2.4.). It is known that Al is readily removed from the spinel crystal lattice during
metasomatism or alteration, whereas Cr and Fe*" are added into the structure (e.g. [Barnes
and Roder 2001). The plagioclase mineral chemistry also offers an evidence of upper mantle
melt metasomatism. Namely, oscillatory Na-Ca saw-zoning, observed in the KKOC
plagioclase grains is a new trend reported for mantle rocks, and denotes incipient partial
melting and melt migration processes in the upper mantle (Fig. 24,Takahashi 2001). The
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REE distribution pattern in plagioclase Iherzolites provides undisputable evidence calling for
late-metasomatic alterations (Fig. 51). Thus, LREE abundances (La, Ce and Pr) are
progressively elevated, approaching the shape of the REE normalisation curves to “flat’,
slightly sigmoid type, having the same ratio of LREE, MREE and HREE. Such a feature is
known to be characteristic for orogenic peridotite massifs, but in this case, it is referred to
ophiolite peridotites, which underwent a degree of metasomatic changes through an
interaction of the depleted mantle and LREE enriched melt (e.g. Prinzhofer and Allégre
1985). In Fig. 68, the variation trend of certain REEs with the melt depletion index of Al,O;
has been provided, depicting the shift of metasomatically affected plagioclase Iherzolites
from the trend of partial melting. Furthermore, it is evident that the elements of a higher
degree of incompatibility are more affected by metasomatic processes (Dsy, > Dyp).

It can be summarised that the plagioclase-bearing peridotites are related to melt
impregnation processes, whereas the plagioclase formation itself is explained through the
crystallisation from such metasomatic fluids. Presented geochemical evidences argue
against the formation of plagioclase via the simple spinel- to plagioclase peridotite facies
transition. Moreover, such a plagioclase-facies recrystallisation is usually recorded by
plagioclase and olivine rims around Al-rich spinel, which was not reported in the KKOC
mantle rocks.
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Fig. 68. Variations of Sm (left) and Yb (right) with the melt depletion index of Al,Oj3 for the KKOC Iherzolites.
Trend of the partial melting depletion taken from|Aldanmaz et al. (2009,.

6.2.1.3. KKOC geotectonic setting and regional implications

The compositional variations in the KKOC mantle rocks’ mineral and whole-rock
chemistry were shown to prove their distinct equilibration history, along with the differences
in melting regimes and impregnation metasomatism (see Chapters 6.2.1.1. and 6.2.1.2.).
Further on, the presented geochemical data indicates that the Krivaja-Konjuh mantle rocks
are fertile residues, mainly formed in an ocean-ridge tectonic environment, which laterally
evolved into the SSZ-type of geotectonic setting.
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The maijority of analysed KKOC mantle rocks were produced in a geotectonic setting
marked by a ridge-type melting regime. Numerous evidences, presented in the previous
chapter, defined those rocks as residual, moderately depleted, Iherzolites. Such a fertile
geochemical pattern clearly points to normal and shallow MOR processes, resulting in up to
10% of partial melting of the MORB source. Moreover, the origin of olivine websterites, which
are associated with the analysed lherzolites, is bound to deeper portions of an ocean-ridge
setting. There, a higher degree of partial melting affected an already depleted MORB mantle
source (see Chapter 6.2.2.). It is important to keep in mind that the KKOC mantle residues
are compositionally complementary to the whole-rock REE geochemistry of associated
metamorphic rocks (see Sm/Yb vs La/Yb for metamorphites, Fig. 77), as well as those of
mafic extrusives exposed at the KKOC northern margins (Babaji¢ 2009). Certain
geochemical focal points, recognised as essential in the illustration of the MOR geotectonic
setting of KKOC mantle rocks are being summarised and presented here. Bearing in mind
the sensitiveness of the composition of spinel to different melting regimes, one can notice
that in the Cr# in spinel vs Mg# in olivine diagramme (Fig. 69), the metasomatism-free fertile
residues having a spinel lherzolite mineralogy are plotted in the lower portion of the
diagramme, being defined in the field of abyssal (ocean-ridge) peridotites. The
experimentally determined degree of partial melting of such rocks, set under 10 %, fully
corresponds to the calculated values of melting for KKOC peridotites (~ 7.7 %, see Chapter
6.2.1.2.). Sodium content of clinopyroxene in peridotites is known as an empirical parameter,
important for a better discrimination of geotectonic settings of analysed host peridotites.
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Fig. 70. Correlation between the Na,O content in Cpx vs Cr# in spinel (left) and AlY and Al" in
clinopyroxene (right) in the KKOC mantle rocks. The discrimination line between continental and abyssal
peridotites is after|/Arai (1992).

The distribution coefficient of Na between melt and clinopyroxene or among solid
peridottie phases is pressure and temperature sensitive, causing Na enrichment in
clinopyroxene during high-pressure (subcontinental) partial melting. Conversely, Na is found
impoverished in the solid phase, during low-pressure (oceanic) melting (e.g. |[Kornprobst et al.
1981)). In Fig. 70, one can see that the vast majority of KKOC mantle rocks, including the
plagioclase Iherzolites, is of oceanic type, having a Na,O content below 0.5 wt%. It is
interesting to remark how the Na content in clinopyroxene roughly decreases as the Cr# of
spinel increases. Such a relationship is characteristic for the normal MOR settings, not being
reported in peridotites from the anomalous MOR segments, where the Na content of
clinopyroxene does not demonstrate any regular decline in the most depleted mantle
domains (e.g. Bonatti et al. 1992).

At this point, it is necessary to refer to the geochemical features, which might be
consistent with an influence of the SSZ geotectonic setting. Such peculiar characteristics
have been recognised in sample U35, recovered from the eastern slope of Konjuh Mt, where
the primary paragenesis comprises pargasitic amphibole and Cr-rich spinel (Fig. 10h).
Nowadays, an occurrence of small amphibole grains, especially along olivine-orthopyroxene-
clinopyroxene triple junctions, is widely accepted to indicate a mantle fluxing by subduction
fluids or melts (e.g. Grégoire et al. 2005). This highly corresponds to erstwhile geochemical
parameters, especially the Cr# of spinel. A careful study of the relationship between Mg# in
Ol and Cr# in Sp (Fig. 69) reveals that a part of the KKOC spinel Iherzolites (sample U35,
plagioclase Iherzolites excluded) possess an elevated Cr# of spinel (~ 0.4 to 0.5) for constant
values of Mg# in olivine. According to|Dick and Bullen (1984), those peridotites are classified
as oceanic SSZ peridotites, which underwent 13 to 25 % of partial melting. Moreover, a
somewhat increased Na content of clinopyroxene with respect to the related spinel
composition (Fig. 70) has been considered as indicative of a SSZ setting of the concerned
peridotite (sample U35). Finally, the whole-rock trace element study has shown certain
dissimilarities of sample U35 with the rest of KKOC spinel Iherzolites. Thus, the respective
sample depicts the highest REE normalisation values and an elevated La content (Fig. 51).
Lanthanum enrichment is typical for the ophiolite complexes being affected by refertilisation
processes (e.g. |Gruau et al. 1998). Furthermore, sample U35 is characterized
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by elevated P and Nb values. Phosphorus is bound to the subduction influx and it is readily
hosted in the texturally equilibrated pargasitic amphibole, whereas the Nb fractionation may
be linked to a minute Nb-rutile mineralization, which easily precipitates from subduction-
released fluids or melts. It is important to mention that not far from the U35 sampling location,
the depleted harzburgites and dunites where recovered (e.g. |Lugovi¢ et al. 2006), whilst
along the whole KKOC associated volcanites and metamorphites of known protoliths,
indicate a transition between the two ophiolite types, a slow-spreading MOR and SSZ type
(Babaiji¢ et al. 2009). The offered discussion on the partial SSZ imprint of the most eastern
segment of the Krivaja-Konjuh ophiolite segment gave rise to the following conclusions. A
supra-subduction geotectonic regime required by the motion change of the Tethyan oceanic
plates, from divergent to convergent, with ongoing subduction processes operating in the
vicinity of the KKOC mantle domain. An interaction of such mantle-wedge peridotites with
fluids and melts released from the subducted plate caused an extensive melting of the
(probably already depleted) MORB source. As well, the interaction processes resulted in the
described enrichment of source Iherzolite in more incompatible elements (e.g. REE). The
lateral evolution of the clear MOR-type to the SSZ-type of the geotectonic setting within the
scope of the Krivaja-Konjuh ophiolite suite, suggests a localised influence of hydrous melting,
leaving large areas of a pristine MORB source unaffected. A similar composite development
of contrasting geotectonic regimes has been reported elsewhere within the suite of
Mediterranean ophiolites (e.g. Albania, Turkey and Greece, Robertson et al. 2009, Koepke ef|
lal. 2002).

250 Ma Perm-TRIassic BOUNDARY 155 Ma OXFORDIAN

Fig. 71. Paleotectonic and paleogeographic reconstruction of the Tethyan development; Permian-Triassic
boundary (250 Ma) (left) and Oxfordian (Late Jurassic, 1565 Ma) (right). The red cross indicates the
approximate position of the KKOC within the Dinaridic part of the Pindos ocean. Reconstruction after
\Stampfili and Borel (2004).

The SSZ geochemical imprint of the eastern KKOC mantle domain referred above
should not be brought in connection with the formation of plagioclase-bearing Iherzolites that
compose much of the western Krivaja segment of the KKOC. As it was discussed in detail in
the previous chapter, the processes of plagioclase formation are strictly bound to a
subsolidus metasomatism of the shallow lithospheric mantle. This area is, according to the
modelling of Niu (2004), also known as a thermal boundary layer (TBL). Considerable KKOC
mantle heterogeneities, reflected in the existence of two peridotite mineralogies (spinel and
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plagioclase lherzolites), are characteristic for the MOR-type lithosphere generation coupled
by an extensive interaction between the MORB source and percolating melts or fluids.

Fig. 72. Main ophiolitic
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In order to have a complete understanding of the genesis and development of the
Krivaja-Konjuh Ophiolite Complex, geodynamic modelling in the geological time and context
is required. In the late Permian, a decomposition of Pangea took place, initiating an opening
of the Neotethyan Ocean coupled by the detachment of the Cimmerian terranes and their
subsequent northwards motion (Fig. 71). The most western parts of the Cimmerian terranes
were composed of various microplates (Apulia, Adria, lonian and western-Crete) (Stampfii
and Borel 2004). In the following 40 Ma, the Neotethyan oceanic domain replaced the
Palaeozoic Palaeotethyan Ocean, leading to the opening of many back-arc type oceans
along the northern Palaeotethys suture zone (i.e. Maliac, Pindos and Vardar). Due to their
Triassic to Jurassic age, those oceanic zones are often referred as part of the peri-
Gondwanian Neotethyan Ocean, although, according to |Garfunkel (2004) and Stampfli and
Borel (2004), they were not in direct geological nor geographical connection. A middle
Permian siliciclastic unit, ~ 1000 m thick, is found exposed at the locality of Mrzle Vodice in
NW Croatia. It comprises deep-sea sediments, including black cherts, dated to be of
Pennsylvanian and early-mid Permian age, as well as conodonts of the Carboniferous age.
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According to |Aljinovi¢ and Kozur (2003), this represents a fragment of a Eurasian fore-arc
basin that collided with Adria, when Palaeotethys closed in middle Permian time, prior to the
opening of marginal back-arc basins along the northern Palaeothetyan suture (i.e. Dinaric
Tethys or Pindos).

Bearing in mind the KKOC petrological and geochemical characteristics, especially
concerning the metamorphic sole formation and composite nature of peridotites, having both
MOR-like and SSZ-like parts, striking similarities between the KKOC and ophiolitic masses of
the rest of the CDOB (Bosnia, Serbia,|Bazylev et al. 2009, |Lugovi¢ et al. 1991)), the western
Mirdita (Albania, |Nicolas et al. 1999)), Pindos (Greece, Robertson 2002) and Crete (Greece,
Koepke et al. 2002) are to be drawn. This allows one to constrain the Bosnian CDOB
oceanic realm, and its sigmoidal SE prolongation in Albanides and Hellenides to present
remnants of the Pindos Ocean seafloor (Fig. 72). Having this in mind, the position of the
KKOC within the Late Jurassic Tethyan development was marked in red (Fig. 71), pointing to
the most westwards branch of the Pindos oceanic basin.

