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a b s t r a c t

The basins and orogens of the Mediterranean region ultimately result from the opening of oceans during
the early break-up of Pangea since the Triassic, and their subsequent destruction by subduction ac-
commodating convergence between the African and Eurasian Plates since the Jurassic. The region has
been the cradle for the development of geodynamic concepts that link crustal evolution to continental
break-up, oceanic and continental subduction, and mantle dynamics in general. The development of such
concepts requires a first-order understanding of the kinematic evolution of the region for which a
multitude of reconstructions have previously been proposed. In this paper, we use advances made in
kinematic restoration software in the last decade with a systematic reconstruction protocol for devel-
oping a more quantitative restoration of the Mediterranean region for the last 240 million years. This
restoration is constructed for the first time with the GPlates plate reconstruction software and uses a
systematic reconstruction protocol that limits input data to marine magnetic anomaly reconstructions of
ocean basins, structural geological constraints quantifying timing, direction, and magnitude of tectonic
motion, and tests and iterations against paleomagnetic data. This approach leads to a reconstruction that
is reproducible, and updatable with future constraints. We first review constraints on the opening history
of the Atlantic (and Red Sea) oceans and the Bay of Biscay. We then provide a comprehensive overview of
the architecture of the Mediterranean orogens, from the Pyrenees and Betic-Rif orogen in the west to the
Caucasus in the east and identify structural geological constraints on tectonic motions. We subsequently
analyze a newly constructed database of some 2300 published paleomagnetic sites from the Mediter-
ranean region and test the reconstruction against these constraints. We provide the reconstruction in the
form of 12 maps being snapshots from 240 to 0Ma, outline the main features in each time-slice, and
identify differences from previous reconstructions, which are discussed in the final section.
© 2019 The Author(s). Published by Elsevier B.V. on behalf of International Association for Gondwana

Research. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/
4.0/).
1. Introduction

1.1. Rationale

The intensely deformed Mediterranean region forms the plate
boundary zone between the African and Eurasian plates and has
been instrumental for the development of numerous fundamental
n Hinsbergen).
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geological principles and geodynamic concepts on mountain
building and collapse and their relationship with subduction evo-
lution. An area as tectonically complex as the Mediterranean region
invites attempts to geological reconstruction, and various views are
available (e.g., Argand, 1924; Barrier and Vrielynck, 2008; Csontos
and V€or€os, 2004; Dercourt et al., 1986, 2000; Faccenna et al.,
2014; Frisch, 1979; Gealey, 1988; Golonka, 2004; Handy et al.,
2010; Jolivet et al., 2009; Meulenkamp and Sissingh, 2003; Moix
et al., 2008; Rosenbaum et al., 2002b, 2005; Royden and
Faccenna, 2018; Schettino and Turco, 2010; Şeng€or and Yılmaz,
1981; Stampfli et al., 1991; Stampfli and Hochard, 2009; Stampfli
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and Kozur, 2006). Such reconstructions are not only a translation of
e frequently qualitative e geological data into a semi-quantitative
description of surface evolution. With the advent of three-
dimensional numerical modelling tools reconstructions also
constitute critical input in attempts of integrating regional tectonic
evolution with mantle dynamics (e.g., Chertova et al., 2014;
Faccenna and Becker, 2010). A now widely used computer platform
for plate kinematic reconstructions is the freely available GPlates
software (Boyden et al., 2011) (http://www.gplates.org). In this
paper, we provide the first fully quantitatively described GPlates-
based kinematic reconstruction of the Mediterranean region,
establishing a restoration back to the Triassic opening of Neotethys-
related oceanic basins. We include all shape (digitized terrane
units) and rotation files of this reconstruction, which can be used as
a platform for further improvement when new constraints demand
so, or when the reader wishes to implement and/or test alternative
or more detailed tectonic scenarios.

1.2. How to read this paper?

This paper presents a restoration that uses individual nappes,
basins, core complexes, and faults as input and restores these back
into time. Because there are many of these in the Mediterranean
region, this paper is inevitably long. To navigate through this work,
here follows a brief outline of its structure.

Key data used for the restoration are summarized in Table 1.
Stratigraphies, emplacement histories, and metamorphic histories
of nappes, and major structures cutting them, are shown in sche-
matic cross sections coined ‘orogenic architecture diagrams’.
Modern nappe outlines and major structures are displayed on the
large tectonic map of Supplementary Information 1emap 1, and in
detailed cuts of this map given in the paper. These summaries, in
combination with the reconstruction approach outlined in Section
3, give all the information that was used for the reconstructions
shown in this paper.

Justifications and explanations for our selection of input data are
given for the plate kinematic constraints from the Atlantic Ocean in
Section 4, for orogenic architecture in Section 5, and paleomagnetic
tests and modifications in Section 6. Sections 5 and 6 are organized
generally from west to east through the region and subdivided in
headings per orogen. Section 7 gives the sec description of our
paleotectonic maps, from young to old, and in this section, we
simply note key differences with a set of previous reconstructions.
We will not repeat all evidence in this section again, for which the
reader is referred to the constraints summarized in tables and
figures. Finally, Section 8 discusses the key differences between our
and previous reconstructions identified in Section 7 and explains
our choices and arguments.

2. General outline of Mediterranean tectonic history

Reconstructions invariably infer that during the main Pangea
break-up in early-middle Jurassic time, the Mediterranean region
had a complex paleogeography with ribbon continents and narrow,
elongated basin systems that in places became oceanic (Csontos
and V€or€os, 2004; Dercourt et al., 1986; Frisch, 1979; Gaina et al.,
2013; Golonka, 2004; Handy et al., 2010; Rosenbaum and Lister,
2005; Schettino and Turco, 2006; Schmid et al., 2004b, 2008;
Stampfli and Borel, 2002). A northwestern ocean basin systemwas
genetically related to the Atlantic Ocean, opened in Middle to Late
Jurassic time, and is known as the Alpine Tethys Ocean, which
include multiple branches, such as the Piemonte-Liguria Ocean
between Greater Adria (i.e. modern Adria and the its restored
portions now folded and thrusted in circum-Adriatic orogens),
Iberia, and the Briançonnais continental fragment, and the Valais
Ocean between the Briançonnais fragment and Europe (Frisch,
1979; Gaina et al., 2013; Rosenbaum et al., 2002b; Schmid et al.,
2004b, 2008; Vissers et al., 2013). A southern and eastern basin
system was genetically related to the opening of the Neotethys
Ocean between Gondwana and Eurasia, opening in the Mediter-
ranean realm from at least Triassic to Jurassic times (Catalano et al.,
2001; Frizon de Lamotte et al., 2011; Hosseinpour et al., 2016;
Rosenbaum et al., 2004; Schettino and Turco, 2010; Schmid et al.,
2004b, 2008; Speranza et al., 2012). Upon opening of these ocean
basins continental fragments rifted and drifted off Eurasia, Iberia,
and Africa (Gondwana), and became internally deformed into
platforms and basins (Dercourt et al., 1986, 2000). The resulting
mosaic of continental and oceanic lithosphere became subse-
quently consumed by a complex configuration of subduction zones
that accommodated convergence between Africa and Eurasia since
middle Jurassic times (e.g., Gaina et al., 2013; Handy et al., 2010,
2015; Schmid et al., 2008).

Subduction of oceanic and, especially, continental lithosphere
became widely associated with stacking of upper crust at subduc-
tion plate boundaries, forming regional nappe stacks of, for
instance, the Apennines, Alps, Carpathians, Dinarides, and Hellen-
ides, whereas their original lower crustal and mantle un-
derpinnings subducted (Faccenna et al., 2001b, 2003; Handy et al.,
2010; Jolivet and Brun, 2010; Maţenco et al., 2010, 2016; Schmid
et al., 2004b, 2008; van Hinsbergen et al., 2005a, 2010c). In
several of these fold-and-thrust belts, e.g. in the Dinarides, and the
Tisza and Dacia blocks underlying the Pannonian Basin, strain
associated with Africa-Europe convergence became partitioned
between the subduction zone and the overriding plate, adding
complexity to the structural history by out-of-sequence thrusting,
transitions from thin- to thick-skinned thrusting, and reactivation
of older parts of the nappe stacks (e.g., Capella et al., 2017; Maţenco
et al., 2007; Picotti and Pazzaglia, 2008; Schmid et al., 2004a,
2004b,; 2017). Finally, throughout the subduction history, exten-
sional back-arc basins formed in overriding plates above subduc-
tion zones throughout the Mediterranean region, locally leading to
the formation of highly extended continental crust or to the for-
mation of new ocean floor, a process generally interpreted as a
result of roll-back of subducted slab segments (Bal�azs et al., 2017,
2018; Edwards and Grasemann, 2009; Faccenna et al., 2001b, 2004,
2014; Handy et al., 2010; Horv�ath et al., 2006, 2015; Jolivet et al.,
2009; Malinverno and Ryan, 1986; Rosenbaum et al., 2008;
Rosenbaum and Lister, 2004a; Royden and Burchfiel, 1989;
Ustaszewski et al., 2008; van Hinsbergen and Schmid, 2012; van
Hinsbergen et al., 2014a), culminating in today's complex and
strongly curved configuration of mountain ranges and subduction
zones (Spakman and Wortel, 2004; Wortel and Spakman, 2000)
(Fig. 1). The kinematic reconstruction in this paper starts with the
final, modern configuration of the Mediterranean geology, and re-
stores it back in time to the original configuration at the beginning
of the opening of the northwesterly Neotethyan basins in mid-
Triassic time.

3. Approach: reconstruction protocol

Relative plate kinematic reconstructions back to the Jurassic are
based on reconstructions of modern ocean basins, using marine
magnetic anomalies to constrain paleo-spreading rates, and frac-
ture zones and transform faults to constrain paleo-spreading di-
rections (e.g., McKenzie and Parker, 1967; Cox and Hart, 1986;
Müller et al., 2008; Seton et al., 2012; Torsvik and Cocks, 2017).
The elegance of such reconstructions is that scientists who study
the history of an ocean basin uses the same types of data and the
same reconstruction philosophy. As a result reconstructions of
ocean basins can be directly compared and compiled into a global
plate circuit (e.g., Besse and Courtillot, 2002; Doubrovine et al.,
2012; Patriat and Achache, 1984; Seton et al., 2012; Torsvik et al.,

http://www.gplates.org


Table 1
Summary of kinematic constraints used as input for the reconstruction.

Region/structure sense amount Age reference

Iberia; Pyrenees
North Pyrenean Fault sinistral

transpression
unknown 83e55 Choukroune (1976) and Vissers and Meijer (2012a)

Pyrenees on Iberia shortening >80 km Beaumont et al. (2000) and Roure et al. (1989)
Extensional exhumation Cap de Creus extension unknown 170-150Ma Vissers et al. (2017)
Ans�o-Arzacq section, West Pyrenees shortening >75e80 km 80-19Ma Teixell (1996, 1998)
Ans�o-Arzacq section, North Pyrenean Zone shortening 23e30 km 80-19Ma Teixell (1996, 1998)
ECORS-Pyrenees, Central Pyrenees shortening 100e165 km 80-19Ma Mu~noz (1992), Beaumont et al. (2000) and Roure

et al. (1989)
ECORS-Pyrenees, North Pyrenean Zone shortening 37 km 80-19Ma Mu~noz (1992), Beaumont et al. (2000) and Roure

et al. (1989)
East Pyrenees shortening 125 km 80-19Ma Verg�es et al. (1995)
East Pyrenees, North Pyrenean Zone shortening 32 km 80-19Ma Verg�es et al. (1995)
Central Iberian Ranges shortening 20 km 35-20Ma de Vicente et al. (2007)
Timing Iberia rotation paleomagnetic

rotation
unknown 126-112Ma Gong et al. (2008) and Vissers et al. (2016)

Adria; Ionian Basin; Sicily Straights
Ionian Basin extension unknown Triassic (227-

219Ma?)
Speranza et al. (2012)

Herodotus Basin extension unknown ~360-316Ma Granot (2016)
Northern Adria extension unknown Jurassic Santantonio and Carminati (2010)
Strait of Sicily extension 50e60 km 10-0Ma Civile et al. (2008) and Argnani (2009)
Adria rotation paleomagnetic

rotation
10�ccw 20-0Ma van Hinsbergen et al. (2014b)

Gulf of Valencia; Baleares; Algerian Basin; Kabylides; Alboran; Atlas
Golf of Valencia extension 80 km 25-16Ma Verg�es and S�abat (1999) and S�eranne (1999)
High Atlas shortening 30 km 50-35Ma; 2-0Ma Beauchamp et al. (1999), Brede (1992), Teixell et al.

(2003), Frizon de Lamotte et al. (2008)
Malaguide/Ghomaride/Upper Kabulides on

Alpujarride/Sebtide/Lower Kabylides
shortening unknown >45-25Ma Chalouan et al. (2001), Goff�e et al. (1989),

Mahdjoub et al. (1997), Michard et al. (2006),
Moni�e et al. (1994), Platt et al. (2005) and Vissers
et al. (1995)

Alpujarride/Sebtide on Nevado-Filabride/
Temsamane

shortening unknown 20-12Ma Booth-Rea et al. (2012), G�omez-Pugnaire et al.
(2012), Negro et al. (2007) and Platt et al. (2006)

External Betics/External Rif on Iberia/Meseta shortening unknown 12-8Ma Chalouan et al. (2006), Meijninger and Vissers
(2007) and Platt et al. (2003, 2013)

Kabylides on Tell belt on Meseta shortening unknown 25-16Ma Benaouali-Mebarek et al. (2006), Coulon et al.
(2002), Maury et al. (2000) and Michard et al.
(2006)

Mallorca shortening 85 km 26-16Ma Gelabert et al. (1992) and S�abat et al. (2011)
Alboran Basin extension 220 km 25-10Ma Faccenna et al. (2004), Michard et al. (2006),

Platzman and Platt (2004) and Vissers et al. (1995)

Provence; Gulf of Lion; Corsica, Sardinia; Tyrrhenian Sea
Gulf of Lion extension 100 km 30-21Ma Bache et al. (2010) and S�eranne (1999)
Gulf of Lion extension up to 200 km 21-16Ma Burrus (1984), Gorini et al. (1993) and S�eranne

(1999)
Provence shortening >30 km 75-30Ma Andreani et al. (2010), Espurt et al. (2012a) and

Lacombe and Jolivet (2005)
Corsica-Sardinia rotation paleomagnetic

rotation
45� ccw 75-30Ma Advokaat et al. (2014b)

Sicily; Calabria; Apennines

Sicily
Stilo unit off Aspromonte unit NE-SW detachment

faulting
unknown 30-20Ma Heymes et al. (2008, 2010)

Aspromonte unit on Africo-Polsi unit shortening unknown 46-30Ma Heymes et al. (2008, 2010)
Africo-Polsi unit on Sicilide units (Sicily) shortening unknown 25-20Ma Catalano et al. (1996), Ogniben (1960) and Pepe

et al. (2005)
Sicilide units on Outer Carbonate unit shortening unknown 20-14Ma Catalano et al. (1993)
Outer Carbonate on Inner Carbonate unit shortening unknown 14-4Ma Catalano et al. (1993)
Outer Carbonate unit paleomagnetic

rotation
90�cw 14-0Ma Fig. 20

Inner Carbonate unit on Hyblean Plateau/Gela
Nappe

shortening unknown 4-0Ma Butler et al. (1992) and Ogniben (1969)

Inner Carbonate unit paleomagnetic
rotation

40�cw 4-0Ma Fig. 20 and Speranza et al. (2003)

(continued on next page)
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Table 1 (continued )

Region/structure sense amount Age reference

Calabria
Stilo unit off Aspromonte unit NE-SW detachment

faulting
unknown 30-20Ma Heymes et al. (2008, 2010)

Aspromonte unit on Africo-Polsi unit shortening unknown 46-30Ma Heymes et al. (2008, 2010)
Calabro-Peloritan block on Ligurian

accretionary complex
shortening unknown 38-20Ma Rossetti et al. (2004) and Iannace et al. (2007)

Extensional exhumation Ligurian accretionary
complex

NW-SE extension unknown 15-11Ma Mattei et al. (1996) and Argentieri et al. (1998)

Ligurian accretionary complex on Calabrian
Accretionary prism

shortening unknown 20-0Ma Cavazza and Barone (2010) and Minelli and
Faccenna (2010)

North Pollino Fault Zone left-lateral strike-
slip

unknown 6-0Ma Catalano et al. (1993), Knott and Turco (1991) and
Monaco et al. (2001)

Calabria rotation paleomagnetic
rotation

40�ccw 13-10Ma Duermeijer et al. (1998b)

Calabria rotation paleomagnetic
rotation

20�cw 10-0Ma Duermeijer et al. (1998b) and Fig. 20

Southern Apennines
Liguride and Sicilide over Apenninic Platform shortening unknown 20-14Ma e.g., Patacca and Scandone (2007)
Apenninic Platform over Lago Negro Basin shortening unknown 14-11Ma e.g., Pescatore et al. (1999)
Lago Negro over Apulian Platform shortening unknown 11-6Ma Mostardini and Merlini (1986) and Ricchetti et al.

(1988)
Duplexing within Apulian Platform shortening >100 km 6-0Ma Cello et al. (1989)
normal faulting affecting internal Southern

Apennines
NE-SW extension unknown 15-0Ma Cello and Mazzoli (1998) and Patacca et al. (1990)

Apenninic Platform rotation paleomagnetic
rotation

60�ccw 14-0Ma Gattacceca and Speranza (2002)

Central Apennines
Sicilide over Latium-Abruzzo Platform shortening unknown 25-16Ma Vitale and Ciarcia (2013)
Shortening within Latium-Abruzzo Platform shortening unknown 11-7Ma Cavinato and DeCelles (1999) and Cosentino et al.

(2010)
Latium-Abruzzo over Molise Basin shortening unknown 7-4Ma Cosentino et al. (2010) and Patacca et al. (1990)
shortening of Umbria-Marche over Latium

Abruzzo from NW
shortening unknown 4-3Ma Satolli et al. (2005) and Speranza (2003)

normal faulting affecting internal Central
Apennines

NE-SW extension unknown 6-0Ma Calamita et al. (1994), Cavinato and DeCelles (1999)
and D'Agostino et al. (2001)

minimum total shortening since ~25Ma NE-SW shortening 116e175 km 25-0Ma Ghisetti et al. (1993)

Northern Apennines
Westward shortening within Internal Ligurides shortening unknown 60-50Ma Marroni and Pandolfi (1996) and Pertusati and

Horrenberger (1975)
Internal and Tuscan Ligurian ophiolites on

External Ligurides
shortening unknown 30-25Ma Marroni et al. (1988), Marroni et al. (2001) and

Molli (2008)
Extremal Ligurides on Sub-Ligurides shortening unknown 21-16Ma Cerrina Feroni et al. (2002) and Molli et al. (2010)
Sub-Ligurides on Tuscan Nappes shortening unknown 25-16Ma Brunet et al. (2000) and Kligfield et al. (1986)
normal faulting exhuming metamorphosed

Tuscan Nappes
NE-SW extension unknown 13-10Ma Fellin et al. (2007)

Tuscan Nappes on Umbria-Marche basin shortening unknown 16-7Ma Barchi et al. (2012) and Speranza et al. (1997)
Umbria-Marche nappes on external foredeep shortening unknown 7-0Ma Calamita et al. (1994)
Shortening Northern Apennines shortening unknown 75e150 km Calamita et al. (1994), Ghisetti et al. (1993) and

Finetti et al. (2001)
Rotation Tuscan units northern limb North

Apennine orocline
paleomagnetic
rotation

30� ccw 16-0Ma Fig. 22

Alps; AlCaPa
Corsica
Nappes Sup�erieures on Schistes Lustr�es Corsica shortening unknown 84Ma Lahond�ere and Guerrot (1997)
Schistes Lustr�es on Tenda/Lower External

Continental Units
shortening unknown 54-35Ma Maggi et al. (2012), Ferrandini et al. (2010) and

Bezert and Caby (1988)
Extensional exhumation E-W extension unknown 32-21Ma Brunet et al. (2000), Rossetti et al. (2015), Zarki-

Jakni et al. (2004) and Cavazza et al. (2001)

Ligurian Alps
Sestri-Voltaggio Line top-E extension unknown >34Ma Gelati et al. (1992) and Hoogerduijn Strating (1994)
Piedmont basin covering Ligurian Alps seal unknown 35Ma Piana (2000)
Northward shortening of Ligurian Alps over

Piedmont basin
shortening unknown 10-3Ma Piana (2000)

Western Alps; Jura
Burial and metamorphism of Sesia fragment shortening unknown 85-70Ma Manzotti et al. (2014)
Burial andmetamorphism of Piemonte-Ligurian

units
shortening unknown 80-55Ma Lagabrielle et al. (2015) and Weber and Bucher

(2015)
Piemonte Ligurian on Briançonnais mega-unit shortening unknown 55-45Ma Lanari et al. (2014) and Villa et al. (2014)
Briançonnais on Valais shortening unknown 45-40Ma Wiederkehr et al. (2009)
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Table 1 (continued )

Region/structure sense amount Age reference

Valais on European foreland (Helvetic; Molasse
basin)

shortening unknown 40-20Ma Herwartz et al. (2011), Kempf and Pfiffner (2004)
and Schmid et al. (1996)

Shortening within Helvetic Nappes shortening 55 km 40-20Ma Schmid et al. (2004b)
Shortening in Molasse Basin shortening 20 km 20-7Ma Kempf and Pfiffner (2004)
Shortening in Jura Mountains shortening 30 km 20-7Ma Affolter (2004) and Affolter et al. (2008)
Northern limb Jura orocline; Molasse basin paleomagnetic

rotation
10�cw 20-7Ma Kempf et al. (1998)

Western Alps extension E-W extension >10 km 34-30Ma Beltrando et al. (2010)
Insubric Line sinistral strike-slip >100 km 35-20Ma Schmid et al. (2017)
Simplon detachment faulting NE-SW extension 20 km 20-7Ma Mancktelow (1992)
Insubric back-thrust shortening 15 km 20-7Ma Schmid et al. (2004b) and Simon-Labric et al. (2009)
External Massifs paleomagnetic

rotation
0� Crouzet et al. (1996)

Briançonnais SW Alps paleomagnetic
rotation

40� ccw 28-0Ma Sonnette et al. (2014)

Briançonnais western Ligurian Alps paleomagnetic
rotation

110�ccw 28-0Ma Collombet et al. (2002)

Eastern Alps; AlCaPa
Meliaticum (West Vardar ophiolites) on Upper

Austroalpine
shortening unknown 145Ma Schmid et al. (2008)

Onset shortening and nappe stacking upper
Austroalipine

shortening unknown 135Ma Schmid et al. (2008)

Upper Austro-Alpine on Eo-Alpine
metamorphics

shortening unknown 95-90Ma Jan�ak et al. (2004), Jan�ak et al. (2015) and Th€on et al.
(2008)

Extensional exhumation Eo-Alpine
metamorphics

shortening NW-SE extension 90-85Ma Froitzheim et al. (1997)

Eo-Alpine metamorphics on Lower
Austroalpine

shortening unknown 90-80Ma Handy et al. (2010) and Schuster (2015)

Lower Austroalpine over Valais/
Rhenodanubian/Magura

shortening unknown 80-40Ma Handy et al. (2010) and Schuster (2015)

Valais on European foreland (Helvetic; Molasse
basin)

shortening unknown 40-20Ma Herwartz et al. (2011), Kempf and Pfiffner (2004)
and Schmid et al. (1996)

Shortening in Molasse Basin shortening 20 km 20-9Ma Kempf and Pfiffner (2004)
Pannonian basin extension SW-NE 300 km 20-9Ma Ustaszewski et al. (2008)
AlCaPa rotation Pannonian basin paleomagnetic

rotation
70�ccw 20-9Ma Fig. 24

Giudicarie Fault sinistral strike-slip 80 km 20-10Ma Scharf et al. (2013)
Out-of-sequence shortening eastern Alps shortening 113 km 20-10Ma Frisch et al. (1998)
Southern Alps on Adria shortening 45e70 km 10-0Ma Sch€onborn (1999) and Scharf et al. (2013)
Shortening in Outer West Carpathians;

increasing eastward
N-S shortening 38e105 km 55-15Ma Beidinger and Decker (2014), Nem�cok et al. (2000)

and Castelluccio et al. (2015)
Shortening in northern Eastern Carpathians E-W shortening 183e250 km 20-9Ma Behrmann et al. (2000), Nem�cok et al. (2006) and

Gągała et al. (2012)
Shortening in northern Eastern Carpathians E-W shortening 250 km 35-20Ma Gągała et al. (2012)
Shortening in SE Carpathians, Vrancea area shortening 40 km 12-8Ma Bocin et al. (2009), Leever et al. (2006), Merten et al.

(2011) and T�ar�apoanc�a et al. (2003)
Shortening in SE Carpathians, Vrancea area shortening 5 km 5-0Ma Bocin et al. (2009), Leever et al. (2006), Merten et al.

(2011) and T�ar�apoanc�a et al. (2003)

Moesian Platform; Dobrogea
North Dobrogea rifting extension; no

oceanization
280-220Ma Saccani et al. (2004)

Triassic-Jurassic inversion North Dobrogea rift shortening 50 km 220-180Ma S�andulescu (1984) and this paper
Central Dobrogea on North Dobrogrea shortening 10 km 150-120Ma Hippolyte (2002), R�adulescu et al. (1976),

S�andulescu (1984), Seghedi (2001), Gr�adinaru
(1995) and this paper

North Dobrogea on Scythian Platform shortening 10 km 150-120 km Espurt et al. (2012b), Seghedi (2001) and this paper

Tisza; Dacia; Severin-Ceahlau; Danubian; Pannonian Basin; Carpathians
Tisza-Dacia on Dinarides shortening unknown 70-60Ma Gallhofer et al. (2015, 2017), Schmid et al. (2008)

and Tolji�c et al. (2018)
Codru on Bihor, Bihor on Mecsek (Tisza) shortening 50 km 95-85 (extended to

110-85Ma)
Kounov and Schmid (2012) and Reiser et al. (2017)

Biharia (Dacia) on Codru shortening 70 km 95-85 (extended to
110-85Ma)

Schmid et al. (2008), Kounov and Schmid (2012)
and Reiser et al. (2017)

East Vardar ophiolites on Biharia (Dacia) shortening 10's of km 155-145Ma Schmid et al. (2008)
East Vardar ophiolites on Bucovinian-Getic

system (Dacia)
shortening >170 km 110-100 (extended

to 120-100Ma)
Schmid et al. (2008)

Biharia (Dacia) and East Vardar over
Transylvanian Basin

shortening 20 km 80-40Ma De Broucker et al. (1998), Kr�ezsek and Bally (2006)
and Schmid et al. (2008)

Supragetic on Getic shortening 60e70 km 110-100 (extended
to 135-95Ma)

S�andulescu (1984), Schmid et al. (2008) and
geological maps

Bucovinian nappe stack shortening 60e150 km 110-100 (extended
to 135-95Ma)

Kr€autner and Bindea (2002) and geological maps

(continued on next page)
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Region/structure sense amount Age reference

Getic (Dacia) on Severin (Ceahlau-Severin) in S
Carpathians

shortening >25 110-100 (extended
to 110-95Ma)

S�andulescu (1984, 1994) and Iancu et al. (2005a,
2005b).

Bucovinian (Dacia) over Ceahlau (Ceahlau-
Severin) in E Carpathians

shortening unknown 110-60Ma Badescu (1997), Merten (2011), S�andulescu (1984)
and Stefanescu (1983)

Severin (Ceahlau-Severin) over Danubian shortening 85 km 80-70Ma Berza et al. (1983), Berza and Iancu (1994), Schmid
et al. (1998) and Merten (2011)

Ceahlau (Ceahlau-Severin) over Outer
Carpathians

shortening unknown 80-70Ma Badescu (1997) and S�andulescu (1984, 1988)

Extension in Danubian window NE-SW extension 30 km 35-25Ma Fügenschuh and Schmid (2005), Schmid et al.
(1998) and Maţenco and Schmid (1999)

East and SE Carpathians over European foreland shortening 117e150 km 33-9Ma Roure et al. (1993), Ellouz et al. (1994) and Maţenco
(2017)

South Carpathians over Moesian Platform transpression and
shortening

0 (W) to 35 (E) km 14-9Ma Matenco et al. (1997), Maţenco (2017) and R�ab�agia
and T�ar�apoanc�a (1999)

Tisza-Dacia (Pannonian Basin) extension next to
the Mid Hungarian Shear Zone

E-W extension 250 km 20-9Ma Bal�azs et al. (2016)

Tisza-Dacia extension in South Pannonian Basin E-W extension 80 km 20-9Ma Ustaszewski et al. (2008)
Tisza-Dacia extension in SE-most Pannonian

Basin
E-W extension 50 km 29-8Ma Erak et al. (2017), Maţenco and Radivojevi�c (2012)

and Tolji�c et al. (2013)
Cerna Fault dextral strike-slip 35 km 33-23Ma Berza and Dr�ag�anescu (1988), Fügenschuh and

Schmid (2005) and Kr€autner and Krsti�c (2002)
Timok Fault dextral strike-slip 65 km 20-9Ma Fügenschuh and Schmid (2005) and Kr€autner and

Krsti�c (2002)
Tisza-Dacia rotation Pannonian basin paleomagnetic

rotation
75�cw 20-9Ma Fig. 24

Balkanides; Rhodope; Circum-Rhodope
East Vardar ophiolites on Circum-Rhodope shortening unknown 155-150Ma Ferriere and Stais (1995), Michard et al. (1994) and

Kockel (1986)
Circum-Rhodope on Serbomacedonian shortening unknown 150-130Ma Schmid et al. (2019)
Serbomacedonian on Sredna Gora shortening >70 km 130-120Ma Schmid et al. (2019)
Circum-Rhodope (Strandja) on Sredna Gora shortening >50 km 110-100Ma Gerdjikov (2005)
Sredna Gora on Balkanide nappes shortening >120 km 120-95Ma Bergerat et al. (2010) and Kounov et al. (2010)
Balkanide nappes on Moesian Platform shortening 75 km 80-65Ma Burchfiel et al. (2008), Ivanov (1988) and Sinclair

et al. (1998)
Eastern Balkanide nappes on Moesian Platform shortening 30 km 50-40Ma Burchfiel et al. (2008), Ivanov (1988) and Sinclair

et al. (1998)
Nestos Thrust shortening 70 km 55-42Ma Jahn-Awe et al. (2010) and Kounov et al. (2015)
Rhodope Uppermost Unit on Rhodope Upper

Unit
shortening unknown Jurassic-Cretaceous Schmid et al. (2019)

Rhodope Upper Unit on Rhodope Middle Unit
(Nestor Suture)

shortening unknown Jurassic-Cretaceous Schmid et al. (2019)

Closure Nestos Suture shortening unknown Triassic-Middle
Jurassic

Turpaud and Reischmann (2010)

Rhodope Middle Unit on Rhodope Lower Unit shortening unknown Jurassic-Cretaceous Schmid et al. (2019)

Dinarides; Albanides; Hellenides; Aegean basin
Tisza-Datca and Sava suture zone on Jadar

Kopaonik
shortening 50 km 80-65Ma Erak et al. (2017), Marovic et al. (2007) and Schmid

et al. (2008)
West-Vardar ophiolites on Adriatic margin shortening >180 km 150-130Ma Baumgartner (1985), Mikes et al. (2008), Bortolotti

et al. (2005) and Scherreiks et al. (2014)
Upper on Lower Pelagonian (Greece) shortening >120 km 150-95Ma Kilias et al. (2010) and Most (2003)
Jadar Kopaonik on Drina-Ivanjica/Upper

Pelagonian
oblique shortening 30 km 85-60Ma Schmid et al. (2008) and this paper

Drina-Ivanjica on East Bosnian Durmitor shortening 25 km 150-100Ma Schmid et al. (2008), Porkol�ab et al. (2019) and this
paper

East Bosnian Durmutor on pre-Karst shortening 100 km 150-60Ma Schmid et al. (2008, 2019), this paper
Reactivation East Bosnian Durmutor on pre-

Karst
extension 25 km 18-14Ma

(reconstructed as
20-10Ma)

van Unen et al. (2019)

Pre-Karst on High Karst shortening 30 km 85-65Ma Hrvatovi�c (2006) and Tari (2002)
High Karst/Pelagonian on Budva/Pindos shortening <5 (NW) to >130

(SE) km
60-35Ma van Hinsbergen et al. (2005a), Tari (2002), Schmid

et al. (2008) and this paper
Shortening within Pindos shortening >120 km 60-35Ma Skourlis and Doutsos (2003)
High Karst on Budva shortening 30 km 5-0Ma this paper
Budva on Dalmatian shortening >60 km 35e23 this paper
Dalmatian on Adria shortening 10e30 km 23-0Ma Bega (2015), Cazzini et al. (2015), Glavatovic (2007)

and Tari (2002)
High Karst vs Adria paleomagnetic

rotation
20�cw 120-100Ma Fig. 25

Dalmatian vs Adria paleomagnetic
rotation

0� 100-0Ma Fig. 25

Medvenica Mountains paleomagnetic
rotation

130�cw 60-20Ma Tomljenovi�c et al. (2008) and Fig. 25
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Region/structure sense amount Age reference

Medvenica Mountains paleomagnetic
rotation

50�ccw 20-0Ma Tomljenovi�c et al. (2008) and Fig. 25

Tripolitza on Ionian shortening >75 km 35-15Ma IGRS-IFP (1966), Kamberis et al. (2000),
Sotiropoulos et al. (2003) and van Hinsbergen et al.
(2005a)

Shortening within Ionian shortening 100 km 35-15Ma Roure et al. (2004)
Ionian on Pre-Apulian shortening unknown 15-4Ma van Hinsbergen et al. (2006) and van Hinsbergen

and Schmid (2012)
Ionian on Mediterranean Ridge shortening unknown 13-0Ma Finetti (1982), Kastens (1991) and Underhill (1989)
Upper Pelagonian Attica paleomagnetic

rotation
50�cw 70-60Ma Morris (1995) and Fig. 26

Zakynthos paleomagnetic
rotation

20�cw 1-0Ma Duermeijer et al. (1998a, 1998b)

Rhodos paleomagnetic
rotation

25�ccw 4-0Ma van Hinsbergen et al. (2007)

Anatolia; Black Sea; Eastern Mediterranean Basin; Cyprus; Caucasus; South Armenia; Arabian collision zone
Scythian Platform on Tauric Flysch (Crimea) shortening Triassic-Early

Jurassic
Muratov et al. (1984), Nikishin et al. (2015c),
Oszczypko et al. (2017) and Sheremet et al. (2016a)

Western Black Sea extension;
transform

160 km 130-80Ma Nikishin et al. (2015a, 2015b)

Black Sea inversion shortening 30 40-20Ma Khriachtchevskaia et al. (2010), Munteanu et al.
(2011) and Gobarenko et al. (2017)

Sakarya on Karakaya shortening unknown <203Ma Okay and Moni�e (1997) and Okay et al. (2002)
Opening Intra-Pontide Ocean extension unknown 180-170Ma G€oncüo�glu et al. (2014), Robertson and Usta€omer

(2004) and Alparslan and Dilek (2017)
Closure of Intra-Pontide Suture shortening unknown 158-110Ma Akbayram et al. (2013)
Oldest cherts in Ankara M�elange 240Ma Tekin and G€oncüo�glu (2007) and Tekin et al. (2002)
Sakarya on Cretaceous ophiolites and

underlying orogen
shortening unknown 65-60Ma G€okten and Floyd (2007)

Formation Cretaceous Eastern Mediterranean
Ophiolites

extension unknown 95-89Ma van Hinsbergen et al. (2016) and references therein

Onset metamorphic sole formation Cretaceous
Ophiolites

shortening unknown ~104Ma Peters et al. (2018) and Pourteau et al. (2019)

Cretaceous Ophiolites on Tavşanlı shortening unknown 91-83Ma Mulcahy et al. (2014) and Pourteau et al. (2019)

Tavşanlı on Afyon/€Oren shortening unknown 70-65Ma G€oncüo�glu et al. (1992) and Pourteau et al. (2013)

Kırşehir on Afyon shortening unknown 70-65Ma G€oncüo�glu et al. (1992) and Pourteau et al. (2013)
Akda�g-Yozgat block of Kırşehir Block paleomagnetic

rotation
15�cw 45-25Ma Lefebvre et al. (2013a) and Fig. 30

Kırıkkale-Kırşehir block of Kırşehir Block paleomagnetic
rotation

10�ccw 45-25Ma Lefebvre et al. (2013a) and Fig. 30

A�gac€oren-Avanos block of Kırşehir Block paleomagnetic
rotation

30�ccw 45-25Ma Lefebvre et al. (2013a) and Fig. 30

Afyon/Bolkarda�gı on Alada�g shortening unknown 65Ma €Ozgül (1984) and Mackintosh and Robertson (2013)

Afyon/€Oren on Dilek shortening unknown 60-45Ma this paper

Alada�g on Dilek shortening unknown 65-45Ma McPhee et al. (2018a)
Dilek on Menderes shortening unknown 45-35Ma Lips et al. (2001) and Schmidt et al. (2015)
Alada�g/Dilek on Geyikda�gı shortening >75 km; >154 km 45-35Ma McPhee et al. (2018a, 2018b)
Lycian Nappes on Bey Daglari shortening >75 km 23e15 Hayward (1984) and van Hinsbergen et al. (2010b)
Alanya Nappes on Antalya Nappes shortening unknown 91-83Ma Çetinkaplan et al. (2016) and Okay and €Ozgül

(1984)
Antalya Nappes on Bey Daglari shortening unknown 83-70Ma Okay and €Ozgül (1984)
Heart of Isparta Angle shortening 25 km 20-5Ma McPhee et al. (2018b)
Central Tauride Intramontane Basins extension 25 km 20-0Ma Koç et al. (2017, 2018)
Northern limb Antalya Basin orocline paleomagnetic

rotation
20�cw 20-5Ma Koç et al. (2016)

Southern limb Antalya Basin orocline paleomagnetic
rotation

20�cw 20-5Ma Koç et al. (2016)

Geyikdagi rotation paleomagnetic
rotation

~40�cw 45-40Ma McPhee et al. (2018a)

Kyrenia Range shortening 17.5 km 9-6Ma McPhee and van Hinsbergen (2019)
Cyprus rotation paleomagnetic

rotation
30�ccw 6-0Ma Fig. 32

Cyprus rotation paleomagnetic
rotation

45�ccw 90-70Ma Clube (1985) and Fig. 32

Uluda�g-Eskisehir Fault dextral strike-slip 100± 20 km 38-27Ma Okay et al. (2008a, 2008b)
North Anatolian Fault Zone dextral strike-slip �85 km 11-0Ma Akbayram et al. (2016), Hubert-Ferrari et al. (2002)

and Şeng€or et al. (2005)
Forearc to foreland basin transition Cankiri

Basin
shortening unknown 65-60Ma Kaymakcı et al. (2009)

Central Pontide shortening shortening 30 km 45-25Ma Espurt et al. (2014)
Western limb Central Pontide orocline paleomagnetic

rotation
40�ccw 65-45Ma Meijers et al. (2010a, 2010b, 2010c) and Fig. 29

Eastern limb Central Pontide orocline paleomagnetic
rotation

40�cw 65-45Ma Meijers et al. (2010a, 2010b, 2010c) and Fig. 29

(continued on next page)
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Region/structure sense amount Age reference

Exhumation of Kırşehir Block E-W extension unknown 85-55Ma Lefebvre et al. (2013a), 2015, van Hinsbergen et al.
(2016) and references therein

Ivriz Detachment extension unknown 65-50Ma Gürer et al. (2018a) and Seyito�glu et al. (2017)
Savcılı-Mucur Fault zone shortening >27 km 40-23Ma Isik et al. (2014) and Advokaat et al. (2014a)
Ecemiş Fault sinistral strike-slip 60 km 35-20Ma Jaffey and Robertson (2005) and Gürer et al. (2016)
Eastern Taurides paleomagnetic

rotation
30�ccw 25-15Ma Gürer et al. (2018b) and Fig. 31

Ophiolite emplacement on Malatya, Binbo�ga,
Geyikda�gı

shortening unknown 90-85Ma Perincek and Kozlu (1984), Robertson et al. (2013a),
Boztu�g et al. (2005) and Kuşcu et al. (2010)

Malatya on Binbo�ga shortening unknown 85-80Ma Karao�glan et al. (2013a), Parlak et al. (2004, 2013b),
Rızao�glu et al. (2009) and Yıldırım (2015)

Binbo�ga on Geyikda�gı shortening unknown 45-35Ma Perincek and Kozlu (1984) and Robertson et al.
(2013a)

Malatya/Binbo�ga on Misis shortening unknown 35-16Ma Robertson et al. (2004a)
Malatya on Kahramanmaraş Basin/Arabia shortening unknown 13-11Ma Hüsing et al. (2009a, 2009b)
Levant Basin extension В factorz 2 Triassic-Early

Jurassic
Gardosh et al. (2010), Schattner and Ben-Avraham
(2007) and Erduran et al. (2008)

East Anatolian Fault Zone sinistral strike-slip unknown 6Ma Karao�glu et al. (2017)
Sürgü Fault sinistral strike-slip unknown 6Ma Koç and Kaymakcı (2013)
Malatya-Ovacık Fault Zone sinistral strike-slip 29 km 5-3Ma Westaway and Arger (2001)
G€oksun Fault sinistral strike-slip unknown 11-6Ma Kaymakcı et al. (2010) and this paper
Greater Caucasus shortening shortening 130e300 km 35-0Ma Ershov et al. (2003) and Cowgill et al. (2016)
Greater Caucasus Basin extension unknown 180-170Ma Adamia et al. (2011a, 2011b), McCann et al. (2010),

Saintot et al. (2006a) and Topchishvili (1996)
Transcaucasus and Jurassic ophiolites on South

Armenian Block
shortening unknown 80-75Ma Rolland et al. (2012)

South Armenian block intrusion by arc plutons 157Ma H€assig et al. (2015)
South Armenian Block rotation paleomagnetic

rotation
45�cw 80-75Ma Fig. 29

Cretaceous ophiolites on easternmost Taurides shortening unknown 83-78Ma Topuz et al. (2017)
Cretaceous ophiolites on Bitlis-Pütürge

metamorphics
shortening unknown 83-78Ma Oberh€ansli et al. (2010a, 2012, 2014)

Exhumation Keban metamorphics extension (?) unknown 80-50Ma Kuşcu et al. (2010, 2013) and Beyarslan and Bing€ol
(2000)

Maden arc on Pütürge massif deposition/
intrusion

unknown 55-50Ma Aktaş and Robertson (1984a)

Bitlis-Püturge on Maden-Hakkari shortening unknown 50-40Ma Huvaz (2009) and Oberh€ansli et al. (2010b)
Hakkari and Bitlis on Guvan ophiolite (Arabia) shortening 40 km 18-11Ma Oberh€ansli et al. (2010b) and Yılmaz et al. (1981)
Hakkari-Maden on Arabia shortening unknown 18-11Ma Cavazza et al. (2018), Okay et al. (2010), Hüsing

et al. (2009a, 2009b) and Huvaz (2009)
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2012). Uncertainties in such reconstructions are then limited to
different interpretations on the exact location of a specificmagnetic
anomaly, or the use of different timescales, and typically stay
within tens of kilometers (DeMets et al., 2015a; Doubrovine and
Tarduno, 2008). The relative positions of tectonic plates deter-
mined from ocean-floor magnetic anomalies and fracture-zone
geometries are only applicably back to the Jurassic. In addition,
many ocean basins underwent substantial continental stretching
(commonly referred to as pre-drift extension) before break-up and
seafloor spreading, which must be accounted for, in order to
reconstruct Pangea back to Late Palaeozoic-Early Mesozoic times.
Estimates of pre-drift extension can be rather subjective but
possible to quantify through a detailed analysis of continenteocean
boundaries, and comparison of paleomagnetic poles from conju-
gate margins (which needs high-quality data) in concert with
seismics and gravity data to determine the amount of crustal
extension (thinning) before break-up.

