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Abstract: Ophiolitic mélanges of the Ozren and Borja-Mahnjaca massifs comprise Middle Triassic, Lower Jurassic, and
Middle Jurassic radiolarites. The Middle Triassic radiolarites from clastic components in the mélange of the Ozren
ophiolite complex (OOC) predominantly contain the species Annulotriassocampe and Triassocampe species, together
with marker species of the Ladinocampe multiperforata Zone, belonging to the Illyrian. These Middle Triassic radiola-
rites are remnants of the Maliac Ocean, which opened during the Late Anisian. The inferred continuation of the Middle
Triassic radiolarian sedimentation to the Early Jurassic is recorded by radiolarites from block-in-matrix in the mélange
of the Borja-Mahnjaca ophiolite complex (BMOC). Their Sinemurian—Pliensbachian age is indicated by species of
the genera Canoptum, Katroma, Droltus, Lantus, Gorgasium, Charlottea, Bipetis, Paleosaturnalis and Paroanella.
Such Lower Jurassic radiolarites were so far unknown from the Dinaric ophiolite complexes. The Middle Jurassic radio-
larites cover the pillow basalts of the OOC. Their microfauna indicates the Bathonian—early Callovian age based on
the LADs of Mizukidella kamoensis and Hemicyrtocapsa carpathica and FADs of Transhuum brevicostatum, Cinguloturris
cf. carpathica, Loopus venustus and Protunuma turbo within the UAZ 6—7 Zone. The Middle Jurassic radiolarites are
also interbedded in the pillow lavas of the BMOC. In addition to common species of the UAZ 6—7 Zone (e.g., Transhuum
maxwelli, Eucyrtidiellum unumaense, Unuma gordus), they also contain the species Takemuraella veghae and Eoxitus cf.
baloghi, which are limited to the Bathonian. Considering the radiolarites from the pillow basalts, the OOC and BMOC
are interpreted as the mélanges with the reworked clasts of the Middle Triassic to Lower Jurassic radiolarites, but also
with the Middle Jurassic radiolarites. The Middle Triassic radiolarites of the OOC and the Lower Jurassic radiolarites of
the BMOC represent rare remnants after the closure of the Middle Triassic to Lower Jurassic Maliac Ocean of the Neo-
tethys. The newly-formed Neotethyan oceanic crust was terminated by the Middle Jurassic radiolarian deposition in
an inferred fore-arc/back-arc basin until the Bathonian to early Callovian.
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Introduction

Ophiolitic fragments usually occur in mélanges of a very com-
plicated tectonic structure, thereby reflecting the closure of
an oceanic basin and its subsequent inclusion into orogenic
wedges (e.g., Barbero et al. 2023). The ophiolites may record
their origin in spreading ridges, which can be related or unre-
lated to subduction processes (Dilek & Furnes 2011, 2014;
Saccani & Tassinari 2015; Furnes & Dilek 2022).

The Dinarides of the Balkan Peninsula are characterized
by a very complex geology because the area is located at or
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near the suture zone between the European and the Adriatic
plates (Bragin et al. 2018; Maffione & van Hinsbergen 2018).
This complexity is also reflected in the presence of ophiolitic
complexes. The Triassic—Jurassic ophiolites found in narrow
zones of the Dinarides are part of the Alpine-Himalayan
Tethyan orogenic belt (Dilek & Robinson 2003) and are
characterized by two belts of ophiolites: (1) the Central
Dinaridic Ophiolite Belt (CDOB), and (2) the Vardar Zone
(VZ; Fig. 1), which can be continuously traced to the south in
Albania, North Macedonia, and Greece (e.g., Morishita et al.
2011; Segvi¢ et al. 2014; Puti§ et al. 2022). Within these
complexes, radiolarians are a great tool for stratigraphic and
geologic studies, as well as the reconstruction of oceanic
domains and determination of the provenance of obducted
ophiolites. The obtained ages from radiolarians have great
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Fig. 1. Borja-Mahnjaca (3) and Ozren (4) ophiolite complexes in the Central Dinaridic Ophiolite Belt (map modified from Schmid et al. 2008;

Robertson et al. 2009; Putis et al. 2022).

significance for determining the age of ophiolitic complexes
and mélanges.

Previous papers on radiolarians from the CDOB and VZ
reported predominantly their the Middle Triassic to the Middle
Jurassic age (Bragin et al. 2011, 2018; Gawlick et al. 2016;
Sudar & Gawlick 2018; Djeric¢ et al. 2024). However, biostrati-
graphic data of CDOB radiolarians in Bosnia and Herzegovina
are rare. The first record on the age of radiolarians from
an ophiolitic mélange sequence from the Bosnian (central) part
of the CDOB was reported by Segvi¢ et al. (2014). The ana-
lyzed radiolarians from the Krivaja—Konjuh ophiolite complex
(KKOC) yielded the biostratigraphic age corresponding to
the latest Bajocian to early Bathonian. Assuming the formation
of the mélange to be primarily a tectonic event, the reported
period thus documents the likely minimum ages of sedimenta-
tion of a siliceous sequence that made up the mélange.

