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Abstract

S

The Dinaridic segment of Neotethys was affected by a widespread shortening and related subduction-accretion-obduction processes that commenced in the middle Jurassic. In the Dinarides,
the Krivaja-Konjuh Ophiolite Complex (KKOC) stands as the largest ophiolite complex with a
well-exposed metamorphic sole which is the key to understanding the dynamics of intraoceanic
subduction initiation in this part of Neotethys. In this contribution we present Sm-Nd geochronology on a granulite facies amphibolite from the KKOC, as well as a detailed petrological description. A five-point isochrone age calculated from clinopyroxene, plagioclase, garnet, amphibole
and whole rock is 162 ± 14 Ma (MSWD = 6.2), whereas garnet and whole rock yield 160 ± 7 Ma.
Ages calculated from all data points except clinopyroxene are 162 ± 5 Ma (MSWD = 1.09). Petrographic investigations suggest that these ages date granulite facies metamorphic conditions
(i.e. peak metamorphism of Grt-Cpx amphibolite) rather than post-peak exhumation or obduction processes. Phase textural relationships are in line with previous research, which indicated
a peak metamorphism equilibration pressure and temperature of ~1 GPa and ~800 °C, respectively. Granulite facies conditions are elucidated for an igneous precursor, which underwent a
multi-stage metamorphism that gave rise to recrystallization of igneous clinopyroxene and plagioclase, epitaxial growth of amphibole, and garnet blastosis. Taking into account the age of
gabbronorite from the youngest segment of the KKOC oceanic crust (Taorcian to Bathonian) and
ages of radiolarian assemblages from the KKOC mélange (Bajocian to Bathonian), it may be inferred that within ~25 Ma the Dinaridic segment of Neotethys evolved rapidly from active ridge
spreading through a stage of intraoceanic subduction and arc magmatism toward sub-ophiolite
exhumation and further obduction along the Adria passive margin at the end of the Jurassic era.
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1. INTRODUCTION
Stretching discontinuously for about 9500 km, from the European
Alps to southern Tibet, the Tethyan ophiolites structurally overlie
passive margin successions of collided continents and commonly
show fully developed ophiolitic sequences, which also include
high-grade sub-ophiolite metamorphic rocks (DILEK & FURNES,
2019: Fig. 8b, and references therein). The latter are present at the
base of many Tethyan ophiolite complexes, which formed at temperatures not exceeding 1200°C (e.g. GUILMETTE et al., 2008;
SARIFAKIOǦLU et al., 2010; BOROJEVIĆ SOSTARIĆ et al.,
2014; KAKAR et al., 2015; MULDER et al., 2016; ŠEGVIĆ et
al., 2016). Sub-ophiolite or metamorphic soles are characteristic
for subduction realms, more specifically for the zones of high
temperatures and variable pressures, which exist below the upper
plate’s hot sub-oceanic mantle (e.g. PAMIĆ et al., 2002; LÁZARO
et al., 2013). Soles emerge in the form of thin dismembered sheets
and, therefore, outcrop only sporadically (e.g. POMONIS et al.,
2002), yet they are of great geotectonic importance as they adumbrate a shift in the regional dynamics of the oceanic floor
(DILEK & FLOWER, 2003), which provides vital information
on the evolution of the ocean as well as on the subsequent