Reconstructing the world's oceans also quantifies the area
consumed through subduction, particularly around the Pacific
Ocean and its predecessor the Panthalassa Ocean, and in the
Tethyan Realm. The areas lost were dominantly underlain by
oceanic lithosphere but also contained continental lithosphere, as
testified by rock-records preserved at (former) subduction plate
boundary zones. The restored area of subducted lithosphere be-
comes larger farther back in time (termed ‘world uncertainty’ by
Torsvik et al., 2010), for example, 60% of the Earth's lithosphere has
been subducted since the Late Jurassic. Reconstructing the paleo-
geography of such areas, and even more so, plate configurations
that existed within such areas relies on indirect geological evidence
for plate motion. The Mediterranean region is one of such areas and
contains an incomplete, highly deformed rock record that was for a
large part off-scraped from now-subducted lower crust and/or
lithospheric mantle. Indirect evidence that is widely used for
restoring the paleogeography and tectonic plates of this subducted
lithosphere comes from a variety of geological, geochemical, and
geophysical observations, such as tectonic structure, paleomagne-
tism, biogeography (i.e. reconstructions based on fossil flora and
fauna), clastic sediment composition and inferred provenance,
geochemistry of magmatic rocks, seismic tomographic images of
modern mantle structure, lithostratigraphic correlations, or timing
or conditions of regional metamorphism. Reconstructions of
consumed plates and their paleogeography tend to integrate all or
part of such data types (Barrier and Vrielynck, 2008; Csontos and
V€or€os, 2004; Dercourt et al., 1986, 2000; Golonka, 2004; Handy
et al., 2010; Meulenkamp and Sissingh, 2003; Moix et al., 2008;
Schettino and Turco, 2010; Scotese, 2001; Stampfli and Borel, 2002;
Stampfli and Hochard, 2009). Although it seems logical to use as
much information as possible to build reconstructions, integrating
all types of often qualitative data sets has some drawbacks.

First, using so many different data and types and assigning them
equal weight offers many degrees of freedom to infer a variety of
reconstructions. This may be illustrated by the fact that re-
constructions portrayed in the references cited above display var-
iable plate configurations and paleogeographies, the more so the
farther back in time. Second, using different types of qualitative
data, e.g., magmatic geochemistry, adds a level of subjectivity to



Fig. 1. Map of the Mediterranean region with the main geographic features discussed in the text. Key to abbreviations: Aeg¼ Aegean Sea; Alb¼ Albania; Alb.¼ Albanides; Als¼ Alboran Sea; ana¼ Anaximander Seamount; apu¼ Apuseni
Mountains; Arm¼ Armenia; att¼ Attica; Aze¼ Azerbaidjan; bal¼ Baleares; BET ¼ Betic Cordillera; big¼ Biga Peninsula; BoH¼ Bosnia and Herzegovina; cal¼ Calabria; cha¼ Chalkidiki Peninsula; CIR ¼ Central Iberian Ranges;
cor¼ Corsica; cri¼ Crimea; Cro¼ Croatia; cyp¼ Cyprus; EAHP¼ East Anatolian High Plateau; E-Carp¼ East Carpathians; era¼ Eratosthenes Seamount; evv¼ Evvia; flo¼ Florence Rise; GdL¼Gulf de Lion; GoV¼Gulf of Valencia;
gar¼Gargano Peninsula; goc¼Gulf of Corinth; gs¼Gran Sasso Mountains; ibi¼ Ibiza; isa¼ Isparta Angle; Kos¼ Kosovo; Kyr¼ Kyrenia Range; Leb¼ Lebanon; lig¼ Ligurian Alps; LV¼ Lake Van; Mac¼North Macedonia; mal¼Mallorca;
me¼Malta Escarpment; Mol¼Moldova; Mon¼Montenegro; myk¼Mykonos; nax¼Naxos; pro¼ Provence; par¼ Paros; Pan¼ Pannonian Basin; pel¼ Peloponnesos; po¼ Po Plain; pug¼ Puglia; PYR ¼ Pyrenees; rho¼ Rhodos;
sam¼ Samothraki Island; sar¼ Sardinia; S-Carp¼ South Carpathians; sic¼ Sicily; Slo¼ Slovenia; sma¼ Sea of Marmara; SoG¼ Strait of Gibraltar; SoS¼ Strait of Sicily; Swi¼ Switzerland; tat¼ Tatra Mountains; tin¼ Tinos; tra¼ Tracia;
UK ¼ United Kingdom; vra¼ Vrancea area; W-Carp¼West-Carpathians.
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reconstructions, which become dependent on the conceptual
connection of the data ascribed to a tectonic process. Third, re-
constructions of different areas by different authors are not based
on the same philosophies, reconstruction approaches, or weighting
of the importance of a particular data type and cannot be directly
compared and compiled. Finally, it is difficult to judge where a
different interpretation is permitted within the available con-
straints, since it is not always clear which data sets inspired the
choice for a particular reconstruction.

We therefore limit the types of input data that we use for our
reconstruction to as few data types as possible. We also try to
refrain from using any geodynamic interpretation of a cause-
consequence relationship, e.g. between the rock and deformation
record and subduction or collision. We therefore selected only
those data that provide quantitative kinematic evidence, i.e. evi-
dence that shows the direction, amount, and/or timing of relative
motion between geological units. Additionally, we apply a strict
reconstruction hierarchy of data types that defines the order in
which data were used to build and fine-tune the reconstruction.
This hierarchy has been applied earlier to reconstructions of the
India-Arabia-Asia Plate boundary zones (van Hinsbergen et al.,
2011, 2012, 2019), the Arabia-Asia collision zone (McQuarrie and
van Hinsbergen, 2013), the Caribbean region (Boschman et al.,
2014), and circum-Pacific orogens (Schepers et al., 2017; van de
Lagemaat et al., 2018; Vaes et al., 2019) and can be directly
compared to, and integrated with these reconstructions. We
restrict ourselves to the following data types, in the following
reconstruction hierarchy (Table 2):

(1) Ocean basin reconstructions. Almost all reconstructions of the
Mediterranean region use reconstructions of the Central and
North Atlantic ocean and Bay of Biscay, based on marine
magnetic anomalies and fracture zones, as first and foremost
boundary constraint on the area gained and lost in the
Mediterranean region through time (Capitanio and Goes,
2006; Dewey et al., 1989; Handy et al., 2010; Hosseinpour
et al., 2016; Rosenbaum et al., 2002b; Stampfli and
Hochard, 2009). We will discuss the reconstructions of the
Atlantic Ocean in the next section.

(2) Continental extension reconstructions. As a second constraint,
we apply reconstructions of continental extensional regions,
such as back-arc basins. The maximum geological record is
obtained at the end of an extensional event, whereas a
contractional event leaves a minimum geological record. The
amount of extension in e.g. the Gulf of Lion, Tyrrhenian,
Pannonian, or Aegean back-arc basinsmay be estimated from
modern crustal thickness, and detachment fault displace-
ments, but are less accurate than ocean basin
reconstructions.

(3) Transfer fault and strike-slip fault displacements. Strike-slip
faults are useful in that these constrain in high precision
the relative motion direction of the adjacent blocks. If
Table 2
Seven-step reconstruction systematic for plate boundary zone deformation
restoration.

1 Net area change between Africa, Iberia, Arabia, and Eurasia constrained
by Atlantic-Red Sea marine magnetic anomaly-based reconstructions

2e4 Structural geological constraints on timing, direction, and magnitude
of 2) continental extension; 3) transform or strike-slip motion; and
4) continental shortening

5 Develop smoothed, geometrically consistent reconstruction.
6 Test against paleomagnetic data using the www.paleomagnetism.org

integrated tool set
7 Basic rules of plate tectonics: plates are surrounded by plate boundaries

or PBZs that end in triple junctions
present, displaced markers may constrain offsets, and cross-
cutting relationships with stratigraphy or plutons may
constrain the timing of activity. Transfer faults (with or
without transpressional or transtensional components) may
accurately constrain extension or contraction directions in
tandem with normal or thrust faults, similar to oceanic
transform faults.

(4) Shortening records. Detailed balanced cross-sections of fold-
and-thrust belts are relatively rare in the Mediterranean re-
gion, but where available, e.g., for the southern Alps
(Sch€onborn, 1999), outer Carpathians (Ellouz et al., 1994;
Gągała et al., 2012; Morley, 1996; Roure et al., 1993), or Pyr-
enees (Beaumont et al., 2000; Roure et al., 1989) constrain
the minimum amount of area loss accommodated in these
belts. It is more common that fold-and-thrust belts have
been subdivided in major nappe systems, without detailed
constraints on intra-nappe shortening. In those cases, we
reside to the approach detailed in van Hinsbergen and
Schmid (2012) and estimate the timing and duration of un-
derthrusting of a nappe. Timing of accretion of a nappe is
bracketed between the youngest stratigraphic ages of rocks
involved, and the oldest cooling or crystallization ages from
metamorphic rocks in that nappe. We note that ages from
HP-LT metamorphic rocks may be cooling ages and may
post-date peak temperature and e importantly e peak
pressure. In addition, after the transfer of rocks from the
downgoing plate to the overriding fold-and-thrust belt,
slower burial and prograde metamorphism of the latter,
recorded by the geochronometers, may continue. We thus
regard these ages as minimum ages for the moment of ac-
cretion only. We infer the original paleogeographic extent of
a nappe prior to thrusting by the amount of shortening that
corresponds to the amount of Africa-Europe convergence
that occurred during the underthrusting of the nappe(s),
whereby the presently stacked nappes restore adjacent to
each other.

(5) Geometrical consistency. The final reconstruction should not
contain overlaps between geological units without geolog-
ical evidence for extension or contain major ‘gaps’ without
evidence for shortening. We tune the reconstruction to
remain geometrically consistent along areas or structures
where no kinematic constraints are available, as long as the
final reconstruction remains consistent with constraints
provided in steps 1e4. These reconstruction steps should be
considered model predictions, and we will clearly identify
where we made reconstruction choices.

(6) Paleomagnetism. The resulting geometry is then tested
against paleomagnetic data. Paleomagnetic data quantita-
tively place geological units relative to the paleomagnetic
pole and constrain the net vertical axis rotation and paleo-
latitudinal change since rock formation and can be directly
compared to the reconstruction by placing the plate circuit in
a paleomagnetic reference frame (wherebywe use the Global
Apparent Polar Wander Path (GAPWaP) of Torsvik et al.
(2012)). We chose to place paleomagnetic constraints low
in the reconstruction hierarchy, however, for three reasons.
Firstly, in the context of the Mediterranean region, paleo-
latitudinal study of rocks is not meaningful, since typical
error bars are on the order of ±5�, i.e. ±>550 km. The con-
straints listed above provide a much higher precision. Sec-
ondly, for tectonic reconstructions as performed here,
vertical axis rotations constrained by paleomagnetism are
useful, but the Euler pole around which a block rotated
cannot be constrained from paleomagnetic data alone, but
has to come from structural geological observations, which
are constrained or estimated in steps 1e5. Thirdly, where

http://www.paleomagnetism.org
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possible, we use paleomagnetic data as an independent test
on a reconstruction based on structural geological data. Only
where structural geological information cannot constrain a
total amount of rotation, we use paleomagnetic data as a
primary source of information.

In addition, because the Central Atlantic Ocean reconstruction of
Labails (2007) and Labails et al. (2010), included in Torsvik et al.
(2012), predicted Early Jurassic convergence in the western and
central Mediterranean region which is not evident from the
geological record e there are no indication for shortening or sub-
duction there, we revisited the constraints for the early opening
history (see Section 3). As detailed below, we made a few minor
adjustments to this early opening history. In addition, we used for
our reconstruction the latest rendition of the timescale (Gradstein
et al., 2012), which slightly deviates from the timescale used in
Torsvik et al. (2012) e only for the ~126Ma age of M0 given by
Gradstein et al. (2012), which in the marine magnetic anomaly
community is more commonly assigned a ~121e122Ma age (e.g.,
Midtkandal et al., 2016). We note that these small adjustments, on
the order of 1� in relative Eurasia-Africa positions, mean that our
plate model deviates slightly from that of Torsvik et al. (2012) that
was used to calculate the GAPWaP. Because we use the GAPWaP to
predict and test our reconstructions against paleomagnetic data
(see Section 6), our updates on the plate model introduces a minor
error of ~1� in paleomagnetic directions that we predict for espe-
cially the Mesozoic, which, as will be shown in Section 6, is too
small to affect our conclusions.

(7) Basic rules of plate tectonics. As a final test, the reconstruction
should comply with the basic rules of plate tectonics: all
plates should be surrounded by plate boundaries that end in
stable triple junctions (Cox and Hart, 1986). These basic rules
assume plate rigidity and motion along discrete fault zones,
whereas instead in the strongly deformed Mediterranean
regions such boundaries are diffuse and distributed over
larger regions. Rather than discrete plate boundaries, we
may have to infer plate boundary zones instead distributing
deformation, but the basic rules remain valid.

Other types of geological data, e.g. paleontological, sedimento-
logical, or geochemical data, are only used to identify regionally
correlative rock units, such as carbonate platforms, deep-marine
basins, or ophiolite belts. Today, these define a pattern that is dis-
played on geological maps, and this is the pattern that we restore to
its original, Triassic configuration. In some cases, we have tested the
final configuration in our reconstruction against pre-Alpine base-
ment characteristics, e.g. for the position of Calabria versus Sardi-
nia. We will discuss these isolated cases in the text, but we did not
perform a systematic, Mediterranean-wide analysis of the pre-
Alpine basement configurations, which is subject for future studies.

4. Atlantic Ocean reconstruction

Atlantic Ocean reconstructions lie at the basis of the recon-
struction of the Mediterranean Region and dictate area gain and
loss since the Triassic. Below, we summarize the constraints we
used in this paper, and re-analyzed and slightly modified the Early
Jurassic Africa-North America rotations. Following the pioneering
kinematic study of Klitgord and Schouten (1986), recent work by
Sahabi et al. (2004), Labails (2007), and Labails et al. (2010) have
accumulated kinematic data that form a basis to describe the early
rifting history between Africa and North America. We apply the
most recent constraints on the opening of the Atlantic using the
plate circuit recently summarized in Torsvik et al. (2012), which is
based on Gaina et al. (2002) for the north Atlantic, and on Labails
et al. (2010) and Müller et al. (1999) for the Central Atlantic
Ocean between Africa and North America. For the Central and
Northern Atlantic Ocean the Triassic reconstructions include Euler
poles for Europe with respect to North America (Torsvik et al.,
2012). We updated the reconstruction of Torsvik et al. (2012) for
the Neogene opening of the Atlantic Ocean with recent high-
resolution poles of DeMets et al. (2015b). We further apply re-
constructions of Vissers andMeijer (2012a, 2012b) and Vissers et al.
(2013). For Arabia-Africa rotations we use the reconstruction poles
for the Red Sea opening of Joffe and Garfunkel (1987).

We revisit three aspects of the early opening history of the
Central Atlantic Ocean. First, Labails (2007) and Labails et al. (2010)
used the Blake Spur Magnetic Anomaly (BSMA, ~170Ma) to assess
the early oceanic geometry of the Central Atlantic Ocean, but
careful inspection leads us to slightly adjust the pertinent Euler
pole as shown below. Secondly, prior to the BSMA, a magnetic
anomaly developed named the E anomaly, which was first recog-
nized on the American side by Rabinowitz (1974) and documented
by Labails (2007) on the African side, but so far no attempt has been
made to calculate a reconstruction pole for this anomaly. Thirdly, as
first suggested by Sahabi et al. (2004), it became clear that the
Moroccan Meseta north of the Atlas belt represents a microplate,
but Labails (2007) and Labails et al. (2010) suggest continuous
deformation in the Atlas range during the Jurassic and early
Cretaceous while the geology of the Atlas provides no evidence for
such Mesozoic deformation. Below we address these three aspects
of the rifting and opening of the Central Atlantic Ocean.

To quantitatively study the kinematics of the Central Atlantic
Ocean, we used the magnetic dataset in Labails (2007), her Figs. II-
13, 14, 22 and 23 for the Jurassic and early Cretaceous. Using the
pole for the BSMA published by Labails (2007) and Labails et al.
(2010), we have inspected the pertinent anomaly match at BSMA
times (Fig. 2a). The fit of the corresponding anomaly on the African
side (ABSMA) with the BSMA is certainly acceptable but predicts up
to several hundreds of kilometers of convergence in Mediterranean
region in the Early Jurassic. In the Eastern Mediterranean, there is
widespread evidence for Early Jurassic subduction, but in the
western and central part, there is no evidence at all for shortening
e instead, the geology suggests extension until the Cretaceous.
Because the prediction of convergence hinges entirely on the BSMA
pole of Labails (2007) and Labails et al. (2010), we have studied the
data to assess whether this prediction is robust.

The BSMA has two branches, a long NNE trending one and a
shorter ENE trending branch. Labails (2007) reconstruction pole
leads to a fit in which the African picks plot slightly east of the
BSMA, whilst in the ENE trending branch the African picks are
somewhat too southerly. Inspired by Stock and Molnar (1983) we
use the following procedure to find an adjusted total reconstruction
pole for the BSMA yielding an improved fit (Fig. 2a and b). We es-
timate a center of the data, labelled R1, and define three mutually
perpendicular rotation axes R1, R2, and R3, where R1 is the center
of the data, R2 the pole to the great circle through R1 and the
current reconstruction pole, whilst R3 is located on the great circle
90� away from R1. We apply a small rotation about R2 of �0.5� and
add that rotation to the current reconstruction pole. This causes the
African ABSMA to be anticlockwise rotated with respect to the
BSMA (not shown here). A second small rotation about R1 of �2.0�

added to the first rotation serves to counterbalance this mismatch
and optimize the fit. The resulting adjusted pole (65.87�N-
15.08�W, �71.929) differs, albeit not considerably, from the pole of
Labails (2007) and Labails et al. (2010). The resulting reconstruction
pole lies about halfway the poles for the 195Ma closure proposed
by Sahabi et al. (2004) and the M25 calculated by Labails et al.
(2010), as shown in Fig. 3e.

Both on the North American and African side, anomaly E
documented by Labails (2007) has a shape similar to that of the (A)



Fig. 2. (a, b). Detailed magnetic anomaly map showing fits of the BSMA with the corresponding anomaly on the African Plate, after westward rotation using the AFR/NAM
reconstruction pole of Labails et al. (2010). African magnetic anomaly data indicated in red. R1 denotes arbitrarily chosen center of the data, dashed line the greatcircle through R1
and the current Euler pole. (a) Fit obtained with the current reconstruction pole without any correction. (b) Fit obtained after a small correction rotation of �0.5� about the pole R2
to the great circle (dashed line) through the data (R1) and the current Euler pole, followed by an additional rotation of �2.0� about R1. Small dots in b indicate initial rotatd positions
of African picks shown in a. (c, d) Magnetic anomaly map showing fits of anomaly E with the corresponding African anomaly, after rotation about a guessed AFR/NAM reconstruction
pole based on the BSMA pole. African magnetic anomaly data again indicated in red. (c) Fit without any further correction, R1 and dashed line defined as in a and b. (d) Fit after a
small correction rotation of �0.25�about the pole R2 to the great circle (dashed line) through the data (R1) and the guessed reconstruction pole, followed by an additional rotation
of �0.75� about R1. Small dots in b indicate initial rotated positions of African picks shown in a. For further explanation see text.

D.J.J. van Hinsbergen et al. / Gondwana Research 81 (2020) 79e22990

mailto:Image of Fig. 2|tif


D.J.J. van Hinsbergen et al. / Gondwana Research 81 (2020) 79e229 91
BSMA (Fig. 2c and d), with a NNE trending and an ENE trending
branch, whilst the two counterparts seem more or less symmetri-
cally disposed with respect to the BSMA (see also Fig. 3). We
therefore try a provisional reconstruction pole for anomaly E with a
same latitude and longitude as the BSMA pole but with a larger
rotation angle (�73.9�). This results in a moderately reasonable
match (Fig. 2c). We improve the fit along the ENE trending branch
using the same approach as for our recalculation of the BSMA pole,
estimating a center of the data R1 of the anomaly on the American
side, and calculating R2 and R3 as defined above. A clockwise
rotation about R2 of �0.25� serves to cause a better coincidence of
the African data along the ENE trending branch, whilst a subse-
quent clockwise rotation of �0.75� optimizes the fit (Fig. 2d). The
resulting pole (65.4�N, 15.39�W, rotation angle �74.433�) clearly
differs from that of the BSMA, albeit that the difference is not
considerable (Table 2). The calculated pole lies approximately be-
tween the pole for the 195Ma closure of Sahabi et al. (2004) and
Labails (2007) and Labails et al. (2010), and the Euler pole for the
BSMA calculated above (see Fig. 3e). The rather simple northward
track described by the subsequent reconstruction poles for 195Ma,
anomaly E, BSMA and M25 lends support to the belief that they
form a coherent set of reconstruction poles.

The northwestern part of Africa comprises theMoroccanMeseta
separated from the continental African mainland by the Atlas
range, a Cenozoic fold-and-thrust belt inverting a Triassic to
MideJurassic rift with JurassiceCretaceous post-rift sedimentation
(Beauchamp et al., 1999; Frizon de Lamotte et al., 2008). The
Moroccan Meseta (MES) needs special attention because it sepa-
rates Iberia to the north from the main African Plate (AFR). Ac-
cording to Labails (2007) and Labails et al. (2010) there is a
component of convergence, albeit small, betweenMES and AFR, but
the kinematic evidence for motion of the Meseta relative to Africa
during the Jurassic and Early Cretaceous seems at variance with the
lack of geological evidence from the Atlas range for Mesozoic
convergence. Vissers et al. (2013) therefore suggested that the
motion of the Moroccan Meseta relative to Africa during the
development of the Atlas rift could be described by one single
correction pole P (MES/AFR) (27.3�N,13.73�W, rotation angle 1.91�),
and that changes of the MES/AFR poles reported by Labails (2007)
and Labails et al. (2010) could well be within the errors involved in
the MES/NAM and AFR/NAM poles, hence within errors in the MES/
AFR poles (see also Ruiz-Martínez et al., 2012).

A balanced cross-section study in the high Atlas by Beauchamp
et al. (1999) points to a Cenozoic convergence of ~37 km. The pre-
dicted shortening of Sahabi et al. (2004)'s MES/NAM and MES/AFR
poles for 195Ma is significantly larger, i.e. ~55 km. The P (MES/AFR)
correction pole proposed by Vissers et al. (2013) yields a Cenozoic
shortening along the section studied by Beauchamp et al. (1999) of
~30 km, which reasonably concurs with the shortening inferred
from the balanced section.

With the published reconstruction poles of Sahabi et al. (2004),
Labails (2007) and Labails et al. (2010), our poles for Anomaly E and
the BSMA, and a correction pole to describe the displacement of the
Moroccan Meseta relative to Africa, we may now describe the
rifting and drifting history of the Central Atlantic Ocean. The
reconstruction poles used are summarized in Table 3. Fig. 2aed
shows four stages of the opening of the Central Atlantic Ocean. We
take the 195Ma fit proposed by Sahabi et al. (2004) as a starting
point (Fig. 3a). This reconstruction juxtaposes the ECMA and
WACMA, with the notion that in the region of the Meseta micro-
plate the fit is slightly less ideal because our correction pole for the
Meseta relative to Africa differs from the reconstruction pole pro-
posed by Sahabi et al. (2004) as discussed above. The motion be-
tween 195Ma and anomaly E times was roughly southward
(Fig. 3b). The stage pole for the subsequent motion toward BSMA
times (~170Ma), however, indicates southeast-directed flow
(Fig. 3c) which continues well during further oceanization and
formation of the M25 anomaly (Fig. 3d). This change in flow di-
rection, previously inferred to have occurred at BSMA times
(Labails, 2007), apparently occurred earlier, at anomaly E times. As
the stage poles R (AFR/NAM) for anomaly E to BSMA and for BSMA
to M25 are close to each other, we estimate the age of anomaly E on
the basis of the presumption that the spreading velocity was
essentially the same for these two stages. This yields an age of
174.7Ma which is an approximate age only, first because the age of
the BSMA is approximate, and secondly because we assume con-
stant spreading velocity between anomaly E and M25 times. There
are, unfortunately, no independent data to verify our age estimate.

A notable aspect of the early rifting stage concerns the asym-
metry of the crustal dimensions between the ECMA and anomaly E
on the American side and between the WACMA and anomaly E on
the African side, where the crust between the ECMA and anomaly E
on the American side is about four times as wide as that of the
corresponding crust on the African side (Fig. 2b). This strongly
suggests that the early stages of Oceanization were accommodated
by an asymmetric extensional shear zone system dominated by
shearzones dipping towards Africa. In contrast, spreading since
anomaly E was in general more symmetric (Fig. 2c and d).

The motion of Africa with respect to North America since the
initial Triassic fit is illustrated in Fig. 3e showing the locations of the
reconstruction poles, whilst Fig. 3f the motion of AFR with respect
to fixed EUR. This motion defines the net area gain and loss that
forms the boundary condition for our reconstruction of the Medi-
terranean region.

5. Orogenic architecture

We reconstruct the present-day pattern of major tectonic units
of the Mediterranean region, whereby we characterize their first-
order paleogeographic appearance (platforms and basins) based
on sedimentary facies, or on crystalline oceanic or continental
basement. In this section, we describe the modern tectonic archi-
tecture of the Mediterranean orogens: we identify the major
nappes whose paleogeographic origin and tectonic evolution we
restore, and identify their timing of emplacement based on struc-
tural, stratigraphic and geochronological constraints, using the
philosophy explained in Section 3. We also identify major exten-
sional windows and review the quantitative constraints on exten-
sion, strike-slip displacement, and shortening. The descriptive
sections below provide the documentation of the constraints used
for our reconstruction and cites the relevant literature. We sum-
marize these constraints in Table 1 and display these in orogenic
architecture diagrams that show schematic cross-sections through
the main orogenic belts with first-order kinematic relationships
and timing of displacement. Finally, the modern distribution of
tectonic units and bounding faults are displayed on tectonic maps
that are detailed versions of the overview map of Fig. 4. A larger
version of Fig. 4 is provided in the Supplementary Information 1. A
key to the tectonic units is given in Fig. 5. Finally, all tectonic units
below have abbreviations used on the maps and in the orogenic
architecture diagrams. These are listed in Table 4 and given in be-
tween brackets behind every tectonic unit the first time it is
mentioned in the text.

Schmid et al. (2008) used the term ‘mega-units’ to identify
certain groups of fault-bounded tectonic units that consist of large-
scale rock assemblies with a common geological history and that
have a similar paleogeographic origin. Here we use this term also
for other groups of tectonic elements that are frequently bounded
from each other either by suture zones or by first-order fault zones.
These mega-units may for instance represent rocks deposited on
former carbonate platforms, on slopes, in deep basins, or on Ocean
floor, and they are frequently interpreted to represent suture zones



Fig. 3. (aed). Rifting and onset of spreading in the central Atlantic Ocean, relative to N America fixed. NAM: North America; AFR: Africa; MES: Moroccan Meseta; A, A’: markerpoints
at the High Atlas cross-section studied by Beauchamp et al. (1999). (a) Reconstruction for the 195Ma fit, modified after Sahabi et al. (2004). (b) Reconstruction for anomaly E times
(~175Ma). Small-circle segments denote flow direction. Note strong asymmetry of the basin floor on either side of anomaly E suggesting asymmetric stretching. (c) Reconstruction
for BSMA times (~170Ma). Note change in flow direction since anomaly E. (d) Reconstruction for anomaly M25 (~154Ma), flow direction remains roughly the same as in c. (e)
Projections of total reconstruction poles for Africa with respect to North America, showing migration of these poles with time. Green diamond and dashed arrows represents BSMA
reconstruction pole of Labails et al. (2010). For further details see text. (f) Motion history of AFR with respect to EUR from the Tiassic fit, estimated at 203Ma, until the present.
Contours of Africa during early stages of rifting are shown in different colours to improve readability. Motion history is accentuated by the motion of a markerpoint representing the
city of Agadir. The southern boundary of the Atlas range is indicated for each stage shown; note that it also forms the northern boundary of the African pre-Triassic basement.
Intermediate stages between the BSMA and M0 are omitted for clarity, except for pertinent marker points. Lightblue dashed coastline of Meseta illustrates displacement of Meseta
Block relative to AFR as explained in text. Tertiary stages of north directed motion are shown in black for anomalies 25 (57.4Ma), 21 (46.5Ma), 13 (33.4Ma) and 5AD (14.7Ma),
where the finite rotation poles are after Vissers and Meijer (2012a) and ages according to Gradstein et al. (2012). Anomaly 5AD taken from DeMets et al. (2015a).
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Table 3
Euler poles for North America with respect to Northwest Africa. Lat¼ pole latitude, lon¼ pole longitude.

anom agea lat lon angle reference

(fit) 203 64.28 �14.74 �78.05 Labails et al. (2010)
(ECMA) 195b 64.31 �15.19 �77.09 Sahabi et al. (2004)
(ECMA) 190b 64.31 �15.19 �77.09 Labails et al. (2010)
AnE 174.7 65.40 �15.39 �74.433 This study
BSMA 170 65.87 �15.08 �71.929 This study

M25 155.69 67.10 �15.86 �64.23 Labails et al. (2010)
M22 150.56 66.08 �18.44 �62.80 Labails et al. (2010)
M21 148.89 66.00 �18.70 �62.29 Labails et al. (2010)
M16 141.03 66.57 �18.08 �59.34 Labails et al. (2010)
M10 133.63 65.92 �19.24 �57.55 Labails et al. (2010)
M0 126.11 65.95 �20.46 �54.56 Labails et al. (2010)

A34 83.64 76.81 �20.59 �29.506 AFR/NAM Müller et al., 1999

a Ages of M series according to Gradstein et al. (2012).
b Note that poles for 195 (Sahabi et al., 2004) and for 190 (Labails et al., 2010) are identical.
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or continental blocks. We do not a priori define suture zones or
continental fragments but will instead interpret those from their
reconstructed patterns. The pattern of mega-units is shown in
Fig. 4, and they will be defined in the sections below, roughly from
west to east. For the Alps, we follow the mega-units defined by
Handy et al. (2010) and Schmid et al. (2004b), for the Carpathians,
Pannonian region, and Dinarides we follow the definitions of
numerous previous works systematized and summarized in
Schmid et al. (2008) and Schmid et al. (2019), and for the Albanides-
Aegean-west Anatolian region those of van Hinsbergen and Schmid
(2012) and Schmid et al. (2019). For the western Mediterranean
region, we define mega-units based on references specified in
Section 5.

The mega-units are subdivided in polygons in the GPlates
reconstruction (see Supplementary Information 3, and Fig. 4)
bounded by faults for times that they behave as coherent units. In
times that the rocks contained in these polygons underwent in-
ternal deformation, we represent the mega-units by polylines that
move relative to each other and redefine the new shape of the
mega-unit's polygon when the deformation event ends.

Below, we review the orogenic architecture of the Mediterra-
nean region at first order, illustrated with maps and orogenic ar-
chitecture charts that show the juxtapositions of the main tectonic
units of the orogen, and the timing of their emplacement, and detail
the kinematic constraints on Mediterranean deformation used in
our restoration. The key for the abbreviations for tectonic and
geographic elements shown on the tectonic maps and orogenic
architecture charts is provided in Table 4. We first review the
constraints on the major tectonic blocks from the forelands of the
various fold-and-thrust belts that were not (always) part of Eurasia
or Africa since the Triassic. These include Iberia, Adria, and the
Moesian Platform. Then, we review the constraints on the Medi-
terranean fold-and-thrust belts from west to east.

5.1. Iberia; Pyrenees

The Iberian continent bounds the Mediterranean region in the
west and is separated from North America and western Eurasia by
active or former mid-Ocean ridges, from Africa by the transpres-
sional Azores-Gibraltar transform system and a convergent margin,
and from southwestern Eurasia by the Pyrenean fold-and-thrust
belt. Below, we provide an overview of kinematic constraints on
Iberian motion relative to the surrounding plates using marine
magnetic anomaly data, transforms, and geological constraints
from the Pyrenees.

Convergence in the Pyrenean domain was primarily controlled
by the motion history of Iberia in between the Eurasian, North
American and African Plates, and the progressive northward
opening of the central and northern Atlantic Ocean since the early
Mesozoic (Srivastava et al., 1990a). The position of Iberia relative to
North America and Eurasia back toM20 (~148Ma) is constrained by
marine magnetic anomalies (see below). During and before that
time, Iberia was bounded to the Central Atlantic Ocean, which
already started spreading in the Early Jurassic, by the Azores-
Gibraltar Fracture Zone. The precise fit of the Iberian Plate during
the Triassic and Early Jurassic requires assessment of pre-Late
Jurassic predrift extension between Iberia, North America and
Europe. Srivastava and Verhoef (1992) applied a de-stretching
technique to estimate the pre-extensional position of Iberia rela-
tive to North America and Eurasia, and proposed Euler poles for
Iberia for this fit at 175Ma, and for M25 (~156Ma). However,
Vissers et al. (2013) noticed that these poles predict a considerable
Jurassic shortening, essentially subduction, across the Azores-
Gibraltar Fracture Zone for which there is no evidence. They
therefore hypothesized that the continental fit of Srivastava and
Verhoef (1992) might in fact apply to the latest Triassic, and that
during the early stages of rifting and drifting in the Central Atlantic,
between 205 and 170Ma, Iberia moved with Africa, which
considerably reduced the predicted shortening across the Azores-
Gibraltar Fracture Zone. Aside this aspect, however, we also note
that Srivastava and Verhoef (1992) did not account for any motion
between Europe and North America prior to and during the infer-
red fit as proposed by Torsvik et al. (2012) to account for Triassic
rifting between Norway and Greenland.

Since the early work of Srivastava and Verhoef (1992), two ki-
nematic studies have quantitatively addressed the Triassic position
of Iberia. Sibuet et al. (2012) strictly adhere to the role of the
Newfoundland-(Azores)-Gibraltar Fracture Zone as a main struc-
ture controlling the kinematics of plate motion. They infer a con-
tinental fit of Iberia for the Late Triassic (~203Ma), followed by
small motions of continental Iberia in response to early rifting
which places Iberia farther south than Srivastava and Verhoef
(1992). In a recent study, Fernandez (2019) presents a different
position of Iberia for the continental fit, based on geometric re-
constructions of a series of seismic sections west and south of
Iberia, but adopts the Sibuet et al. (2012) reconstruction poles for
anomalies M22 (~150Ma) and M0 (126Ma). The main difference
with the Sibuet et al. (2012) reconstruction is that there is no clear
response in terms of Iberian motion to the progressive stretching of
the thinning continental crust. This leads to a quasi stationary po-
sition of Iberia between the Late Triassic and M22, which we feel is
an artifact of the method chosen. Bearing in mind the problems



Fig. 4. Tectonic map of the Mediterranean region outlining the locations of detailed maps per sub-area. For key to abbreviations, see Table 4. A larger (A2) version of this map with indications of all tectonic units and elements is provided in
Supplementary Information 1. Outlines of these tectonic units correspond to the polygons and polylines in the GPlates reconstruction files of Supplementary Information 2.
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Fig. 5. Key to the maps and orogenic architecture diagrams.
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involved in the Srivastava and Verhoef (1992) analysis, we follow
Sibuet et al. (2012) for our reconstruction.

The opening history of the central Atlantic Ocean south of the
Azores-Gibraltar Fracture Zone until the Aptian (M0, ~126Ma) has
most recently been studied by Labails (2007) and Labails et al.
(2010), showing that from 170Ma onward Africa moved east-
southeastward with respect to North America. Oceanization be-
tween Iberia and North America started around M20 (~148Ma)
times. Differential motion between Iberia and Africa was accom-
modated in the western Mediterranean region east of Iberia
through opening of the Alpine Tethys Basin between 170Ma and
M21 (~149Ma) (Vissers et al., 2013) followed by essentially joint
motion of Iberia and Africa until the Aptian (M0, 126Ma). Euler
poles for M0 (126Ma) place Iberia rotated 42� clockwise (cw) with
respect to its present orientation, prior to about 35� counterclock-
wise (ccw) rotation during the Cretaceous Normal Superchron
(Vissers and Meijer, 2012b).

From M0 (126Ma) times onward, the reconstruction of the
motion history of Iberia was complicated by the existence of the
Porcupine Microplate, first postulated by Srivastava and Tapscott
(1986) and discussed in detail by Srivastava and Roest (1996).
This microplate existed in the northern part of the Bay of Biscay and
was separated from Eurasia by a strike slip zone (see Vissers and
Meijer, 2012b, and references therein). In addition, Srivastava and
Roest (1996) differentiated the Porcupine Microplate from
another plate fragment, termed by these authors the King's Trough
plate fragment and referred to by Vissers and Meijer (2012a) as the
Southern Biscay Microplate, bounded to the north by the Bay of
Biscay spreading axis, and separated from Iberia by the King's
Trough e Bay of Biscay e Pyrenees fault system. In addition to the
concept of the Porcupine Microplate, Srivastava et al. (1990a,
1990b) and Roest and Srivastava (1991) showed that the motion
history of Iberia could in essence be described with the assumption
that Iberia moved with Africa for a significant part of the Cenozoic.
They formulated a jumping plate boundary hypothesis, in which
the Eurasia-Africa boundary was first located along the Bay of
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Table 4
List of abbreviations of tectonic units displayed in on the maps and in the orogenic
architecture diagrams in the paper, and the Supplementary Information.