The OOC and neighboring BMOC in Bosnia and Herze-
govina are part of the Central Dinaridic Triassic—Jurassic
ophiolite belt (Fig. 1). The aim of this paper is the biostrati-
graphic age determination of the studied radiolarite layers
from pillow basalts and the ophiolitic mélange fragments
(Fig. 2). The first group of samples with the detected Middle
Jurassic ages approximately limits the maximum age of
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the studied ophiolitic complexes or the minimum age of
the closure of the inferred fore-arc/back-arc ophiolite basin.
The second group of samples revealed the Triassic to Early
Jurassic ages and indicates a closed Triassic—Early Jurassic
part of the Neotethys in this part of the Dinarides. The first
discovery of Sinemurian—Pliensbachian radiolarians in the
Central Dinarides corroborates the radiolarian stratigraphy of
the Maliac Ocean in the Hellenides. Both the Triassic and
Jurassic ages are consistent with the obtained new radiometric
ages from the Ozren and Borja-Mahnjaca OC (Puti§ et al.
2024).

Geological setting

The Dinaride ophiolite belt is one of the most remarkable
tectonic units along the entire Balkans, representing a branch
of the Alpine-Himalayan Tethyan orogenic belt (Dilek &
Robinson 2003). The Dinaridic segment of the Neotethys was
affected by widespread shortening and related subduction—
obduction—accretion processes that commenced in the Middle
Jurassic. The Dinaride ophiolites belong either to the Central
Dinaridic Ophiolite Belt (CDOB) or to the Vardar zone (VZ,
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Fig. 2. Selected parts of geological maps of the Borja-Mahnjaca (A) and Ozren (B) ophiolitic complexes. Geological maps compiled from
the basic geological maps of the SFR Yugoslavia 1:100,000, with the investigated sample numbers (maps modified after Trubelja & Pamic
1965; Sunari¢-Pamic et al. 1971; Oluji¢ et al. 1980; Lausevi¢ & Jovanovi¢ 1982; Putis et al. 2022; Ustali¢ et al. 2024).

also called IDOB=Inner Dinaridic Ophiolite Belt). While
areas of the VZ ophiolites are of supra-subduction origin,
the dismembered CDOB ophiolites are associated with the
ocean-ridge geotectonic environment. The CDOB and VZ
Western Belt are collectively referred to as the Western Vardar
Ophiolite Unit (Robertson et al. 2009) in order to distinguish
them from the ophiolites of the Eastern Vardar Ophiolite Unit
(or Main Vardar Belt), which is separated from the Western
Unit by the Sava Zone (Fig. 1).

The Ozren ophiolitic complex (OOC) and Borja-Mahnjaca
ophiolitic complex (BMOC) in Bosnia and Herzegovina are
part of the Dinaridic Ophiolite Belt (Trubelja & Pamic 1965;
Lugovi¢ et al. 1991; Pami¢ et al. 2002; Karamata 2006;
Schmid et al. 2008; Bazylev et al. 2009; Robertson et al. 2009;
Ustaszewski et al. 2010; Faul et al. 2014; Segvié et al. 2020;
Balen & Massonne 2021; Putis et al. 2022; Ustali¢ et al. 2023,
2024). These complexes show a polystage mantle evolution
and revealed an almost completely developed ophiolitic
cross-section composed of peridotites, plagioclase peridotites,
plagiogranites, troctolites, and other gabbros, gabbroic, dole-
ritic, and fewer basaltic dykes (Sotak et al. 2023; Ustali¢ et
al. 2023). As one of the remarkable features of the CDOB,
the oceanic units consist of an ophiolite mélange overthrust by
an ophiolite unit with a metamorphic sole at its base (Segvi¢
et al. 2019).

The investigated ophiolitic mélanges represent a significant
component of the OOC and BMOC. The oceanic units of
the study area occur in two different massifs, the Ozren and
Borja-Mahnjaca, which belong to the CDOB (Schmid et al.
2008; Robertson et al. 2009). Extrusive rocks are either alter-
nate or are covered by Middle Jurassic radiolarites, whereas

Middle Triassic and Early Jurassic radiolarites exclusively
occur as fragments in the ophiolitic mélange blocks. Meta-
morphic sole with HP/HT rocks, such as eclogites or granu-
lites to amphibolites likely indicate intra-oceanic subduction
(Putis et al. 2022, 2024; Ustalic¢ et al. 2024). The sheeted dyke
layer is absent in these ophiolite complexes (Figs. 2, 3).

P13E i Ophiolitic breccia
P55A m (mélange)

P44A Radiolarite
PasB Pillow lava
Basalt

Dolerite

Basalt dyke

Gabbro
Plagiogranite
Troctolite in dunite

Dolerite dyke

Peridotite
(serpentinite)

Gabbro dyke

Eclogite, granulite,
amphibolite (sole)

Fig. 3. Schematic lithological column of the Ozren and Borja-

Mahnjaca ophiolitic complexes with the position of investigated
radiolarite samples.
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Material and methods

The fieldwork was focused on finding relatively well-pre-
served representative radiolarite samples suitable for further
laboratory analyses (Fig. 2; see GPS of the sample location in
Table 1). During the two fieldwork seasons (2021-2022),
radiolarians were collected from the two locations (P49B,
P55A) of the Borja-Mahnjaca ophiolitic complex and the two
locations (P13E, P44A) of the Ozren ophiolitic complex.