o phiolite emplacement history (ÇELIK & DELALOYE, 2006;
PARLAK, 2016).
The Jurassic ophiolites of the Dinarides form a narrow and
elongated zone usually divided into two major regional belts - the
Central Dinaridic Ophiolite Belt (CDOB) in the west and the Vardar Zone in the east (Fig. 1). There are two schools of thought
with respect to the origin of these belts. The first argues for a
derivation of both ophiolite belts from the same marginal segment
of Neotethys, which ultimately led to the actual position of ophiolites within the Dinarides-Hellenides nappe stack (PAMIĆ et
al., 1998; SCHMID et al., 2008; FAUL et al., 2014), while the second one favours the existence of two Neotethyan oceanic branches
(e.g. LUGOVIĆ et al., 1991; ROBERTSON, 2004), which were
also defined in the Hellenides (FERRIÈRE et al., 2012). Both
ophiolitic belts contain high-grade Jurassic metamorphic rocks
(e.g. MAJER & LUGOVIĆ, 1985; GJATA et al., 1992; ROBERTSON & KARAMATA, 1994; BÉBIEN et al., 2000; SREĆKOVIĆBATOĆANIN et al., 2002; CHIARI et al., 2011). The focus of
this study is the metamorphic sole rocks of the Krivaja-Konjuh
ophiolite complex (KKOC), which is the biggest ultramafic exposure in the Dinarides (Fig. 1). Amphibolite and granulite dominate the metamorphic suite of the KKOC (PAMIĆ et al., 1977;
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Figure 1. Upper part: A geotectonic schematic map of SE Europe showing the Mesozoic Tethyan ophiolites stretching parallel to the Dinarides. The rectangle indicates the position of the Krivaja-Konjuh ophiolite complex (study area). Map modified after ROBERTSON (2002) and ŠEGVIĆ et al. (2019); Lower part: A simplified
geological map of the Krivaja-Konjuh ophiolite complex. Modified after PAMIĆ (1968; 1970), ĐORĐEVIĆ and PAMIĆ (1972), and ŠEGVIĆ et al. (2019). The SW-NE
cross-section A-B depicts the tectonic nature of the contact between large blocks of ultramafites and subordinate mafic rocks.

OPERTA et al., 2003). These rocks underwent high temperature
metamorphism at variable intermediate pressures (ŠEGVIĆ,
2010). K-Ar dating yielded ages in the range of 170 to 160 Ma
(LANPHERE et al., 1975), which correlate relatively well with
the dating of radiolarian chert from the KKOC mélange, which
was determined to be from Late Bajocian to Early Bathonian in
age (ŠEGVIĆ et al., 2014).
The research on orogenic belts has particularly benefited
from Sm-Nd geochronology and related P-T-t studies as the former determines the timing of specific tectonic events during the
evolution of metamorphic complexes and, therefore, of continen-

tal lithosphere (e.g. XU et al., 1994; THÖNI, 2002; PLOTNIKOV
et al., 2003; CHENG et al., 2011; DRAGOVIC et al., 2015;
CHENG, 2019; WANG et al., 2019). In the high-grade metamorphic assemblage of the metamorphic sole garnet is a critical
phase, because it enriches Sm with respect to Nd, giving the opportunity to measure ages with a precision better than 1% (e.g.
MEZGER et al., 1992; DUTCH & HAND, 2010; ROMER &
RÖTZLER, 2011; BAXTER et al., 2017). Moreover, the closure
temperature of the Sm-Nd system in garnet is high enough to define the age of the peak metamorphic assemblage instead of
events during the cooling of the system. Careful petrographic and
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Sm (ppm)

Nd (ppm)

