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ABSTRACT

High-grade metamorphic soles in NE Bosnia and Herzegovina make part of the Krivaja-Konjuh ophiolite complex (KKOC), which is one of the most im-
portant constituents of the Jurassic ophiolite mélange of the Central Dinarides. Several rock types were distinguished within the investigated metamorphic
suite - sapphirine and corundum amphibolites, garnet-clinopyroxene+orthopyroxene amphibolites, clinopyroxene+garnet amphibolites, amphibolites per se
and clinopyroxene+plagoclase+garnet gneisses. Peak temperature and pressure conditions calculated from different mineral pairs were estimated to range be-
tween 850 and 1100°C at 1.1 to 1.3 GPa. A prograde multi-stage metamorphic history of analyzed rocks was followed by the post-peak relaxation witnessed
in decomposing porphyroblasts of garnet and ubiquitous formation of amphibole and orthopyroxene rims around clinopyroxene. The whole-rock chemical
composition of magmatic protoliths largely defines it as cumulates from supra-subduction zones and scarcely as MORB-like tholeiitic mafic extrusives. Their
origin is linked to near-ridge crust generation of a back-arc basin. Following the Middle Jurassic contraction of Neotethyan a portion of these rocks was likely
entrained in an incipient subduction/thrusting system characteristic for the formation of metamorphic soles. According to geological evidences, and most no-
tably, the age of radiolarians taken from KKOC basalts, the formation of metamorphic sole rocks must have followed a rapid transition in the Dinaridic

Neotethys geotectonic setting before its final obduction onto the Adria margins in the next 15 Ma before the end of Jurassic.

INTRODUCTION

Metamorphic sole rocks accompany most of the Tethyan
ophiolite complexes. They present high-grade metamorphic
rocks that formed at temperatures of up to 1100°C, which
structurally underlie the ophiolites (e.g. Pami¢ et al., 1973;
Jamieson, 1986; Guilmette et al., 2008). The protoliths of
these rocks are ocean-floor metabasites and, to a lesser ex-
tent, pelagic sedimentary rocks. Metamorphic conditions
leading to the formation of the sole rocks are governed by
high-temperatures and variable pressures existing below the
hot sub-oceanic mantle of subduction zones (Gnos and Pe-
ters, 1993; Pamic et al., 2002). Geotectonic environments
where metamorphic soles readily occur are the intraoceanic
subduction zones in which metamorphism is linked to the
onset of subduction regime (Lézaro et al., 2013). In other
words, sole metamorphism usually denotes a change in
ocean-floor dynamics (Dilek and Flower, 2003). This is the
reason why metamorphic soles associated to ophiolites are
studied worldwide, providing key information on ocean de-
velopment and ophiolite emplacement history (e.g. Celik and
Delaloye, 2006; Guilmette et al., 2009; gegvié etal., 2016).

This contribution investigates the high-grade metamor-
phic sole rocks associated to mantle ultramafites of the Kri-
vaja-Konjuh ophiolite complex (KKOC), which is the
biggest ophiolite complex in the Dinarides (Fig. 1). The
Jurassic ophiolites of the Dinarides emerge as a narrow

elongated zone that makes part of the Alpine-Himalayan-
Tethyan orogenic belt (Robertson, 2002). Two belts of ophi-
olites are recognized in the Dinarides - the Central Dinaridic
Ophiolite Belt (CDOB) in the west and the Vardar Zone in
the east (Fig. 1). Both belts extend continuously to the south
and are primarily composed of ophiolitic mélange consist-
ing of magmatic blocks and various genetically-related sedi-
mentary rocks (Dimitrijevi¢ and Dimitrijevi¢, 1973). Recent
palacogeographic concepts advocate that Dinaridic ophio-
lites originate from the same marginal embayment of the
Neotethys formed by westwards thrusting, which resulted in
the current structural position of ophiolite units and related
ophiolite mélange in the Dinaride-Hellenide nappe stack
(Pami¢ et al., 1998; Gawlick et al., 2008; Schmid et al.,
2008; Ustaszewski et al., 2010; Chiari et al., 2011; Bortolot-
ti et al., 2013; Faul et al., 2014; Tremblay et al., 2015). An
alternative approach favours the formation of spatially and
geochemically distinct ophiolite domains from the two dis-
crete oceanic branches of the Neotethys (Smith and Spray,
1984; Lugovi¢ et al., 1991; Robertson et al., 2013), which
present a north-west continuation of the two oceanic do-
mains recognized in the Hellenides (i.e. Pindos and Vardar
basins, e.g. Ferriere et al., 2012).

The occurrences of metamorphic sole rocks in the Dinar-
ides are not rare and, in addition to KKOC, major sole out-
crops are documented throughout the mountain range (Pamic
and Majer, 1973; Okrusch et al., 1978; Majer and Lugovic,
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1985; Robertson and Karamata, 1994; Sreckovi¢-Batocanin
et al., 2002; Milovanovi¢ et al., 2004; Palinkas et al., 2008;
Chiari et al., 2011). The age of metamorphism has been re-
ported by several authors (Lanphere et al., 1975; Pamic et al.,
2002; Karamata et al., 2005; Karamata, 2006) ranging be-
tween 181 to 146 Ma. This age correlates with the dating of
radiolarian assemblages found in the chert-rich shaley to silty
matrix of the Krivaja-Konjuh ophiolite mélange that was
shown to be from Late Bajocian to Early Bathonian (Segvi¢
et al., 2014). Metamorphic soles in the Dinarides are usually
lithologically diverse comprising of rocks from greenschist to
granulite facies (Pamic et al., 2002; Milovanovi¢ et al., 2004;
Segvi¢, 2010). High-grade amphibolites and granulites are
most abundant, and show a wide range of compositional and
textural characteristics emerging predominantly as discontin-
uous thrust sheets below the blocks of peridotite (Roksandic,
1971, Chiari et al., 2011). Deformation features such as
strikes of foliation overprint the sole and adjacent ultramafic
rocks suggesting that both lithologies were folded together
(Popevi¢ and Pamic¢, 1973). The peak metamorphic condi-
tions for Vardar Zone high-grade soles were estimated to
range from 0.50 to 1.20 GPa at temperatures greater than
800°C (Milovanovié et al., 2004). In the CDOB, however,
the P-T condition estimates rely on older literature (Pamié et
al., 1973), which suggests that pressures range from 0.74 to
0.92 GPa at 650 to 750°C. Operta et al. (2003) provided P-T
constraints for the KKOC corundum-bearing amphibolites
fitting the range of 0.60 to 1.00 GPa at 620 to 830 °C. The
whole-rock geochemistry of these rocks conforms with the
nature of their oceanic igneous protoliths, which either points

Fig. 1 - Geotectonic schematic map of SE Eu-
rope showing Tethyan ophiolites stretching
P parallel to the Dinarides. The rectangle indi-
cates a position of the Krivaja-Konjuh ophio-
lite complex (study area). Map modified after

’ Robertson (2002).

to cumulate gabbros or genetically related diabase-like rocks
as plausible precursors (e.g. Pamic et al., 2002; Milovanovi¢
et al., 2004; Chiari et al., 2011). The mid-Jurassic metamor-
phic sole formation in the Dinarides marks a period of transi-
tion in the evolution of the Dinaridic Neotethys from ocean
floor spreading to shrinking, ultimately leading to intraocean-
ic subduction and obduction processes. The onward obduc-
tion of the oceanic lithosphere ceased with the deposition of
ophiolitic mélange on northern Adria margins in the footwall
of the main mass of ultramafites and their associated meta-
morphic soles (e.g. Pamic et al., 2002; Chiari et al., 2011).
Despite the fact that the timing of ophiolite-related meta-
morphism in the Dinarides is relatively well known (Lan-
Ehere et al., 1975; Pami¢ et al., 2002; Karamata, 2006;
Segvic¢ et al., 2014), no sufficient information exists to ef-
fectively constrain metamorphic conditions and petrogenetic
processes that gave rise to the formation of metamorphic
sole rocks in the Central Dinarides (especially in its western
part, where modern analytical data are lacking or are not
comprehensive). This research aims to contribute along
those lines by presenting a thorough report on the overall
mineralogical, petrological and geochemical characteristics
of metamorphic rocks reported from the biggest ophiolite
complex of the Dinarides (i.e. KKOC). Covering an area of
40 km?, this large rock exposure is largely diverse with re-
gards to its metamorphic parageneses (from granoblastic
amphibolites to diopside gneisses), which provides an excel-
lent petrological playground to study metamorphic sole gen-
esis and plausible geodynamic scenarios responsible for its
formation. Data on metamorphic sole from this part of the



CDOB, which is interpreted in conjunction with the related
occurrences from the eastern parts of the Dinarides, Alban-
ides and Hellenides, are essential for better comprehension
of the late-stage dynamics of Dinaridic Neotethys during the
period of Late Jurassic.

GEOLOGICAL SETTING

The ophiolite zone in the Dinarides presents a narrow
and elongated portion of Alpine-type ultramafites and asso-
ciated mafic and metamorphic sole rocks that extend from
south of Zagreb, Croatia, and stretches further to the south-
east through Bosnia and Herzegovina and west Serbia con-
tinuing south-west-wards to the Mirdita ophiolites in Alba-
nia (Fig. 1; e.g. Pami¢ et al., 1998; Karamata, 2006). Nu-
merous occurrences of ophiolitic rocks are documented in
the Dinarides, from relatively smaller rock blocks (m to km-
size) usually being entirely altered to large sheets (massifs)
covering as much as 1000 km? (e.g. Trubelja et al., 1995).
The ophiolites are embedded in a mélange (Fig. 2; e.g. Dim-
itrijevi¢ and Dimitrijevi¢, 1973; Segvi¢ et al., 2014). This
mélange originated by tectonic deformation and at least
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partly by olistostrome mechanism and it consists of a
sheared pelitic to silty matrix wherein besides the igneous
rocks of various provenances the blocks of different sedi-
mentary rocks are encountered (Pamic et al., 2002). The
larger ophiolite complex, such as Krivaja-Konjuh, presents
thrust sheets with the mélange being found in the footwall
(Fig. 3; Tari, 2002). The emplacement of ophiolites in the
Dinarides is linked to the initial oceanic crust décollement
and subsequent obduction of the Late Jurassic crust along
the continental passive margins of Adria (e.g. Pamic et al.,
1977; Chiari et al., 2011). In terms of mineralogical compo-
sition, larger blocks and/or sheets often preserve undis-
turbed and, occasionally, complete ophiolite sequences
(Pami¢ and Desmons, 1989), whereas smaller ophiolite
blocks normally consist of one rock type only (Pamic et al.,
2002). The metamorphic sole rocks usually occur as narrow
zones (100 to 1000 m wide) around the main ultramafic
blocks and/or sheets (Pamic et al., 1973).

The Krivaja-Konjuh ophiolite complex in NE Bosnia-
Herzegovina (Fig. 1) has a surface of about 650 km? and
shows a distinct NW-SE elongation, with the longer axis be-
ing around 40 km and the shorter of maximally 20 km in size
(Fig. 2; Pami¢ et al., 1977; Pami¢ and Hrvatovi¢, 2000).
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Fig. 2 - Simplified geological map of the Krivaja-Konjuh ophiolite complex. Modified after Pami¢ (1968; 1970), and Pordevi¢ and Pami¢ (1972). Sampling
locations of metamorphic sole rocks (1-11) are provided with details available in Table 1. Sampling locations of mafic rocks are from Babaji¢ (2009) with ref-
erence to Table 5. The SW-NE cross-section A-B depicts a tectonic nature of the contact between large blocks of ultramafites and subordinate mafic rocks.