Achara-Trialet region at
Adriatic Basin ABa
Aegean Aeg
Aegean-west Anatolia Aeg-WA
Africa Afr
Africo-Polsi Nappe APo
Afyon Zone (metamorphic Bolkarda�gı Zone) Afy
A�gac€oreneAvanos Block AAB
A�gvanis Massif a�gm
Akda�g-Yozgat Block AYB
Al Jawf AJ
Alada�g Nappe Ala
Alanya Nappes Aly
Alboran Basin Abo
Algeria Ag
Algerian Basin AlB
Alps Alp
Alpuarride Nappe Alp
Amasia Ophiolite AmO
Anaximander Seamount Ana
Ankara M�elange AnM
Ano Garefi Ophiolite AgO
Antalya Ant
Antalya Nappes Ant
Apenninic Platform Nappe App
Apulian Escarpment AEs
Apulian Platform Apu
Aquitanian Basins Aqu
Arabia Ara
Arabia Ar
Arax Fault ArF
Armorican Margin AmM
Axial Zone AxZ
Azores-Gibraltar Fracture Zone AGFZ
Baer Bassit Ophiolite BBO
Baleares Block Bls
Balkanide Nappes Bal
Ballaton Fault BaF
Basal Unit bu
Bay of Biscay Axis BBA
Bay of Biscay Basin Bis
Beni Boussera Peridotite BBP
Beyda�gları Platform Bey
Beyşehir-Hoyran Ophiolite BHO
Bihor Nappes Bih
Binbo�ga Metamorphics Bin
Bitlis Bi
Bitlis Massif Bit
Bitlis Suture BS
Bogdan Dragos Voda Fault BDVF
Bolkarda�gı Nappe Bol
Bornova Flysch Bfl
Bozkır Nappe Boz
Briançonnais Nappe Bri
Budva-Cukali Nappe Bud
Bükk mountains bü
Calabria slab Cl
Calabrian Accretionary Prism CAP
Çankırı Basin Çan
Capidava-Ovidiu Fault COF
Carpathians-North Cp-N
Carpathians-South Cp-S
Caucasus-East Cau-E
Ceahlau-Severin Units CSe
Central Dobrogea CDo
Central Tauride Intramontane Basins CTIB
Cerna Fault CeF
Chaînes Sub-Alpines CSa
Chenaillet Ophiolite ChO
Çiçekda�gı Ophiolite ÇiO
Cilicia Basin Cil
Cilicia Suture CS
Circum-Rhodope CRh
Codru Nappes Cod
Corsica cor
Corsica-Sardinia Block CSB

Table 4 (continued )

Cretaceous Eastern Mediterranean Ophiolites CEO
Crnook-Osogovo-Lisets core complex CCC
Cycladic Blueschist Unit cbs
Cyprus cy
Cyprus Cy
Dalmatian Nappe Dal
Danubian Nappes Dan
Deliler-Tecer Fault DTF
Dilek Nappe Dil
Divri�gi Ophiolite DiO
Do�ganşehir meta-Ophiolite DoO
Dorsale Calcaire DoC
Drina-Ivanjica Nappe DIv
East Anatolian Fault Zone EAFZ
East Bosnian Durmitor Nappe EBD
East Vardar Ophiolites EVO
Eastern Black Sea Basin EBS
Eastern Pontides EPo
Easternmost Taurides EmT
Ebro Basin Ebr
Ecemiş Fault EcF
Egypt (Mediterranean part of Arabia slab) Eg
Elazi�g magmatic suite Ela
Eldivan Ophiolite ElO
Emile Baudot Transform EmB
Emporios Emp
Engadine Window EW
Eo-Alpine high-pressure units EoA
Eurasia Eur
External Betics ExB
External Foredeep (Northern Apennines) EFd
External Massifs EMa
External Rif ExR
Getic Nappes Get
Geyikda�gı Nappe Gey
Ghomaride Nappe Gho
Gibraltar-Betic Gb-B
Gibraltar-West Gb-W
Giudicarie Fault GiF
G€oksun Fault G€oF
G€oksun Ophiolite G€oO
Greater Caucasus GCA
Greater Caucasus Basin GCB
Guevgueli Ophiolite GO
Guleman Ophiolite GuO
Gulf of Corinth Graben GoC
Gulf of Lion Basin GdL
Gulf of Valencia Basin GoV
Güre Ophiolite GüO
Guvan Ophiolite GvO
Hakkari Basin Nappe Hak
Halilba�gı Ophiolite HbO
Hatay Ophiolite HaO
Haymana Basin Hay
Helvetic Nappes Hel
Herodotus He
Herodotus Basin HeB
High Karst Nappe HKa
Hyblean Plateau HyP
Iberia Ibe
Ibiza ibi
Inner Carbonate Unit (Sicily) Icu
Insubric Line IL
Intra-Moesian Fault IMF
Intra-Pontide Suture IPS
Ionian Basin IoB
Ionian Nappe Ion
Iranian Cimmerides ICi
Iranian Paleotethys Suture Zone IPSZ
Ispendere Ophiolite IsO
Istanbul Zone Ist
Ivrea Zone Ivr
Ivriz Detachment IvD
Izmir-Ankara-Erzincan Suture Zone IAESZ
Jadar-Kopaonik Nappe JKo
Jura fold-thrust belt Jur
Jurassic Anatolian Ophiolites JAO
Kabylides Kb

D.J.J. van Hinsbergen et al. / Gondwana Research 81 (2020) 79e22996



Table 4 (continued )

Ka�gızman-Khoy suture KKS
Ka�gızman-Tuzluca Basin KTB
Kahramanmaraş Basin Kah
Karakaya Complex Kar
Karlıova Triple Junction KTJ
Keban Metamorphics Keb
Kefallonia Fault Zone KFZ
Khost Ophiolite KhO
King's Trough e Bay of Biscay e Pyrenees fault system KTBIS
Kırşehir Block Kır
Kırşehir-Kırrıkkale block KKB
Koçali Ophiolite KoO
K€omürhan Ophiolite K€oO
Korab Nappe Kor
Krasta-Cukali Nappe Kra
Kruja Nappe Kru
Kura Fold Belt KFB
Küre Accretionary Prism KAP
Lago Negro Nappe LNe
Latio-Abruzzi Platform LAp
Lesser Caucasus lc
Levant Basin LeB
Ligurian-Sicilide Units LSi
Ligurides Lig
Lower Kabylides Unit LKU
Lower Pelagonian Zone LPe
Lycian Nappes LNa
Lycian Ophiolites LyO
Macin Nappe Mac
Maden arc/basin Mad
Magura Flysch Mag
Main Caucasus Thrust MCT
Malaguide Nappe Mlg
Malatya Metamorphics Mal
Malatya-Ovacık Fault MOF
Mallorca mal
Malta Escarpment MEs
Mammonia Complex Mam
Maritsa Shear Zone MSz
Mecsek Nappes Mec
Mediterranean Ridge MeR
Medvenica mountains me
Meliaticum ophiolites Mel
Menderes Nappes Men
Mersin Ophiolite MeO
Meseta Mes
Mesopotamia Me
Meydan Ophiolite MyO
Mid-Adriatic Ridge MAR
Mid-Adriatic Ridge MAR
Mid-Black Sea High MBSH
Mid-Cycladic Lineament MCL
Mid-Hungarian Shear Zone MHSZ
Mirdita Ophiolite MiO
Misis M�elange MiM
Moesian Platform Moe
Molise Basin Nappe Mol
Munzur mountains mu
Munzur Zone Mun
Muş-Hınıs Basin MHı
Nappes Sup�erieures NSu
Nestos Thrust NeT
Nevado-Filabride Unit NeF
Niculitel Nappe Nic
North African Transform NAf
North America NAM
North Anatolian Fault Zone NAFZ
North Apennines NA
North Baleares Transform Zone NBTZ
North Pollino Fault Zone NPFZ
North Pyrenean Fault NPF
North Pyrenean Zone NPZ
Northern Adria nAd
Olevano-Antrodoco-Sibillini Thrust OAS
Olympos-Ossa Window OOW
€Oren Unit (metamorphic Bolkarda�gı Zone) €Ore

Organy�a Basin Org
Outer Carbonate Unit (Sicily) Ocu

Table 4 (continued )

Outer Carpathians OCa
Pangaion-Pirin Unit PaP
Paranassos Nappe Par
Parentis Basin Par
Paros pa
Peceneaga-Camena Fault PCF
Pelion Window PW
Periadriatic Fault PeF
Phyllite-Quartzite Unit pq
Piedmont Basin Pie
Pindos Nappe Pin
Pınarbaşı Ophiolite PıO
Plattenkalk-Tripali Unit (metamorphosed Ionian Zone) Pla
Pliny and Strabo Trenches PST
Pontides Po
Porcupine Microplate Por
Pozantı-Karsantı Ophiolite PKO
Pre-Apulian Nappe PrA
Pre-Dobrogea PDo
Pre-Karst Nappe PKa
Provence pro
Püturge Massif Püt
Pyrenean Peridotites PPe
RachaeLechkhumy Fault RLF
Raggane Re
Rechnitz Window RW
Refahiye Ophiolite ReO
Rhenodanubian Flysch RdF
Rhodope Lower Unit RhL
Rhodope Middle Unit RhM
Rhodope Upper Unit RhU
Rhodope Uppermost Unit RUm
Ronda Peridotite RoP
Sakarya Zone Sak
Sardinia sar
Sarıkaraman Ophiolite SaO
Sava Suture SS
Schistes Lustr�es Corsica Slc
Scutari-Pec Fault SPe
Scythian Platform Scy
Serbo-Macedonian units SeM
Sesia Fragment Ses
Sestri-Voltaggio Line svl
Sevan-Akera M�elange SAM
Sevan-Akera Suture SAS
Simplon Detachment SD
Sirte Basin SiB
Sivas Basin Siv
South Armenian Block SAB
South Caspian Sea Basin SCS
South Dobrogea SDo
South Pyrenean Zone SPZ
Southern Alps Sal
Southern Biscay Microplate SBi
Sredna-Gora Unit SGo
Stilo-Aspromonte-Peloritan Block SAP
Strait of Sicily Basin SSB
Strimon Detachment StD
Struma Unit Str
Subpenninic Units Spe
Supragetic Nappes Sge
Talysz ta
Tauern Window TW
Tauric Flysch Taf
Tavşanlı Nappe Tav
Tell Belt Tel
Temsamane Unit Tsm
Tenda unit and Lower External Continental Units Ten
Timok Fault TiF
Tisza-Dacia Suture TDS
Tornqvist-Tesseyre Line TTL
Transcaucasus Zone TCa
Transylvanian Basin Tsv
Tripolitza Nappe Tri
Trojan Flysch Tro
Troodos Ophiolite TrO
Trotus Fault TrF

(continued on next page)
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Table 4 (continued )

Trypa Group Try
Tulcea Nappe Tul
Tuscan Nappes Tus
Tuzg€olü Basin Tuz
Tuzg€olü Fault TuF
Tyrrhenian Basin Tyr
Uluda�g-Eskisehir Fault UEF
Ulukışla Basin Ulu
Umbria-Marche Nappe Uma
Upper Kabylides Unit UKU
Upper Pelagonian Nappe UPe
Upper West Alpine Nappe UWA
Val Marecchia Ophiolite VMO
West Black Sea Transform WBT
West Vardar Ophiolites WVO
Western Black Sea Basin WBS
Zagros Za
Zagros fold-thrust belt Zag
Zagros Suture ZS
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Biscay axis, then jumped at around chron 17 (38Ma) to the King's
Trough e Bay of Biscay e Pyrenees fault system and eventually,
since anomaly 6c (23Ma), to the Azores-Gibraltar Fracture Zone.

A few plate-kinematic studies of recent date address the Iberia
motion history with special attention to shortening in the Pyrenees
(Rosenbaum et al., 2002b; Vissers and Meijer, 2012a, 2012b;
Macchiavelli et al., 2017). Vissers and Meijer (2012a) analyzed the
late Cretaceous and Cenozoic motion history of Iberia in a six-plate
circuit including Europe, Porcupine, North America, Africa, Iberia
and Southern Biscay. In addition, these authors included recent
sampling of magnetic anomalies in the Bay of Biscay by Sibuet et al.
(2004), and the Euler poles for the Mesozoic and Cenozoic used
here are adopted from Vissers and Meijer (2012a, 2012b).

Rifting in the Bay of Biscay has been constrained in marine
studies on the Armorican margin (Montadert et al., 1979) and in
seismic sections (MARCONI) across the Parentis Basin (Ferrer et al.,
2008) (one of the Aquitanian Basins, Fig. 6). According toMontadert
et al. (1979), rifting on the Armorican margin was submarine and
reactivated a pre-existingMesozoic basin developed during Triassic
times. The onset of rifting is not well established, but comparison
with Aquitanian basins suggests it may have started in the Late
Jurassic and continued during the Early Cretaceous. The end of
rifting and onset of spreading is suggested to be intra-Aptian. From
the MARCONI-3 profile and available well data, Ferrer et al. (2008)
infer Late Jurassic (?)eEarly Albian rifting related to the opening of
Bay of Biscay. This is consistent with data from South Pyrenean
Mesozoic basins, such as the Organy�a Basin, which suggests that
rifting did not start before the Late Jurassic (see e.g. Verg�es and
García-Senz, 2001). Regional data and quantitative subsidence an-
alyses indicate that the Parentis Basin was previously affected by
rifting during the Late Permian and during the latest TriassiceEarly
Liassic (e.g. Brunet, 1997; Ziegler, 1990).

The Azores-Gibraltar Fracture Zone separates Iberia from Africa
and clearly accommodates differential motions between 170Ma
and M21 (149Ma). During progressive oceanization in the Central
and North Atlantic the Azores-Gibraltar Fracture Zone continues to
act as a major transform fault. A second major structure that
accommodated strike-slip components is the North Pyrenean Fault,
although the magnitude of this strike-slip motion as constrained
from the geology, is debated (e.g., Vissers and Meijer, 2012a, and
references therein) (Fig. 6). Kinematic data on fault planes associ-
ated with the North Pyrenean Fault, though scarcely documented,
are consistent with transcurrent and presumably sinistral motions.
This includes the presence, in high-grade Mesozoic rocks, of sub-
horizontal synmetamorphic stretching lineations, and near-vertical
fold axes of small-scale folds immediately adjacent to the North
Pyrenean Fault (Choukroune, 1976). Sinistral motion is consistent
with the kinematics inferred from Central Atlantic spreading re-
cords across the belt during the Late Cretaceous and Paleocene
(Vissers and Meijer, 2012a), but the magnitude of the associated
displacements are not constrained by geological data.

The Pyrenees are an ~E-W trending mountain belt, about
450 km long and 125 km wide (Fig. 1). Structural and deep seismic
studies show that the orogen is an asymmetric, doubly-vergent
wedge, with Iberian continental lithosphere underthrust at least
about 80 km beneath Europe (Beaumont et al., 2000; Roure et al.,
1989). At shallow crustal levels, the European continental margin
preserved in the North Pyrenean Zone (Fig. 6) was backthrust onto
the Aquitaine foreland basin to the north, while Variscan basement
units of the Axial Zone in the central Pyrenees and their sedi-
mentary cover of the Iberianmargin exposed in the South Pyrenean
Zone were thrust southward onto the Ebro foreland basin (Fig. 7).
The North Pyrenean Zone and Axial Zone of the central Pyrenees
are separated by the North Pyrenean Fault (Fig. 6).

The Variscan basement of the Axial Zone comprises a several km
thick psammitic-pelitic sequence of latest pre-Cambrian, Cambrian
and Ordovician age and, in the eastern part of the belt, granitic
gneisses, overlain by Silurian to Carboniferous pelites, carbonates,
and siliciclastic rocks (Zwart, 1979). The total thickness of this
sequence is about 12 km. All of these rocks may show variable
degrees of Variscan LP-HT metamorphism and were intruded by
late Variscan granodioritic and gabbroic plutons (Zwart, 1979) with
ages around 310-290Ma (Aguilar et al., 2014; Druguet et al., 2014;
Kilzi et al., 2016). These Paleozoic rocks are unconformably overlain
by Triassic redbeds and evaporites, Jurassic carbonates and shales,
and a highly variable Cretaceous sequence dominated by carbon-
ates and mass flow deposits. These are overlain by both terrestrial
and marine sediments of Cenozoic age deposited in syntectonic
piggy-back basins, unconformably overlain by Oligocene coarse-
clastic fan systems. The Mesozoic and Cenozoic sequence is
mainly found in the South Pyrenean Zone, whereby Triassic evap-
orites form the main decollement horizon. The thicknesses of the
restored Mesozoic and Cenozoic units varies, and may be up to
~8 km (Mu~noz, 1992).

Aside the Variscan basement rocks and their Mesozoic-Tertiary
cover, upper mantle peridotites and lower crustal granulites occur
as up to km-scale fragments along the North Pyrenean Fault amidst
Mesozoic sediments deposits in small extensional basins, showing
Albian-Cenomanian LP-HT metamorphism and coevally emplaced
alkaline magmatic rocks (Clerc et al., 2015; Ubide et al., 2014). A
widely held view is that these peridotites were extensionally
exhumed in Cretaceous time and caused the ~105-100Ma HT
metamorphism (Clerc et al., 2015; De Saint Blanquat et al., 2016;
Lagabrielle et al., 2010). Recent low-temperature thermochrono-
logical data showed that both in the North and South Pyrenees,
there was heating, uplift and (erosional) exhumation in this time
(Rat et al., 2019; Ternois et al., 2019) These, and other authors (e.g.,
Jammes et al., 2009) therefore inferred 105-100Ma Iberia-Eurasia
transtension to explain these geological observations. Such trans-
tension is inconsistent with marine magnetic anomaly in-
terpretations, particularly of the M0 anomaly, which was
consequently speculated to be unreliable (Bronner et al., 2011;
Jammes et al., 2009). Because also paleomagnetic constraints are
inconsistent with the transtensional scenario (see section 6.2.1),
which is therefore left with no independent support, and because
also seismic tomography is consistent with Mesozoic subduction in
the Pyrenees, Vissers et al. (2016) suggested instead that mantle
exhumation occurred during Late Jurassic rifting in the Bay of Bis-
cay (if these rocks were derived from the North Iberian Margin) or
from the Alpine Tethys (if they exhumed at the Aquitane margin),
and minor extension in the Pyrenees and the HT metamorphism in
the Cretaceous of the Pyrenees were related to the break-off of a
slab that subducted below the Pyrenees during Early Cretaceous



Fig. 6. Tectonic map of the western Mediterranean region. For key to abbreviations, see Table 4, for key to tectonic units, see Fig. 5. For location of the map within the Mediterranean region, see Fig. 4.
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Fig. 7. Orogenic architecture charts for the Pyrenees, Betic Cordilleras, Rif, and Kabylides Mountains. For Key to abbreviations, see Table 4, for key to tectonic units, see Fig. 5. For
regional distribution of tectonic units, see Fig. 6. See Table 1 for summery of kinematic constraints corresponding to this chart. Periods of metamorphism are indicated with dotted
hatching and formation of pre-Alpine crystalline basement with curved hatching.
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rotation of Iberia. Such Jurassic exhumation is consistent with
177e138Ma Sm/Nd ages derived from these peridotite bodies,
previously suggested to reflect Nd loss to explain the difference
with the 40Ar/39Ar ages (Henry et al., 1998). Finally, recent 40Ar/39Ar
dating revealed that greenschist-facies ductile shear zones in the
easternmost Pyrenees, on Cap de Creus, have 170-160Ma ages, and
were likely low-angle extensional shear zones that formed along
the east Iberian margin during the opening of the Piemonte-
Ligurian Ocean (Vissers et al., 2017).

The North Pyrenean Fault separates the Eurasian margin rocks
thrust northward and Iberian margin rocks thrust southwards and
can therefore be interpreted as the surface expression of a suture
zone. The structure of the North Pyrenean Zone is in essence an
imbricate stack. South of the North Pyrenean Fault the structure is
more complex and includes an antiformal stack of Variscan base-
ment units in the Axial Zone presumably detached along the
underlying lower crust, whilst the Triassic evaporites allowed the
development of cover units now exposed in the South Pyrenean
Zone (e.g., Beaumont et al., 2000).

Shortening across the Pyrenees has been estimated in three
crustal-scale cross sections across the Pyrenees. The western sec-
tion (Ans�o-Arzacq section), a minimum shortening of 75e80 km
was calculated, of which 23e30 km was accommodated in the
North Pyrenean Zone (Teixell, 1996, 1998). The central (ECORS-
Pyrenees) section yielded minimum shortening estimates of
100e165 km, of which 37 km was accommodated in the North
Pyrenean Zone (Beaumont et al., 2000; Mu~noz, 1992; Roure et al.,
1989). The eastern, E-Pyrenees section gave a minimum short-
ening of 125 km, of which 32 km in the North Pyrenean Zone
(Verg�es et al., 1995). Shortening in the ECORS and E Pyrenees sec-
tions is thought to have started in Campanian times (~80Ma), i.e.
close to chron A33o, and ended around 19Ma (Vissers and Meijer,
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2012a). The onset of shortening in the Ans�o-Arzacq section was
presumably Late Cretaceous (Teixell, 1998). Plate kinematic recon-
struction for chron A33o suggests that the amount of total
convergence between Iberia and Eurasia since chron A33o in-
creases from west to east due to a ccw rotation of ~8� (Vissers and
Meijer, 2012a). Their modeled convergence values normal to the
trend of the Pyrenees since A33o, adopted in our reconstruction, is
138 km for the Ans�o-Arzacq section, 159 km for the ECORS section
and 167 km for the Eastern Pyrenees. Except for the ECORS section,
in which the modeled convergence of 159 km (Vissers and Meijer,
2012a) is roughly equal to the 165 km shortening estimated by
Beaumont et al. (2000), the modeled convergence is several tens of
km higher than the minimum crustal shortening values inferred
from section restoration. Uncertainties both in the anomaly-based
plate kinematic reconstruction and in the published restorations
of the crustal-scale balanced sections may have contributed to
these differences.

In Central Iberia, Jurassic to earliest Cretaceous extension led to
the formation of shallow marine sedimentary basins which inver-
ted in Cenozoic time, between 35 and 20Ma (de Vicente et al.,
2007). We adopt the reconstruction of van Hinsbergen et al.
(2014a) and reconstruct 20 km of shortening across the Central
Iberian ranges estimated by de Vicente et al. (2007).

5.2. Adria; Ionian Basin; Strait of Sicily

The continental part of the Adria Microplate, in short Adria,
occupies the Central Mediterranean region and is for its largest part
covered by the Adriatic Sea (Figs. 1 and 6). Adria is connected to the
oceanic Ionian Basin by a passivemargine the Apulian Escarpment.
The Ionian Basin also shares an originally Mesozoic or even older,
but in places reactivated passive marginwith Northern Africa e the
Malta Escarpment (Fig. 6). For time periods after the spreading in
the Ionian Basin, Adria is widely viewed as an African Plate
promontory that reaches all the way to the Alps, although struc-
tural, paleomagnetic, and GPS evidence shows that it has under-
gone and still undergoes motion relative to stable Africa in the
Cenozoic. Because Adria is overthrust by the Apennines in the west,
the Southern Alps in the north, and the Dinarides and Albanides-
Hellenides in the east (Figs. 1, 4 and 6), resolving its kinematic
history is important for restoring these fold-and-thrust belts.

The Ionian Basin is underlain by a 7e9 km thick crust (Chamot-
Rooke et al., 2005) associated with a low heat flow (Pasquale et al.,
2005), and is therefore interpreted as old ocean floor of the Neo-
tethys Ocean (e.g., Gallais et al., 2011; Granot, 2016; Speranza et al.,
2012). The age of the Ionian Basin has been estimated to range from
late Paleozoic to Cretaceous (Dercourt et al., 1986; Frizon de
Lamotte et al., 2011; Gallais et al., 2011; Golonka, 2004; Granot,
2016; Le Pichon et al., 2019; Robertson et al., 1991; Schettino and
Turco, 2010; Şeng€or et al., 1984; Stampfli and Borel, 2002).
Speranza et al. (2012) showed that the Ionian Ocean floor is char-
acterized by a reversed polarity and argued it may fit with a Triassic
(227-219Ma) reversed chron. Recently, Granot (2016) showed
marine magnetic anomalies with two polarity reversals in the
Herodotus Basin, to the west of Cyprus (Fig. 4), and used the
skewness of the anomalies as measure for the paleolatitude of
formation. Compared with the GAPWaP of the African Plate
(Torsvik et al., 2012), this study showed a possible age range of
360e255Ma. Because the Herodotus Basin contains a 200 kmwide
normal time interval, which with reasonable spreading rates of
~5 cm/yr would require a minimum of 4 Myr to form, he argued
that the Herodotus crust must have formed prior to the onset of the
Kiaman Superchron at 316Ma, leaving a ~340± 25Ma age for this
crust, i.e. Carboniferous.

The Malta Escarpment is a passive margin that links the Ionian
Basin to the Hyblean Platform of Sicily (Fig. 4), which is underlain
by African continental crust. The Hyblean Platform, however, un-
derwent some 50e60 km late Miocene and younger NE-ward
motion relative to Africa, accommodated by extension in the
Strait of Sicily Basin (Argnani, 2009; Civile et al., 2008), and to the
southeast in the Sirte Basin of Libya (Capitanio et al., 2011). The
Ionian Basin shows no evidence for significant Cenozoic deforma-
tion, other than some minor late Miocene and younger inversion
(Gallais et al., 2011; Hieke et al., 2006).

North of the Apulian Escarpment lies the Apulian carbonate
platform that forms the southern part of Adria (Finetti, 1985)
(Fig. 4). Rocks of the Apulian Platform are exposed on the Puglia
Peninsula of southern Italy (Fig. 1) and contain an up to 6 km thick
stratigraphy with disconformities spanning the Lower Cretaceous
to Messinian (Bosellini, 2006; Ricchetti et al., 1988; Spalluto and
Caffau, 2010; Spalluto and Pieri, 2008; Tropeano et al., 2004). The
Apulian Platform is bounded in the north by a NW-SE running
hemipelagic Adriatic Basin connecting the Ionian Zone of the Hel-
lenides with the Umbria-Marche Zone of the Apennines (see sec-
tions 5.5.5 and 5.11, Fig. 4), with the transition to deeper water
sedimentation exposed on the Gargano Peninsula (Bosellini et al.,
1999; Graziano, 2013; Santantonio et al., 2013) (Fig. 1). Towards
the north, the Adriatic Basin gives way to northern Adria, a complex
horst-graben structure that developed in Jurassic time (Santantonio
and Carminati, 2010).

Although Adria is sometimes regarded as having been rigidly
connected with Africa since the end of opening of the Ionian Basin
(e.g., Muttoni et al., 2013; Rosenbaum et al., 2004), GPS measure-
ments show that it is currently moving at a 2e5mm/yr to the north
relative to Africa (D'Agostino et al., 2008; Grenerczy et al., 2005;
M�etois et al., 2015). In the central Adriatic Sea, where the thrust
fronts of the Apennines and Dinarides are closest, Adria is cut by the
Mid-Adriatic Ridge (Fig. 4) that consists of Neogene NWeSE strik-
ing oblique thrusts (Grandic et al., 2001; Kastelic et al., 2013;
Scisciani and Calamita, 2009; Scrocca, 2006). South of the Mid-
Adriatic Ridge there are a few EeW to NEeSW striking, probably
dextral strike-slip structures (Argnani et al., 1993; Favali et al., 1993;
Finetti, 1982) that are not restored in detail here. Hence, in addition
to the deformation in the Strait of Sicily Basin, probably dextral
transpressional faults cut central Adria, although no detailed esti-
mates of associated displacements are known.

5.3. Gulf of Valencia; Baleares; Algerian Basin; Kabylides; Alboran;
Atlas

The southwestern Mediterranean region contains two, partly
oceanic extensional basins. The intra-continental Gulf of Valencia
Basin opened due to up to 80 km of extension between ~25 and
16Ma and separated the Baleares blocks from Iberia (Figs. 1 and 6)
(Maillard et al., 1992; S�eranne, 1999; Verg�es and S�abat, 1999). We
have used this number for our reconstruction, as in van Hinsbergen
et al. (2014a, 2014b), but we note that this should be regarded a
maximum number: recent work suggested that a large part of this
extension may result from Late Jurassic-Early Cretaceous extension
related to the opening of the Piemonte-Ligurian ocean (Etheve
et al., 2016). The Gulf of Valencia is bounded in the northeast
from the partly oceanic Gulf of Lion along the North Baleares
Transform Zone (S�eranne, 1999) (Fig. 6, see Section 5.4).

Between the Baleares and the North African margin lies the
Algerian Basin, which contains oceanic crust. The northern and
southern margins of this basin consist of Middle to upper Miocene
transform faults (the Emile Baudot and North African transforms)
and the western and eastern margins are ocean-continent transi-
tions (Acosta et al., 2001; Booth-Rea et al., 2007; Mauffret et al.,
1992) (Fig. 6). We here follow the reconstruction of Mauffret et al.
(2004) in which the Algerian Basin formed due to 560 km of E-W
extension between 16 and 8Ma, for reasons discussed in Chertova
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et al. (2014) and van Hinsbergen et al. (2014a), but see also
Faccenna et al. (2004) and Schettino and Turco (2006) for alter-
native hypotheses. The North African transform system has been
shortened by Plio-Pleistocene northward thrusting (Stich et al.,
2006), which may reflect the inception of southward subduction
of the Algerian Ocean floor below Northern Africa (Baes et al., 2011;
Hamai et al., 2018).

In the southwest, south, and east, the Algerian and Valencia
Basins are bordered by the thin-skinned Betic-Rif fold-and-thrust
belt of SW Iberia and northern Morocco surrounding the Alboran
Basin, and by the Kabylides of northern Algeria (Fig. 1). The east-
ward continuation of this thrust belt is the Sicilian Maghrebide-
Calabria-Apennine system (see Section 5.5).

Across northwestern Africa are the Atlas Mountains (Fig. 1).
These separate the Meseta region in the north, underlain by a late
Paleozoic crystalline basement resulting from Variscan Orogeny
during the formation of Pangea, from Pan-African and older crys-
talline basement to the south (Michard et al., 2010). This Paleozoic
thrust front was reactivated as a rift in late Triassic to earliest
Jurassic time associatedwith earliest break-up of the Atlantic Ocean
(Frizon de Lamotte et al., 2008, 2011). We follow the reconstruction
of van Hinsbergen et al. (2014a) and adopt 30 km N-S shortening
between 50 and 35Ma (Beauchamp et al., 1999; Brede,1992; Teixell
et al., 2003).

The highest structural units in these fold-and-thrust belts are
continental nappes that contain Variscan metamorphic basement
and a Permian to Jurassic sedimentary cover: the Malaguide nappe
in the Betics, the Ghomaride nappe in the Rif and the Upper Unit of
the Kabylides (Chalouan and Michard, 1990; Lonergan, 1993;
Zaghloul et al., 2010) (Fig. 6). The Ghomaride and Malaguide units
underwent no regional Alpine metamorphism (Chalouan and
Michard, 1990) but reach greenschist-facies metamorphic condi-
tions at their base, in the Malaguide unit dated around 18Ma (El
Kadiri et al., 2006; Lonergan, 1993; Negro et al., 2006; Platzman
et al., 2000). These upper units are unconformably overlain by an
Eo-Oligocene carbonate to clastic sedimentary unit (Lonergan and
Mange-Rajetzky, 1994) that is interpreted as a relict of a basin
originally contiguous with equivalent units in the Kabylides, and
perhaps as far-east as Calabria (Bonardi, 2003; Weltje, 1992), likely
representing forearc basin deposits (van Hinsbergen et al., 2014a).

Structurally below these upper units, Paleozoic to Mesozoic
metasediments occur, in places including Variscan basement rocks.
These include the Alpujarride unit of the Betics, the Sebtide unit of
the Rif, and the Lower Kabylides unit (Fig. 7). These were thrust
onto imbricated non-metamorphosed Mesozoic to Paleogene
carbonate-dominated rocks known as the Dorsale Calcaire, which
may have been cover units of the now-metamorphosed Alpu-
jarride, Sebtide, and Lower Kabylides units (Chalouan et al., 2008;
El Kadiri et al., 2006; Frizon de Lamotte et al., 2000; Michard et al.,
2006; Sanz de Galdeano et al., 2001). The upper contacts of these
metamorphic units with the overlying Malaguide, Ghomaride, and
Upper Kabylides units, respectively, are latest Oligocene to Miocene
extensional detachments, which accommodated up to 220 km of E-
Wextension between 25 and 10Ma (Faccenna et al., 2004; Michard
et al., 2006; Platzman and Platt, 2004; Saadallah and Caby, 1996;
Vissers, 2012; Vissers et al., 1995). The Alpujarride, Sebtide, and
Lower Kabilides units were incorporated in the lower AlKaPeCa
unit, defined by Boullin et al. (1986) in van Hinsbergen et al.
(2014a), together with units with similar ages and burial history
in the Peloritani-Calabria Mountains of Sicily and southern Italy.
Within the Alpujarride, Sebtide, and Lower Kabilides units, bodies
of subcontinental lithospheric mantle rocks were tectonically
incorporated, such as the Ronda peridotite of the Betics, the Beni
Boussera peridotite of the Rif, and the Lower Kabylides peridotites
(El Atrassi et al., 2011; Michard et al., 2006; Pearson et al., 1989),
which include pyroxenite dykes with zircons that yielded ~180-
130Ma U/Pb core ages (S�anchez-Rodrı

́

guez and Gebauer, 2000).
The lower Alboran-Kabylides units were subjected to Eo-Oligocene
eclogite or blueschist-facies metamorphism (Chalouan et al., 2001;
Goff�e et al., 1989;Mahdjoub et al., 1997;Michard et al., 2006;Moni�e
et al., 1994; Platt et al., 2005; Vissers et al., 1995) and were over-
printed by 25e19Ma High-Temperature (HT) metamorphism and
intruded by granitic dykes (Esteban et al., 2011; Kelley and Platt,
1999; Michard et al., 2006; Platt and Whitehouse, 1999; S�anchez
Rodríguez, 1998; S�anchez-Rodrı

́

guez and Gebauer, 2000). In many
places, the HT metamorphism occurred at considerably lower
pressures than those associated with eclogite-blueschist facies
metamorphism, interpreted to reflect a pre-Miocene exhumation
stage in a subduction channel setting (Avigad et al., 1997; Jolivet
et al., 2003). The Miocene high-temperature metamorphism also
affected the Ronda peridotite at ~16 kbar (Lenoir et al., 2001), and
the juxtaposed Alpujarride metasediments at ~15 kbar (Argles
et al., 1999). Because the pressure difference between the perido-
tites and metasedimentary envelope was minimal, van Hinsbergen
et al. (2014a) concluded that the excision of the lower crust that
juxtaposed the peridotites to themetasedimentary units must have
predated the HT event rather than have caused it (as widely
perceived, e.g., Platt et al., 2013; Platt and Vissers, 1989; Pr�ecigout
et al., 2013), and was likely the result of Jurassic-Early Cretaceous
(hyper)extension of the southern Iberian margin, simultaneously
with slow break-up of the Piemonte-Ligurian Ocean (Vissers et al.,
2013). Such a hyperextension phase is consistent with the intrusion
of gabbroic dykes into the Alpujarride sedimentary units that
occurred around ~180Ma (Martin-Rojas et al., 2009; Tubía et al.,
2009).

In Algeria, the upper and lower Kabylides and Dorsale Calcaire
units lie thrust on intensely deformed deep-marine turbidite units
of the Maghrebian flysch and African passive margin rocks of the
Tell Belt (both included in the Tell Belt on Fig. 6), and the contact is
pierced by post-emplacement 16-15 Myr old granitoids (Benaouali-
Mebarek et al., 2006; Coulon et al., 2002; Maury et al., 2000;
Michard et al., 2006). Thrusting of the Upper and Lower Alboran
and Calcaire Dorsale units over the SE Iberian and NW African
margins led to 20-12Ma metamorphism in the Nevado-Filabride
and Tamsamane units, respectively (Behr and Platt, 2012; Booth-
Rea et al., 2012; G�omez-Pugnaire et al., 2012; Kirchner et al.,
2016; Negro et al., 2007; Platt et al., 2006). Mesozoic to Miocene
carbonate-dominated units that likely formed the original sedi-
mentary cover of the Nevado-Filabride and Temsamane units are
now found as the non-metamorphosed, thin-skinned Sub-Betic
and Rif fold-and-thrust belts that accommodated at least several
hundred kilometers of shortening (Chalouan et al., 2006; Crespo-
Blanc, 2007; Di Staso et al., 2010; Meijninger and Vissers, 2007;
Platt et al., 2003, 2013). The large-scale thrusting of the Alboran
units over the African and Iberian margins and over the intervening
flysch basin that formed in the oceanic corridor in between, largely
ceased around 8e9Ma (Fig. 7). Lower offset, thick-skinned
thrusting and transpressive deformation continues today in
northwest Morocco (Capella et al., 2017; Chalouan et al., 2006;
Comas et al., 1999; Crespo-Blanc and Campos, 2001; Do Couto et al.,
2016; Iribarren et al., 2007; Martínez-García et al., 2013; Medialdea
et al., 2004; Sani et al., 2007) andwas explained by resistance of the
Gibraltar Slab against African absolute plate motion (slab dragging)
(Spakman et al., 2018).

Between the Alpujarride and Nevado-Filabride units, HP-LT
mafic and ultramafic rocks and associated metasediments are
found with ~185Ma magmatic ages (Bodinier et al., 1987; Puga
et al., 1989, 2011), and ultramafic rocks and ~166 Myr old
gabbroic intrusions are also found in the non-metamorphic nappes
of the external Rif, where they are overlain by and reworked in
Jurassic sediments (Benzaggagh et al., 2014; Michard et al., 1992)
(Fig. 7). Finally, between the Rif and Betic chains, the Alboran units
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overlie a thick Jurassic to Miocene flysch sequence which contains
Jurassic mafic lavas (Durand-Delga et al., 2000). These Jurassic
mafic and ultramafic rocks are generally interpreted to be derived
from now-subducted ocean floor that once separated Iberia, Africa,
and the Alboran-Kabylides units (Durand-Delga et al., 2000;
Michard et al., 1992; Puga et al., 2011; van Hinsbergen et al., 2014a).

Towards the east, the Balearic islands contain a thin-skinned
fold-and-thrust belt of carbonate units that is correlated to the
Iberian passive margin stratigraphy exposed in the External Betic
thrust sheets (Díaz de Neira and Gil-Gil, 2013). On the island of
Mallorca, this stratigraphy became shortened by ~85 km along top-
to-the-northwest thrusts with ages of shortening estimated be-
tween 26 and 16Ma (Gelabert et al., 1992; S�abat et al., 2011), i.e.
simultaneously with the opening of the Gulf of Valencia. The island
of Ibiza, on the other hand, was in extension during this time
period, and underwent a brief period of ~N-S shortening in the
middle Miocene, when the Kabylides collided with North Africa.
This was followed by renewed extension during the E-Wopening of
the Algerian Basin (Etheve et al., 2016).

More detailed kinematic constraints on the evolution of the SW
Mediterranean region were reviewed and reconstructed in van
Hinsbergen et al. (2014a). We use their reconstruction as a basis
for this study, although we will critically re-evaluate some of the
paleogeographic interpretations in that study in the light of the
pre-Cretaceous history reconstructed here.

5.4. Provence; Gulf of Lion; Corsica, Sardinia; Tyrrhenian Sea

The northwestern and central Mediterranean region host two
major Cenozoic extensional basins. The Gulf of Lion Basin separated
the Corsica-Sardinia Block from the Provence margin of southern
France, and the Tyrrhenian Basin formed between Sardinia and the
Calabrian Block in the south, and Corsica and the Apennine fold-
and-thrust belt in the north where extension overprints pre-
Miocene parts of the Alpine and Apennine thrust stack (Fig. 1).

The Gulf of Lion Basin opened between 30 and 16Ma. In a first
stage, this happened cylindrically, accommodating ~100 km of
extension between 30 and 21Ma (Bache et al., 2010; S�eranne,
1999), including the exhumation of an 80 km wide core complex
along the Provence margin (Jolivet et al., 2015a). At ~21Ma,
extension in the Gulf of Lion became accommodated by oceanic
spreading, which formed up to 200 km of oceanic crust (Burrus,
1984; Gorini et al., 1993; S�eranne, 1999) (Fig. 6). There are no un-
equivocal marine magnetic anomalies reported, but based on
paleomagnetic data from Corsica and Sardinia (see section 6.2.4),
extension must have continued until ~16Ma (Gattacceca et al.,
2007) and the magnitude of NW-SE to E-W extension increased
southeastward to become maximum along the North Baleares
Transform Zone (S�eranne, 1999; van Hinsbergen et al., 2014a).

To the north, the Gulf of Lion is bordered by the Eurasian con-
tinental margin of the Provence (Fig. 1). The geology of the Pro-
vence shows evidence for Paleogene (~60-30Ma) top-to-the-north
directed thrusting accommodating a minimum of 15e30 km of N-S
to NW-SE shortening (Andreani et al., 2010; Arthaud and Laurent,
1995; Espurt et al., 2012a; Lacombe and Jolivet, 2005; Tempier,
1987). This shortening, which must have occurred between Cor-
sica and Eurasia prior to opening of the Gulf of Lion, may have been
considerably larger, but was overprinted by the Gulf of Lion
extension, which hampers further shortening estimation (Advokaat
et al., 2014b; Lacombe and Jolivet, 2005).

The conjugate, eastern margin of the Gulf of Lion is formed by
the Corsica-Sardinia Block (Fig. 6). The geology of Corsica and
Sardinia is dominated by Variscan basement overlain by a discon-
tinuous Permian to Cenozoic sedimentary cover including Neogene
volcanic rocks. The Variscan basement comprises metamorphic
rocks that experienced HP metamorphism between 420 and
350Ma overprinted by late Variscan extension and HT meta-
morphism between 350 and 345Ma. These were intruded by large
granitoid plutons in multiple stages between 340 and 280Ma (e.g.,
Casini et al. (2012) and references therein). Corsica and northern
Sardinia expose metasedimentary and meta-igneous rocks, which
reach high-grade, up to migmatite, in the north with ~345Ma ages
(Carmignani et al., 1994; Faure et al., 2014; Giacomini et al., 2006).
Central Sardinia contains a low-grade Variscan nappe stack, while
South Sardinia is part of the non-metamorphosed Variscan foreland
(Casini et al., 2010; Funedda et al., 2015). Cenozoic deformation on
Sardinia is limited to relatively small-scale Eo-Oligocene, top-to-
the-southwest thrusting, with an estimated (but debated: Berra
et al. (2017)) magnitude of ~15 km, overprinted by post-Oligocene
strike-slip faults (Arragoni et al., 2016). Northeastern, ‘Alpine’
Corsica in addition contains a west-verging ‘Alpine’ nappe pile
thrust over the Variscan autochthon that constitutes most of the
Corsica-Sardinia Block. We will review the constraints on this his-
tory in section 5.6, where we describe the architecture of the Alps.