147Sm/144Nd

143Nd/144Nda

±2sm

whole rock

0.518

1.087

0.2878

0.513115

0.000003

pyroxene

0.648

1.432

0.2737

0.513090

0.000003

garnet

0.311

0.367

0.5119

0.513349

0.000007

plagioclase

1.683

3.716

0.2738

0.513101

0.000003

amphibole

2.042

5.274

0.2341

0.513056

0.000002

Material

Sm and Nd concentrations were detected by isotope dilution. Nd isotopic ratios are calculated from 650-800 valid runs at 1.7 to 5.0 V intensity. Errors are given at the 2s-level.
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3. MATERIALS AND METHODS
Rocks were sampled from 11 locations dispersed throughout the
KKOC. In most cases analyzed samples were taken from natural
outcrops and only exceptionally, in the event of outcrop inaccessibility, were they gathered from nearby mountain streams. Data
on the phase chemistry discussed in this contribution represent a
subset of microprobe data given in ŠEGVIĆ et al. (2019) and are
provided here as supplementary material (Supplementary material Table 1). The metamorphic P-T space has been defined
through the respective reaction curves calibrated in a basaltic
system (NCFMASH and CFMASH) (Fig. 5). Reaction curves
(1), (2), and (3) are 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) and (13) from FREY et al. (1991).
For dating by the Sm-Nd method, sample U22 derived from
the prevailing KKOC metamorphic lithotype was carefully chosen to ensure mineral freshness. Mechanical and chemical sample
preparation was performed at the Austrian Geological Survey,
following the procedure described by SÖLVA et al. (2005). For
Sm-Nd isotopic analyses a whole rock powder and handpicked
mineral separates of garnet, clinopyroxene, plagioclase and amphibole were used. The weights of material used for dissolution
were 100 to 200 mg. Overall blank contributions were < 200 pg
for Nd and Sm. Isotopic measurements were carried out at the
University of Vienna, Austria. Spiked Sm and Nd ratios were
measured by a Finnigan® MAT 262, whereas unspiked Nd and
Sr ratios were analyzed using a ThermoFinnigan® Triton Thermal Ionisation Mass Spectrometer (TIMS). All elements were
run from Re double filaments. On the Triton TI the La Jolla standard yielded 143Nd/144Nd = 0.511844 ± 0.000001 (2σ) (n = 45)
during the period of measurements. Errors for the 147Sm/144Nd
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2. GEOLOGICAL SETTING
In the Dinarides a large number of ophiolite rocks occurs either
in the form of small blocks (m to km in size) or as large thrust
sheets, which may cover as much as 1000 km2 (e.g. TRUBELJA
et al., 1995; ŠUICA et al., 2018). Fragments of the ophiolite sequence are also present in a mélange (Fig. 1; DIMITRIJEVIĆ &
DIMITRIJEVIĆ, 1973; ŠEGVIĆ et al., 2014) consisting of a
pelitic to silty sedimentary matrix which incorporated various
igneous and sedimentary rocks during tectonic processes
(PAMIĆ et al., 2002). Such a mélange is present in the footwall
of the ophiolite complexes in the Dinarides (TARI, 2002). The
oceanic crust décollement was followed by the Late Jurassic obduction of oceanic crust onto Adria’s passive margin (PAMIĆ et
al., 1977; CHIARI et al., 2011), which largely explains the recent
tectonic position of the Dinaridic ophiolites.
The KKOC is located in central Bosnia and Herzegovina and
covers an area of about 650 km2 with a distinct NW-SE elongation (Fig. 1; PAMIĆ et al., 1977; PAMIĆ & HRVATOVIĆ, 2003).
The complex is divided into two large blocks, the western Krivaja
block, which represents an amalgamation of ultramafic and mafic
rocks, while the eastern Konjuh block largely consists of peridotite (Fig. 1; PAMIĆ, 1968, 1970; ĐORĐEVIĆ & PAMIĆ, 1972).
The ophiolite blocks are tectonically incorporated in a mélange
which was thrust onto Lower to Middle Jurassic sedimentary
rocks of the Adria continental margin and the whole sequence is
overstepped by the Cretaceous basinal Pogari Formation (PAMIĆ,
1970; HRVATOVIĆ, 2006). The reporting of Jurassic foraminifera such as Vidalina martana, Glomospira sp., Cristellaria sp.
(PAMIĆ & HRVATOVIĆ, 2000) from micrite interlayered with
shale and greywacke correlates well with the previously mentioned Bajocian to Bathonian age of the radiolarian chert, thus
defining the Late Jurassic age of the mélange (ŠEGVIĆ et al.,
2014). The KKOC ultramafics are mostly peridotite (~80%;
PAMIĆ, 1968, 1970; ĐORĐEVIĆ & PAMIĆ, 1972) with some
minor dunite and pyroxenite (PAMIĆ et al., 1977; MAKSIMOVIĆ
& MAJER, 1981; LUGOVIĆ et al., 1991; TRUBELJA et al.,
1995). The mafic rocks are predominantly represented by gabbro

(PAMIĆ et al., 1977; BABAJIĆ, 2009). In addition to mafic and
ultramafic rocks, an elongated zone composed of greenschist to
granulite facies metabasaltic and metapelitic rocks occurs discontinuously at the base of the eastern peridotite block (PAMIĆ
et al., 1977; OPERTA et al., 2003). The contact of metamorphic
rocks with the overlying peridotites is largely syn-metamorphic.
Conversely the contact with the mélange has hitherto not been
documented (PAMIĆ et al., 2002; ŠEGVIĆ, 2010). At several locations within the complex a clear metamorphic zonation is reported with the granulite exposed adjacent to the peridotite,
whereas the rocks of upper and lower amphibolite facies are
found further away from the contact (PAMIĆ et al., 1977;
ŠEGVIĆ, 2010). Metamorphic conditions of the granulite facies
rocks were estimated to be in the range of 850 to 1100 °C and from
1.1 to 1.3 GPa. The protoliths were most likely mafic cumulates
formed in a supra-subduction zone setting and to a lesser extent
MORB-like mafic extrusives entrained in the subduction/thrusting system as a result of Middle Jurassic contraction of Neotethys
(ŠEGVIĆ et al., 2019).