According to seismic profiles, the complex renders a basal
and slightly concave sheet with an estimated maximal thick-
ness of 2 km (Roksandié, 1971). The sheet is separated in (at
least) two large blocks, Krivaja, the western block made of
amalgamated ultramafites and associated mafic rocks, Kon-
juh, the eastern and relatively coherent block predominantly
represented by peridotites (Fig. 2; Pami¢, 1970; Dordevié
and Pamié, 1972). Integral part of this complex makes a
smaller, a few kilometres large bloc, and Zep&e, placed at the
most NW of the complex. It consists of ultramafic rocks and
some minor metamorphic sole rocks (Fig. 2). Being detached
as solid parts of the oceanic crust and later tectonically incor-
porated in the mélange matrix these ophiolite blocks are lo-
cally thrust onto the lower portion of mélange matrix (Fig.
3). A complete Krivaja-Konjuh ophiolite sequence is thrust
on Early and Middle Jurassic non-ophiolitic sedimentary se-
quences, and is overlaid by the Cretaceous basinal Pogari
formation (Fig. 3; Pami¢, 1970; Hrvatovi¢, 2006). The
mélange of the Krivaja-Konjuh ophiolite complex presents a
chaotic lithological unit in which primary depositional se-
quences are rarely preserved due to subsequent tectonic ac-
tivity. It is furthermore characterized by pelitic to silty matrix
featured by decimetre to several hundred meters size blocks
of oceanic crust merged with Palaeozoic to Jurassic carbon-
ate and clastic sedimentary rocks (Fig. 2; Tari, 2002). The
occurrence of barely preserved Jurassic foraminifera (Vidalina
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martana, Glomospira sp., Cristellariasp., Pami¢ and Hrva-
tovié, 2000) documented from micrites interlayered with
shales and greywackes is consistent with the Latest Bajocian
to Early Bathonian radiolarian assemblage obtained from
chert-rich shaly to silty matrix, which effectively defines the
Late Jurassic age of ophiolite mélange (Fig. 3; Segvic et al.,
2014). The Krivaja-Konjuh ophiolite complex is largely
made of lherzolite (~ 80%; Pamié, 1968; Pamic, 1970;
Pordevi¢ and Pamié, 1972) with some minor occurrences of
dunite and pyroxenite (Pamic et al., 1977; Maksimovi¢ and
Majer, 1981; Maksimovi¢ and Kolomejceva—Jov%novic’,
1987; Lugovi¢ et al., 1991; Trubelja et al., 1995; Segvié,
2010). Gabbro is the main mafic rock type often featured by
distinctive cumulitic textures and is usually reported as being
associated with the large ultramafic blocks (Pami¢ et al.,
1977; Babaji¢, 2009; Suica et al., 2018). The contact of the
main peridotite block with mélange rocks is solely tectonic
with an enhanced serpentinization of peridotites reported
along the contact zones (Pamic et al., 1977).

The eastern ultramafic block - Konjuh - conformably
overlies a zone that is up to a 10 km long and several hun-
dred meters wide consisting of metamorphic sole rocks,
which are composed of greenschist to granulite facies rocks
(Fig. 2; Pamic et al., 1977; Operta et al., 2003; Segvi¢,
2010). Minor amounts of metamorphic sole rocks are also
observed further to the northwest in an area that follows the

LEGEND

T i =5 "Pogar” formation
Al 1835%?@ FrEn {al!ugvial deposits)
Basalts with
radiolarites

Mafic rocks with
diabase dykes

- Gabbros

Peridotites and other
ultramafic rocks with
gabbro dykes
Metamorphic sole
rocks

166.9+5.7
178.0

/: Ophiolite mélange

Bajocian )
Marles, limestones

Vishnevskaya Segvi¢ et al., 2014
et al. 2009 o
201.340.2 91,2
Hettangian

208.5
Rhaetian
T23
247.2
Anisian

170.0+1.4

and radiolarites

- Massive limestones

-wew=na  [FANsgression
T Thrust

Tectonic contact

Fig. 3 - Composite stratigraphic section of the KKOC with a zoomed section that depicts the composition of the ophiolite mélange. Constructed after basic ge-
ological map of Yugoslavia (Pamié, 1968; 1970; Pordevi¢ and Pami¢, 1972). Time scale after Gradstein and Ogg (2012). Late Triassic age based on palaeon-
tological evidences (Pami¢, 1968). Early and Middle Jurassic age described from non-ophiolitic sedimentary sequences (Vishnevskaya et al., 2009). Middle
Jurassic age documented from the radiolarian assemblages found in the chert-rich shaley to silty matrix of the ophiolite mélange (Segvi¢ et al., 2014). Early
and Middle Jurassic age of amphibolites and gabbros based on radiometric dating (Lanphere et al., 1975 and Babaji¢, 2009, respectively). Cretaceous age of
the “Pogari” series inferred on palaeontological evidences (Tintinopselcarpathica, Tintinopsellaoblonga, Lithostrobus sp., Calponellopsis sp., Jovanovi¢,

1961; Hrvatovic¢, 2006).



main fault that separates two ultramafite blocks (Fig. 2;
Segvié, 2010). Metamorphic sole rocks are suggested to rep-
resent the deepest portion of the Jurassic ophiolite sequence,
which is thrust onto the basal section of ophiolitic mélange
matrix (Fig. 3). The contact with the mélange was not docu-
mented neither in this study nor in any of earlier works in
the area (Pamic et al., 2002 and references therein). On the
other hand, the joining of metamorphic sole rocks and the
overlying ophiolite member consisting of peridotites, gab-
bro-peridotites and gabbros (Fig. 3) is either primary (Fig.
4a-b) or more rarely tectonic (Fig. 4c-d). The metamorphic
sole rocks in the area of Vijaka and Dubostica (Fig. 2) show
a clear lithological zonation with granulite facies rocks that
are exposed proximally to the contact with peridotites, while
the rocks belonging to amphibolite and epidote-amphibolite
facies normally occur relatively farther from the contact
(Pamic et al., 1977; Segvié, 2010).

Compositions of a range of mafic rocks cropping out
within the Krivaja-Konjuh ophiolite complex (analyses tak-
en from Babaji¢, 2009) were examined in a search for plau-
sible protoliths of the investigated metamorphic sole. Com-
pared to ultramafites, mafic rocks are less frequent, making
about 10% of the entire massif (Pamic¢ et al., 1977). They
are principally encountered in the centre of the massif

(PamicC et al., 1977) and along its eastern and northern mar-
gins (Trubelja, 1961; Risti¢ and Likar, 1967). According to
Babaji¢ (2009), mafic rocks of Krivaja-Konjuh consist of
massive intrusives (isotropic gabbroides and some minor
troctolites), extrusives (basalts, spilites, dolerites), and spo-
radic dykes composed of microgabbros and gabbronorites.
Isotropic gabbroic rocks (gabbros, gabbronorites, amphibole
gabbronorites, and anorthosites) constitute the most abun-
dant mafic variety in the Krivaja-Konjuh ophiolite complex
largely cropping out at DuboStica and Ribnica (Fig. 2).
Rocks are partly characterized by secondary mineral assem-
blages made of albite, prehnite, and tremolite-actinolite,
which is compatible with very-low grade to low grade meta-
morphic overprint. Troctolites of Gostoviéi and Maoce (Fig.
2) represent the cumulate mafic to ultramafic rocks. Olivine
and plagioclase emerge as cumulate phases, while intercum-
ulus liquids gave rise to the crystallization of minor clinopy-
roxene. Extrusive rocks have a massive texture (basalts and
dolerites of Ribnica and Dubostica, Fig. 2) and only rarely
are they reported in form of pillow lavas characteristic for
submarine volcanism (spilites of Ribnica and Mitrovi¢i, Fig.
2). Solely dolerites stand for relatively fresh extrusive rocks
with the typical ophitic to intergranular texture. Dykes of
extrusive rocks (diabases/microgabbros) are reported in the

Fig. 4 - (a) and (b) Field photographs showing a primary contact between metamorphic sole rocks (A) and serpentinized peridotites (P) in the vicinity of
Zep&e (Fig. 2), (c) and (d) Photographs showing a tectonic contact between metamorphic sole rocks (A) and serpentinized peridotites (P) in the area of Ribnica

(Fig. 2).



host basalts and spilites (Ribnica, Fig. 2). They are fresh and
commonly show quench textures at the contact with the sur-
rounding rocks. Dykes of intrusive rocks (gabbronorites) are
typically reported cutting the foliated lherzolites that are
characterized by clusters of pyroxene set in a medium to
small grained olivine matrix (“berry-like” lherzolite, Segvié,
2010). Gabbronorite dykes are dominated by plagioclase,
which is in turn responsible for their leucocratic appearance.

MATERIALS AND METHODS

The rocks were sampled from 11 localities (Table 1)
scattered within the large amphibolite mass at the south of
the complex (Fig. 2; Vijaka and Dubostica localities) and in
the smaller outcrops placed along the major fault zone that
separates the two main ultramafite blocks (Fig. 2; Krivaja,
Krivaja-Vozuéa, Maoca, and Careva Cuprija localities). In
the latter case the rocks were gathered either from fresh out-
crops (Maoca, Careva Cuprija) or, in the event of outcrop
unavailability, from the coarse sediment (boulders) recov-
ered from mountain streams rich in high-grade metamorphic
pebbles (Krivaja and Krivaja-Vozuéa). Additional sampling
localities encompassed a metamorphic terrain in the vicinity
of the town of Zepce (Fig. 2), which represent a tectonically
displaced part of the Krivaja-Konjuh ophiolite complex that
crops out along the creeks of Ograjna (Pamié et al., 1977
and references therein) and Papratnica (gegvié et al., 2014).
From a total of 67 thin-sections, 19 representative samples
were analyzed by microbeam techniques (SEM-EDS and

EPMA) and geochemical whole-rock analyses (XRF and
ICP-MS). An overview on the sample selection with the
corresponding rock types and field information is provided
in Table 1, while Table 2 offers more details on metamor-
phic rock types and their critical mineral parageneses.

The chemical composition of minerals was measured by
electron probe microanalyzer (EPMA) at the Institute of
Geosciences (University of Heidelberg/Germany) using a
CAMECA SXS51 equipped with a five wave length-disper-
sive spectrometers. Operating parameters include 15 kV ac-
celerating voltage, 20 nA beam current, ~ 1 um beam size,
and 10 seconds counting time for all elements. Natural min-
erals, oxides (corundum, spinel, hematite, and rutile), and sil-
icates (albite, orthoclase, anorthite, and wollastonite) were
used for calibration. The measurements relative error was
less than 1%. Raw data were corrected for matrix effects us-
ing the PAP algorithm (Pouchou and Pichoir, 1984; Pouchou
and Pichoir, 1985) implemented by CAMECA. Mineral
phase formula calculations were done using a software pack-
age designed by H-P. Meyer (University of Heidelberg/Ger-
many). The rock textures and morphology of the main min-
eral phases in the same set of samples have been investigated
by scanning-electron microscope equipped with an EDS sys-
tem (SEM-EDS). The instrument used is Leo 440 REM with
an integrated Oxford Inca EDS installed at the Institute of
Geosciences (University of Heidelberg/Germany). A variety
of acceleration voltages and beam size conditions were em-
ployed to assure the best imaging conditions.

Whole-rock chemical analyses were done by the X-ray
fluorescence (XRF) and inductively coupled plasma-mass

Table 1 - List of sampling localities and types of metamorphic rocks investigated.

Types of metamorphic

Locality Samples Fig. 2 GPS rocks (Table 2) Rock texture Rock structure
Krivaja MK2 1 2?2%‘;%%’ metagabbro (MC) porphyroblastic ba;; (?izfe?jnd
s e PO s e
Maoca GR7, R8 3 ‘Zigizg%’ metagabbros (MC) porg?:;:gg::igz Egg;) 4 massive
gj;ﬁ;j: cc1 <4 ‘;952%25?1%' metagabbro (MC) porphyroblastic massive
S‘i‘:g:; V1, U40 5 ?593%85‘1%’ metagabbros (MC) porphyroblastic baf"o‘ljiz‘t’e?j”d
e soun Vax 6 O g S e
Duﬁzrs'ttrlca uz22 7 122%25;?5’ metagabbro (MC) porphyroblastic bapo clji:(tie?jnd
T R B T
Pfgiiii-ca Z1C 9 éi%%gii’ metabasalt gneissic banded
5;2?:;1 10D 10 Ei;%é_:g;’ metabasalt gneissic banded
Ozg?;f:a_z 11C 11 ‘:3?129{;32318‘ metabasalt granoblastic massive

MC- meta-cumulate.



