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Abstract Jurassic subduction initiation in the Neo-Tethys Ocean eventually led to the collision of the
Adria-Africa and Eurasia continents and the formation of an ~6,000 km long Alpine orogen spanning
from Iberia to Iran. Reconstructing the location and geometry of the plate boundaries of the now
disappeared Neo-Tethys during the initial moments of its closure is instrumental to perform more realistic
plate reconstructions of this region, of ancient ocean basins in general, and on the process of subduction
initiation. Neo-Tethyan relics are preserved in an ophiolite belt distributed above the Dinaric-Hellenic
fold-thrust belt. Here we provide the first quantitative constraints on the geometry of the spreading ridges
and trenches active in the Jurassic Neo-Tethys using a paleomagnetically based net tectonic rotation
analysis of sheeted dykes and dykes from the West and East Vardar Ophiolites of Serbia (Maljen and Ibar)
and Greece (Othris, Pindos, Vourinos, and Guevgueli). Based on our results and existing geological
evidence, we show that initial Middle Jurassic (~175 Ma) closure of the western Neo-Tethys
was accommodated at a N-S trending, west dipping subduction zone initiated near and parallel to
the spreading ridge. The West Vardar Ophiolites formed in the forearc parallel to this new trench.
Simultaneously, the East Vardar Ophiolites formed above a second N-S to NW-SE trending subduction
zone located close to the European passive margin. We tentatively propose that this second subduction
zone had been active since at least the Middle Triassic, simultaneously accommodating the closure of the
Paleo-Tethys and the back-arc opening of Neo-Tethys.

1. Introduction

Global plate kinematic reconstructions are classically based on marine magnetic anomalies and fracture
zones in the modern ocean basins, as well as paleomagnetic, structural, stratigraphic, and paleontological
data from continents (e.g., Torsvik & Cocks, 2017). Such reconstructions identify that in the geological past
oceanic basins must have existed that have now been lost due to subduction. The location, nature, and orien-
tation of plate boundaries in plate reconstructions are relatively well constrained in modern ocean basins, or
within or along continents. However, reconstructing plate boundaries and their orientations within lost ocean
basins is notoriously difficult, and as a result, the detail in global plate reconstructions decreases back in geo-
logical time (termed “world uncertainty” by Torsvik et al., 2010). Reconstructing plate boundaries in deep
geological time is crucial to reduce such world uncertainty and shed new light on tectonic processes that
are poorly constrained based on modern analogues (e.g., subduction initiation).

In some cases, relics of oceanic lithosphere from subducted oceans are preserved in the geological record as
ophiolites. The age of the ophiolitic crust, which once formed at an oceanic spreading center, is commonly
inferred from geochronological analyses of igneous rocks and biostratigraphic analysis of overlying deep-
marine sediments (e.g., Dilek & Furnes, 2011). Many ophiolites contain sheeted dyke sections, which are
classically thought to have intruded along and parallel to the spreading ridge axis (e.g., Anonymous, 1972).
Paleomagnetic analysis of sheeted dyke sections then allows restoring the dykes, and by inference the ridge
at which they accreted, back to their original orientation (e.g., Morris et al., 1998; Inwood et al., 2009; Maffione,
Thieulot, et al., 2015; Maffione et al., 2017; Morris & Maffione, 2016; van Hinsbergen et al., 2016). Combined
with the existing global plate reconstructions, placed in a paleomagnetic frame of reference, it is then possi-
ble to constrain the orientations and approximate locations of spreading axes within now-subducted ocean
basins, decreasing world uncertainty. Moreover, the geochemical affinity of ophiolites (i.e., mid-ocean ridge
(MOR), supra-subduction zone (SSZ), or back-arc basin (BAB)) provides key constraints on the geodynamic
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setting in which they formed and is crucial to infer potentially associated intraoceanic subduction zones (e.g.,
Maffione et al., 2017).

Here we apply such analysis to restore intraoceanic plate boundaries within the Middle Jurassic Neo-Tethys
Ocean that existed between Greater Adria (a major Gondwana-derived block from which most of the
Apennines, Alps, Dinarides, Hellenides, and Anatolide-Tauride orogens was derived) and Europe in the
present-day eastern Mediterranean region. Overlying both the now-deformed paleomargins of Greater
Adria and Europe in the Balkan-Anatolian orogen are widespread ophiolites of Early to Middle Jurassic age.
These ophiolites in many places contain sheeted dykes with a dominant SSZ affinity and are widely
interpreted to have formed above a nascent intraoceanic subduction zone (or zones) within the Middle
Jurassic Neo-Tethys (e.g., Bortolotti et al., 2013; Dilek & Furnes, 2011; Maffione, Thieulot, et al., 2015;
Robertson, 2002). In addition, some ophiolite bodies (also) provide MOR or BAB geochemical signatures
(see next section).

Previously, Maffione et al. (2013) and Maffione, Thieulot, et al. (2015) piloted a paleomagnetic restoration of
the MOR and SSZ affinity Mirdita ophiolite of Albania that now overlies units derived from the former Greater
Adriatic margin and showed that this ophiolite formed at a N-S striking ridge. Maffione, Thieulot, et al. (2015)
suggested that the transition from MOR to SSZ affinity within the ophiolite may reflect the inception of sub-
duction below and parallel to the Neo-Tethys ridge in the Middle Jurassic. Here we build on this study and
perform new paleomagnetic analyses from ophiolite bodies of Serbia and Greece to restore the orientation
of the spreading ridges at which they formed and, for units with a subduction affinity, infer the geometry and
orientations of associated subduction zone(s). We use these results to reconstruct a kinematically feasible,
data-constrained Middle Jurassic intraoceanic plate boundary geometry of the Mediterranean Neo-Tethys.

2. Geological Setting and the Concept of the Neo-Tethys Ocean

Prior to the opening of the Atlantic Ocean, since Jurassic time, modern continents were part of the supercon-
tinent Pangea, which in its heart, separating Gondwana in the south from Laurasia in the north, must
have hosted a vast oceanic domain known as Tethys. This Tethyan domain has now largely been lost to sub-
duction, but relics of its ocean basins and intervening continental fragments are now found in the Alpine
mountain belt of the Mediterranean region (Figure 1). This mountain belt hosts a series of suture zones—
locations marked by ocean-derived rocks (deep-marine sediments and ophiolites) where oceans must have
disappeared upon subduction—bounded by accretionary fold-thrust belts (e.g., the Alps, Dinarides,
Hellenides, and Rhodopes) derived from deformation of the continental margins of southern Laurasia and
northern Gondwana bounding the Tethys.

Detailed study of these suture zones and adjacent continent-derived sedimentary units in the Mediterranean
region has led to the recognition that since the Early Triassic or perhaps even earlier in the Permian, a series of
oceanic basins formed within the Tethyan realm, conceptually known as the Neo-Tethys Ocean (e.g., Schmid
et al., 2008; Stampfli et al., 1991). In the eastern Mediterranean region, there were two major oceanic Neo-
Tethyan basins, north and south of an extended continental region known as the Adria-Turkey plate
(Stampfli et al., 1991) or “Greater Adria” (Gaina et al., 2013). Opening of these Neo-Tethyan basins occurred,
while Gondwana and Laurasia were still both part of Pangea and did not significantly move relative to each
other. The area gained by Neo-Tethys opening must thus have been balanced by the closure of a preexisting
ocean between Gondwana and Laurasia—the Paleo-Tethys. Finding the Paleo-Tethyan suture in the eastern
Mediterranean region is challenging, but fragments of a Paleozoic oceanic basin are found in the Pontides of
northern Turkey (e.g., Topuz et al., 2017; Ustaömer & Robertson, 1993). This geological evidence led to the
interpretation that the Neo-Tethys Ocean opened due to the fragmentation of the northern margin of
Gondwana and the northward migration of a “Cimmerian” continental ribbon terrane above a southward
dipping, northward retreating slab consuming the Paleo-Tethys (e.g., Dokuz et al., 2017; Şengör & Yilmaz,
1981). Separation of this Cimmerian ribbon terrane from Greater Adria, which in Turkey is represented by
the Sakarya terrane, led to the opening of the northern strand of the Neo-Tethys, also known as the
Meliata-Maliac-Vardar Ocean in the west Neo-Tethys (modern Balkans) (Schmid et al., 2008), and
Izmir-Ankara Ocean farther to the east (modern Turkey) (Şengör & Yilmaz, 1981). A southern strand separated
Greater Adria from Africa, and relics are still underlying the eastern Mediterranean Sea today. Estimates of the
age of the Ionian Basin suggest a Triassic age (Speranza et al., 2012), although to the east also Carboniferous
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Figure 1. Distribution of the Jurassic (blue) and Cretaceous (green) ophiolites in the eastern Mediterranean region, and main geological domains and active faults.
The Intra-Pontide suture (IPS) in the Central Pontides coincides with a segment of the North Anatolian Fault (NAF). Location of the representative summary
stratigraphic logs for the four main ophiolite belts in the Balkan Peninsula and north Anatolia is indicated with letters A to D.
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crust may be present, suggesting that northern Gondwana already had a complex paleogeography inher-
ited from the Paleozoic (Granot, 2016). The collision of the Cimmerian ribbon with Eurasia, and the cessa-
tion of spreading of the Neo-Tethys Ocean, likely occurred in the Early to Middle Jurassic (Dokuz et al.,
2017; Şengör & Yilmaz, 1981). Paleomagnetic data from the Pontides seem to confirm this hypothesis
by showing that the Sakarya block was already part of Eurasia in the Middle Jurassic (Channell et al.,
1996; Meijers et al., 2010).

Around the same time, the first known subduction-related geological records formed within the Neo-Tethyan
basins in the form of SSZ ophiolites of Early to Middle Jurassic age. These ophiolites were emplaced onto the
Eurasian and Greater Adriatic paleomargins and are now found in the Pannonian basin, the Dinarides,
Albanides, Hellenides, and the Rhodopes, as well as in the Pontides and Izmir-Ankara suture zone of Turkey
(e.g., Bortolotti et al., 2002; Bortolotti & Principi, 2005; Göncüoglu et al., 2012, 2014; Hoeck et al., 2009;
Maffione, Thieulot, et al., 2015; Robertson, 2002, 2012; Schmid et al., 2008; Topuz et al., 2014; Ustaömer &
Robertson, 1999) (Figure 1). These earliest Neo-Tethyan subduction zones in the central and eastern
Mediterranean region formed contemporaneously with, and may have been caused by, the opening of the
Central Atlantic Ocean that since ~175–170 Ma propagated as the Alpine Tethys into the western
Mediterranean region separating Greater Adria from Iberia and Europe (e.g., Gaina et al., 2013; Labails
et al., 2010; Maffione, Thieulot, et al., 2015; Stampfli et al., 1991; Vissers et al., 2013, 2017). These earliest,
Jurassic subduction zones are no longer active today but terminated in the Early Cretaceous to Paleogene
(e.g., Gürer et al., 2016; Schmid et al., 2008; Şengör & Yilmaz, 1981), after which ongoing Africa-Europe plate
convergence became associated with formation of new subduction zones that led to complete closure of the
Neo-Tethyan and Alpine Tethyan realms (e.g., Gaina et al., 2013; Maffione et al., 2017; Schmid et al., 2008;
Stampfli et al., 1991).

The ophiolites from the Balkan Peninsula, exposed along a continuous NW-SE tending belt from the Dinarides
to the Hellenides (Figure 2), contain well-exposed sheeted dyke sections and have been studied extensively
in the last four decades providing an excellent basis to reconstruct intraoceanic plate boundaries in the wes-
tern Neo-Tethys. The Dinaric-Hellenic fold-thrust belt is a ~1,000 km long orogenic belt running throughout
the western part of the Balkan Peninsula (Figure 2) that formed during upper crustal accretion of subducting
Greater Adriatic lithosphere (e.g., Dimitrijević, 1997; Schmid et al., 2008). This orogen is structured into a west
verging imbricate stack of tectonic units derived from and emplaced onto the Adriatic passive margin since
the Cretaceous. In the east, this belt is overthrust by the Datca and Circum-Rhodope megaunits (e.g., Schmid
et al., 2008; Zelic et al., 2010).