PR

mineralogical considerations are however needed to address the
difference.
In this contribution we report a Sm-Nd isochron age combined with petrologic observations, which are used to constrain
the P-T-t evolution of the metamorphic sole of the KKOC. Several
stages of the subduction-extrusion cycle are reconstructed based
on metamorphic parageneses and their respective mineral reactions. Details on the Jurassic dynamic evolution in the Dinarides
are of broader regional significance as contemporaneous subduction processes took place in the Albanides and Hellednides
(BORTOLOTTI et al., 2013; TREMBLAY et al., 2015; KYDONAKIS et al., 2016), while in the Taurides, the subophiolitic sole
is largely Cretaceous in age (ÇELIK & DELALOYE, 2006; ELITOK & DRÜPPEL, 2008; HÄSSIG et al., 2019).

Geologia Croatica

Table 1. Sm-Nd isotopic data of sample U-22 from the Krivaja-Konjuh ophiolite complex
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Figure 2. Selected photomicrographs (crossed nicoles, (c), (d), (f), (g); parallel nicoles, (a); and BSE images, (b), (e), (h)) and analyzed rocks. For details see the text;
Amp-amphibole; Cpx- clinopyroxene; Opx- orthopyroxene; Mt- magnetite; Grt- garnet; Pl- plagioclase; Rt- rutile. Mineral abbreviations after KRETZ (1983).
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5. DISCUSSION
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5.1. P-T-t metamorphic evolution
Peak-metamorphic conditions of granulite facies can often be reset by diffusion, which is referred to in the literature as the ‘granulite uncertainty principle’ (HARLEY, 1989). Metamorphic
rocks studied herein are suggested to have been formed by a
short-time metamorphic overprint induced by the rapid subduction below a hot upper-plate and subsequent rapid cooling during
ophiolite exhumation and obduction, thus preserving the peakmetamorphic assemblages intact. The orthopyroxene-free GrtCpx amphibolite analyzed in this contribution is diagnostic for
high-grade metamorphic assemblages potentially transitional to
eclogite facies (e.g. MUKHOPADHYAY & BOSE, 1994; PATTISON et al., 2003). The presence of garnet and rutile in metabasite indicates a minimum pressure of 0.8 to 1.0 GPa regardless
of the temperature (ERNST & LIU, 1998). The appearance of
clinopyroxene with no orthopyroxene at such pressures denotes
a peak temperature in the range of 750 to 800 °C (GUILMETTE
et al., 2008). The amphibole-plagioclase geothermometers
yielded equilibration temperatures for this rock type of between
725 to 950 °C. The garnet-clinopyroxene and garnet-amphibole
Fe-Mg exchange thermometers also fit the suggested temperature
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4.1. Petrography
The texture of high-grade metamorphic rocks of KKOC is granoblastic to porphyroblastic. The former is defined by coarse blasts
of amphibole and plagioclase, whereas in the latter one reports on
porphyblasts of garnet (up to 1 cm) merged in a fine-grained homogenous matrix. Further rock subdivisions have been made based
on their geochemistry (i.e. meta-cumulates vs. metabasalts;
ŠEGVIĆ et al., 2019). Accordingly, the sapphirine-bearing and
corundum-bearing amphibolite, garnet-clinopyroxene (±orthopyroxene) amphibolite and amphibolite per se are classified as metacumulates, whereas clinopyroxene±garnet amphibolite and
clinopyroxene-plagioclase±garnet gneiss represent metabasalts.
More details on petrography of KKOC metamorphic rocks may be
found in ŠEGVIĆ et al. (2019). Here, further information is provided for garnet-clinopyroxene±orthopyroxene (Grt-Cpx±Opx)
amphibolite, which is the most common type of the KKOC metamorphic rocks and was therefore chosen for Sm-Nd dating.
Paragenesis of Grt-Cpx(±Opx) amphibolite accounts for garnet, amphibole, clinopyroxene, and plagioclase. Texturally equilibrated orthopyroxene may also emerge as a major paragenetic
mineral, appearing in the form of pinkish crystalloblasts (Fig. 2a).
Minor phases are Ti-minerals such as rutile, titanite, and ilmenite
as well as magnetite. Subrounded porphyroblasts of garnet and
lesser amounts of clinopyroxene and amphibole define a porphyroblastic texture (Fig. 2b). Garnet is pyrope to almandine (Supplementary material Table 1) and displays either a characteristic Ushape of its pyrope component or no compositional zonation when
equilibrated at peak metamorphic conditions (ŠEGVIĆ et al.,
2019). It may contain embedded clinopyroxene, amphibole, plagioclase, rutile and titanite (Fig. 2c). Formation of kelyphitic coronas around some garnet blasts reflects the geochemical disequilibrium of the system after the metamorphic peak (Fig. 2d). Garnet
retrograde decomposition gave rise to the formation of secondary
Ca-rich plagioclase, orthopyroxene and magnetite, while xonotlite,
albite, epidote, pumpellyite and prehnite are reported only sporadically (Fig. 2c). Yet there are numerous grains of garnet, which
document peak equilibrium with amphibole and plagioclase. Amphibole’s composition spans from edenite to pargasite (Supplementary material Table 1; Fig 7b in ŠEGVIĆ et al., 2019) and is
texturally equilibrated with high-Al diopside (Supplementary
material Table 1; Fig. 8b in ŠEGVIĆ et al., 2019). The latter may
be found embedded in amphibole, which testifies to the igneous
nature of the clinopyroxene (MOAZZEN & OBERHÄNSLI,
2008). Fine rims of amphibole and orthopyroxene may also be developed around larger crystalloblasts of clinopyroxene (Fig. 2e).
This textural feature along with ubiquitous garnet coronas is taken
as a sign of incomplete re-equilibration of granulite facies assemblages during later overprints (e.g. GROPPO et al., 2015; ŠEGVIĆ
et al., 2019). The An-rich plagioclase is commonly structured
within the matrix while large blasts are rare and unrepresentative
of plagioclase appearance (Fig. 2a; Fig 8b in ŠEGVIĆ et al., 2019).
When present, the non-kelyphitic orthopyroxene is represented by
pinkish pleochroitic crystalloblasts texturally equilibrated with
amphibole and plagioclase (Fig. 2a). It is primarily hypersthene
with 68.2 to 78.6 wt% En (Supplementary material Table 1;
ŠEGVIĆ et al., 2019). Ti-rich phases, rutile and ilmenite, are also
abundant in the analyzed amphibolite.
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4. RESULTS