6.2.2. Pyroxenites, dunites, and chromitites

The Krivaja-Konjuh olivine websterites are reported to crop out at the Zep&e locality
along the canyon of river Ograjna, where minor pyroxenite lenses (up to 20 cm wide) are
found, associated with dominant fresh plagioclase Iherzolites. The contact between these
lithologies is sharp and non-diffuse, and both rocks share common textural characteristics
which correspond to the emplacement and/or post-emplacement period. Such a transition
pattern between two rock-types may serve as the first indication of infiltration of pyroxenite
nascent fluids and an ensuing joint geological evolution. The Zepé&e ultramafic domain
represents the most western and detached segment of the Krivaja-Konjuh ophiolitic complex,
being tectonically displaced from the main peridotite mass in Palaeogene (Pami¢ et al. 1977,
see Chapter 3.3, Fig. 4).

The pyroxenite mineral paragenesis is mainly composed of big euhedral grains of both
pyroxenes, which defines a recondite cumulate texture, largely obscured by extensive plastic
mantle deformation. The porphyroclasts’ inner space is filled by small to medium-grained
mosaic olivine, and rarely by spinel. Occasionally, plagioclase is formed around coarser
spinel grains, where it is found completely altered. Rarely one can notice embryonic
agglomeration of hydrous garnet, grown alongside pyroxene planes, together with sporadic
chlorite occurrences. Both phases are ascribed to later subsolidus processes. For more
details on the Krivaja-Konjuh petrography the reader is referred to Chapter 4.2.1.6., Table 2,
Figs. 10h, 11d, 11e.

Pyroxenite mineral chemistry shows a great similarity to those of plagioclase and spinel
Iherzolites. Only an elevated Ti content of clinopyroxene in one sample makes a difference
and it is prescribed to small quantities of trapped melt (see Chapter 4.2.2.3., Fig. 18). Major
element chemistry reveals that in comparison with an average basalt composition (PetDB
database), the analysed pyroxenites are depleted in Si, Ti, Al, Fe, P and alkalis, while they
possess more Mg and the same amount of Ca. The Mg# value fits the peridotite range (89.4
and 89.5). Such correspondence is taken in favour of a pyroxene and host peridotite
cogenetic evolution in terms of the common mantle processes. A set of correlation
diagrammes between certain major and trace elements vs Mg# value (Figs. 55 and 56,
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Chapter 5.1.2.) yields a high resemblance of the analysed pyroxenites and western Alpine
layered websterites, alike those of the Lanzo ophiolite in Italy or the Ronda massif in Spain.
The mechanism established as the most liable for the formation of Alpine pyroxenites is
defined as segregation of partial melts from the associated host peridotites (e.g. Voshage et
al. 1988, Bodinier et al. 1986a, b). Both the chondrite-normalised REE patterns, and the
trace element spider diagrammes of the Krivaja-Konjuh pyroxenites, are comparable to those
of neighbouring Iherzolites (see Chapter 5.1.2.), revealing significantly higher concentration
levels (especially HREE).

The origin of pyroxenite is still highly debatable, supporting a broad range of hypotheses
that are occasionally mutually complementary. According to Bodinier and Godard (2003)|and
Downes (2007), the following processes were recognised as most liable explaining the
genesis of mantle pyroxenites: (1) high-pressure (cumulus) crystal precipitation, (2) re-
crystallisation of subducted oceanic crust, and (3) metasomatic replacement of peridotites.
The first process comprises in-situ precipitation and dissolution of pyroxene within host
peridotites (e.g. Chen et al. 2001)), as well as crystal precipitation (accumulation) from silicate
magmas passing through the lithosphere. The former process is advocated as the
mechanism vyielding pyroxenites recovered from Alpine ophiolites and recent ocean-ridge
domains (e.g. |Shervais 1979, [Frey 1980, |Dantas et al. 2007). Recrystallisation of the
subducted crust is a complex mechanism. It may encompass a partial incorporation of
subducted slab into the lithosphere due to the mantle convection (e.g. Pami¢ 1977a, Allegre
and Turcotte 1986, (Gjata et al. 1992), but pyroxenites may also result either from melts
originated from subducted oceanic crust (e.g. Pearson et al. 1993), or represent residuum
from such subduction-related melting (e.g. |Blichert-Toft et al. 1999). The last process of
metasomatic replacement is often referred to the formation of pyroxenites in the entrapped
supra-subduction mantle wedges. Either a metasomatism took place during an incipient
evolutionary phase of intra-oceanic subduction (e.g. Garrido_and Bodinier 1999), or mantle
pyroxenites were affected by impregnation fluids after the ophiolite emplacement (e.g. |Lenoir
et al. 2001). In both cases, the pyroxenites record diverse isotopic compositions with respect
to the host peridotites, and mostly depict a positive Eu anomaly. Taking into account
presented models of mantle dynamics, which yielded ophiolite pyroxenites, but also the
structural and textural relationship of pyroxenites and host peridotites, one can further
classify them as (Bodinier and Godard 2003)): (a) dikes and veins, (b) replacive pyroxenites,
and (c) deformed pyroxenites. Dikes and veins are presented with a variety of (ultra)mafic
lithologies, which crystallised in magma conduits from deep-seated parental melts. Such
melts are not related to host peridotites, occasionally having a boninitic origin (e.g. Oberger
et al. 1995). Pyroxenites that emerge as swarms or elongated lenses in harzburgites and
dunites are featured by a virtual lack of deformation. They belong to the group of replacive
pyroxenites. Their origin is interpreted through the replacement of peridotite by invasive
melts (e.g. Kelemen et al. 1995). Like dunites or clinopyroxene-rich peridotites, they possess
a convex-upward REE pattern. Deformed pyroxenites decipher characteristic plastic
deformations, indicative for neighbouring mantle peridotites. Furthermore, their geochemical
characteristics are analogue to those of peridotites. These pyroxenites are believed to have
formed through several different processes, such as partial melt segregation, melting of pre-
existing garnet pyroxenites, or through re-crystallisation and/or metasomatism of crustal
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material (e.g. Lenoir et al. 2001} Obata and Niida 2002). Based on the geochemical data
presented in the introductory paragraph, and on relevant textural indications, the Krivaja-
Konjuh olivine websterites roughly correspond to the last group of deformed pyroxenites.
Still, all liable hypotheses will be tested, and further discussion will provide lines of evidence
to define a plausible evolutionary model confined by the scheme of this classification.

The appearance of pyroxenite lenses within the Krivaja-Konjuh ophiolite is not an
isolated occurrence in the Dinarides, nor is it in the neighbouring ophiolitic terrains. The
following authors reported on pyroxenite rocks throughout the CDOB (Fig. 3), as for instance
in the following ophiolitic complexes: Skatavica (Pami¢ 1985), Borja (Pami¢ and Majer 1973),
Bosanski Ozren (Trubelia and Pami¢ 1965), and Zlatibor-Varda (Popevi¢ and Pami¢ 1973,
Milovanovi¢ 1988)). Most of the mentioned works treat metamorphic rocks, only sporadically
providing petrological descriptions of pyroxenite occurrences. Moreover, in early Yugoslavian
literature, metamorphic sole rocks were often considered as pyroxenites. A comprehensive
geochemical study of garnet pyroxenites from the Solila locality in the Borja complex (Fig. 3;
~ 10 km from the pyroxenite occurrence analysed in this study) is provided by Majer et al.
(2003). These rocks show no similarity with the Krivaja-Konjuh pyroxenites, since they are
virtually devoid of orthopyroxene, and garnet often emerges as coarse porphyroblast or —
clast having kelyphitic coronas. Additionally, the whole-rock chemistry of these rocks
corresponds well to Al-rich mafic rocks. The authors advocate that mantle-derived melts
yielded the Solila pyroxenites via high-pressure crystal segregation. Their microtextural
characteristics, along with the conspicuous mineral chemistry of garnet and amphibole, might
have suggested different pyroxenite genesis (i.e. metamorphic origin). Garnet pyroxenites
are also known from breccias, which have originated from the Mirdita ophiolite pile at
Derveni, Albania (Gjata et al. 1992). The Albanian ophiolite terrains are quite similar to those
of the Dinarides and both share a partial joint development within a single oceanic realm
(e.g.|Robertson et al. 2009). The Derveni pyroxenites are high-temperature and —pressure
rocks (ca. 1200 °C, 1.5 GPa), containing garnet, spinel and both pyroxenes, whereas their
mantle porphyroclastic texture shows high similarity to those of the Krivaja-Konjuh
pyroxenites. The authors have proposed that the hydrothermally altered ocean-floor gabbroic
rocks were entrained in the subduction cycle by the ocean contraction leading to re-
crystallisation of the oceanic crust at an asthenospheric level with subsequent formation of
garnet pyroxenites. Thereafter, the whole ophiolite suite was uplifted by obduction. This
genetic consideration is excluded as plausible for the Krivaja-Konjuh pyroxenites due to their
pronounced ultramafic chemical provenience (see later discussion), but is highly indicative
for the understanding of metamorphic rocks associated to the Mediterranean ophiolites (see
Chapter 6.3.2.).

The Krivaja-Konjuh pyroxenites are suggested to have formed under high pressures at
deeper asthenospheric levels. It is notably invoked by the lack of primary plagioclase, and
high total Al,O; in clinopyroxene (ca. 4-7 wt%) and orthopyroxene (ca. 2-5wt%).
Furthermore, the extensive plastic deformations, which include grain-size reduction at the
boundaries of larger pyroxene grains, introduced the development of a fine- to medium-
grained mosaic texture with well-developed 120 ° triple junctions. These tend to be
diagnostic of the textural equilibrium and static recovery at high temperatures above 1000 °C

(Mercier and Nicolas 1975). In one of the analysed samples, of spinel breaks down,
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which leads to the appearance of plagioclase coronas, presently being completely altered
(Fig. 11e). Such subsolidus equilibration usually occurs at ca 0.7 GPa and 1000-1250 °C,
roughly corresponding to the plagioclase-spinel transition zone (Gasparik 1984).

The petrogenetic mechanisms invoked to have operated during the formation of garnet
pyroxenites in Bosnia and Albania (Majer et al. 2003|and Gjata et al. 1992 respectively) are
crystallisation from mafic melts, in-situ segregation and oceanic crust recrystallisation. These
processes tend to be unsuitable in the case of the Krivaja-Konjuh pyroxenites. The whole-
rock chemistry of the analysed rocks is defined by higher MgO (ca. 25-28 wt%) then is
reported in any mafic melts (Downes 2007)). Besides, the analysed pyroxenites have much
lower TiO, and Al,Oj; contents then basaltic (MORB) melts, which make it very hard to
believe that they represent the reworked oceanic crust.

Mg# values of pyroxene and olivine are around 90 (see Chapter 4.2.2.), and this is not
encountered even in the most primitive basaltic melts. On the other hand, such Mg# tend to
be consistent with those reported in primitive mafic cumulates from ocean-ridge domains
(e.g./Dantas et al. 2007)). In the CaO/Al,O3; and Ni vs MgO diagrammes (Fig. 73), pyroxenites
of Krivaja-Konjuh greatly match with data of the western Alpine pyroxenites, as it was pointed
out before (see Chapter 5.1.2.), while, at the same time, they lie away from the area of the
oceanic crust. A closer inspection of the diagramme reveals that pyroxenite projections are
found close to the peridotit-MORB melting trend, but also they coincide with the
clinopyroxene-orthopyroxene junction. Although, there are a small number of samples
concerned, this suggests that the stress-induced small-scale pyroxene enrichment might
have played a role in the formation of the Krivaja-Konjuh pyroxenites.
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Fig. 73. CaO/Al,O; and Ni versus MgO diagrammes for the Krivaja-Konjuh mantle pyroxenites (olivine
websterites). Comparison with similar rocks reported from the western Alpine ophiolites as well as with
medium composition of clinopyroxene, orthopyroxene, average MORB, MORB picrite and European mantle
peridotites. Data from: Alpine pyroxenites (Bodinier 1988, Garrido and Bodinier 1999, Downes 2007),
MORB and MORB picrite (Sun and McDonough 1989, |[Elthon 1989), European mantle peridotites (Downes
2001). CPX and OPX = phase mineral compositions in pyroxenites (same authors as for Alpine pyroxenite
whole-rock chemistry).