Large, dismembered ophiolite bodies overlie both the Dinaric-Hellenic as well as the Datca and Circum-
Rhodope fold-thrust belts (e.g., Bortolotti et al., 2013; Bortolotti & Principi, 2005; Robertson, 2002, 2012;
Schmid et al., 2008). These ophiolites are subdivided into two belts: the western part of this ophiolite belt
here called West Vardar Ophiolites following Schmid et al. (2008) (previously known as the Dinaric and
Mirdita-Pindos ophiolites or the “West Vardar Zone ophiolites” (Bazylev et al., 2009; Hoeck et al., 2002;
Karamata, 2006; Pamić et al., 1998, 2002; Robertson & Karamata, 1994; Smith & Spray, 1984)) is emplaced
above Adria-derived units; the eastern part of this ophiolite belt here referred to as East Vardar Ophiolites fol-
lowing Schmid et al. (2008) (previously known as “Main Vardar Zone” ophiolite (e.g., Karamata, 2006) or “East
Vardar Zone” ophiolite (Šarić et al., 2009)) is found above Europe-derived rocks (Schmid et al., 2008).

The West Vardar Ophiolites show a distinct west to east change of geochemical composition and internal
structure (Figures 1 and 2). The western part of the West Vardar Ophiolites is dominated by fertile lherzolites,
locally exposed in fossil oceanic core complexes (Maffione et al., 2013; Nicolas et al., 1999; Tremblay et al.,
2009), and a thin crust with high-Ti MOR-affinity (Dilek et al., 2008; Saccani & Photiades, 2004). The high
Ti/V ratios of these MOR-type ophiolites (e.g., Mirdita, Othris, and Pindos), ranging between 20 and 50, are
incompatible with a subduction affinity (Reagan et al., 2010; Shervais, 1982) and strongly suggest that these
MOR-type ophiolites represent relics of Neo-Tethyan lithosphere formed prior to subduction initiation
(Maffione, Thieulot, et al., 2015). In places, for example in the Othris ophiolite (Figure 2) the West Vardar
Ophiolites contain a diverse suite of mantle rocks, ranging from fertile lherzolites to depleted harzburgites,
indicative of both anhydrous MOR-type and hydrous SSZ-type melting regimes (Barth et al., 2008). Also,
the crustal section, besides the more typical MOR affinity, locally exhibits island arc tholeiite (IAT) and boni-
nitic composition (Barth & Gluhak, 2009; Jones & Robertson, 1991; Photiades et al., 2003; Saccani & Photiades,

Tectonics 10.1002/2017TC004790

MAFFIONE AND VAN HINSBERGEN 861



Figure 2. Simplified geological map of the central-western Balkan Peninsula showing the distribution the Jurassic ophiolites and the main geologic domains. The
Sava zone (light green color) is the suture zone between the upper plate Tisza and Dacia Mega-Units and the lower plate internal Dinarides according to Schmid
et al. (2008). The various ophiolite bodies are labeled as follows: A = Krivaja-Konjuh; B = Maljen; C = Zlatibor; D = Troglav; E = Bistrica; F = Ibar; G = north Mirdita;
H = Guevgueli (south) and Demir-Kapija (north); J = south Mirdita; K = Vourinos; L = Pindos; and M = Othris. White dots indicate the sampling sites, which are
labeled according to Table 1. Gray dot is the site in the Mirdita ophiolite studied by Maffione et al. (2013) and Maffione, Thieulot, et al. (2015). Specific location of
the sites sampled in the Pindos, Othris, Vourinos, and Guevgueli ophiolites is shown in Figure 3. Ages (in Ma) of the ophiolitic crust (red) and subophiolitic
metamorphic sole (blue) are shown in rectangles, with corresponding references indicated with number in brackets: (1) Liati et al. (2004) (U/Pb); (2) Ferriére (1982);
(3) Spray et al. (1984) (Ar/Ar); (4) Dimo-Lahitte et al. (2001) (Ar/Ar); (5) Danelian et al. (1996) (radiolarian cherts); (6) Chiari et al. (2003) (radiolarian cherts); (7) Prela
et al. (2000) (radiolarian cherts); (8) Marcucci et al. (1994) and Chiari et al. (1994) (radiolarian cherts); (9) Zachariadis (2007) (U/Pb); (10) Božović et al. (2013)
(U/Pb and Ar/Ar); (11) Kukoč et al. (2015) (radiolarian cherts).
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2004). These variations were interpreted by Maffione, Thieulot, et al. (2015) as the result of SSZ melts that
during subduction initiation impregnated the preexisting Neo-Tethyan lithosphere formed at a MOR
(termed “mantle refertilization” by Dijkstra et al., 2001). The eastern part of the West Vardar Ophiolites is
dominated by depleted to ultradepleted harzburgites and a thick crustal sequence with a clear SSZ
signature indicating formation above an active intraoceanic subduction zone (e.g., Pearce et al., 1984).

Crustal ages of the West Vardar Ophiolites span the latest Bajocian-early Oxfordian (~160–170 Ma) interval
based on radiolarian cherts intercalated within the extrusive sequence of the Albanian Mirdita ophiolite
(Chiari et al., 1994; Marcucci et al., 1994; Marcucci & Prela, 1996; Prela et al., 2000) and the Vourinos ophiolite
of Greece (Chiari et al., 2003) (Figure 2). This age is comparable to zircon U-Pb ages of plagiogranites and gab-
bros from the Vourinos (172.9 ± 3.1 and 168.5 ± 2.4 Ma) and Pindos (171 ± 3 Ma) ophiolites (Liati et al., 2004)
(Figure 2). Metamorphic soles are widespread below the West Vardar Ophiolites and show overall 40Ar/39Ar
cooling ages of ~170 Ma (Dimo-Lahitte et al., 2001; Roddick et al., 1979; Spray & Roddick, 1980; Spray et al.,
1984; Sostarić et al., 2014) (Figure 2). Because the cooling ages in metamorphic soles (probably slightly) post-
date the actual inception of the subduction (van Hinsbergen et al., 2015), the data from Albania and Greece
suggest that subduction in the western Neo-Tethys initiated in the Middle Jurassic, sometimes between 175
and 170 Ma.

The East Vardar Ophiolites are more dismembered and much less studied than the West Vardar Ophiolites.
Crustal ages of the East Vardar Ophiolites are constrained only at the Guevgueli and Demir-Kapija ophiolite
in northern Greece and southern Macedonia, respectively. In the Guevgueli ophiolite, radiolarian cherts inter-
calated with the extrusive sequence have been dated at 160 ± 3 Ma (Danelian et al., 1996). 40Ar/39Ar ages of
gabbros and plagiogranites from the Guevgueli ophiolite vary between 149 ± 3 and 163 ± 3 Ma (Spray et al.,
1984), while U/Pb dating of gabbros pinpoint the formation of the crust at 166.6 ± 1.8 Ma (Zachariadis, 2007).
U/Pb ages of gabbro from the Demir-Kapija ophiolite in Macedonia range between 166.4 ± 1.2 and 164 ± 0.5
(Božović et al., 2013). This age is consistent with the late Bathonian-early Callovian (166 ± 1.2 Ma) radiolarian
chert age determined by Kukoč et al. (2015), but is much older than the chert of the Guevgueli ophiolite
studied by Danelian et al. (1996).

No metamorphic sole has been identified below the East Vardar Ophiolites. The geochemical composition of
the East Vardar Ophiolites varies from BAB affinity in the south (Guevueli ophiolite; Saccani et al., 2008), to a
mix of MOR- and SSZ-affinity that also includes boninites in Serbia and Macedonia (Božović et al., 2013;
Marroni et al., 2004; Resimić-Šarić et al., 2005, 2006; Šarić et al., 2009). In northern Greece (Guevgueli ophiolite)
the East Vardar Ophiolites occur between the deformed European margin (Rhodope Massif) and a continen-
tal fragment (i.e., Paikon arc; Brown & Robertson, 2004), which detached from either the continental margin
of Europe (Anders et al., 2005; Brown & Robertson, 2004) or Greater Adria (Godfriaux & Ricou, 1991; Ricou &
Godfriaux, 1991, 1995), and is intruded by the Fanos granite (158 ± 1 Ma; Anders et al., 2005). In Serbia the
East Vardar Ophiolites, close to the Ibar ophiolite, are locally intruded by a quartzdiorite with U/Pb age of
168.4 ± 6.7 (Resimić-Šarić et al., 2005).

The origin of the Balkan ophiolites has long been debated, with different models suggesting their formation
at one, two, or multiple oceans (for a review see Bortolotti et al., 2013). Most of the models invoking the exis-
tence of multiple oceans relied on the occurrence of large continental blocks (i.e., Drina-Ivanjica, Jadar,
Kopaonik, and Pelagonian) in the West Vardar Ophiolites. According to the “multiple-ocean model,” these
continental blocks are interpreted as continental ribbons that separated discrete ocean basins in which indi-
vidual ophiolite belts were created (e.g., Robertson & Karamata, 1994; Karamata, 2006). However, the West
Vardar Ophiolites show a mainly westward emplacement direction, as indicated by the shear senses from
the metamorphic sole of the Albanian ophiolites (Bortolotti et al., 2005; Carosi et al., 1996; Gaggero et al.,
2009), and the structural polarity of emplacement-related deformation in the underlying fold-thrust belt
(Tremblay et al., 2015). Given these constraints, we follow amore likely “single oceanmodel,”which considers
the continent-derived nappes exposed below the West Vardar Ophiolites as accreted parts of the now-
subducted extended Greater Adriatic passive margin underlying an originally continuous ophiolitic nappe
formed in a single ocean, that is, the western Neo-Tethys (Bernoulli & Laubscher, 1972; Bortolotti &
Principi, 2005; Bortolotti et al., 2002, 2005, 2013; Chiari et al., 2011; Pamić et al., 1998; Schmid et al., 2008).
Furthermore, the overall westward sense of emplacement of the West Vardar Ophiolites is seen as evi-
dence that the associated initial subduction zone was dipping toward Europe (e.g., Bortolotti et al., 2013;
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Maffione, Thieulot, et al., 2015; Schmid et al., 2008). Subsequent emplacement of the West Vardar Ophiolites
occurred when the Adriatic margin entered the subduction zone in the latest Jurassic to Early Cretaceous
(e.g., Schmid et al., 2008).

The East Vardar Ophiolites were thrust in Late Jurassic time upon units thought to belong to the former
northeastern European margin of the Neo-Tethys, as suggested by Late Jurassic reef limestones uncomform-
ably covering these ophiolites (Karamata, 2006; Schmid et al., 2008). The tectonic history that led to the for-
mation and emplacement of the East Vardar Ophiolites is still controversial. Schmid et al. (2008) suggested
that they formed upon Adria-ward, intraoceanic subduction in the Late Jurassic, followed by their obduction
onto the Eurasian margin. In general, the East Vardar Ophiolites are thought to have formed close to or within
the passive margin of Eurasia (ensialic marginal basin) upon back-arc extension produced by a Europe-
dipping subduction zone (Bébien & Mercier, 1977; Bébien et al., 1987; Brown & Robertson, 2004; Robertson
et al., 1996; Saccani et al., 2008; Zachariadou & Dimitriadis, 1995). To explain the emplacement of these
ophiolites onto the Eurasian margin, Gallhofer et al. (2017) invoked a subduction polarity reversal (from
Europe-ward to Adria-ward) occurring shortly after back-arc spreading of the Guevgueli basin. The long-term
subduction evolution that led to the formation and emplacement of the East Vardar Ophiolites requires an
in-depth analysis of the underlying orogen and is beyond the scope of this paper. Our results, however, will
provide geometrical constraints on the orientation of the spreading centers and trenches (to the east or west
of the ophiolite belt) in the Late Jurassic, which will help to formulate an alternative, geodynamically feasible
model for the evolution of the East Vardar Ophiolites.

Jurassic ophiolites in Anatolia (Turkey) are exposed along two suture zones: the Intra-Pontide suture to the
northwest, which separates the Eurasian Istanbul-Zonguldak terrane from the Sakarya terrane in the central
Pontides, and the Izmir-Ankara suture zone to the south of the Pontides, which separates the Sakarya terrane
from the Anatolide-Tauride belt (Figure 1) (see Göncüoglu et al., 2012, for an exhaustive review).