Radiolarites were crushed into 2-3 cm pieces and treated
with 3-5 % hydrofluoric acid for 48 to 72 hours. The samples
showing higher effects of dissolution were treated again for
a shorter period of 24 hours. Nevertheless, the residues of
some problematic samples (e.g., PS5A) still contained some
indeterminable internal moulds of radiolarians, mainly canop-
tid species that commonly lacked microgranular silica layers
and pore frames (see Fig. 8, A3). Therefore, some poorly-
preserved radiolarians may have already been diagenetically
altered. Besides some inner moulds, the shortly-treated sam-
ples also contained moderately preserved specimens, which
allowed their taxonomic determination (e.g., Fig. 8, A1-A2,
C, D). The Middle Jurassic radiolarians exhibited better pre-
servation than the radiolarians from the Middle Triassic and
Lower Jurassic radiolarites.

The acid residues were sieved and collected from 63 to
350 um size fractions. Radiolarians were picked and photo-
graphed by a scanning electron microscope at the Earth
Science Institute of the Slovak Academy of Sciences in Banska
Bystrica. More than 380 SEM images were taken from radio-
larian microfauna of the OOC and BMOC.

The classification of radiolarian species follows the most
important publications, which examined and reviewed radio-
larian taxonomy. Triassic radiolarians were determined based
on studies notable for their systematics (e.g., Dumitrica et al.
1980; Gori¢an & Buser 1990; Kozur & Mostler 1994, 2006;
Tekin 1999; Feng et al. 2001, 2009; Tekin & Gonciioglu 2007;
O’Dogherty et al. 2009a; Bragin 2011; Thassanapak et al.
2011; Gawlick et al. 2016; Ozsvart et al. 2023).

Lower Jurassic radiolarian fauna was elaborated using ori-
ginal descriptions, complete taxonomic nomenclature, and
new revisions from published papers (Pessagno & Poisson
1981; Pessagno & Whalen 1982; Carter et al. 1998; Gawlick
etal. 2001; Tekin 2002, 2020; Whalen & Carter 2002; Gori¢an
et al. 2003, 2006, 2013; Bragin & Bragin 2017; Cifer et al.
2020, 2024; Cifer & Goric¢an 2023a,b).

The classification and determination of Middle Jurasic
radiolarians in this paper is based on comprehensive systema-
tics from published papers (Baumgartner et al. 1995a; Goric¢an

Table 1: GPS coordinates of investigated samples in Fig. 2.

GPS Coordinates

N 44°30°40.86”, E 18°11729.58”
N 44°27°20.59”, E 18°12°12.24”
N 44°27°59.03”, E 17°49°44.28”
N 44°30°44.76”, E 17°42°5.94”

Samples — Location

P13E — Bo¢inja village
P44A — Cinoviéi village
P49A, B — Blatnica village
P55A — Donji Oc¢aus village
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1987, 1994; Matsuoka 1995; Chiari et al. 2002, 2023; Pessagno
& Hull 2002; Suzuki & Gawlick 2003, 2009, 2020; O’Dogherty
et al. 2006, 2009b, 2017; Gawlick et al. 2009b, 2018;
Vishnevskaya et al. 2009; Djeri¢ et al. 2012; Gorican et al.
2012; Yeh & Pessagno 2013; Bragin & Djeric¢ 2020) and other
taxonomical studies.

The stratigraphic age was determined according to radiola-
rian zonations (Kozur & Mostler 1994; Baumgartner et al.
1995b; Sugiyama 1997; Prela et al. 2000; O’Dogherty et al.
2006, 2010; Gawlick et al. 2009a; Carter et al. 2010; Chiari et
al. 2012; Gori¢an et al. 2018; Matsuoka & Ito 2019) and other
schemes for radiolarian dating.

Results
Lithology of sampled radiolarian localities

Rare, decametric fragments of radiolarites (including the
investigated reddish radiolarite P13E sample) were found in
an ophiolitic breccia (Fig. 4A, B) within the mélange (Fig. 2)
in the central part of the OOC, southeast of the Maglaj town
(in the village of Bocinja). The ophiolitic breccia also contains
tiny clasts to metric blocks of gabbros and dolerites (Fig. 4C).
These rock fragments are separated by the matrix of the same
rock composition.

Another, at least 1.5-metre-thick investigated radiolarite
layer (Fig. 4D, E) with greenish radiolarite sample P44A
(Fig. 4F) covers the basaltic pillow lavas (Fig. 4G, H) exposed
in the ophiolitic mélange in the southern part of the OOC, east
of the Zadoviéi town (in the village of Cinovi¢i). This radiola-
rite layer occurs above a ten-meter thick exposed pillow layer
in a nearby country road cut (Fig. 4G, H).

Radiolarite samples of the BMOC were investigated in two
localities (Fig. SA—E). Radiolarite sample P49B was collected
from a layer in the pillow basalts in the Blatnica village in
the BMOC. Here, only one decametric, reddish radiolarite
layer was found within the pillow basalts (Fig. SA-D).