The final evidences opposing the origin of these pyroxenites from mafic melts or
reworked oceanic crust are offered in the REE and trace element geochemistry. Their
absolute concentrations are far below MORB or oceanic crust estimates (Chapter 5.1.2.).
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Furthermore, the primitive mantle normalised trace-element diagramme (see Chapter 5.1.2,;
Fig. 57) depicts unclear negative anomalies in certain HFSE (e.g. Hf) and a highly
pronounced variation in LILE enrichment. Such a trace-element distribution is not expected in
mafic melts (Downes 2007). A lack of any Eu anomaly corroborates the absence of
plagioclase within the pyroxenite primary mineralogy. At present, one can exclude a
formation of the analysed pyroxenite rocks through metasomatic enrichment as part of
subduction-related processes, since such rocks display significant LREE enrichment (“bell’-
shape REE pattern, i.e. reported in Cabo Ortegal massif in NW Spain, Santos et al. 2002).

In spite of the relatively small number of analysed samples of the Krivaja-Konjuh
pyroxenites, clear geochemical evidences stated above, unambiguously imply a different
genetic history than proposed for similar rocks from the region. Their REE pattern is
markedly LREE depleted, having lower absolute concentrations then any mafic melt, but
approaching the concentrations and pattern-shape of the analysed Krivaja-Konjuh Iherzolites
(see Chapter 5.1.1.). Hence, it is suggested that the analysed pyroxenites are cumulates,
crystallised from primitive large-degree partial melts. The cumulate origin was tested with
regard to the main and trace element pyroxenite geochemistry (MgO-CaO-Al,O3; and Cr-Ni
diagrammes of | Coleman (1977) and |rvine and Findley (1972) respectively; see Chapter
5.1.1.), where both suggested discrimination criteria unambiguously define them as
ultramafic cumulates. The parental pristine melts are further characterised by high values of
Mg# in olivine and in clinopyroxene crystallisates (see Chapter 4.2.2.), which is reported as
characteristic for primitive cumulates of MOR areas. Moreover, the high Al content of both
pyroxenes is indicative for the crystallisation of high-pressure cumulates, since at lower
pressure plagioclase would have emerged as primary phase. The MREE/HREE content of
analysed rocks converges into those of MORB picrite, but with reduced LREE
concentrations. It gives rise to the deduction that parental melts of the Krivaja-Konjuh
pyroxenites represent extensive melt fractions (~ 10 % mantle source melting), produced
from peridotites that have already undergone a low degree of partial melting. The theory of
deep-seated cumulate crystallisation which explains the analysed pyroxenites, is further
recognised in the characteristic coarse-grained cumulate texture of analysed rocks (Chapter
4.2.1.6.) featured by high-temperature low-stress plastic deformations, suggesting that the
crystallisation and equilibration of pyroxenites occurred whilst the host rocks were still hot
and ductile (Dantas et al. 2004).

The presented discussion leads to the conclusion that the Krivaja-Konjuh pyroxenites
are deeply originated ultramafic cumulates, crystallised at high pressures and temperatures,
through high-degree partial melting of an already depleted MORB mantle source. It is
suggested that crystallisation took place in thermal conduits, located under the ocean ridge
system, where significant cooling of conductive melt takes place. The fact that clinopyroxene
found in the analysed rocks has the same (elevated) Ti and Na contents as the host
plagioclase Iherzolites (see Chapter 4.2.2.3.; Fig.18), is believed to indicate that both rocks
experienced a common impregnation history which is bound to the late-stage of ocean-ridge
development (see Chapter 6.2.1.3.). Reconciling this and clear mantle textural features
possessed by both lithologies, the formation of the analysed pyroxenites is constrained to an
incipient phase of the MOR evolution of the Krivaja-Konjuh oceanic domain, which took place
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in early Jurassic. These pyroxenite occurrences are an important factor, proving pronounced
sub-continental dynamics, especially knowing that the pyroxenite domains, due to their
comparably lower melting values, are more prone to generate various mafic melts (e.g. [Tuff
et al. 2005). The mafic rocks are reported as abundant within the Krivaja-Konjuh ultramafic
terrain, showing a wide range of lithologies (e.g. Babaji¢ 2009). In order to ascertain the
proposed petrogenesis of the Krivaja-Konjuh pyroxenites and to shed light on the role of
small-scale pyroxene enrichment, it is essential to extend the number of analysed
pyroxenites in future works, and besides the detailed geochemical analyses, to pursue a
comprehensive isotopic study as well.

Dunites are recovered from two opposite points of the Krivaja-Konjuh ophiolite complex,
at sites Dubostica and Karaula. Both occurrences depict similar cumulate textures and modal
mineralogy, which contains major olivine (~ 90 vol.%) and some minor clinopyroxene, spinel,
altered plagioclase, along with the secondary phases like amphibole, chlorite, hydrogarnet,
and prehnite (see Chapter 4.2.1.7., Table 2, Fig. 10b). Major element geochemistry defines
these rocks as depleted in SiO,, MgO, and Na,O, and slightly enriched in Al,O3, FeO and
water, compared to the surrounding Iherzolites. The REE pattern possesses a concave-
upward “U"-shaped form with a clear positive Eu anomaly, whereas the primitive-mantle
normalised spider-diagramme of trace elements deciphers only a slight variance in
comparison to those from plagioclase and spinel lherzolites (see Chapter 5.1.2., Table X-
1-X-2). Again, it is important to stress that a small lens of podiform refractory chromite is
associated to the Dubostica dunite body (see Chapter 4.2.1.8., e.g.|Sunari¢-Pami¢ and Oluiji¢
1968, |Popevi¢ 1971). On the other hand, a second dunite sample is taken from the Karaula
area of SE Konjuh (Fig. 4), which is featured by mantle peridotites, having a strong positive
Eu anomaly along with the “U"-shaped REE pattern at a normalised concentration level,
typical for metasomatised peridotites (Lugovi¢ et al. 2006). Moreover, the nearby locality of
Muska Voda is dominated by spinel lherzolites marked by the growth of metasomatic
amphibole, and the occurence of a high chromian spinel (Cr# ~ 50) (see Chapters 4.2.1.2.
and 4.2.2.4., Fig. 73).

In literature, the origin of dunites and other refractory ultramafic rocks has often been
ascribed to the high-degrees of partial melting of the undepleted (or moderately depleted)
mantle sequence (e.g. |[Johnson and Dick 1992). In order to produce orthopyroxene free
dunites, like the analysed ones, more than 60% of melting of MORB-source mantle would be
needed (Kostopoulos 1991). Since the values of mantle melting established for neighbouring
peridotites do not exceed 10%, it is unlikely to expect that even the multi-stage process of
mantle segregation could yield such, spatially limited, melting record (see Chapter 6.2.1.2.).
Even if it were possible, the impoverishment of REE and other incompatible elements would
be apparent. The analysed dunites are, on the contrary, REE enriched, which together with
the fact that dunite Mg-number is actually lower than in peridotites, rule out the hypothesis of
simple mantle melting as a liable explanation of dunite formation.

As a possible answer to the question of dunite origin by invasive melt percolation was
first advocated by Dick (1977) and Berger and Vannier (1984). They pointed out that dunites
found in contact with lherzolites are characterised by a comparatively lower Mg# value as
well as lower Fo content of olivine. The same trend is reported in the Krivaja-Konjuh
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dunites (see Chapter 4.2.2.1.). It is known that basaltic melts during their ascend into
shallower mantle portions tend to become orthopyroxene undersaturated, due to their
instability at lower pressures (Stolper 1980). Thereupon, such melts being out of equilibrium
with peridotites, completely dissolve orthopyroxene and change the clinopyroxene content of
affected mantle rocks (e.g. |Kelemen 1990, Kelemen et al. 1992, |Remaidi 1993, (Oberger et
al. 1995). This process is known as ‘orthopyroxene incongruent melting’ resulting in the
precipitation of olivine and the formation of silica-enriched melts (orthopyroxene = olivine +
SiO, rich melt). Besides these modal mineralogy changes, the impregnated rocks are also
enriched in incompatible elements, which is best reflected in the high LREE or accentuated
bulk rock and interstitial clinopyroxene Ti content (see Chapter 4.2.2.3.). Furthermore, the
Mg# of infiltrated rocks along with the Fo content of its olivine remains unchanged or even
becomes lower. Since in the Krivaja-Konjuh dunites values of both parametres have been
indeed attenuated, one can, based on the Kelemen (1990) modelling, conclude that a
quantity of extracted magma from the percolated lherzolite is smaller in comparison to the
initial amount of entering fluid. This phenomenon commonly occurs in situations when
affected peridotite is (much) colder than the invasive fluid (Oberger et al. 19939), thus inciting
partial crystallisation of the melt in form of hydrous phases, like amphibole or hydrogarnet
(see Chapters 4.2.1.7. and 4.2.2.6.). The presented line of evidence implies the formation of
the Krivaja-Konjuh dunites at relatively shallow and cold lithospheric levels (the uppermost
part of the dunite transitional zone). Tectonic settings favourable for the generation of
hydrous, highly magnesian pervasive fluids of basaltic (boninitic) composition are the supra-
subduction zones where released volatiles promote formation of melt, capable to infiltrate the
large volume of peridotites.
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Not only the geochemical signatures of the dunites witness a melt-rock interaction. It is
also recognised in spinel microtextural characteristics. In Iherzolites, spinel commonly occurs
in form of small amoeboid or skeletal grains, often having different holly-leaf lobated shapes
(see Fig. 11b), whereas in dunites spinel grows and coalesces as coarser, massive euhedral
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grains (see Fig. 11e). |Nicolas and Prinzhofer (1983)| have reported this morphological
change as accustomed in transitional zones of several ophiolite massifs, and Bussod and
Christie (1991) have experimentally shown the same transition in mantle lherzolites affected
by capillary silicate melt.

In order to extend the discussion on the genesis of the Krivaja-Konjuh dunites, | further
refer to its incompatible element content, whereby high abundances argue against the
MORB-mantle melting model as the exclusive model for the formation of the analysed
dunites. High LREE/MREE ratios strongly corroborate it. In the recent literature, such REE
proportioning is explained by melt-rock interaction, as|Takazawa et al. (2003) suggested for
the Oman ophiolites, which are marked by a pronounced REE “U”-shape pattern. This REE
behaviour defines refractory dunites and harzburgites, and it is believed to reflect the rock’s
partial melting, accompanied by fluid impregnation processes (e.g. Suhr et al. 1998). The
chromitite body associated with the dunite occurrence at the Dubostica locality is
characterised by an elevated Cr proportion in spinel (Cr# = 80, Fig. 74). Such values point to
subduction-related melts, most probably boninitic, as parental to this mineralization (see
Chapter 4.2.2.4., Fig. 74). Boninitic melts are known to possess a “U’-shaped REE
normalisation pattern (Zhou et al. 1996), thus being positioned as crucial for the formation of
the DubosStica chromites as well as dunites, since both parageneses share the same REE
geochemical signatures (see Chapter 5.1.2.). Distinct positive Eu anomalies reported in the
analysed dunites, but also in depleted harzburgites of SE Konjuh (Lugovi¢ et al. 2006), are
consistent with a late-stage mantle metasomatism, which gave rise to small amounts of
plagioclase, prone to host Eu in its crystal structure. The relationship of Cu and Ni in dunites
is, as proposed by|Zhou et al. (2005), very informative for the identification of the percolating
melt type. In mantle rocks, Cu is hosted in chalcopyrite, and since the invasive boninitic melts
are known as sulphur undersaturated, they readily dissolve sulphides, thus removing Cu
from the system. Along with this process, Ni as a compatible element is progressively
enriched. This is nicely depicted in Fig. 54, where the Krivaja-Konjuh dunites presented in
the Cu-Ni space, are shifted away from the peridotite field, mainly due to Cu depletion and in
lesser extent to the enrichment of Ni (e.g.|Lorand et al. 1993, Keays 1995). The influence of
boninitic melts can be further traced in the Al,O; content of chromitite interstitial
clinopyroxenes, being half of those in neighbouring Iherzolites (~ 1.3 wt%).