The Intra-Pontide suture (e.g., Şengör & Yilmaz, 1981) contains mainly Middle Jurassic ophiolites with MOR,
SSZ, and BAB signatures (Göncüoglu et al., 2012; Ustaömer & Robertson, 1999), an ophiolitic mélange com-
posed of ophiolitic fragments with both SSZ and BAB signatures, cherts with a Middle Triassic to Late
Cretaceous age within a sedimentary matrix (Göncüoglu et al., 2014), and relics of an Upper Jurassic to
Late Cretaceous high-pressure metamorphic accretionary complex (Marroni et al., 2014; Okay et al., 2013).

The Izmir-Ankara suture, to the south of the Sakarya terrane, contains an ophiolitic mélange and dismem-
bered ophiolites (mainly composed of mantle units) with a variable geochemical signature ranging from
MOR to BAB, IAT and boninitic (Bortolotti et al., 2017; Çelik et al., 2013, 2016; Parlak et al., 2013) (Figure 1).
Crustal ages are scattered but cluster around 185–180 Ma (Dilek & Thy, 2006; Robertson et al., 2013; Uysal
et al., 2015; Topuz et al., 2014), and associated metamorphic soles have slightly younger 40Ar/39Ar ages of
177.1 ± 1.0 and 166.9 ± 1.1 Ma (Çelik et al., 2011, 2013; Çörtük et al., 2016). South of the Izmir-Ankara suture,
Upper Cretaceous ophiolites occur scattered above the Anatolide-Tauride belt (e.g., Maffione et al., 2017;
Parlak, 2016; Robertson, 2002; Robertson et al., 2013) (Figure 1). No Jurassic ophiolites have been found
underlying the Cretaceous ophiolites in Turkey and were thus not obducted onto Greater Adria prior to
the Cretaceous. Therefore, the Jurassic ophiolites of the Izmir-Ankara suture are interpreted to have formed
in the forearc south of the Sakarya terrane above a north dipping subduction zone consuming Neo-Tethyan
lithosphere (Topuz et al., 2013, 2014).

3. Sampling and Methods
3.1. Study Areas

A regionally extensive paleomagnetic sampling was carried out from sheeted dyke sections of Serbia (Maljen
and Ibar ophiolites) and Greece (Othris, Pindos, Vourinos, and Geuvgueli ophiolites), and discrete dykes
intruding these ophiolites at different levels (Figure 2). Between 20 and 22 cylindrical oriented paleomagnetic
cores were collected at each site in Serbia (63 cores in total) using a portable petrol-powered rock drill. A total
of 257 paleomagnetic cores were obtained by subsampling hand samples (three to six at each site) collected
from the ophiolites in Greece. At three sites of Greece (OT, Pi01, and Pi02) paleomagnetic cores were drilled in
the field. Samples were collected in dykes showing doleritic composition and magmatic texture, and a low
degree of weathering and alteration. Discrete dykes exposed within a few tens of meters were combined
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into a single site. Dyke orientations were measured in the field only where chilled margins were observed.
The orientation of at least ten adjacent dykes was measured at each site to calculate a statistically meaningful
mean direction.
3.1.1. Maljen and Ibar Ophiolites (Serbia)
In Serbia we sampled sheeted dykes at three sections, one in the West Vardar Ophiolites near the village of
Valjevo (VA, Maljen ophiolite) and two in the East Vardar Ophiolites near the village of Aleksandrovac (AL, Ibar
ophiolite) and Prevest (PR, Ibar ophiolite) (Figure 2). Site AL corresponds to the site studied by Marroni et al.
(2004), where boninitic dykes were documented. All samples were collected at abandoned quarries. Dykes at
all sites are 1–1.5 mthick, doleritic in composition, and with clear chilled margins.
3.1.2. Pindos Ophiolite (Greece)
The Pindos ophiolite (Figure 2) is found over an imbricated stack of west verging thrust sheets of the Pindos
nappe (unrelated to the ophiolite), composed of mixed pelagic and turbiditic sediments, platform carbo-
nates, and mélange units overlying a Maastrichtian-Eocene flysch (Jones & Robertson, 1991; Saccani &
Photiades, 2004). The ophiolite is composed of a lherzolitic mantle section (Dramala Complex), a meta-
morphic sole unit (Loumnitsa Unit), and a dismembered complex that includes layered ultramafic and mafic
cumulates, isotropic mafic intrusive, sheeted dykes, and mafic extrusive rocks (Aspropotamos Complex)
(Jones & Robertson, 1991; Montigny et al., 1973). The Pindos ophiolite is underlain by Upper Jurassic to
Upper Cretaceous turbiditic carbonates and terrigenous sediments and Eocene-Miocene molasse deposits
of the Meso-Hellenic trough (Jones & Robertson, 1991). The extrusive section shows a progressive variation
from high-Ti affinity (lower lavas) derived from partial melting of a fertile mantle source, to very low Ti (boni-
nitic) affinity (upper lavas and dykes) associated with partial melting of an ultradepleted mantle source
(Saccani & Photiades, 2004).

Paleomagnetic sites in the Pindos ophiolite are mainly distributed along its eastern edge (Figure 3a). Sheeted
dykes are not extensively exposed and were sampled only at one site (Pi05–08), while <1 m thick discrete
dykes are abundantly exposed and were collected at three sites where they intrude peridotites (Pi01), gab-
bros (Pi02–04), and lavas (Pi10). Pillow lavas were observed at a few tens of meters from site Pi05–08, and
their bedding was measured to provide paleohorizontal constraints for the rotation analysis.
3.1.3. Othris Ophiolite (Grece)
The Othris ophiolite in southern mainland Greece is located in the MOR-affinity domain of the West Vardar
Ophiolites and is a lateral equivalent of the Pindos ophiolite (Figure 2). This ophiolite is highly dismembered,
with the different units being tectonically juxtaposed in reverse order, from bottom to top: cherts and pillow
lavas, sheeted dykes and gabbro cumulates, ultramafic cumulates, and tectonic slices of mantle rocks (Barth
et al., 2008; Barth & Gluhak, 2009). Exposures of the sheeted dykes are very limited and not always easy to
recognize in the field. Here we sampled a set of adjacent 0.5–1 m thick doleritic dykes with chilled margins
at one site (OT) corresponding to site M3 of Barth and Gluhak (2009), which corresponds to dolerites with
an E-MORB affinity (Figure 3b).
3.1.4. Vourinos Ophiolite (Greece)
The Vourinos ophiolite is located ~50 km to the east of the Pindos ophiolite within the SSZ-affinity domain of
the West Vardar Ophiolites (Figure 2). Although mantle rocks predominate, the Vourinos ophiolite shows a
Penrose-type pseudostratigraphy composed of a 7 km thick harzburgitic mantle sequence overlain by a 3–
4 km thick crustal sequence including layered gabbro, sheeted dykes, and basaltic to andesitic lavas (e.g.,
Moores, 1969; Rassios, 1981). The extrusive sequence displays both IAT (Krapa Hill series) and boninitic com-
position (Asprokambos series) (Beccaluva et al., 1984), and the mantle section is ultradepleted (Kapsiotis,
2014), showing the SSZ affinity of the ophiolite.

Our study area in the Vourinos ophiolite is the Krapa Hills section where a continuous sequence from mantle
rocks to the extrusive sequence is exposed (Figure 3c). Here the ophiolite is strongly tilted to the WSW, result-
ing in exposure of mantle units to the east and crustal rocks to the west (Rassios & Dilek, 2009). Sheeted dykes
were sampled at one site (VO01–05), while gabbro-hosted ~1.5 m thick discrete dykes were sampled at two
additional sites (VO06 and VO07).
3.1.5. Guevgueli Ophiolite (Greece)
The Guevgueli ophiolite (Figure 2) is divided into a west and east Guevgueli subunit (Bébien, 1977), with the
Fanos granite (158 ± 1Ma; Anders et al., 2005) occurring in the middle (Christofides et al., 1990; Soldatos et al.,
1993). In both domains, the ophiolitic sequence contains a thick crustal sequence that includes cumulates
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Figure 3. Simplified geological maps of the (a) Pindos, (b) Othris, (c) Vourinos, and (d) Guevgueli ophiolites, redrawn after Saccani and Photiades (2004), Bortolotti
et al. (2008), Moores (1969), and Saccani et al. (2008), respectively.
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and isotropic gabbro, sheeted dykes with a basaltic to dacitic composition, and basaltic lavas (Robertson,
2002). Sampling in the Guevgueli ophiolite was carried out at five localities from the East Guevgueli subunit
(Figure 3d). Well-exposed sheeted dykes showing chilled margins (except site GU27–30) were sampled at
four sites, while discrete dykes in gabbros were sampled at one site (GU01).

3.2. Paleomagnetism, Rock Magnetism, and Petrography

Characteristic remanent magnetizations (ChRMs) were isolated using alternating field (AF) demagnetization
treatment up to 100 mT. Approximately 20% of the samples from Greece (twin specimens) were also demag-
netized thermally up to 580°C or until complete demagnetization. Demagnetization experiments were car-
ried out in the magnetically shielded room of the “Fort Hoofddijk” paleomagnetic laboratory (Utrecht
University) using a robotized cryogenic magnetometer (2G Enterprise). Demagnetization data were plotted
on orthogonal diagrams (Zijderveld, 1967), and remanence components were isolated via principal compo-
nent analysis (Kirschvink, 1980) using online software www.paleomagnetism.org (Koymans et al., 2016).
Isolated ChRMs with maximum angle of deviation (Kirschvink, 1980) larger than 15° were discarded. Site
mean directions were computed using Fisherian statistics (Fisher, 1953) on virtual geomagnetic poles
correspondent to the isolated ChRMs after applying a fixed 45° cutoff (Johnson et al., 2008) to the obtained
data set. Quality criteria of Deenen et al. (2011) were adopted to assess whether paleosecular variation (PSV)
of the geomagnetic field is adequately represented within the samples collected at each site (i.e.,
A95min < A95 < A95max). Underrepresentation of PSV (i.e., A95 < A95min) in dykes may indicate either rapid
cooling or remagnetization, while overrepresentation of PSV (i.e., A95 > A95max) denotes the occurrence of
additional sources of scatter in addition to PSV, for example, within-site deformation or an inefficient preser-
vation of the remanence.

The nature, grain size, and distribution of the magnetic carriers were determined in representative samples
by (i) investigating the blocking temperatures during thermal variation (20–700°C, in five heating–cooling
subcycles with increasing peak temperature) of low-field magnetic susceptibility experiments using a KLY-
3 Kappabridge coupled with a CS3 apparatus, (ii) determining hysteresis parameters with a Princeton AGM
Micromag magnetometer and using them to build Day plots (Day et al., 1977), and (iii) carrying out
microscopic observations on polished thin sections with both a transmitted light microscope and a scanning
electron (JEOL JCM-6000) microscope (SEM) coupled with an energy-dispersive X-ray (EDX) analyzer for
elemental analysis.

3.3. Net Tectonic Rotation Analysis

The primary goal of the net tectonic rotation analysis is to determine the geometry of the spreading systems
at which the Balkan ophiolites formed, and from here to infer the configuration of the Neo-Tethyan ridges or
subduction zone(s) that initiated within the Neo-Tethys in the Middle Jurassic. Sheeted dyke complexes in
ophiolites are composed of multiple intrusions of vertical dykes, which emplaced along a spreading axis.
The initial (predeformation) direction of dykes from a sheeted dyke complex therefore indicates the orienta-
tion of the spreading ridge at which an ophiolite was formed (e.g., Anonymous, 1972; Maffione, Thieulot,
et al., 2015; Maffione et al., 2017). On the other hand, discrete dykes crosscutting ophiolites at any level do
not necessarily intrude vertically and parallel to the suprasubduction spreading ridge; yet theymay still provide
important information on the regional stress field affecting the overriding plate during ongoing subduction,
assuming that they intrude along fractures formed roughly perpendicularly to the main stretching direction.