A larger, 10 m-size block of reddish radiolarites (Fig. 5B, E)
was identified in the mélange from the BMOC from the Donji
Ocaus village. The investigated reddish radiolarite sample
P55A occurs within the host fine-grained dark to black sandy
shale (Fig. 5C) without fossils.

Radiolarites from the Ozren ophiolitic complex

Reddish and greenish radiolarites from the Ozren ophiolitic
complex differ in stratigraphic age. Reddish radiolarite of
the P13E sample contains the Middle Triassic species belon-
ging to Triassocampidae, such as Triassocampe deweveri
(Nakasenko and Nishimura), Triassocampe scalaris Dumitrica,
Kozur and Mostler, Annulotriassocampe campanilis Kozur
and Mostler, and Striatotriassocampe yini (Feng) — Fig. 6.
The association is completed by the species Ladinocampe cf.
Eptingium manfredi Dumitrica),
Anisicyrtis sp., Pseudostylosphaera japonica (Nakasenko and

multiperforata Kozur,
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Fig. 4. The upper part of the Ozren ophiolitic sequence in Fig. 2B, 3. A—-C — A road cut in the ophiolitic breccia composed of centimetric to
metric fragments of gabbros, dolerites, and rare centimetric to decametric radiolarite fragments, including one decimetre-size investigated
reddish P13E radiolarite sample released from the mélange matrix; D — A 10-metre-wide outcrop of radiolarite layer with P44A sample in
the circle; E — Close-up of Fig. 4D; F — Cut surface of greenish radiolarite of investigated P44A sample; G—H — Outcrops of pillow basalts

in a road cut below the radiolarite layer in Fig. 4D.

Nishimura), Spongostephanidium sp. and Archaeosphaera
ingoi (Parona). The abundance of Triassocampe species in
co-occurrence with Annulotriassocampe species is most cha-
racteristic for the Early Ladinian radiolarian fauna (Kozur &
Mostler 1994).

The Early Ladinian age of the P13E sample is documented
by the characteristic Fassanian species Triassocampe deweveri
(Nakasenko and Nishimura) and 7. scalaris Dumitrica, Kozur
and Mostler (Kozur & Mostler 1994). This age is also proven
by the species Ladinocampe multiperforata Kozur, which
was introduced as a guideform of the Fassanian radiolarian
zone between the Reitzii and Curioni Ammonoid Zones
(Ladinocampe multiperforata Zone sensu Kozur & Mostler

1994). However, the base of the Curioni Zone was placed at
the Anisian—Ladinian boundary by redefinition of the GSSP
section (Brack et al 2003, 2005). Considering that, the Ladi-
nocampe multiperforata Zone was also moved down to the
uppermost Anisian stage — Illyrian (¢f. Gorican et al. 2018).
It is also in agreement with the presence of Anisicyrtis in
the P13E sample, which did not extend above the Anisian
(O’Dogherty et al. 2009a; Gorican et al. 2022). Therefore,
the radiolarites of the P13E sample belong to the late Illyrian.

Greenish radiolarites from the Ozren ophiolitic complex
(P44A sample) contains the Middle Jurassic species Mizu-
kidella  kamoensis (Mizutani and Kido), Loopus venustus
(Chiari, Cortese and Marcucci), Transhuum brevicostatum

GEOLOGICA CARPATHICA, 2024, 75, 5, 339-355
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Fig. 5. The upper part of the Borja-Mahnjaca ophiolitic sequence in Figs. 2A and 3. A — Field aspect of the pillow basalts (P49A) with
a Jurassic radiolarite layer close to the fracture (P49B); B — Outcrop of the mélange with Lower Jurassic radiolarite block ~10 m (P55A);

C-E — Cut surfaces of investigated samples.

(Ozvoldovad), Thanarla patricki (Kocher), Cinguloturris cf.
carpathica Dumitrica, Eucyrtidiellum unumaense (Yao),
E. circumperforatum Chiari, Marcucci and Prela, Plica-
foracapsa catenarum (Matsuoka), Protunuma turbo Matsuoka,
Hemicyrtocapsa carpathica (Dumitrica), H. buekkensis (Kozur),
Cyrtocapsa mastoidea Yao, Japonocapsa fusiformis (Yao),
Crocapsa cf. hexagona (Hori) and Archaeosphaera sp.
(Fig. 7). The radiolarian assemblage of the P44 A sample indi-
cates the Bathonian—early Callovian age, based on the LADs
of Mizukidella kamoensis (Mizutani and Kido), Hemicyrto-
capsa carpathica (Dumitrica) and Plicaforacapsa catenarum
(Matsuoka), and the appearance of the species Transhuum
brevicostatum (Ozvoldova), Cinguloturris cf. carpathica
Dumitrica, Loopus venustus (Chiari, Cortese and Marcucci),
and Protunuma turbo Matsuoka within the UAZ 67 (Matsuoka
& Yao 1986; Ozvoldova 1998; O’Dogherty et al. 2006, 2017;
Gorican et al. 2022). This radiolarian fauna also corresponds
to the upper part of Eucyrtidiellum unumaense zone and
Protunuma lanosus subzone (sensu Gawlick et al. 2009a;
Suzuki & Gawlick 2009).