Table 2 - Classification and mineral parageneses
of the Krivaja-Konjuh metamorphic soles.

META-CUMULATES (MC) METABASALTS (MB)
Meta-
troctolites  Metagabbros
] Grt+ Cpx
Spr-bearing o pegring Cpx + Grt amphibolite
amphibolite b
amphibolite
Samples CC1,
u22, MK2,
Sample U30 GR7. V1. X1, Samples 11C, DU5
u40, v4
Crn-bearing b .
amphibolite Amphibolite Cpx + Pl £ Grt gneiss
Sample U29 S"mﬁ’gg R4, Samples 10D, Z1C
MAIN MINOR
SAMPLE ROCK TYPE PHASES PHASES
Spr-bearing
u3o amphibolite ~ Amp, PI, Czo Spr, Sp
(MC)
Crn-bearing
S Czo, Ct, Pmp,
u29 amphibolite  Amp, PI, Crn, Ce, Cpx, Sp
(MC)
Grt+ Cpx £
Opx-bearing  Grt, Amp, PI,
ot amphibolite Cpx, Rt Tin, Co. lim
(MC)
Grt+ Cpx £
Opx-bearing  Grt, Amp, PI,
MK2 amphibolite Cpx, Opx W
(MC)
Grt+ Cpx £
Opx-bearing  Grt, Amp, PI,
GR? amphibolite Cpx, Opx it
(MC)
Grt+ Cpx
Opx-bearing  Grt, Amp, P,
& amphibolite Cpx, Opx L
(MC)
Grt+ Cpx £
Opx-bearing  Grt, Amp, PI,
a2 amphibolite Cpx Chi
(MC)
Grt+ Cpx
Opx-bearing  Grt, Cpx, P,
A amphibolite Amp, Opx RE M
(MC)
Grt+ Cpx £
Opx-bearing  Grt, Cpx, PI,
Y40 amphibolite Amp, Opx Rt, Mt
(MC)
Grt+ Cpx £
Opx-bearing  Grt, Cpx, PI,
va amphibolite Amp, Opx e
(MC)
Amphibolite ~ Amp, PI, Ttn,
R8 (MC) Prh lim, Ap, Chi
Amphibolite ~ Amp, PI, Ttn,
uz3 (MC) Prh lim, Ap, Chl
Cpx = Grt
SEAT Amp, Pl, Czo, Ttn, Ap, Pmp,
11C amphibolite
(MB) Prh, lim, Cpx Chi
Cpx + Grt
DU5 amphibolite G’é im,?t' np" Xo
Cpx + Pl + Grt Ttn, lim, Ap,
10D gneiss (MB)  ~\™P: CPx, Pl Prh
Cpx+Pl+Grt Grt, Cpx, PI,
Z1c gneiss (MB)  Sp, Opx, Iim Tn

spectrometry (ICP-MS) on a set of 19 selected samples.
Conventional energy dispersive XRF, using the Siemens
SRS 303 instrument, was performed at the Institute of Geo-
sciences (University of Heidelberg/Germany), whereas the
ICP-MS measurements were done at the Bureau Veritas
(ACME) laboratory in Vancouver, Canada. The XRF mea-
surements were carried out on glass beads obtained by
Li,B,O, powder fusion in a platinum crucible at 1150°C.
For microelements, beads produced by pastel ceramic-pow-
der pressing, were used. Repeated analyses of different sam-
ple aliquots indicated a relative standard deviation of +5%.
The accuracy of the analyses with respect to the USGS in-
ternational reference standard DNC-1/A for macro elements
fits the range of £8%. The ICP-MS measurements were per-
formed on 0.2 g of sample, which followed a lithium metab-
orate/tetraborate fusion and diluted nitric digestion. Loss on
ignition (LOI) was acquired by weight difference, after igni-
tion at 1000 °C. The quality of the analyses was monitored
by comparison to standard samples provided by ACME.
Geothermobarometric calculations are based on the com-
positions of thermodynamically equilibrated pairs of differ-
ent mineral phases. Metamorphic temperatures were estimat-
ed using the geothermometers of Spear (1980) and Holland
and Blundy (1994) (amphibole-plagioclase), Krogh (1988)
(garnet-clinopyroxene), Harley (1984) and Lee and Ganguly
(1988) (garnet-orthopyroxene), Graham and Powell (1984)
and Krogh Ravna (2000) (garnet-amphibole), and Wells
(1977) and Brey and Kohler (1990) (two pyroxenes). For the
estimation of metamorphic pressures, the following geo-
barometers were employed: Schmidt (1992) (Al in amphi-
bole), Newton and Perkins (1982) (garnet-clinopyroxene-
plagioclase), Harley and Green (1982) and Nickel and Green
(1985) (garnet-orthopyroxene), Paria et al., (1988) (orthopy-
roxene-clinopyroxene-garnet-plagioclase), and Perkins and
Chipera (1985) (orthopyroxene-garnet-plagioclase). Peak
metamorphic P-T conditions have been additionally defined
through the related reaction curves, calibrated for the basaltic
system (NCFMASH and CFMASH). Peak-metamorphic P-T
conditions of granulite facies rocks can often be reset by dif-
fusion, which is referred in the literature as ‘granulite uncer-
tainty principle’, mostly taking place in the slow cooling ter-
rains (Harley, 1989). However, analyzed rocks are believed
to have been formed by the rapid metamorphic event that ex-
perienced fast cooling during ophiolite obduction thus pre-
serving the peak-metamorphism mineral assemblages. The
mechanism explaining such a metamorphic overprint and
subsequent rapid cooling is usually linked to the inverted
metamorphic gradient fields exhibited by many soles (Spray,
1984). Namely, the inverted temperature anomaly responsi-
ble for the high-grade metamorphism of the sole parishes
quickly (< 2 Ma) as subduction continues (Peacock, 1988;
Hacker, 1990; 1991; Harper et al., 1996). It follows that the
high-grade metamorphism of the sole occurs only at the in-
ception of the subduction because the hanging wall would be
too cold to maintain high-grade metamorphism thereafter
(Wakabayashi and Dilek 2003; Wakabayashi, 2004).

Mineral abbreviations after Kretz (1983). Amp- amphibole; Pl- plagio-
clase; Czo- clinozoisite; Spr- sapphirine; Sp- spinel; Crn- corundum; Ct-
clintonite; Pmp- pumpellyite; Cc- calcite; Ilm- ilmenite; Grt- garnet; Cpx-
clinopyroxene; Opx- orthopyroxene; Mt- magnetite; Chl- chlorite; Rt- ru-
tile; Ttn- titanite; Illm- ilmenite; Ap- apatite; Prh- prehnite; Ep- epidote;
Xo- xonotlite; Modal mineralogy of minor phases were reported not to ex-
ceed 5 vol% following the thin-section visual inspections.



RESULTS
Rock fabric

The main amphibolite mass of the Krivaja-Konjuh ophi-
olite complex is placed along its southern margins and rep-
resents the deepest member of the ophiolite sequence iden-
tified in the composite ophiolite mélange of the Dinarides
(Fig. 2; Vijaka and Dubostica). Smaller metamorphic out-
crops can also be traced along the junction of the two main
ophiolite blocks (Fig. 2; Krivaja, Mao¢e and Careva Cupri-
ja). Recovered rocks’ textures are largely crystalloblastic
(i.e. granoblastic to nematoblastic) and are defined by the
elongation of amphibole (Fig. 5a-c; Table 1). Analogue
texture in garnet-bearing rocks is defined as porphyroblas-
tic (Fig. 5b-d; Table 1). In case of the rocks defined by the
conspicuous alternation of mineral domains the texture was
defined as gneissic (Table 1). The structure of the rocks is
either massive or banded to foliated. The former is rare and
is characteristic for the central zone of the KKOC (Fig. 5a-
b; Maoce and Careva Cuprija). Banded structures with
marked lineations are commonly observed in the DuboSti-
ca-Vijaka-Krivaja amphibolite. The alternation of ‘bright’
and ‘dark’ rock portions define such banded structural vari-
eties (Fig. 5c-d). Bright portions are predominantly com-
posed of plagioclase, whereas dark ones are foliated to lin-
eated and consist of black to pale-green amphibole. Miner-
al grain sizes vary considerably depending on the sample

with an average range from 0.3 to 1.0 mm. Based on the
rock fabric, the sole rocks from the Krivaja-Konjuh ophio-
lite complex were divided into five groups: (a) homoge-
nous massive (granular to nematoblastic) metamorphites
(Fig. 5a, Table 1, Maoce), (b) homogenous porphyroblastic
metamorphites (Fig. 5b, Table 1, Careva Cuprija), (c)
banded massive metamorphites (Fig. Sc, Vijaka), (d) band-
ed porphyroblastic metamorphites (Fig. 5d, Table 1,
Dubostica) and (e) banded gneissic metamorphites (Table
1, Zep&e).

Petrography and mineral chemistry

The prevailing metamorphic textures of the KKOC soles
were shown to be either granoblastic or porphyroblastic.
The former are defined by the coarse blasts of amphibole
and plagioclase, while the latter are dominated by the blasts
of garnet (0.2-10 mm in size) merged in a fine-grained ho-
mogenous matrix (Fig. 5). A clear geochemical discrimina-
tion exhibited by analyzed rocks (i.e. meta-cumulates vs.
metabasalts) has been taken as a base for their further classi-
fication (Table 2). The meta-cumulates may thus be divided
into meta-troctolite and metagabbro. The former is consisted
of Spr-bearing and Crn-bearing amphibolite, while the letter
count for Grt-Cpx (+Opx) amphibolite and amphibolite per
se. Metabasalts are either Cpx+Grt amphibolite or Cpx-
P1+Grt gneiss.

Fig. 5 - Photographs showing a variety of the
KKOC metamorphic sole rocks (a) homoge-
nous massive (granular to nematoblastic)
metamorphites; (b) homogenous porphyrob-
lastic metamorphites; (c) banded massive
metamorphites, and (d) banded porphyroblas-
tic metamorphites. For details see the text.



Spr-bearing amphibolite (meta-troctolite 1)

is made of amphibole, plagioclase, clinozoisite, sap-
phirine and Cr spinel (Tables 1 and 2). Rock is dominated
by the medium to coarse grained amphibole (Fig. 6a) whose
composition corresponds to tschermakitic hornblende (Fig.
7a). The interstitial space defined by amphibole blasts is
filled by An-rich plagioclase that tapers at the tips. Sec-
ondary clinozoisite (Table 3) is relatively abundant formed
at the expense of anorthite (Fig. 6b). The coarse grains of
relict Cr-spinel (0.2-0.5 mm) are commonly included in the
blue pleochroitic blasts (~ 0.5 mm) of Al-rich sapphirine
(Fig. 6¢; Table 3) where they seem to be intrinsically unsta-
ble. In this rock type tschermakitic hornblende and anorthite
appear to be texturally equilibrated showing simple grain
boundaries and triple-point contacts. Conversely, the sap-
phirine crystals are found in textural disequilibrium with the
surroundings which is manifested by extensive grain bound-
ary migrations (Fig. 6d). Sapphirine formation in silica un-
saturated metamorphic systems requires a peraluminous en-
vironment and higher degrees of metamorphism (Gnos and
Kurz, 1994). The growth of sapphirine at the expense of
relict spinel may, therefore, reflect the oscillating peak
metamorphic conditions that were coupled with a progres-
sive silification which effectively put an end to sapphirine
growth (e.g. Deer et al., 1996).