4.2. Sm-Nd geochronology
Sm-Nd analyses were performed on clinopyroxene, plagioclase,
garnet, amphibole and whole rock separates of sample U22 (Table 1. and Fig. 3). The whole rock, as well as the analyzed minerals are characterized by their low Nd and Sm contents (0.3-5.3
ppm) typical for basaltic rocks. For the whole rock an et Nd(Chur)
value of 7.4 was calculated for t = 160 Ma. The lowest 147Sm/144Nd
ratio was measured in amphibole (0.2341), while the whole rock
plots in between plagioclase and garnet that display the highest
ratio (0.5119). An isochron age calculated from all five data points
yields an age of 162 ± 14 Ma (MSWD = 6.2). The large error and
MSWD value are due to a limited spread in the 147Sm/144Nd ratios and clinopyroxene plotting below the regression line. Ages
calculated from all data points except clinopyroxene and from
whole rock and garnet only are 162 ± 5 Ma (MSWD = 1.09) and
160 ± 7 Ma, respectively.

Figure 3. Sm-Nd isochron diagram of Grt-Cpx amphibolite (sample U-22) from
the southern parts of the KKOC (Duboštica area). The age and the related initial
Nd ratio is calculated from clinopyroxene, plagioclase, garnet, amphibole and
whole rock.
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ratio are ± 1% or smaller, determined based on iterative sample
analysis and spike recalibration. Ages were calculated with the
ISOPLOT/Ex software (LUDWIG, 2003).
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Figure 4. Hypothetical P-T path for Grt-Cpx amphibolite of KKOC. The drawing
in the upper left corner depicts a supra-subduction setting in which the metamorphic sole formed.