Radiolarites from the Borja-Mahnjaca ophiolitic complex

The Borja-Mahnjaca ophiolitic complex contains the Juras-
sic radiolarites, whose samples differ in colour (reddish P5S5A
and greenish P49B samples), extracted microfauna, and strati-
graphic age. The radiolarian microfauna of the P55A sample

GEOLOGICA CARPATHICA, 2024, 75, 5, 339-355

consists predominantly of Canoptidae preserved mostly as
moulds without any outer microgranular layer and pore frames
(Fig. 8, A3, see methods). Nevertheless, some better preserved
tests allow to determine species Canoptum reefense (Pessagno
and Whalen), Canoptum anulatum Pessagno and Poisson,
Canoptum poissoni Possagno, Canoptum artum Yeh and
Canoptum rugosum Pessagno and Poisson (Fig. 8). The radio-
larian fauna of the P55A sample is also rich in Katroma
species, comprising of Katroma ninstintsi Carter, Katroma
elongata Carter, Katroma brevitubus Dumitrica & GoriCan
and Katroma cf. bicornus De We. Another nasselarian radio-
larians are assigned to species Parahsuum simplum Yao,
Droltus hecatensis Pessagno and Whalen, Droltus cf. sanigna-
cioensis Whalen and Carter, Lantus praeobesus Carter, Bipedis
fannini Carter and Bipedis hannai Whalen and Carter and
Zhamoidellum cf. yehae Dumitrica (Fig. 8).

Radiolarian assemblages of the PS5A sample are completed
by spumellarian species such as Gorgansium alpinum Kozur
and Mostler, Gorgansium gongyloideum Kishida & Hisada,
Charlottea penderi Carter, Ch. weedensis Whalen and Carter,
Tetracoma tollmani Cifer and Praeconocaryomma sarahae
Carter. Spongy sumellarians are represented by Palaeo-
saturnalis subovalis Kozur and Mostler, P. fragilis Kuzur &
Mostler, Paronaella grahamensis Carter, Orbiculiforma sp.
and Orbiculiformella aff. callosa (Yeh).

The species of the genus Canoptum, Katroma, Droltus, Gor-
gasium, Lantus, Bipetis and Paleosaturnalis are commonly
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Fig. 6. Middle Triassic radiolarians from the Ozren ophiolitic complex (PI13E sample). A: Ladinocampe cf. multiperforata Kozur;
B-E: Triassocampe deweveri (Nakasenko and Nishimura); F-H: Triassocampe scalaris Dumitrica, Kozur and Mostler; I-J: Annulotriassocampe
campanilis Kozur and Mostler; K—L: Striatotriassocampe yini (Feng); M: Anisicyrtis sp. gen Kozur and Mostler; N: Eptingium manfredi
Dumitrica; O: Pseudostylosphaera japonica (Nakasenko and Nishimura); P: Spongostephanidium sp.; Q: Archaeosphaera ingoi (Parona).

associated in the Lower Jurassic radiolarian fauna (e.g.
Pessagno & Poisson 1981; Pessagno & Whalen 1982; Carter
et al. 1998; Kozur & Mostler 1990; Tekin 2002; Whalen &
Carter 2002; Gorican et al. 2006; Cifer & Gori¢an 2023a,b).
Based on the presence of species Canoptum reefense (Pessagno
and Whalen), Lantus praeobesus Carter, Parahsuum sim-
plum Yao, Katroma ninstintsi Carter, Gorgansium alpinum
Kozur and Mostler, Palaeosaturnalis subovalis Kozur and
Mostler and Orbiculiformella aff. callosa, the PSSA sample
belongs to the Late Sinemurian—Pliensbachian. This age is
also inferred from numerous saturnalids in the Late Sinemurian
(Cifer et al. 2024) and abundance of Katroma species during

the Pliensbachian (Gorican et al. 2013). Other radiolarians
like Charlottea, Gorgansium and Paroanella species disap-
peared in the Late Pliensbachian (Gorican et al. 2013), and
Canoptum, Lantus, Parahsuum and Praeconocaryomma
species ranged within the UA 1-18 Zone (sensu Carter et al.
2010; Cifer et al. 2020). Considering the radiolarian data,
the age of the P55A sample corresponds to the Late
Sinemurian—Pliensbachian.