Crn-bearing amphibolite (meta-troctolite 2)

mineral paragenesis is consisted of amphibole, plagio-
clase, corundum and minor phases such as clinopyroxene,
clinozoisite, Al and Cr spinel, clintonite, Al-pumpellyite,
and calcite (Tables 1 and 2). The Crn-bearing amphibolite
was reported solely at the Krivaja locality but Operta et al.
(2003) reported on its presence at the south of the Krivaja-
Konjuh ophiolite complex (the Vijaka locality). Grains of
medium-sized amphibole and corundum (~ 0.15 mm) define
the rocks’ granoblastic texture. The amphibole interstitial
space is largely filled by the relics of euhedral calcic plagio-
clase. Amphibole’s chemistry is exclusively pargasitic
(Table 3; Fig. 7b) with no record of retrograde varieties.
Plagioclase is rich in calcic component (99.9% An; Table 3;
Fig. 7c) and it tends to alter rapidly into the secondary albite
and clinozoisite. The subhedral blasts of corundum are
mainly rod-shaped and are regularly found rimmed by Mg-
Al spinel (Fig. 6e). The composition of corundum is very
uniform (AL,O; content ~ 99 to 100 wt%). Spinel is an Al-
rich variety with a composition of pleonaste (Table 3). Sev-
eral authors explain the formation of spinel coronas through
the reaction of corundum and Mg-rich calcite yielding
spinel and carbon-dioxide (e.g. Nitch et al., 1985; Liati,
1988). In this rock type an Al-rich mica is occasionally pre-
served as a corundum’s tiny second rim (Fig. 6f). Its chem-
istry (Cag 25.0993M81 923.2016A15 4165 686512 2032 4690 10(OH))
closely corresponds to the one of clintonite. A post-peak
event coupled with higher water activity in a peraluminous
environment must have caused the formation of Al-rich ret-
rograde phases (i.e. pleonaste and clintonite). Small relicts
of presumably igneous clinopyroxene (Al,O, content of 6.5-
11.3 wt%) are present in this rock type (Fig. 6f). They do
not exhibit preserved crystal shapes due to the strong am-
phibole overgrowth. No mutual contact between clinopyrox-
ene and other minerals but amphibole were documented
which suggests a lack of textural equilibrium of clinopyrox-
ene with other metamorphic phases (e.g. Moazzen and
Oberhinsli, 2008). In favour of such a reasoning is the
clinopyroxene phase chemistry (Table 3; Fig. 8b) which is,

compared to the bulk of analyzed clinopyroxene, Fe impov-
erished and richer in Ca. Apart of clinopyroxene, Cr-rich
spinel is yet another relict phase frequently encountered in
pargasite granoblasts (Table 3).

Grt-Cpx2Opx amphibolite (metagabbro 1)

is the most common metamorphic rock type within the
Krivaja-Konjuh ophiolite complex (Tables 1 and 2). This
rock type may be further divided into the subgroup where
orthopyroxene has not been reported (samples CC1 and
U22) and subgroup where orthopyroxene is either a product
of garnet dissolution (samples MK2, GR7 and V1) or it is
found texturally equilibrated with the neighbouring phases
(samples X1, U40 and V4). Mineral paragenesis of the first
subgroup is consisted of garnet, amphibole, clinopyroxene,
and plagioclase while rutile, titanite, ilmenite, magnetite and
orthopyroxene are minor phases (Table 2). The texture is
typically porphyroblastic delineated by a medium to coarse-
grained blasts of garnet (up to 1 cm in size) that come along
with the sub-rounded clinopyroxene and amphibole (up to 1
mm in size; Fig. 6g). The matrix is homogenous and made
of amphibole, clinopyroxene, plagioclase and minor phases.
Garnet crystalloblasts largely fit into the pyrope-almandine
compositional span (Table 3; Fig. 8a) and barely shows any
compositional zoning. There is only a smaller number of
blasts featured by a weak “U”-shape compositional trend
defined by the pyrope’s component, whilst the almandine
component produced an opposite trend. Such homogeneity
in garnet chemistry suggests phase equilibration at peak
metamorphic conditions (e.g. Woodsworth, 1977) whereas
the feeble Py-Alm zonation renders a sign of prograde meta-
morphism (e.g. Romano et al., 2006). Garnet commonly
embeds the inclusions of clinopyroxene, amphibole, plagio-
clase, rutile and titanite. Occasionally the porphyroblasts of
garnet (sample MK2) are featured by a system of rutile nee-
dles with an apparent crystallographic orientation ({111} di-
rection of garnet) (Fig. 6h). Such a microparting in garnet is
thought to be a strain response to the pressure at the time of
peak metamorphism (Hwang et al., 2007). Micro-scale par-
tial melts, characteristic for high-grade peak metamorphism,
might have had reacted with garnet, hence precipitating the
oriented rutile needles. Kelyphitic coronas are commonly
developed around garnet porphyroblasts having an average
width of 30 um (Fig. 61). They contain plagioclase, orthopy-
roxene, and magnetite (Fig. 6j) which is a result of garnet’s
retrograde recrystallization. Garnet from such coronas has
analogue chemistry to the one of fresh porphyroblasts. On
the other hand, plagioclase is fairly calcic (~ 90% An)
which is typical for the low-temperature plagioclase forma-
tion at the expense of unstable garnet (Baldwin et al., 2003).
Kelyphitic orthopyroxene usually has a pinkish own colour
forming radial intergrowths with magnetite. Its chemistry
corresponds to hypersthene (Table 3). The highest Al,O,
content (6.08 wt%) measured in orthopyroxene is docu-
mented in kelyphitic rims of this lithotype. The content of
alumina significantly drops (~ 3 wt%) in texturally equili-
brated orthopyroxene as well as in orthopyroxene rims de-
veloped around clinopyroxene. Notwithstanding the over-
whelming kelyphitization garnet is considered to have at-
tained the peak equilibrium with amphibole and plagioclase.
This is corroborated by the numerous and intact inclusions
present in garnet porphyroblasts. Amphibole is marked by
distinctive pleochroism with a composition ranging from
edenite to pargasite (Table 3; Fig. 7b). It has been texturally
equilibrated with clinopyroxene with whom it commonly
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Fig. 6 - Selected microphotographs (crossed nicoles, (a), (g), (h), (n); parallel nicoles, (c), (e), (1), (m), (p)), and BSE images ((b), (d), (f),
), (j), (k), (0)) of analyzed metamorphic sole rocks. For details see the text; Spr- sapphirine; Sp- spinel; Crn- corundum; Ct- clintonite;
Cpx- clinopyroxene; Chl- chlorite; Amp- amphibole; Ttn- titanite; [lm- ilmenite; Ap- apatite; PI- plagioclase; Grt- garnet; Rt- rutile; and
Opx-orthopyroxene. Mineral abbreviations after Kretz (1983).



15.0kU

Fig. 6 (continued)

11



12

i (Na+K)A<0.50;Ti<0.50
@ MAGNESIOHORNBLENDE | TR-HBL | TREMOUITE
TSCHERMAKITE w w
08 2 x *
a2 *
z * X «
2 X &
i ]
% g %@ ACTINOLITE
o
= g AC-HBL
e
A
=
* metagabbro 1
04 ¢ metagabbro 2 o
* metabasalt 1 FERROHORNBLENDE ﬁ:n-ﬁgl. FERROACTINOLITE
o metabasalt 2
e« meta-troctolite 1 8
= meta-troctolite 2
02 : . |
55 6.0 6.5 7.0 75 8.0
Sipfu
Or
= metagabbro
© metagabbro 2
x metabasalt 1
o metabasalt 2
» meta-troctedite 1
= meta-troctolite 2
Ab

Fig. 7 - (a) and (b) Discrimination diagram for classification and nomenclature of calcium amphiboles (Leake et al.

gram for feldspar (Deer et al.,

Alm+Sp

Py

Gr+And

An

- (Na+K)>0.5;Ti<0.5; Fe3+<AM
- PAR-HBL|ED-HBL |
{ @ L] -h
PARGASITE W x
08- % ; * siLicic
Kk EDENITE EDENITE
*
=, ;:&*
x *
06 2
-
HE:
FERROAN PARGASITE g5
04 —_— FERROEDENITE
ED-HBL |
B o
FERRO-PARGASITE  |ceppo
| PAR-H
02 . - BL 1 L
5.5 6.0 6.5 7.0 75 80
Si p.fu.
80 . .
ﬂ @
=
]
70 Hm 1
g = m B
]
=] -]
2ol @ u -
H m A
[
sample MK2 e
bt : : 450
distance (um)
60 T T T
mE
s0- m® - -
m mEE
a0} ™ 4
E ] o .
E 30+ By o g
ul
20 ST
sample RS "
- 1 1 1
120 1
* D Gemndam 2 0

‘La
di .

Wo

augite

En

Fs

, 1997), (¢c) Ab-Or-An classification dia-
1996), (d) and (e) Compositional line profiles showing An content in plagioclase, in mol% (100*Ca/(Ca+Na+K)).

Fig. 8 - (a) Garnet discrimination diagram based on the content of almandine+spessartine (Alm+Sp), pyrope (Py), and grossular+andradite (Gr+And) molecu-

lar end-members, (b) clinopyroxene discrimination diagram after Morimoto (1988).



13

“sj[eseqeIAW -gIA] ‘01qqeSeIaW ~-DA 2I[01001-LI0W - A "W dNYdA[y = Wir (oY (4, dd+3IN)/SIN=#SIN ‘(% Ul [[) dyuoue = uy ‘a1e[nssois = 10 ‘odoikd = £q ‘oseoorse[d = [ pue 10uIes = 11D
‘oroquydwe = wry (861 ‘Z19IY) UONRIAAIQQE [BISUIA "£0%,] st passaidxa st (9, ‘suagAxo g Jo siseq oy) uo paje[nofed asepoordeld jo semnuio, “sfoqrydwe 10 SUdSAX0 ¢7/suoned ¢ pue joures 1oy suagAX0 Z[/SuUoned
g JO ToqUINU PAXIJ U0 , D] PUL 9, St pajewnsa pue "9, se pasA[eur o "W (] JO Weaq UondD Aq parnseaw Tedspro el wu [ “xoidde jo weaq uonda[d PAsNO0) PIM pauiofrad S[eIour JSou Jo SasA[eue [eoTway)

6 7€ V19 ) 965 666 - - - - - - - - - - - uy

6511 9l 0 8'8z zL8lL - - - - - - 19
- - - - - v0'22 €567 LLb6 9L’z 2805 - - - - - - Ad
- - - - - 9582 G509 810 9/°6€ 18°€9 1'2S 8'69 g8l 8'/9 z 1'06 #BIN
- - - - - - - - - - z z z z 4 z HO
0 0 0 0 0 0 0 0 0 0 €00 0 0 100 €00 €10 N
990 €€0 110 S¥0 0 0 0 0 0 0 98°0 900 ¥6°0 90 100 9.0 eN
Ge0 890 ¥8°0 /S0 20'L 2.0 ) 100 960 990 61 8/L Sl 8.1 161 S0z [20)
- - - - - ) 6L 8y'Z 180 €s'L €z eLe 6L €0'e 161 ve'e BN
- - - - - y10 500 100 ¥0°0 100 €00 200 ¥0°0 200 $0°0 100 upn
- - - - - ev'L 160 500 UL Z80 S0z ge'L 180 ev'l 2Le ¥€0 o
100 100 100 100 0 610 0 160 900 500 100 ¥0'0 ¥€0 80°0 10 920 +°d
- - - - - 0 100 100 100 0 100 0 200 100 0 100 10
8e'L 691 88'} 151 z0'} €6'L 86'} 8/} 161 61 she %4 982 661 89°0 e v
- - - - - 100 0 0 100 0 920 /10 100 600 200 100 I
292 €z 4 e 86'} €6C L0'¢ 292 86'Z z0€ 90'9 8c'9 16'G 99 65/ €8'G IS
9500} 1000} 87001 2866 G966 997001 7666 78001 1600} 66 1026 vZ 96 1576 vZ 96 G0Z6 Z96 [eyoL
- - - - - - - - - - €6C 9s€ 6v'Z 9/°¢ G6'C g'c O%H
¥0'0 100 100 $0°0 0 0 0 0 0 200 110 €00 100 900 900 690 o
29'L L€ 18°} yL'g 100 910 610 0 100 - 162 25T eee 802 S20 1T O%N
vl veel V2L YL 8y'0z ¥9'8 9z'9 610 v8'LL 9z'8 L'l vl 71 (A 1zl 6LEl 0ed
- - - - - 85'G Lgel 8522 6L, 18°€L 98'6 LYl R vi€l Zr'8 8y'GlL 0B
- - - - - 0T 610 zl 99°'0 y1°0 ) GL0 9€0 110 9e°0 500 oun
- - - - - v6'L2 zLS) 60 €58l ILEL LzoL YT Ll 86'6 122) 9z'ze z6'Y 094
€0 z€0 620 620 Lo €€ 0 8z /1 860 6680 - - - - - - 04
- - - - - 500 Glo FA) Lo zL0 600 €00 rAl) 10 0 290 Eoidle)
v2'9z 6v'Le 69V 9€'62 85°9¢ 8012 1T v'1z lee 112 Loel x4 9/°91 vl g'c Sh'gl KoK\
- - - - - ¥10 €00 €00 600 €00 2eT zsL 600 110 810 AR ‘olL
¥6°85 €505 z5or ST ey €l.€ 6.°0% 60°€ Lr6e y9'0p 6'6€ vLey 9.0 vy Y96y 8z 0 018
i Wow g Id Id Id i) i5) [CTIEE0RTES) 5} 5} wy wy wy wy wy wy [eJauIN
(514 18 62 14 514 l 8¢ 2ol 4 8C Ly 8 €l €l €C 9g ‘leue ‘oN
o1z A AN 8y 6zn oLz YA LA sna 189 aot orn azn 100 8y 62N a|dweg
an ON ON ON 1N an ON ON an ON ON ON ON O ON 1N AjoLeA 00y