The effect of local deformation needs to be removed from sheeted dykes and discrete dykes to determine
their initial orientation. Classical “tilt correction” used in paleomagnetic studies to calculate local deformation
is, however, not applicable to dykes where paleohorizontal controls are typically not available, and tilt does
not necessary occur along dyke-parallel axes (as required for the tilt correction approach). Tilting a vertical
dyke along a horizontal axis not parallel to the dyke strike can in fact produce an apparent rotation compo-
nent about a vertical axis that cannot be removed or identified using classical tilt correction approach. This
implies that the initial dyke orientation cannot be obtained by simply removing the tilt and restoring the dyke
to vertical (an approach widely used in the past).

Several studies have shown, especially in units lacking paleohorizontal control like dykes in ophiolites, that
the most reliable approach for rotation analysis is a net tectonic rotation analysis (Hurst et al., 1992;
Inwood et al., 2009; Maffione, Thieulot, et al., 2015; Maffione et al., 2017; Morris & Anderson, 2002; Morris
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et al., 1998, 1990, 2002; Morris & Maffione, 2016; van Hinsbergen et al., 2016). This method, originally devised
by Allerton and Vine (1987), rather than decomposing the deformation into a tilt and a vertical-axis compo-
nent, calculates the single rotation that restores the sampled rock unit to its original (vertical or horizontal)
position, and simultaneously the measured in situ remanence to its initial predeformation direction.

The initial reference direction, called “reference magnetization vector”—RMV, can be identified based on the
expected direction from a stable plate at a given time. In this way, deformation is calculated with respect to
the stable plate. In this study, we analyze the rotation in an absolute reference frame, that is, relative to the
geographic north, because ophiolites form originally as independent intraoceanic microplates before being
emplaced on a specific continental margin. This makes it difficult to select a specific reference stable plate for
ophiolites. The net rotation calculated using an absolute reference frame, therefore, includes any combina-
tion of plate motion and intraplate local deformation. The RMV used in our analysis has declination (D) of
360° or 180°, depending on whether the polarity of the geomagnetic field was normal or reverse at the time
of remanence acquisition. The RMV inclination (I) is chosen based on the expected paleolatitude of the
ophiolite. Because we make no a priori assumption on the paleolatitude of the studied ophiolites, we
assume their initial location as spanning the maximum latitudinal extent of the western Neo-Tethys Ocean
in the Middle Jurassic. Paleogeographic reconstruction at 170 Ma placed in a paleomagnetic reference frame
(Torsvik et al., 2012) indicates that the southern margin of Eurasia and the northern margin of Gondwana
(at the approximate location where the studied ophiolites were emplaced) were located at 35°N and 15°N,
respectively. The corresponding inclination and associated error of the magnetic field expected for this
latitude range is I = 41.3° ± 13.2°. In our analysis we therefore use two RMVs for each site, one for a normal
polarity field case (D/I = 000°/41.3°), and one for a reverse polarity field case (D/I = 180°/�41.3°).

A set of net tectonic rotation solutions is expressed as the azimuth and plunge of the rotation axis, magnitude
and sense of rotation, and initial orientation of the paleosurface. When applied to dykes, two sets of solutions
are obtained if they are restored to vertical. In this case, three selection criteria are used to determine the
preferred solution at each site: (1) the rotation parameters should be able to reproduce the local tilt inferred
from the distribution of the different ophiolitic subunits at the study area (assuming the boundaries between
subunits—e.g., mantle-crust or gabbro-sheeted dykes—as originally horizontal); (2) the kinematics of the
preferred solution (e.g., sense and magnitude of rotation) have to be consistent with the known regional
and/or local deformation pattern; (3) if multiple sites within a relatively small region are sampled, the pre-
ferred net tectonic rotation parameters should be consistent across the study area (assuming local rotations
to be trivial).

On the other hand, single solutions are obtained when dykes cannot be restored to vertical (e.g., because
they did not intrude vertically). Single solutions are geologically meaningless as both the initial dyke orienta-
tion and the rotation parameters strictly depend on the orientation of the chosen RMV.

Once a preferred solution has been chosen, an iterative net tectonic rotation analysis is then applied tomodel
the uncertainties on the input vectors (RMV (only the inclination), site mean direction, and dyke orientation)
following the method described by Morris et al. (1998) and modified by Koymans et al. (2016). This routine
within the net tectonic rotation analysis package is available at www.paleomagnetism.org. Modeling of the
errors produced between 75 (single solution) and 150 (dual solutions) permissible net tectonic rotation solu-
tions at each site.

4. Results
4.1. Paleomagnetism

All samples from Serbia and Greece have a relatively weak magnetization ranging between 0.3 and
400 mAm�1; yet about 90% of the samples yield a stable and measurable remanence. Two components
of magnetization are commonly observed: a low-stability component, which was removed at 5–10 mT
or 150–200°C, and a ChRM component, which was isolated at 70–100 mT or 560–580°C (Figure 4).
Medium destructive fields (i.e., the alternating magnetic field necessary to remove half of the natural
remanent magnetization) are variable between 5 and 50 mT. AF demagnetization curves are generally
straight or concave upward. AF demagnetization treatment was more effective than thermal cleaning,
the latter mainly producing noisy Zijderveld diagrams. Thermal treatment was effective only on samples
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from Guevgueli (Greece), where the results obtained from AF and thermal demagnetizations of twin speci-
mens are comparable (Figure 4).

PSV is adequately sampled at all sites (A95min < A95 < A95max), except GU02–20 where even after the 45° cut-
off has discarded about half of the samples the A95 value remains slightly larger than that expected from PSV
(Table 1 and Figure S1 in the supporting information). All computed in situ site mean directions (Table 1 and
Figure S1) are significantly different from the present-day geocentric axial dipole field (D/I = 000°/59.1° in
Greece, and D/I = 000°/62.6° in Serbia), excluding recent remagnetization. Only at site Pi10 from the Pindos
ophiolite the calculated mean direction is within error from the present-day field, indicating possible recent
remagnetization. ChRMs from all sampled sites are provided in the supporting information in a “.pmag”
format compatible with the http://paleomagnetism.org software.

4.2. Rock Magnetism and Microscope Observations

Ratios of hysteresis parameters (Mrs/Ms, Hcr/Hc) for representative samples were plotted on a Day plot
(Day et al., 1977) to determine the gran size of the magnetic carriers (Figure 5a). Data fall between the

Figure 4. Zijderveld diagrams (Zijderveld, 1967) of representative samples demagnetized using thermal (TH) and alternating field (AF) treatment, shown in in situ
coordinates. Solid and open dots represent projections on the horizontal and vertical planes, respectively. Demagnetization step values are in °C or in mT.
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two theoretical mixing curves between single domain (SD) and multidomain (MD), and SD and
superparamagnetic (SP) (Dunlop, 2002). This indicates the occurrence of mixtures of SD, MD, and SP grains,
with a predominance of MD grains (generally >50%). In detail, samples from the Pindos ophiolite are the
ones showing the largest grain size of magnetite with >90% of MD grains, while samples from site PR in
Serbia shows the smallest grain fraction with about 50% of MD grains. SP grains seem to be present in all sam-
ples, with the larger content observed at the Othris ophiolite (OT).

Thermal variation of the low-field magnetic susceptibility of all samples shows a rapid decay between 500
and 580°C (Figures 5b and 5c), consistent with the presence of magnetic fractions with Curie temperatures
close to that of nearly stoichiometric magnetite or low-Ti titanomagnetite (Dunlop & Özdemir, 1997).
Increase of susceptibility between 100 and 250°C followed by a progressive decrease between 250 and
400°C was observed during heating cycles, likely due to production of low-Ti titanomagnetite or maghemite
upon oxidation during heating under natural oxidizing conditions (no argon gas was used for the experi-
ments). However, it cannot be excluded that a small fraction of these two minerals was originally present
in the analyzed samples. Some samples from the Pindos and Othris ophiolite yielded noisy demagnetization
diagrams characterized by an overall progressive decay of the magnetic susceptibility, indicating a predomi-
nance of the paramagnetic over the ferromagnetic fraction.

Isotropic fabric and moderate to pervasive weathering characterize all thin sections analyzed under the
transmitted light microscope (Figure S2). The studied rocks are composed of an assemblage of plagioclase
(~50–80%), chlorite and prehnite (~20–40%), clinopyroxene (~5%), and opaque minerals (~5%). Most of clin-
opyroxene minerals are pervasively or entirely altered into chlorite, as indicated by the occurrence of several
chlorite pseudomorphs. Opaque minerals are distributed randomly within the mineral matrix.

SEM observations coupled with EDX analysis indicated the occurrence of stoichiometric magnetite and low-Ti
titanomagnetite (Figure S3). Presence of small euhedral iron sulfides growing along the edges of titanomag-
netite crystals has been observed in a sample from the Othris ophiolite. SEM observations evidenced the
occurrence of large MDmagnetite grains ranging between 50 and 150 μm, as well as SD to PSD grains smaller
than 3 μm.

In summary, results from the rock magnetics experiments, EDX analysis, and optical observations of polished
thin sections indicate that the magnetic remanence of the studied rocks is carried by a mixture of SP, SD, and

Table 1
Paleomagnetic Results From the West and East Vardar Ophiolites of Serbia and Greece

Site Ophiolite Lithology Latitude Longitude
Dip

dir./Dip N N45 D dD I dI k α95 K A95 A95min A95max

Serbia
AL Ibar Sheeted dykes 43.465670 20.933930 214/87 20 19 144.1 8.1 59.0 5.6 38.8 5.5 29.8 6.3 3.7 12.8
PR Ibar Sheeted dykes 43.759058 21.031641 137/84 14 12 039.2 8.1 �55.3 6.5 69.3 5.3 44.3 6.6 4.4 17.1
VA Maljen Sheeted dykes 44.107298 19.901759 048/32 22 18 028.8 10.3 48.4 10.4 28.2 7.9 15.8 9.0 3.8 13.3

Greece
Pi01 Pindos Dyke in peridotite 40.013056 21.244667 178/68 16 15 246.4 18.9 �67.6 8.6 24.5 7.9 11.2 11.9 4.1 14.9
Pi02–04 Pindos Dyke in gabbro 40.000222 21.259444 300/71 34 28 176.0 8.7 �9.8 16.9 9.0 9.7 10.9 8.7 3.2 10.0
Pi05–08 Pindos Sheeted dykes 40.000389 21.257861 308/35 16 9 210.7 10.3 �10.1 20.0 16.5 13.1 26.2 10.3 5.0 20.5
Pi10

a
Pindos Dyke in basalt 39.963833 21.221083 190/75 6 4 008.5 31.7 57.3 23.0 29.8 17.1 15.0 24.5 6.9 34.2

OT Othris Sheeted dykes 39.011333 22.377194 098/18 25 18 283.7 10.9 �40.1 13.9 13.5 9.8 12.8 10.1 3.8 13.3
VO01–05 Vourinos Sheeted dykes 40.125273 21.534818 244/38 21 17 286.4 10.3 26.9 16.8 9.8 12.0 13.9 9.9 3.9 13.8
VO06 Vourinos Dyke in gabbro 40.128888 21.540832 202/63 10 10 338.1 9.3 40.0 11.8 30.9 8.8 32.8 8.6 4.8 19.2
VO07 Vourinos Dyke in gabbro 40.128889 21.540833 088/80 6 5 201.3 21.6 �46.2 23.2 24.1 15.9 17.1 19.1 6.3 29.7
GU01 Guevgueli Dyke 41.058333 22.553889 241/68 6 6 050.2 26.5 63.6 15.6 29.1 12.6 12.6 19.6 5.9 26.5
GU02–20 Guevgueli Sheeted dykes 41.047306 22.564444 299/77 63 35 070.8 12.5 56.8 9.4 8.4 8.9 7.0 9.9 2.9 8.7
GU21–25 Guevgueli Sheeted dykes 41.109333 22.558972 116/52 20 16 002.8 10.2 29.8 16.0 9.3 12.8 15.1 9.8 4.0 14.3
GU26 Guevgueli Sheeted dykes 41.108000 22.562528 152/15 17 16 118.2 6.1 9.6 12.0 19.7 8.5 37.3 6.1 4.0 14.3
GU27–30 Guevgueli Sheeted dykes 41.108520 22.562864 100/24 17 16 045.4 10.6 62.0 6.4 51.7 5.2 24.1 7.7 4.0 14.3

Note. Dyke orientation is expressed as dip direction/dip. N = total number of processed specimens; N45 = number of specimens used for the calculation of the
mean values after filtering with a 45° cutoff (Johnson et al., 2008). D, dD = site mean declination and associated error; I, dI = site mean inclination and associated
error; k and α95 = precision parameter and semiangle of the 95% cone of confidence around the computed site mean direction; K and A95 = precision parameter
and semiangle of the 95% cone of confidence around the mean virtual geomagnetic pole; A95max and A95min = maximum and minimum value of A95 expected
from paleosecular variation of the geomagnetic field calculated after Deenen et al. (2011).
aDiscarded site due to possible remagnetization.
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MD grains of magnetite and minor titanomagnetite of magmatic origin. All rocks show an isotropic doleritic
texture and a mineralogical assemblage compatible with a low greenschist metamorphic facies, which likely
resulted from static seafloor hydrothermal alteration. Despite this mild metamorphism, which may have
partially overprinted primary magnetizations, the isolated ChRMs were very likely recorded during or
shortly after dyke intrusion (hence parallel to the primary magnetization).