Middle Jurassic radiolarites were also identified in the
Borja-Mahnjaca ophiolitic complex (P49B sample, Fig. 9).
Their microfauna comprises mostly characteristic radiolarians
of the UAZ 6-7 Zone, such as species Transhuum maxwelli
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Fig. 7. Middle Jurassic radiolarians from the UAZ 6-7 Zone of the Ozren ophiolitic complex (P44A sample). A-B: Mizukidella kamoensis
(Mizutani and Kido); C: Loopus venustus (Chiari, Cortese and Marcucci); D: Transhuum brevicostatum (Ozvoldova); E: Thanarla patricki
(Kocher); F: Eucyrtidiellum (?) circumperforatum Chiari, Marcucci and Prela; G: Eucyrtidiellum unumaense (Yao); H: Protunuma turbo
Matsuoka; I: Hemicyrtocapsa buekkensis (Kozur); J: Cyrtocapsa mastoidea Yao; K: Plicaforacapsa catenarum (Matsuoka); L: Japonocapsa
Sfusiformis (Yao); M: Crocapsa cf. hexagona (Hori); N-O: Hemicryptocapsa carpathica (Dumitrica) with hexagonal pore frame (N) and
antapical view to aperture (O); P: Archaeosphaera sp.
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Pessagno, Parahsuum carpathicum Widdz and De Wever,
Thanarla cf. patrici (Kocher), Eucyrtidiellum unumaense
(Yao), Unuma gordus Hull, U. cf. typicus Ichikawa and Yao,
Quarkus madstonensis Pessagno, Blome and Hull and
Hemicryptocapsa aff. buekkensis. Specific components of
the P49B sample are parvicingulids species Takemuraella
veghae (Grill and Kozur), Eoxitus cf. dhimenaensis (Baum-
gartner) and Eoxitus cf. baloghi Kozur. Besides nasselarian
radiolarians, the association is completed by spummelarian
species like Pantanellium riedeli Pessagno and Paronaella cf.
kotura Baumgartner.

Radiolarian microfauna of the P49B sample contains spe-
cies that disappeared or appeared in the UAZ 6-7 (LADs
Unuma gordus Hull, Hemicryptocapsa aff. buekkensis
(Kozur), FADs Eucyrtidiellum unumaense (Yao), Transhuum
maxwelli Pessagno, Parahsuum carpathicum Witz and De
Wever; see O’Dogherty et al. 2006; Gawlick et al. 2009a;
Gorican et al. 2018; Matsuoka & Ito 2019; Bragin & Djeric¢
2020). Nevertheless, the presence of Takemuraella and
Eoxitus species indicates, that the stratigraphic range is limi-
ted to the Bathonian (¢f- O’Dogherty et al. 2017). Considering
that, the Middle Jurassic radiolarites from the Borja-
Mahnjaca ophiolitic complex belong to the Bathonian within
the UAZ 67 (= Eucyrtidiellum unumaense Zone sensu Gawlick
et al. 2009a).

Discussion

The investigated area belongs to an intraoceanic plate boun-
dary between Adria and Eurasia inside the Middle Jurassic
Neotethyan Ocean in the present-day Dinaride region (Bragin
et al. 2018; Maffione & van Hinsbergen 2018).

Determined Middle Triassic and Middle Jurassic radiola-
rians in the OOC and BMOC are consistent with other ages
reported from radiolarian-bearing rocks in the Dinaride ophio-
lite complexes (Gorican et al. 1999, 2005; Gawlick et al.
2009b, 2016, 2018; Vishnevskaya et al. 2009; Vishnevskaya &
Djeri¢ 2009; Chiari et al. 2011, 2023; Ozsvart & Kovacs 2012;
Ozsvart et al. 2011; Segvié et al. 2014; Djeri¢ et al. 2024).
In these complexes, Triassic and Jurassic radiolarites were
found in ophiolitic mélanges, as well as in direct stratigraphic
contact with pillow basalts.

The Middle Triassic radiolarites of the OOC may represent
rare remnants after the closure of the Middle Triassic part of
the Neotethys, which is, for example, known from the Maliac
Ocean (c¢f- Schmid et al. 2020), the Western Vardar Ophiolitic
Unit (cf. Kukoc¢ et al. 2023), or from the Meliata Unit of the
Inner Western Carpathians (Kozur et al. 1996; Putis et al. 2019
and references therein). The investigated area of the BMOC
also provided another direct evidence on the age of the Triassic
oceanic crust from the subducted sole eclogites to layered
amphibolites (a Middle Triassic magmatic age determined by
Puti§ et al. 2024).

However, the BMOC also contains the Lower Jurassic radio-
larites, which were identified for the first time in the Dinaridic
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ophiolitic mélanges. Based on the radiolarians, their stratigra-
phic age corresponds to the late Sinemurian—Pliensbachian.
These reddish radiolarian strata occur in the Liassic (Toarcian?)
dark shales, both embedded as block in the mélange matrix
and thus may suggest a prolongation of radiolarian sedimen-
tation from the Middle Triassic to the Early Jurassic.
Nevertheless, the radiolarites are relatively older than the
dated lower oceanic crust gabbro layer (~178-174 Ma) by
Puti§ et al. (2024).

The Lower Jurassic radiolarites are unknown from the
Dinaridic ophiolite zone (Djeri¢ et al. 2024), with an excep-
tion in the BMOC. However, they were reported from the
Hellenic ophiolite complexes derived from the Maliac Ocean
of the Neotethys (Bortolotti et al. 2003; Chiari et al 2013).
In the BMOC, radiolarian sedimentation ceased since the
Pliensbachian, being replaced by trench-like deposition and
formation of the ophiolite-radiolarite mélanges (Fig. 10).
The mélange matrix of the BMCO is composed of dark grey
shales, revealing anoxic conditions probably related to the
Toarcian oceanic anoxic event.