"Se[NWIOJ [BINJONI)S 9A130adsal pue so[os DO woij Jedsprey ase(oorSerd pue ‘Joures ‘ooqrydwre Jo (91m ur) sasA[eue 9qoidoIoru uosdd[o pajod[as - ¢ d[qeL,



14

- - - - - - (A A [A*14 6'GC vl €8 vl L (] 80 6V EE|
- - - - - - 1cL [ 2 L. coy R 44 S0y gey 8'6€ 6'6€ 9'0¥ u3
- - - - - - L0 90 €l gy 8'9¥ yA4 g'ay 1'0G 8’8y SvS OM
0 9'99 €€l 9'C6 = = 992 6. 8'9L 2'€8 88 L'v8 8 108 g'z8 G6 #OWN
- - - - l 3 - - - - - - - - - - HO
0 - - 0 0 0 0 0 0 0 0 0 0 0 0 0 A
0 = & 0 0 100 0 0 0 S00 €00 00 00 910 €00 0 EN
0 100 0 100 66°L {04 100 100 €00 180 160 680 980 9.0 960 l eo
100 o] €L°0 ce 0 0 L) ev'l ev'l 120 180 120 €80 90 8.0 6.0 B
c00 100 100 100 0 0 ¢00 Y00 S00 100 100 100 100 0 100 0 UN
vl Zvo 920 920 0 0 cvo 8€'0 €v'0 9l0 [4%0] L0 910 0] 10 00 294
S0'L 100 200 €Lo 200 100 00 200 €00 Lo 00 600 S0°0 0 S00 S0°0 +°d
100 €20 100 100 0 0 100 0 0 0 0 0 0 0 0 200 1D
S00 L) 16°L 88 66°L 96°¢C 9¢0 eco 600 S0 100 8L0 4 8€0 S00 jeoa] \4
v0 0 0 0 0 0 0 0 0 100 0 100 0 100 0 100 L
100 = = LG 66°C L0°€ €8’ 98'L €6°L 88'L 96°L 88’ 6L 6L 96°L 8.1 IS
€2°¢6 £8'66 6966 /8001 1’66 86°96 G.'66 €66 ¢y 0oL 8986 9C'00L 28°66 1€°86 1’66 G6°66 1066 |ejoL
1.9 - - - 88"y 20¢ - - - - - - - - - - O°H
- - - 0 ¢00 0 100 0 0 0 0 0 0 00 0 0 o
00 - - 0 100 900 100 0 0 ¥9°0 Ge0 650 S0 lee S0 €00 O‘eN
800 1€0 S0°0 S00 68°9¢ 9G'v¢ €e0 620 690 €9°1C gee gv'ee 8G°LC €v'6l el've 2e'Ge 0oed
600 99°¢l 9C'6L G981 c00 0 yv'Ge 8¥°9¢ 12°9¢ SL€El c09l L6°€lL 8 vl 10°LL 6LVl SGel obi
160 Svo €e0 600 00 0 6.0 9C’l A" L€0 €Cco 9¢0 AN 10 ¥Z0 200 OUN
86°G. Zcl6l 6G°¢ClL 96°¢ 820 610 €9l €LYl GGl €8 609 ve'L €69 L6’y 69 98'¢C (OLE|

i . i i i ‘0%
vZ0 1601 340 10 900 0 810 100 100 0 700 €00 €00 100 S00 ¢so f040
€Ll [A4°1] 99 6.¥9 Ly've ¥8'ce 809 12's €L'e 8c'€ 9G'L 1424 gl'e €06 ¥0'L 8 fo4v
€0'Sl 0 0 0 900 0 S00 0 Lo 90 500 €0 10 (340} 00 6v°0 ‘olL
S0 - - soel 8C'ey Y€'6€ 1609 9€'LS GL'€S 8109 19'€S €09 LY'LS €v'cs 20'€s 818V ‘oIS
dsn dg-10 ds-lv ids yid 0z (wursy) xdO (wus) xdO (rxdo) xdQ xd) xd) xd) (wy u) xd) xd) xd) xd) |eJauln
29 q9 14 3 €c 6C 9 1oL Ly €C [44 9l 09 0L €C 29 ‘leue "ON
o1z 6zn 62n oen €zn oen orn LA AN oLz YA orn LA 100 oLl 62n o|dwes
an 1N 1N 1N ON 1N ON ON ON an ON ON ON ON an 1N Kjauen Yooy

(panunuod) ¢ d1qe],



Table 3 (continued)

Rock variety MG MG MB MT
Sample u40 cc1 10D u29
No. anal. 60b 25 45 8
Mineral Mt lIm Tit Ct
SiO, 1.47 0 30.16 15.64
TiO, 0.14 53.36 381 0.05
Al,O, 1.24 0 1.04 44.62
Cr;0,4 0.17 0.06 0 0.09
FEQOg = el = e
FeO 88.2 42.87 0.62 2.39
MnO 0 0.02 0.01 0
MgO 0.33 2.31 0.01 18.36
Ca0 0.23 0.1 28.49 12.89
Na,O 0.02 0 0.02 0.26
K,O 0 0 0.01 0
H,O - - - 4.2
Total 91.81 98.96 98.45 94.3
Si 0.06 0 1 142
Ti 0 1 0.95 0
Al 0.06 0 0.04 3.76
Cr 0.01 0 0 0.01
Fe® 1.82 0 0.02 0.04
Fe® 1.03 0.9 0 0.1
Mn 0 0.01 0 0
Mg 0.02 0.09 0 1.96
Ca 0.01 0 1.01 0.99
Na 0 0 0 0.04
K 0 0 0 0
OH - - - 2
Mg# 1.8 8.8 - 94.8

comes up in an intimate contact (Fig. 6i). Clinopyroxene is a
high-Al diopside (Table 3; Fig. 8b) typically marked by a
faint coloration. Rarely, the clinopyroxene is found resorbed
in amphibole which may indicate its relict nature. More
common are, however, the thin rims of amphibole and or-
thopyroxene developed around clinopyroxene (Fig. 6k).
They are presumably formed during decompression, coeval-
ly with the development of garnet coronas, as a result of in-
complete re-equilibration of high-grade metamorphic as-
semblages (e.g. Groppo et al., 2015). Plagioclase occurs in
the form of small polygonal interstitial grains and only ex-
ceptionally it emerges in the form of larger blasts. It is rela-
tively calcic (labradorite to anorthite, Fig. 7c) and devoid of
alterations. The zoning of plagioclase shows a “U”-shape
An content which is prevalent in high-grade metabasites
(Fig. 7d). Small euhedral grains (up to 0.05 mm in size) of
brown rutile and black ilmenite are reported to be ubiqui-
tous in this rock type. They are considered to be a part of the
peak high-pressure paragenesis (e.g. Meinhold et al., 2008),
or alternatively they may form during decompression and
cooling in case of a Ti-rich igneous protolith (Finger et al.,
2003). The second subgroup of this rock type is character-
ized by the texturally equilibrated orthopyroxene that is
known to occur in the form of pinkish pleochroitic crystal-
loblasts (Fig. 61). Orthopyroxene may occasionally include
the lobate and xenomorphic grains of amphibole.

Amphibolite (metagabbro 2)

rock type is characteristic for central and southern areas
of KKOC (Maoce and Dubostica, Table 1). Mineral as-
semblage of this rock type is consisted of hornblende and
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plagioclase whereas titanite, prehnite, ilmenite, chlorite, and
apatite are present as minor phases (Table 2). The lobe-
shaped amphibole (up to 2 mm in size) limn the amphibolite
granoblastic texture (Fig. 6m). The equidimensional grains
and common triple junctions connote that the peak meta-
morphism textural equilibrium among amphibole, plagio-
clase and minor phases was attained. The xenomorphic
grains of plagioclase readily fill the amphibole interstitial
space, which is indicative for the relic igneous cumulate tex-
tures (e.g. Gartzos et al., 2009). Amphibole is the fresh and
green magnesiohornblende that is only sporadically altered
into secondary ferroactinolite (Table 3; Fig. 7a). Plagioclase
is of intermediate, andesine to labradorite composition (Fig.
7¢c). The variations in plagioclase chemistry are manifested
by a pronounced oscillatory zoning of anorthite content
(Fig. 7e). This, however, may be a legacy of its igneous ori-
gin (e.g. Rutland and Sutherland, 1968). Due to the incon-
sistency in plagioclase chemistry this rock type was not con-
sidered for geothermobarometric calculations. Titanite is the
most abundant accessory mineral usually found incorporat-
ed in hornblende in the form of ellipsoidal blebs. The aver-
age composition of titanite is uniform across the all KKOC
sole lithotypes corresponding to the average composition of
Cay 95:.-1.014(Tio 55209657 0.013.0044A10.036.0.115)S105, Which in-
dicates a low (Al, Fe**) + (OH", F) <> Ti** + O* substitu-
tion (Higgins and Ribbe, 1976).

Cpx+Grt amphibolite (metabasalts 1)

has been recovered from the central and north-western
portion of the complex (samples 11C and DUS5; Table 1).
Major phases in this rock type are amphibole, plagioclase,
clinozoisite, clinopyroxene while ilmenite, titanite, chlorite,
prehnite, apatite, albite and Fe- to Al- pumpellyite emerge as
minor phases (Table 2). Garnet is a member of the primary
paragenesis in the sample DUS with plagioclase occurring
solely as inclusions in garnet. The granoblastic texture of the
sample 11C is relic gabbroic defined by the polygonate am-
phibole blasts (up to 0.4 mm in size). The interstitial space is
filled by plagioclase, which is largely sassuritized. Amphi-
bole is the green magnesiohornblende to pargasitic and
edenitic hornblende Fig. 7a) marked by a strong pleochro-
ism. Bleb-shaped titanite inclusions in amphibole are com-
monly reported. Plagioclase alteration products include cli-
nozoisite and prehnite rich aggregates. Prehnite composition
is stable in all the analyzed aggregates, whilst clinozoisite is
the Fe-poor variety (Table 3). Plagioclase obliteration pre-
cluded one to determine if it attained the equilibrium with
neighbouring phases. For the same reason this rock type was
excluded from geothermobarometric calculations. Amphi-
bole, however, is well equilibrated with garnet and is fre-
quently found enclosed in it (Fig. 6n). Clinopyroxene is
diopside (Table 3) occurring only rarely, mostly as a mantle
around amphibole. It has the lowest Al,O, content amongst
all the clinopyroxene of the complex (~ 2 wt% in the rims
and ~ 0.5 wt% in the cores). [Imenite forms larger blasts (up
to 0.4 mm in size) that are usually featured by titanite exso-
lutions (Fig. 60). Texture of the sample containing garnet
granoblasts (sample DUS) is analogue with the rest of the
group and is largely dominated by the polygonate amphi-
bole. Garnet kelyphitic coronas are barely developed con-
taining solely minute patches of xonotlite.