4.3. Net Tectonic Rotation Analysis

Four sets of net tectonic rotation solutions (two for each reference direction used) were obtained at all sites
except VO06, where single solutions (per reference direction) were obtained (Table 2). Although the net tec-
tonic rotation analysis calculates the rotation around an inclined axis, it is always possible to infer, based on
the plunge of the rotation pole, the relative magnitude of tilt and vertical axis rotation component. Tilt or
vertical-axis rotation components are larger when the rotation pole is shallower or more steeply plunging,
respectively. The magnitude of resulting tilt and vertical-axis components were considered in this study to
select the preferred net tectonic rotation solutions, based on the criteria presented in the method section
(Table 2). In particular, those solutions producing extreme tilting (up to overturning, which is rarely observed
in the Neo-Tethyan ophiolites) or very large vertical axis rotation incompatible with the expected regional
pattern have been discarded.
4.3.1. Maljen and Ibar Ophiolites (Serbia)
No major regional vertical axis rotations affected the Dinaridic nappes since their Cretaceous accretion, and
declinations from Cretaceous rocks of the Dinarides tend to show small counterclockwise rotations resulting
from their motion together with Adria (e.g., Márton et al., 2010). Ophiolites overlying these units do not

Figure 5. (a) Day plot (Day et al., 1977) for representative samples, showing the theoretical mixing curves for SD-MD grains (left), and SD-SP grains (right). Data fall in
the PSD field of the diagram, between the SD-MD and the 10 nm SD-SP mixing curves, hence showing the occurrence of a mixed fraction containing SP, SD, MD
grains. (b, c) Thermal variation of the low-field magnetic susceptibility for two representative samples from the (b) Guevgueli and (c) Vourinos ophiolite. Experiments
were run under free air. Each curve consists of a combination of five heating-cooling subcycles, with increasing peak temperatures (shown in the enclosed rectangle)
up to 580°C. Every subcycle consisted in heating up to a chosen peak values followed by cooling at a temperature higher than the value. Both diagrams show
two blocking temperature ranges, the first at 200–410°C and the other at ~580°C.
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necessarily reflect their deformation pattern due to the possibility of intraoceanic rotations. Paleomagnetic
data from the volcanic units of the Mirdita ophiolite of Albania (Maffione et al., 2013), however, indicate only
a minor clockwise (CW) net rotation of that portion of the ophiolite belt, which is consistent with the regional
rotation pattern of the subophiolitic continental units (e.g., Márton et al., 2010). We therefore used this evi-
dence as a guide to selecting the preferred net tectonic rotation solutions, whereby small vertical axis rota-
tion components are thus more likely than large rotations (the latter would require major intraoceanic
rotations of the ophiolite). All results from Solution 2 (Table 2) from the three sites studied in Serbia were dis-
carded as they produce either nearly complete overturning of the units or large vertical axis rotation compo-
nents incompatible with the regional rotation pattern. At each site, out of the two available results from
Solution 1 we selected the one yielding the smallest magnitude of vertical axis rotation component, that
is, those with the shallowest rotation axis or lowest rotation amount or a combination of the two (Table 2).
The preferred solutions produce moderate tilting of the ophiolite and minor, both CW and counterclockwise
(CCW), vertical axis rotation, which altogether suggest no significant rotation of the studied area consistently
with the regional rotation pattern.

The restored initial strike of the sheeted dykes from Serbia varies around a N-S direction (Table 2). More pre-
cisely, modeling of the uncertainties in the net tectonic rotation analysis following the method of Morris et al.

Table 2
Results of the Net Tectonic Rotation Analysis Showing the Four Permissible Solutions Obtained at Each Site by Using Both Normal (N) and Reversed (R) Polarity
Reference Direction

Site Ref. dir.

Solution 1 Solution 2

Rotation axis Rotation
Initial

dyke strike

Rotation axis Rotation
Initial

dyke strikeAzimuth Plunge Magnitude Sense Azimuth Plunge Magnitude Sense

Serbia
AL N 068.9 35.0 99.7 CCW 010.1 318.0 79.6 135.3 CW 349.9
AL R 235.7 16.1 108.5 CCW 349.9 157.3 7.2 167.1 CW 010.1
PR N 115.8 17.2 103.2 CW 359.3 203.5 5.4 168.9 CCW 000.7
PR R 290.4 26.1 95.2 CW 000.7 045.8 81.5 135.5 CCW 359.3
VA N 018.9 32.8 77.6 CCW 023.7 011.3 49.7 138.0 CW 336.3
VA R 246.4 30.4 160.3 CCW 336.3 153.3 36.6 166.4 CCW 023.7

Greece (Pindos)
Pi01 N 116.1 3.0 152.8 CW 320.7 236.6 26.5 137.3 CCW 039.3
Pi01 R 282.2 60.5 58.6 CW 039.3 041.3 39.7 91.7 CCW 320.7
Pi02–04 N 277.4 53.5 162.3 CW 038.3 088.0 0.6 148.5 CCW 321.7
Pi02–04 R 349.1 26.2 128.9 CCW 321.7 267.8 6.9 31.7 CCW 038.3
PI05–08 N 119.6 22.8 139.9 CCW 005.5 242.4 54.8 168.3 CCW 354.5
Pi05–08 R 043.2 40.5 82.5 CW 354.4 007.1 17.9 118.9 CCW 005.5

Greece (Othris)
OT N 277.4 27.0 120.9 CCW 329.9 184.3 25.6 121.4 CCW 030.1
OT R 231.3 8.9 79.5 CW 030.1 052.4 51.8 173.2 CCW 329.9

Greece (Vourinos)
VO01–05 N 157.1 31.4 63.0 CCW 003.7 317.4 45.6 161.0 CCW 356.3
VO01–05 R 072.3 24.6 160.0 CW 356.3 193.2 35.1 124.3 CW 003.7
VO06

a
N 350.0 29.5 71.3 CW 090.0 — — — — —

VO06
a

R 107.1 28.4 170.5 CW 090.0 — — — — —
VO07 N 168.6 43.7 166.5 CCW 348.9 274.9 5.4 173.0 CCW 011.1
VO07 R 009.7 45.4 163.5 CW 011.1 212.8 37.0 16.2 CW 348.9

Greece (Guevgueli)
GU01 N 334.8 67.5 78.7 CW 080.3 295.8 65.2 55.0 CW 279.7
GU01 R 127.1 12.8 168.1 CW 279.7 115.3 4.9 159.9 CW 080.3
GU02–20 N 316.6 77.1 75.8 CW 313.6 028.0 56.0 172.8 CW 046.4
GU02–20 R 127.2 5.7 169.2 CW 046.4 175.6 30.7 149.6 CCW 313.6
GU21–25 N 350.6 33.3 65.2 CCW 050.0 000.8 35.4 167.9 CCW 310.0
GU21–25 R 250.7 26.4 171.6 CW 310.0 190.3 54.1 178.8 CCW 050.0
GU26

b
N 219.0 39.0 104.0 CW 356.1 074.4 45.9 173.4 CW 003.9

GU26
b

R 308.9 31.0 134.8 CCW 003.9 175.4 14.5 96.1 CCW 356.1
GU27–30

b
N 032.0 38.9 89.4 CCW 067.9 022.1 49.9 148.7 CCW 292.1

GU27–30
b

R 238.2 29.0 146.3 CCW 292.1 200.1 36.2 153.0 CCW 067.9

Note. The preferred solutions are in bold character. Sense of rotation is clockwise (CW) or counterclockwise (CCW).
aA single solution was obtained at this site indicating that dykes could not be restored to vertical (see text). bNo preferred solution could be chosen at this site.
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(1998) provided most frequent strike values between 350° and 360° (a 10° frequency interval was adopted
throughout this study to build the frequency distribution diagrams of Figure 6) at sites AL and PR from the
East Vardar Ophiolites, and between 020° and 030° at site VA in the West Vardar Ophiolites.
4.3.2. Othris Ophiolite
Net tectonic rotation analysis at site OT from the Othris ophiolite provided four solutions: three of which indi-
cate large tilt and CCW vertical axis rotations, and one yields a moderate tilt and minor CW vertical axis rota-
tion (Table 2). Pelagonian Upper Triassic to Upper Cretaceous carbonate units underlying the ophiolites of
southern Greece show an overall CW rotation of ~94° (Morris, 1995). According to Morris (1995), such net
rotation resulted from a Late Cretaceous-early Miocene CW rotation of ~50°, followed by a post middle
Miocene CW rotation of additional ~45° associated with the bending of the Hellenic arc (e.g., van
Hinsbergen et al., 2005; van Hinsbergen & Schmid, 2012).

While this regional rotation might not necessarily be reflected in the overlying Othris ophiolite because of
possible intraoceanic rotations, it still represents a useful constraint for our net tectonic rotation analysis. In
fact, since the large post-Late Cretaceous CW rotation of Greece has to contribute to the net rotation of
the Othris ophiolite, the three permissible net tectonic rotation solutions indicating large CCW rotations (see
Table 2) would require an unlikely extremely large (150–180°) preobduction CCW rotation of the ophiolite. On

Figure 6. Rose diagrams showing the preferred initial orientations (strike) of the studied sheeted dykes and discrete dykes obtained after modeling of the uncertain-
ties in the net tectonic rotation analysis (Allerton & Vine, 1987) following the methods of Morris et al. (1998) and subsequent modifications by Koymans et al. (2016).
The restored directions of MORB sheeted dykes (green) provide the trend of the Neo-Tethyan ridge, while the restored directions of SSZ and BA sheeted dykes
indicate the strike of the suprasubduction ridge at which the ophiolites were generated. Black dots are the calculated rotation axes after error modeling. All diagrams
are based on 75 solutions (maximum number of solutions after each error modeling), except few sites in which a lower amount of solutions (n) has been obtained.
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the other hand, the remaining CW net tectonic rotation solution (Table 2) indicating moderate tilt and no
significant vertical axis rotation components would instead require a smaller (~90°) and, therefore, geody-
namically more feasible CW vertical axis rotation of the ophiolite before its obduction, a rotation that has
been observed in other ophiolites, including the well-studied Troodos ophiolite of Cyprus (e.g., Morris &
Maffione, 2016).