Sardinia and Corsica are bordered in the east by the extensional
Tyrrhenian Basin. Extension in the South Tyrrhenian Basin be-
tween Sardinia and Calabria started in the Serravallian (~13-11Ma)
as shown in supra-detachment basin sediments of the northwest
Calabrian Amantea Basin that is conjugate to the east Sardinia
margin (Mattei et al., 2002; Milia and Torrente, 2014). To the south,
the Tyrrhenian Sea is bounded by the right-lateral North Sicily Fault
(Rosenbaum and Lister, 2004b). Tyrrhenian Basin extension took
place in Plio-Pleistocene times and was accommodated along two
fast-spreading, but small (Vavilov and Marsili) ridges (Nicolosi
et al., 2006) not detailed on our tectonic maps. We follow the
reconstruction of Faccenna et al. (2001b) and Rosenbaum and Lister
(2004b) and restore ~550 km of 13e0Ma extension, ~300 km of
which occurred in the last 3Ma during the opening of the oceanic
basins.

The amount of extension in the North Tyrrhenian Sea is poorly
constrained but may have been on the order of ~150 km, decreasing
northward (Faccenna et al., 2001b, 2004; Rosenbaum and Lister,
2004b). On northeastern Corsica, western Tuscany, as well as on
islands such as Elba within the North Tyrrhenian Sea, major top-to-
the-East directed Miocene extensional detachments exhumed
metamorphosed parts of previously thickened crust (Bianco et al.,
2015; Brunet et al., 2000; Jolivet et al., 1990). Rb/Sr and 40Ar/39Ar
geochronology on mica yield extension-related cooling ages from
at least 21Ma or even as old as 32Ma and younger (Brunet et al.,
2000; Rossetti et al., 2015; Zarki-Jakni et al., 2004), consistent
with fission track ages showing rapid unroofing since early
Miocene (Cavazza et al., 2001). Extension from Corsica to Tuscany
thus appears to have started at least 8Ma earlier than extension
between Sardinia and Calabria in the Tyrrhenian Sea Basin.

5.5. Sicily; Calabria; Apennines

The Apennines are a NW-SE striking, NE verging fold-and-thrust
belt, comprising ocean and continent-derived sedimentary and in
places crystalline rock units thrust upon Adriatic continental crust
(e.g., Bernoulli, 2001; Calamita et al., 2011; Dewey et al., 1989;
Scrocca, 2006). The Apennines run through most of the Italian
Peninsula, forming two curved belts interpreted as oroclines (e.g.,
Cifelli et al., 2007, 2008a; Speranza et al., 1997). The northern
orocline (Northern Apennines) developed between the Alps-
Apennines junction are in northwestern Italy (Fig. 1) (Molli et al.,
2010) and the Pliocene Olevano-Antrodoco-Sibillini curved thrust
system in central Italy (Calamita et al., 2012) (Fig. 8). The current
front of the Northern Apennines is buried below sediments of the
Po plain or lies below the Adriatic Sea. The southern orocline,
known as Calabrian Arc (e.g., Cifelli et al., 2007, 2008a; Maffione
et al., 2013b; Vitale and Ciarcia, 2013) comprises the Southern
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Apennines, the crystalline rocks of the Calabro-Peloritan Nappes
and the underlying accretionary prism, and the Sicilian Maghre-
bides. The orogenic front of the Central and Southern Apennines is
exposed on the Puglia Peninsula (Figs. 1 and 8), where the orogenic
wedge is thrust over carbonate units of the Apulian Platform (Figs. 8
and 9, see section 5.5.3). From here towards the south, the thrust
front forms a tight curvature changing from a NW-SE to an E-W
direction in Sicily. There, the Maghrebides are thrust over the
Hyblean Platform that represents the African foreland (Figs. 8 and
9). The northern and southern oroclines meet in the Central
Apennines, where their interference leads to a complex deforma-
tion pattern with folds and thrusts at high angles in the Gran Sasso
area (Satolli et al., 2005; Speranza, 2003) (Figs. 1 and 8).

Growth of the Apenninic-Maghrebian orogenic system by
thrusting was for much of the Neogene accompanied by extension
and crustal attenuation in the Tyrrhenian Sea in the hinterland,
with both compressive and extensional fronts migrating towards
the foreland over time (Casero et al., 1988; Cello and Mazzoli, 1998;
Faccenna et al., 1997, 2001b; Malinverno and Ryan, 1986; Nicolosi
et al., 2006; Patacca et al., 1990; Rosenbaum and Lister, 2004b).
Below, we describe the structure and evolution of the different
segments of the Apennines orogenic system, from the Sicilian
Maghrebides to the Calabro-Peloritan Block, the Southern, Central,
and Northern Apennines and the Ligurian Alps.

5.5.1. Sicily
The Sicilian Maghrebides form an ~E-W trending, south-verging

fold-and-thrust belt (Figs. 1, 8 and 9) (e.g., Catalano et al., 1996;
Ogniben, 1960). The highest structural units of the Maghrebides are
the basement nappes of the Calabro-Peloritan Block (see Section
5.5.2), which is either considered part of Sardinia, or as an isolated
ribbon continent within the Alpine Tethys for part of its pre-
Neogene history (see e.g. Handy et al., 2010; Michard et al., 2006;
van Hinsbergen et al., 2014a). These basement units thrust in late
Oligocene-early Miocene time upon deep marine Upper Jurassic-
lower Miocene basinal carbonates, sandy mudstones, and turbi-
ditic sandstones known as the Sicilide Units, which are interpreted
to be derived from an oceanic or ocean-continent transition domain
(Catalano et al., 1996; Ogniben, 1960; Pepe et al., 2005). In the early
Miocene, (~20Ma), the Sicilide Units overthrust the Inner Carbon-
ate Unit, which is currently represented by an imbricated fan of
Mesozoic platform and basinal pelagic and turbiditic carbonate and
siliceous sediments, and Upper Triassic to Lower Jurassic shelf and
Jurassic to Paleogene deep-water carbonate rocks (Panormide
Platform, pre-Panormide slope, and Imerese Basin units, respec-
tively). The Inner Carbonate unit is thrust in Langhian to Pliocene
time (~14-4Ma) onto the Outer Carbonate units, including the
Trapanese and Saccense platforms and intervening Sicanian Basin
units, which currently consist of internally imbricated shallow and
deep-water Mesozoic-Cenozoic carbonates (Catalano et al., 1993).
In the middle Plio-Pleistocene, the Outer Carbonate units were
thrust over Hyblean Platform which is the stable foreland, and its
duplexed and deformed equivalent, the Gela Nappe (Butler et al.,
1992; Ogniben, 1969), a thin-skinned duplex containing
Cretaceous-Eocene clays, upper Oligocene-lower Miocene ‘Numi-
dian’ flysch, and lower Miocene to Pleistocene clastic sediments
and evaporites (Argnani, 1987; Butler et al., 1992; Catalano et al.,
1996). From the middle Pleistocene until today, the Gela Nappe
has been thrusting over the Hyblean carbonate platform in the
southeast of Sicily, which is the present-day stable foreland of the
Sicilian Maghrebides (Figs. 8 and 9) (Butler et al., 1992; Ogniben,
1969).

The northern nappes of the Sicilian Maghrebides became
extended along the southern margin of the Tyrrhenian Basin
simultaneously with the advancement of the thrust fronts in the
south (e.g., Doglioni, 1991; Doglioni et al., 1999; Malinverno and
Ryan, 1986; Pepe et al., 2005). A Tortonian to Messinian top-to-
the-north low-angle detachment fault system, cut by high-angle
normal faults (e.g., Catalano et al., 2013), was identified in the in-
ternal domains of the belt along the northern coast of Sicily (Giunta
et al., 2000; Pepe et al., 2005).

5.5.2. Calabria
The geology of Calabria and NE Sicily is dominated by units of

the Calabro-Peloritan Block exposed in the Aspromonte-Peloritani,
Serre, and Sila Massifs. This block contains the Stilo and
Aspromonte-Peloritani basement units and overlies the Africo-
Polsi metasedimentary thrust slices. Together, these form the
highest structural units of the Southern Apennines and Sicilian
Maghrebides (Figs. 8 and 9).

The Stilo unit consists of non-, to anchimetamorphic, up to 7 km
thick Upper Jurassic-Lower Cretaceous neritic carbonates. These
carbonates were unconformably deposited on Variscan, Upper
Devonian low-grade phyllites. The Variscan grade of meta-
morphism increases down-section from a chlorite to garnet to
staurolite-andalusite zone (Cirrincione et al., 2013; Fazio et al.,
2015) and is devoid of a noticeable Alpine metamorphic overprint
(Heymes et al., 2010). The Aspromonte unit is separated from the
overlying Stilo unit by an Alpine extensional detachment (Heymes
et al., 2008, 2010), which is associated with the Oligocene-lower
Miocene Stilo-Capo d’Orlando supra-detachment basin (Cavazza,
1989; Weltje, 1992). The Aspromonte-Peloritan unit consists of
high-grade Variscan and older continental basement rocks
(gneisses and schists) that experienced HT-LP (650e675 �C at
4e5 kbar) metamorphism around 305-290Ma (U/Pb monazite
ages), and subsequent granitoids were emplaced around 300-
290Ma (U/Pb zircon ages) (Graessner et al., 2000; Micheletti et al.,
2009; Ortolano et al., 2005). An Alpine metamorphic overprint at
5e8 kbar was reported from the lower (northern) part of the
Aspromonte Unit (Bonardi et al., 1984; Platt and Compagnoni,
1990). The Variscan HT-LP metamorphism was coeval with an
even higher grade metamorphism observed in the lower crustal
basement of the Aspromonte Unit (690e800 �C at 5.5e7.5 kbar
(Graessner et al., 2000)). In the Serre and the northerly adjacent Sila
Massif, the Aspromonte unit exposes a section across lower conti-
nental crust that is remarkably similar to that exposed in the Ivrea
Zone of the Alps, both in terms of age and metamorphic grade
(Handy et al., 1999; Schenk, 1990) (see section 5.6). Sm/Nd dating of
garnets in the Aspromonte unit in the Serre Massif yielded Triassic
ages down to ~215Ma age interpreted as cooling during the pre-
cursory stages of rifting of the Piemonte-Ligurian Ocean (Del Moro
et al., 2000; Micheletti et al., 2008).

The Calabro-Peloritan Block was thrust over the Africo-Polsi
unit, which is composed of Paleozoic metasedimentary and meta-
volcanic amphibolites and micaschists. Alpine metamorphism
reached 9.5e13.5 kbar at 400�-600 �C (Heymes et al., 2008, 2010;
Ortolano et al., 2005). Slivers of Mesozoic carbonates at the base of
the Apromonte-Peloritani unit in the Peloritani Mountains show
that thrusting was an Alpine event. In present-day coordinates this
thrusting was top-to-the-S to -SE in Sicily and top-to-the-SE in
Calabria (Cirrincione et al., 2012; Heymes et al., 2008; Langone
et al., 2006; Messina et al., 2004; Somma et al., 2005). The age of
thrusting is poorly dated, but must predate the ~30Ma onset of
crustal thinning operated by the two top-to-the-NE extensional
detachments (i.e. orthogonal to the thrust motion direction) that
cut and exhume the Aspromonte, Stilo, and Africo-Polsi units
(Heymes et al., 2008, 2010; Ortolano et al., 2005; Platt and
Compagnoni, 1990). The Africo-Polsi unit experienced an Alpine
metamorphic overprint reaching 11e12 kbar and 540e570 �C
(Cirrincione et al., 2008; Heymes et al., 2010; Ortolano et al., 2005;
Platt and Compagnoni, 1990). 40Ar/39Ar ages from the Africo-Polsi
unit give Alpine as well as Variscan ages and it is hence difficult



Fig. 8. Tectonic map of the central Mediterranean region. For key to abbreviations, see Table 4, for key to tectonic units, see Fig. 5. For location of the map within the Mediterranean
region, see Fig. 4.
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Fig. 9. Orogenic architecture charts for the Sicilian Maghrebides, Calabria, and the Apennines. For key to abbreviations, see Table 4, for key to tectonic units, see Fig. 5. For gional distribution of tectonic units, see Fig. 8. See Table 1 for
summery of kinematic constraints corresponding to this chart. Periods of metamorphism are indicated with dotted hatching, formation of oceanic basement (ophiolites ith vertical hatching, and formation of pre-Alpine crystalline
basement with curved hatching.
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to date the age of Alpine thrusting there, although a maximum age
limit for the Alpine overprint is probably around 46Ma (Heymes
et al., 2010) (Fig. 9).

Below the Africo-Polsi unit lies an accretionary complex, often
referred to as Ligurian accretionary complex, containing deep-
marine sediments and mafic rocks derived from oceanic crust
(e.g. Vitale and Ciarcia, 2013; Vitale et al., 2013). On our maps, these
are included in the Ligurian-Sicilide composite unit (Fig. 8),
whereby the Ligurides are ocean-derived units, and the Sicilide
units are the distal passive margin sediments. A non- to slightly
metamorphosed ‘Upper Ophiolitic Unit’ (Rossetti et al., 2001) un-
derlies the Calabro-Peloritan Block and consists of pelagic lime-
stones, pelites and turbiditic sandstones, with lenticular
serpentinite and pillow basalt bodies at the base, roughly dated
between the Upper Jurassic and Upper Cretaceous (Amodio Morelli
et al., 1976). The lower green-schist metamorphism (chlorite-albite
paragenesis) characterizing the basaltic rocks of this unit has been
ascribed to seafloor metamorphism (Rossetti et al., 2001). The
Lower Ophiolitic Unit consists of basal mafic and ultramafic rocks
grading into Mg carpholite-bearing quartz-mica schists, marbles
and calcschists that underwent HP/LT metamorphism (10e12 kbar/
330e380 �C) (Rossetti et al., 2001). 40Ar/39Ar dating on the high-
pressure phyllites yielded 38-33Ma ages, while the syn-
exhumation greenschist retrogression may have occurred until
~17Ma (Rossetti et al., 2001). Plastically deformed, carpholite-
bearing rock slices of the Lungro-Verbicario unit found deep in
the Ligurian accretionary complex (Vitale and Ciarcia, 2013) com-
prises Triassic (Anisian) to lower Miocene (Aquitanian) phyllites,
quartzites, marbles, metapelites, dolomites, red siliceous slates,
radiolarite beds, and evaporites and represents the distal-most
continental margin of Adria or Tethyan oceanic crust (Iannace
et al., 2007). The Aquitanian fossils in this unit are considerably
younger than the late Eocene to Oligocene 40Ar/39Ar ages reported
by Rossetti et al. (2001, 2004) from the Ligurian accretionary
complex. This may indicate that the Ligurian accretionary prism
formed throughout the late Eocene to early Miocene, although a
35.5 þ 0.1 Ma 40Ar/39Ar age obtained by Rossetti et al. (2004) (their
sample CLB8) appears to come from the same Lungro-Verbicario
unit and, therefore, is likely in conflict with the biostratigraphic
constraints.

Parts of the Ligurian accretionary complex were exhumed along
top-to-the-west extensional detachments, antiparallel to the
overall thrust direction, and orthogonal to the detachments cutting
the higher Calabro-Peloritan units. Clasts of ophiolitic rocks are not
found in the Oligocene Stilo-Capo d’Orlando Basin, but are first
found reworked in the middle Miocene of the Amantea Basin
(Argentieri et al., 1998) that forms a supra-detachment basin above
a top-to-the-west extensional detachment (Mattei et al., 1996).

The Ligurian accretionary complex and overlying Calabro-
Peloritan units lie thrust upon the Sicilian nappes in Sicily, as
described above, on the Apenninic carbonate platform of the
Southern Apennines to the north, and on an Oligocene to Quater-
nary accretionary wedg, likely derived from now-subducted
oceanic Ionian lithosphere that once intervened Adria and Sicily
(Cavazza and Barone, 2010; Minelli and Faccenna, 2010). In the last
6-5Ma, the left-lateral North Pollino Fault Zone formed, which now
marks the boundary between the Southern Apennines and the
Calabro-Peloritan Block (Catalano et al., 1993; Knott and Turco,
1991; Monaco et al., 2001). Rosenbaum and Lister (2004a, 2004b)
proposed that this fault accommodates ongoing southeastward
motion of Calabria relative to Adria associated with the young and
rapid extension in the South Tyrrhenian Sea.

5.5.3. Southern Apennines
The nappes of the Southern Apennines comprise an assemblage

of sedimentary units of continental and oceanic origin (e.g., Cello
and Mazzoli, 1998; Patacca and Scandone, 2007). The Southern
Apennines contain a nappe stack that accommodated at least
300 km of shortening, and is currently arranged into a NE-verging,
dominantly thin-skinned fold-and-thrust belt. Thick-skinned
thrusting affected the deepest structural unit (i.e. the Apulia Plat-
form), which is still attached to downgoing Adria (Butler et al.,
2000; Cello and Mazzoli, 1998; Lentini et al., 2002; Monaco et al.,
1998; Noguera and Rea, 2000; Scrocca et al., 2005).

Here, we follow the first-order unit subdivision proposed by
Mostardini and Merlini (1986) and describe the units from struc-
turally high to low and from internal to external. In the Southern
Apennines the Upper Jurassic to Oligocene ophiolite-bearing Lig-
urian units and Upper Cretaceous to lower Miocene non-
metamorphic pelagic Sicilide Units form the highest nappe, and
are structurally equivalent to the Ligurian accretionary complex of
Calabria (Monaco and Tortorici, 1995; Ogniben, 1969; Vitale and
Ciarcia, 2013). These units were initially thrust over the Apen-
ninic Platform in Burdigalian-Langhian time (20-14Ma), and then
were thrust again during an out-of-sequence stage in the Tortonian
(Argnani, 2000; Maffione et al., 2013b; Mazzoli et al., 2001b;
Morley, 1988; Mostardini and Merlini, 1986; Patacca and Scandone,
2007). The Apenninic Platform nappe comprises Upper Triassic-
lower Miocene platform carbonates (Argnani, 2000; Mazzoli
et al., 2001a; Mostardini and Merlini, 1986; Patacca and
Scandone, 2007), which were thrust in Serravallian time (14-
11Ma) over rocks of the Lagonegro Basin comprising Middle
Triassic-Cenozoic pelagic rocks of the Lagonegro basin (Boiano,
1993, 1997; Mazzoli et al., 2008; Ogniben, 1969; Pescatore et al.,
1999). In the meantime, the internal parts of the Southern Apen-
nines became affected by NW-SE striking, SW-dipping normal
faults associated with the opening of the Tyrrhenian basin (Cello
and Mazzoli, 1998; Patacca et al., 1990). Since late Tortonian-early
Messinian time (11-6Ma), the Lagonegro Basin rocks were
emplaced above the Apulia Platform, which comprises Mesozoic-
upper Miocene platform carbonates (Mostardini and Merlini,
1986; Ricchetti et al., 1988). Between the Messinian and the early
Pleistocene, the Southern Apenninic wedge thrust the Apulia
Platform over more than 100 km. In the early Pleistocene The
Apulia Platform was then thrust forming a large-scale antiformal
stack known as “buried Apulian belt” (Cello et al., 1989).

5.5.4. Central Apennines
The Central Apennines comprise a complexly deformed nappe

stack that exposes rocks from four adjacent paleogeographic do-
mains that are in part equivalent to those exposed in the Southern
Apennines. From structurally high to low, and internal to external,
these domains there are: (i) the Sicilide Units, (ii) the Latium-
Abruzzi Platform, equivalent to the Apenninic Platform, (iii) the
Molise Basin, forming the northward extension of the Lagonegro
Basin, and (iv) the Apulia Platform (Cosentino et al., 2010; Patacca
et al., 1990; Vezzani et al., 2010). The attribution of the Sannio
Unit to either the Molise Basin (Vezzani et al., 2010) or a more in-
ternal unit (Cosentino et al., 2010) remains controversial.

The central-western sectors of the Central Apennines are
dominated by an overall NW-SE structural trend, which connects
with structures in the Southern Apennines. Approximately N-S
striking thrusts dominate instead in the eastern sector of the
Central Apennines (i.e. Latium-Abruzzi unit in the eastern Gran
SassoMountain) (Fig.1). As for the Southern Apennines, the Central
Apennines formed upon E- to NE-ward (forelandward) propagation
of thrusts (Fig. 9), which is reflected in the eastward younging of
foredeep basins and thrust-top basins (e.g., Cipollari and Cosentino,
1995; Patacca et al., 2008).

The tectonic units forming the Central Apennines are described
according to Vezzani et al. (2010) and Cosentino et al. (2010). The
highest structural domain is represented by the Sicilide Units (Elter
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et al., 2012), equivalent to those exposed in the Southern Apen-
nines, which were emplaced over the western edge of the Latium-
Abruzzi Platform (Mt. Caccume Klippe and Carpineto Romano area
(Angelucci and Devoto, 1966)) between the late Oligocene and the
Burdigalian (25-16Ma) (Vitale and Ciarcia, 2013). Eastward prop-
agating thrusting within the Latium-Abruzzi Platform started in the
Tortonian and continued throughout the Messinian (11-7Ma)
(Cavinato and DeCelles, 1999; Cosentino et al., 2010). The eastern
part of the Latium-Abruzzi Platform was thrust in the Messinian-
early Pliocene (7-4Ma), above the adjacent Molise Basin (Figs. 8
and 9) (e.g., Cosentino et al., 2010; Patacca et al., 1990; Vezzani
et al., 2010). Shortly after, the Umbria-Marche basinal units of the
Northern Apennines to the north of the Latium-Abruzzi Platform
were obliquely thrust eastward over the carbonate units of the
Central Apennines along the N-Sestriking Olevano-Antrodoco-
Sibillini out-of-sequence thrust (see Section 5.5.5). At the end of
the Pliocene (~4-3Ma) the Gran Sasso massif was emplaced to the
north upon a local, out-of-sequence event (Satolli et al., 2005;
Speranza, 2003). Finally, the eastern edge of the Latium-Abruzzi
Platform was incorporated into the orogenic wedge in the middle
Pliocene, forming an east-facing macro-anticline. The deformation
of the eastern sector of the Central Apennines is structurally com-
plex due to the interference of younger, ~E-W trending out-of-
sequence thrusts (e.g. the frontal Gran Sasso thrust) and older ~N-
S trending thrusts. After the Pliocene, approximately N-S trending,
predominantly right-lateral strike-slip faults (although also left-
lateral strike-slip faults like the Rovereto Fault formed (e.g., Sirna,
1988)) dismembered and reactivated pre-existing contractional
structures (e.g., Corrado et al., 1997). We do not explicitly restore
this motion in our reconstruction but ascribe it to complex Central
Apennine tectonics at the junction of the Calabrian and North
Apennine oroclines.

Extensional tectonics, producing mainly NW-SE striking normal
faults, affected the Central Apennines from the late Messinian until
Recent (e.g., Calamita et al., 1994; Cavinato and DeCelles, 1999;
D'Agostino et al., 2001). Section balancing along a SW-NE oriented
profile crossing the Central Apennines indicates minimum total
shortening of 116 km, 82 km of which occurred during Messinian to
Pleistocene out-of-sequence thrusting, while a total of 175 km
shortening is calculated when assuming an in-sequence thrusting
(Ghisetti et al., 1993).

5.5.5. Northern Apennines
The transition from the Central Apennines to the Northern

Apennines is abrupt and follows the left lateral and N-S striking
Olevano-Androcco lateral ramp that curves around in the north into
the NNW-SSE-striking Sibillini top-ENE thrust (Calamita et al.,
2012). This curved fault formed late and out-of-sequence and
obliquely thrusts the Triassic to Miocene Umbria-Marche-Sabine
Tectonic Unit, characterized by Meso-Cenozoic shelf-to-basin and
deeper-water limestones of the Umbria-Marche and Sabine do-
mains, over uppermost Miocene to lowermost Pleistocene deposits
of the Periadriatic foothills, with a similar sedimentary succession,
in front of the Sibillini thrust (Calamita et al., 1994). The Olevano-
Androcco lateral tramp obliquely thrusts the Umbria-Marche-
Sabine Tectonic Unit over the Apenninic Platform units of the
Central Apennines.

The Northern Apennines is a curved fold-and-thrust belt with
an overall NE-ward vergence, towards the Adriatic foreland (e.g.,
Argnani, 2012; Molli et al., 2010; Picotti and Pazzaglia, 2008). The
main trend ranges from WNW-ESE in the northern limb of the
salient, to ~N-S in the southern limb (Fig. 8). The transition between
the Northern Apennines and western Alps is gradual because the
late stages of the Apennines orogeny also affected the Ligurian Alps
that became a part of the Apennines. The often-quoted Sestri-
Voltaggio Line (Fig. 8), claimed to represent the boundary between
the two orogens (Miletto and Polino, 1992) is best interpreted as a
top-to-the-east extensional fault within the Alpine system
(Hoogerduijn Strating, 1994) exhuming the HP-LT ultramafic Voltri
Massif (Vignaroli et al., 2010), overprinted by minor strike-slip
faulting (Crispini and Capponi, 2001). This normal fault predates
the Eocene-Oligocene boundary deduced from overlying sediments
of the Cenozoic Piedmont Basin (Gelati et al., 1992). The Voltri
Massif was buried below the ophiolites of the Internal Ligurian
units (see below) at or before 65Ma, during ‘Alpine’, i.e. west-
vergent thrusting, and was then extensionally exhumed since
~35-30Ma as part of the top-west orogeny that also affected
northern Corsica (Vignaroli et al., 2010) (see section 5.6.1). For the
Apennines, the Voltri Massif and similar metamorphic massifs to
the east were passive riders that are part of the Internal Ligurian
units.

From the eastward younging of foreland basin deposits in the
Northern Apennines, a first-order eastward migration of the
orogenic fronts since the late Oligocene is inferred (e.g., Argnani
and Lucchi, 2001), with minor out-of-sequence thrusting also be-
ing documented (Picotti and Pazzaglia (2008) and references
therein). The so-called Internal Ligurian units (Elter et al., 1966),
together with the Tuscan Ligurides are the most internal and
highest structural units of the Northern Apennines and are today
exposed along the Tyrrhenian coast (Fig. 8) as well as on the Giglio
and Gorgona islands. The Internal Ligurian and Tuscan Ligurides
consist of dismembered ophiolites exposing mantle and oceanic
crustal rocks with 170e168Ma ages, Upper Jurassic to Lower
Cretaceous cherts, limestones and shales and an Upper
CretaceousePaleocene turbiditic sequences (Balestro et al., 2019;
Marroni and Pandolfi, 1996) that represent the pelagic cover of the
Alpine Tethys Ocean (Decandia, 1972; Marroni et al., 2010; Marroni
and Treves, 1998). The Tuscan Ligurides (Figs. 8 and 9) have similar
characteristics but lack the earlier Alpine deformation that is pre-
sent in the Internal Ligurides. In the Paleocene to early Eocene these
units were part of the European foreland-verging (W to NW) Alpine
orogen (e.g. Marroni and Pandolfi, 1996; Pertusati and
Horrenberger, 1975), and only subsequently during the main
Oligocene Apenninic tectonics they were retro-thrust towards
Adria (Molli, 2008; Molli et al., 2010). The most internal parts of the
Internal Ligurian units (exposed today in the Gorgona Island)
exhibit high-pressure metamorphism dated at ~25Ma (Brunet
et al., 2000) and interpreted as related to the earliest, east-
verging Apenninic phase (Faccenna et al., 2001a; Jolivet et al.,
1998; Brunet et al., 2000; Rossetti et al., 2002).

The External Ligurian units are derived from an ocean-continent
transition domain, lack coherent slices of oceanic crust and mantle
rock and include a m�elange-type basal complex with both oceanic
and continental units and Triassic-Jurassic sedimentary sequences
derived from the thinned continental margin of Adria. These are
overlain by Upper Cretaceous to Paleogene flysch and upper
Oligocene and younger wedge-top ‘Epiligurian’ basins (Marroni
et al., 1988, 2001; Molli, 2008). The Val Marechhia Ophiolite
(Fig. 8) is the easternmost remnant of the Internal and Tuscan
Ligurides and overlies the External Ligurides (Plesi et al., 2002). The
Internal, External, and Epi-Ligurian units were thrust onto the Sub-
Ligurian units during the Early Miocene (Molli et al., 2010). The
Sub-Ligurian units are characterized by strong thickness variability
locally reducing to zero, and are represented by Upper
CretaceouseEocene shales and carbonates, and younger sand-
stones and shaly-calcareous deposits, followed by an
Oligoceneelower Miocene (Aquitanian) flysch sequence (Cerrina
Feroni et al. (2002) and references therein). They were accreted
to the Ligurides during the early Miocene (Molli et al., 2010). The
first deformation phase recognized in the Sub-Ligurian units has
been dated to the early Oligocene (c. 30 Ma) (e.g., Cerrina Feroni
et al., 2002). The paleogeographic origin and structural position
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of the Sub-Ligurian units is comparable to that of the Sicilides of the
Central and Southern Apennines (Elter et al., 2003). The Sub-
Ligurian units are not specifically identified on our tectonic map,
but are included in the Ligurides, collectively representing upper
plate rocks (Tuscan Ligurian, ophiolites), overlying ocean-derived
m�elange (External Ligurian) and distal passive margin (Sub-
Ligurian).

The Tuscan tectonic units are mostly exposed in extensional
windows and form the more internal parts amongst all the units
that are structurally below Ligurian and Sub-Ligurian units. The
Tuscan units are composed of Triassic to lowermost Jurassic plat-
form carbonates overlain by pelagic sediments formed during
continental margin subsidence of Adria (Bernoulli, 2001). Oligo-
cene to Early Miocene turbidite sequences (Pseudomacigno and
Macigno Units) are also present in the Tuscan units and have been
interpreted as syn-contractional clastic wedges of the Apennine
foredeep and wedge top basins. The Tuscan nappes were deformed
at shallow structural levels while their original underpinnings the
Tuscan metamorphic units, were deeply buried into the accre-
tionary wedge and became metamorphosed (Tuscan metamorphic
units) in the late Oligocene-early Miocene (~25-16Ma) (Brunet
et al., 2000; Kligfield et al., 1986) under medium to high-pressure
greenschist facies conditions (up to 6e8 kbar and 450 �C in the
Alpi Apuane, and 10 kbar and 350 �C farther south in the Mon-
tagnola Senese and Argentario areas (Molli et al., 2001). A record of
Cretaceous to Eocene minor contraction of this domain is recorded
within the Scaglia Formation and reflected in several internal un-
conformities (Fazzuoli et al., 1994). Internal shortening within the
Tuscan unit progressed throughout the Miocene producing an
overthickened orogenic wedge which returned to a more stable
configuration in the late Miocene by developing syn-collisional
core-complex-type low angle normal faults, which exhumed the
Tuscan metamorphic units between 13 and 10Ma ago (Fellin et al.,
2007), just before other high-angle normal faults related to the
opening of the Tyrrhenian Sea developed (Carmignani and
Kligfield, 1990).

The current configuration of the Northern Apennines has the
Tuscan units thrust over the Umbria- Marche units, with both units
covered by the more external Ligurian units. Paleogeographically
the Umbria-Marche units represent the eastern and more proximal
part of the Tuscan passive margin (Bernoulli, 2001) characterized
from bottom to top by Upper Triassic evaporates below platform
carbonates and Middle Jurassic to Palaeogene pelagic sediments.
These are overlain by Oligocene to lower Miocene clastics and
Serravallian to Tortonian foreland basin clastics (Barchi et al., 2012;
Calamita et al., 1994). Thrusting of the Umbria-Marche units
occurred throughout the middle to late Miocene (ca. 16-7Ma) (e.g.,
Barchi et al., 2012; Speranza et al., 1997). In the southern limb of the
northern Apennines Arc, the Umbria-Marche units started to thrust
at 7Ma towards the ENE over the Messinian to Pleistocene terri-
genious clastic deposits of the external foredeep (Calamita et al.,
2012; Casati et al., 1976). Post-7Ma thrusting in the external fore-
deep units culminated in ~100 km of shortening (Calamita et al.,
1994). Ghisetti et al. (1993) obtained a total of 74e133 km of
shortening (depending on the assumed decollement horizons)
along an E-W section along a profile that also includes shortening
within the Umbria Marche units west of the Sibilini frontal thrust,
depending on assumptions regarding the choice of the decollement
horizons. Finetti et al. (2001) interpreted the SW-NE oriented
CROP-03 seismic reflection line across the Northern Apennines and
estimated 71 km and 85 km shortening for the late Oligocene to
early Miocene and the late Miocene to present stages, respectively.

Finally, towards the junction with the Alps, the WNW-ESE
striking northern limb of the northern Apennine Arc comprises
the External Ligurides that are traced all the way to the Monferrato
Hills west of Torino, located north of the Tertiary Piedmont Basin,
and the E-W-striking segment of the Ligurian Alps (Elter and
Pertusati, 1973; Hoogerduijn Strating et al., 1991; Mosca et al.,
2009) (Fig. 8). The Oligo-Miocene Piedmont Basin is essential for
restoring the deformation in the Alps-Apennines transition zone
(the ‘Ligurian Knot’) since it seals the south-facing Alpine nappe
stack of the Ligurian Alps but is transported piggy-back towards the
north during the Apenninic thrusting of both Ligurian Alps and
External Ligurides in the late Miocene to Pliocene (Piana, 2000).

From the eastward younging of foreland basin deposits in the
Northern Apennines, a first-order eastward migration of the
orogenic front since the late Oligocene is inferred, (e.g., Argnani and
Lucchi, 2001), similar to the southern sectors of the Apennines,
although also out-of-sequence thrusting has been documented
(Picotti and Pazzaglia, 2008 and references therein). The early
tectonic history of the Internal Ligurides was characterized by top-
to-the-West to NW Alpine thrusting (e.g. Marroni and Pandolfi,
1996; Pertusati and Horrenberger, 1975) during the Paleocene to
early Eocene, when the Internal Ligurides formed the highest
structural unit during Alpine thrusting. The most internal and
metamorphic parts of the most internal Tuscan Ligurian units
(Gorgona Island) exhibit high-pressure metamorphism dated at
~25Ma (Brunet et al., 2000) and is related to the Apenninic, east-
vergent thrusting that must have been underway by late Oligo-
cene time (Faccenna et al., 2001a; Jolivet et al., 1998; Rossetti et al.,
2002) and was followed by the Northern Apennine nappe stacking
described above.

5.6. Alps; AlCaPa

The Eastern Alps form an E-W trending fold-and-thrust belt in
the north of the Mediterranean region that continue eastwards as
the Western Carpathians. The Western Alps define a large-scale
arch, progressively bending the E-W trend of the Eastern Alps
into a N-S and finally into an E-W trend in Liguria, and N-S again on
northeastern Corsica (Figs. 1 and 10). Together with the Western
Carpathians the Alps were thrust towards and onto the European
foreland (Figs. 10 and 11). The Alps accretionary wedge consists of
continent and ocean-derived units that were thrust in Late Creta-
ceous to Cenozoic times. A prominent along-strike change is
marked by the nature of the highest structural units above this
wedge: In the Eastern Alps this ‘orogenic lid’ consists of a
continent-derived Lower Cretaceous nappe pile (Austroalpine
nappes) while in the Western Alps the highest structural units are
dominantly non-metamorphic ophiolitic units derived from those
parts of the Piemonte-Ligurian Ocean that escaped subduction
(Handy et al., 2010). The Southern Alps (Fig. 10) represent a retro-
wedge characterized by mainly Neogene-age top-to-the-S
thrusting of Adria-derived rocks, with Adria as the foreland. To the
east, this retro-wedge gradually changes or transfer its offsets to the
dominantly dextral shearing displacement of the Peri-Adriatic
lineament that mark the transition to the Pannonian Basin and
the Dinarides (Frisch et al., 2000; Tomljenovi�c and Csontos, 2001;
Vrabec and Fodor, 2006; W€olfler et al., 2011; Zibret and Vrabec,
2016). In our reconstruction, we adopt the mega-unit subdivision
of the Alps of Schmid et al. (2004a, 2004b) (Fig. 10).

Below, we first describe the nappe structure of Alpine Corsica
and the western Alps from structurally high to low, then indicate
changes towards the east, and finally describe how Oligocene and
younger deformation that re-deformed the nappe stack.

5.6.1. Alpine Corsica
The highest structural units of ‘Alpine Corsica’ (Nappe Super-

ieure) contain non-metamorphic Jurassic ophiolites (the Balagne
nappe) and continental basement (the Nebbio klippe and Santa
Lucia unit, not specified on our tectonic map). These are underlain
by HPmeta-ophiolites associatedwith the Schistes Lustr�es, forming



Fig. 10. Tectonic map of the northern Mediterranean region. For key to abbreviations, see Table 4, for key to tectonic units, see Fig. 5. For location of the map within the Mediterranean region, see Fig. 4.
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Fig. 11. Orogenic architecture charts for Alpine Corsica, the Alps, and the AlCaPa Block. For key to abbreviations, see Table 4, for key to tectonic units, see Fig. 5. For regional
distribution of tectonic units, see Fig. 10. See Table 1 for summery of kinematic constraints corresponding to this chart. Periods of metamorphism are indicated with dotted hatching,
formation of oceanic basement (ophiolites) with vertical hatching, and formation of pre-Alpine crystalline basement with curved hatching.
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the southern continuation of the Piemonte-Ligurian metamorphic
units of the Alps. Variscan basement and sedimentary cover units
with an Alpine metamorphic overprint form the deepest units (i.e.
the Tenda Unit) (Figs. 10 and 11).

The weakly deformed and extensionally dismembered Jurassic
ophiolites and an Upper Jurassic to Upper Cretaceous volcano-
sedimentary cover of the Nappes Sup�erieures in places overlies
thrust slices derived from Variscan basement and sedimentary
cover units that underwent no more than sub-greenschist facies
metamorphism (Marroni and Pandolfi, 2003; Vitale Brovarone
et al., 2013 and references therein). The ophiolites, interpreted to
have formed at a slow-spreading mid-ocean ridge (Sanfilippo and
Tribuzio, 2012), are overlain by Lower Cretaceous (Barremian to
Aptian) continental clastic sediments (Marroni et al., 2004), and
they are interpreted to have formed close to an ocean-continent
transition (Vitale Brovarone et al., 2013). Below the ophiolites lie
the Upper External Continental Units (Vitale Brovarone et al., 2013)
that largely escaped Alpine metamorphism and contain pre-Alpine
basement with Permian HT metamorphism and Jurassic (188-
165Ma) exhumation ages, the latter interpreted to relate to the
rifting stages of the Alpine Tethys (Beltrando et al., 2013; Rossi et al.,
2006). The mixed association of ocean and continent-derived units
has in recent years been interpreted as derived from a hyper-
extended ocean-continent transition zone, whereby the internal
continental units represent klippen of Variscan continental base-
ment overlying exhumed mantle portions (e.g., Beltrando et al.,
2013; Marroni and Pandolfi, 2007; Vitale Brovarone et al., 2011).

The Corsican Schistes Lustr�es are a composite series of thrust
slices of metamorphosed sedimentary, mafic, and ultramafic rocks
interpreted to be derived from ocean floor (Vitale Brovarone et al.,
2013). Protolith ages of the mafic rocks range from 162 to 155Ma
(e.g., Rampone et al., 2009) and are associated with N-MORB
geochemical signatures (Saccani et al., 2008b). These rocks pre-
served structural and stratigraphic evidence for the presence of
former oceanic core complexes, indicating formation in a slow-
spreading ridge environment (Lagabrielle et al., 2015). The
Schistes Lustr�es is metamorphosed to blueschist to eclogite facies,
although the peak metamorphic conditions vary between tectonic
slivers, from 8 to 26 kbar and 300 to >500 �C (Vitale Brovarone
et al., 2013 and references therein). Garnet and lawsonite Lu/Hf
ages obtained from the highest-grade lawsonite-eclogites of the
Schistes Lustr�es interpreted to date peak metamorphism yield ages
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ranging from 37.5± 1.3Ma to 34.2± 1.6Ma (Vitale Brovarone and
Herwartz, 2013). Consequently, these authors interpreted late
Eocene 40Ar/39Ar ages on phengite to reflect the age of HP meta-
morphism rather than exhumation-related cooling as originally
proposed (Brunet et al., 2000). Lahond�ere and Guerrot (1997),
however, provided a Sm/Nd age of an eclogite of the Schistes
Lustr�es of 83.8± 4.9Ma and suggested that subduction-related
metamorphism already occurred in Cretaceous time. The much
younger Eocene ages obtained from U/Pb, Lu/Hf, and 40Ar/39Ar
would then reflect late-stage retrogression and metasomatism (e.g.
Brunet et al., 2000; Molli and Malavieille, 2010). The latter inter-
pretation is consistent with the pre-late Eocene ages of meta-
morphism of the deepest, Tenda and Lower External Continental
units that derived from Corsican continental basement.