Cpx+Pl+ Grt gneiss (metabasalts 2)
is known from the western segment of the Krivaja-Kon-
juh ophiolite complex (samples 10D and Z1C; Table 1).



16

Similarly to Cpx+Grt amphibolite this rock type is either
devoid (sample 10D) or it includes garnet blasts (sample
Z1C; Table 2). The former is consisted of amphibole,
clinopyroxene and altered plagioclase while accessory
phases are titanite, ilmenite, apatite and prehnite. Metamor-
phic texture is granoblastic with alternating enrichment of
amphibole and clinopyroxene which creates an apparent
layering of amphibole and clinopyroxene rich bands. Am-
phibole is characterized by a brownish colour and ex-
pressed pleochroism (ferrous pargasite; Fig. 7a). Its TiO,
and Al,O; contents are somewhat elevated (~ 4.1 and 14.8
wt%, respectively) which appears to be typical for Ti-rich
pargasite (i.e. kaersutite) from high-grade metabasalts from
sub-ophiolitic metamorphic soles (Raase et al., 1986). The
Mg#-impoverished amphibole is also documented (Fig. 7a)
forming at the expense of the primary pargasite and
clinopyroxene. Clinopyroxene emerges as a pale green
blasts having no pleochroism. Its chemistry corresponds to
diopside and augite (Fig. 8b). Despite a completely obliter-
ation of plagioclase one may still reconstruct its xenomor-
phic habits. Sample with garnet (Z1C) further contains
clinopyroxene and plagioclase, while orthopyroxene, titan-
ite, ilmenite, and ulvospinel are minor phases (Table 2).
Rock’s gneissic nature is defined by the alternation of
brownish bands rich in clinopyroxene and lens-shaped do-
mains largely consisted of plagioclase (Fig. 6p). Pale-green
clinopyroxene has a distinct augite chemistry (Fig. 8b). It is
characterized by a somewhat higher Fe and Na content
p-f.u. compared to clinopyroxene from other sole lithotypes
(Table 3). Epitaxial orthopyroxene that encloses clinopy-
roxene is commonly reported. Relatively small pinkish por-
phyroblasts of claw-shaped garnet are found in the clinopy-
roxene-rich bands. Garnet kelyphite rims are ubiquitous but
are barely developed. Ilmenite, titanite, plagioclase,
clinopyroxene and apatite are readily found engulfed in
garnet. The dominant opaque phase is a xenomorphic ul-
vospinel found in a close but texturally dis-equilibrated
contact with clinopyroxene. Andesine plagioclase (Fig. 7¢)
occurs as an anhedral, granular to rod-shaped crystal-
loblasts (~ 0.5 mm in size), free from twinning. Similar
sole rocks were documented elsewhere in the Dinarides and
are suggested to represent a transitional facies toward
eclogite metamorphic conditions (Pami¢ et al., 1973).

Whole-rock geochemistry

The complete data-set of whole-rock ICP-MS measure-
ments of the KKOC metamorphic soles is provided in Table
4. Major element geochemistry is marked by the SiO, con-
tent that lies in the range from 39.70 to 50.10 wt%, MgO
from 8.36 to 20.00 wt%, and Al,O; from 12.61 to 27.47
wt%. Extremely high Al,O, and MgO end-values signifi-
cantly deviate from their mean abundances (16.55 and 11.38
wt% respectively) due to the unique mineralogy of the re-
spective samples (i.e. Crn-bearing and Spr-bearing amphi-
bolite). Iron is found in a broad range from 7.70 to 14.50
wt%. The CaO ranges from 9.12 to 19.30 wt% and alkalis
cover a large span with Na,O and K,O spreading from 1.11
to 3.67 and 0.02 to 0.29 wt%, respectively. The Cpx+Pl+Grt
gneiss has apparently higher TiO, concentrations (1.34 and
2.21 wt%, respectively) compared to other rock varieties
(0.49 wt%, mean value). Apart from TiO,, the P,O; content
in Cpx+PI+Grt gneiss is on average 10 times higher (0.13
and 0.19 wt%, respectively) compared to the rest of dataset
(0.05 wt%, mean value). Such high Ti and P proportions

and their positive correlation are best explained through the
accumulation of apatite and ilmenite (Gémez-Pugnaire et
al., 2003). Higher amounts of those minerals in addition to
other Ti-phases such as titanite and ulvospinel are reported
in the KKOC gneiss (Table 2). Overall geochemistry consis-
tently shows that most of the KKOC soles is of clear tholei-
itic affinity. This is best depicted by the HFS element ratios
of Nb/Y vs. Zr/(P,05%10000) (Fig. 9a). Plausible protoliths
of analyzed rocks, based on the ratio of its main elements
(TiO, vs. Mg#), are defined as low to high-Ti basalts (Fig.
9b). When Mg-number values exceed 70, the potential pro-
tolith is assumed to have a mafic to ultramafic cumulate ori-
gin. Meta-cumulates often retain relict magmatic gabbro
(ophitic) textures (e.g. samples U23, X1, and U40). The ul-
tramafic affinity of meta-cumulates is corroborated by low
abundances of SiO, (39.70-48.21 wt%), TiO, (0.06-0.55
wt%), FeO (~ 6 wt%), along with comparatively higher
MgO values (9.35-20.00 wt%). On the other hand, the sam-
ples with the affinity of metabasalts are depleted in MgO
(under 9 wt%), whilst FeO content remains high (over 8
wt%). The main element geochemistry of KKOC soles gen-
erally corresponds to those of well-documented gabbros and
basalts from the Alpine, Corsican and Ligurian ophiolite
complexes (e.g. Beccaluva et al., 1980; Serri and Saitta,
1980; Bertrand et al., 1987).

The concentrations of trace elements in analyzed rocks
are controlled by the protolith geochemical affinities. In
meta-cumulates, concentrations of compatible elements
show high ranges, spanning from 35.2 to 269.0, 30.4 to
53.7, and 41 to 257 ppm for Ni, Co and V respectively
(Table 4). Concentrations of incompatible elements, such
as Zr, Y or Ba, are significantly lower with respect to their
abundances in metabasalts. Soles with the basaltic geo-
chemical affinity tend to be enriched in all incompatible el-
ements, especially REEs, Y (18.9-45.8), Zr (25.1-100.4)
and Ba (18-201). The chondrite-normalized REE patterns
of analyzed rocks are shown in Fig. 10a-b. "Meta-trocto-
lites and metagabbro 17 are characterized by parallel to
sub-parallel compositional curves, which is characteristic
for the rocks of common origin. Most of the curves exhibit
slightly depleted LREE patterns ((La/Yb)y = 0.12-0.47).
Relative impoverishment of Ce is attributed to the early
fractionation of the LREE rich minerals such as apatite.
The HREE plots are flat ((Tb/Yb)y = 0.79-1.47), which
have a substantial positive Eu anomaly (Eu/Eu* = 1.29-
3.02). Moderate LREE depletion and flat HREE patterns
account for a somewhat depleted mantle source devoid of
residual garnet (e.g. Wood and Banno, 1973; Wankang et
al., 1993). In spider diagram normalized to primitive man-
tle (not shown) negative anomalies of Ti and Nb, as well as
positive of Pb, Sr, K and P are documented. Titanium and
Nb anomalies define rocks’ calc-alkaline character whereas
high Sr and K are due to the plagioclase-rich nature of
meta-cumulates, but could also reflect metasomatic or
metamorphic processes that mobilized LIL elements. The
phosphorous positive anomaly may be attributed to the ac-
cumulation of accessory apatite (e.g. Thy, 2003). The REE
patterns of metabasalts and metagabbro 2 are flat, attaining
higher concentration levels that are up to 20 times that of
chondrite (Fig. 10a-b). The LREE depletion is less pro-
nounced ((La/Yb)y = 0.27-0.82), while all samples show a
weak negative Eu anomaly (Eu/Eu* = 0.86-0.97). Such
fractionated REE patterns are consistent with low degrees
of partial melting (N-MORB). Primitive mantle normalized
concentrations exceed the standard for up to 1000 times
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Fig. 9 - (a) Zr/(P,05¥10000) vs. Nb/Y discrimination diagram depicting tholeiitic affinity of analyzed rocks (after Floyd and Winchester, 1975), (b) Mg-num-
ber vs. TiO, diagram showing differences between high- and low-Ti basalts (2 wt% TiO, limit). Field of mafic cumulates after Gémez-Pugnaire et al. (2003),
(c) Th-Zr-Nb discrimination diagram of Wood (1980), (d) Cey-Sry-Smy diagram of Tkeda (1990), normalized to average chondrite (Ikeda et al., 1981), (e) V
vs. Ti variation diagram of Shervais (1982), (f) Zr/Y vs. Zr diagram of Pearce and Norry (1979) for KKOC soles.

(not shown). Weak negative Ti and positive P anomalies crepancy is best explained by a different provenance of this
are also observed. The REE pattern of sample 10D is ana- sample, which clearly corresponds to transitional to
logue to the rest of metabasalts except for the significant evolved MOR basalts (Saunders, 1984; Langmuir et al.,

LREE enrichment ((La/Yb)y = 0.84; Fig. 10b). This dis- 1992; McDonough and Sun, 1995).
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Fig. 10 - Chondrite-normalized abundances of REE in the KKOC metamorphic sole rocks - (a) meta-troctolites and metagabbros and (b) metabasalts. Normal-
isation values are after McDonough and Sun (1995). Comparison of chondrite-normalized REE patterns with the potential mafic protoliths (KKOC mafic in-
trusives and extrusives, Babaji¢ (2009), raw data in Table 5). Mafic rocks are marked with lines of different colour. (c) and (d). Normalisation values accord-

ing to McDonough and Sun (1995). For details see the text.

DISCUSSION

Magmatic protoliths
and their original geotectonic setting

As suggested by their respective trace-element geochem-
istry, the protoliths of the KKOC metamorphic sole rocks
can be defined as either mafic to ultramafic meta-cumulates
or evolved metabasalts of tholeiitic affinity (Fig. 9b). This is
in line with the ratios of incompatible elements La/Sm and
Zr/Nb insensitive to magmatic differentiation that show nar-
row ranges of 0.59 to 1.20 and 18.25 to 26.04, respectively
(sample 10D omitted), which is characteristic for normal to
transitional MORB (Sun and McDonough, 1989). Ternary
discrimination diagrams based on incompatible element
concentrations were used to further constrain the geochemi-
cal setting of igneous protoliths. In the Th-Zr-Nb plot of
Wood (1980) (Fig. 9¢), metabasalts are defined as N-
MORB, whilst meta-cumulates bear arc-signatures (here
CAB). The results of this classification might have been
slightly affected by the loss of Zr due to its early fractiona-
tion (e.g. Reagan and Meijer, 1984). Metabasalts were addi-
tionally considered in the trilinear plot of Ikeda (1990) that
takes into account normalized concentrations of Ce-Sr-Sm
(Fig. 9d). Therein, analyzed samples are projected as

N-MORB, with the exception of sample 10D that fits in the
E-MORSB field. Meta-cumulates were not considered in this
classification scheme due to the impending Sr accumulation.
Further classification is based on the V vs. Ti and Zr/Y vs.
Zr ratios, where the non-arc affiliation is shown to be
strongly corroborated for KKOC metabasalts (Fig. 9e-f),
whereas meta-cumulates depict the apparent arc signatures
(IAT affiliation, Fig. 9e).