Furthermore, although the Othris ophiolite appears quite dismembered in the study area (Figure 3b) the
southward transition from dolerites to pillow lavas documented by Barth and Gluhak (2009) in our study area
would suggest a general southward tilt of the ophiolite. Modeling of the errors on the CW net tectonic rota-
tion solution yielded two groups of solutions: 54 solutions indicating moderate (72°–96°) CW rotations about
a shallow SW plunging axis and 27 solutions showing large (157°–179°) CW rotation about a steeper NE
plunging axis. The latter set of solutions reproduces even better the regional post-Late Cretaceous rotation
pattern of Greece, without the need for any intraoceanic rotation of the Othris ophiolite. Furthermore, this
solution well reproduces the local deformation (i.e., southward tilt) observed at the sampling site and has
therefore been chosen as preferred solution (Table 2). The initial dyke orientation for the preferred set of solu-
tions indicate an average strike ranging between 330° and 340° (i.e., ~NNW-SSE; Figure 6).
4.3.3. Pindos Ophiolite
The local orientation of the Pindos ophiolite units in our sampling region is difficult to determine due to the
predominant exposures of ultramafic rocks and the absence of visible subunit boundaries. Luckily, close to
site Pi05–08 pillow lavas dipping 58° toward 180° occur, providing important paleohorizontal constraints
for selecting the preferred net tectonic rotation solutions. A tilt-corrected direction of D = 239.2°,
I = �54.2° is obtained by correcting the in situ remanence of site Pi05–08 (Table 1) for the local tilt inferred
from the pillow lavas. Such tilt corrected direction reveals a vertical axis CW rotation of 59.2°, which suggests
substantial rotation of the Pindos ophiolite, consistent with the regional post-Late Cretaceous CW rotation in
Greece (e.g., Morris, 1995). It is worth noting that tilt correction in pillow lavas may be biased by the fact that
these units may be emplaced on paleoslopes (up to ~20° dip). However, while an uncertainty on the vertical
axis rotation of site Pi05–08 inferred from the tilt-corrected direction of the nearby pillow lavas cannot be
excluded, the possibility that the inferred CW sense of rotation may instead be CCW remains low. We there-
fore consider the CW sense of rotation calculated at site Pi05–08 using classic tilt correction of adjacent pillow
lavas layering sufficiently reliable and used it for the selection of the preferred net tectonic rotation solution
at the remaining sites of the Pindos ophiolite. Furthermore, similarly to the Othris ophiolite, a CW vertical axis
rotation of the Pindos ophiolite would exclude any (unlikely) major intraoceanic rotations.

Only one out of four permissible net tectonic rotation solutions for sites Pi02–04 and Pi05–08 yield a CW rota-
tion (hence chosen as preferred solution; see Table 2). These preferred solutions are characterized by a mod-
erately dipping rotation axis and moderate to large rotations producing significant tilt and moderate (CW)
vertical axis rotation components. The vertical axis rotation component appears to be substantially larger
at site Pi02–04 possibly due to local rotations associated to an undetected fault. At the remaining site Pi01
two permissible solutions with CW rotation were obtained (Table 2). Only the one characterized by a steeper
rotation pole, which produces a local rotation consistent with that inferred at sites Pi05–08 and Pi02–04, was
selected as preferred solution.

Initial dyke orientation is indistinguishable for the two discrete dykes sites Pi01 and Pi02–04, where dykes
were restored to an initial strike of ~040°, while it is substantially different at the sheeted dyke site Pi05–
08, where dykes have an initial strike of 354.4° (Table 2). Modeling of the uncertainties on the input
vectors of the preferred solutions yielded most frequent orientations between 020° and 040° (i.e., NE-SW)
for the mantle- and gabbro-hosted discrete dykes and between 350° and 360° (i.e., N-S) for the sheeted
dykes (Figure 6).
4.3.4. Vourinos Ophiolite
The Vourinos ophiolite is characterized by a locally vertical, NW-SE striking crustal-mantle boundary, with the
crust and mantle sections exposed to the SW and NE, respectively, indicating an overall southwestward tilt of
the ophiolite (Figure 3c). Four solutions were obtained at sites VO01–05 and VO07, while only two at site
VO06 where dykes are restored to an initial dip of 87.1°, hence very close to vertical (Table 2).

At site VO01–05 only the result from Solution 1 indicating a CW rotation around a shallowly plunging axis
(selected as preferred solution; Table 2) can replicate exactly the local structural setting and produce a
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southwestward tilt and vertical strata. The discarded three solutions yield tilt to the NW, NE, and SE, which is
inconsistent with that observed at this study area. Site VO06 only provided single solutions (one for each
reference direction adopted; Table 2) and in theory should be discarded. However, because the single solu-
tion restored the dyke nearly to the vertical, error modeling may produce a variable number of dual solutions
that may still be used for our analysis. Among the two single solutions (one per reference direction) obtained
at site VO06, only the one with the larger rotation is able to replicate the local distribution of ophiolitic units.
After having modeled the uncertainties on the input vectors for this single solution, dykes could be restored
to vertical in 32 out of 75 iterations. These solutions indicate a large CW rotation about a shallowly plunging
axis. At site VO07 both results from Solution 2 produce a northwestward tilt, which in one case produces over-
turning, inconsistent with the local structural pattern. Both Solution 1 result in vertical strata, but we chose as
preferred solution the one characterized by a CW rotation (Table 2), as it is consistent with the regional rota-
tion of the underlying Pelagonian units (Morris, 1995).

The initial dyke orientation of the sheeted dyke complex (preferred solution) of the Vourinos ophiolite (VO01–
05) has a strike of 356.3° (Table 2), with most frequent values determined from error modeling between 350°
and 360° (i.e., N-S; Figure 6). At site VO06 the gabbro-hosted dykes have a most frequent initial strike between
050° and 070° (i.e., ENE-WSW; Figure 6). Site VO07 has an initial dyke orientation of 011.1° (Table 2) with most
frequent directions after error modeling between 000° and 010° (i.e., N-S; Figure 6).
4.3.5. Guevgueli Ophiolite
The Chalkidiki peninsula onto which the Guevgueli ophiolite was emplaced underwent some 30° CW
rotation in the Neogene during opening of the Rhodope extensional complex (e.g., Brun & Sokoutis, 2007;
Kondopoulou & Westphal, 1986; van Hinsbergen & Schmid, 2012), and prior to this time, Eurasia did not
appreciably rotate since the Late Jurassic (Torsvik et al., 2012). Moderate CW rotations should thus be
expected at this ophiolite if it did not experience any intraoceanic rotations, hypothesis that is not supported
by direct evidence. For this reason, we only used the local deformation to select the preferred net tectonic
rotation solutions. The Guevgueli ophiolite is locally characterized by an east-southeastward tilt, which
causes the exposure of upper crustal units in the east and gabbros in the west. Preferred solutions reprodu-
cing both this local and regional deformation have been identified at sites GU01, GU02–20 and GU21–25
(Table 2). The discarded three solutions at each one of these sites produce in fact rotations that are clearly
inconsistent with the local tilt of the ophiolite. At site GU21–25 the large rotation around a shallow axis indi-
cates a larger tilt compared to sites GU01 and GU02–20, but virtually a similar and significant amount of CW
vertical axis rotation component across the three sites.

No preferred solution could be found at the remaining two sites GU26 and GU27–30 as none of the
obtained solutions could reproduce either the local deformation or the overall regional CW rotation.
This may be caused by the occurrence of local rotations not recognized in the field, which make the
choice of the preferred solution uncertain. We therefore prefer to exclude sites GU26 and GU27–30 from
further analyses.

Modeling of uncertainties on the preferred solutions from the discrete dykes (GU01) and sheeted dykes
(GU02–20 and GU21–25) indicates most frequent initial strike values between 050° and 060°, and between
310° and 330°, respectively (Figure 6).

5. Discussion: Plate Boundary Configuration of the Middle Jurassic
Mediterranean Neotethys
5.1. Assumptions and Boundary Conditions

We now use our net tectonic rotation results, in combination with the previously reported geochemical
signatures of the Balkan ophiolites, to infer a plate boundary configuration within the Middle Jurassic Neo-
Tethys. We thereby assume that the MOR-type ophiolites from the western part of the West Vardar
Ophiolite belt (western Mirdita, Othris, and Pindos ophiolites; Figure 2) are relics of Neo-Tethyan lithosphere
formed at a MOR setting (Barth et al., 2008; Nicolas et al., 1999; Maffione, Thieulot, et al., 2015). We interpret
ophiolites with a SSZ affinity as formed in a forearc close to a trench shortly after subduction initiation (e.g.,
Stern et al., 2012). The Guevgueli ophiolite (Figure 2), with a BAB geochemical signature, is interpreted to
have formed in a back-arc position.
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The orientation of the ridges at which SSZ ophiolites were formed may also be used to infer the geometry of
the associated subduction zone (Maffione et al., 2017; van Hinsbergen et al., 2016). The angular relationship
between a SSZ ridge and the associated trench may vary between two end-members: perpendicular or par-
allel to the associated subduction trench (e.g., Casey & Dewey, 1984; Dewey & Casey, 2013). The West Vardar
Ophiolites presently form a ~100–150 kmwide belt, which under typical magmatic spreading rates of 4 cm/yr
or more would have formed within ~5 Ma if suprasubduction ridges were oriented parallel to the trench.
Conversely, an ~1,000 km long ophiolite belt (like the West Vardar Ophiolites) formed at suprasubduction
ridges perpendicular to the trench would display laterally diachronous ages spanning tens of millions of
years. The consistent age of the SSZ West Vardar Ophiolites varying within no more than 10 Ma over a dis-
tance of several hundreds of kilometers along its length, thus strongly suggests that they formed at suprasub-
duction ridges that were parallel to the Neo-Tethyan subduction zone. In addition, as mentioned before, our
reconstruction assumes that the East and West Vardar Ophiolites formed within a single ocean, which is the
simplest explanation of the available data (Bernoulli & Laubscher, 1972; Bortolotti et al., 2002, 2013; Bortolotti
& Principi, 2005; Gallhofer et al., 2017; Schmid et al., 2008; Tremblay et al., 2015).

Finally, net tectonic rotation results obtained from discrete dykes sampled at five sites from the Pindos,
Vourinos, and Guevgueli ophiolites indicate a consistent ~NE-SW initial orientation at four out of five local-
ities (Figure 6; Table 2). This direction is substantially different from the reconstructed initial orientation of
the sheeted dykes from the correspondent ophiolite. This indicates that discrete dykes did not intrude par-
allel to the suprasubduction ridges at which the Balkan ophiolites were formed. Because of this, results
from the discrete dykes have not been used to reconstruct the geometry of the plate boundaries in the
western Neo-Tethys.

Although no ages are available for the sampled discrete dykes, their SSZ (Pindos and Vourinos) and BAB
(Guevgueli) signatures (Figure 6), and their crosscutting relationship with the other units of the ophiolites
they intrude indicate that they were emplaced after the formation of the ophiolitic crust (<165 Ma) but
before their emplacement onto the Adriatic and Eurasian margins (>130 Ma). The consistent NE-SW orienta-
tion of these discrete dykes (Figure 6) may perhaps be indicative of a uniform, subduction-related extensional
stress field directed roughly NW-SE and active between the Middle Jurassic and the Early Cretaceous.

5.2. West Vardar Ophiolites and Neo-Tethyan Ridge Inversion

Our results show that the sheeted dykes from the MOR-type ophiolites of the West Vardar belt (Othris and
Pindos) formed along a ridge that seems to bend southward from a N-S to a NNW-SSE strike (Figure 6 and
Table 2). Previous paleomagnetic results from the Mirdita ophiolite (Albania), ~300 km to the north, yielded
a similar N-S paleoridge orientation (Maffione, Thieulot, et al., 2015). We follow previous inferences (Barth &
Gluhak, 2009; Nicolas et al., 1999; Maffione, Thieulot, et al., 2015) arguing that these MOR-type ophiolites
represent relics of crust that formed at the Neo-Tethyan mid-oceanic ridge prior to subduction initiation
and conclude that the Neo-Tethys Ocean in the Middle Jurassic opened due to ~E-W spreading, at high
angles to the European and Adriatic margins (Figure 7).

The SSZ-affinity sheeted dykes from more internal West Vardar Ophiolites (Vourinos and Maljen) were
restored to a N-S to NNE-SSW orientation (Figure 6 and Table 2), indicating that also these ophiolites
formed at approximately N-S striking ridges that accommodated E-W extension. As mentioned previously,
the very similar, 170–160 Ma ages of the West Vardar Ophiolites along the Balkan-Hellenic orogen leads us
to infer that the trench above which these ophiolites formed was parallel to these SSZ spreading ridges,
that is, N-S striking. This inference is consistent with the top-to-the-west emplacement direction inferred
from the metamorphic soles, and the near-synchronous Early Cretaceous emplacement age onto the
Greater Adriatic margin (Bortolotti et al., 2005; Carosi et al., 1996; Gaggero et al., 2009; Scherreiks et al.,
2014; Schmid et al., 2008).