The massive dunite occurrences coupled with chromitite pods are characteristic for the
crust-mantle border zone, better known as the transition zone. This dunite-dominated unit is
used to be known as the deepest part of the magmatic sequence, and its ultramafic content
was interpreted as cumulate originated (Coleman 1977). On the other hand, starting with
Dick (1977), Nicolas et al. (1980) and others, a theory of the dunite residual origin coupled
with melt impregnation processes, has commenced to be advocated as favourable. Indeed,
the Krivaja-Konjuh dunites recovered from both localities are featured by a cumulate texture
(see Chapter 4.2.1.7.), where olivine and spinel tend to be cumulus phases, whereas in the
intercumulus interstices, one can notice altered plagioclase, clinopyroxene, and secondary
phases, like amphibole, hydrogarnet and chlorite. This may indicate that the analysed rocks
actually represent the uppermost part of the transitional zone formed by crystal fractionation
from the crustal magma chamber. However, due to the set of presented
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geochemical, mineralogical and textural evidences, it is more likely that this process was
followed by a sizable melt-rock metasomatism. Initially, the chromitites segregated from the
invading (boninitic) melt, which subsequently percolated neighbouring rocks, producing
dunites and harzburgites. Highly metasomatized harzburgites are not reported to be
associated with the dunite occurrence of Dubostica. They are reported in the vicinity of
Karaula, the second sampling spot of Krivaja-Konjuh dunites (Lugovi¢ et al. 2006). If this
model holds true, it is expected that the future work on Dubostica ultramafics will also confirm
the presence of impregnated harzburgites as the third member of the rock suite, formed from
or in interaction with invasive melts.

A model that summarises the formation of the Krivaja-Konjuh dunites and chromites fits
the geotectonic frame provided for the genesis of predominant tectonite peridotites (see
Chapters 6.2.1.1. and 6.2.1.3.). Thus, only facts pertaining to the dunite and chromite
formation will here be underlined. In the Oxfordian, when the initial shortening of the Dinaride
oceanic segment took place (~ 157 Ma) (Lanphere et al. 1975), the previously formed MORB
(or back-arc related?) Neo-Tethyan lithosphere started to contract. Within the Krivaja-Konjuh
oceanic domain, this process invoked the incipient low-angle thrusting as the Krivaja
lithospheric segment has overridden the Konjuh lower-plate, thus enabling the analysed
metamorphic sequence to form (see Chapter 6.3.). Further thrusting led to an extensive
metasomatism of the trapped Krivaja mantle wedge by fluids released from the submerged
lower-plate. Alongside, in the metasomatized wedge, the hydrous basaltic (boninitic) melts
were produced. On their way to the surface, through tectonic predisposed areas, they
reached a colder domain of crust-mantle transition, where the mantle flow changes from
vertical to horizontal as suggested by |Zhou et al. (2005). The invading melts reacted with
peridotite rocks, which was explained earlier, triggered the chromitite segregation and the
subsequent dunite envelope formation of the Dubostica locality. For dunite recovered from
the Karaula locality, an analogue scenario is predicted. The Konjuh segment is less
metasomatised compared to the Krivaja counterpart, but its SE part was also subject to
serious metasomatism. It is recognised in form of the Karaula dunite, amphibole-bearing
Iherzolites, along with IAT and “U’-shaped REE harzburgites and boninitic dykes. Most
probably the Konjuh lithospheric domain has been affected by a similar type of
metasomatism, initiated from the hypothetic submerged ocean domain placed somewhere
eastwards. The roots of such a domain were completely consumed as the ocean shortened,
or were not preserved during late Tithonian ophiolite obduction over the Adriatic platform.
Within the Konjuh transition zone, the boninitic melt rock interaction was not comprehensive
enough to trigger the chromitite segregation, or the chromitite pods are comparably smaller
and being not detected yet.

The chromitite extraction itself, characteristic for the formation of the Dubostica chromite
body, follows a model proposed by Zhou et al. (1996)|and Kelemen et al. (1990). Due to the
pyroxene removal from the peridotite rocks affected by the invasive fluids, the silica content
of melt increases, as it was discussed above. Thus, melt becomes more boninitic, which is
reflected in its lower Mg/Si ratio, whereas the Mg/Si and Al/Si ratios of the new-formed dunite
increase  (Fig. 75). The dunites’ Al content tends to keep the same
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values as in peridotites, whereas the variable Al/Ca ratio is due to various serpentinisation
degrees causing Ca depletion (Fig. 75).
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Fig. 75. Al/Si versus Mg/Si (left) and Al/Ca (right) of ultramafic rocks of the Krivaja-Konjuh ophiolite
complex. Mantle ratios are: Al/Si = 0.1; Al/Ca = 0.95; and Mg/Si = 1.09 (after Uagoutz et al. 1979, \Zhou et
al. 2001).
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Such a Si-enriched, and Ca-impoverished boninitic melt, having only a small Cr content,
is actually able to generate monomineralic chromitite pods or layers. One explains it through
an approximation of the chromitite parental melts by the olivine-quartz-chromite system of
Irvine (1977) (Fig. 76). The primitive magma reacts with host rocks, thus entering the
chromite stability field. The chromitite precipitates for some period, changing the composition
of liquid toward the olivine-chromitite cotectic. In case the new primitive magma is being
introduced to the system, further chromitite crystallisation is sustained. Otherwise, the dunite
envelopes and depleted harzburgites that are often associated are formed.
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6.3. Petrogenesis of metamorphic rocks
6.3.1. Protolith and its original geotectonic setting

The Krivaja-Konjuh ophiolite complex (KKOC), being composed of two major individual
peridotite blocks, is featured by an elongated domain of metamorphic rocks, which is placed
along the blocks’ junction zone. The northern parts of the domain are formed from small,
dismembered patches of metamorphic rocks, whereas the main metamorphic portion is
found along the southern rims of the KKOC, constituting the large Dubostica and Vijaka
amphibolite zones. A variety of metamorphic paragenesis, textures and structures have been
recognised within this metamorphic terrain. Textures are characterised either as
crystaloblastic, defined by the grano- to nematoblastic amphibole and clinopyroxene, or
porphyroblastic, in case of the garnet porphyroblasts’ presence. The rock structures are
more often than not parallel, showing an alternation of ‘white’ and ‘black’ rock segments.
Rarely, in the northern and central parts of this domain, one encounters rocks having
massive (homogeneous) metamorphic structures. Besides complex textural and structural
characteristics of analysed rocks, they depict rich and mutually different modal mineral
paragenesis, thus reflecting discrepancies in the protolith geochemistry, as well as different
conditions of metamorphosis. Based on the classification criteria proposed by Yardley
(1989), which include rock’s texture, structure, modal mineralogy, and foreseen precursor,
the following metamorphic varieties were assigned as: (1) granoblastic amphibolite, (2)
porphyroblastic garnet-diopside amphibolite, (3) garnet-diopside-hypersthene amphibolite,
(4) diopside-amphibole gneiss and plagioclase-garnet-diopside gneiss. The first three rock
varieties are further divided, according to minor mineralogical particularities. This
classification of the KKOC metamorphic rocks is however not territorial, meaning that the
provided groups are not exclusive metamorphic lithologies in certain areas. Still, it needs to
be noted that rocks devoid of garnet are more characteristic for the northern and central
portions of the Krivaja-Konjuh metamorphic terrain (e.g. areas of Manastir, Zep&e, Mao¢a).
Reader interested in more details on the petrography of these rocks is referred to Chapter
4.3.1.

In Chapter 5.2., the bulk chemistry of metamorphic rocks was discussed, yielding a
detailed classification of analysed rocks with respect to their major, trace, and rare-Earth
elements’ content. Furthermore, several lines of conclusions were made on the nature of the
possible protolith. Due to the fact that metamorphosis, including the upper segment of
amphibolite and granulite facies is taken as an isochemical process (e.g.[Vernon and Clarke
2008), it was inferred that two-thirds of the analysed metamorphic rocks bear geochemical
signatures of ultramafic to mafic cumulate gabbroic rocks (Groups 1 and 3), whereas the rest
corresponds to the more evolved basalts of the tholeiitic affinity (Groups 2 and 4). The
potential precursors of analysed metamorphic rocks are thus unambiguously defined to be of
magmatic origin. Moreover, in case of metacumulates, their REE patterns implied a SSZ
overprint over the clear MORB trend of its normalisation curves, whilst in case of metabasalts
the overprint misses.

In this Chapter, attention will be placed on the further determination and clarification of
igneous processes that took place at the original geotectonic setting of the protoliths. It will

be done by conducting detailed analyses of trace and REE geochemistry of metamorphics,
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and using the standard set of discrimination diagrammes. The hypothetical precursors of
cumu-late origin do not represent original basaltic melts. Therefore, most of the following
discus-sion is focused on the petrogenesis of rocks having characteristics of fractionated
magmas.
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Fig. 77. Variation diagrammes of La/Yb versus Sm/Yb (according to|Chan et al. 2008) for the KKOC
metamorphic rocks having tholeiitic basalt affinities. Non-modal, batch melting curves for spinel and garnet
Iherzolites are indicated (Grt lherzolite is 59.8% Ol, 21.1% Opx, 7.6% Cpx, 11.5% Grt that melts in the
proportions 5% OI, 20% Opx, 30% Cpx, 45% Grt; Sp lherzolite is 57.8% Ol, 27.0% Opx, 11.9% Cpx, 3.3%
Sp that melts in the proportions 10% Ol, 27% Opx, 50% Cpx, 13% Sp; |Thirlwall et al. 1994).

The distinct trace element ratios La/Sm and Zr/Nb show moderate ranges of 0.56 — 3.01
and 8.75 — 26.04, respectively, for those metamorphic rocks having basaltic signatures. If we
exclude sample 10D from the concerned group, both element ratios get significantly
narrower, ranging from 0.59 to 1.20 and 18.25 to 26.04, respectively. Such a small-scale
variation could be due to melt generation through fractional crystallisation. However,
according to |Sun and McDonough (1989), La/Sm and Zr/Nb variations are known as
relatively insensitive to magmatic differentiation. Hence, the explanation of differences in
incompatible trace element contents, especially for sample 10D, is rather attributed to partial
melting processes of the mantle. In order to decipher the characteristics of the mantle source
region, which yielded the parental mafic precursors, a simple modelling proposed by [Chan et
al. (2008) has been performed and presented in Fig. 77. There, non-modal, batch melting is
hypothesised with the distribution coefficients of McKenzie and O’Nions (1991), whereas
depleted and primitive (enriched) mantle compositions are calculated according to Workman
and Hart (2005) and |Sun and McDonough (1989), respectively. In the Sm/Yb versus La/Yb
space, melting curves are provided for garnet and spinel lherzolites for the two main mantle
compositions: depleted MORB mantle (left), and primitive mantle (right). It is well observed
that the KKOC basaltic rocks, precursors of analysed metamorphites, fully match with the
melting curve of depleted spinel Iherzolite (Fig. 77), advocating up to 10 % of partial melting.
This result, suggesting a mantle source devoid of garnet, is consistent with already
presented narrow La/Sm and Zr/Nb variations. It is important to notice that in case of the
primitive mantle source, any variable degrees of partial melting, neither of spinel nor of
garnet |herzolites, could have generated the analysed rocks. A following conclusion can be
delivered, stating that the formation of magmas occurred within the spinel peridotite stability
field of depleted mantle source, thus maximally reaching depths of 70 to 90 km.
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Experiments of [Takahashi and Kushiro (1983) indicated that the SiO, content of mantle
partial melts is strongly dependent on the pressure in the range of 1 to 3 GPa. Later
Sakuyama et al. (2009) have conducted research on peridotites ranging from fertile to
depleted, in terms of their chemical and mineralogical compositions, at variable degrees of
melting and P-T conditions, and confirmed that the different values of silica in nascent
primitive melts strongly suggest to their segregation from mantle at different depths. They
estimated that primitive melts having a SiO, content from 49.87 to 50.10 (high SiO,), 47.11 to
48.88 (medium SiO;) and < 47.22 wt% (low SiO;) have been formed in the following pressure
ranges of 1.4 to 2.1, 1.9 to 2.7, and > 3.0 to 2.6 GPa, respectively. The water content of the
melt is set to be less than 2.5 wt%. Furthermore, SiO, content oscillations, taken to reflect
changes in melting pressures, are coupled by the distinct Na,O distribution. The partition
coefficient of Na,O between clinopyroxene and melt increases with increasing pressure (e.g.
Johnson 1998)), thus leading to the lowest Na,O concentrations in the low-SiO, melts, formed
under the highest pressures. The Krivaja-Konjuh metabasites show a large SiO,
compositional span, ranging from 41.67 to 50.10 wt%. The average water concentration does
not exceed 1.69 wt%. It is quite indicative that the Na,O amounts show a nearly perfect
positive correlation with silica (?=0.956). Combining these parameters with the above-
mentioned experimental modelling, it is inferred that the melts that yielded the Krivaja-Konjuh
metabasalts segregated from different portions of depleted mantle under pressures ranging
from ca 1.0 to 3.0 GPa. Amongst them, distinct magmas parental to Maoc¢a (samples R8 and
YU137) and Zepé&e (samples 11C and Z1C) metabasites show geochemical signatures of
fractional crystallisation. More on the mechanism of mantle melting is elucidated using a set
of trace element ratios presented in Fig. 78 (Ce/Yb vs Ce, Ce/Zr vs Zr, Ce/Yb vs Sm and
Y/Nb vs Zr/Nb). The positive slope of metabasalts shown in the Ce/Yb versus Ce diagramme
(Fig. 78a) is generally attributed to the variable degrees of mantle melting, since as already
stated, fractional crystallisation cannot result in a variation of trace element ratios in such
extent. Due to the large intra-sample discrepancies in those ratios, a heterogeneous mantle
source is envisaged, melted at different pressure conditions. Mantle melting is nicely
depicted in the Ce/Yb versus Sm diagramme (Fig. 78c), where the dashed line represents
the trend of hypothetical melting that would have operated under low-pressure fractional
crystallisation from the evolved MORB-like asthenospheric melts (Gomez-Pugnaire et al.
2003). A similar trend is perceived in the Ce/Zr versus Zr diagramme (Fig. 78b), where the
real values could have been affected by the early fractionation of Zr (see Chapter 5.2.).
Finally, in the diagramme Y/Nb versus Zr/Nb (Fig. 78d), the partial melting regime in the
mantle is best displayed with the indicated trend maintaining its positive slope. Three
potential melting events (Me1-Me3) recording different pressure conditions, have been
suggested as parental to analysed metabasalts.