The Middle Jurassic radiolarite layers occur in two different
positions within the ophiolitic complexes: (1) rare thin
layers interbedding the pillow lavas (BMOC, P49B sample),
or (2) an individual, relatively thicker (1.5 m exposed) layer
on the top of the pillow lavas (OOC, P44A sample). The first
case yielded relatively older radiolarian ages (Bathonian),
indicating an incipient stage of inferred fore-arc/back-arc
basin. The latter case yielded younger ages (late Bathonian—
early Callovian), which are consistent with the termination of
the basaltic eruptions most likely in the final stage of this
basin.

The newly-formed Jurassic oceanic crust was terminated
by the pillow basalts and associated radiolarites analogue to
the neighbouring KKOC (Segvi¢ et al. 2020). The determined
upper age limit from the Bathonian to early Callovian in the
OOC and the BMOC may indicate the closure of the Jurassic
part of the Neotethys from the Late Jurassic, which is consis-
tent with the youngest magmatic (~168—163 Ma) and meta-
morphic (~170-160 Ma) ages determined in the West Vardar
ophiolites (Maffione & van Hinsbergen 2018). The neighbou-
ring KKOC yielded the Sm—Nd isochron ages of 162+14,
16047, or 162+5 Ma for the sole granulite facies metamorphic
event (Segvi¢ et al. 2020). According to the reconstruction
of Maffione & van Hinsbergen (2018) and the reviewed avai-
lable ophiolite and metamorphic sole ages by these authors,
the West Vardar Jurassic ophiolites formed above an early
Middle Jurassic subduction zone. However, the magmatic
ages of Triassic ophiolites were missing until now (Putis et al.
2024), or those from the Jurassic ophiolitic crust are rare in
the West Vardar or lacking in the Central Dinaridic ophiolite
belt (Maffione & van Hinsbergen 2018). The first determined
Early to Middle Jurassic zircon U/Pb radiometric ages of
~178-174 Ma by Putis et al. (2024) from the lower oceanic
crust gabbro layer and the crosscutting dykes in the OOC pre-
dated the Middle Jurassic (~170-164 Ma) ages of the investi-
gated radiolarites from both the Ozren and Borja-Mahnjaca
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Fig. 8. Lower Jurassic radiolarians from the Borja-Mahnjaca ophiolitic complex (P55A sample). A: Canoptum reefense (Pessagno and
Whalen), A1-A2 specimens with outer microgranular layer and hoop-like segments, A3 mostly stripped specimen with internal constrictions,
ridges and horn; B: Canoptum anulatum Pessagno and Poisson; C: Canoptum poissoni; D: Canoptum artum; E-F: Parahsuum simplum Yao;
G—H: Droltus hecatensis Pessagno & Whalen; I: Droltus cf. sanignacioensis Whalen and Carter; J-K: Lantus praeobesus Carter; L: Bipedis
fannini Carter; M: Bipedis hannai Whalen and Carter; N: Katroma ninstintsi Carter; O: Katroma elongata Carter; P: Katroma cf. bicornus
De We (species with bifurcating horn); Q: Pantanellium tanuense Pessagno and Blome; R: Tetracoma tollmani Cifer; S: Gorgansium alpinum
Kozur and Mostler; T: Charlottea weedensis Whalen and Carter; U: Charlottea penderi Carter; V: Praeconocaryomma sarahae Carter;
W: Palaeosaturnalis subovalis Kozur and Mostler; X: Paronaella grahamensis Carter; Y: Orbiculiforma sp.; Z: Zhamoidellum cf. yehae
Dumitrica.

<
<

Fig. 9. Late Bathonian radiolarians from the UAZ 7 Zone of the Borja-Mahnjaca ophiolitic complex (P49B sample). A-B: Transhsuum
maxwelli Pessagno; C: Parahsuum carpathicum Widdz and De Wever; D: Thanarla cf. patrici (Kocher); E-F: Tukenamuraella veghae (Grill
and Kozur); G: Eoxitus cf. dhimenaensis (Baumgartner); H: Eoxitus cf. baloghi Kozur; 1: Pantanellium riedeli Pessagno; J: Paronaella cf.
kotura Baumgartner; K—L: Eucyrtidiellum unumaense (Yao); M: Unuma gordus Hull; N: Unuma cf. typicus Ichikawa and Yao; O: Quarkcus
madstonensis Pessagno, Blome and Hull; P: Hemicryptocapsa aff. buekkensis (Kozur).
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Fig. 10. Stratigraphic distribution of the radiolarian species from radiolarites of the Ozren and Borja-Mahnjaca ophiolitic complexes.
The Middle Triassic radiolarites (P13E, red field) contain the Illyrian to Fassanian? species, the Lower Jurassic radiolarites (P55A, red field)
contain the Late Sinemurian—Pliensbachian species and the Middle Jurassic radiolarites (green fields) contain the Bathonian species (P49B) or
Late Bathonian to early Callovian species). UAZ — Unitary Association Zones sensu Baumgartner et al. 1995a; UA 1-18 — Lower Jurassic
zonation sensu Carter et al. 2010, Ladinocampe multiperforata Zone sensu Kozur & Mostler 1994. The distribution allows to interpret the onset
of radiolarian sedimentation with the Middle Triassic rifting and ceassion during Early Jurassic inversion of the Neotethys, which from the
Toarcian were replaced by subduction and synorogenic deposition and later by opening of supra-subduction basins with the oceanic crust of
pillow lavas and the Middle Jurassic radiolarites. During the late Middle Jurassic, the obduction of oceanic crust led to formation of the radio-
laritic — ophiolitic mélanges (c¢f- Robertson & Karamata 1994; Gawlick et al. 2008, 2016, 2018; Ozsvart et al. 2011; Segvié et al. 2014; Ferriere
et al. 2016; Gorican et al. 2022; Kukoc¢ et al. 2023; Djeri¢ et al. 2024, and others).