The Tenda Unit was deeply buried, metamorphosed, and
exhumed (Molli, 2008; Molli et al., 2006; Vitale Brovarone et al.,
2013) and underwent blueschist-facies metamorphism (8e11
kbar/300e500 �C, e.g. Molli et al. (2006)) estimated by U/Pb dating
to occur at 54± 8 to 48± 18Ma (Maggi et al., 2012) and by 40Ar/39Ar
on phengite at >45-32Ma (Brunet et al., 2000). Above the Tenda
Massif lie the ‘Lower External Continental Units’ (Vitale Brovarone
et al., 2013), also derived from the Variscan Corsican basement,
metamorphosed at blueschist facies (5e8 kbar, 300e370 �C
(Malasoma et al., 2006)). Metamorphosed sediments in these most
external units are of Priabonian (38-34Ma) (Ferrandini et al., 2010)
and Bartonian (41-38Ma) (Bezert and Caby, 1988) age, requiring a
HP metamorphic age of late Eocene at the oldest. U/Pb dating from
rims of an inherited zircon yielded an age of 292± 3.3Ma, reflecting
Permian HT metamorphism of the Variscan basement, of the
external continental units, and an outermost rim gave 34.4± 0.8Ma
interpreted as the age of Alpine HP metamorphism (Martin et al.,
2011). On the other hand, non-metamorphosed Eocene sediments
have been reported to straddle the contact between the Schistes
Lustr�es and Variscan Corsica (Egal, 1992) and HP minerals were
reported from anchimetamorphosed Eocene sediments (Amaudric
du Chaffaut and Saliot, 1979). The metamorphic units of Alpine
Corsica were exhumed starting in Oligocene time associated with
the opening of the Tyrrhenian Basin (Brunet et al., 2000; Rossetti
et al., 2015; Zarki-Jakni et al., 2004) (see section 5.4).

5.6.2. Western Alps
The highest structural units of the western Alps are ophiolite-

bearing klippen that preserve part of the ophiolite pseudostratig-
raphy and that escaped metamorphism beyond prehnite-
pumpellyite facies. These are thought to belong to the original
upper plate of the subduction system, which in the western Alps
consisted of Piemonte-Ligurian oceanic lithosphere (Schmid et al.,
2017). The most prominent amongst these klippen is the Chenail-
let Ophiolite (Li et al., 2013). This ophiolite, with gabbros and dol-
erites with Mid-Ocean Ridge Basalt (MORB) geochemical
compositions and crystallization ages around 165Ma, preserves
detachment faults and oceanic core complexes suggesting they
formed at a slow-spreading ridge (Li et al., 2013; Manatschal et al.,
2011). These rocks were interpreted to derive from the Piemonte-
Ligurian Ocean, where slow spreading between 170 and 145Ma
was inferred from reconstruction of Atlantic magnetic anomalies
(Vissers et al., 2013). Other upper plate units in the Western Alps
include the Canavese unit, which contains Permian high-
temperature metamorphic basement, Triassic platform carbonates
and Jurassic-Cretaceous deep-marine rocks interpreted to be
deposited close to an ocean-continent transition, likely of Adria
(Beltrando et al., 2014; Ferrando et al., 2004), and various Hel-
mintoid flysch bearing units (Schmid et al., 2017; their Fig. 6). The
latter are located at the front of theWestern Alps, occasionally carry
an ophiolitic m�elange at their base and are considered to be derived
from the Piemonte-Ligurian Ocean, close to a continental margin,
likely Adria (Molli et al., 2010). These highest structural units, here
collectively referred to as Upper West-Alpine nappes, as well as
the Nappes Sup�erieures of Corsica, were thus likely part of a piece
of Piemonte-Ligurian oceanic lithosphere originally attached to the
west and northwest of the Adria continental fragment, and part of
the same tectonic plate (Handy et al., 2010).

The non-metamorphosed Chenaillet ophiolitic klippe rests with
a tectonic contact on meta-ophiolites, also with relict oceanic core
complexes, and associated calcschists, here referred to as Pie-
monte-Ligurian units. These were deeply underthrust and meta-
morphosed at blueschist or eclogite facies conditions, of which
geochronological results are in the 80-55Ma age range (e.g.,
Queyras and Monviso Ophiolites (Festa et al., 2015; Lagabrielle
et al., 2015; Weber and Bucher, 2015). The most internal and
structurally highest nappe, however, incorporated into the western
Alps nappe stack between meta-ophiolite rocks like those
mentioned above, is the high-pressure Sesia Unit. This unit was
interpreted to be part of a ‘Margna-Sesia’ continental fragment
consisting of lower and upper crustal Permian basement that re-
sembles the basement of Adria exposed in the Ivrea Zone NWof the
Po Plain (see below) (Handy et al., 2010; Schmid et al., 2004b, 2017).
It is therefore interpreted as a block, or an extensional klippe,
broken off Adria during opening of, and since then paleogeo-
graphically surrounded by the Piemonte-Ligurian Ocean
(Froitzheim et al., 1996; Schmid et al., 2004b). Its eclogite-facies
rocks yielded ages between ~85 and ~70Ma (Manzotti et al.,
2014) and demonstrate that during this time interval, the Sesia
fragment was carried into the subduction zone together with the
downgoing European lithosphere.

The Piemonte-Ligurian meta-ophiolites of the Western Alps
thrust upon continental rocks of the Briançonnais mega-unit
(Figs. 10 and 11). This mega-unit consists of a pre-Alpine base-
ment, a Carboniferous to Mesozoic sedimentary cover including
platform carbonates that is now frequently found decoupled from
and displaced relative to their pre-Alpine basement underpinnings
(Schmid et al., 2004b). Eclogite and blueschist-facies rocks of the
basement of the most internal Briançonnais unit (“internal mas-
sifs”) yield ages up to 50Ma (Lanari et al., 2014; Villa et al., 2014).
These ages are in apparent conflict with stratigraphic ages in the
external parts of the Briançonnais (e.g. Pr�ealpes M�edianes), where
fossils of Lutetian age (49-41Ma) are found (Jaillard, 1999). We
model the moment of accretion of the Briançonnais mega-unit
from the downgoing plate to the Alps fold-and-thrust belt at
55Ma, to account for the ages of metamorphism, and thus interpret
that the sedimentation in the external part of the Briançonnais
nappe continued for at least 6 Myr after nappe accretion.

The Briançonnais mega-unit overlies Cretaceous-age calcareous
shales and sandstones with in places ophiolitic rocks and serpen-
tinites of the Valais mega-unit (Frisch, 1979; Loprieno et al., 2010;
Schmid et al., 2004b; Stampfli, 1993). These Valais rock units
derived from a narrow oceanic basin (internal Valais units) and the
distal European margin (external Valais units). On the distal Euro-
peanmargin, pre-rift stratigraphy continues into the Liassic (i.e. not
younger than ~175Ma), syn-rift deposits include Upper Jurassic to
Lower Cretaceous rocks, and post-rift units are Barremian-Aptian to
probably Cenozoic in age (Loprieno et al., 2010). Metabasic rocks
ascribed to the Valais mega-unit yielded Late Jurassic U/Pb zircon
ages, interpreted to date their magmatic protolith ages of
163e155Ma (Liati et al., 2005). While these constraints would
suggest an opening of the Valais Basin (including the extension of
the margins) sometime after ~175Ma, and until ~125Ma, the
opening is generally assumed to occur in the Early Cretaceous,
although it should be noted that this interpretation is based on the
assumption that the Valais Ocean was connected to the Bay of
Biscay, and using interpretations of the age of extension andmantle
rock exhumation in the Pyrenees (e.g., Handy et al., 2010; Loprieno
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et al., 2010; Stampfli, 1993), the kinematic validity of which we will
address in the reconstruction section. An age of 42e40Ma for high-
pressure metamorphism of the Valais units is constrained by
radiometric data from the Valais Bündnerschiefer in Eastern
Switzerland (40Ar/39 Ar dating of white mica; Wiederkehr et al.,
2009). An age of around 40Ma was obtained by Villa et al. (2014)
for a phase of nappe stacking in the basement of the most
external parts of the Briançonnais (Ruitor area of the upper Aosta
Valley) that post-dates high-pressure metamorphism in this area,
which is parallelized with early isoclinal folding in the Valais units
of the Valais units of Savoy (Bucher et al., 2004; Loprieno, 2001).
Hence, we model the moment of transfer of Valais rocks to the Alps
fold-and-thrust belt at 45Ma.

The Valais mega-unit is the most external Oceanic unit, thrust
on top of a series of nappes that were derived from and thrust onto
the European foreland. In the western Alps, these are thick-
skinned thrusts that form the External Massifs and the Chaînes
Subalpines of France (Guellec et al., 1990; Mugnier et al., 1990;
Bellahsen et al., 2012; Schmid et al., 2017). The amount of short-
ening increases towards Switzerland where the so-called Helvetic
cover nappes, extending into Austria and detached from their pre-
Triassic basement lie in front of the External Massifs. Helvetic
nappes and External Massifs are thrust over an Oligo-Miocene
foreland ‘Molasse’ Basin. In the Swiss and Austrian Alps (Lep-
ontine dome and Tauern window), large volumes of pre-Triassic
basement were deeply underthrust, metamorphosed and decou-
pled from their lower crustal and lithospheric mantle un-
derpinnings (Subpenninic units of Schmid et al. (2004b)). The HP-
LT Adula nappe and the Eclogite Zone of the Tauern Window
(Fig. 10) also belong to these units derived from the distal European
passive margin. Ages of HP-LT metamorphism in these two units
are ~35e38Ma (Herwartz et al., 2011) and ~40Ma (Kurz et al.,
2008), respectively. We adopt an age of around 40Ma for decou-
pling of these units from Eurasia.

Thrusting of the Helvetic, Subpenninic European margin and
higher mega-units over the Molasse Basin occurred until about
20Ma ago after which shortening migrated into the Molasse Basin
(Kempf and Pfiffner, 2004; Pfiffner, 1986; Schmid et al., 1996). A
minimum amount of some 55 km of shortening within the Helvetic
nappes is inferred from a section by Schmid et al. (2004b), which is
here reconstructed between 35 and 20Ma. Only ~25 km of total
shortening occurred after 20Ma in the Swiss Alps (Kempf and
Pfiffner, 2004). Part of the shortening in the distal foreland led to
the formation of the Jura Mountains (Figs. 1 and 10) between 20
and 7Ma, exhibiting a maximum of 30 km in the center of the Jura
Mountains (Affolter, 2004; Affolter et al., 2008), decreasing to zero
km at the tips.

The kinematic evolution of the arcuate shape of the Western
Alps is subdivided into three steps (Schmid and Kissling, 2000;
Schmid et al., 2017). A first step (pre-35Ma) of the West-Alpine
orogenic evolution is characterized by top-NNW thrusting in
sinistral transpression causing at least some 260 km differential
displacement of internal Western Alps and E-W-striking Alps
farther east, together with Adria, towards N to NNWwith respect to
stable Europe. The second step (35e20Ma) accentuated the arc; it
is associated with top-WNW thrusting in the external zones of the
central portion of the arc and is related to the lateral indentation of
the Ivrea mantle slice towards WNW by some 100 km. This leads to
dextral strike slip along the Insubric line (Schmid et al., 1989;
Schmid and Kissling, 2000) during which the front of the Western
Alps together with the Ivrea mantle slice, both being located south
of the E-W-running Insubric line, moved to the west in respect to
stable Europe. At the same time the southernmost Western Alps
hosted a diffuse sinistral strike slip zone later overprinted during
step 3 (Argentera-Cuneo line of Schmid et al., 2017). This last step 3
of arc formation (20e0Ma) is associated with orogeny in the
Apennines leading to oroclinal bending in the southernmost
Western Alps in connectionwith the 50� counterclockwise rotation
of the Corsica-Sardinia block and the Ligurian Alps block
(Gattacceca et al., 2007; Maffione et al., 2008; see Sections 6.2.4 and
6.2.5).

5.6.3. Eastern Alps; AlCaPa
The Eastern Alps display several first-order differences with the

Western Alps. At the western margin of the Eastern Alps, west-
wards of the Engadine window, rocks of the Briançonnais mega-
unit are still present but disappear farther east (Fig. 10). In the
Eastern Alps a series of continent-derived thrust slices known as
the ‘Austro-Alpine nappes’ (Neubauer et al. (1999) and references
therein) lie thrust above ocean-derived sediments interpreted to be
derived from the Piemonte-Ligurian and/or Valais oceans, exposed
in the Tauern and Rechnitz Windows (Fig. 10). These Austro-Alpine
nappes, internally imbricated during the Cretaceous, can be traced
into the Western Carpathians and are bounded in the south by the
Mid-Hungarian Shear Zone (Fig. 10) (Csontos and Nagymarosy,
1998; Csontos and V€or€os, 2004; Horv�ath et al., 2015; Je�r�abek
et al., 2012; Pla�sienka, 1997, 2018; Schmid et al., 2004b, 2008).
The Austro-Alpine nappes together with the Central and parts of
the Inner West Carpathian units are known as the AlCaPa (Alps,
Carpathians, Pannonian) mega-unit that forms the hangingwall in
respect to accretion in the Eastern Alps and Western Carpathians
during Late Cretaceous and Cenozoic thrusting (e.g., Csontos, 1995;
Oszczypko, 2006; Schmid et al., 2008). In the North, the AlCaPa
mega-unit thrust onto the Rhenodanubian and Magura flysch units
that are correlated to the Valais mega-unit (e.g., Pla�sienka, 2003;
Schmid et al., 2004b). Farther south, e.g. in the TauernWindow, the
ALCAPA mega-unit thrust onto Piemonte-Ligurian and underlying
Valais oceanic units (Schmid et al., 2013). However, since east of the
Engadine window no Briançonnais mega-unit has been recognized
no strict division can be made between the Piemonte-Ligurian and
Valais mega-units although differences may still be seen between
higher and lower oceanic thrust slices based on sedimentary facies
and paleontological content (Schmid et al., 2004b, 2008).

Given the top-to-the-north Cenozoic thrusting onto the rem-
nants of the Alpine Tethys, the AlCaPa mega-unit is generally
interpreted to be derived from continental rocks that were paleo-
geographically to the south of the Alpine Tethys, i.e. part of the
Greater Adriatic microcontinental domain. Internally the AlCaPa
mega-unit consists of a Cretaceous-age top-to-the-NE nappe stack
(Faryad and Henjes-Kunst, 1997; Pla�sienka, 1997; Puti�s et al., 2007;
Schmid et al., 2004b; Schuster, 2015; Vojtko et al., 2016). This
comprises from top to bottom (i) rare slices of ophiolitic m�elange,
correlated to the ‘West-Vardar Ophiolites’, often referred to as
“Meliaticum” after a locality around Kosice in the eastern part of
the AlCaPa unit; (ii) the Upper Austro-Alpine nappes that include
an ‘Eo-Alpine’ high-pressure metamorphic unit, and (iii), the lower
Austro-Alpine nappes. Apart from the ophiolitic Meliaticum
m�elanges, which were emplaced around the Jurassic-Cretaceous
transition (~145Ma) (Schmid et al., 2008), all of these units are
derived from continental crust. The upper Austro-Alpine units
consist of the Northern Calcareous Alps, detached from their crys-
talline substrate, and three nappe systems consisting of upper
crustal basement-cover nappes, the middle of them consisting of
Eo-Alpine high-pressure metamorphic rocks (Frisch et al., 1998;
Neubauer et al., 1999; Ratschbacher et al., 2004). These nappes
started to be thrust and removed from their original lower crustal
and lithospheric underpinnings in Early Cretaceous time, at around
135Ma (Schmid et al., 2008). Eo-Alpine high-pressure meta-
morphism, associated with peak P-T conditions that typically reach
eclogite facies and locally even ultra-high pressure conditions (ca.
790 �C and 30 kbar) culminated at around 95-90Ma (Jan�ak et al.,
2004, 2015; Th€on et al., 2008). These ages coincide with the onset
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of deposition of the ‘Gosau’ sedimentary group on the Austro-
Alpine nappes in the Turonian (93-89Ma), the oldest sediments
of which become younger to the west (~84Ma) (Krohe, 1987;
Ortner and Stingl, 2001; Wagreich and Decker, 2001; Wagreich and
Faupl, 1994). These sediments seal the Austro-Alpine thrusts and
are frequently associated with normal faulting-related basin for-
mation and extensional detachments (Fügenschuh et al., 2000;
Handy et al., 2010; Willingshofer et al., 1999). This shows that the
Austro-Alpine nappes were extended, in a ~NW-SE orientation in
modern coordinates, during exhumation of the Eo-Alpine HP units
(Froitzheim et al., 1997). This extension affected rocks as far south
as the Medvednica Mountains on the Dinarides-Alps junction (van
Gelder et al., 2015).

The modern overlap between that part of the upper Austro-
Alpine nappes overlying the Eo-Alpine HP units and those under-
lying it is at least 125 km in a N-S direction. The Eo-Alpine HP rocks
were thrust over the downgoing lower Austro-Alpine nappes until
~80Ma, probably during their exhumation, with a minimum
modern N-S overlap of 100 km, after which the combined Austro-
Alpine nappe stack was thrust onto Piemonte-Ligurian oceanic
units (Handy et al., 2010; Schuster, 2015).

In the Western Carpathians a narrow, subvertical structural unit
known as the Pienniny Klippen Belt (not specified on our maps but
included in the Magura unit) marks the northern edge of the
ALCAPA mega-unit. This belt contains large, non-metamorphosed
blocks of Mesozoic sediments of different facies embedded in an
Upper Cretaceous and Paleogene deep-marine marlstone and
turbidite matrix (Birkenmajer, 1985; Pla�sienka, 1997, 2012). This
belt is interpreted to reflect deep-marine trench deposits partly
formed on oceanic crust of the Alpine Tethys domain that was
overthrust by the Austro-Alpine nappe stack since the Turonian.
The post-80Ma thrusting of the AlCaPa mega-unit the Magura
units and its equivalent in the Eastern Alps, the Rhenodanubian
Flysch, culminated in an overlap of 130 km. Finally, a minimum
modern overlap between the Magura and equivalent units in the
west over the Helvetic units of the Tauern window amounts to
some 120 km (Fig. 11).

The nappe stack of the eastern Alps was overprinted by younger,
and out-of sequence deformation. The Eastern Alps were over-
printed by a substantial orogen-parallel stretching in the Neogene
referred to as lateral extrusion by Ratschbacher et al. (1991) that
affects the entire AlCaPa mega-unit (Decker and Peresson, 1996;
Fodor et al., 1998; Frisch et al., 2000; Scharf et al., 2013; W€olfler
et al., 2011) and amounts to total a E-W stretching of 290 km
(Ustaszewski et al., 2008) (see section 5.9). The western Alps were
extended during Oligocene and Miocene times. Oligocene (34e30)
E-W extension in the internal parts of the western Alps along top-
to-the-east extensional detachments at the eastern margin of the
Lepontine dome juxtapose non-metamorphic ophiolites against
blueschist and amphibolite facies metamorphic units at the rim of
this dome (Beltrando et al., 2010; Nievergelt et al., 1996). The
amount of extension can only be estimated roughly to be in the
order of 10 km. The prominent top-to-the-SW Simplon extensional
fault at the western margin of the Lepontine dome (Mancktelow,
1992) accommodated approximately 20 km arc-parallel extension
between ~20 and ~7Ma at the western margin of the Lepontine
dome in the western Alps.

Cenozoic strike-slip deformation was dominated by two major
faults. At least 100 km of dextral displacement of Adria relative to
the Europe-verging fold-and-thrust belt of the Alps was accom-
modated along the E-W striking Periadriatic Fault System between
35 and 20Ma. A similar amount of E-W shortening was accom-
modated along the western (Roselend, or Penninic) frontal thrust
(Affolter et al., 2008; Schmid et al., 2017) and along the strike-slip
segment that starts north of the Argentera (Fig. 11). We trace the
latter north of the Voltri Massif so as to align the HP units of the
western Alps with those of the Voltri Massif. In addition, we restore
15 km of backthrusting of the western Alps over the Insubric line,
following (Schmid et al., 2004b; Simon-Labric et al., 2009).

A second prominent strike-slip fault is the Neogene Giudicarie
Fault, which accommodated ~80 km of left-lateral strike-slip
displacement between 20 and 10Ma (Fig. 11). This strike slip mo-
tion is contemporaneous with orogen-parallel lateral extrusion and
distributed N-S out-of-sequence shortening in the eastern Alps,
particularly north of the Tauern window (Scharf et al., 2013). Frisch
et al. (1998) estimated 113 km of N-S out-of-sequence shortening of
the Periadriatic line in the eastern Alps. This is consistent with the
~25 km post-20Ma N-S shortening accommodated in the western
Alps (Kempf and Pfiffner, 2004) added to the displacement of the
Giudicarie Fault.

After some 22Ma, shortening also localized south of the Peri-
Adriatic line and was accommodated by top-to-the-south
thrusting in the Southern Alps. Sch€onborn (1999) constructed and
balanced N-S cross-sections across the southern Alps and esti-
mated ~ 45e70 km of shortening accommodated between 22 and
7Ma west of the Giudicarie Fault. Similar amounts of shortening
(ca. 50 km) affected the eastern part of the Southern Alps between
~10Ma and the Present (Scharf et al., 2013). Hence, to the west of
the Giudicarie Fault, Messinian sediments cover the frontal thrust
of the southern Alps (Schmid et al., 1996), whereas thrusting con-
tinues to the east of the Giudicarie Fault today.

5.7. Moesian Platform; Dobrogea

The Moesian Platform (or Moesia), west of the Black Sea, is in
the northeast separated by the North Dobrogea orogen from the
Scythian Platform (Figs. 1 and 13), which is generally considered a
margin of the East-European craton that underwent only minor
deformation after the Paleozoic (Saintot et al., 2006b; Stephenson
et al., 2006). The Moesian Platform forms the foreland of the
highly curved South Carpathian and Balkanide fold-and-thrust
belts, and its margins were deformed and incorporated in these
deformed belts (see sections 5.8 and 5.10) (Fig. 13). Outside the
orogen, the Moesian Platform contains two crustal scale faults e

the Intramoesian and Capidava-Ovidiu Faults e that separate the
South Dobrogea and Central Dobrogea units from themainMoesian
(or Valachian) Platform (Visarion et al., 1988) (Fig. 13). The Moesian
Platform has an uppermost Precambrian - lowermost Paleozoic
basement exposed in Central Doborgea and contains parts of a
Neoproterozoic and Cadomian volcanic arc, foreland basin sedi-
ments, and ophiolites (e.g., M~aruntiu et al., 1997; Oaie et al., 2005;
S�andulescu, 1988; Seghedi et al., 2005a).

In the main Moesian Platform and neighbouring Western Bal-
kans, these basement units are overlain by up to 4 km of Upper
Cambrian - Upper Carboniferous clastic and carbonate sediments
with fossils suggesting a northern Gondwana affinity. Thick Devo-
nian turbidites and a Middle - Upper Carboniferous regressive se-
quences to a continental facies are interpreted to relate to the
Variscan orogen, which in the neighbouring Sredna Gora and Bal-
kans units (see section 5.10) led to high-grade metamorphism
(Boncheva et al., 2010; Carrigan et al., 2003, 2005; Tari et al., 1998;
Vaida et al., 2005; Yanev, 2000).

The Moesian Platform has been affected by a Permo-Triassic
episode of rifting and volcanism distributed in a number of (half-
)grabens throughout the entiremainMoesian and pre-Balkans unit,
where the syn-kinematic thickness may reach 3e4 km (Georgiev
et al., 2001; Paraschiv, 1979; R�ab�agia and T�ar�apoanc�a, 1999; Tari
et al., 1998). The significance of this extensional event is poorly
understood, but similar rifting episodes were documented in the
Strandja Unit, North Dobrogea as well as in Crimea (Figs. 1 and 13),
and has been proposed to relate to the tectonic evolution of the
Paleotethys (Nikishin et al., 2001; Okay et al., 1996, 2001a, 2001b;



Fig. 12. Tectonic map of the wider Balkan region. For key to abbreviations, see Table 4, for key to tectonic units, see Fig. 5. For location of the map within the Mediterranean region,
see Fig. 4.
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Fig. 13. Orogenic architecture charts for the Dobrogea, Tisza, Dacia, Carpathian, and Rhodope mega-units. For key to abbreviations, see Table 4, for key to tectonic units, see Fig. 5. For regional distribution of tectonic units, see Fig. 12. See
Table 1 for summery of kinematic constraints corresponding to this chart. Periods of metamorphism are indicated with dotted hatching, formation of oceanic basement (ophiolites) with vertical hatching, and formation of pre-Alpine
crystalline basement with curved hatching.
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Okay and Nikishin, 2015). The Moesian Platform was affected dur-
ing the Late Triassic to Jurassic by significant shortening (Georgiev
et al., 2001; Tari et al., 1998) and formation of abundant NW-SE
oriented strike-slip faults that offset the Permo-Triassic grabens
in the Moesian Platform (R�ab�agia and T�ar�apoanc�a, 1999). The ki-
nematic evolution of this system is poorly constrained, but may be
in part contemporaneous with opening of the Ceahlau-Severin
Ocean to the west and north of the Moesian Platform (see section
5.8) (S�andulescu, 1984; Tari, 2005). The Moesian Platform has been
subsequently affected by Cretaceous - Miocene deformation asso-
ciated with the foreland propagating Carpatho-Balkanide fold-and-
thrust belts. Only strike-slip reactivations occurred in Miocene-
Quaternary times (Maţenco et al., 2007; Paraschiv, 1983, 1997;
T�ar�apoanc�a et al., 2003; Tari et al., 1998; see also Section 5.9) pri-
marily along the Intramoesian, Peceneaga-Camena fault and Trotuș
faults. These offsets reach 35e40 km beneath the Carpathians
orogen, but transfer rapidly their offsets to orogenic structures at
farther distances (Maţenco et al., 2007) and have been, therefore,
reconstructed together with the Carpathians nappe system.

The North Dobrogea orogen (Figs. 13 and 14) separates the
Moesian and Scythian Platforms and is an area that has undergone
repeated deformation episodes throughout Mesozoic times and
before (S�andulescu, 1984; Seghedi, 2001). A variety of in-
terpretations are available, but these generally agree that North
Dobrogea is separated into three units by two NE-verging Mesozoic
thrusts, from structurally high to low, and from SW to NE,
comprising the Macin, Niculitel, and Tulcea units (Figs. 13 and 14)
(R�adulescu et al., 1976; S�andulescu, 1984; Seghedi, 2001). The
Macin unit is a composite nappe of uppermost Precambrian
amphibolite-facies metamorphic basement (S�andulescu, 1984;
Seghedi, 2001). This North Dobrogea basement is overlain by a
dominantly shallow-water Lower Paleozoic cover and a Carbonif-
erous - Lower Permian clastic and volcanoclastic series that is in
places metamorphosed in (sub-) greenschist-facies conditions
during the Variscan orogeny, and intruded by likely Middle
Carboniferous e Lower Permian plutons (Seghedi, 2001, 2012, and
references therein). Similar to theMoesian Platform, this composite
basement was subsequently overprinted by extension and dextral
strike-slip deformation during Late-Permian e Middle Triassic
times, resulting in well-observed syn-rift deposition, intrusions,
acid volcanism, dykes and extrusions of basalts, the latter well
developed in the intermediate Niculitel unit (Mir�auţ�a, 1982;
Saccani et al., 2004; S�andulescu, 1980; Seghedi, 2001). This rifting
probably did not result in the formation of oceanic crust (Saccani
and Photiades, 2004). The Triassic - Jurassic series are well devel-
oped in the Tulcea unit, in a laterally variable but deeper marine
facies than on the neighbouring Moesian Platform (e.g., Gr�adinaru,
1995; Seghedi, 2001). Rift inversion started in the Late Triassic and
ceased by mid-Jurassic times. A second event of shortening
occurred in latest Jurassic to Early Cretaceous times, sealed by
Cenomanian deposits. Both events resulted in the present-day
three-nappe structure of the North Dobrogea orogen (S�andulescu,
1980, 1984). Although the displacement along the nappe-
bounding thrusts is unknown, and appear to be associated with
en-echelon folds well observed in the Tulcea unit (e.g., Gr�adinaru,
1988), their map contours and associated tectonic klippen suggest
a minimum shortening on the order of 30 km for the emplacement
of the Macin over the Niculitel unit and some ~20 km offset of
thrusting of the Niculitel over the Tulcea unit. These displacements
include the sub-divisions of the main units (Consul and Sarica
digitations of S�andulescu (1984)). We implemented these offsets in
our reconstruction during Tithonian e Aptian times (~150-120Ma)
following the age of the main deformation episode inferred by
Espurt et al. (2012b) and Seghedi (2001). The North Dobrogea
orogen is bordered along the Peceneaga-Camena Fault from Central
Dobrogea (Fig. 13). This crustal fault has a reverse displacement of
at least some 10 km that is of likely Middle Jurassic to Early
Cretaceous age (Hippolyte, 2002; R�adulescu et al., 1976; S�andulescu
and Visarion, 1988), although the verticalization of Late Jurassic
strata suggest much higher offsets of up to 50 km (see Gr�adinaru,
1988). Strike-slip deformation has also been inferred for the
Peceneaga-Camena Fault and the faults in the North Dobrogea
orogen and the basement underlying the Carpathian foredeep, and
both sinistral and dextral displacement has been argued for, but
total displacements remain unquantified (Hippolyte, 2002;
R�adulescu et al., 1976; Seghedi, 2001; T�ar�apoanc�a et al., 2003; Tari,
2005). The Mesozoic structures of the North Dobrogea orogen and
the Peceneaga - Camena Fault are unconformably covered by Albian
and Upper Cretaceous sediments (Mir�auţ�a and Mir�auţ�a, 1964;
Gr�adinaru, 1988) and by Mesozoic - Eocene sequences of the
western Black Sea, which also provide little evidence for significant
strike-slip or contractional deformation (Dinu et al., 2005;
Munteanu et al., 2011) and references therein). From late Early
Cretaceous time onwards the Moesian Platform and North Dobro-
gea orogen can thus be considered as a promontory of the Eurasian
continent.

5.8. Tisza; Dacia; Severin-Ceahlau; Danubian

The southern and eastern parts of the Pannonian Basin and the
highest structural units of the adjacent Carpathians are occupied by
a collage of two internally deformed major tectonic mega-units,
Tisza and Dacia, which evolved as independent continental units
that were separated from Europe via the opening of the eastern-
most extensions of Alpine Tethys in Mid-Jurassic to Early Creta-
ceous times (Piemonte-Ligurian, Valais-Magura and Ceahlau-
Severin oceans (S�andulescu, 1984; Schmid et al., 2004b, 2008). To
the South and West, they were adjacent to the Neotethys Ocean
(Gallhofer et al., 2015), whose ophiolitic remnants are found in the
East and West Vardar Ophiolite belts (sensu Schmid et al., 2008)
(Fig. 13). The East Vardar Ophiolite belt thrust in Late Jurassic to
Early Cretaceous times eastward (in present day coordinates) onto
the Dacia mega-unit; theWest Vardar belt was obducted over Adria
during Late Jurassic - earliest Cretaceous times. The remainder of
the Neotethys branch (Sava Ocean) progressively closed until
collisionwith Europe in Latest-Cretaceous to Early Paleocene times,
forming the Sava Suture (Fig. 13) (Pami�c et al., 2002; Ustaszewski
et al., 2009). The Late Cretaceous subduction of the Neotethys
Ocean is in agreement with the observation of genetically related
accretionary deposits, the evolution of a fore-arc basin and the
emplacement of typical subduction-related magmatism in the
European-derived upper plate (Gallhofer et al., 2015, 2017; Schmid
et al., 2008; Tolji�c et al., 2018) (see section 5.11).

The Tisza continental unit is made up by a medium to high-
grade Late Paleozoic (Variscan) metamorphic basement. At least a
part of this basement (Mecsek Mountains) is thought to have been
attached to the Bohemian Massif or other parts of the European
foreland presently north of the Western Carpathians, and is
consequently interpreted as having separated from Europe during
opening of the Alpine Tethys (Ebner et al., 2007; Kl€otzli et al., 2004;
Voz�arov�a et al., 2009). In theMecsek nappe system this basement is
overlain by a Permian e Triassic ‘Germanic’ facies and continental
Liassic deposits (Gresten facies); rapid deepening of the basin
started in mid-Jurassic times, as the Alpine Tethys opened (Haas
and P�er�o, 2004) also suggesting its derivation from continental
Europe. The southern parts of Tisza show significant lateral varia-
tions in the facies of the Triassic sediments, including deeper water
sediments (so-called Hallstatt) facies sediments in parts of the
Codru nappe system, suggesting increasing influence of the Neo-
tethys passive margin from WNW towards ESE in present-day co-
ordinates over the Tisza Block (Balintoni, 1996; Burchfiel and
Bleahu, 1976; Haas and P�er�o, 2004).
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The Tisza mega-unit is separated from the AlCaPa mega-unit to
the north (section 5.6.3) along the Mid-Hungarian shear zone
(Csontos and Nagymarosy, 1998; Csontos and V€or€os, 2004; Schmid
et al., 2008). Along this shear zone, ophiolite relics are rarely found
at the surface (Bükk Mountains) and mostly suspected in the sub-
surface of the Pannonian Basin, linking Alpine Tethys to Western
Vardar Ophiolites of the Dinarides (Fig. 13) (Schmid et al., 2008, and
references therein) (see section 5.11). Whilst klippen of Neotethys
ophiolitic m�elange are found as highest structural units of the
AlCaPa Block north of the Mid-Hungarian Shear Zone (see section
5.9), there are no Neotethyan, or other, ophiolites found obducted
onto the Tisza Block. The West Vardar Ophiolites root thus in the
Sava Suture Zone, below the Tisza mega-unit (Schmid et al., 2008,
and references therein) (Figs. 12 and 13). There are also no East
Vardar Ophiolites on the Tisza Block, suggesting that these likely
root in a suture between the Tisza and Dacia units.

Large-scale contractional deformation is recorded in the Tisza
unit by, in present day coordinates, top NW nappe stacking be-
tween ~in any case between 95 and 85Ma (extended to 110 to
85Ma in our reconstruction to reconcile shortening rates with
convergence rates), with minor reactivations during Late Creta-
ceous - Oligocene times (Csontos and V€or€os, 2004; Kounov and
Schmid, 2012; Merten et al., 2011; Reiser et al., 2017). The top-to-
the-NW shortening that affected the Tisza mega-unit formated,
from northwest to southeast, and from structurally lower to higher,
the Mecsek, Bihor, and Codru nappes. This was associated with at
least ~50 km of shortening (Kounov and Schmid, 2012; Reiser et al.,
2017). Additionally, the Dacia mega-unit and overlying East Vardar
Ophiolites were back-thrust towards the northwest over the Tisza
unit with a minimum displacement of 70 km between 95 and
85Ma (extended to 110 to 85 in our reconstruction) (Schmid et al.,
2008). This top NW thrusting represents an out-of-sequence back-
thrust in respect to earlier top E to NE thrusting that characterizes
nappe stacking in the adjacent Dacia mega-unit and affected also
the Tisza unit at its contact (Kounov and Schmid, 2012; Reiser et al.,
2017) (see below). More specifically, the eastern parts of the Bihor
nappe were affected by pre-110Ma top E to NE deformation (Reiser
et al., 2017). Combined with the absence of East Vardar Ophiolites
on Tisza, the top-to-the-NW backthrust of Dacia over Tisza is
thought to offset and obscure a Tisza-Dacia suture (Schmid et al.,
2008; their profile 3 in plate 3). In any case, Tisza and Dacia
formed a coherent block after 85Ma and invaded the Carpathian
embayment together during the Miocene.

TheDacia continental mega-unit of Romania separated from the
European and Moesian platforms by the Severin-Ceahlau ophiolitic
m�elange and is consequently considered a formermicrocontinental
domain (Csontos and V€or€os, 2004; Maţenco et al., 2010;
S�andulescu) (Fig. 13). The Dacia mega-unit consists of two main
nappe systems, the Supra-Getic and Getic nappes (also known as
Bucovinian and Getic nappe systems, whereby Infrabucovinian
equals the Getic nappe and the Sub-Bucovinian and Bucovinian are
the Supragetic nappes), with a type locality in the South Carpa-
thians. Recently, also the Biharia nappe system of in the Apuseni
Mountains was assigned to the Dacia megaunit (Figs. 12 and 13)
(Iancu et al., 2005a; Kr€autner and Krsti�c, 2002; Schmid et al., 2008;
Kounov and Schmid, 2012; Reiser et al., 2017) and correlated with
part of the basement and Mesozoic cover buried beneath the East
Vardar Ophiolites and Miocene sediments of the Transylvanian
Basin (Ionescu et al., 2009; Kr�ezsek and Bally, 2006; S�andulescu and
Visarion, 1978; Schmid et al., 2008; Tiliţ�a et al., 2013).

In the East and South Carpathians the Bucovinian and Getic
nappe systems contain a Precambrian to lowermost Paleozoic
crystalline basement (Balintoni and Balica, 2013; Balintoni et al.,
2011, and references therein) locally affected by Variscan meta-
morphism and magmatism (e.g., Duchesne et al., 2008; Iancu et al.,
2005a, 2005b, 1998; Medaris et al., 2003; Stoica et al., 2015). This
basement is overlain by a Permian to Lower Cretaceous sedimen-
tary series, partly metamorphosed under low-grade conditions
during the Alpine cycle in deeper parts of the nappe stack (Culshaw
et al., 2011; Gr€oger et al., 2013; Iancu et al., 2005a). The Bucovinian
and Getic nappes stack was emplaced until late Early Cretaceous
times over the East and South Carpathians (Iancu et al., 1998;
Kounov and Schmid, 2012; Kr€autner and Bindea, 2002; Reiser et al.,
2017; S�andulescu, 1984; Schmid et al., 2008). Given the variability
of deformation combined with kinematic and timing constraints,
we have assumed a larger 130-95Ma time interval for this
deformation.

The Getic nappe stack of the South Carpathians is traced farther
southward into the Carpatho-Balkan orogen of eastern Serbia (e.g.,
Kr€autner and Krsti�c, 2002) from where it bifurcates around the
Rhodope extensional province into an E-W branch that follows the
Balkan Mountains to the Black Sea, and a N-S branch that is fol-
lowed all the way down to Greece (see section 5.10) (e.g., Kounov
et al., 2010; Schmid et al., 2011) (Fig. 13).

The East Vardar Ophiolites are found as a highest structural
unit in the Apuseni Mountains, in the subsurface of the Transyl-
vanian Basin, in the East Carpathians, and in eastern Serbia, and
into Greek Macedonia and western Turkey as part of the Circum-
Rhodope belt (Fig. 13) (Csontos and V€or€os, 2004; Gallhofer et al.,
2017; Haas and P�er�o, 2004; Kounov and Schmid, 2012;
S�andulescu, 1975; S�andulescu and Visarion, 1978; Schmid et al.,
2008, 2019; V€or€os, 1977). These ophiolites consist of MORB-type
oceanic crust, intruded and overlain by calcalkaline magmatic
rocks (e.g., Bo�zovi�c et al., 2013; Gallhofer et al., 2017; Nicolae and
Saccani, 2003). The ophiolites have crustal ages around 170Ma
(Bajocian) and were first emplaced onto Dacia over a distance of
several tens of kilometers between 155Ma (Kimmeridgian) and the
end of the Jurassic (145Ma) as can be observed in eastern Serbia
(Figs. 1 and 13). Underlying olistostromes and tectonic m�elanges
contain sedimentary formations partly in deep-water facies of
Middle-Late Triassic ages, as well as ophiolitic olistoliths (Hoeck
et al., 2009; Ionescu et al., 2009; Kuko�c et al., 2015; Resimi�c-�Sari�c
et al., 2005; Schmid et al., 2008). Following latest Jurassic-earliest
Cretaceous emplacement of the East Vardar Ophiolites (referred
as the Transylvanides by S�andulescu (1994) continued by E-ward
thrusting, in present-day coordinates, during the Early Cretaceous
in the highest structural position overlying the Bucovinian nappes,
as observed beneath the Paleogene-Miocene sediments of the
Transylvanian Basin and in the East Carpathians (S�andulescu and
Visarion, 1978; De Broucker et al., 1998; Schmid et al., 2008; Tiliţ�a
et al., 2013). In the Apuseni Mountains - East Carpathians tran-
sect, we have reconstructed the thrusting of the East Vardar
Ophiolites over a minimum distance of ~170 km over the Dacia
mega-unit in Early Cretaceous times (reconstructed as ~120-
100Ma), following initial obduction at the end of the Jurassic.

We have considered a broader time interval of the nappe
stacking of the Bucovinian nappes, the thrusting of the Supragetic
over Getic nappes and the initial thrusting of Tisza over the Biharia
nappe to have occurred during the a broader 135-95Ma time in-
terval, as shown by the age of the sub-greenschist facies maximum
degree of metamorphism, geometry of the thrusting system and
existing restorations of tectonic units (e.g., Ciulavu et al., 2008;
Iancu et al., 2005a; Kounov and Schmid, 2012; Kr€autner and Krsti�c,
2002; Maţenco and Schmid, 1999; Reiser et al., 2017; Schmid et al.,
1998). More specifically, the present-day configuration shows a
minimum internal Bucovinian shortening top- E to NE in the order
of 60 km in the East Carpathians (following the principles of
Kr€autner and Bindea (2002)). The geometry of the Supragetic over
Getic thrusting in the South Carpathians shows a minimum of
70 km top- S to SSE displacement (see also Iancu et al., 2005a). We
have added around 20 km out-of-sequence shortening observed by
thrusting of the Dacia mega-unit and overlying ophiolites in the
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Apuseni Mountains over the sediments of the Transylvanian Basin
between 80 and 40Ma (De Broucker et al., 1998; Kr�ezsek and Bally,
2006).