Overall geochemical characteristics define the KKOC
meta-cumulates as former igneous rocks formed by silicate
accumulation (plagioclase, pyroxene, minor olivine, and il-
menite) best corresponding to shallow ocean-crust gabbroic
cumulates (Jaques et al., 1983; Rasool et al., 2015). These
rocks must have been influenced by H,O-rich slab-derived
fluids as manifested by Ti and Nb negative anomalies,
which in turn defines a hypothetical back-arc basin as their
most plausible original geotectonic setting. Conversely,
metabasalts display only minor indications of subduction
influences reflected in the Ti negative anomaly and some-
what elevated Th content. Their parental magmas are
evolved and best correspond to N-MORB-like geotectonic
setting. For sample 10D, however, an E-MORB geotectonic
setting may be envisaged due to comparatively higher val-
ues of Ce, Nb, and Th. Basic geochemical differences of
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the KKOC meta-cumulates and metabasalts correspond well
to the results of recent investigations on oceanic crust show-
ing that an average upper 500 m gabbro section tends to be
impoverished in Ba, Nb, U, and heavy REEs compared to N-
MORB, while being somewhat enriched in La, Ce, Pb, and Sr
(Hart et al., 1999; Dick et al., 2000; Celik et al., 2016).

Finally, the KKOC rare-earth element patterns were
compared to those of the mafic intrusives and extrusives
that originate from the same ophiolite complex (Babajic,
2009; Figs. 10c-d). Hence, the metagabbros shows the best
correspondence to cumulate gabbroides (gabbros, gab-
bronorites to amphibole gabbronorites) and gabbroides that
both crop out from the southern and western KKOC (Figs.
2, 10c; Table 5). Meta-troctolites are somewhat different
from the rest of metacumulates and are featured by signifi-
cantly lower REE contents highly resembling to those of
troctolites from the south (Figs. 2, 10c; Table 5). The N-
MORB-like metabasalts match the composition of the
KKOC massive extrusives (dolerites, diabases and pillow
basalts, Figs. 2, 10d; Table 5). Lastly, the sample 10D
(metabasalts 2) shows certain similarities with diorites from
the southern KKOC margins (Figs. 2, 10d; Table 5).

Mineral assemblages and P-T conditions
of metamorphism

Thermobarometric data that are based on the composition
of the coexisting metamorphic phases from the KKOC soles
is provided in Table 6. Coupled with rocks’ textural charac-
teristics, these were utilized to infer on the metamorphic his-
tory of analyzed rocks. In case of “meta-troctolites” it was
not possible to use Amph-Pl based geothermometers due to
the high anorthite content in plagioclase. Still, the estima-
tions hinged on Al content in amphibole (Plyusnina, 1982;
Schmidt, 1992) provided the values of metamorphic pres-
sures and temperatures of 0.25 to 0.55 GPa and 540-700 °C,
respectively (Table 6). The presence of sapphirine and
corundum in this rock type (Table 2) is in line with the max-
imal values of estimated conditions of metamorphism. In
silica under-saturated 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 on
a corundum occurrence in pargasitic amphibolites of the Vi-
jaka locality of KKOC (Fig. 2), which formed at tempera-
tures between 620 and 800 °C and pressures of 0.6 to 0.8
GPa. Al-spinel and clintonite that build the rims around
corundum formed under changing conditions, which proba-
bly reflect higher water activities at moderate P-T condi-
tions that followed the peak metamorphism (Liati, 1988).
The occurrence of the minute relicts of magmatic clinopy-
roxene, texturally disequilibrated with the host pargasite,
suggests that Spr and Crn-bearing amphibolites must have
only attained the amphibolite-granulite facies transition at ~
650 °C and ~ 0.75 GPa (Spear, 1980; Abd El-Naby et al.,
2008). Conversely, the frequent formation of clinozoisite
and pumpellyite is characteristic for retrogressive metamor-
phic overprint whereby the hydration proceeds after the
breakdown of the upper amphibolite or granulite facies as-
semblages (Ilnicki, 2002). Finally, based on the textural and
geochemical clues one may infer that the crystallization of
corundum, sapphirine, and clinopyroxene marks the peak
metamorphic conditions while a transformation from mag-
nesio-hornblende and/or actinolitic to edenitic hornblende
follows a decrease of pressure and temperature values. The

occurrence of actinolite, ferroan pargasite, titanite, albite,
and epidote is consistent with the greenschist facies re-equi-
libration at lower P-T (0.2 GPa and ~ 600 °C).

The presence of garnet and rutile in “metagabbros” indi-
cate a minimum pressure of 0.8 GPa no matter of tempera-
ture (Table 2; Ernst and Liu, 1998). The appearance of
clinopyroxene under such conditions when no texturally
equilibrated orthopyroxene is present denotes the peak tem-
peratures of at least 750 to 800 °C (Guilmette et al., 2008).
The Amph-PI based geothermometers yielded the equilibra-
tion temperatures for this rock type between 750 to 950 °C,
whilst Grt-Cpx and Grt-Amph Fe-Mg exchange thermome-
ters show the slightly elevated temperature values (max ~
1000 °C; Table 6). The Grt-Cpx-PI geobarometer provides a
pressure range between 0.80 and 1.25 GPa. Complex texture
of this rock type is indicative for its multi-stage metamor-
phic history. Namely, the igneous protolith of this rocks,
presumably consisting of clinopyroxene and plagioclase, un-
derwent a high-pressure amphibolite to granulite metamor-
phism that reached its peak with amphibole consumption
and formation of metamorphic clinopyroxene (Mukhopad-
hyay and Bose, 1994; Bucher and Frey, 2002). Prograde
metamorphism is well-documented by pargasitic substitution
in amphibole (Fig. 7b). The peak-metamorphism recorded in
these rocks obviously did not last long enough to completely
use up the amphibole. And yet, the peak metamorphic condi-
tions were sufficient for the growth of garnet at high sub- to
super-solidus temperatures (600-800 °C) by reaction of am-
phibole and plagioclase which are both regularly reported as
inclusions in garnet (Wolf and Wyllie, 1993). Garnet blasts
are usually devoid of the curved inclusions trails, which sug-
gests that the garnet growth (i.e. peak metamorphism) is
post-kinematic to the main deformation. High metamorphic
pressures and temperatures suggested for metagabbros
(Table 6) were presumably achieved during intraoceanic
subduction of Dinaridic Tethys. The retrograde metamorphic
processes must have taken place shortly after the peak meta-
morphism leading to preservation of reaction textures
around garnet and clinopyroxene (Fig. 6j; e.g. Brandt et al.,
2003). In case of the former kelyphitic rims made of plagio-
clase, orthopyroxene, and magnetite are usually reported and
as for the latter the thin rims of amphibole and orthopyrox-
ene emerge surrounding clinopyroxene. Such microstruc-
tures are generally explained by disequilibrium during de-
compression which is caused by the shortage of fluids thus
hampering the re-equilibration of high-grade assemblages
(e.g. Cruciani et al., 2012; Groppo et al., 2015). The final
retrogression stage in this rock type is characterized by the
titanite intergrown with ilmenite (Fig. 60), which implies
that the cooling and decompression at the later stage were
accompanied by hydration (Harlov et al., 2006). The forma-
tion of xonotlite around garnet can be linked to this late-
stage event (Hacker and Mosenfelder, 1996), along with the
occurrence of albite, epidote, pumpellyite and prehnite sym-
plectites in plagioclase. For “metagabbros” where orthopy-
roxene is found in textural equilibrium with neighbouring
phases a heating event at moderate pressures that lasted
somewhat longer has been envisaged (e.g. D’el-Rey Silva et
al., 2007). This is reflected in scantly higher peak metamor-
phic temperatures (max ~ 1100 °C; Table 6) that gave rise to
the crystallization of orthopyroxene blasts (Fig. 61).

The temperatures estimated for “metabasalts” were in a
range from 720 to 1020 °C, whilst the pressures were re-
ported the highest in the KKOC soles spanning from 1.10 to
1.30 GPa (Table 6). Such high pressure conditions that are
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Table 6 - Thermobarometric data for the KKOC metamorphic rocks. For analytical uncertainties consult the respective method
reference.

Rock type Grt+Cpx+Opx amp. Cpx+PltGrtgn. Spr & Crn amp. Grt+Cpx+Opx amp. Cpx+PIxGrt gn. Rock type
(metagabbro 1) (matabasalt 2) (meta-troctolites) (1 bbro 1) (matabasalt 2)
GEOTHERMOMETRES (in °C): GEOBAROMETERS
(in GPa)
AMPH-PL Al in AMPH
SPEAR (1880) 750 - 800 na 0.25 - 075 0.65-1.10 0.85-0.90 SCHMIDT (1992)
HOLLAND & BLUNDY (1894) 750 - 950 na. GRT-CPX-PL
GRT-CPX na. 0.80-1.25 1.10-1.30 NEW. & PARK. (1982)
KROGH (1888) 810 - 1025 720 - 1020 GRT-OPX
GRT-OPX n.a. 0.80-1.10 n.a HARLEY & GREEN (1952)
HARLEY (1884} 720 - 1100 n.a. n.a. 1.00-1.25 n.a. NICKEL & GREEN {1985)
LEE & GANGUILY (1988) 770 — 1000 na. OPX-CPX-GRT-PL
GRT-AMPH n.a. 095-1.10 n.a. PARIA et al. (1985)
GRAMAM & POWELL (1984) 780 - 980 na. OPX-GRT-PL
KROGH RAVNA (2000) 740 - 940 n.a. n.a 0.90-1.30 n.a. PERKINS & CHIP. (1985)
TWO PYROXENES
WELLS (1977) 830 - 920 n.a. GEOTHERMOBAROMETERS (in
“C, GPa)
BREY & KOHLER (1880) 710 - 900 n.a. 540 - 70O 2650 n.a. PLYUSNINA (1982)
0.25-0.55 =040

n.a. = not applicable; amp = amphibolite; gn = gneiss. Mineral abbreviations: Amph = amphibole, Grt = garnet, Pl = plagioclase, Cpx = clinopyroxene, Opx =

orthopyroxene, Crn = corundum, Spr = sapphirine.

accompanied by a lack of amphibole and occurrence of gar-
net somewhat richer in Fe may serve as indications of the
transitional eclogite facies conditions. This is in line with
the literature reporting on the eclogite-type rocks associated
with the ophiolites in the Dinaric Alps (Pami¢ and Majer,
1973). The ubiquitous development of orthopyroxene rims
around clinopyroxene follows the discussion from above
suggesting an incomplete re-equilibration during decom-
pression. The Ti and Al-poor and Fe-rich secondary amphi-
bole growing at the expense of Ti-pargasite and clinopyrox-
ene is occasionally reported in this rock type thus docu-
menting a post-peak metamorphic instability (~ 0.26 GPa
pressure) (e.g. Sen and Oliver, 1981).

Geodynamic significance of metamorphism

The P-T data estimated for the KKOC metamorphic sole
rocks, along with their respective mineral assemblages and
rock textures are highly comparable with the characteristics
of many dismembered dynamothermal soles (e.g. Gjata et
al., 1992). The geochemistry of analyzed rocks suggests a
two-fold nature of igneous protolith that consists of IAT af-
filiated meta-cumulates and MORB-like evolved
metabasalts of tholeiitic affinity (Fig. 9¢). Accordingly, the
cumulate gabbroides of Gostovi¢i and Dubostica (Figs. 2,
10c; Table 5) and massive extrusives (dolerites, diabases
and pillow basalts) of Ribnica and Dubostica (Figs. 2, 10d;
Table 5) are found as the plausible mafic protoliths of the
KKOC soles. Such a diverse magmatic suite is usually
formed from mantle-derived basaltic melts, in supra-sub-
duction zone (SSZ) environment, as suggested by HFS ele-
ments depletion in analyzed rocks (Gill, 2010). The com-
posite geochemical and petrological affinities of igneous
precursors (i.e. IAT cumulate vs. MORB-like extrusives)
strongly support their metamorphism in an intraoceanic sub-
duction setting of a back-arc geotectonic regime (Lézaro et
al., 2013; Segvi¢ et al., 2016). Many ophiolite complexes

with a documented record of metamorphic soles are com-
posed of an analogous mafic series of cumulates and extru-
sive mafites - especially along the Tethyan belt, for instance
in the Dinarides (Groatia, Bosnia, Serbia; Pamié¢, 1968;
Pamic et al., 2002; Segvi¢ et al., 2016), the Albanides (Gag-
gero et al., 2009), Oman (Godard et al., 2006), Greece (Pyn-
dos and Othry Zone; Gartzos et al., 2009) and Turkey (EI-
divan; Dangerfield et al., 2011). Ophiolite obduction and
tectonic emplacement of oceanic lithosphere explain a tec-
tonic mixing of juxtaposed magmatic bodies of different
geochemical provenances that served as protoliths of stud-
ied rocks (Lézaro et al., 2013). Field textural evidences and
petrogenesis of analyzed rocks are a witness to the genetic
link between the KKOC soles and prevalent mafic and ultra-
mafic rocks of the complex. This strongly suggests that the
KKOC soles can be considered as dismembered metamor-
phic rocks that originated in a subduction system as a conse-
quence of convergent processes in the vicinity of a back-arc
spreading zone where the newly born oceanic lithosphere
remained hot (Robertson, 2002; Saccani et al., 2011).