More information on the character of the original geotectonic setting of protoliths of the
KKOC metamorphic rocks is obtained through usage of incompatible trace-element ternary
discrimination diagrammes. Pearce and Cann (1973) were amongst the first to show that the
geotectonic provenience of different basalts can be discriminated based on their
geochemical characteristics, primarily regarding to their trace-elements content. In the Zr-Ti-
Y diagramme of the same authors (Fig. 79), some of the analysed rocks are discriminated as
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Fig. 78a-d. Ce/Yb vs Ce (a), Ce/Zr vs Zr (b), Ce/Yb vs Sm (c), and Y/Nb vs Zr/Nb (d) for the KKOC
metamorphites. Arrows show trends and, where indicated, trends of fractional crystallisation. N-MORB and
E-MORB stand for normal- and transitional-type Mid Ocean Ridge Basalts, PM (Primitive Mantle), OIB
(Ocean Islands Basalts), and UCC (Upper Continental Crust), according to \Sun and McDonough (1989).
Symbols in grey indicate samples of cumulative origin. Me1-Me3 is for envisaged melting events of mantle
source.
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Fig. 79. Zr-Nb-Y discrimination diagramme of Meschede (1986) (left) and Ti-Zr-Y diagramme of
ann (1973)

3) (right) for the KKOC metamorphites. WPB = Within Plate Basalts, WPT = Within Plate
Tholeiites, VAB = Volcanic Arc Basalts, IAT = Island Arc Tholeiites, CAB = Continental Arc Basalts. Other
abbreviations and symbols as in Fig. 78.

IAT to transitional MORB-IAT-CAB. A large portion of samples is found outside the
discrimination area, partly due to the fractionation of Ti and Zr, and a cumulative nature of
the rocks concerned. On the
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other hand, in the Zr-Nb-Y diagramme of Meschede (1986) (Fig. 79), all metabasites are
found within the transitional N-MORB-VAB field, whereas metacumulates plot outside the
projection. In the Th-Zr-Nb diagramme of [Wood (1980), metabasalts are defined as N- and
E-MORBSs, and metacumulates bear arc signatures (here CAB). However, the results of this
discrimination should be slightly corrected toward the Zr peak, due to the Zr fractionation and
concentrations of Th that were under the detection limit. The ternary diagramme based on
the normalised values of Ce-Sr-Sm (lkeda 1990) presented in Fig. 80, depicts only samples
of metabasalts because of the significant Sr accumulation in cumulates (see Chapter 5.2.).
Analysed rocks are N-MORBs, except sample 10D which is featured by pronounced
concentrations of some trace elements (especially LILE), fitting the E-MORB field. The
diagramme of V vs Ti (Shervais 1982) clearly confirms a MORB affiliation of the analysed
metabasalts (Fig. 81).

Zri17

Th Nb/16 Cey Sm

Fig. 80. Th-Zr-Nb discrimination diagramme of Wood (1980) (left) and Cey-Sry-Smy diagramme of |lkeda
(1990) (right) for the KKOC metamorphites and metabasalts respectively. OIA = Ocean Island Alkalis. Other
abbreviations and symbols as in Fig. 78.

Cumulate samples were not excluded, showing here an IAT affiliation geochemistry.
Two more common discrimination diagrammes were employed, based on the incompatible
trace element ratios of Zr/Y and Ti/Y (Figs. 81 and 82), both diagrammes ascertain a MORB
setting of the analysed metabasalts. The Cr versus Y plot of|Pearce (1982) and Pearce and
Parkinson (1993)| depicts KKOC metabasalts stretching within the entire MORB field. This
fact combined with a lack of trend, which could be taken as a fractionation pattern, points to
the variable degrees of partial melting under different depths, as it was discussed earlier.
This diagramme does not distinguish MORB and WPB, but clearly defines the analysed
rocks as non-arc (VAB) related. Metacumulates are characterised by an elevated compatible
Cr content reflecting their primitive chemistry.

The above-mentioned discussion on the geotectonic setting yields a clear conclusion
that the analysed metabasalts, which correspond to Group 2, are of N-MORB origin. Sample
10D, which solely forms Group 4, is characterised as E-MORB due to its comparably higher
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Ce, Nb, and Th concentrations, coupled with higher Ce/Yb and Ce/Zr, as well as lower Y/Nb
ratios. Indicated geochemical features clearly call for an enriched source that, apart from the
hypothesised E-MORB environment, can be recognised either in OIB plumes or it is an
outcome of crustal involvement (e.g. subcontinental lithosphere origin).
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Fig. 81. V vs Ti variation diagramme of |Shervais (1982) (left) and Zr/Y vs Zr diagramme of |Pearce and
Norry (1979) (right) for the KKOC metamorphites and metabasalts respectively. Abbreviations and symbols
asin Fig. 78.

8 T T TTTT] T T T
1000 — %’ —
A ]
6 - i - % ]
L MORB _
- WFB |
Plate Margin _
Basalt T
z 4 . =
™ 2 100 |- =
B e - s E VAB fractional E
® N-MOR = crystalization |
2+ ) i — ]
; - WPB _
£ 2 A o L. |
0 | 10 Lol L Lol 1
0 500 1000 10 100

Tiry Y (ppm)
Fig. 82. Zr/Y vs Ti/Y diagramme of |\Pearce and Gale (1977) (left) and Cr vs Y diagramme of Pearce (1982)
and |Pearce and Parkinson (1993) (right) for the KKOC metamorphites. Abbreviations and symbols as in
Fig. 78.

The presented MORB affiliation of metabasalts (Groups 2 and 4), along with the SSZ
geochemical signatures recognised in metacumulates (Groups 1 and 3) had already been
inferred in the discussion on the REE and trace element distribution in metamorphic rocks
(see Chapter 5.2.). Here, in Fig. 83, the REE normalisation plots of four metamorphic groups
have been schematised and presented in comparison with those of different mafic intrusives
and extrusives, thoroughly sampled over the area of the Krivaja-Konjuh ophiolite complex
(Babaiji¢ 2009). In this way, it is possible to conclude more regarding the plausible protolith,
and to test results of their geotectonic discrimination. Rocks of Group 1 are considered as
metacumulates due to their primitive major chemistry parameters (e.g. Mg# > 70), lack of
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fractionation trends, and pronounced Eu and Sr positive anomalies characteristic for an
early-stage plagioclase accumulation followed by clinopyroxene and olivine. These rocks
possess a general MORB affinity, coupled with evidences, which are compatible with
chemical affinities influenced by the arc-related chemistry (see Chapter 5.2.). According to
Fig. 83b, they correspond well to the mafic intrusives (gabbros, gabbronorites to amphibole
gabbronorites) of Kamenica and Dubostica (Krivaja domain), as well as the Muska Voda and
Karaula (Konjuh domain) localities. Great variation in their major chemistry (Table Y-1-Y-2)
indicates that crystal accumulation in the ocean ridge environment occurred at different
depths. Samples U30 and U29, displaying discrepancies in comparison to other members of
the group, in terms of the bulk REE composition and LREE enrichment, are reported to
correlate best with troctolites of the Kamenica and Maoc¢a localities of the Krivaja domain,
along with those of the Karaula locality at SE Konjuh (Fig. 83a). Apart from troctolites, the
REE distribution patterns of these two samples correspond well to those of mafic dykes of
the Muska Voda locality (Fig. 83d).
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Fig. 83. Comparison of the chondrite-normalised REE patterns of the four groups of KKOC metamorphic
rocks with normalisation patterns of KKOC mafic intrusives and extrusives (Babajic 2009). Mafic rocks
marked with lines of different colour. Normalisation values according to McDonough and Sun (1995).

The Cr values, which are 5 to 10 times higher in these samples, strongly advocate
troctolites as more probable magmatic precursors. Taking into account all these facts, one
infers that the most suitable environment for the formation of cumulates would be a back-arc
spreading basin (BARB). Members of Group 2 have been featured by a clear MORB setting,
as strongly suggested in numerous discrimination diagrammes. A large portion of the

156



depleted heterogeneous mantle source is envisaged to have experienced up to 10 % batch
melting under pressures ranging from ca.1 to 3 GPa. Their magmatic precursor is
recognised in mafic extrusives (dolerites, diabases and pillow basalts) of the Ribnica area
(Konjuh domain) (Fig. 83c). Sample 10D (Group 4) depicts certain similarities with the
sample of diorite from Duboéstica (Fig. 83b). They are both featured with highly fractionated
REE patterns and comparatively higher incompatible trace element concentrations,
characteristic for an enriched mantle source.

6.3.2. Conditions and model of metamorphosis

6.3.2.1. Metamorphic evolution recorded in petrographic characteristics

Petrographic characteristics of the analysed Krivaja-Konjuh metamorphic rocks are
highly informative on the question of the course of their metamorphic evolution. An
appropriate interpretation of rock’s textural features thus witnesses its importance, especially
taking into account that in high-temperature metamorphites of granulite facies, the diffusion
rates are rapid and most often the prograde metamorphic history is poorly preserved.
Textures and structures of analysed rocks were discussed in detail in Chapter 4.3.1. Here
they will be interpreted in the context of rock’s genesis track.

The majority of samples are characterized by a paragenesis comprising coarse, low-
energy idioblasts of amphibole along with isometric and euheadral medium-sized
plagioclase. Part of the parageneses also comprises porphyroblasts of garnet, igneous
clinopyroxene and, in one sample, corundum (Fig. 84a; Fig. 27h). The described grains’
morphologies are vastly indicative for a gabbro type of protolith. Such a conclusion is
correlated with geochemical considerations, which define most of these rocks as meta-
gabbros, meta-gabbronorites and meta-troctolites (see Chapter 6.3.1). On the other hand,
samples defined as gneisses (10D and Z1C), are marked by fine-grained granoblasts of
amphibole and clinopyroxene, accompanied by rounded or tabular plagioclase aligned to the
rock’s fabric (Fig. 84b; Fig. 28f). Such a textural context calls for diabase or dolerite as
plausible precursors, as it had been suggested by the rocks’ geochemistry which bounds the
analysed gneisses to mafic extrusives of the Konjuh area (locality of Ribnica, see Chapter
6.3.1).

In the study of Hacker and Mosenfelder (1996), dimensions of minerals in a
metamorphic sole assemblage were recognised as one of the indicators determining the
distance from the thrust peridotite upper-plate. Accordingly, the majority of meta-gabbroids,
having an average amphibole coarser than 200 ym are found within 130 m of the peridotite.
Samples U30 and U29, virtually featured by coarse amphibole crystalloblasts devoid of
subgrain development, probably represent the 40 m upper-top section of the metamorphic
column. The fact that these rocks experienced the strongest heat influx is further recognised
in the highest Al,O; and K;O content of their pargasitic amphibole, attaining ~ 17 wt% and
~ 0.69 wt%, respectively, and in characteristic tapered mechanical twinning of highly basic
plagioclase. The bulk-rock silica deficiency, alumina enrichment traced by the formation of
Al-phases such as corundum or sapphirine, and conservation of calcite blebs in amphibole
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idioblasts imply that part of the sedimentary cover might have also been affected by
metamorphism (see Chapter 5.2.).