The Bucovinian and Getic nappe system in turn thrust over the
ocean-derived Severin-Ceahlau units. These represent relics of an
ocean basin that opened in the Middle Jurassic and was closed and
accreted to the base of the Bucovinian and Getic nappes of the East
and South Carpathians in at the same time with their internal
stacking during the late Early Cretaceous (Badescu, 1997;
S�andulescu, 1994; Stefanescu, 1983; Schmid et al., 2008) (recon-
structed at 110-95Ma). A present-day overlap of 25 km between
the Dacia and Severin-Ceahlau units provides a minimum amount
of shortening that does not account for the formation of the in-
ternal Danubian stack (see below), but the amount of accommo-
dated convergence must have been much higher, estimated to
around 100 km by previous studies (Iancu et al., 2005a, 2005b).

The Severin-Ceahlau units including the overlying Dacia mega-
unit and East-Vardar Ophiolites became thrust NE-, E to SSE-ward
over the East-European, Scythian, and Moesian platforms during
the latest Cretaceous (“Laramian”) orogeny, and towards the south,
over the Rhodopes and external Balkanides (see section 5.10). The
underthrust parts of the Moesian Platform that became exhumed
during the subsequent Cenozoic orogen parallel- extension, strike-
slip and shortening from beneath this nappe stack in the south-
western Carpathians, eastern Serbia and western Bulgaria are
known as the Danubian nappes (Figs. 13 and 14) (Berza et al., 1983;
Ciulavu et al., 2008; Fügenschuh and Schmid, 2005; Kr€autner and
Krsti�c, 2002; Schmid et al., 1998). The Danubian nappes were
derived from the Precambrian basement and sedimentary cover of
the Moesian Platform. These are deformed into a system of base-
ment and cover nappes with the overall geometry of an antiformal
stack that is as awhole thrust onto theMoesian foreland (Berza and
Dr�ag�anescu, 1988; Berza et al., 1983; Ciulavu et al., 2008; Iancu
et al., 2005a; Kr�ezsek et al., 2013; S�andulescu, 1984; Seghedi
et al., 2005b). These studies showed that in the South Carpa-
thians, the thrusting of the Getic over the Severin nappe and the
underlying Danubian antiformal stack took place during the late
Campanian - early Maastrichtian (~80-70Ma), with a top SSE sense
of shear (Schmid et al., 1998; Maţenco and Schmid, 1999). The
overall minimum displacement given the geometry of the nappe
pile, latest Cretaceous burial and subsequent exhumation is esti-
mated to ~85 km (Merten, 2011; Merten et al., 2010). This thrusting
was followed by the late Eocene - early Oligocene formation of the
Danubian detachment during orogen-paralel extension in the
South Carpathians, the adjacent foredeep, and the Transylvanian
Basin (Fügenschuh and Schmid, 2005; Kr�ezsek et al., 2010;Maţenco
and Schmid, 1999; Schmid et al., 1998). This extensional deforma-
tion is estimated to amount ~30 km from the associated tectonic
omission and geometry of normal faults. These deformations were
subsequently followed by the 100 km cumulative dextral offset of
the curved late Oligocene Cerna-Jiu and early Miocene Timok faults
systems (Berza and Dr�ag�anescu, 1988; Kr€autner and Krsti�c, 2002)
described below.

In the easternmost south Carpathians and adjacent East Car-
pathians, thrusting of the Daciamega-unit over the Ceahlau oceanic
units likely lasted longer, into the Paleocene (Merten, 2011;
S�andulescu, 1988; Stefanescu, 1983), after which accretion of the
more external thin-skinned Carpathian units started, as described
below.

5.9. Pannonian Basin; Outer Carpathians

Together with the central-western Mediterranean (sections 5.3
and 5.4) and Aegean (section 5.11) back-arc basins, the Pannonian
Basin is one of the three major extensional back-arc basins of the
Mediterranean region (e.g., Royden, 1993; Horv�ath et al., 2006,
2015). The Pannonian Basin is underlain by thin continental litho-
sphere, with a crustal thickness of 21e35 km, within the basin
mostly ~25 km (Horv�ath et al., 2006), and its mostly 2e5 (up to 6.5)
km thick Miocene cover (Bal�azs et al., 2017) overlies a collage of
thrust and subsequently extended units that formed during
Cretaceous to Paleogene orogeny that were subsequently affected
by the Miocene extension (e.g., Horv�ath et al., 2006; Schmid et al.,
2008; Tari, 2002). The Pannonian Basin is surrounded by the Car-
pathian curved orogen in the north, east, and south, and by the
Eastern Alps and the Dinarides in the west. Contemporaneous with
the extension in the Pannonian Basin the Carpathians thrust over
Variscan and older Eurasian basement in the north and east, and
over the Moesian Platform in the S and SE (e.g., Golonka, 2004;
Schmid et al., 2008 and references therein) (Fig. 13). The Pannonian
basin formed during the Miocene and overlies large parts of the
AlCaPa and Tisza-Dacia megaunits' nappes of the Carpathians and
Alps, as well as the eastern Dinarides (Balla, 1986; Csontos, 1995;
Horv�ath et al., 2006, 2015; Ustaszewski et al., 2008). Pannonian
Basin extension is, in modern coordinates, dominantly ENE-WSW
directed, and is thought to have started during early Miocene
times at ~20Ma and lasted until ~8e9Ma (Bal�azs et al., 2016, 2017;
H�amor, 1985; Horv�ath et al., 2006; P�alfy et al., 2007). Extension of
the basin occurred at peak rates around 15-11Ma, leading to the
formation of large offset normal faults, detachments and locally
metamorphic core complexes that are exposed in the eastern Alps
and the northern parts of the Dinarides and their contact with the
Carpathians, as well as buried below the Miocene sediments of the
basin (Cao et al., 2013; Ratschbacher et al., 1991; Stojadinovic et al.,
2013; Tari et al., 1992, 1999; Ustaszewski et al., 2010; van Gelder
et al., 2015). In the southwest, the Pannonian Basin extension
reactivated structures of the Dinarides, as well as the uppermost
Cretaceous Sava Suture Zone between the Dinarides and the Tisza-
Dacia mega-units, whose geometry facilitated the exhumation of
metamorphic core complexes along extensional detachments
(Ustaszewski et al., 2010; van Gelder et al., 2015). Bal�azs et al. (2016)
demonstrated that the main Great Hungarian Plain depocenters
show a gradual progression of deformation along low-angle normal
faults and detachments throughout the Miocene between ~20 and
8e9Ma, while earlier moments of Oligocene - early Miocene
extension seem to be localized close to the Dinarides-Carpathians
contact (Erak et al., 2017; Maţenco and Radivojevi�c, 2012; Tolji�c
et al., 2013; Stojadinovic et al., 2017).

The E-W Miocene extension of the Pannonian Basin was largely
coeval with shortening recorded in the outer Carpathians sur-
rounding the basin in the north, east, and south (e.g., Horv�ath et al.,
2015). The Eastern Alps, which to the east connect to the Western
Carpathians, underwent coeval E-W Miocene extension and N-S
shortening (Frisch et al., 1998; Scharf et al., 2013; Schmid et al.,
2013). The shortening accommodated by the East Carpathians in
the Miocene is fairly similar to the coeval amounts of Pannonian
Basin extension (Lenkey, 1999; Maţenco et al., 2010; Merten et al.,
2010) suggesting that there is little net convergence between
Adria and Europe accommodatedwithin the Carpathian-Pannonian
system during the 20-8Ma interval (Kreemer et al., 2003; Maţenco
et al., 2016; Maţenco, 2017).

Our restoration of extension in the Pannonian Basin and eastern
Alps starts from the compilation of Ustaszewski et al. (2008). The
amount of extension in the northern Pannonian Basin and eastern
Alps is approximately 300 km, comprising 100 km of E-Wextension
in the Tauernwindow,15 km of lengthening due to strike-slip along
the Levanttal Fault, and 50 km between the Levanttal Fault and the
Rechnitz window (Frisch et al., 1998) (Fig. 13). Following
Ustaszewski et al. (2008), we restored an additional 90 km of
extension in the Rechnitz window, and 55 km in the Hungarian
plains. The amount of extension accommodated in the southern
Pannonian Basin overlying the Tisza-Dacia unit is less and gradually



Fig. 14. Orogenic architecture charts for the Dinarides and Albanides-Hellenides. For key to abbreviations, see Table 4, for key to tectonic units, see Fig. 5. For regional distribution of tectonic units, see Fig. 12. See Table 1 for summery of
kinematic constraints corresponding to this chart. Periods of metamorphism are indicated with dotted hatching, formation of oceanic basement (ophiolites) with vertical hatching, and formation of pre-Alpine crystalline basement with
curved hatching.
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decreases in a SE-ward direction (Csontos, 1995; Lenkey, 1999;
Maţenco and Radivojevi�c, 2012). The difference is accommodated
along the major right-lateral Ballaton Fault that connects eastwards
to the Mid-Hungarian Shear Zone and the Bogdan Dragos Voda
Fault (Fig. 13) (Csontos and Nagymarosy, 1998; Fodor et al., 2005;
Tischler et al., 2006). This fault zone reactivates the Sava Suture
Zone between the AlCaPa and Tisza-Dacia mega-units (Schmid
et al., 2008) (see section 5.6.2), which functioned as a transfer
zone between the AlCaPa and Tisza-Dacia mega-units during the
Miocene extension (Bal�azs et al., 2018). Ustaszewski et al. (2008)
estimated extension south of the Balaton Fault along three ~E-W
segments, whereby the amount of extension decreases SE-ward
from ~180 km near the Mid-Hungarian Shear Zone to ~80 km in
the area of Belgrade city. Bal�azs et al. (2016) estimated up to 250 km
of extension just south of the Ballaton Fault by accounting also for
large offset of extensional detachments found near the border with
the Dinarides (e.g., Ustaszewski et al., 2010; Stojadinovic et al., 2017
and references therein). We use this larger number in our recon-
struction and test the predictions for rotation in section 6.2.6.

In the southwest of the basin near the contact between the
Dinarides and Carpathians, some 50 km of 29e8Ma E-W extension
occurred between the Dinarides and the Moesian Platform, whilst
no evidence exists for significant coeval E-W shortening in the
South Carpathians. The magnitude of extension here decreases
southeastwards and ends somewhere in southernmost Serbia
northermost North Macedonia (Erak et al., 2017; Maţenco and
Radivojevi�c, 2012; Tolji�c et al., 2013). This extension hence pre-
dicts westward, and ccw rotational motion of the northwestern
Dinarides relative to the Moesian Platform (Maţenco and
Radivojevi�c, 2012; Stojadinovic et al., 2013).

In the northwest, the Moesian Platform is separated from the
Dacia mega-unit of the South and Serbian Carpathians by the
curved Late Oligocene Cerna and Early Miocene Timok right-lateral
strike-slip faults that connect more eastwards with the thin-
skinned units of the external South and Southeastern Carpathains
foredeep (Berza and Dr�ag�anescu, 1988; Fügenschuh and Schmid,
2005; Kr€autner and Krsti�c, 2002; Kr�ezsek et al., 2013) (Fig. 13).
Following these studies, we have reconstructed the Cerna Fault
with 35 km of strike-slip between 33 and 23Ma. The Timok fault
accommodated 65 km of strike-slip displacement between 20 and
14Ma assuming the middle Miocene covering of the fault and its
poorly constrained post-middle Eocene onset of deformation (see
discussion in Kr�ezsek et al., 2013).

The arcuate orogenic belt of the Carpathian Mountains can be
followed from the Eastern Alps along the perimeter of the Pan-
nonian Basin and following a 180� loop around the western Moe-
sian Platform. From there to the South and East, the Carpathians
continue into the Balkanides orogen (Burchfiel and Nakov, 2015;
Ivanov, 1988; S�andulescu, 1988). The AlCaPa and Tisza-Dacia con-
tinental mega-units are the highest structural units of the Carpa-
thian fold-and-thrust belt and form a 20e110 km wide thin-
skinned fold-and-thrust belt (Figs. 1 and 13). The Outer Carpa-
thian fold-and-thrust belt largely consisting of Cretaceous-
Cenozoic flysch underlies rocks that are associated with sutures.
These are the Pienniny klippen belt and the Magura units, widely
interpreted as the eastward continuation of the Alpine Tethys Su-
ture Zone (Fig. 13) (Oszczypko, 2006; Pla�sienka, 1997; Schmid et al.,
2008), and the Ceahlau-Severin units along the Tisza-Dacia mega-
unit (Fig. 13) (S�andulescu, 1988; Schmid et al., 2008) (see section
5.8). The Cenozoic sediments of the Outer Carpathians thus were
sheared off a paleogeographic region located between remnants of
the Alpine Tethys ocean basin preserved in the sutures, and the
Eurasian and Moesian foreland (i.e. the Carpathian embayment of
Balla (1986) and Ustaszewski et al. (2008), and references therein).
Most of the Outer Carpathian thrust slices consist of Cretaceous -
Paleogene pelagic sediments and syn-contractional trench
turbidites (i.e. flysch deposits) that were deposited in the now-
subducted Carpathian embayment between the Moesian Platform
and Eurasia to the north of the Carpathians (the Bohemian Massif)
(Fig. 13). These deposits are dominantly deep marine and some of
them, such as the Magura flysch, have probably been deposited on
oceanic crust, but intercalations of conglomerates with continental
basement pebbles show that certainly not all crust was oceanic:
continental realms must have existed within the Carpathian
embayment (e.g., Silesian ridges: Gągała et al., 2012; Kov�a�c et al.,
2016). Upward, these deep-water deposits grade into an upper
Miocene regressive sequence (i.e. molasse) interpreted as depos-
ited during the latest stages of Carpathian thrusting onto the
foreland (Maţenco et al., 2010; Schmid et al., 2008). This foreland
comprises the southern margin of the Eastern European continent,
to the north of the Black Sea and to the east of the Carpathians, and
contains upper Proterozoic and younger sediments of the East
European and Scythian platforms (e.g. Robinson et al., 1996; Saintot
et al., 2006b; Şeng€or, 1987; Stephenson, 2004).

The thin-skinned thrusting of the Outer Carpathian nappes to-
wards the Eurasian and Moesian foreland started in the Oligocene
and continued during 20e9Ma extension of the Pannonian Basin in
a foreland-propagating fashion (Fig. 14). Contraction and thick-
ening drove erosional exhumation that gradually affected more
external units peaking during the ~13-9Ma time interval during
which the frontal part of the fold-and-thrust belt was emplaced
over the undeformed foreland in the East Carpathians (e.g.,
Krzywiec, 2001; Maţenco et al., 2010; Merten et al., 2010;
Oszczypko, 2006). In addition, fission track ages showed that
cooling in the West Carpathians was progressively older fromwest
to east, ~25-10Ma in the west to 15-5Ma in the east (Andreucci
et al., 2013). Contraction dominated in the West and East Carpa-
thians whilst in the external South Carpathians, right-lateral strike-
slip displacement was accommodated along the Cerna-Timok faults
system (e.g., Fügenschuh and Schmid, 2005; Ratschbacher et al.,
1993). In the external part of the South Carpathians, late Oligo-
cene to early Miocene transtension was followed by middle
Miocene dextral transpression and oblique thrusting over the
Moesian Platform (e.g., Kr�ezsek et al., 2013; R�ab�agia et al., 2011).
The SE Carpathians moved farther towards the foreland than the
East and South Carpathians, which was accommodated along the
Intramoesian right-lateral, and Trotus left-lateral strike-slip faults,
35e40 km between 12 and 8Ma, and an additional 5 km since the
Pliocene (Fig. 13, e.g., Bocin et al., 2009; Leever et al., 2006; Merten
et al., 2011; T�ar�apoanc�a et al., 2003). This young and local motion
coincides with the only region of the Carpathians with still active
and deep seismicity in the Vrancea area (see Fig. 1) associated with
a subducted slab well imaged by teleseismic tomography (e.g.,
Ismail-Zadeh et al., 2012; Martin and Wenzel, 2006).

A series of balanced cross-sections have provided minimum
shortening estimates along the Carpathian fold-and-thrust belt.
Beidinger and Decker (2014) quantified N-S shortening at the Alps-
Northern Carpathian transition region along 6 sections. They show
an eastward-increasing N-S minimum shortening of 38 km in the
west and 51 km in the east between 26 and 16Ma. Sinistral oblique
convergence along the West Carpathians was associated with N-S
shortening components that were quantified in a series of N-S
trending cross sections. Nem�cok et al. (2000) showed that
20e42 km of shortening was accommodated in the Magura flysch
belt during the Eocene-Oligocene (~55-23Ma) and 80 km of Early-
middle Miocene shortening occurred in the more external Silesian
foreland basin units. Castelluccio et al. (2015) balanced a N-S sec-
tion in the same area and constrained a minimum amount of N-S
shortening of 105 km, of which 15 km occurred between 55 and
28Ma and 90 km between 28 and 15Ma. Nem�cok et al. (2006)
added three NE-SW balanced sections in the northeastern corner
of the Carpathians where they reported rapidly increasing amounts
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of Miocene shortening from 74, to 183, to 222 km from north to
south around the bend. Eo-Oligocene Magura shortening numbers
are fairly constant (18, 35, and 41 km, respectively). This trend
continues southward where Behrmann et al. (2000) showed at
least 260 km of NE-SW shortening between the AlCaPa Block and
the Eurasian foreland, of which 80 km occurred in the Magura
flysch belt. Gągała et al. (2012) showed a section in the same area as
Behrmann et al. (2000) but concluded that in addition to ~250 km
of post-20Ma shortening, as much as 250 km of shortening
occurred between 35 and 20Ma. The major discrepancy is
explained by the thinner stratigraphies that were assumed in the
cross-section of Gągała et al. (2012) as compared to Behrmann et al.
(2000) and Nem�cok et al. (2006). Roure et al. (1993) and Ellouz et al.
(1994), finally, balanced shortening in three sections across the
eastern Carpathians accommodated in the Silesian units east of the
Magura flysch belt. These show minimum Miocene shortening of
130 km, 117 km, and 130 km from north to south, respectively.
These authors noted, however, that these numbers should be
regarded as minimum estimates since shortening in the Magura
flysch belt in the northeast, and the Ceahlau flysch belt in the south,
as well as out-of-sequence deformation in the AlCaPa and Tisza-
Dacia mega-units were not accounted for. Such discrepancies
have become evident by inclusion of low-temperature thermo-
chronometry data in such regional restorations, which led to higher
Miocene shortening estimates (~150 km) for the East Carpathians,
comparable to the amount of extension in the Pannonian Basin to
the west (Maţenco et al., 2016; Maţenco, 2017, and references
therein).

5.10. Balkanides; Rhodope; Circum-Rhodope

The Rhodope mega-unit is exposed in a large extensional core
complex (see e.g., Brun and Sokoutis, 2018 for a recent overview)
that comprises five, and partly highly metamorphosed Jurassic-
Cretaceous Alpine nappe systems. These are overlain, mostly
along extensional detachments, by time-equivalent nappes of the
Dacia mega-unit. In the north Aegean region, these comprise of the
Struma units (Bulgarian equivalents of the Danubian nappes) in the
NW, the Serbomacedonian (equivalent to Supragetic; Fig. 12) as
well as the Circum-Rhodope units (unknown from the Carpathian
realm) in the SW, S, E and NE, and finally the Sredna Gora units
(equivalent of the Getic nappes) and Balkanide nappes in the N
(Schmid et al., 2019). The main part of the Cenozoic Rhodopian core
complex started to form in mid- to late Eocene times, no later than
42Ma ago according to fission track data (Brun and Sokoutis, 2007;
Dinter and Royden, 1993; Kounov et al., 2015; Sokoutis et al., 1993).

The kinematics of deformation related to shortening within the
Alpine Rhodope orogen are still largely unknown and controversely
discussed in the literature due to the strong extensional overprint
and a long tectonometamorphic history reaching back to Jurassic or
even older events, associated with high-pressure metamorphism
(Burg, 2012; Froitzheim et al., 2014; Liati et al., 2016; Miladinova
et al., 2018). What is clear, however, is that the Rhodope nappe
stack underlies the Dacia nappe stack, and both formed simulta-
neously, likely recording the same shortening accommodated at
different structural levels (i.e., at two decollements) during overall
top-to-the-north thrusting (Schmid et al., 2019). Below, we first
describe the Dacia megaunit around the Rhodope region, and
subsequently the structure of the Rhodope nappe pile.

The highest structural units of the Dacia megaunit are East
Vardar Ophiolites that overlie the Circum-Rhodope unit, exposed
in Kosovo and farther south (Figs. 1 and 12). In the west, the
Circum-Rhodope belt originally overthrust the Serbomacedonian
Massif, equivalent to the Supragetic nappes farther north (Fig. 12)
(see section 5.8) although the contact was later cut by Cenozoic
top-W thrusts (see below). In the SE (Chalkidiki Peninsula) and in
Thracia (Fig. 1), the Circum-Rhodope Belt is in direct contact with
the Rhodopian core along a thrust contact, or extensional de-
tachments (Kydonakis et al., 2014). The Circum-Rhodope unit is
formed by an imbrication of East Vardar Ophiolites of middle to late
Jurassic age with pieces of the distal parts of the European conti-
nental margin facing Neotethys (Brown and Robertson, 2004;
Ferri�ere et al., 2001; Ferriere and Stais, 1995; Gallhofer et al., 2017;
Koglin et al., 2009). Ophiolites, such as the Guevgueli Ophiolite
(Fig. 12), are equivalent to those found farther to the north in the
East Vardar Zone rooting in the Sava suture. In contrast to the East
Vardar Ophiolites north of Kosovo, the ophiolites of the Circum-
Rhodope Belt are thought to represent an “ensialic” back-arc
ophiolite complex, which opened within Circum-Rhodope passive
margin continental lithosphere (Brown and Robertson, 2003;
Saccani et al., 2008a). The best profile across the Circum-Rhodope
Belt and adjacent units is exposed at the Greece-North
Macedonia border. Adjacent to the West Vardar Ophiolites and
the Sava suture one finds, fromwest to east: the Paikon volcanic arc
built onto crust of the Circum-Rhodope distal margin, thrust by the
Guevgeli Ophiolites along a west-verging thrust and followed by
other W-verging slices of continental crust referred to as Peonia in
the French literature and finally by the Serbomacedonian Zone
thrust to the west. According to Ferriere and Stais (1995) and our
own observations all these W-verging thrusts formed in the
Cenozoic and post-date earlier E-directed thrusting of Late Jurassic
age. In the Late Jurassic the Guevgeli Ophiolites were thrust over
and imbricated with underlying continental units constituting the
Circum-Rhodope belt that also contains latest Triassic to Jurassic
flysch-type sediments (e.g. the Melissochori or Svoula sediments of
Bonev et al. (2015) and Kockel (1986), respectively). This Late
Jurassic event is associated with a pressure dominated meta-
morphic overprint (Michard et al., 1994) and transgressed by up-
permost Jurassic to lowermost Cretaceous non-metamorphic
overstep sediments (“oberjurassische Diskordanz” of Kockel
(1986)).

The composite Circum-Rhodope Unit bends into an E-W orien-
tation at the southeastern tip of Chalkidiki (Kockel,1977; Kydonakis
et al., 2016) where it is separated by an extensional detachment
from the Upper Unit of the Rhodopes (see below) (Fig. 12). The
Circum-Rhodope Unit is found again in Thrace, on Samothraki is-
land and the easternmost Biga Peninsula of Turkey (e.g., Meinhold
and Kostopoulos, 2013) (see section 5.12). We also correlate the
Strandja orogen to the east of the Rhodope core to the Circum-
Rhodope belt following (Schmid et al., 2019), as it was also meta-
morphosed in Late Jurassic time associated with top-N East Vardar
Ophiolite emplacement (Bonev et al., 2011, 2013; Jahn-Awe et al.,
2010; Okay et al., 2001a; Schmid et al., 2008; Sunal et al., 2011)
(Figs. 12 and 13). Natal'in et al. (2016) showed a prolonged
magmatic history from the Paleozoic to the Triassic in the Strandja
Massif and interpreted this as a long-lived arc above a Paleotethys
subduction zone, which they as well as Şeng€or et al. (1984), inter-
preted to have had a northward polarity.

The Circum-Rhodopes and Strandja orogen were thrust in Early
Cretaceous time, starting prior to 130Ma, in the west over the
Serbomacedonian nappe and over the Sredna Gora-East Balkan
units. The Sredna Gora unit is equivalent to the Getic unit of the
Carpathians (Ivanov, 1988; Schmid et al., 2008, 2019), and hosts a
Late Cretaceous volcanic arc that belongs to the ~92-67Ma Apu-
senieBanateTimokeSredna Gora magmatic arc and associated
sedimentary basins (Gallhofer et al., 2015; von Quadt et al., 2005;
Zimmerman et al., 2007). This arc and associated intra-arc sedi-
ments probably connected to the western Black Sea Basin and the
Pontides. There was some extension in the arc, but the amount is
minimal. Also in the Serbomacedonian unit, post-late Early Creta-
ceous extension has been inferred in units adjacent to the Sava
Suture Zone (e.g., Anti�c et al., 2016; Erak et al., 2017), but the
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magnitude of this deformation is poorly constrained and not
reconstructed here. In the west, a minimum overlap of Circum
Rhodope and Serbomacedonian units over Sredna Goa is ~70 km, as
observed by the minimum extent in map view in areas where the
subsequence Cenozoic extension is minimal. In the east, the Sredna
Gora Unit was overthrust with a minimum displacement of 50 km
by 110 to 100Ma by the Strandja units, as estimated from the ge-
ometry of the nappe contact and differences in the degree of
metamorphism (Gerdjikov, 2005).

Thrusting of the Sredna Gora over the Balkanide nappes was
associated with at least 120 km of displacement mainly between
~120 and 95Ma, although displacement may have been consider-
ably higher depending on the interpretation of the Rhodope units
(see below). These estimates come from the offset over and the
structural geometry observed in the Kraishte window and the
Balkan Mountains (e.g., Bergerat et al., 2010; Kounov et al., 2010).
The Balkanide units are thought to be derived from the southern
margin of the Moesian Platform, but contain the deep-marine,
Upper Jurassic to Lower Cretaceous Trojan flysch, thought to
have been deposited in deep rift basins within the Moesian shelf
(Burchfiel and Nakov, 2015). The Balkanides thrust toward Moesia
again over a distance of ~75 km between ~80 and 65Ma, and
accommodated another Eocene (50-40Ma) phase of N-S short-
ening north of the Strandja Massif (Burchfiel et al., 2008; Ivanov,
1988; Sinclair et al., 1998) of ~30 km.

The Rhodope mega-unit represents the tectonically deepest
mega-unit of the Balkan Peninsula but its structural and meta-
morphic history, even the sense of nappe stacking (top-S versus
top-N) and the timing of nappe formation are highly controversial
(e.g. Burg, 2012; Froitzheim et al., 2014). The formation of the
metamorphic nappe stack is assumed to be south-verging by most
authors in analogy to the rest of the Hellenides (e.g., Ricou et al.,
1998). Undoubtedly, numerous but not all sense of shear criteria
indicate top south to southwestward shearing (Burg, 2012) but
many of these shear senses are associated with subsequent
extension rather than nappe imbrication. Hence, it is often unclear
which of the shear senses relate to nappe stacking, andwhich relate
to subsequent Cenozoic extension. Moreover, (1) thrust-related
top-N senses of shear are also found, particularly in the highest
tectonic units of the Rhodopes, (2) there is disagreement on the
way the nappe stack should be subdivided, (3) there is disagree-
ment where its northern and western boundary has to be looked
for and (4) there is disagreement on the age(s) of high-pressure
metamorphism and nappe stacking.

The only undisputed case of top S-SW thrusting is well docu-
mented for the case of the Nestos thrust with a minimum transport
estimate of some 70 km that formed after 55Ma ago (Jahn-Awe
et al., 2010) and before the onset of extension in the Rhodopes at
some 42Ma ago (Kounov et al., 2015), or a few million years later
(Gautier et al., 2017). This Nestos thrust fault, not to be confused
with the terms “Nestos suture” (Turpaud and Reischmann, 2010) or
“Nestos Shear Zone” (Krenn et al., 2008, 2010; Gautier et al., 2017)
thrusts high-grade rocks, amongst them ultrahigh pressure (UHP)
rocks dated at ca.180Ma (Bauer et al., 2007) and even older, 200Ma
(Miladinova et al., 2018) that are part of the Jurassic Nestos Suture
(Rhodope Middle Unit, see below), over the lower pressure
(greenschist to amphibolite facies) Pangaion-Pirin complex, also
known as Drama continental element (Nagel et al., 2011; Ricou
et al., 1998). Some authors (e.g. Jahn-Awe et al., 2010) consider
the Pangaion-Pirin Unit, characterized by a prominent and thick
sequence of presumably Mesozoic marbles (Benderev et al., 2015;
Ivanov, 1981), as a window exposing rocks of the Pelagonian Zone
of the external Hellendides (section 5.11) thrust by the rest of the
Rhodopes. The Nestos Suture would then be equivalent to the Sava
Suture, but this scenario would require Cenozoic thrusting over a
distance of some 500 km. Alternatively, the Pangaion-Pirin complex
may paleogeographically belong north of the Neotethys, as part of a
separate microcontinent that was separated from Gondwana and
docked with Europe in the Jurassic, explaining the 180Ma UHP
rocks in the Nestos Suture (e.g. Turpaud and Reischmann, 2010).
Given their Early-Mid Mesozoic age, the Nestos suture oceanic
rocks are the only candidate for a Paleotethys suture in the Aegean
and Balkan region that we know of. We will discuss this further in
section 7.10.

In the hangingwall of the Eocene, out-of-sequence Nestos
thrust, Schmid et al. (2019) identified four main structural units
which we use in our reconstruction. The deepest, partlymigmatitic,
high-grade metamorphic Rhodope Lower unit is dominated by
quartzo-feldspatic gneisses. It forms Cenozoic core complexes
exposed in windows below the overlying ophiolite-bearing eclo-
gitic Rhodope Middle Unit (‘Nestos’ suture Zone) that rims these
domes. The Rhodope Lower Unit exposed in windows north of the
Nestos thrust has been parallelized with the marble-rich Pangaion-
Pirin Complex by most authors (e.g. the Lower Terrane of Burg
(2012), or Lower Allochton of Froitzheim et al. (2014)) in spite of
the large differences between these domes and the marble-rich
Pangaion-Pirin complex both in terms of lithology and meta-
morphic grade. We prefer to parallelize the Pangaion-Prin complex
with a marble-bearing unit, which overlies the Nestos suture: the
Rhodopes Uppermost Unit (see below). This would imply that the
Pangaion-Pirin Complex originally represented a high structural
level of the Rhodopes that only became the deepest tectonic unit
due to Paleogene out-of-sequence thrusting along the Nestos
thrust.

The Rhodope Middle Unit (Nestos Suture Zone) rimming the
domes of the Rhodope Lower Unit consists of a high-grade variable
series that contains, amongst many other lithologies, ultramafic
rocks and eclogites (occasionally indicating ultra-high pressure),
interpreted as a m�elange zone by Turpaud and Reischmann (2010).
Reported ages of metamorphism are often Latest Triassic to Jurassic
(e.g. Krenn et al., 2010; Petrík et al., 2016) but Cretaceous and
Cenozoic ages were reported as well (see reviews by Liati et al.
(2011, 2016)), which is not surprising since these rocks remained
under high-grade metamorphic conditions until exhumation in
Cenozoic times. Reported protolith ages of the ophiolites are Latest
Permian and Triassic (Bauer et al., 2007; Liati et al., 2011) but also
Oxfordian (Froitzheim et al., 2014). Derivatives of quartzo-
feldspatic meta-granitoids from the Rhodope middle Unit yielded
Jurassic zircon ages (Turpaud and Reischmann, 2010) which led
these authors to postulate the presence of a Jurassic magmatic arc
in the Rhodopes. In view of all the data available we interpret that
the Rhodope Middle Unit represents a suture zone that formed
during Triassic to Jurassic subduction, perhaps followed by
renewed oceanization to account for the Oxfordian oceanic crustal
ages reported by Froitzheim et al. (2014).

The Rhodope Upper Unit (Kerdillion-Madan) is dominated by
quartzo-feldspatic, pre-Alpine gneisses intruded by large volumes
of Late Cretaceous to Cenozoic granitic intrusions. It suffered
amphibolite grade conditions locally reaching anatexis near the
base of the unit (Burg, 2012). High-pressure rocks occasionally
occur near the contact with the Rhodope Middle Unit but the
boundary with the underlying Netsos suture is not a sharp one.

The Rhodope Uppermost Unit (Asenitsa-Thrace) is of particular
interest since it is characterized by a lower grade of metamorphism
(upper greenschist to lower amphibolite grade) and is often char-
acterized by top-N senses of shear (Burg, 2012; Schmid et al., 2019).
We also regard the small Crnook-Osogovo-Lisets core complex,
underlying the Struma Unit in Western Bulgaria and North
Macedonia (Kounov et al., 2004, 2010) that was exhumed 48-39Ma
ago (Anti�c et al., 2016) as an isolatedwindowexposing the Rhodope
Uppermost Unit. It includes the Thrace Lithotectonic Unit of
Naydenov et al. (2013) rimming the northern slopes of the



D.J.J. van Hinsbergen et al. / Gondwana Research 81 (2020) 79e229124
Rhodopes. Both the Asenica Unit and Thrace Lithotectonic Unit are
rich in thick marble sequences. This, together with the relatively
low metamorphic grade, makes the Rhodope Uppermost Unit
comparable to the Pangaion-Pirin Unit, supporting the idea that the
Pangaion-Pirin Unit originally, i.e. prior to the Nestos out-of-
sequence thrust, occupied a high tectonic position. The Thrace
Lithotectonic Unit is in direct contact with the northerly adjacent
Sredna Gora Unit along a ductile dextral shear zone (Iskar-Yavoritsa
Shear Zone) that is a part of thewiderMaritsa Shear Zone (Georgiev
et al., 2009; Naydenov et al., 2013) of Late Cretaeous age.

The frequent top-N senses of shear observed in the Rhodope
Uppermost Unit and the fact that the Rhodopes are overlain by the
Sredna-Gora and Circum-Rhodope units, also characterized by top-
N senses of shear (Bonev and Stampfli, 2008; Kounov et al., 2010;
Okay et al., 2001b), make top-N imbrication within the Rhopian
nappe stack in Jurassic and Cretaeous times likely. Hence, in
contrast to Turpaud and Reischmann (2010), and following Bonev
et al. (2011), we envisage north-directed thrusting of the ophio-
lites preserved in the Nestos suture in Jurassic times. This implies a
Balkan Peninsula-wide Late Jurassic-Early Cretaceous Moesia-
verging nappe stack, whereby the Rhodope nappe stack formed
at depth by duplexing the underpinnings of the stratigraphically
higher Circum Rhodope-Balkanides trajectory. North-directed
thrusting continued until the Late Cretaceous, followed by domi-
nantly southward nappe stacking in the Hellenides since (see sec-
tion 5.11). Northward subduction that led to Hellenide thrusting
must have started before the ~90Ma onset of the Sredna Gora
magmatic arc (Gallhofer et al., 2015; von Quadt et al., 2005).

Extension in the northern Aegean region, that eventually
exhumed the Rhodope mega-unit from underneath the Dacia
mega-unit, started in Mid-late Eocene time (~42Ma) with the for-
mation of the Thrace and Mesta basins (Brun and Sokoutis, 2010;
Burchfiel et al., 2008; Georgiev et al., 2010; Kounov et al., 2015).
Subsequently, top-to-the-north and northeast and top-to-the-
southwest extensional detachments (Miocene Strimon detach-
ment) exhumed a triangular metamorphic core complex that
opened as a result of cw rotation of the Chalkidiki Peninsula relative
to the Moesian Platform (Brun and Sokoutis, 2007, 2010, 2018;
Georgiev et al., 2010). Our reconstruction adopts the restoration of
the Eocene and younger extensional history of the Aegean region as
explained in van Hinsbergen and Schmid (2012), and we refer the
reader to that work for further details.

5.11. Dinarides; Albanides; Hellenides; Aegean Basin

The Dinarides, Albanides, and Hellenides (Fig. 1) comprise a
largely thin-skinned, (W)NW-(E)SE trending and (S)SW verging
fold-and-thrust belt that thrust upon the autochtonous Adriatic
continental or Ionian oceanic crust in the foreland. This belt is
separated from the Tisza and Dacia mega-units in the northeast by
the Sava Suture (Pami�c et al., 2002; Prelevi�c et al., 2017; Tolji�c et al.,
2018; Ustaszewski et al., 2009, 2010) (Fig. 12). Upon closure of the
Sava suture at around 66Ma, the Tisza-Dacia units (including the
Serbo-Macedonian Massif, the Circum-Rhodope unit, the East
Vardar Ophiolites and the Paikon unit, see section 5.8) were thrust
westwards over the easternmost composite nappes of the
Dinarides-Albanides-Hellenides over a distance of at least 50 km, as
deduced from their presence in the Jastrebac window (Fig. 12) (e.g.,
Erak et al., 2017; Marovic et al., 2007; Schmid et al., 2008). The final
closure of the Sava Ocean occurred towards the end of the Maas-
trichtian, while continuing convergence until the Eocene along the
Sava Zone was fairly minor (Stojadinovic et al., 2017; Tolji�c et al.,
2013, 2018; Ustaszewski et al., 2009, 2010; van Gelder et al.,
2015). The Cretaceous subduction was also associated with the
evolution of a forearc basin developed over the European-derived
margin (Serbomacedonian and overlying Eastern Vardar
ophiolites) that changed deformation from compressional during
the Early Cretaceous - Cenomanian, extensional during Turonian -
Early Campanian to ultimately compressional during the late
Campanian - early Paleocene (Tolji�c et al., 2018). Although the
evolution of this forearc is an important element completing the
justification of the Cretaceous subuction of the Neotethys Ocean in
the Dinarides, its internal deformation is rather minor at the scale
of our restoration. In northernmost Greece the end of convergence
accommodated along the Sava Suture Zone post-dates the depo-
sition of Campanian-Maastrichtian flysch (Fidopetra flysch) that
marks the Sava suture between the Circum-Rhodope unit and the
ophiolites of the Jadar-Kopaonik composite nappe (Ano Garefi
Ophiolite of Brown and Robertson (2004)) as further explained
below.

To the northwest, the Dinarides are bounded by the Southern
Alps (Fig. 12). The Southern Alps thrust southward during the
Miocene onto the undeformed Adriatic foreland in the west, and
onto the Dinarides in the east (see section 5.6), structurally over-
printing pre-existing Dinaridic thrust sheets (e.g., Castellarin et al.,
1992; Placer, 1998; Tomljenovi�c et al., 2008; van Gelder et al., 2015).
To the southeast, the Dinarides are separated from the Albanides-
Hellenides by the Scutari-Pec Fault Zone (Fig. 12). Across the
Scutari-Pec Fault Zone, the strike abruptly changes fromWNW-ESE
in the Dinarides to NW-SE in the Albanides-Hellenides. We here
follow the subdivision of the Dinaridic thrust sheets of Schmid et al.
(2008, 2019) and refer to those authors for a detailed account of the
regional correlations. We use the same scheme of thrust sheets in
the Albanides-Hellenides where applicable. The Dinaridic-
Hellenidic thrust belt is complex in that it is not characterized by
a strict foreland basin propagation of thrusts. Many thrusts were
simultaneously active, and cases of out-of-sequence thrusting have
been documented, as detailed below.

The Dinarides recorded the onset of the Middle Triassic opening
of the Neotethys Ocean by widespread magmatism, mostly con-
sisting of intermediate to mafic volcanics, and by local or regional,
coeval or subsequent deepening of the Adriatic margin carbonate
facies (�Cadjenovi�c et al., 2008; Gawlick et al., 2017; Pami�c, 1984;
Schefer et al., 2010; Vlahovi�c et al., 2005). The highest structural
unit of the Dinarides, Albanides, and Hellenides are ophiolites and
ophiolitic m�elange that are referred to as the West-Vardar
Ophiolites (Schmid et al., 2008). These root in the Sava suture and
became obducted W- to WNW- wards (in modern coordinates and
highly oblique to the strike of the Dinarides) over the carbonate
platforms preserved in the internal nappes of the Dinarides, Alba-
nides, and Hellenides that were at that time still part of the un-
deformed continental margin of Adria (Pami�c et al., 2002;
Scherreiks et al., 2014; Schmid et al., 2008; Tremblay et al., 2015).
40Ar/39Ar dating of hornblende and micas in metamorphic soles
below these ophiolites yielded ~171-157Ma ages (Borojevi�c
�So�stari�c et al., 2014; Dimo-Lahitte et al., 2001; Liati et al., 2004;
Spray et al., 1984; Spray and Roddick, 1980), and a ~170Ma age is
generally interpreted as the age of onset of intra-oceanic subduc-
tion below them (e.g., Maffione et al., 2015). The West Vardar
Ophiolites show MORB geochemistries in the west, overprinted by
supra-subduction zone geochemical signatures in the east (e.g.,
Bortolotti et al., 2002, 2005; Dilek et al., 2008). Both are overlain by
Bajocian (170-168Ma) radiolarian cherts (Chiari et al., 2002, 2003,
2004; Marcucci et al., 1994; Marcucci, 1996). Intra-oceanic sub-
duction below the West-Vardar Ophiolites likely started adacent to
the N-S striking mid-Neotethys ridge (Maffione et al., 2015). The
ophiolites were obducted onto the Adriatic margin over aminimum
distance of ~180 km at around the Jurassic-Cretaceous boundary, as
shown by the age of foreland basin clastics in front of the ophiolites
(Baumgartner, 1985; Mikes et al., 2008; Thi�ebault et al., 1994) and
by continental to shallow water sediments deposited on top of the
obducted ophiolites (Bortolotti et al., 2005; Scherreiks et al., 2014).
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Detritus shed from the internal Adriatic-Hellenic margin and
overlying obducted ophiolites are found across the Pelagonian
Platform below the ophiolites, and also reach the Pindos Basin in
Greece to the west of the Pelagonian Platform in the mid-
Cretaceous sediments (Faupl et al., 2006; Fleury, 1975). The
m�elanges below the ophiolites contain radiolarites interpreted to
be derived from the Neotethyan oceanic crust that subducted
below these ophiolites. These span an age range of Triassic (Ladi-
nian, ~240Ma) to Late Jurassic, which marks the age of initial
obduction onto the platforms of Adria (Bragin et al., 2011; Gawlick
et al., 2009, 2017; Vishnevskaya et al., 2009).