a prograde pressure dominated high-temperature metamorphism
is suggested for the analyzed Grt-Cpx(±Opx) amphibolite. This
event was followed by decompression induced decomposition of
the garnet and orthopyroxene formation during a short temperature rise at moderate pressure conditions. Final cooling and decompression took place under greenschist facies conditions. In
the Grt-Cpx(±Opx) amphibolite where orthopyroxene emerges
as a texturally equilibrated phase (Fig. 2a), the heating event at
moderate pressures likely lasted somewhat longer giving rise to
the blastosis of orthopyroxene, which may contain inclusions of
amphibole. This documents the last temperature rise in this metamorphic system (D’EL-REY SILVA et al., 2007).
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values (ŠEGVIĆ et al., 2019). Garnet-clinopyroxene-plagioclase
geobarometers consistently show equilibration pressures of 0.94
to 1.30 GPa. If orthopyroxene is present, the pressure interval
seems to be somewhat narrower ranging from 1.10 to 1.30 GPa
(ŠEGVIĆ et al., 2019). We propose a multi-stage metamorphic
history for Grt-Cpx amphibolite outlined by the trajectory in Figure 5. The igneous protolith, comprising clinopyroxene and plagioclase, must have undergone a high-grade pressure-dominated
amphibolite to granulite facies metamorphism reaching its peak
with amphibole consumption (reaction 7 in Fig. 4; MUKHOPADHYAY & BOSE, 1994; BUCHER & FREY, 2002). The course of
prograde metamorphism is documented by pargasitic substitution
in amphibole and is characteristic of the U-shape of the pyrope
component in garnet (ŠEGVIĆ et al., 2019). The peak-metamorphic conditions did not last long enough to allow for the complete
consumption of amphibole (minimal required temperature of
>850 °C), nor any foreign fluid having a low aH2O entered the
metamorphic system to enhance amphibole dehydration. The
course of prograde metamorphism in the Grt-Cpx amphibolite
was essentially multifold consisting of three stages: (1) recrystallization of igneous clinopyroxene and plagioclase, (2) epitaxial
growth of pargasitic amphibole over clinopyroxene relicts (Fig.
2e), and (3) garnet crystallization at high sub- to super-solidus
temperatures (600-800 °C) by the reaction of amphibole and plagioclase that are regularly found as inclusions in garnet (Fig. 2f;
reaction 3 in Fig. 4; WOLF & WYLLIE, 1994). High temperatures of garnet crystallization allowed for the appearance of rutile
needles (Fig. 2g), which are normally formed as a response to induced strain in high-grade metabasalts when micro-scale partial
melts react with garnet giving rise to the formation of the oriented
rutile needles (e.g. HWANG et al., 2007).
High-grade metamorphic conditions inferred for Grt-Cpx
amphibolite must have been achieved during the intraoceanic
subduction of the Dinaridic part of Neotethys. Thereupon, the
peak metamorphic assemblages were altered at continued high
temperatures, which led to the formation of well-preserved reaction textures around both garnet and clinopyroxene (Figs. 3d,h;
BRANDT et al., 2003; RAO & CHMIELOWSKI, 2011). For similar metamorphic complexes a mechanism was suggested that
involves a reaction of garnet and clinopyroxene with silica, which
leads to the formation of orthopyroxene along with plagioclase
and magnetite (PRAKASH et al., 2007; Grt + Cpx + silica →
Opx + Pl + Mt). Bearing in mind that the analyzed metamorphic
rocks are practically quartz-free, silica was likely mobilized by
the breakdown of igneous clinopyroxene and its replacement by
amphibole (~50 vs. ~40 wt% SiO2). Orthopyroxene from garnet
coronas in Grt-Cpx(±Opx) amphibolite is rich in Al2O3 (up to
6.08 wt. %, ŠEGVIĆ et al., 2019), which testifies to the high-temperature conditions that prevailed during garnet decomposition
(HARLEY, 1989). Furthermore, orthopyroxene rims around
clinopyroxene (Fig. 2e) are taken as diagnostic for further decompression accompanied by a temperature rise (~50 °C; MUKHOPADHYAY & BOSE, 1994; TAMASHIRO et al., 2004; SEO et
al., 2005). This event must have lasted only for a short time, but
long enough to form the discrete orthopyroxene rims. An enhanced retrogression is also indicated by intergrowths of titanite