Lop |

o |

Fig. 84a-f. Selected microphotographs and BSE pictures of analysed KKOC metamorphic rocks showing
different microtextural characteristics (see text). Numbers in BSE pictures indicate respective microprobe
analyses available in the appendix. Pl = plagioclase, Amp = amphibole, Grt = garnet, Opx = orthopyroxene,
Cpx = clinopyroxene. Abbreviations after Kretz i1983}.

An intimate contact with the upper-plate peridotite can be recognised in Cr-spinel
inclusions in crystalloblasts of amphibole (sample U29, see Chapter 4.3.1.). Their Cr# values
and TiO, contents suggest an igneous origin, most probably being derived from the upper-
plate serpentinised lherzolites. High-temperature textures, like those of samples U30 and
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U29 are in other meta-gabbroides overprinted by deformation, porphyroclast formation and
matrix recrystallisation. Thus, in those samples, dominant phases become garnet and
clinopyroxene. Finally, fine-grained meta-extrusives are placed away from the thrust-plane,
experiencing a different metamorphic history, mainly controlled by pressure.

Garnet grains are reported to have rounded subhedral morphologies, with the diameter
occasionally reaching several millimetres. More often than not, garnet shows a characteristic
sieve texture, embedding clinopyroxene, amphibole, titanite, plagioclase and minor phases
and suggesting that it might have grown on their account. However, due to the lack of clear
textural context, it is not unlikely that garnet and its inclusions belong to the same meta-
morphic paragenesis, with the late having grown at a much slower rate than garnet that
engulfs them (Fig. 84d; Figs. 30c, 30h.). It is indicative that porphyroblasts of garnet mostly
occur as isometric, well shaped and rounded, neither helicoidal nor elongated blasts, being
devoid of curved inclusion trails. This suggests that garnet growth was post-kinematic with
respect to the main deformational event or events, enabling garnet to ‘capture’ re-crystallised
matrix phases. A weak chemical zoning in coarse porphyroblasts is expected, calling for the
rapid intracrystalline diffusion of main elements and subsequent system homogenisation
under peak metamorphic conditions. Still, a partial prograde nature of analysed garnet grains
has been identified in an indistinct concave zoning of pyrope component (see Chapter
4.3.2.2.). The consequences of decompression and cooling in rocks that contain
porphyroblasts of garnet are the formation of garnet reaction coronas or kelyphitic rims.
Though they comprise a variety of secondary assemblages (amphibole, albite, xonotlite,
orthopyroxene, magnetite), it is clear that they are formed through the retrograde reaction of
garnet with silica saturated oxidising fluids having caused the garnet decompression
breakdown and formation of vermicular and radial symplectites (e.g. Prakash et al. 2007
Figs. 84e, 84f, 299, 29h). Peak grain-size is normally coarser than the scale of retrograde
diffusion, being rarely reported that garnet was completely obliterated by regression (Fig.
28e).

Similar to garnet, the coarse blasts of amphibole are characterised by week zoning, with
Al,O3 content rising from the core towards the rim (see Chapter 4.3.2.1.). Such a trend, often
reported in analysed pargasites, ferroan pargasites and pargasitic hornblende, is
characteristic for the prograde amphibolites. On the contrary, actinolite and various inter-
mediate composition amphiboles, mostly record the opposite trend, indicating a retrograde
metamorphic event.

A clear sign of a prograde metamorphism in weakly to moderately deformed rocks, like
the KKOC meta-gabbroids, is partial pseudomorphism (Guidotti and Johnson 2002). This is
delineated in crystallographically controlled replacement of igneous clinopyroxene with
amphibole and in lesser extent orthopyroxene (Figs. 84c, 30a, 30c). As it is shown in Fig.
84c, replacing amphibole and orthopyroxene may advance from grain boundaries, but it is
equally possible that they project from inwards through the crystal fractures. Often,
amphibole completely replaces clinopyroxene, whilst it is not a usual occurrence in the case
of orthopyroxene. The appearance of orthopyroxene is bounded to extreme metamorphic
conditions of the granulite facies. The same metamorphic environment is essential for the
formation of rutile needles in garnet via garnet {110} microparting and the formation of
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microscale partial melts that reacted with the host mineral, leaving behind the TiO,
mineralization (Hwang et al. 2007; Fig. 28a).

The greenschist metamorphic overprint is found to affect the entire metamorphic column,
being manifested differently in the respective part of the column depending on the mineral
assemblage. Thus, beside the garnet kelyphitic rims, this process influenced basic
plagioclase, being replaced by albite, epidote, pumpellyite and prehnite symplectites.
Aluminous amphibole tends to become impoverished in Ti and Al and richer in Fe, whereas
ilmenite and ulvospinel are being transformed to titanite (Figs. 29a, 29e, 29f, 30e). Massive
prehnite veins traversing sample 10D (Fig. 30e) are not linked to regression, since the late-
stage brittle deformations are believed to mark the ophiolite obduction and exhumation-
cooling processes (Guilmette et al. 2008)).

Compiling the germane textural and microtextural characteristics of the analysed KKOC
metamorphites, the following facts are to be consulted when interpreting the course of
metamorphic history. The uppermost segment of the metamorphic column is a rock
consisting of coarse amphibole idioblasts and basic plagioclase laths. Due to the reasons
discussed at the beginning, an influx of sediment material during metamorphism is hypo-
thesised. Dissociating from the thrust-plane, most of the analysed metamorphic textures
experienced post-peak deformations, having yielded an overall grain-size reduction,
recrystallisation, and a subsequent garnet porphyroblast formation. A retrograde greenschist
imprint engaged the entire column, leading to the formation of a variety of hydrous phases.
Even though, prograde microtextural features are preserved with the best example being an
epitaxial overgrowth of amphibole and orthopyroxene at the expense of relict clinopyroxene.

6.3.2.2. Mineral assemblages and P-T conditions of metamorphism

Results of a geothermobarometric study of the KKOC metamorphic rocks (Table 5, see
Chapter 6.1.3.) will be discussed in this chapter, taking into account different metamorphic
paragenesis that are indicative for certain P-T conditions. In order to decipher the KKOC
metamorphic history, it was essential to identify the phase reactions that had yielded
domains where particular diagnostic assemblages dominate. With respect to the
petrographic classification of KKOC metamorphites, determined metamorphic sequences are
presented in Fig. 85. It is important to remark that the peak-metamorphic P-T conditions of
granulite facies are often reset by diffusion, in case of exchange geothermometres, whereas
the net transfer reactions, which record geobarometric information, tend do be less sensitive
to such a phenomenon. In literature, this problem is known as the ‘granulite uncertainty
principle’ (e.g.|Harley and Green 1982), mostly addressing Precambrian granulite terranes
that experienced slow cooling (O’'Brian and Rotzler 2003). The KKOC metamorphites are
believed to have formed by a rapid HT-HP metamorphic overprint, induced by thickening of
the upper-plate magmatic arc and subsequent quick obduction of the entire ophiolite domain.
There-fore, such a rapid metamorphism and fast cooling had probably maintained the peak-
metamorphic mineral chemistry uncompromised.

Generally, it is considered that under elevated P-T conditions amphibole records the
following chemical changes. Titanium content progressively increases, which is reflected in
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modification of its colour from light green to dark-olive green or brown. Total octahedral and
tetrahedral Al increases, along with the Na and Fe/Mg ratio, whereas the amounts of Si and
Mg decrease (Spear 1981). Apart from pressure and temperature, the bulk rock chemistry,
oxygen fugacity and SiO, activity further influence the amphibole composition. Garnet is a
common mineral in metamorphic rocks, showing a broad P-T stability span, which makes
changes in garnet mineral chemistry a reliable marker of evolution of a certain metamorphic
system. Hence, the zoning in garnet is of particular interest, being well pronounced under
conditions not exceeding 650 °C, whereas in high-grade metamorphic rocks, garnet is
usually chemically homogenous. Mineral chemistry of plagioclase is sensitive to the
oscillation of metamorphic conditions, with respect to mean Na and Ca, as well as the
tetrahedral Al and Si distribution. Like in garnets, zoning is also common in metamorphic
plagioclase. Prograde metamorphism is featured by Na enrichments along grain rims,
whereas during regression those domains are found enriched in Ca. Small plagioclase blasts
are often reported to be of anorthite composition, which is linked to the retrograde net
transfer of garnet, epidote, and/or carbonate. In clinopyroxene, the tetrahedral and
octahedral abundances of Al increase with metamorphic grade, favouring the tetrahedral
coordination under extreme P-T conditions. The alumina content of clinopyroxene is usually
expressed as the Tschermak component. Metamorphic orthopyroxene is hypersthene or
bronzite featured by the oscillatory amount of Al. The alumina content is controlled by the
rock chemistry and mineral assemblage, rather than by metamorphic conditions (Tribaudino
and Talarico 1992). In the lower amphibolite facies, titanite is the usual Ti phase, whereas in
the upper amphibolite and granulite facies it is found embedded by amphibole, or it is
transformed into ilmenite. |Liou et al. (1985) reported that the disappearance of titanite is
bounded to the redistribution of Ca into other silicates, like plagioclase. Due to the high
modal proportion of Fe-Ti minerals in high-grade metamorphites, the Ti content of amphibole
significantly decreases. Minerals belonging to the group of epidote/clinozoisite tend to be
stable under medium pressures, but with temperature increase, they vacate the metamorphic
system (550-600 °C, |Liou et al. 1985). In this study, the appearance of minerals from the
epidote/clinozoisite group makes a clear sign of retrograde dissolution of plagioclase.

Main mineral phases present in the KKOC petrographic variety amphibolite are
amphibole and plagioclase with minor epidote/clinozoisite, corundum, sapphirine, titanite,
ilmenite, apatite, clinopyroxene, Al pumpellyite, and calcite. The range of substitution in
amphibole (magnesio-hornblende to pargasite) offers the first indication of the large P-T span
that these rocks experienced. Absence of garnet and rutile advocates metamorphism under
medium to low pressures. However, samples U30 and U29 are estimated to have formed
under the P-T conditions of 0.90-1.30 GPa and ~ 880 °C. Due to the high anorthite content in
plagioclase, it was impossible to recover the temperature information based on the
amphibole-plagioclase exchange geothermometers (Spear 1980, Holland and Blundy 1994).
For that reason, the sapphirine-spinel geothermometer was employed to reveal the
temperature data for sample U30 (Owen and Greenough 1991). Presence of sapphirine and
corundum in related samples corroborates their high P and T nature. Naturally, the
appearance of these minerals is greatly controlled by the bulk-rock silica deficiency, as well
as alumina enrichment (Tables Y-1-Y-2).
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Fig. 85. The P-T diagramme for thermobarometry of the KKOC metamorphic rocks (after Guilmette et al.
2008). Offered thermobarometric results are based on data presented in Table 5., Chapter 6.1.3. List of
employed geothermobarometres is overviewed in Chapter 6.1.3. Left picture presents data for amphibolites
and PI-Grt-Di gneisses. Right picture presents data of Grt-Di and Grt-Di-Hy amphibolites. Reaction curves:
(1), (2), and (3) from|Ernst and Liu (1988); (4), (5), and (6) from \Green and Ringwood (1967); (7), (8), and
(9) from Mukhopadhyay and Bose (1994); (11) and (12) from|Liu et al. (1996); (13) from Frey et al. (1991).

In silica-unsaturated systems the appearance of sapphirine denotes a progressive
silification, with a minimum pressure of 0.7 GPa and temperature of 650 °C (Williams 1984,
Gnos and Kurz 1994)). Operta et al. (2003) had reported a corundum occurrence in pargasitic
amphibolites of the Vijaka locality, formed at temperatures between 620 and 830 °C and
pressures of 0.6 to 1.0 GPa. Al-spinel and clintonite forming necklace-rims around corundum
formed under changing conditions, i.e. having required a higher water activity and moderate
P-T conditions (Nitch et al. 1985, |Liati 1988). The rest of the samples belonging to this
petrographic variety are characterised by lower equilibration pressures and temperatures
ranging from 0.21 to 0.61 GPa and 550 to 820 °C, respectively (Spear 1980, Holland and
Blundy 1994). Amphibole in those samples is Al-poor magnesio-hornblende. The patches of
clinopyroxene are of metamorphic origin, implying that these rocks have apparently attained
the amphibolite-granulite facies transition at ~650°C and ~0.8 GPa (Spear 1981, [EI-Naby et
al. 2000). Furthermore, according to the modelling of Ernst and Liu (1998), clinopyroxene
should be stable above around 700 °C in metabasite systems at a pressure of 0.8 to
1.0 GPa. Formation of clinozoisite and pumpellyite is characteristic for the sub-solidus
retrogressive changes, most clearly seen in ilmenite replacement by titanite (~ 600 °C,
sample 11C). Such a reaction is facilitated by hydration that followed a breakdown of the
upper-amphibolite or granulite-facies assemblage (e.g. |linicki 2002, [Liu 1996).