Maffione, Thieulot, et al. (2015) suggested, based on the paleomagnetic restoration of the Mirdita ophiolite,
that a N-S striking subduction zone formed parallel to the Neo-Tethys ridge. Based on the finding of an east-
ward dipping fossil oceanic detachment fault in the Mirdita ophiolite (Maffione et al., 2013; Maffione,
Thieulot, et al., 2015), these authors showed that the new trench developed off-axis, to the west of the
Neo-Tethyan ridge, west of the current MOR-affinity belt, likely by inversion of similar but slightly older
oceanic detachment faults. Reactivation of the former Neo-Tethyan spreading center above the nascent
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Figure 7. Paleogeographic reconstructions of the Neo-Tethys domain (a) before subduction initiation at ca. 175Ma, and (b) shortly after between ca. 175 and 165Ma.
Position of the Eurasian, Adriatic, and African continental margins has been reconstructed using GPlate software and a paleomagnetic reference frame (Torsvik et al.,
2012). Latitude is constrained with a ±3° uncertainty, while longitude is not constrained. Spreading ridges (thick black lines), transform faults (thin black line),
and trenches (thin line with triangles) are shown. The location of the MOR ophiolites derived from the Neo-Tethys Ocean is shown in stage (a), while these plus the
SSZ and BAB ophiolites produced after subduction initiation are shown in stage (b). The ophiolite codes are as follows: Ma = Maljen ophiolite; Ib = Ibar ophiolite;
Mi = Mirdita ophiolite; Gu = Guevgueli ophiolite; Pi = Pindos ophiolite, Vo = Vourinos ophiolite, and Ot = Othris ophiolite. The locations of the West Vardar Ophiolite
belt (green), East Vardar Ophiolite belt (orange), and Izmir-Ankara Ophiolite belt (purple) are indicated by the thick colored lines.
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subduction zone then generated the SSZ ophiolites. Our new results from MOR and SSZ West Vardar
Ophiolites show that this model may now be applied along the strike of the Mediterranean Neo-Tethys, from
the northern Dinarides to the southern Hellenides (Figure 7).

That subduction initiation occurred along the Neo-Tethyan MOR was previously conceptually inferred based
on the interpretation that metamorphic soles require abnormally high mantle temperatures, which are
expected close to spreading centers (e.g., Bortolotti et al., 2002; Robertson, 2002; van Hinsbergen et al.,
2015; Wakabayashi & Dilek, 2003). However, recent studies showed that several Cretaceous ophiolites of
Turkey formed above a subduction zone that initiated along ancient N-S striking fracture zones (Maffione
et al., 2017) and that the ophiolites of southern Tibet formed in the forearc of a subduction zone nucleated
along a continental margin (Maffione, van Hinsbergen, et al., 2015; Huang et al., 2015). Both ophiolite belts
are associated with in situ or dismembered metamorphic soles (e.g., Çelik et al., 2006; Guilmette et al.,
2009), suggesting that metamorphic soles are not necessarily evidence for subduction initiation along ridges
(Maffione et al., 2017). The long delay of ~30–40 Ma between subduction initiation (Middle Jurassic) and
emplacement of the West Vardar Ophiolites on the continental margin (Early Cretaceous), however, is consis-
tent with a subduction initiation far from the Greater Adriatic margin, hence close to the spreading ridge.

Applying the model of off-axis subduction initiation along detachments to the ~1,000 km long Neo-Tethyan
ridge along the Balkan-Hellenic orogen would require the widespread presence of such detachments, which
has only been documented in the Mirdita ophiolite (Maffione et al., 2013; Nicolas et al., 1999; Tremblay et al.,
2009). That such detachments were likely widespread may, however, be inferred from kinematic calculations.
Paleogeographic reconstructions of both the Paleo-Tethys (Franke et al., 2017) and Neo-Tethys (Schmid et al.,
2008; Stampfli & Hochard, 2009; Gaina et al., 2013; Vissers et al., 2013) suggest that the Tethys Ocean in the
study area was 800–1,000 km wide in Pangea times. Since the Neo-Tethys Ocean opened in the Middle
Triassic (~240 Ma) and started closing in the Middle Jurassic (~170 Ma) we may calculate an average full
spreading rate of ~1–2 cm/yr. This spreading rate, together with the recognition of the Mirdita oceanic
detachment fault (e.g., Maffione et al., 2013), and the reduced thickness of the MOR-affinity ophiolites (e.g.,
Nicolas et al., 1999) provide strong evidence for the slow spreading nature of the Neo-Tethys. Because ocea-
nic detachment faults are very common in slow spreading oceans (e.g., Smith et al., 2006), a well-developed
detachment systemmay have provided the ideal conditions for subduction initiation close and parallel to the
Neo-Tethyan ridge in the Middle Jurassic (Maffione, Thieulot, et al., 2015).

5.3. East Vardar Ophiolites and Their Enigmatic Plate Kinematic Context

The East Vardar Ophiolites have received much less attention from the scientific community, due to their lim-
ited exposure and highly dismembered nature. What was known previously is that they formed around the
same time as the West Vardar Ophiolites and were emplaced onto the European margin (e.g., Schmid et al.,
2008). Our new results from the Ibar ophiolite in central Serbia (sites AL and PR) indicating initial N-S trending
dykes now demonstrate that the northern domain of the East Vardar Ophiolites formed also with similar
spreading directions as the West Vardar Ophiolites (Figure 6).

The age of these rocks is not directly constrained in Serbia, but quartzdiorite intrusions pinpoint their mini-
mum age at 168.4 ± 6.7 (Resimić-Šarić et al., 2005), which is consistent with the ages of the East Vardar
Ophiolites in Macedonia and northern Greece (Božović et al., 2013; Kukoč et al., 2015; Spray et al., 1984;
Zachariadis, 2007). The boninitic signature of site AL (Marroni et al., 2004) is most straightforwardly inter-
preted as showing that these dykes formed in the forearc of an intraoceanic subduction zone. Because the
ages of the East Vardar Ophiolites are also very similar along-strike, we infer that the Ibar ophiolite of
Serbia formed at a spreading center located in a forearc position above a N-S trending subduction zone.
The regional direction (eastward onto the European margin) and timing (Late Jurassic-Early Cretaceous) of
emplacement further suggests that this trench was different from and located east of the one associated with
the West Vardar Ophiolites.

Farther south in northern Greece, the sheeted dykes from the Guevgueli ophiolite were restored to an initial
NW-SE orientation, hence subparallel to the Othris ophiolite ridge in the west (Figure 6). Because the
Guevgueli ophiolite has a back-arc geochemical signature (Saccani et al., 2008), we interpret the initial orien-
tation of the sheeted dykes as reflecting the orientation of a back-arc spreading center. Because back-arc
ridges are generally parallel to the associated subduction zones, we infer that the subduction zone that
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governed Guevgueli back-arc spreading was NW-SE striking in northern Greece. Because the Guevgueli
ophiolite appears to have formed close to a continent-derived block found in the Paikon arc (e.g., Brown &
Robertson, 2004) we infer that the overriding plate of this subduction zone also contained continental crust.

Our data thus suggest that the subduction zone associated with the East Vardar Ophiolites curved southward
from N-S (Serbia), to NW-SE (northern Greece), probably following the shape of the European passive margin
(i.e., Moesian platform), as well as the Neo-Tethyan ridge (Figure 7). Toward the east, the trenches along the
southern Pontides had a ENE-WSW orientation, both the Paleo-Tethys trench inferred to the north and the
Neo-Tethys trench to the south of the Sakarya terrane (Figure 7).

As mentioned before, bringing the trench(es) associated with the East Vardar Ophiolites into the regional
plate kinematic context is challenging, mainly due to the enigmatic fate of the Paleo-Tethys Ocean, whose
nature and position of its suture zone is debated (e.g., Stampfli et al., 2003; Moix et al., 2008). On the one hand,
several authors suggested that these ophiolites formed above a Europe-dipping subduction zone that
formed along the passive margin of Eurasia, that is, after Paleo-Tethys closure (e.g., Brown & Robertson,
2004; Saccani et al., 2008). This hypothesis is based on the inferred association of the ophiolites and
Europe-derived continental crust in the overriding plate of this subduction zone. This Europe-dipping sub-
duction zone would then have been characterized by forearc intraoceanic spreading in the north (Serbia)
and back-arc spreading in the south (Guevgueli). This Europe-dipping subduction zone in the scenario of
Gallhofer et al. (2017) terminated shortly after, followed by formation of an Adria-dipping subduction zone
in the back-arc to explain ophiolite emplacement onto the European margin (Schmid et al., 2008). No
metamorphic soles have been documented from the East Vardar Ophiolites that may constrain the initiation
of subduction at the associated subduction zone. Nevertheless, considering the ages of the West and East
Vardar Ophilites, the scenario of Gallhofer et al. (2017) would suggest that three subduction zones formed
in the Middle Jurassic, that is, one intraoceanic at the Neo-Tethyan ridge and two at the European
passive margin.

Here we tentatively propose a plate tectonically simpler alternative scenario (Figure 8), which may be tested
in the future against the geological record of the continental units below the East Vardar Ophiolites. Given
the plate tectonic necessity (i.e., opening of the Neo-Tethys Ocean), but absence of unambiguous geological
evidence for a Paleo-Tethys suture in the Balkan geology, we propose that the subduction zone above which
the East Vardar Ophiolites were formed was the active subduction that at that time was already accommo-
dating Paleo-Tethys closure. The older Paleo-Tethys subduction zone would have formed in Triassic time
(or perhaps even earlier in the Permian; Stampfli & Hochard, 2009), more likely along the Greater Adria mar-
gin, rather than at the Europeanmargin as proposed by some authors (e.g., Moix et al., 2008; Şengör & Yilmaz,
1981; Stampfli & Kozur, 2006). A Eurasia-ward rollback of the Paleo-Tethyan slab (Figure 8b) would more
easily explain the opening of the Neo-Tethys as a back-arc basin in the overriding plate, as well as the
back-arc geochemical signature of Triassic volcanics from the Pindos Zone of Greece (Pe-Piper & Piper, 1991).