After obduction, the ophiolitic zones became parts of individual
nappes, referred to as composite nappes since they consist of
Adriatic margin sequences and previously obducted ophiolites
(Schmid et al., 2008). Thereby, the nappe-bounding thrusts cut up
section across the previously emplaced ophiolites.

The most internal nappe of the entire sequence is the Jadar-
Kopaonik composite nappe of the Dinarides of Serbia and North
Macedonia and its equivalents in the Medvednica Mountains of
Croatia and the Bükk unit of Hungary (Fig. 12). The latter was dis-
placed during Miocene extension of the Pannonian Basin along the
Mid-Hungarian Shear Zone (Filipovi�c et al., 2003; Karamata, 2006;
Schmid et al., 2008; Tolji�c et al., 2013; van Gelder et al., 2015). The
Jadar-Kopaonik unit is composed of Variscan deformed Devonian-
Carboniferous sediments overlained by a gradually deepening
Permian - Kimmeridgian cover, which is locally metamorphosed
where exhumed by the Miocene extension in the footwall of de-
tachments, that are tectonically overlain by the Western Vardar
ophiolites and their ophiolitic m�elange (Dimitrijevi�c and Mijovi�c-
Pili�c, 1997; Gawlick et al., 2017; Schefer et al., 2010, 2011;
Stojadinovic et al., 2013, 2017; Tolji�c et al., 2013). Separated by a
long belt of highly deformed uppermost Cretaceous syn-
contractional turbidites (the Kosovska Mitrovica Flysch of
Dimitrijevi�c and Mijovi�c-Pili�c (1997)), the Jadar Kopaonik nappe is
thrust over the Drina-Ivanjica composite nappe of the Dinarides
that is equivalent to the Korab unit of Albania and the Upper
Pelagonian nappe of the Hellenides, all overlain by West Vardar
Ophiolites (Figs. 12 and 14) (Kilias et al., 2010; Schmid et al., 2019).

The Pelagonian nappes of the Hellenides comprise Paleozoic and
older metamorphic basement intruded by Upper Paleozoic granit-
oids, overlain by Permo-Triassic low-grade metamorphic volcanics
and sediments and Triassic-Jurassic carbonates and marbles inter-
preted as passive margin sediments (Kilias et al., 2010; Schenker
et al., 2014). The Upper Pelagonian nappe was thrust over a
Lower Pelagonian nappe that is characterized by a high degree of
Alpine metamorphism, locally reaching amphibolite facies condi-
tions (Kilias et al., 2010; Most, 2003). Most (2003) documented a
Latest Jurassic (ca. 150Ma) blueschist facies metamorphic event
associated with a top-to-the-W thrusting of the Upper over the
Lower Pelagonian nappe, extending into the Lower Cretaceous
(150-130Ma). This thrusting between the Pelagonian nappes is
partly synchronous with and partly follows W-directed West Var-
dar Ophiolite obduction (Tremblay et al., 2015). In the lower Pela-
gonian unit contractional tectonics with the same top-to-the-West
kinematics continued until Mid-Cretaceous time (110-95Ma) un-
der retrograde conditions, and fission track data documented
cooling below 240� between 85 and 65Ma (Kilias et al., 2010; Most,
2003). In a transect through North Macedonia and Albania we
model the pre-95Ma amount of thrusting of the Upper over the
Lower Pelagonian unit to at least 120 km.

The composite nappes of the internal Dinarides and Hellenides
were largely piled up by (S)SW directed out-of sequence thrusting
between ~85 and 60Ma. The contact between the Jadar-Kopanik
and Drina Ivanjica units is a Late Cretaceous -Paleocene dextral
transpressive fault system affecting the northern prolongation of
the Kosovska Mitrovica Flysch, well observed in the Dinarides of
western Serbia as a zone with various branches (the Zvornik suture
of Karamata et al. (1994) and Gerzina and Csontos (2003)). Our own
field observations at this contact in one of the classical exposed
areas (Ovcar Kablarska gorge in Central-Eastern Serbia) show a
high-angle fault, where stratigraphic markers allow the recon-
struction of ~30 km of shortening associated with ~30 km of right-
lateral strike-slip displacement in Campanian-Paleocene times
(~85-60Ma).

The Drina-Ivanjica composite nappe contains low-grade meta-
morphic Paleozoic basement overlain by deep-marine Triassic and
Jurassic carbonates and siliceous limestones similar as in the Jadar-
Kopaonik nappe and interpreted as the distal passive margin of the
Greater Adriatic Platform (Dimitrijevi�c and Mijovi�c-Pili�c, 1997;
Djokovi�c, 1985; Schefer et al., 2010; Schmid et al., 2008). The Drina-
Ivanjica composite nappe overthrust the East Bosnian-Durmitor
composite nappe by ramping into and duplicating the overlying
ophiolitic m�elange (Profile 5 in plate 3 of Schmid et al. (2008) with a
displacement of at least 25 km. A recent detailed structural and
geochronological study along a transect across the Drina Ivanjica
thrust sheet (Porkol�ab et al., 2019) revealed a top-WNW defor-
mation under anchizonal metamorphic conditions, dated to have
taken place during the 150-135Ma time interval, i.e. in Tithonian to
Valanginian times. Since this is synchronous with and kinemati-
cally compatible with theW-directed obduction of theWest Vardar
ophiolites, this event likely demonstrates also the thrusting of the
entire Drina-Ivanjica composite unit over the East Bosnian-
Durmitor composite unit. This thrusting should have ended by
the pre-Turonian erosional surface affecting the hanging-wall
Drina-Ivanjica thrust sheet, cutting down into Paleozoic strata
and unconformably overlain by the Upper Cretaceous Kosovska
Mitrovica Flysch (Schmid et al., 2008) and references therein).

The non-ophiolitic part of the East Bosnian-Durmitor com-
posite nappe consists of distal Paleozoic clastic sedimentary rocks
affected by low-grade Variscan metamorphism, overlain by
Permian - Lower Triassic clastics and volcanoclastics and a Triassic
to Lower Jurassic carbonate platform that drowned gradually in its
internal parts to radiolaritic deposition in Middle Jurassic times,
after which it was thrust by the West Vardar Ophiolites during
obduction (Chiari et al., 2011; Dimitrijevi�c and Mijovi�c-Pili�c, 1997;
Ili�c and Neubauer, 2005; Ili�c et al., 2005; Schmid et al., 2008). The
age of thrusting of the East Bosnian-Durmitor sheet over the nappe
is constrained by a turbidite sequence deposited in their footwall.
The Bosnian Flysch is a long belt of turbidites stretching from
western Slovenia to western Albania, which is composed of an
older higher Upper Jurassic-Cenomanian Vranduk Flysch and a
younger Late Albian - Maastrichtian (possibly also Paleocene) Ugar-
Durmitor Flysch (or Vermoshi flysch in Albania) that are locally
separated by unconformities (Aubouin et al., 1970; Cadet, 1970;
Gori�can et al., 2012; Hrvatovi�c, 2006; Mikes et al., 2008; Schmid
et al., 2008). Our reconstruction relates the earlier Late Jurassic -
Early Cretaceous deposition of the Vranduk flysch to the obduction
of the Western Vardar Ophiolites (Mikes et al., 2008), followed by
~100 km shortening at the contact between the East Bosnian -
Durmitor and the pre-Karst unit (~Barremian - Maastrichtian, 130-
70Ma), derived from the geometry of the former unit and the
amount of subsequent Miocene exhumation recorded at this con-
tact. This exhumation is related to the early - middle Miocene (~17-
14Ma) extensional reactivation of the thrust at the base of the East
Bosnian-Durmitor in Montenegro and the coeval extensional
reactivation of the deformed Bosnian Flysch beneath the Miocene
Sarajevo-Zenica Basin in Bosnia and Herzegovina, as shown by
Andri�c et al. (2017), Sant et al. (2018a, 2018b) and van Unen et al.
(2019). We have modeled this extension as ~25 km in the longer
time interval between 20 and 10Ma, accounting also for lower
amounts of extension that these authors have observed in other
smaller Miocene basins in the Dinarides.
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The Vranduk part of the Bosnian Flysch unconformably overlies
the more external Pre-Karst nappe basement and its sedimentary
cover, originally located in front of the obducted West Vardar
Ophiolites. The basement of the Pre-Karst nappe is widely exposed
in the Bosnian Schist Mountains in the form of Paleozoic sediments,
volcanics, and intrusions affected by various degrees of Paleozoic
and Cretaceous metamorphism (Hrvatovi�c, 2006; Hrvatovi�c and
Pami�c, 2005; Pami�c et al., 2004). These are overlain by Permian -
Lower Triassic clastics and Middle Triassic-Cretaceous shallow-
water platform and slope carbonates of the pre-Karst nappe. The
next external nappe, the High Karst nappe, is characterized by
shallow water Triassic-Paleogene sediments, interrupted by a short
episode of Middle Triassic deepening and rifting-related volcanism,
all typical for the larger Adriatic carbonate platform (Aubouin et al.,
1970; Korbar, 2009; Pami�c, 1984; Vlahovi�c et al., 2005). The sepa-
ration between the pre-Karst and the underlying High Karst is a
laterally discontinuous thrust that was interpreted to accommo-
date at least 30 km shortening during Late Cretaceous to Paleocene
time (~85-55Ma) (Hrvatovi�c, 2006; Tari, 2002). However, this es-
timate is approximate, as the thrust is largely overprinted by post-
Eocene deformation in most of Bosnia and Herzegovina.

The still more external Budva nappe of Montenegro is part of a
longer belt of Mesozoic deep-water deposits. It recorded contin-
uous deep water deposition from the Middle Triassic to the Upper
Cretaceous in its center, while shallower carbonatic facies was
gradually recorded towards its margins, and is separated in several
laterally discontinuous thrust sheets (�Cadjenovi�c et al., 2008; �Crne
et al., 2011; Gori�can, 1994; Korbar, 2009; Robertson and Shallo,
2000). The Budva unit as tectonic and paleogeographic domain
wedges out NW of the Kotor Bay, while to the SE it is laterally
continuous with the Krasta-Cukali nappe of Albania and the Pindos
nappe in Greece, collectively termed the Pindosmega-unit (Fig. 12,
see below). Given the exposure of this unit in the Peshkopia tec-
tonic window (e.g., Muceku et al. (2008) and the Cukali half-
window combined with the deformation taking place along the
Scutari-Pec Fault (Fig. 12), we estimated at least ~130 km of
thrusting of the overlying High-Karst nappe in the Dinarides be-
tween 55 and 33Ma, and an additional minimum 30 km in the last
5Ma. The thrust is probably still active (Bennett et al., 2008; Schmid
et al., 2008). Tecent field kinematic investigations have shown that
the onshore Bosnia and Herzegovina contains a large number of
post- middle Miocene dextral strike-slip and reverse faults (van
Unen et al., 2019) that may cumulate 60e70 km of movement to-
wards S to SSE. Therefore, the 30 km of recent High Karst thrusting
is a conservative estimate.

To the SE of the Skutari-Pec Fault, the Pelagonian composite
nappe directly overlies the Pindos mega-unit, and equivalents of
the East Bosnian Durmitor, the Pre-Karst, and the High Karst units
are not present. A small re-appearance of a carbonate platform
between the Pelagonian and Pindos nappes in central Greece,
around the Gulf of Corinth known as the Paranassos Zone (e.g.,
Robertson et al., 1991) is correlated to the Pre-Karst unit (Fig. 12).
The Pindos mega-unit contains occasional middle Triassic basalts
with back-arc basin geochemical signatures (Pe-Piper, 1982; Pe-
Piper and Piper, 1991) overlain by Triassic to Upper Cretaceous
hemipelagic sediments and radiolarites, and a Paleocene to upper
Eocene flysch (~60-35Ma; Degnan and Robertson (1998)). The
deeply underthrust, metamorphosed and exhumed portion of a
probable equivalent of the Pindos nappe in the Aegean Basin is
known as the Cycladic Blueschist unit, showing ~55-40Ma high-
pressure metamorphism, overprinted by retrograde greenschist-
facies metamorphic parageneses between ~30 and 25Ma (see re-
views in van Hinsbergen et al. (2005c) and Jolivet et al. (2015b)).
Based on the ages of the Pindos flysch and Cycladic Blueschist HP
metamorphism a first-order estimate for the time-span of sub-
duction of the Pindos mega-unit is estimated at ~60-35Ma (van
Hinsbergen et al., 2005c). The Cycladic blueschist unit contains a
Permo-Carboniferous metamorphic basement (Keay and Lister,
2002; Tomaschek et al., 2008), covered by a metasedimentary
carbonate-rich sequence that is comparable to the Pindos mega-
unit contains mafic Triassic volcanics (Br€ocker and Pidgeon, 2007)
and a stratigraphy that extends into the Upper Cretaceous (L€owen
et al., 2014). The deep-marine sedimentary facies and associated
volcanics of the Pindos Basin are often interpreted to suggest an
oceanic nature of the basin (Pe-Piper and Piper, 1991). If true, this
oceanic basin was narrow: apart from thin ophiolitic slices of un-
certain origin on Syros island (e.g., Philippon et al., 2011), most of
the Cycladic Blueschist unit is associated with continental crust
(e.g., Keay and Lister, 2002; Zlatkin et al., 2018).

Windows in the eastern part of the Pelagonian composite nappe
(mt. Olympos, mt. Ossa and mt. Pelion) show that this nappe is
underlain by the Cycladic-Pindos Blueschist unit, yielding a mini-
mum displacement of Pelagonian over Pindos of ~130 km in
mainland Greece (van Hinsbergen et al., 2005a). In addition,
Skourlis and Doutsos (2003) estimated an additional ~120 km of
shortening within the Pindos mega unit in Eocene time based on
cross-section restoration.

In the Hellenides and Albanides, the Pindos mega-unit was
thrust over the so-called Tripolitza mega unit (equivalent of the
Kruja unit of Albania and the Dalmatian unit of the Dinarides,
Figs. 12 and 14). The Tripolitza mega-unit consists of mid-Triassic
mafic volcanics overlain by platform carbonates of Late Triassic to
Eocene age (Jacobshagen, 1987), and an Oligocene flysch (~33-
23Ma) (Peeters et al., 1998). In the Aegean Basin, the Cycladic
Blueschist unit is underlain by the so-called ‘Basal Unit’, a meta-
morphosed platform carbonate succession with up to Eocene
sedimentary ages and Oligocene meta-flysch, metamorphosed at
HP-LT metamorphic conditions with peak-metamorphic ages
around 24-21Ma (Ring et al., 2001). The Basal Unit is therefore
interpreted as the underthrust and metamorphosed equivalent of
the Tripolitza unit. It is also found as the deepest structural unit in
the windows of mt. Olympos and mt. Ossa in Greece (Fleury and
Godfriaux, 1974; Kisch, 1981) (Fig. 12) from which a minimum
overlap between the Pindos and Tripolitza units of 130 km was
concluded (van Hinsbergen et al., 2005a). On Crete and the Pelo-
ponnesos, anchimetamorphic Tripolitza rocks are separated by an
extensional fault from the HP-LT metamorphic Phyllite-Quartzite
unit, which has similar peak metamorphic ages as the Basal unit:
~24-20Ma (Jolivet et al., 1996). This fault has long been considered
a major extensional detachment (Jolivet et al., 1996; Ring et al.,
2001), but more recently it was shown that much of the exhuma-
tion of the Phyllite-Quartzite unit was accommodated by distrib-
uted thinning of the Tripolitza, Pindos, and Uppermost Unit (in part
equivalent to the West Vardar Ophiolites, in part to the Bozkir unit
of the Taurides) (Rahl et al., 2005). Moreover, in places the modern
contact between the Phyllite-Quartzite unit and overlying Tripo-
litza unit on Crete may be an out-of-sequence thrust (Chatzaras
et al., 2006; Ring and Yngwe, 2018), suggesting that exhumation
occurred under compression, by extrusion rather than extension
(Ring and Yngwe, 2018). The first unequivocal evidence for crustal
extension comes from extensional sedimentary basins on Crete that
started forming shortly after 11Ma (Zachariasse et al., 2011) after
the majority of exhumation of the Phyllite Quartzite as suggested
by 40Ar/39Ar phengite ages of ~20Ma thought to date HP meta-
morphism (e.g, Jolivet et al., 1996), and low-temperature fission
track data that give 15-11Ma ages (Marsellos et al., 2010; Thomson
et al., 1998).

The Phyllite-Quartzite unit consists of a metamorphosed alter-
nating marine series of mudstones, turbiditic sandstones and
debris flow conglomerates of Carboniferous to Triassic age (Krahl
et al., 1983, 1986) overlying a Paleozoic metamorphic basement
(Romano et al., 2004; Xypolias et al., 2006). The Phyllite-Quartzite
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unit probably formed the original stratigraphic underpinnings of
the Tripolitza unit (van Hinsbergen et al., 2005c) and were derived
from erosion of a Permian volcanic arc interpreted to represent a
Paleotethys subduction zone (Kock et al., 2007; Marsellos et al.,
2012; Zulauf et al., 2015, 2016). Based on ages of the flysch and
HP metamorphism, the Tripolitza unit is interpreted to have been
underthrust between 35 and 23Ma.

In the Dinarides, the Dalmatian Zone (equivalent to the Tripo-
litza mega unit) directly thrust over the undeformed Adriatic
foreland offshore northern Dalmatia in Miocene to recent times,
with a displacement of no more than ~10 km (Tari, 2002). Towards
the south, offshore Montenegro, the Oligocene to recent thrusting
of the Dalmatian nappe over Adria along the South Adriatic Fault
increases to a maximum of 30 km (Bega, 2015; Cazzini et al., 2015;
Glavatovic, 2007). The amount of Miocene shortening suddenly
increases across the Skutari-Pec Fault Zone, south of which the
Kruja Zone is underlain by the Ionian mega-unit, implying a
component of dextral strike slip motion on the Skutari-Pec Fault.
The Ionian mega-unit consists of Triassic evaporites and Jurassic to
Eocene well-bedded hemipelagic limestones with radiolarite in-
tervals (Durmishi, 2014; IGRS-IFP, 1966; Underhill, 1988). The
Ionian facies zone (basin) leaves the Dinarides-Hellenides offshore
northern Albania into the Adriatic Basin, joining with the Apen-
nines in the Umbria area where it is known as the Umbria-Marche
Basin (Figs. 4 and 8). In the Albanides, Miocene-age shortening is
mostly absorbed within the Ionian and Kruja Zones and amounts to
an estimated 100 km based on available cross sections (Roure et al.,
2004).

In western Greece thrusts divide the Ionian Zone into an
external, central and internal part. All parts are covered by a flysch
unit that becomes thicker and coarser grained from external to
internal, and is indistinguishable in facies and age from the Tripo-
litza flysch (IGRS-IFP, 1966). Thrusting of the Pindos mega-unit over
the Tripolitza mega-unit, and of the Tripolitza mega-unit over the
Ionian mega-unit occurred simultaneously throughout the early
Miocene, as shown by growth structures in seismic lines across
western Greece and the Peloponnesos (Kamberis et al., 2000;
Sotiropoulos et al., 2003). In the middle and internal Ionian Zone,
flysch deposition in a foreland basin setting ceased around 23Ma
followed by uplift. In the central Ionian Zone, an extensional half-
graben (Klematia-Paramythia Basin) developed between ~23 and
17Ma, which became subsequently inverted (van Hinsbergen et al.,
2005c). In the external Ionian Zone, including the parts on the
Ionian islands, deep marine clastic turbidite series continued to
develop until the middle Miocene, ~15Ma (Bizon, 1967; de Mulder,
1975), after which they became uplifted, suggesting that thrusting
of the middle Ionian Zone over the external Ionian Zone continued
until this time. On the Peloponnesos and Crete, the so-called
Phyllite-Quartzite unit is underlain by Paleozoic meta-pelites and
quartzites, well-bedded Mesozoic to Eocene ‘Plattenkalk’ marbles,
and Oligocene meta-flysch, which are interpreted as the meta-
morphic equivalent of the Ionian Zone (Kowalczyk and Zügel, 1997;
Thi�ebault, 1979) (Figs. 12 and 14). This shows a minimum overlap of
the Tripolitza over the Ionian Zone of ~75 km (van Hinsbergen et al.,
2005a).

On the Ionian Islands and in western Albania, the Ionian Zone is
underlain by the pre-Apulian Zone representing the deformed
slope of the Apulian Platform to the North of the Apulian escarp-
ment, offset from Apulia along the Kefallonia Fault Zone (Fig. 12).
The Pre-Apulian Zone comprises a Cretaceous to Miocene sequence
of platform slope carbonates (Bornovas et al., 1980; Dermitzakis,
1978; Underhill, 1989) overlain by clastic foreland basin deposits
that started forming in the Burdigalian-Langhian (~20-15Ma) on
Kefallonia and Levkas, and Serravallian to Tortonian time (~12-
10Ma) on Corfu and Zakynthos (Dermitzakis, 1978; Drinia and
Antonarakou, 2012; Duermeijer et al., 1999; Underhill, 1989; van
Hinsbergen et al., 2006). The Pre-Apulian Zone was folded and
uplifted in Pliocene time (~4Ma) interpreted as the moment of
accretion of the Pre-Apulian Zone to the Hellenides and initiation of
the Kefallonia Fault Zone, and its decoupling from the Adriatic
foreland (Apulian Platform) (van Hinsbergen et al., 2006). The end
of thrusting of the middle over the external Ionian Zone around
15Ma is assumed to represent the onset of thrusting of the external
Ionian Zone over the Pre-Apulian Zone (van Hinsbergen and
Schmid, 2012). The Apulian escarpment likely enters the Hellenic
thrust stack to the South of the island of Zakynthos, south of which
oceanic subduction of the modern Ionian oceanic basin (not to be
confused with the Ionian Zone which was likely underlain by
continental crust) has been continuous since at least ~13Ma,
forming the Mediterranean ridge (Finetti, 1982; Kastens, 1991;
Underhill, 1989).

The internal parts of the Dinarides fold-and-thrust belt has been
overprinted an Oligocene-Miocene extension that overlaps in time
and has been estimated together with the one observed in the
neighbouring Pannonian Basin (see section 5.9). Older, late Creta-
ceous extensional deformation has been identified in the Med-
vednica Mountains in the northern Dinarides, which was
genetically linked to the extensional exhumation of the Eo-Alpine
HP rocks in the Eastern Alps (van Gelder et al., 2015) and in the
vicinity of the Sava Zone in Serbia and North Macedonia (Anti�c
et al., 2017; Tolji�c et al., 2018) (see section 5.6.3). Cenozoic exten-
sion is muchmore pronounced in the Hellenides, particularly in the
Aegean Basin, where it started in Mid-Eocene times in the Rhodope
in the north, and affected the Hellenides nappe stack since the
latest Oligocene or early Miocene (Brun et al., 2016; Jolivet and
Brun, 2010; Jolivet et al., 2015b; Menant et al., 2016; Ring et al.,
2010; van Hinsbergen and Schmid, 2012). This extension led to
the exhumation of widespread metamorphic core complexes (see
e.g., Brun and Sokoutis, 2010; Edwards and Grasemann, 2009;
Gautier et al., 1999; Jolivet and Brun, 2010; Ring et al., 2010). We
adopt here the kinematic restoration of Aegean extension of van
Hinsbergen and Schmid (2012), who followed the same recon-
struction hierarchy and who reconstructed the Aegean region by
closing the triangular extensional complexes in the back-arc, in
combination with restoring nappe stacking during upper plate
extension. A debated element is the role of trench-parallel exten-
sion in the Aegean region during oroclinal bending: van Hinsbergen
and Schmid (2012) inferred that this is important, accommodated
e.g. by regional extreme thinning of the nappe stack in the forearc
on Crete, and along theMid-Cycladic Lineament, which they infer is
a detachment (later documented by Malandri et al., 2017), whilst
e.g. Jolivet et al. (2010), Philippon et al., 2012; Brun et al. (2016), and
Menant et al. (2016) assume that there is no significant trench-
parallel extension in the Cycladic segment. We will return to this
debate in the reconstruction and discussion sections (Sections 7.1.3
and 8.5).
5.12. Anatolia; Black Sea; Eastern Mediterranean Basin; Cyprus;
Caucasus; Arabian collision zone

The Anatolian segment has a similar overall architecture as the
Balkan region in that it contains Adria-derived continental units to
the south of a Neotethys suture (locally termed Izmir-Ankara-
Erzincan suture, the continuation of the Sava Suture), and units
that were part of Eurasia sincemiddleMesozoic time to the north of
this suture. The units to the north of the Izmir-Ankara-Erzincan
suture, however, differ considerably from those in the Balkans.
Moreover, the Adriatic units are overlain by widespread Cretaceous
ophiolites unknown from the Balkans. We describe this region in
three broad transects, fromwest to east and summarize for each the
tectonic history from north to south (Figs. 15e17).
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5.12.1. Western Anatolia
The undeformed Southern Eurasian margin is the Scythian

Platform to the north of the Black Sea (Fig. 15). Well data, as well as
detrital zircon studies in Mesozoic clastic sedimentary rocks of
Crimea and the Pontides, suggests that a wide Triassic volcanic arc
is buried below the Cenozoic sedimentary cover of the Scythian
Platform, from northern Crimea to north of the Caucasus
(Alexandre et al., 2004; Okay and Nikishin, 2015; Tikhomirov et al.,
2004). This arc is interpreted to result from northward Triassic
subduction below Eurasia (Okay and Nikishin, 2015).

Such northward subduction is consistent with the geology of the
Crimean Peninsula in the northern Black Sea (Figs. 1 and 15). There,
an intensely deformed, kilometers-thick, deep-marine unit of
shales and turbiditic sandstones known as the Tauric flysch is
found, with a Triassic to Early Jurassic age (Muratov et al., 1984;
Nikishin et al., 2015c; Oszczypko et al., 2017; Robinson, 1997;
Sheremet et al., 2016a). This unit contains large olistoliths con-
sisting of limestones with Carboniferous to Early Triassic ages
(Kotlyar et al., 1999). The Tauric flysch is interpreted as a trench fill
unit. It is overlain by a Middle Jurassic (Bajocian to Callovian)
shallow marine to terrestrial clastic and volcaniclastic succession
overlain by Middle to Upper Jurassic conglomerates (Lalomov,
2007; Muratov et al., 1984; Robinson, 1997). This shows that by
Middle to Upper Jurassic time, the deep foreland basin unit was
uplifted above sea level. Volcanic rocks on Crimea have ages from
the Middle Jurassic to earliest Cretaceous (~170-140Ma) and have
geochemistries consistent with arc volcanism (Meijers et al.,
2010c). Dredge samples of arc volcanic rocks offshore southern
Crimea gave K-Ar ages to ~100Ma, or even as young as 70Ma
(Shnyukov et al. (1997), cited in Kazmin et al. (2000)) The clastic
sequence of Crimea is overlain by only weakly deformed shallow
marine platform carbonates of Upper Jurassic to Lower Cretaceous
age, and subsequently a deepeningmarine sequence that is thought
to be related to the opening of the Black Sea (Lalomov, 2007;
Muratov et al., 1984; Robinson, 1997). In Cenozoic time, Crimeawas
uplifted again during inversion in the Black Sea Basin (Robinson,
1997; Saintot et al., 2006b).

To the southwest of the Black Sea lies the Rhodope-Pontide
fragment (Şeng€or and Yılmaz, 1981). The Rhodope-Pontide frag-
ment consists of the Istanbul Zone, separated from the Sakarya
Zone by the relics of a Jurassic ocean basin found in the Intra-
Pontide Suture. Towards the east, the Istanbul and Sakarya zones
are separated by the Mesozoic Küre accretionary prism and Intra-
Pontide suture from the Eastern Pontides and Transcaucasus
zones (Şeng€or and Yılmaz, 1981) (Fig. 15).

The Istanbul Zone was displaced southward relative to the
Moesian Platform along the West Black Sea transform upon
opening of thewestern Black Sea (Okay et al., 1994) (see below). It is
in its sedimentary facies and age often correlated to the Moesian
Platform: the Moesian Platform and Istanbul Zone contain fauna
and Precambrian basement that suggest they were part of Gond-
wana in Ordovician to Silurian time (Bozkurt et al., 2008; Chen
et al., 2002; Okay et al., 2008a; Okay and Nikishin, 2015; Yi�gitbaş
et al., 2004). Sediment provenance studies, however, place the
Istanbul Zone as contiguous with, and located south of, the Strandja
Massif rather than the Moesian Platform in Triassic time (Ülgen
et al., 2018). This correlation is consistent with the ~160 km of N-
S extension that was associated with the opening of the Black Sea
(Dinu et al., 2005; Hippolyte et al., 2010; Munteanu et al., 2011;
Okay et al., 1994), which places the Istanbul Zone adjacent to
Strandja in the Early Cretaceous.

The Black Sea Basin overlies crust of the East European Plat-
form, the Istanbul Zone, and the eastern Pontides and the inter-
vening sutures (Fig. 15). During Black Sea opening, the Pontides
hosted a volcanic arc thought to relate to northward subduction of
the Neotethys (Adamia et al., 1981; Letouzey et al., 1977; Okay et al.,
1994; Yılmaz et al., 1998; Zonenshain and Le Pichon, 1986). The
Black Sea Basin is hence interpreted as a back-arc basin (Okay et al.,
1994; Stephenson and Schellart, 2010). The Black Sea hosts two,
more or less trianglular extensional basins, thewestern and eastern
Black Sea Basins, separated by the Mid-Black Sea high, or Andrusov
Ridge (e.g., Nikishin et al., 2015a, 2015b). The Western Black Sea
Basin opened with a phase of continental extension from late
Barremian e Aptian time, followed by Cenomanian-Santonian time
oceanic crust formation ormantle exhumation. The 160 km of Black
Sea extension was accommodated between ~130 and 80Ma
(Nikishin et al., 2015a, 2015b; Akdo�gan et al., 2019). Nikishin et al.
(2015a, 2015b) interpreted that both Black Sea Basins opened
during this time. Others, (e.g., Banks and Robinson, 1998; Robinson
et al., 1995; Saintot and Angelier, 2002; Vincent et al., 2016) sug-
gested that the eastern Black Sea is younger, and opened in San-
tonian to Danian time, based on ~5 km thick Paleocene-Eocene
series exposed in e.g. the Achara-Trialet region on the eastern Black
Sea coast (Saintot and Angelier, 2002; Vincent et al., 2016; Yılmaz
et al., 2014), although these may also have formed in a retro-
foreland basin above north-thrusting Pontides (Sheremet et al.,
2016b). Magnetic anomalies have been suggested to be consistent
with a ~71-68Ma opening history (Shreider, 2005), but until
biostratigraphic well data are available to confirm this, the age of
the opening of the eastern Black Sea remains enigmatic (Vincent
et al., 2016). In our reconstruction, we tentatively follow (Nikishin
et al., 2015a, 2015b), among others because a diachronous open-
ing requiresmajor faults to crosscut the Pontides to the south of the
Black Sea, for which there is no evidence to date. Future identifi-
cation of such major structures may require us to revisit this part of
the reconstruction. Between late Eocene to late Miocene the
western and eastern Black Sea became inverted (Khriachtchevskaia
et al., 2010) accommodating ~30 km N-S shortening in the western
Black Sea (Munteanu et al., 2011) and similar or larger magnitudes
of shortening are likely for the eastern Black Sea (Gobarenko et al.,
2017; Sheremet et al., 2016b).

The basement of the Sakarya, Eastern Pontide, and Trans-
caucasus zones exposed to the south and southeast of the Black Sea,
is heterogeneous and comprises Variscan basement and post-
Variscan volcano-sedimentary cover (Dokuz et al., 2017; Okay
et al., 2006a; Topuz et al., 2006; Yılmaz et al., 2000). The Variscan
continental basement is represented by a high-grade metamorphic
sequence of Paleozoic gneiss, amphibolites and marbles. Meta-
morphism is in amphibolite to granulite facies and is dated at
Carboniferous (330-310Ma). It became intruded by Carboniferous
and Permian granitoids (Kaygusuz et al., 2012; Okay and Whitney,
2010; Şengün and Koralay, 2016; Topuz, 2004; Topuz et al., 2006,
2010). Within or structurally below the Sakarya Zone, and perhaps
extending into the Eastern Pontides, is the Karakaya complex (e.g.,
Okay and G€oncüo�glu, 2004). The Karakaya complex includes
pelagic sedimentary and mafic magmatic rocks thought to be off-
scraped at a subduction interface from the downgoing oceanic
crust. These include Devonian to Triassic radiolarian cherts and
show that Paleozoic oceanic crust (Paleotethys) was consumed in
Early Mesozoic time (Okay et al., 2011; Sayit et al., 2011). Further-
more, the complex includes greywackes and shales interpreted as
trench infill, and blueschists and eclogites knockers thought to have
exhumed in a subduction channel. 40Ar/39Ar ages of eclogite blocks
of 215e203Ma (Okay andMoni�e,1997; Okay et al., 2002) show that
deep oceanic underthrusting below the Sakarya Zone, either
northward (Okay and Nikishin, 2015) or southward (Şeng€or and
Yılmaz, 1981), was active until at least the latest Triassic below
Sakarya. We note that there is debate on whether the Karakaya
complex marks an accretionary prism derived from the Paleotethys
Ocean, as suggested by the presence of Devonian cherts (Okay et al.,
2011), or whether it was a back-arc basin (Şeng€or and Yılmaz, 1981;
Eyuboglu et al., 2018). In our reconstruction, we assume southward



Fig. 15. Tectonic map of the eastern Mediterranean region. For key to abbreviations, see Table 4, for key to tectonic units, see Fig. 5. For location of the map within the Mediterranean region, see Fig. 4.
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Fig. 16. Orogenic architecture charts for western and central Anatolia. For key to abbreviations, see Table 4, for key to tectonic units, see Fig. 5. For regional distribution of tectonic units, see Fig. 15. See Table 1 for summery of kinematic
constraints corresponding to this chart. Periods of metamorphism are indicated with dotted hatching, formation of oceanic basement (ophiolites) with vertical hatching, and formation of pre-Alpine crystalline basement with curved
hatching.
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Fig. 17. Orogenic architecture charts for eastern Anatolia and the Caucasus. For key to abbreviations, see Table 4, for key to tectonic units, see Fig. 5. For regional distribution of tectonic units, see Fig. 15. See Table 1 for summery of kinematic
constraints corresponding to this chart. Periods of metamorphism are indicated with dotted hatching, formation of oceanic basement (ophiolites) with vertical hatching, and formation of pre-Alpine crystalline basement with curved
hatching.
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underthrusting of the Karakaya complex along a paleo-trench to
the north of the Istanbul and Eastern Pontide zones (Figs. 16 and
17), and we will discuss the reasons and alternatives in the Dis-
cussion section. The above-mentioned Paleozoic basement and
accretionary complexes are both unconformably overlain by Upper
Jurassic and younger clastic sediments, mafic volcanics and lime-
stones (Dokuz et al., 2017; Sayıt and G€oncüo�glu, 2013), and refer-
ences therein).

The Intra-Pontide suture, running from the Sea of Marmara to
the central part of the Pontides separates the Sakarya from the
Istanbul Zone (Figs. 1 and 15). It contains metamorphosed mafic
magmatic rocks with overall supra-subduction zone geochemical
signatures associated with Middle and Upper Jurassic radiolarian
cherts (G€oncüo�glu et al., 2014; Robertson and Usta€omer, 2004;
Usta€omer and Robertson, 2000; Sayit et al., 2015b). Immediately
east of the Istanbul Zone, in the Küre region, the Küre SSZ ophiolite
between Sakarya and the Eastern Pontides is also Jurassic
(169± 2Ma) in age (Alparslan and Dilek, 2017). The formation of
the Küre Ophiolite follows directly upon high-temperature, low-
pressure metamorphism affecting arc magmatic rocks in the same
region, which was interpreted to reflect extension during opening
of the Intra-Pontide Ocean (Okay et al., 2014) within an active
volcanic arc. Closure of the Jurassic intra-Pontide ocean basin
occurred in Early Cretaceous time, and was associated with, or
followed by, 158-110Ma metamorphism constrained by cooling
ages in the associated accretionary prism and unconformably
overlying sediments (Akbayram et al., 2013).

The paleogeographic position of the Pontide blocks relative to
the Paleotethys suture has been a major debate or decades and
remains disputed. Şeng€or and Yılmaz (1981) and Şeng€or et al.
(1984) were the first to offer a modern plate tectonic interpreta-
tion, which remains popular today (e.g., Candan et al., 2016a; Dokuz
et al., 2017), and suggested that a south-dipping Paleotethys sub-
duction zone existed north of the Istanbul Zone and Eastern Pon-
tides, cropping out in the upper Paleozoic to middle Jurassic Küre
accretionary prism of the north-central Pontides (Okay et al.,
2006a; Şeng€or et al., 1980) (Fig. 15). Towards the east, in the
Eastern Pontides, several massifs were interpreted as related to
syn-southward subduction of Paleotethys lithosphere by Şeng€or
et al. (1980). This includes e.g., the A�gvanis Massif, an accre-
tionary wedge made of phyllite, marble, metabasalts, and cherts
that contain evidence for Triassic (~209Ma or somewhat older)
metamorphism (Topuz et al., 2014b) (Fig. 15). Şeng€or and Yılmaz
(1981) and Şeng€or et al. (1984), however, interpreted the Kar-
akaya complex, however, to represent a Permian back-arc basin
that formed within the Rhodope-Pontide fragment and that closed
by Triassic time, although the more recent findings of Devonian
chert may make a Paleotethys derivation more likely (Okay et al.,
2011; Sayit et al., 2011). Alternative views propose instead that
the Pontides have been part of Eurasia since at least the Variscan
orogeny in the Late Paleozoic, and all subduction was northward
since that time (Golonka, 2004; Moix et al., 2008; Okay and
Nikishin, 2015; Robertson et al., 2004b; Rolland et al., 2016;
Stampfli and Kozur, 2006; Topuz et al., 2013; Usta€omer and
Robertson, 2010), for instance based on correlations from the
Caucasus region (see section 5.12.4). The Karakaya complex in this
context is viewed as a Paleotethys-derived accretionary prism un-
derthrust below Sakarya and exposed in windows (Okay and
Nikishin, 2015; Okay et al., 2011). There are arguments for both
views, and we will return to this debate in our reconstruction for
Jurassic and Triassic time, and in the discussion (see section 7.10).

A prominent tectonic feature in northern Anatolia is the major
dextral North Anatolian Fault (Ketin, 1948) that spans 1200 km
between the northern Aegean region to the Karlıova Triple Junction
in eastern Turkey. It is though to have formed in the Middle-late
Miocene (13-11Ma ago) in the east (Şeng€or et al., 2005) or
younger, ~5Ma (e.g., Armijo et al., 1999), and propagated westward.
Its cumulative offset remains debated, with at least ~50, and
perhaps as much as ~70e85 km (Akbayram et al., 2016; Hubert-
Ferrari et al., 2002) e see Şeng€or et al. (2005) for a detailed dis-
cussion. In the western Turkey transect, the North Anatolian Fault
runs along the Intra-Pontide Suture Zone.

The Sakarya Zone is bordered to the south by the Izmir-Ankara-
Erzincan Suture Zone (Fig. 15), which is traced from western
Turkey to Armenia, and from there southward through western
Iran, spanning ~2000 km (Şeng€or and Yılmaz, 1981). In the west,
this suture connects with the Sava suture in Greece and the Balkans
(Schmid et al., 2008, 2019). In the east it merges in a triple junction
with the Zagros and Bitlis sutures (Fig. 15).