Mineral assemblages of the garnet-diopside amphibolite group dominantly comprise
garnet, amphibole, plagioclase, and clinopyroxene with minor titanite, ilmenite, rutile, calcite,
orthopyroxene, magnetite, chlorite, and xonotlite. This paragenesis is usually taken as
diagnostic for the high-pressure Opx-free garnet-clinopyroxene granulite subfacies, which is
taken as transitional between the intermediate orthopyroxene-plagioclase granulite subfacies
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and eclogite facies (Mukhopadhyay and Bose 1994, Pattison 2003). Referring to textural
features of those rocks, addressed in the previous chapter (e.g. garnet coronas, poikilitic
garnet and relict clinopyroxene porphyroblasts), a multi stage metamorphic history of this
petrographic variety is hypothesised. Firstly, the initial magmatic assemblage comprising
clinopyroxene and plagioclase was metamorphosed at high-pressure granulite facies
conditions, having experienced garnet formation (reaction curves 3 and 4 clinopyroxene and
plagioclase recrystallisation (clinopyroxene accommodates more octahedral Al, see Chapter
4.3.2.4.), and epitaxial substitution of clinopyroxene by edenitic to pargasitic amphibole. An
incipient isothermal decompression of these rocks is manifested by the appearance of
orthopyroxene and plagioclase symplectites, forming kelyphite coronas of garnet or emerging
as the outer-rim crystal necklaces around garnet (see Chapter 6.3.2.1.). The discrete
orthopyroxene rims developed over clinopyroxene porphyroblasts are bound to the same
metamorphic stage (reaction curves 8 and 9 in Fig. 85). The occurrence of ilmenite
intergrowing with titanite is frequently reported. Such a textural context leads to the
conclusion that this decompression stage was coupled by hydratisation or oxidation via the
ilmenite reaction with clinopyroxene and amphibole respectively (Harlov et al. 2006).
Reaction curves 3, 4 and 12 define the entrance of garnet and rutile into the system. The
presence of these minerals in MORB-derived metamorphic rocks indicates minimum
pressures of 1.0 to 1.2 GPa, regardless of the temperature (Ernst and Liu 1998). The
occurrence of clinopyroxene without orthopyroxene under such pressure should connote
peak values of temperature between 750 and 800 °C (Guilmette et al. 2008). The
geothermobarometric calculations based on the amphibole-plagioclase equilibrium yielded
temperatures ranging from 725 to 925 °C (Holland and Blundy 1994). The Fe-Mg exchange
geothermometres between garnet and clinopyroxene, as well as between garnet and
amphibole support these values, having provided a temperature span from 802 to 1028 °C
(Krogh 1988, |Graham and Powell 1984,|Krogh Ravna 2000). An isothermal character of
metamorphic evolution reported in these rocks is corroborated by data procured by the
usage of orthopyroxene-based geothermometres (780-1100 °C, |[Harley 1984, Lee and
Ganguly 1988, |Wells 1977, Brey and Kdohler 1990). Geobarometric data based on the Grt-
Cpx-PI equilibrium are consistent and range between 0.94 and 1.40 GPa (calibration of
Newton and Parkins 1982), whereas the exchange geobarometres, which include
clinopyroxene, yielded slightly lower pressures, varying from 0.90 to 1.30 GPa (Harley and
Green 1982,|Nickel and Green 1985, Paria et al. 1988, |Perkins and Chipera 1985).

The third petrographic variety is garnet-diopside-hypersthene amphibolite. The main
mineral assemblage is composed of garnet, clinopyroxene, plagioclase, amphibole and
orthopyroxene, whilst the minor phases are rutile and magnetite. The metamorphic history of
this rock variety is analogue to the previous one, with a difference in length of the last
metamorphic stage characterised by a drop of pressure and subsequent orthopyroxene
formation. Moderate P, and high T conditions lasted long enough to initiate the growth of
coarse orthopyroxene. Medium-sized orthopyroxene porphyroblasts usually embed
inclusions of amphibole, recording the last temperature raise of the system (D'el-Rey Silva et
al. 2007). As one might have expected, differences between the peak (Opx-free) and
medium-P post peak (Opx present) metamorphic conditions are more pronounced, recording
an average 0.15 to 0.20 GPa difference between the two (Table 5., see Chapter 6.1.3).
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The diopside-amphibole gneiss is characterised by the main mineral assemblage
composed of amphibole, clinopyroxene and altered plagioclase, whereas minor phases are
titanite, ilmenite, apatite and prehnite. This paragenesis implies elevated to moderate
temperature conditions, pointing to the lack of garnet as an intriguing occurrence. Due to the
plagioclase obliteration and aforementioned absence of garnet, it was impossible to acquire
any temperature information. Therefore, this rock variety was not depicted in Fig. 85.
Occasionally, Ti and Al-poor, Fe-enriched secondary amphibole is reported to grow on the
account of Ti-pargasite and clinopyroxene due to the post-peak metamorphic instability (0.26
GPa pressure).

The last petrographic variety is the plagioclase-garnet-diopside gneiss, composed of
major clinopyroxene, plagioclase, garnet, ulvospinel, and minor ilmenite, as well as titanite.
Apart the schistose texture and amphibole absence, this variety shows a certain degree of
resemblance to the Grt-Di amphibolites. The Fe-Mg exchange geothermometry yielded
spans of 726-1023 and 729-890 °C for the garnet-clinopyroxene pair and two pyroxenes,
respectively (Krogh 1988, Wells 1977, Brey and Kdéhler 1990). The geobarometric data for
this variety are reported to be comparably the highest, ranging from 1.10 to 1.60 GPa in
pressure (Newton and Perkins 1982, Harley and Green 1982, Paria et al. 1988, Perkins and
Chipera 1985). Such high pressures, lack of amphibole, and almandine-rich garnet may
present an indication of transitional eclogite-facies conditions. A similar metamorphic rock
had been found by|Pamic¢ et al. (1973) in the vicinity of the Vare$ locality. The authors named
this a ‘transitional eclogite’. As previously reported, the orthopyroxene encirclement of
clinopyroxene in form of tight border zones suggests an isothermal cooling that operated
over a short time. The rock is unusually rich in TiO; (~2.21 wt%), having resulted in an
ubiquitous ulvéspinel formation, which upon oxidation yielded Fe-rich ilmenite. Furthermore,
ilmenite was proved to be included or embayed by garnet, which, according to the reaction
proposed by Sengupta et al. (1999), implicates the garnet growth at the expense of iimenite
at 2 650 °C (Fe-ilmenite + plagioclase * quartz — ilmenite + garnet + oxygen).

6.3.2.3. P-T-t path of metamorphism

Based on previously discussed geothermobarometric calculations and textural
characteristics, hypothetical P-T-t paths or trajectories were constructed for four out of five
petrographic varieties of the KKOC metamorphic rocks. The remaining one is omitted due to
lack of thermobarometric data (diopside amphibolites). The first thoughts on the meta-
morphic evolution of analysed rocks were presented in Chapter 6.3.2.2., here presenting its
extension and further discussion.

The amphibolites are marked by the characteristic amphibole + plagioclase assemblage
which, depending on the rock sub-variety, include a set of other phases like corundum,
sapphirine and others. Peak values of pressure and temperature are estimated to be at ~
1.1 GPa and ~ 850 °C (trajectory a in Fig. 86). As amphibole changes its composition, by
transforming to magnesio-hornblende and/or actinolitic to edenitic hornblende, pressures and
temperatures slowly abate. Those rocks follow a cooler metamorphic path. The incomplete
retrograde assemblage indicating lower facies overprint of the high-grade metabasalts is
usually recognised by the presence of typical greenschist metamorphic phases (e.g. Onen
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and Hall 2000). Hence, the occurrence of actinolite, ferroan pargasite, titanite, albite and
epidote, are consistent with the final re-equilibration at pressure and temperature values of
0.2 GPa and 500 °C, respectively. The respective P-T-t path would have a clockwise loop
behaviour.

The second petrographic variety, garnet-diopside amphibolites, consists of clino-
pyroxene, plagioclase, garnet and amphibole with minor titanite, ilmenite, rutile, calcite,
orthopyroxene, and other phases. Although the P-T determination of peak metamorphic
conditions experienced a certain inconsistency due to the post-peak re-crystallisation, it is
elucidated that these amphibolites encountered a two stage metamorphic history. Initially, the
plagioclase-clinopyroxene magmatic assemblages underwent a high-pressure granulite
metamorphism at 1.1-1.3 GPa and 850-1100 °C (trajectory b in Fig. 86). Afterwards,
medium-pressure conditions were imposed, coupled by a slight thermal-relaxation heating
and orthopyroxene formation (~ 1 GPa, up to 1200 °C). The suggested scenario is enforced
by the presence of copious coronal textures of garnet, and clinopyroxene linked to this
decompression. The most liable tectonic environment, parental to these rocks, would
assume an ocean thrusting and subsequent intraoceanic subduction, since the
metamorphism clearly operated at mantle pressures (up to about 40 km).
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Fig.86. Hypothetical P-T-t paths for the four petrographic varieties of the KKOC meta-morphics (different
colours): a) Amphibolites, b) Grt-Di amphibolites, c) Grt-Di-Hy amphibolites, and d) PI-Grt-Di gneisses). The
drawing in upper left corner depicts nascent subduction- related domains of the particular rock varieties.
The P-T-t path of young oceanic lithosphere is from|Peacock et al. (1994).

Rocks belonging to the next petrographic variety, garnet-diopside-hypersthene
amphibolites, possess a more pronounced two-stage metamorphic evolution (trajectory c¢ in
Fig. 86). This is particularly well observed in their textural characteristics, defined by the
orthopyroxene blastosis and pronounced garnet coronal decomposition. Peak conditions are
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at ~ 1 GPa and ~ 850 °C, followed by a pressure drop of ~ 0.2 GPa. Both HP petrographic
varieties show signs of retrograde alterations like for instance, titanite formation or
plagioclase decomposition. However, low P and T values were not obtained, thus suggesting
that these rocks experienced a short-lived HP main metamorphic event, which was followed
by a medium pressure overprint, finally resulting with a rapid exhumation. Described
alterations, including the vein precipitation of prehnite, are ascribed to sub-solidus processes
related to the ophiolite emplacement. Like in the case of the amphibolite samples, for Grt-Di
and Grt-Di-Hy amphibolites, a clockwise loop P-T-f path is suggested.

The samples of plagioclase-garnet-diopside gneiss are featured by extreme pressure
conditions attaining 1.6 GPa, whereas peak temperatures oscillate between 750 and 1050 °C
(trajectory d in Fig. 86). The peculiar rock texture (orthopyroxene rims around clino-
pyroxene) implies a two-step decompression metamorphic evolution, although clear thermo-
barometric evidences is missing. Based on the pressure information, granoblastic textural
characteristics, garnet composition, and the lack of amphibole, the transitional eclogite facies
conditions and a clockwise P-T-t path are inferred.

It is very informative to notice that all suggested KKOC P-T-t trajectories are partly
compatible with the trajectory modelled by |Peacock et al. (1994), depicting a metamorphic
path of the young, slow-subducting ocean crust under the hot mantle at a constant shear.
This path is typical for most of the dynamothermal soles reaching their peak-metamorphic
conditions (e.g. |Guilmette et al. 2008, Onen and Hall 2000). The Krivaja-Konjuh meta-
morphites also followed this path until the peak metamorphic conditions were attained. The
overall space contraction of Jurassic Tethyan realm prevented further HP burial, having
caused the medium pressure-high temperature metamorphic overprint, and initiated the
buoyancy-driven exhumation of analysed metamorphites.

Compiling the textural and geothermobarometric data presented here, one can
speculate about the positions of particular domains of the subducted ocean crust that were
metamorphosed, having yielded a related variety of KKOC metamorphites. Thus, the PI-Grt-
Di gneiss presents the deepest part of the subducted slab (~ 30-42 km), followed by the Grt-
Di and Grt-Di-Hy amphibolites (~24-35 and ~ 24-30 km respectively). The shallowest
domains of the metamorphosed crust belong to amphibolites, approximating from 4 to 30 km
depths. A simple drawing depicting a hypothetical architecture of the subducted crust
metamorphism is provided as annexe of Fig. 86 (upper-left corner).