Such defined geotectonic environment corresponds well
to the classical models of Boudier et al. (1985) and Boudier
et al. (1988) developed for the Tethyan ophiolites of Oman
and which are characterized by the metamorphic sole pres-
ence. The igneous precursors of KKOC soles are suggested
to have belonged to the lower oceanic plate that re-crystal-
lized when over-thrusted by the hot oceanic lithosphere (Fig.
11a). This is in line with metamorphic conditions elucidated
for studied rocks with meta-troctolites having attained the
amphibolite-granulite facies transition (~ 650 °C and ~ 0.75
GPa) while metagabbros and metabasalts underwent the
high-pressure granulite metamorphism (~ 900 °C and ~ 1.00
GPa). Such a regime follows a trajectory model of Peacock
et al. (1994) typical for a slow-subducting oceanic crust at a
constant shear. Meta-troctolites presumably represent a por-
tion of the lower plate comparatively more distant to the
hanging wall which led to somewhat lower values of the



23

S N
DINARIDIC-VARDAR OC.
(Future CDOB)
nascet infant proto arc + S margin of
back-arc near-ridge subduction

Laurussia

Middle Jurassic (Early Bathonian) - Late Jurassic (earliest Oxfordian?)
. _ nascent aborted back-arc
infant proto arc spreading centre

accretionary complex ;a7 5,55

(MORB-like lavas)

mantle
mantle

future

ophiolite -~ H

Early exhumation of

metamorphic sole mantle

KKOC
metamorphic sole

accretionary complex

S N S Dinaridic-Vardar hiolite N
DINARIDIC-VARDAR OC. . e b
CDOB formation CDOB formation

mélange formation
AP KKOC
X, ¥77  metamorphic sole
O BAB Tisza

KKOC
metamorphic sole

upper mantle

Late Jurassic (Oxfordian-Kimmeridgian?) b Late Jurassic (Kimmeridgian-Tithonian?) ~ (C)

Fig. 11 - The proposed schematic geodynamic model that gave rise to the Krivaja-Konjuh metamorphic sole rocks (dynamothermal soles). (a) The near-ridge
subduction stage with formation of an infant proto arc and aborted spreading centre in the marginal (back-arc) basin. Sketch detail: intraoceanic subduction
and formation of metamorphic sole and subsequent early exhumation of metamorphic sole relative to the ophiolite (adapted after Wakabayashi and Dilek

(2000; 2003). (b) The late subduction stage and progressive accretionary emplacement. (c) The ophiolite and metamorphic sole obduction and final stage of
oceanic closure. AP- accretionary prism, BAB- back-arc basin.
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meta-troctolite peak metamorphic conditions (e.g. Peacock,
1988; Wakabayashi and Dilek, 2003). The age of the meta-
morphism in the Dinaric segment of Tethys is usually placed
to the onset of Oxfordian (Lanphere et al., 1975) but a recent
study on the Latest Bajocian-Early Bathonian radiolarian as-
semblages from KKOC suggested a radiolarian deposition to
have been contemporaneous to the rapid transitions in the
Dinaridic Neotethys geotectonic setting, which changed
from active ridge magmatism to an intraoceanic subduction
environment and island-arc volcanism (gegvié et al., 2014).
Accordingly, the KKOC metamorphism could have been
slightly older than Early Oxfordian. Similar to many
Tethyan ophiolites, the KKOC soles were detached from the
down-going plate (Fig. 11b) once they have reached its peak
metamorphism and were thrust on the Adria margins within
the next 10 to 15 Ma (i.e. until the end of Jurassic, Pami¢ et
al., 2002; Bortolotti et al., 2005) (Fig. 11c¢).

Young subducted mafic rocks were metamorphosed up to
granulite, and possibly transitional eclogite-granulite facies,
as a consequence of crustal thickening and high temperatures
released from the hanging wall of the subduction zone. Tak-
ing into account an average geostatic gradient of intraoceanic
subduction zones (32 km/GPa) the KKOC soles could have
been dragged at maximal depths of ~ 35 km. The thickness
of the KKOC is, however, not in favour of such pressures
(Roksandi¢ et al., 1971; Pamié et al., 1977). And yet, such
discrepancies may be explained by the fact that only part of
the upper plate has been obducted on the Adria passive mar-
gin but several other interpretations on this topic exist in the
literature (e.g. Robertson, 2002). The most widely accepted
models assume a thinning of a mantle lithosphere during the
prolonged intraoceanic subduction, which in turns leads to
extensional disintegration of the overlying ophiolite (Casey
and Dewey, 1984; Hacker and Gnos, 1997). The post peak,
medium P - high T metamorphic event that gave rise to the
equilibrated orthopyroxene blasts in some metagabbros
could be related to such pressure release of the system. On
the other hand, the high temperatures of metamorphism sug-
gested for analyzed metagabbros and metabasalts must re-
flect the heat of sub-ophiolite mantle that clearly exceeded
1000 °C (Wakabayashi and Dilek, 2003). This further im-
plies that these rocks were formed proximal to the ridge
(Peacock et al., 1994), which fits well with their geochem-
istry, that turned out to be either of the MORB-like character
(with a weak subduction imprint) or have a clear IAT cumu-
late affiliation. Keeping in mind a geotectonic model pro-
posed above (Fig. 11), the origin of the protoliths of ana-
lyzed rocks can be related to the aborted back-arc spreading
centre of the upper ophiolite plate (Konjuh). In such a
regime, the MORB-like lavas were only marginally affected
by subduction fluids, while the IAT lavas were nascent to the
gabbro-like cumulates, also suggested by Babaji¢ (2009). Ig-
neous precursors, regardless of their type and exact place of
origin in the back-arc realm, were entrained in a subduction
zone in the form of olistoliths captured as mélange in the
trench (Fig. 11a-b). Further compression resulted in the ex-
humation of the part of metamorphic sole that suffered dif-
ferent degrees of inverted metamorphism (meta-troctolites
vs. metagabbros and metabasalts, Table 6). Exhumed rocks
subsequently formed an accretionary wedge that was, there-
upon, obducted at the margins of Adria microplate (Pamic et
al., 1977) (Fig. 11b-c). Thermal thickening and buoyancy of
the fore-back-arc system is actually dependent on its position
above the subducted oceanic crust and given the duration of
an average subduction cycle of 4 to 5 Ma (time required for

subducted material to attain a 120 km depth, Murphy, 2006),
the obduction of KKOC must have taken place within the
next 10-15 million years as otherwise the upper plate gets
too thick and instead of obducting on the continental margin,
it bulldozes the margin during the collision. This is well in
agreement with the above discussion arguing that the obduc-
tion of KKOC ophiolites has been completed by the end of
Jurassic (Fig. 11c¢).

A subduction-accretion-obduction mechanism proposed
for the origin of the Krivaja-Konjuh metamorphic sole in
the CDOB corresponds to the genetic model argued for the
Evia amphibolites from southern and south-eastern Pindos
ophiolites (e.g. Robertson, 1991; Gartzos et al., 2009; Fig.
1). It is also very similar to the model proposed by Barth et
al. (2008) explaining the origin of the Othris ophiolite in
Greece that bears geochemical characteristics of both mid-
ocean ridges and supra-subduction zones. According to
Jones and Robertson (1991) and Smith and Rassios (2003),
intraoceanic subduction processes in this part of Pindos
commenced during Middle Jurassic, which coincides with
the onset of subduction in CDOB (Lanphere et al., 1975;
Segvié et al., 2014). Such striking similarities in regard to
the Tethyan evolution in its Dinaridic and Hellenic branches
are strongly in favour of their common tectono-metamor-
phic history during the Mesozoic era. This corroborates the
existence of a single oceanic branch of Neotethys usually
referred as Pindos that is nowadays documented by the
ophiolites of Bosnia, Serbia, Albania and central Greece
(e.g. Stampfli and Borel, 2002; Bortolotti et al., 2005;
Gawlick et al., 2008; Barth et al., 2008).

CONCLUSIONS

Metamorphic sole rocks of the Krivaja-Konjuh ophiolite
complex from the Central Dinaridic Ophiolite Zone are re-
ported to form an elongated domain between the two main
ultramafic masses (Krivaja and Konjuh) having a main
metamorphic portion in the southern part of the complex.
The rock textures are essentially crystalloblastic to porphy-
roblastic, whereas analyzed structures are more often than
not parallel showing an alternation of ‘white’ and ‘black’
rock domains. Several rock varieties have been recognized
forming the KKOC metamorphic sole rocks.

Major and trace element geochemistry and petrographic
data showed that most of the KKOC metamorphic sole
rocks bear geochemical signatures of mafic gabbroic rocks
(SSZ-type setting), whereas the rest corresponds to the more
evolved basalts of the tholeiitic affinity (MORB-like-type
setting). Geothermobarometric calculations based on the
phase chemistry of different coexisting minerals yielded
ranges of temperature and pressures for the different KKOC
sole varieties. Analyzed soles record a complex metamor-
phic history that in essence consisted of several steps. The
original igneous assemblages were subjected to the high-
pressure peak granulite metamorphism at ~ 1.10 to 1.30
GPa and ~ 850 to 1100 °C. The post-peak medium pressure
conditions are characterized by decompression and forma-
tion of well-preserved coronal reaction textures around gar-
net and clinopyroxene. It has been further hypothesized that
this step is preceded by the pressure-relaxation heating and
subsequent growth of orthopyroxene blasts. The last step in
the KKOC metamorphic evolution comprises the retrograde
greenschist metamorphic overprint, which is marked by the
cooling, decompression and hydration.



Metamorphic conditions and field relationships suggest
that KKOC soles, derived from mafic gabbroides and tholei-
itic basalts, were formed through incipient intraoceanic sub-
duction processes that may have eventually reached deeper
lithospheric depths. The generation of the Tethyan oceanic
crust in the Dinarides commenced in Late Triassic and con-
tinued during the first half of the Jurassic through ocean
spreading process. The extensional processes saw an end by
the Late Bajocian - Early Bathonian time when an intrao-
ceanic NE subduction took place due to the continuous
northwards movement of Africa. The protoliths of analyzed
rocks are believed to have been formed in the back-arc set-
ting appearing principally as IAT-type grabbroic rocks or
MORB-like-type extrusives. Regardless of protolith type,
these mafic rocks must have been affected by intraoceanic
subduction process during second half of the Jurassic, which
were subsequently exhumed along the ancient subduction
channels to form an accretionary wedge that was obducted
at the margins of Adria continental microplate. The obduc-
tion of the metamorphic sole of the Krivaja-Konjuh ophio-
lite complex took place in the next 10-15 Ma following the
onset of intraoceanic subduction in the Dinaridic part of
Neotethys reaching its completion by the end of Jurassic.
The proposed formation mechanism and timing of the ob-
duction of the KKOC high-grade metamorphic soles serve
an analogue to similar occurrences notably in the central
Greek ophiolites which supports the idea of a common
tectono-metamorphic history of the Dinaridic-Hellenic
branch of Neotethyan during the Mesozoic era.
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