massifs upper oceanic crust sections. Therefore, the upper
oceanic crust section, with the Middle Jurassic radiolarians
associated with the pillow basalts, may have formed in a fore-
arc/back-arc setting. This is consistent with mineralogical and
geochemical data (Putis et al. 2022, 2024; Ustali¢ et al. 2024)
implying a transition from MOR to SSZ setting during the for-
mation of newly formed late Early Jurassic to Middle Jurassic
oceanic crust. Considering that, early Middle Jurassic subduc-
tion is inferred to the closure of the Middle Triassic to Early
Jurassic part of the Neotethys Ocean (Putis et al. 2024).
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Conclusions

Radiolarian data from the Ozren and Borja-Mahnjaca
ophiolitic complexes allow to distinguish the Middle Triassic,
Lower Jurassic, and Middle Jurassic radiolarites. The Middle
Triassic radiolarites (P13 sample) occur as clastic components
in a mélange of the Ozren ophiolitic complex (OOC). Their
microfauna comprises mostly Ladinian Triassocampe species,
including Triassocampe deweveri (Nakaseko and Nishimura),
T. scalaris Dumitrica, Kozur and Mostler, and Annulo-



RADIOLARITES FROM DINARIDIC OPHIOLITE COMPLEXES IN BOSNIA AND HERZEGOVINA

triassocampe campanilis Kozur and Mostler. The early
Ladinian age is also indicated by the presence of marker
species of Ladinocampe multiperforata, which zone was
previously placed to Fassanian, but currently redefined to
Illyrian (latest Anisian). The OOC pillow basalts are also
embedded or covered with the Middle Jurassic radiolarites.
Their microfauna from the top of the pillow basalts (P44A
sample) indicates the Bathonian—early Callovian age based on
co-occurrence of species of the UAZ 6-7 Zone, such as
Mizukidella kamoensis (Mizutani and Kido), Loopus venustus
(Chiari, Cortese and Marcucci), Cinguloturris cf. carpathica
Dumitrica, Transhuum brevicostatum, (Ozvoldova), Plica-
foracapsa catenarum (Matsuoka), Hemicyrtocapsa carpathica
(Dumitrica) and Protunuma turbo Matsuoka. Considering
these radiolarite components, the Ozren ophiolite complex is
a part of the Late Jurassic mélange with the reworked clasts
of the Middle Triassic and Middle Jurassic radiolarites.

The Borja-Mahnjaca ophiolitic complex (BMOC) contains
radiolarite blocks in ophiolitic mélange and radiolarites inter-
bedding the pillow lavas. The mélange radiolarite blocks (P55
sample) from the BMOC contain rich microfauna of the Lower
Jurassic radiolarians. Their Late Sinemurian to Pliensbachian
age is indicated by the species Canoptum reefense (Pessagno
and Whalen), Katroma ninstintsi Carter, Droltus hecatensis
Pessagno and Whalen, Parahsuum simplum Yao, Lantus prae-
obesus Carter, Gorgasium alpinum Kozur and Mostler,
Charlottea penderi Carter, Paleosaturnalis subovalis Kozur
and Mostler, and another marker taxa. The Lower Jurassic
radiolarites of the BMOC were recorded in the Dinaridic
ophiolitic complexes for the first time.

The pillow lavas of the BMOC are interbedded by the
Middle Jurassic radiolarites (P49B sample). Besides of com-
mon species of the UAZ 67 Zone, e.g., Transhuum maxwelli
Pessagno, Parahsuum carpathicum Widdz and De Wever,
Eucyrtidiellum unumaense (Yao), Unuma gordus Hull, they
also contain species Tukemuraella veghae (Grill and Kozur)
and Eoxitus cf. baloghi Kozur, which are limited to the
Bathonian. Therefore, the Borja-Mahnjaca ophiolitic complex
is a part of the mélange with reworked blocks of the Lower
and Middle Jurassic radiolarites.

Triassic radiolarites of the OOC and Lower Jurassic radio-
larites of the BMOC represent rare remnants after the closure
of the Middle Triassic to Early Jurassic Maliac Ocean of
the Neotethys. Radiolarites, overlaying basaltic pillow lavas
in the OOC (P44A sample), dated an upper age limit of the
newly-formed oceanic crust in a supra-subduction basin
(inferred fore-arc/back-arc) to the Bathonian to early Callovian
(Fig. 10).
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