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INTRODUCTION

The question of the closure of the last Mesozoic
oceanic domain in the Balkans has long been a
topic of research and debate [1]. The Vardar
zone, that sweeps through the central axis of the
Balkan Peninsula, traces the position of the final
closure of the Vardar branch of Tethys ocean.
This zone, comprised of two ophiolite belts
(Eastern and Western Vardar) as well as the
suture zone, has long been studied and
subdivided 1n various ways [1,2]. Even though
many questions surrounding the geodynamics of
the Vardar Tethys have been answered (e.g. the
number of oceanic domains in the Jurassic and
the obduction time of Eastern and Western
Vardar ophiolites), there 1s still controversy
about the exact time of the final closure of the
last Tethyian ocean. While many authors argue
that the ocean existed throughout the Cretaceous
[3,4], others question the presumed ’subduction’
character of the related Upper Cretaceous
magmatism [5-7]. On the other hand, there is a
question of how two structurally and
compisitionally distinct ophiolite belts can be
emplaced via the consumption of a single ocean.
This phenomenon 1s sometimes explained by the
operation of two separate subduction systems
[8], or by a single intra-oceanic subduction [9].
In this contribution, we report on our recent
findings [10], based on the application of
numerical geodynamic modelling. Numerical
modelling has undergone rapid advances 1n the
last two decades, resulting in both fundamental
research and application to various geological
terrains [11,12]. Below we describe the model
setup and the results of the numerical simulation
of the intra-oceanic subduction of Vardar Tethys
and emplacement of Vardar ophiolites.

MODEL SETUP

We have used numerical modelling based on
conservative finite differences with marker-in-
cell method [13]. The equations (Continuity,
Stokes and Temperature equations) are
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discretized on a staggered grid and material
propertiecs are defined on mobile matenal
markers. Advection 1s solved by utilizing fourth
order Runge-Kuta schemes. Model domain 1s
defined on the grid that encompasses
4000x1400km area. All boundary conditions for
velocity are free-slip. Free surface 1s simulated
via 20km of ,sticky air”. Basic erosion and
sedimentation calculation 1s implemented on this
surface. Temperature 1s constant at the top and
bottom boundaries, while vertical boundaries are
insulating. Temperature increases adiabatically
(0.45K/km) within the mantle. Rheology of the
rocks 1s visco-plastic. Hydration and partial
melting are accounted for. Plate convergence 1s
achieved wvia internal velocity boundary
condition within the continental plates.

RESULTS AND DISCUSSION

[mitial configuration of the constructed 2D
model represents Vardar Tethys at the start of
intra-oceanic subduction, situated between two
continental lithospheres, namely Europe and
Adria. The subduction 1s initiated along the mid-
oceanic ridge (rheologically weakened) by
imposing the overal plate convergence of 4cm/y
(Fig. 1). The subduction develops for
approximatelly 12Myrs when the steepening of
the subduction angle 1s accompannied with slab
rollback and extension in the back-arc. The
back-arc basin develops and a short-lived East
Vardar marginal ocean spreads along the
European margin. On the oposite side, portions
of the oceanic lithosphere are obducted onto

Adria  (Western Vardar).  Continued
convergence results 1n the complete
consumption of the oceanic lithosphere within
25Myrs  (Upper Jurassic). The modelling

indicates that a single intra-oceanic subduction
1s sufficient to produce bakc-arc extension and
the emplacement of two distinct ophiolite belts.
This 1s 1n line with the i1dea of Uppermost
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Jurassic/Lowermost Cretaceous closure of

Vardar branch of Tethys.
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Figure 1. Time evolution of the subduction of

Vardar Tethys with different ophiolites indicated.
Modified from [10].

ACKNOWLEDGEMENT

This research 1s supported by funds provided by
SRI based on Contract no. 451-03-66/2024-
03/200126, as well as Science Fund of Serbia,
project RECONTETHYS (7744807). VC
akcnowledges the support of the Serbian
Academy of Sciences and Arts (F9 and F17).

REFERENCES

I Schmid, S. M., Bernoulli, D.,
Fugenschuh, B., Matenco, L., Schefer, S.,
Schuster, R., ... & Ustaszewski, K. (2008). The
Alpine-Carpathian-Dinaridic orogenic system:
correlation and evolution of tectonic units. Swiss
Journal of Geosciences, 101, 139-183.

2, Toljic, M., Stojadinovi¢c, U., &
Krstekanic, N. (2019). Vardar zone: new
insights into the tectono-depositional

subdivision. In [1I Geological Congress of

Bosnia and Herzegovina (pp. 60-73).
3. Van Hinsbergen, D. J., Torsvik, T. H.,
Schmid, S. M., Matenco, L. C., Maffione, M.,

Vissers, R. L., ... & Spakman, W. (2020).
Orogenic architecture of the Mediterranean

region and kinematic reconstruction of 1its
tectonic evolution since the Triassic. Gondwana
Research, 81, 79-229.

4. Toljic, M., Matenco, L., Stojadinovic,
U., Willingshofer, E., & Ljubovi¢-Obradovic, D.
(2018). Understanding fossil fore-arc basins:
Inferences from the Cretaceous Adria-Europe
convergence in the NE Dinarides. Global and
Planetary Change, 171, 167-184.

5. Cvetkovi¢, V., Sari¢, K., Grubi¢, A.,
Cvijie, R., & MiloSevic, A. (2014). The Upper
Cretaceous ophiolite of North Kozara—remnants
of an anomalous mid-ocean ridge segment of the
Neotethys. Geologica Carpathica, 65(2), 117-
130.

6. Prelevic, D., Wehrheim, S., Reutter, M.,
Romer, R. L., Boev, B., Bozovi¢, M., ... &
Schmid, S. M. (2017). The Late Cretaceous
Klepa basalts 1 Macedonia (FYROM)—
Constraints on the final stage of Tethys closure
in the Balkans. Terra Nova, 29(3), 145-153.

r Sokol, K., Prelevi¢, D., Romer, R. L.,
Bozovi¢, M., van den Bogaard, P., Stefanova,
E., .. & Cokulov, N. (2020). Cretaceous
ultrapotassic magmatism from the Sava-Vardar
Zone of the Balkans. Lithos, 354, 105268.

8. Maffione, M., & van Hinsbergen, D. J.
(2018). Reconstructing plate boundaries in the
Jurassic neo-Tethys from the east and west

Vardar ophiolites (Greece and Serbia).
Tectonics, 37(3), 858-887.
0. Boev, B., Cvetkovic, V., Prelevic, D.,

Saric, K., & Boev, 1. (2018). East Vardar
ophiolites revisited: a brief synthesis of geology
and geochemical data. Contributions, Section of
Natural,  Mathematical and  Biotechnical
Sciences, MASA, 39(1), 51-68.

10. Stankovi¢, N., Gerya, T., Cvetkov, V.,
& Cvetkovic, V. (2023). Did the Western and
the Eastern Vardar ophiolites originate through a
single 1ntra-oceanic subduction? Insight from
numerical modelling. Gondwana Research, 124,
124-140.

11. Gerya, T. (2011). Future directions in
subduction modeling. Journal of Geodynamics,
52(5), 344-378.

12. Gerya, T. (2022). Numerical modeling
of subduction: State of the art and future
directions. Geosphere, 15(2), 503-561.

L3, Gerya, T. V., & Yuen, D. A. (2003).
Characteristics-based marker-in-cell method
with conservative finite-differences schemes for
modeling geological flows with strongly
variable transport properties. Physics of the
Earth and Planetary Interiors, 140(4), 293-318.