Upper plate continental fragments (Paikon and perhaps other units of the Circum-Rhodope Belt (Schmid
et al., 2008)) may have detached from the Adriatic margin and drifted toward Europe following Paleo-
Tethys slab rollback, and representing therefore remnants of a not previously recognized conjugate margin
of the Triassic Greater Adria passive margin. This Gondwana-ward subduction of the Paleo-Tethys may have
extended to the east in modern Anatolia, causing the detachment of the Sakarya block from Gondwana, its
subsequent northward migration, and the opening of the Neo-Tethys at its back (Şengör & Yilmaz, 1981).
Paleomagnetic data indicate that the Sakarya block has been part of Eurasia at least since the Early
Jurassic (Channell et al., 1996; Meijers et al., 2010), hence constraining the minimum age of Paleo-Tethys clo-
sure in the Anatolian region. On the other hand, because there was no Adria (Africa)—Europe divergence in
the Jurassic (Torsvik et al., 2012), the presence of Middle Jurassic (~170 Ma) Neo-Tethyan relics in the West
Vardar Ophiolites (i.e., MOR ophiolites of Mirdita, Pindos, and Othris; Maffione, Thieulot, et al., 2015) demon-
strates that rollback subduction of Paleo-Tethyan lithosphere in the Balkan area must have continued until
this time to sustain seafloor spreading in the Neo-Tethys but sufficiently far away from the mid-Neo-Tethys
ridge so as not to contaminate it with subduction-derived fluids (Figure 8c). When the mid–Neo-Tethyan
ridge became inverted at ~175 Ma, ongoing Paleo-Tethys slab rollback to the east may have induced local
extension in the upper plate of the newly formed convergent boundary, causing formation of the SSZ
West Vardar Ophiolites and simultaneous exhumation of its metamorphic sole (see van Hinsbergen et al.,
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Figure 8. Speculative evolutionary cross section of the western Tethys realm (Balkan region) from the Middle Triassic to the Early Cretaceous. (a) Before the Middle
Triassic (~240 Ma) a large ocean called Paleo-Tethys existed between two regions of Pangea representing the future Eurasia and Gondwana landmasses. (b) In the
Middle Triassic (~240 Ma), or perhaps even earlier in the Late Permian (Stampfli & Kozur, 2006) the Neo-Tethys Ocean started to open due to subduction
initiation and Europe-ward rollback of Paleo-Tethyan lithosphere. According to our new result, spreading of the Neo-Tethys in the Balkan area was E-W (N-S trending
ridge). The forearc region of Gondwana underwent intense stretching during this stage, leading to the formation of several continental fragments intervened by
basins (whose continental or oceanic nature is unknown), including Pelagonian (Pe) and, perhaps, Paikon and other blocks now incorporated into the Rhodope
Massif. (c) In the late Early Jurassic (~175 Ma) the Neo-Tethys reached its maximum width after ~60 Ma of spreading. Due to the slow rate of spreading (1–2 cm/yr),
abundant oceanic detachment faults may be present in this ocean (Maffione et al., 2013). (d) Between approximately 175 and 165 Ma, the Neo-Tethys underwent
contraction, and a new subduction zone initiated near and parallel to the spreading ridge, likely along a regionally continuous detachment fault system (Maffione,
Thieulot, et al., 2015). Subduction initiation was likely triggered by far-field forces associated to the coeval opening of the Alpine Tethys Ocean to the northeast.
Subduction initiation at the Neo-Tethyan ridge resulted in the formation of the West Vardar Ophiolites. Because subduction started off-axis a small ribbon of
MOR-affinity (Neo-Tethyan) crust was preserved in the overriding plate and subsequently incorporated into the western part of the West Vardar Ophiolite (Mirdita,
Pindos, and Othris ophiolites), while suprasubduction zone (SSZ) crust was generated next to these MOR relics at a new or resumed ridge (Vourinos and Maljen
ophiolites). In the east, eastward Paleo-Tethys rollback could no longer be accommodated at the Neo-Tethyan ridge due to the change in geodynamic conditions
there. As a result, Paleo-Tethys rollback was accommodated instead by the formation of new forearc (Ibar) and back-arc (Guevgueli) spreading centers in the
eastern margin of the overriding plate, generating the East Vardar Ophiolites. (e) In the Early Cretaceous (~130 Ma), both the West and East Vardar Ophiolites
were emplaced onto the passive margins of Gondwana (Pelagonian) and Eurasia (Circum-Rhodope belt), respectively. Since the Middle Jurassic, continuous
spreading of the ridge at which the West Vardar Ophiolites were formed produced melts with a progressively weaker subduction influence (i.e., fading green color).
Due to the limited amount of convergence between Gondwana and Eurasia after the intraoceanic subduction initiation, a significant amount of slab rollback of
Gondwanan lithosphere must have happened to enable continental emplacement of the West Vardar Ophiolites.
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2015). We speculate that the changed geodynamics of the Neo-Tethyan plate following the initiation of the
West Vardar subduction to the west may have affected the geodynamic equilibrium at the still active Paleo-
Tethys trench in the east. This may have resulted in forearc (Serbia) and back-arc (Guevgueli) spreading in
the overriding plate above the ongoing Paleo-Tethys slab rollback, leading to the formation of the East
Vardar Ophiolites (Figure 8d). This scenario would imply that West Vardar subduction initiation, which
may have been driven by an eastward push exerted by Middle Jurassic Central Atlantic and Alpine Tethys
ocean spreading to the west (Maffione, Thieulot, et al., 2015), slightly predated full Paleo-Tethys closure in
the Balkan area.

Our admittedly speculative model would require only one subduction zone (instead of three) during the
Middle Jurassic in the eastern Neo-Tethys and is thus kinematically simpler. It would, however, also imply that
SSZ ophiolites may also form above mature subduction zones upon sudden changes in the subduction
dynamics, which would challenge, or at least add to, current ideas on their association with subduction initia-
tion (e.g., Stern et al., 2012; van Hinsbergen et al., 2015). This hypothesis, therefore, awaits further testing.
Given the ongoing debate on the subduction history of the East Vardar ophiolites, we portray in our plate
kinematic configuration of the Middle Jurassic a single Adria-dipping subduction zone to the east of the
East Vardar Ophiolites, close and parallel to the Eurasian margin (Figure 7).

5.4. Kinematic Connection of the West Vardar and Izmir-Ankara Jurassic Ophiolites of
Northern Turkey

According to our reconstruction and the available ophiolite and metamorphic sole ages, the West Vardar and
Izmir-Ankara Jurassic ophiolites formed above subduction zones that formed in the Early-Mid Jurassic
(Figure 7). Crustal and metamorphic ages of the ophiolites from the Izmir-Ankara suture zone (Çelik et al.,
2011, 2013; Çörtük et al., 2016; Dilek & Thy, 2006; Robertson et al., 2013; Topuz et al., 2014; Uysal et al.,
2015) seem to indicate a slightly earlier subduction initiation in the eastern domain of the Neo-Tethys
(late Early Jurassic; ~185–180 Ma) than in the west where it started in the Middle Jurassic (~175 Ma).
Furthermore, paleomagnetic data from the Pontides indicate that subduction in the Anatolian area started
once the Sakarya terrane was already part of the Eurasian margin (Channell et al., 1996; Meijers et al.,
2010), hence after or perhaps during the latest stages of the Paleo-Tethys closure.

The connection between the oceans in the Balkan and Anatolian region during the Middle Jurassic has been
proposed by several authors in the past (e.g., Bortolotti et al., 2017; Marroni et al., 2014; Robertson, 2002;
Robertson et al., 2013) using different paleogeographic models. These paleogeographic reconstructions
can now be refined by constraining the geometry of plate boundaries (in particular subduction zones) in
the Neo-Tethyan realm. Based on our new results and the available geological evidence, we argue that the
West Vardar subduction zone that initiated near the Neo-Tethyan ridge did not extend to the east
along the same plate boundary (Figure 7). Had subduction initiated with a Europe-directed polarity along
the Neo-Tethys ridge in both the Dinaric-Hellenic and Anatolian segments, Jurassic ophiolites of the
Izmir-Ankara suture would have obducted onto the Greater Adriatic units of Anatolia. Cretaceous ophiolites
that formed due to the earlier (~100 Ma) subduction initiation event within the Neo-Tethys north of Greater
Adria in Anatolia (e.g., Maffione et al., 2017) should then have thrust onto already obducted Jurassic ophio-
lites, which is nowhere observed in Turkey. Instead, the Jurassic ophiolites are found north of, and structurally
above the Cretaceous ophiolites of Turkey, which directly overlie Greater Adriatic units. Hence, we follow the
previous inferences of, for example, Topuz et al. (2013, 2014) that the Jurassic ophiolites of the Izmir-Ankara
suture formed not at the Neo-Tethyan ridge but instead in the forearc of Sakarya above a Europe-ward (i.e., N
dipping) subduction zone (Figure 7). The wide range of ages of the magmatic rocks of the Izmir-Ankara
mélange, spanning Jurassic and Cretaceous times (e.g., Bortolotti et al., 2017), is in fact consistent with a con-
tinuous magmatic activity at the Neo-Tethyan ridge in the Anatolian domain until at least the Middle-
Upper Cretaceous.

On the other hand, the demise of these two subduction zones across western and central Neo-Tethys was not
synchronous. The West Vardar subduction zone was active until at least the Early Cretaceous, when the West
Vardar Ophiolites were emplaced onto Greater Adria. Subduction below the Pontides remained active
throughout the Mesozoic, as shown by, for example, arc volcanism and metamorphism in the Pontide geol-
ogy (e.g., Çimen et al., 2017; Okay et al., 2006, 2013). From the Middle Jurassic to earliest Cretaceous, a plate
boundary must thus have existed that connected the West Vardar and Izmir-Ankara trenches. In its simplest
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form, this plate boundary was a left-lateral transform fault, which we conceptually include in our paleogeo-
graphic model (Figure 7).

Finally, the Intra-Pontide suture with Middle Jurassic ophiolites, ophiolitic mélanges, and HP metamorphic
rocks indicates that spreading occurred in another ocean basin in the Early-Middle Jurassic (~180–170 Ma)
at the southern margin of Eurasia (Göncüoglu et al., 2012, 2014; Marroni et al., 2014; Okay et al., 2013;
Şengör & Yilmaz, 1981; Ustaömer & Robertson, 1999). Various models suggesting the occurrence of multiple
subduction zones at the southern margin of Eurasia have been proposed to explain the synchronous
formation of the Intra-Pontide and Izmir-Ankara ophiolites, and their possible connection with the Balkan
ophiolites (e.g., Bortolotti et al., 2017; Göncüoglu et al., 2014; Marroni et al., 2014; Robertson, 2002;
Ustaömer & Robertson, 1999). Although beyond the scope of the current study, we consider two possible
scenarios for the evolution of the Intra-Pontide suture. We speculate that the Intra-Pontide oceanic basin
may have formed as a back-arc basin above the nascent northward subduction zone below the Sakarya
terrane, accommodating the extension that eastward was accommodated by forming the forearc ophiolites
south of Sakarya. Alternatively, the Intra-Pontide ophiolites may be equivalent to the East Vardar ophiolites
and—in analogy to the scenario postulated above—may then have formed in the forearc above a southward
subducting Paleo-Tethys slab during the latest stages of the Paleo-Tethys closure.

6. Conclusions

Reconstructing the initial orientation of sheeted dykes from theWest and East Vardar Ophiolites of Serbia and
Greece, which were previously shown to have MOR (Othris and Pindos), SSZ (Vourinos and Maljen), and BAB
(Guevgueli) geochemical affinities, was used to determine the configuration of spreading ridges and trenches
in the Neo-Tethys Ocean during the beginning of its closure in the Middle Jurassic. We then used our new
data, together with existing geochemical, geochronological, and geological evidence from the Balkan
Peninsula and northern Turkey, to reconstruct the following sequence of tectonic events:

1. The Neo-Tethyan ridge in the area of the modern Balkans prior to its inversion had an ~N-S trend, which
was slightly Europe-ward concave, probably reflecting the shape of the adjacent continental margins. The
opening of the Neo-Tethys was slow (i.e., 1–2 cm/yr) and directed roughly E-W;

2. Around 175 Ma, cessation of spreading at the Neo-Tethyan ridge and the initiation of a Europe-dipping
subduction zone occurred. This subduction zone formed near and parallel to the N-S trending Neo-
Tethyan ridge, most likely along a young oceanic detachment fault system, and resulted in the formation
of the West Vardar Ophiolites along forearc ~N-S trending ridges;

3. The West Vardar Ophiolites and associated subduction zone must have terminated to the west against a
plate boundary, likely a transform fault. To the west of this transform, the subduction zone continued
below the southern passive margin of Europe (i.e., the Pontides of northern Turkey), where the Early-
Middle Jurassic Izmir-Ankara ophiolites were formed, with the Neo-Tethyan ridge being located south
of this trench;

4. Simultaneous with the initiation of the West Vardar subduction, the East Vardar Ophiolites were formed
near the passivemargin of Europe at a N-S to NW-SE spreading ridge parallel to the European passivemar-
gin. These ophiolites formed above a subduction zone that mimicked the shape of the ophiolitic ridges
and that was located to the east of the West Vardar subduction;

5. We propose an alternative scenario in which the East Vardar Ophiolites formed by forearc and back-arc
spreading above an existing Adria-dipping subduction zone that was accommodating the closure of the
Paleo-Tethys Ocean since the Triassic. Upper plate spreading associated to the formation of the East
Vardar Ophiolites may have then been caused by a change in the Neo-Tethyan plate dynamics after the
inception of the West Vardar subduction. Our speculative model provides a kinematically simpler solution,
where only one subduction zone (rather than three) formed within the Neo-Tethys in the Middle Jurassic.
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