6.3.2.4. Geodynamic significance of metamorphism

The thermobarometric data estimated for the KKOC metamorphic rocks, along with their
mineral assemblages are highly consistent with those of many dismembered dynamothermal
soles, pointing to the genetically related metamorphites of neighbouring Tethyan ophiolites in
Albania (Mirdita zone), Serbia (Brezovica) and Greece (Pindos and Othrys zone) (e.g. |Gjata
et al. 1992, |Carosi et al. 1997, Karamata 1968| Pomonis et al. 2002, Gartzos et al. 2009).

Field textural evidence, radiometric data, as well as comprehensive petrogenetic
researches presented in this study, but also in Operta 2004, Operta et al. 2003, Pami¢ et al.
1977|, suggest that the Krivaja-Konjuh metamorphic rocks, along with prevailing ultramafic
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rocks, make a single entity. It leads to the conclusion that both domains experienced a
common Mesozoic history, characteristic for the entire CDOB (Central Dinaride Ophiolitic
Belt). A dismembered dynamothermal metamorphic sole origin, where heat is derived from
the hot overlying mantle peridotites, is thus inferred as the most liable. Values of high
pressure attained at metamorphic peak-conditions (up to about 1.6 GPa) put forward the idea
of an oceanic crustal thrust or subduction plane (up to about 40 km depth) as nascent to the
KKOC metamorphites. The model presented in Fig. 87a is proposed as an explanation for
the metamorphic rock genesis, notwithstanding the geodynamic schemes of the Krivaja-
Konjuh oceanic domain that question the existence of a single subduction plane of the
western Pindos ocean (Dinaric segment, see Chapter 6.2.1.1.).

Accordingly, the processes of an intraoceanic near-ridge thrusting have commenced in
the Oxfordian leading to a local overthrusting of the oceanic crustal succession (lower plate
Krivaja). The driving forces for the oceanic shortening, causing the north-dipping intraoceanic
thrusting are the large-scale Jurassic-Cretaceous compression induced by the northward
moving of Africa (Cavazza et al. 2004). High pressures in the sole rocks are thus explained
by the transport along the subduction zone to a depth of about 40 km, and subsequent two-
step decompression by exhumation. Young subducted mafic rocks were metamorphosed up
to the granulite, and possibly transitional eclogite-granulite facies, due to the crustal
thickening pressure increase (arc formation?), and the high temperature released from the
hot hanging wall of the subduction zone. Metamorphic assemblages were scrapped off from
the downgoing plate, being accreted to the upper one, facilitated by the continuing
subduction, which has been uplifting the entire pile. According to|Naby et al. (2000), the
proposed mechanism can best explain the rapid exhumations and further cooling without
significant retrograde alterations.

Metamorphic P-T-t paths have shown that the consumed crust was a ridge proximal as
suggested by a high correlation with the modelled P-T-t path of the young oceanic litho-
sphere (Peacock et al. 1994, see Chapter 6.3.2.3.). This is consistent with results of the
protolith study, suggesting that metamorphosed rocks partly have geochemical signatures
characteristic for MORB (see Chapter 6.3.1.). The rest of the analysed rocks are character-
ized by SSZ signatures. Keeping in mind the proposed model and SSZ imprint, one suggests
an aborted fore-arc spreading centre in the upper plate (Konjuh) as parental to these rocks.
Alternatively, they might be of arc origin (Fig. 87a). Regardless to the exact origin, they
ended up in a subduction zone in form of bulldozered olistoliths captured as mélange in the
trench. In the case of a non-single thrust plane (see Chapter 6.2.1.1.), the SSZ imprint
should be linked to another subduction front placed westwards.
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Fig. 87a-b. Reconstruction of the hypothetical geodynamic model by which the Krivaja-Konjuh meta-
morphic rocks (dynamothermal soles) were generated via an intraoceanic thrusting of the young oceanic
lithosphere. (a) Initial shortening of the Dinaride segment of Tethys in Oxfordian, leading to the near-ridge
upper-plate overthrusting; (b) architecture of late Jurassic sole formation with metamorphites being
scrapped off from the downgoing plate and accreted to the upper plate. Thereupon, both units are placed
on the lower-plate oceanic sequence, shortly prior the final ophiolite emplacement.

Thermobarometric data, reconstructed P-T-t paths, mineral parageneses, as well as
textural characteristics of analysed metamorphites, all being discussed in previous sub-
chapters, are quite coherent, indicating that each of the petrographic rock varieties
experienced particular metamorphic conditions. Hence, the amphibolites are inferred to
present the shallowest segment of the thrusted plane, being in direct contact with a hanging
wall. Furthermore, this variety solely depicts a clear gradation in retrograde metamorphism
from the upper segment of amphibolite facies toward the greenschist facies metamorphism.
At deeper mantle levels, dissociating from the thrust plane, garnet-diopside and garnet-
diopside-hypersthene amphibolites were formed, featured by an overall grain-size reduction,
clinopyroxene re-crystallisation, and garnet porphyroblasts formation. Both varieties have
passed a two-step cooling, followed by a rapid exhumation. Firstly, due to the pressure drop
and a subsequent short thermal increase, orthopyroxene emerged, whereas garnet depicted
a set of coronal textures. Afterwards, the course of metamorphism proceeded rapidly,
exhumating accreted metamorphites upwards. The plagioclase-garnet-diopside gneisses
experienced a similar two-step exhumation history. However, estimated pressures attaining
at about 1.6 GPa and a characteristic mineral assemblage suggest that these rocks might
have experienced the transitional eclogite-granulite peak metamorphism at a depth of about
40 km.

The pronounced compression resulted in the structuration of exhumed rocks at the
lower-plate level (Fig. 87b), before being obducted in form of dismembered ophiolitic
mélange at the margins of the Adriatic carbonate platform in late Jurassic. Those processes
finally shaped the whole complex, introducing a strong isoclinal faulting (Pami¢ et al. 1977).
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7. CONCLUSIONS

This doctoral study enrolled an extensive petrological and geochemical research of the
ultramafic and metamorphic segment of the Krivaja-Konjuh Ophiolitic Complex (NE Bosnia
and Herzegovina) yielding the following conclusions:

The KKOC, comprising dismembered peridotite blocks and minor metamorphites,
pyroxenites, dunites, gabbroides and chromitites, forms an allochthonous Jurassic
magmatic-sedimentary ophiolite, which is characteristic for most of the CDOB ophiolites.

Peridotites are composed of olivine, orthopyroxene, clinopyroxene, spinel and
occasionally plagioclase and amphibole. Most of the samples are characterized by a
mantle porphyroclastic texture.

Most of the KKOC peridotites are fertile MOR Iherzolites, which according to the list of
differences in modal mineralogy, along with the phase and bulk-rock chemistry have
been divided in: (a) spinel Iherzolites and (b) plagioclase Iherzolites.

The main equilibration took place under temperatures and pressure that correspond to
809 to 1012 °C and 1.2 to 2.0 GPa (ca 40-65 km depth), respectively.

Final subsolidus reequilibration occurred at temperatures under 550 to 682 °C and
pressures < 1.0 GPa.

The chemical composition of spinel in conjunction with REE normalisation trends
constrain the average batch melting degree of the KKOC mantle portion to ~7.7 %,
which points to an oceanic crust thickness of about 5.4 km coupled by an average ridge
spreading-rate of 32 mm/year.

The most eastern part of KKOC is reported to have geochemical parameters (primary
amphibole, Cr-spinel etc.) characteristic for a SSZ-type of geotectonic setting.

Plagioclase growths are linked to subsolidus equilibration and melt metasomatism of
lithospheric mantle in the MOR-type geotectonic setting.

Pyroxenites crop out only sporadically in close association with dominant plagioclase
Iherzolites.

The mineral paragenesis of pyroxenites comprises big euhedral grains of ortho- and
clinopyroxene, which define a recondite cumulate texture. The intercumulus space is
occupied by small to medium-grained mosaic olivine and rarely spinel.

Petrological and geochemical evidence suggests that KKOC pyroxenites formed at high
pressures and temperatures, suggesting a relatively deep origin of ultramafic cumulates.
The crystallisation took place in thermal conduits, located under the ocean ridge system,
where significant cooling of conductive melt occurs.

Dunites posses typical cumulate texture, containing major olivine (~ 90 vol.%) and some
minor olivine and spinel.

Dunite geochemistry reveals its refractory nature that underwent an extensive melting in
a SSZ-type of geotectonic setting, also influenced by boninitic fluid impregnation
processes.
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In close association with dunites, the chromitite emerges, characterised by high Cr
content of spinel (Cr# = 80).

It was inferred that KKOC dunites and associated chromitites actually represent the
uppermost part of the transitional zone (crust-mantle transition), formed by crystal
fractionation from a hypothetical crustal magma chamber. This process was followed by
an intensive melt-rock metasomatism. Initially, the chromitites segregated from the
invading (boninitic) melt, which subsequently percolated into neighbouring rocks,
producing dunites.

Metamorphic units of KKOC are reported to form an elongated domain between the two
main peridotite masses (Krivaja and Konjuh), having the main metamorphic portion in the
south, near the villages Dubostica and Vijaka.

Textures of the metamorphic rocks are either crystalloblastic or porphyroblastic. The rock
structures are more often than not parallel, showing an alternation of ‘white’ and ‘black’
rock segments.

Several rock varieties have been recognised within the KKOC metamorphites. Those are:
(1) granoblastic amphibolite, (2) Grt-Di amphibolite, (3) Grt-Di-Hy amphibolite, (4)
diopside amphibolite gneiss, and (5) PI-Grt-Di gneiss.

Major and trace element geochemistry, as well as petrographic data show that ~ 2/3 of
the KKOC metamorphites bear geochemical signatures of mafic to ultramafic gabbroic
rocks (SSZ-type setting), whereas the rest corresponds to more evolved basalts of
tholeiitic affinity (MOR-type setting).

Geothermobarometric calculations, based on the chemistry of different coexisting
minerals, vyielded ranges of temperature and pressures for the different KKOC
petrographic varieties: ~880 °C and 0.90-1.30 GPa for granoblastic amphibolites, 802-
1028 °C and 0.94-1.40 GPa for Grt-Di amphibolites, 0.84-0.89 GPa for Di amphibolites
and 729-890 °C and 1.10-1.60 GPa for PI-Grt-Di gneisses.

Hypothetical clockwise P-T-t paths or trajectories were constructed, suggesting that the
PI-Grt-Di schists present the deepest part of the subducted slab (~ 30-42 km), followed
by the Grt-Di and Grt-Di-Hy amphibolites (~ 24-35 and ~ 24-30 km respectively). The
shallowest domains of the metamorphosed oceanic crust are represented by the
granoblastic amphibolites, generated at depths of 4 to 30 km.

The generation of the KKOC commenced in the Late Triassic by opening of the Pindos
ocean and subsequent Late Triassic to Early Jurassic spreading of the Dinaridic Ocean
through the detachment of the Drina-Ilvanjica microplate from the Adriatic microplate.

The extensional processes might have lasted for some 30 to 40 Ma, when in the Early to
Middle Jurassic (Bajorcian-Taorcian period), due to the continuous northward movement
of Africa, an intra-oceanic NE-dipping subduction took place, indicating the overall space
shortening.

Strong petrological and geochemical evidence implies the proximity of Dinaric intra-
oceanic subduction zone and KKOC mantle domain. Furthermore, in order to reconcile
the features of two contrasting geotectonic settings (MOR and SSZ) displayed by almost
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all KKOC lithological units, one suggests that a subducted slab must have been placed
under the Krivaja-Konjuh mantle domain.

The metamorphic sole is also related to such a defined inter-oceanic subduction and
underplating of the cold oceanic crust under the hot mantle wedge. Part of the oceanic
crust is found deeply subducted, having recorded the highest metamorphic grades.

During the Late Jurassic to Early Cretaceous transition period, the subduction trench
collided with the Adriatic microplate, and the KKOC among other CDOB ultramafic
complexes was thrusted southwestwards on the Adriatic carbonate platform.

Throughout the emplacement, the eastern KKOC mantle portion most probably was
tectonically exhumed along the ancient subduction channels, causing an erosion of the
overlying plagioclase-containing lithospheric mantle (impregnation zone). This resulted in
the present-day exposure of spinel Iherzolites of the Konjuh domain at the same altitude
with the plagioclase |herzolites of the western Krivaja segment, whereas the metamorphic
soles are found situated in-between the two.
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