and ilmenite (reaction 11 in Fig. 4), which suggest a rapid cooling
and decompression accompanied by hydration (HARLOV et al.,
2006). The occurrences of xonotlite, albite, epidote, pumpellyite
and prehnite at the expense of decomposing garnet can be linked
to this late stage of metamorphism (HACKER & MOSENFELDER, 1996; DUBACQ et al., 2019). Based on this discussion,
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5.2. Sm-Nd geochronology
The high-grade metamorphic assemblage consisting of fresh garnet, pyroxene and plagioclase was found suitable for dating by
the Sm-Nd method and according to the literature this method is
characterized by high closure temperatures (e.g. MEZGER et al.,
1992; DUTCH & HAND, 2010). With respect to garnet, varying
values of more than 600 or even 800 °C are suggested for eclogite and granulite facies metabasalt at dry conditions and high
cooling rates (JUNG AND METZGER, 2001; THÖNI, 2002). As
the investigated rocks experienced temperatures of more than 800
°C and fast cooling, a Sm-Nd isochron defined by the major components will indicate crystallization of the metamorphic peak assemblage instead of later rejuvenations along the cooling path of
the rocks.
The age calculated from amphibole, plagioclase, clinopyroxene, garnet and the whole rock yielded 162 ± 14 Ma (Fig. 3). The
large error is also expressed by the mean squared weighted deviation (MSWD) of 6.2, which is a measure for the fit of the data
points to the isochron line. As already mentioned in section 4.2.,
the error is mostly due to clinopyroxene plotting below the regression line, indicating a disequilibrium with respect to the other
mineral phases. This disequilibrium might be explained by the
petrographic investigations pointing to a partly preserved inherited igneous chemical composition of clinopyroxene (cf. section
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Figure 5. Geodynamic model explaining the formation of the KKOC amphibolites adapted after ŠEGVIĆ et al. (2019). (a) The near-ridge subduction adumbrating
the formation of an infant proto arc and aborted spreading centres in the marginal back-arc basin. Sketch detail: intraoceanic subduction stage 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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4.1.). Therefore, the isochron ages of 162 ± 5 Ma (MSWD = 1.09)
calculated from whole rock, amphibole, plagioclase and garnet
or 160 ± 7 Ma determined from whole rock and garnet are more
meaningful. In conclusion, a late Middle to early Late Jurassic
age of 160 ± 7 Ma can be predicted for the crystallization of the
peak-assemblage of the Grt-Cpx(±Opx) amphibolite. The initial
143Nd/144Nd ratio is 0.512814 ± 0.000002, corresponding to an et
Nd(Chur) value of 7.4.
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5.3. Implications for the geology of the Dinarides
Field evidence and petrogenesis of the KKOC metamorphic rocks
adumbrate their genetic link with the adjacent mafic and ultramafic rocks, which are the dominant lithologies of the complex
(PAMIĆ et al., 1977; ŠEGVIĆ et al., 2019). This aids the definition of the studied metamorphic rocks as dismembered dynamothermal metamorphic soles formed in a supra-subduction system,
where newly born lithosphere remains hot (e.g. ROBERTSON,
2004; SACCANI et al., 2011). In the Dinarides the age of the metamorphic sole has thus far been positioned to the onset of the Oxfordian (e.g. LANPHERE et al., 1975) which is supported by this
study (mid-Oxfordian; Fig. 3). This complements well with the
latest Bajocian to early Bathonian age of radiolarian assemblages
obtained from the chert-rich shaly to silty matrix of the KKOC
mélange (ŠEGVIĆ et al., 2014). Taking into account the Sm-Nd
age of gabbronorite from the youngest segment of the KKOC
oceanic crust, which is set to the Toarcian to Bathonian time
(BABAJIĆ, 2009) we argue for a geodynamic evolution that ultimately resulted in intraoceanic subduction and closure of the
major part of Neotethys by the end of the Jurassic. High-Ti basalts
with N-MORB affinity derived from the tectonic lower plate as

well as low-Ti IAT basalts from the upper plate (BABAJIĆ, 2009;
ŠEGVIĆ et al., 2019) were both entrained in the mélange of the
subduction channel (Fig. 5a). Based on a hypothesized subduction angle (~30°) and an average subduction velocity of 5 cm per
year (e.g. DEWEY, 1981) less than 10 Ma is suggested from initiation of subduction till the down-going plate attained lithospheric depths of the Wadati–Benioff zone (FLOWER et al.,
2005). This emphasizes the time needed for a rapid transition of
the geological setting in the Dinaridic segment of Neotethys from
active ridge magmatism to intraoceanic subduction and related
arc volcanism. It took further 5 to 7 Ma for igneous lithologies to
attain critical depths in the subduction zone and be metamorphosed at peak conditions of about 800 °C and 1 GPa during Oxfordian time (Figs. 6a-b). This is in line with the average duration
of subduction cycles that last about 5 Ma (MURPHY, 2006). The
analyzed sole rocks must have been stripped off from the downgoing plate after the metamorphic peak was reached (Fig. 5b).
Exhumed along the ancient subduction channel high-grade metamorphic rocks were thrust onto the Adria margins along with
the rest of the ophiolite sequence (PAMIĆ et al., 2002; ROBERTSON et al., 2009a; BORTOLOTTI et al., 2013; ŠEGVIĆ et al.,
2016). The exhumation-obduction process was inferred to last
between 10 to 15 Ma as otherwise the upper plate would become
too thick to obduct onto the continental margin and instead it
would bulldoze the margin during the collision (ŠEGVIĆ et al.,
2019). According to the scenario proposed herein the main branch
of the Dinaridic Neotethys was closed by the end of the Jurassic
(Fig. 5c). Obducted ophiolites were partly incorporated in an
Early Cretaceous over-stepping cycle by fluvial to shallow marine
sediments of the Pogari Formation. In northern Bosnia the latter
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6. CONCLUSIONS
Middle Jurassic time was marked by the regional shortening of
oceanic lithosphere of the Dinaridic segment of Neotethys which
in turn caused complex subduction-accretion-obduction processes to occur. These developments were parental to the range
of Tethyan ophiolite complexes documented throughout the Dinarides and beyond. The Krivaja-Konjuh ophiolite complex of
central Bosnia and Herzegovina is the largest complex in the Dinarides and is characterized by numerous exposures of well-preserved metamorphic sole rocks. Welded to the upper peridotite
plate during early subduction, the dating of the sole puts effective
constraints on the onset of intraoceanic subduction. For the
KKOC Grt-Cpx amphibolite, a five point Sm-Nd isochrone age
was calculated from clinopyroxene, plagioclase, garnet, amphibole and whole rock corresponding to 162 ± 14 Ma (MSWD =
6.2), whereas garnet and whole rock yielded 160 ± 7 Ma. Petrological investigation of the dated amphibolite confirmed that
these ages coincide with the peak metamorphism rather than reflecting an event that might have taken place during exhumation
or obduction. Peak pressures and temperatures are suggested to
revolve around ~1 GPa and ~800 °C based on the related phase
chemistry in textural equilibria. The mafic precursor of the analyzed amphibolite has undergone a multi-stage metamorphism
which firstly led to the recrystallization of magmatic clinopyroxene and plagioclase followed by the growth of epitaxial amphibole and garnet blastosis. Comparing the Toarcian to Bathonian
age of gabbronorite from the youngest segment of the KKOC
oceanic crust and the age of subduction onset in the Dinaridic
segment of Neotethys, we propose less than ~25 Ma were needed
for the ocean floor rapid transformation from the ridge spreading
through intraoceanic subduction to ophiolite obduction along
Adria’s margins at the end of the Jurassic.
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Chemical analyses of most minerals performed with focused electron beam of approx. 1 µm radii. Feldspar measured by electron beam of 10 µm. Fe analysed as FeOtotal and estimated as Fe2+ and Fe3+ on fixed number of 8 cations/12 oxygens for garnet and 15 cations/23 oxygens for amphibole. Formulas of plagioclase calculated on the basis of 8 oxygens, FeOtotal is expressed as Fe2O3. Fe analysed as FeOtotal and estimated as Fe2+ and Fe3+ on fixed number of 4 cations/6 oxygens for pyroxene. Mineral abbreviation (Kretz, 1983): Am = amphibole, Grt = garnet, Pl = plagioclase, kel.rim = kelyphitic rim, Cpx = clinopyroxene, Opx = orthopyroxene. Wo = wollastonite, En = enstatite, Fs = ferrosilite, Py = pyrope, Gr = grossulare, An = anorthite (all in %),
Mg#=Mg/(Mg+Fe2+), MT – meta-troctolite; MG – metagabbro; MB – metabasalts.
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Supplementary material Table 1. Selected electron microprobe analyses (in wt%) of amphibole, garnet, and plagioclase feldspar from KKOC soles and respective structural formulas.
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