In western Anatolia, the Izmir-Ankara-Erzincan Suture Zone
hosts a m�elange (the Ankara M�elange, Fig. 15) made of ocean floor
volcanics, oceanic sediments with Middle Triassic (Ladinian-Car-
nian) and younger ages, as well foreland basin clastic rocks with
ages up to the Maastrichtian (G€okten and Floyd, 2007; Tekin and
G€oncüo�glu, 2007; Tekin et al., 2002). Within the suture zone,
from the Çankırı Basin eastward, the Jurassic Anatolian Ophiolites
are found, in places associated with metamorphic soles, both with
ages ranging fromMiddle to Late Jurassic, ~180-140Ma (Çelik et al.,
2011, 2016; Ç€ortük et al., 2016; Topuz et al., 2014a; Eyuboglu et al.,
2016). These are interpreted to be relict oceanic basement that
formed to the south of the Pontide forearc in the upper plate of a
subduction zone (Okay et al., 2013; Topuz et al., 2013, 2014a;
Eyuboglu et al., 2016). These forearc ophiolites are of the same age
as the Intra-Pontide Ocean rocks and thus likely formed as part of
the same upper plate extensional system (Fig. 15).

To the south of the IAESZ, Cretaceous Eastern Mediterranean
Ophiolites are widespread, forming the highest structural unit
overlying thrust continent-derived nappes of Greater Adria, in
Turkey often referred to as the Anatolide-Taurides. All these
ophiolites and their associated metamorphic soles are invariably
Late Cretaceous in age, ~95-89Ma (Çelik et al., 2006; Parlak and
Delaloye, 1999; see reviews in van Hinsbergen et al., 2016; Parlak,
2016). The westernmost ophiolites that are attributed to the
Cretaceous ophiolite belt are found on Crete and Rhodos (Koepke
et al., 2002), which kinematically restores adjacent to the SW
Anatolian Lycian Ophiolites in Paleogene time (van Hinsbergen and
Schmid, 2012). The presence of these Cretaceous ophiolites,
exclusively with a supra-subduction zone signature (e.g., Dilek and
Furnes, 2011; Parlak, 2016) from westernmost Turkey eastwards is
widely interpreted as evidence that an intra-oceanic subduction
zone formed within the Neotethyan Ocean before ~95Ma (Çelik
et al., 2006; Maffione et al., 2017; Menant et al., 2016; Parlak
et al., 2006; Plunder et al., 2013, 2016; Robertson et al., 2012; van
Hinsbergen et al., 2015, 2016). Recent Lu/Hf dating of garnet in
metamorphic soles yielded ages of ~104Ma for the and Halilba�gı
(Pourteau et al., 2019) and Pınarbaşı (Peters et al., 2018) Ophiolites
(Fig. 15), and similar ages were reported from the sole of the
Cretaceous Semai'l Ophiolite of Oman (Guilmette et al., 2018),
suggesting that subduction started slowly around 105Ma, followed
by inception of upper plate spreading some 10e15 Myr later. This
intra-oceanic subduction zone is thought to have ended in a trench-
trench-trench triple junction (Lefebvre, 2011) at the longitude of
westernmost Anatolia to the west of which the Cretaceous ophio-
lites disappear (e.g., Maffione et al., 2017; van Hinsbergen et al.,
2016).

The Cretaceous ophiolites overlie a sub-ophiolitic, non-meta-
morphic m�elange that contain Middle Triassic to Maastrichtian
radiolarian cherts, e.g. below the Lycian and Beysehir Ophiolites
(Ricou et al., 1984, and references therein). This subophiolitic
m�elange is not to be confused with the Ankara m�elange, which lies
structurally above the Cretaceous ophiolites. In Central Turkey, the
subophiolitic m�elange also contains kilometer-scale blocks and
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thrust slices of Triassic to Upper Cretaceous limestones accreted
from the underthrust Tavşanlı and Kırşehir platforms (see below
and section 5.12.2), or from isolated seamounts (Okay et al., 2008b).
The ophiolites, underlying m�elange, and included thrust slices are
collectively known as the Bozkır unit (Andrew and Robertson,
2002; €Ozgül, 1976), but on our tectonic map, we separate the
ophiolites from the rest of the Bozkır Unit. In Northwestern Turkey,
a Maastrichtian to Paleocene flysch unit with major, up to 10 km
wide blocks of Adria-derived limestones and cherts is known as the
Bornova Flysch (Moix and Gori�can, 2014; Okay and Altıner, 2007;
Okay et al., 2012). We tentatively include this flysch in the Bozkır
Unit (Fig. 15).

Below the Bozkır Unit in western Turkey, a series of nappes are
exposed that form an overall southward propagating fold-and-
thrust belt that developed in Late Cretaceous to Paleogene time
(Fig. 16). This fold-and-thrust belt is exposed in a major extensional
window exhumed along extensional detachments. The highest
structural unit is the composite Tavşanlı Zone, which consists of
HP-LT metamorphic rocks with oceanic, sedimentary, and
magmatic protoliths (Plunder et al., 2013, 2015, and references
therein) which likely correlate to the Bozkır unit, overlying the
Tavşanlı Zone sensu stricto. The Tavşanlı Zone s.s. consists of Permo-
Triassic metapelitic schists, Mesozoic marbles, metabasite, meta-
chert, and phyllite, interpreted to have detached from a subducted
distal passive continental margin (Okay, 1984; Okay et al., 2008a).
These rocks underwent eclogite-facies metamorphism (Davis and
Whitney, 2006; Okay, 1981; Okay and Whitney, 2010), and yiel-
ded Lu/Hf lawsonite and garnet ages of 91e83Ma (Mulcahy et al.,
2014; Pourteau et al., 2019), and 40Ar/39Ar ages of 88e78Ma (e.g.,
Seaton et al., 2014; Sherlock et al., 1999; see review in van
Hinsbergen et al., 2016) interpreted as reflecting peak meta-
morphism, and cooling upon exhumation, respectively.

The Tavşanlı zone is cut by the enigmatic, ductile, right-lateral
Uluda�g-Eskişehir strike-slip fault that was active between at least
38Ma, until ~27Ma at which time the zone was intruded by a
pluton. The fault has an estimated displacement of 100± 20 km
(Okay et al., 2008b). Based on low-temperature thermochronology,
Zattin et al. (2010) suggested that this fault may have continued
towards the western Sea of Marmaris, to be later reactivated by the
North Anatolian Fault Zone, but from there on it remains unclear
how this motion was accommodated.

The Afyon Zone is located south of and likely structurally below
the Tavşanlı Zone and also represents a continent-derived sedi-
mentary sequence with Paleozoic basement slivers and a stratig-
raphy up to the Maastrichtian (G€oncüo�glu et al., 1992). It was
metamorphosed under blueschist facies conditions (Candan et al.,
2005; Pourteau et al., 2014). Retrograde white mica 40Ar/39Ar
ages of ~67-62Ma are interpreted as cooling ages during exhu-
mation (€Ozdamar et al., 2012, 2013; Pourteau et al., 2013). The
metamorphic rocks of the Afyon Zone are in western Turkey un-
conformably overlain by Upper Paleoceneelower Eocene shallow
marine sedimentary rocks (Candan et al., 2005).

In western Turkey, the Afyon Zone is underlain by the Menderes
Massif and the contact is the major Simav extensional detachment
(Isik et al., 2004; Ring et al., 2003). This detachment cuts out part of
the tectonostratigraphy that must have existed between the Afyon
Zone and the Menderes nappes. This tectonostratigraphy is iden-
tified along the southern margins of the Menderes nappes instead
(Fig. 5). There, the €Oren unit has a similar sedimentary and
metamorphic facies and age as the Afyon Zone, and the €Oren unit
and Afyon Zone are interpreted as equivalents (Güng€or and
Erdo�gan, 2002; Pourteau et al., 2010, 2013; Rimmel�e et al., 2003a,
2005). The €Oren unit is underlain by a belt of Eocene HP-LT meta-
morphic rocks (Rimmel�e et al., 2003b; Whitney and Bozkurt, 2002)
of the Dilek nappe that correlate well in terms of tectonic position
and metamorphic grade with the Cycladic Blueschist unit (Ring
et al., 2007). White mica 40Ar/39Ar yielded 42-32Ma ages from
the Dilek nappe (Ring et al., 2007) and likely represent cooling ages.
We model the onset of emplacement of the Dilek nappe simulta-
neously with the Pindos-Cycladic Blueschist unit of Greece (see
section 5.11), starting 60Ma, until ~45Ma when the Menderes
nappes start underthrusting.

Below the Dilek Nappe and separated from the Afyon/€Oren Zone
with the aforementioned Simav detachment are the Menderes
nappes. These consist of a series of low to high-grade, Pan-African
basement-bearing nappes (Gessner et al., 2013; Oberh€ansli et al.,
2010b, and references therein) intruded by Carboniferous (330-
315Ma) as well as Triassic (250-225Ma) arc-related granitoids (e.g.,
Candan et al., 2016a; Gessner et al., 2001a). Although there is evi-
dence for earlier Pan-African metamorphism and magmatism in
the highest of these nappes (Çine nappe) (Candan et al., 2016b;
Oberh€ansli et al., 2010b), garnet Lu/Hf ages of 43e25Ma (Schmidt
et al., 2015) and Rb/Sr muscovite ages in this nappe indicate cool-
ing below 500± 50 �C at ~46Ma (Bozkurt et al., 2011), indicating
that high-grade metamorphic conditions were also reached during
the Alpine cycle. The Çine nappe is underlain by the Bozda�g nappe,
and the lowermost Menderes nappe is the Bayındır nappe. The
latter nappe is the deepest exposed structural unit of the Menderes
Massif, experienced greenschist-facies metamorphism (Gessner
et al., 2001b) contains uppermost Cretaceous carbonates (€Ozer,
1998; €Ozer and S€ozbilir, 2003), and yielded a 40Ar/39Ar age of
36± 2Ma (Lips et al., 2001).

Cooling ages of the Dilek, Çine, and Bayindir nappes all overlap
in the ~45-35Ma age range and can therefore not all represent
moments of nappe accretion from the downgoing to the overriding
plate. First-order estimates of the amount of overlap between these
nappes were made by the restoration of Miocene extension in the
Menderes Massif of van Hinsbergen (2010) and van Hinsbergen and
Schmid (2012). Following that analysis, we assume that the ~35Ma
age of the lowermost, Bayındır nappe represents the moment of
accretion of the nappe to the overriding plate and restore the ac-
cretion of these nappes by restoring the overlaps assuming in-
sequence thrusting driven by Africa-Europe convergence.

Overlying the €Oren unit to the south are the Lycian nappes,
which are in turn overlain by Cretaceous ophiolites (e.g., de
Graciansky, 1972; Okay, 1989; Plunder et al., 2016), Fig. 15). In
many places in the Lycian Nappes, Upper Cretaceous to upper
Eocene foreland basin clastics overstep non-metamorphic Paleo-
zoic to Lower Cenozoic carbonate-dominated sediments (Bernoulli
et al., 1974; Collins and Robertson, 1999; de Graciansky, 1972; Okay,
1989; Poisson, 1977). Sayit et al. (2015a) reported lower Upper
Triassic (Carnian) arc lavas intercalating with pelagic limestones
and radiolarian cherts from the Lycian nappes. Because the ages of
the foreland basin clastics in the Lycian Nappes appear to cover the
entire time span of metamorphism of the Tavşanlı and Afyon-€Oren
units as well as that of the higher nappes of the Menderes Massif,
they may represent offscraped upper crustal portions of the west-
Anatolian metamorphic units that decoupled from their now-
metamorphic underpinnings and remained in a forearc position,
thus escaping metamorphism. We do not restore the internal
structure of the Lycian nappes in any detail, but instead focus our
restoration on themajor metamorphosed nappes. Our tectonic map
simplifies the Lycian Nappes by placing them entirely in the Bozkır
unit, although more detailed structural analysis will likely require
recognizing elements of also deeper structural units of the Tauride
tectonostratigraphy, such as the Geyikda�gı nappe (see section
5.12.2).

The Lycian nappes and overlying ophiolites overthrust the
‘autochtonous’ Beyda�gları Platform to the SE (Figs. 15 and 16). The
Beyda�gları Platform exposes Lower Cretaceous to Oligocene plat-
form carbonates (Farinacci and K€oylüo�glu,1982; Poisson,1967; Sari,
2002), overlain by a lower Miocene (~23-16Ma) foreland basin
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series in front of and below the Lycian Nappes. These foreland basin
clastic rocks constrain the timing of thrusting of the Lycian Nappes
towards Beyda�gları (Hayward, 1984; van Hinsbergen et al., 2010b).
Langhian (~16-13Ma) sediments seal the thrust (Flecker et al.,
2005; Poisson et al., 2003). A window near G€oçek exposes Burdi-
galian sediments of similar foreland basin facies (Hayward, 1984)
demonstrating at least 75 km of SE-ward displacement of the west-
Anatolian Taurides relative to Beyda�gları between ~23 and 16Ma
simultaneous with extensional unroofing and exhumation of the
Menderes Massif to the northwest (van Hinsbergen, 2010, and
references therein). The Beyda�gları Platform is generally considered
to have formerly been physically connected to the Menderes Massif
and to have formed the southern part of a contiguous Menderes-
Beyda�gları Platform (Collins and Robertson, 1997). van Hinsbergen
(2010), as well as earlier workers (Collins and Robertson, 2003;
Hayward, 1984) reconstructed the Lycian Nappes back on top of the
Menderes Massif at 25Ma, and suggested that SE-ward translation
between ~25 and ~15Ma was gravity-driven and only affected a
few km thick tectonostratigraphy. We adopt this reconstruction
here, and refer to van Hinsbergen (2010) and van Hinsbergen and
Schmid (2012) for a detailed discussion.

Finally, the Beyda�gları and Geyikda�gı Platform is overlain in the
east by the Antalya-Alanya Nappes (Fig. 15). These consist of a
Paleozoic-Paleocene folded and thrust series dominated by car-
bonate and uppermost Cretaceous foreland basin deposits
(Angiolini et al., 2007; Robertson andWoodcock, 1981), overlain by
ophiolites and m�elanges that contain ~95-90 Myr old metamorphic
sole fragments, comparable in age with other Anatolian ophiolites
(Çelik et al., 2006). The Antalya-Alanya nappes are part of a thrust
belt that was emplaced from south to north over the Beyda�gları
foreland, and the Geyikda�gı unit of the Central Taurides to the east,
until Maastrichtian times (e.g., Okay and €Ozgül (1984). The Alanya
nappes overlie the Antalya nappes and are structurally below the
ophiolites, and comprise a HP-LT metamorphic complex
(~85e82Ma) of continental origin (Çetinkaplan et al., 2016; Okay
and €Ozgül, 1984). This complex has been interpreted to relate to a
subduction system that evolved from southeastern Anatolia and
radially rolled back westwards, leading to ophiolite emplacement
around the eastern Mediterranean oceanic basin, i.e. onto Arabia,
blocks off Northern Africa (e.g., Kyrenia, Cyprus) and the southern
Taurides (Beyda�gları, Geyikda�gı) (Maffione et al., 2017).

Offshore Beyda�gları to the south, the submerged Anaximander
Seamount Complex is located at the junction of the Hellenic and
Cyprus Arcs. The complex comprises three submarine highs, from
west to east the Anaximander, Anaximenes, and Anaxigoras Sea-
mounts (e.g., ten Veen, 2004; Zitter et al., 2003). These features are
composed of variably deformed Cretaceous to Miocene successions
and are interpreted to be the submarine continuation of the
Beyda�gları Platform and the overlying Antalya nappes (ten Veen
et al., 2004). The Anaximander Mountains are separated to the
south by the Mediterranean Ridge, which is the accretionary prism
associated with Oligocene and younger subduction (ten Veen et al.,
2004; Zitter et al., 2003) and that hosts today's Africa-Europe plate
boundary. South of this plate boundary, on the African Plate, the
Herodotus Basin is floored by the oldest ocean crust still on the sea
floor today, with a Carboniferous age (Granot, 2016) that is con-
nected to the North African passive margin. To the east of the
Herodotus Basin, from Cyprus to Africa and from Cyprus to Arabia,
there is no oceanic lithosphere left, and all appears to be thinned
continental crust (Erduran et al., 2008) (see next section).

5.12.2. Central Anatolia
The tectonic architecture of Central Anatolia (Fig. 15) contains

similarities as well as major differences with Western Anatolia. The
northern part of the section is the Crimea Peninsula exposing the
Scythian Platform overthrusting the Tauric Flysch (Figs. 15 and 16),
bounded to the south by the Black Sea Basin. In the Pontides to the
South, the Istanbul Zone disappears and across the Intra-Pontide
suture lie the Eastern Pontides.

The eastern Pontides comprise abundant upper Paleozoic
metamorphic basement ascribed to the Variscan orogeny (e.g.,
Rolland et al., 2016; Topuz, 2004). In NE Turkey, it is underlain by
the A�gvanis Massif, a Triassic greenschist to epidote-amphibolite
facies metamorphic complex with metabasites, phyllites, marbles,
calcschists, metacherts, metagabbros and serpentinites, interpreted
as a metamorphosed oceanic accretionary complex (Topuz et al.,
2014a) equivalent to the Karakaya Complex to the west (Fig. 15).
These units are overlain by a Jurassic to Eocene carbonate and
continental clastic stratigraphy with abundant volcanic intervals
(Dokuz et al., 2017). Volcanism was active from Jurassic onwards,
and remained episodically active until the early Miocene, with lulls
in the Late Cretaceous to Paleocene, and late Eocene to late Oligo-
cene (Eyubo�glu et al., 2012, 2013; Schleiffarth et al., 2018). Okay
et al. (2014) reported Jurassic HT/LP metamorphic rocks from the
northern Central Pontides and ascribed these to extension in an arc
setting.

The Sakarya Zone in the Central Pontides is dominated by
metamorphic belts of ages including the Triassic accretionary
Karakaya Complex, overlain by Jurassic and younger carbonate,
volcanic, and clastic sediments, whereas deeper structural units
include accretionary complexes of Late Jurassic, Early, and Middle
Cretaceous age (Okay et al., 2006b, 2013).

To the south of the Sakarya accretionary prism the previously
described Jurassic ophiolites (e.g. Eldivan Ophiolite, Fig. 15) are
found along the southern margin of the Pontides, in the Izmir-
Ankara-Erzincan Suture Zone. These have ~180-170Ma (in places
perhaps as young as 140Ma) oceanic crust, and metamorphic sole
rocks of ~180-170Ma (Çelik et al., 2011, 2013), interpreted to have
formed in the Sakarya forearc during (nascent) northward sub-
duction (Topuz et al., 2014a). These lie structurally above the
Ankara m�elange to the south, which in turn overlies the Cretaceous
Eastern Mediterranean Ophiolites and associated Bozkır m�elange
units (Fig. 15) (G€okten and Floyd, 2007; Rojay, 1995). The Creta-
ceous ophiolites and underlying m�elange in Central Anatolia
overlie the HT-LP metamorphic Kırşehir Block instead of the
Tavşanlı Zone of western Turkey (see below) (Fig. 15).

Straddling the IAESZ in the Central Pontides is the Çankırı Basin,
which covers the Jurassic Eldivan Ophiolites, and the Pontides in
the northwest, and Upper Cretaceous ophiolites and ophiolitic
m�elange as well as Kırşehir Block in the south (Fig. 15). The basin
has an up to 3 km thick stratigraphy from Upper Cretaceous to
lower Miocene, of which the Cretaceous part is interpreted as a
forearc basin above an oceanic subduction zone, and the Paleocene
and younger part a foreland basin related to collision with the
Kırşehir Block (Kaymakcı et al., 2009). Contractional deformation in
the basin continued until the early Miocene, and was in Eocene-
Miocene time associated with oroclinal bending (Çinku et al.,
2011; Kaymakcı et al., 2003; Lucifora et al., 2013) thought to be
related to indentation of the central Kırşehir Massif
(KırşehireKırıkkale Block of Lefebvre et al. (2013a), see below;
Fig. 15). Since Eocene time, and likely related to this same phase of
deformation, the Pontides to the north of the Cankırı Basin un-
derwent ~30 km N-S shortening accommodated along inverted
normal faults that formed during Black Sea opening (Espurt et al.,
2014).

The largest portion of the Central Anatolian transect is occupied
by the Kırşehir Block and the overlying Central Anatolian
Ophiolites, which are part of the Cretaceous Eastern Mediterra-
nean Ophiolites. These ophiolites are strongly dismembered and
form isolated klippen scattered on the high-grade metamorphic,
Adria-derived continental Kırşehir Block. The two most complete
and best studied ophiolite occurrences are the Sarıkaraman and
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Çiçekda�gı supra-subduction zone ophiolites of Late Cretaceous age
(Floyd et al., 2000; G€oncüo�glu and Türeli, 1993; Radwany et al.,
2017; van Hinsbergen et al., 2016; Yaliniz et al., 1996, 2000).

Below these ophiolites lies the Kırşehir Block (G€orür et al.,
1984), a continent-derived series of Paleozoic to Mesozoic meta-
sedimentary rocks with peak HT/LP metamorphic conditions of up
to 800 �C/8 kbar (Lefebvre et al., 2015; Whitney et al., 2001) at
~85e90Ma (U/Pb on metamorphic zircon and monazite (Whitney
and Hamilton, 2004; Whitney et al., 2003). The Kırşehir Block is
characterized by a regionally pervasive, flat-lying foliation with an
overall top-to-the-southwest sense of shear (Lefebvre, 2011). This
foliation is intruded by mostly undeformed granitoids with ages of
85e70Ma (van Hinsbergen et al., 2016, and references therein).
Intrusion occurred at lower pressures than prevailing at regional
climax metamorphism, at 3e4 kbar, causing syn-decompressional
heating in the surrounding Kırşehir metamorphic rocks (Kocak
and Leake, 1994; Lefebvre et al., 2015; Whitney and Dilek, 1998;
Whitney et al., 2001). The metamorphism of the Kırşehir Block is
explained by underthrusting below the Central Anatolian Ophio-
lites (Boztu�g et al., 2009) and occurred simultaneously with the
burial and accretion of the Tavşanlı continental rocks to the west,
which thus likely formed a lateral paleogeographic continuation of
the Kırşehir Block (van Hinsbergen et al., 2016). It is also interesting
to note that the ages of climax metamorphism in the Kırşehir Block
overlap with the ages of plagiogranites in the overlying ophiolites,
which may suggest that the Kırşehir Block underthrust the supra-
subduction zone ophiolites while the latter were still spreading
(van Hinsbergen et al., 2016).

Decompression of the Kırşehir Block must have started imme-
diately after climax metamorphism and the end of regional
shearing as shown by the decompression from up to 8, to 3e4 kbar
between ~90Ma peak pressure metamorphism and 85-70Ma
granitoid intrusion. Some of these granites are affected by discrete
ductile shear zones which suggest syntectonic emplacement dur-
ing extension (Isik, 2009; Isik et al., 2008). Extensional de-
tachments were found in the Kırşehir Block, particularly the Ni�gde,
Kaman, and Hırkada�g detachments (Gautier et al., 2002, 2008;
Lefebvre et al., 2011, 2015). When corrected for Cenozoic vertical
axis rotations (Lefebvre et al., 2013a) (see section 6.2.10), kinematic
indicators in the detachment faults show that exhumation occurred
under ~E-W-directed extension since at least ~80-75Ma. 40Ar-39Ar
cooling ages cluster between ~75 and 65Ma (see review and data in
van Hinsbergen et al., 2016) and apatite fission track ages from the
granites indicate cooling below ~100 �C in early to middle Paleo-
cene time (~62-57Ma; Boztu�g et al. (2009)). Lutetian and younger
rocks regionally unconformably cover the Kırşehir metamorphics
as well as associated supra-detachment basins (Advokaat et al.,
2014a; G€oncüo�glu et al., 1993; Gülyüz et al., 2013).

Paleomagnetic analysis of the granite intrusions shows that af-
ter its exhumation, the Kırşehir Block broke into three blocks
(Akda�g-Yozgat, Kırşehir-Kırrıkkale, A�gac€oreneAvanos) that under-
went differential block rotations (Lefebvre et al., 2013a). These ro-
tations were accommodated by transpression and thrusting along
fault zones (Isik et al., 2014; Lefebvre et al., 2013a; Oktay, 1981;
Seymen, 1984) and led to at least 17e27 km of syn-sedimentary
shortening in uppermost Eocene to Oligocene stratigraphy of
associated basins (Advokaat et al., 2014a; Gülyüz et al., 2013).
40Ar-39Ar dating of fault gouges of the Savcılı-Mucur Fault Zone
between the Kırşehir-Kırrıkkale and A�gac€oreneAvanos blocks
showed faulting between ~40 and 23Ma (Isik et al., 2014).

The Kırşehir Block is surrounded by the Central Anatolian basins
(G€orür et al., 1998; Nairn et al., 2013). These include from north to
south the already described Çankırı Basin (Kaymakcı et al., 2009;
Tüysüz et al., 1995), the Haymana Basin (e.g., (G€orür et al., 1984;
Koçyi�git, 1991; Nairn et al., 2013), the Tuzg€olü Basin, which is
bounded from the Kırşehir Block by the Tuzg€olü normal fault (e.g.,
(Cemen et al., 1999; Fern�andez-Blanco et al., 2013; G€orür et al.,
1984) and the Ulukışla Basin (e.g., (Clark and Robertson, 2005;
Gürer et al., 2016). All of these basins have in common that they
contain an Upper Cretaceous to Cenozoic marine to terrestrial
stratigraphy that rests on ophiolites or ophiolitic m�elanges, and
from the Eocene onwards also on Afyon Zone metamorphics (e.g.,
(Gautier et al., 2008; Gürer et al., 2018a; Gürer et al., 2016). The
basal stratigraphy of the Tuzg€olü and Ulukışla basins recorded syn-
sedimentary extension in Late Cretaceous to Paleocene time (G€orür
et al., 1998; Gürer et al., 2016; Nairn et al., 2013). The Haymana
Basin (Fig. 15) is floored by sub-ophiolitic m�elange and for Eocene
and younger rocks, also the underlying Kırşehir Block (G€orür et al.,
1984; Koçyi�git, 1991). Its stratigraphy comprises Upper Cretaceous
(Late Campanian) to Eocene clastic sediments of roughly 4e5 km
thickness. Below the Upper Neogene cover, the Haymana Basin is
probably connected to the Tuzg€olü and the Ulukışla Basins to the
southeast. Both the Tuzg€olü and Ulukışla basins comprise an Upper
Cretaceous to Eocene sequence. The lithostratigraphy in the
Tuzg€olü Basin is similar to the Haymana Basin (Cemen et al., 1999).
The Ulukışla Basin's stratigraphy differs in that it comprises a thick
sequence of Paleocene basalts and basaltic andesites, and Paleocene
to Eocene granitic intrusions (Clark and Robertson, 2002; Gürer
et al., 2016). The Ulukışla Basin and Kırşehir Block are bounded in
the east by the Ecemiş Fault Zone, a left-lateral strike-slip fault with
a displacement of ~60 km (Jaffey and Robertson, 2005). This fault
was active as a strike-slip fault between the late Eocene and early
Miocene and that seems to follow the eastern margin of the
Kırşehir Block, offsetting the Ulukışla Basin from the Sivas Basin in
the east (Gürer et al., 2016) (see next section).

The Upper Cretaceous to Paleocene stratigraphy of the Ulukışla
Basin recorded syn-sedimentary extension (Gürer et al., 2016), that
was shown by Gürer et al. (2018a) to relate to the exhumation of the
underlying Afyon Zone from underneath the southern margin of
the basin along the top-to-the-NE Ivriz detachment (which restores
to top-to-the-northeast when corrected for post-Eocene vertical
axis rotations (Gürer et al., 2018b). In the Bolkar Mountains the HP-
metamorphic rocks of the Afyon Zone consist of marbles and
glaucophane-epidote-bearing metabasic rocks (Gürer et al., 2018a;
van der Kaaden, 1966). The timing of extensional exhumation along
the Ivriz detachment is bracketed between the ~67-62Ma 40Ar/39Ar
retrograde mineral growth ages of the Afyon Zone metamorphic
rocks (Pourteau et al., 2013; €Ozdamar et al., 2013), a ~50Ma syn-
tectonic granite intrusion in the footwall (Horoz granite), and an
unconformable Lower to middle Eocene onlapping cover on the
detachment surface (Gürer et al., 2018a).

The Central Taurides (Blumenthal, 1947) formed a thin-skinned
fold-and-thrust belt below the Bozkır Nappe in latest Cretaceous to
Eocene time (Demirtaşlı et al., 1984; Gutnic, 1979; McPhee et al.,
2018a; €Ozgül, 1984). Below the Bozkır unit, there are three major
nappes (€Ozgül, 1984). The highest is the Bolkarda�gı nappe that
comprises platform-margin sediments, which where subject to HP-
LT metamorphism corresponds to the Afyon Zone (Candan et al.,
2005; Pourteau et al., 2010, 2014), which accreted ~70-65Ma. The
Alada�g nappe is a rootless nappe with a Paleozoic to Maastrichtian
platform carbonates that is restricted to south central Turkey,
adjacent to, and backthrust over, the Bolkarda�gı nappe, and
accreted in the latest Cretaceous (~65Ma) (Mackintosh and
Robertson, 2013; €Ozgül, 1984). The Alada�g nappe, and where ab-
sent the Bolkarda�gı nappe, thrust onto the Geyikda�gı nappe that is
traced along most of the Taurides and accreted and duplexed in
Lutetian time, ~45-40Ma (Demirtaşlı et al., 1984; Gutnic, 1979;
McPhee et al., 2018a; €Ozgül, 1984). Thin slivers of deep-marine
carbonates with ages up to Campanian-Maastrichtian found as
thrust slices between the Alada�g and Geyikda�gı nappes
(Mackintosh and Robertson, 2013; €Ozgül, 1984) were correlated by
McPhee et al. (2018b) to the Dilek nappe of the Menderes Massif.
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These occurrences are too small to appear on our tectonic map but
are included in the orogenic architecture chart of Fig. 16.

The Central Tauride fold-and-thrust belt formed by large-
displacement, regional nappe-bounding thrusts from Late Creta-
ceous to Eocene, followed by duplexing of the Geyikda�gı nappe in
late Eocene time, in turn followed by slow erosion and exhumation
throughout the late Eocene to earliest Miocene (McPhee et al.,
2018a, 2018b, 2019). The Eocene shortening phase accommodated
~75 km of Eocene NE-SW shortening in the Central Taurides in a
section over the heart of the Isparta Angle (Figs. 1 and 15), followed
by another ~25 km shortening in middle Miocene to early Pliocene
time (McPhee et al., 2018a). A second section from the Alanya
nappes to the east benefited fromwindows exposing the Geyikda�gı
below the Bozkır nappes and allowed demonstrating that the
Eocene thrusting phase was associated with at least 154 km of
shortening (McPhee et al., 2018b). TheMiocene phase of shortening
is likely rather local, was associated with westward convex orocli-
nal bending (Koç et al., 2016), and was accommodated by NE-SW
extension of equal magnitude in the Miocene Central Tauride
Intra-montane Basins (Koç et al., 2017, 2018). Low-temperature
thermochronology results give scattered ages in the 40-20Ma
time range suggesting gradual erosion and low tectonic activity in
the interval between the two main shortening events (McPhee
et al., 2019).

The emplacement direction of the Cretaceous SSZ ophiolites of
Central Turkey, including Beyşehir-Hoyran and Pozantı-Karsantı
Ophiolites (Fig. 15) is generally thought to be top S to SW (e.g., Polat
and Casey, 1995; Robertson, 2002). No detailed structural analyses
of the south-Central Taurides are available and discerning between
multiple deformation with opposite vergence, as shown for the
Alanya-Antalya nappes (McPhee et al., 2018a, 2018b) farther west,
is not possible. Parlak et al. (1996) suggested based on kinematic
indicators in the metamorphic sole of the Mersin Ophiolite that the
obduction direction may have been top-to-the-NW, which would
make Mersin Ophiolite equivalent to those in the Antalya Nappes.
Later, Parlak and Delaloye (1999) questioned this interpretation and
suggested top-to-the-south emplacement instead. It is interesting
to note that contrary to the Lycian and Beyşehir-Hoyran Ophiolites
(Fig. 15), which derive from the northern margin of the wider
Tauride Platform (Collins and Robertson, 1997; McPhee et al.,
2018a; Plunder et al., 2016), the Mersin Ophiolite (in Transect II)
is underlain by a m�elange that contains two thrust slices of radio-
larian cherts. An upper one also includes slope deposits and is as
old as the Carboniferous to Permian (Moix et al., 2011; Okuyucu
et al., 2018), a lower one has cherts not older than the Middle
Triassic (Moix et al., 2011; Tekin et al., 2016) overlying basalts with a
back-arc basin geochemical signature (Sayit et al., 2017). This sug-
gests that Carboniferous as well as Triassic (back-arc basin) crust
was subducted below the Mersin Ophiolites. Moix et al. (2011)
correlated the Mersin ophiolitic m�elange to the Antalya and Troo-
dos Ophiolites, hence derived from subduction in the Eastern
Mediterranean Ocean, although paradoxically interpreted some of
the m�elange units derived from the northern margin of the Taur-
ides. Okay and Nikishin (2015) assumed a northern derivation of
the Mersin Ophiolite and used the results of Moix et al. (2011) to
argue that the northern passive margin of the Anatolide-Tauride
part of Greater Adria was Paleozoic in age, facing a Paleotethys
Ocean. We here note that the two ages of ocean floor recorded in
the Mersin cherts are both reported from the Eastern Mediterra-
nean Basin to the south of the Taurides: a Triassic age was esti-
mated from the crust underlying the Ionian Basin (Speranza et al.,
2012), whilst a Carboniferous age was estimated for the Her-
odotus Basin (Granot, 2016). A derivation of the Mersin Ophiolites
from the Eastern Mediterranean Ocean between the Taurides and
Africa may thus straightforwardly explain the ages of radiolarian
cherts in the m�elange below Mersin. Also paleomagnetic analyses
of net tectonic rotations are consistent with a southward derivation
of the Mersin Ophiolite (Morris et al., 2017) (see section 6.2.11).

The sedimentary cover of Central Taurides is dominated by the
marine sediments of the Lower to upperMioceneMut Basin, which
were uplifted by >2 km since ~7e8Mawithout strong deformation
of the stratigraphy (Bassant et al., 2005; Schildgen et al., 2012), and
form a gradual monocline from such >2 km elevations in the north
to the coast in the south (Fern�andez-Blanco, 2014; Fern�andez-
Blanco et al., 2019).

The Tauride Mountains of southern Turkey are separated from
Cyprus by the Cilicia-Adana Basin (Fig. 15). This marine basin was
cut by top-to-the-south and enorth thrust faults that were active
until at least Pliocene time (Fern�andez-Blanco, 2014). Towards the
east, the onshore Adana Basin contains a shallow to deep-marine
stratigraphy of lower Miocene to Pliocene limestones and conti-
nental clastics (Derman and Gürbüz, 2007; Gül, 2007; Radeff et al.,
2017) unconformably overlying Oligocene terrestrial sediments and
continental clastic sediments (Ünlügenç and Akıncı, 2015). Offshore
to the south, the eastern part of the Cilicia Basin was deformed by
Plio-Pleistocene NE-SW extension between left-lateral strike-slip
faults that link eastwards to the East Anatolian Fault Zone that
together with the North Anatolian Fault Zone accommodate
westward Anatolian extrusion (Aksu et al., 2014).

To the south of the Cilicia Basin lies the island of Cyprus. On the
northern part of the island lies the Kyrenia range (Figs. 1 and 15), a
fold-and-thrust belt comprising greenschist-facies metacarbonates
of Triassic to Cretaceous stratigraphic age (Trypa Group) (Fig. 16). In
the eastern Kyrenia range is also a 1.5 kmwide body of serpentinite
m�elange with gabbro pockets, fragments of oceanic crust, and
oceanic crust-derived conglomerates (Aldanmaz et al., 2019).
Metamorphism is Late Cretaceous in age and was followed by latest
Cretaceous extensional exhumation (e.g., Robertson et al., 2011).
The exhumed Trypa group is unconformably overlain by marine
uppermost Cretaceous to Paleocene marls and volcanics, Eocene
conglomerates, and an Oligocene to upper Miocene deep-marine
turbidite sequence (McCay and Robertson, 2012; Robertson et al.,
2011). Late Miocene thrusting, between ~9 and 6Ma accommo-
dated at least 17 km of shortening (McPhee and van Hinsbergen,
2019). Robertson et al. (2013b) and Robertson and Kinnaird
(2015) argued that thrusting also occurred in Eocene time, but
McPhee and van Hinsbergen (2019) showed that all deformation is
straightforwardly explained by late Miocene shortening alone. To
the south of the Kyrenia ranges lies the Troodos Ophiolite and the
underlying Mammonia m�elange complex (Fig. 15). The age of the
Troodos Ophiolite and of high-grade rocks in the Mammonia
m�elange interpreted to be metamorphic sole-derived, has an
40Ar-39Ar age of 92e90Ma (Chan et al., 2007; Mukasa and Ludden.,
1987), and the ophiolite has a supra-subduction zone signature
(Pearce and Robinson, 2010) similar to the ophiolites of Anatolia.
The Mammonia Complex is an accretionary prism and contains
oceanic and continental rocks of Triassic to Early Cretaceous age
(Bailey et al., 2000). The thrust between the Troodos Ophiolite and
the Mammonia Complex is unconformably covered by uppermost
Maastrichtian mass flow deposits (Swarbrick and Naylor, 1980).
Because of similarities in the ophiolite structure and as well as a
shared Late Cretaceous major counterclockwise rotation phase
demonstrated paleomagnetically (e.g., Clube et al., 1985; Clube and
Robertson, 1986) (see section 6.2.11), the Troodos Ophiolite is
widely considered to have been part of a microPlate together with
the Baer-Bassit and Hatay Ophiolites that were thrust over the NW
Arabian margin in the latest Cretaceous (Inwood et al., 2009b;
Maffione et al., 2017; Morris and Anderson, 2002; Morris et al.,
2006) (Fig. 15). In contrast to the Hatay and Baer-Bassit Ophio-
lites, however, Cyprus has in latest Miocene (~6Ma) times accreted
to the overriding Anatolian orogen (Barrier et al., 2008;McPhee and
van Hinsbergen, 2019), and is presently located in the forearc of the
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eastern Mediterranean subduction zone south of Cyprus (Fig. 15).
Finally, the leading edge of the African Plate is represented by

the Eratosthenes Seamount that is part of the stretched African
passive margin (Kempler, 1998; Robertson, 1998; Robertson et al.,
1995). Underthrusting of the Eratosthenes Seamount is thought
to be responsible for major uplift that affected Cyprus since the
Early to Middle Pleistocene (Harrison et al., 2013; Kinnaird et al.,
2011; Palamakumbura et al., 2016; Robertson, 1998; Schattner,
2010). The Eratosthenes Seamount is thought to have moved to
the (N)NW during the Triassic-early Jurassic, obliquely opening of
the Levant Basin (Gardosh et al., 2010; Schattner and Ben-Avraham,
2007). This basin with thinned continental crust has a lithospheric
thickness of 60e80 km (Erduran et al., 2008), suggesting stretching
by a factor of ~2.

McPhee and van Hinsbergen (2019) suggested that the Trypa
group of the Kyrenia range may either reflect a continental block on
the stretched African passive margin, similar to the modern Era-
tosthenes Seamount, onto which in Late Cretaceous time the
Troodos Ophiolite was emplaced in Late Cretaceous time, or a far-
traveled block similar to the Alanya nappes. Post-obduction slab
break-off was associated with extension and exhumation of the
obducted Kyrenia range rocks to the sea floor, where open marine
chalks and volcanics with a geochemistry consistent with slab
break-off were deposited (Robertson et al., 2011). Eocene uplift
documented in the Kyrenia stratigraphy marks the passage of
Cyprus over a forebulge associated with the Anatolian subduction
zone, after which Cyprus entered the foredeep and upward thick-
ening foreland basin clastics were deposited. These became
deformed by ~17.5 km of shortening accommodated by thrusting
and erosional exhumation in the Tortonian (~9-6Ma) marking
collision of Cyprus with the Anatolian collage. Subsequently, the
subduction thrust jumped south, thereby accreting the Troodos
Ophiolite and underlying m�elange to the Anatolian orogen (Fig. 16).
Tilted and eroded Tortonian strata are unconformably overlain by
Messinian gypsum and deep marine lower Pliocene rocks showing
a rapid phase of subsidence (McPhee and van Hinsbergen, 2019),
followed by latest Pliocene and Pleistocene uplift and emergence
(Kinnaird et al., 2011; Palamakumbura et al., 2015).

5.12.3. Eastern Anatolia
The tectonic architecture of Eastern Anatolia is similar to Central

and Western Anatolia in that the Pontides and Taurides are
contiguous. The main differences are two-fold. First, there appears
to be no unit that is equivalent to the Kırşehir Block or Tavşanlı
Zone, and the Afyon Zone is only mapped in a small strip along the
southwestern Sivas Basin. Second, much of the eastern and
southeastern Taurides were metamorphosed in Late Cretaceous
time following ophiolite obduction. Third, the eastern Taurides
have collided with Arabia along the Bitlis Suture Zone.

The eastern Pontides are separated from the Scythian Platform
by the Eastern Black Sea Basin, which is a separate basin from the
western Black Sea Basin, and opened in Cretaceous or perhaps
Paleocene time (Nikishin et al., 2015b). Similar to Central Anatolian,
the Izmir-Ankara-Erzincan Suture Zone contains a narrow belt of
Jurassic supra-subduction zone ophiolites. This includes the well-
studied Lower to Middle Jurassic Refahiye Ophiolite (e.g., Topuz
et al., 2013, 2014a) (Fig. 15). As mentioned before, these Jurassic
ophiolites were interpreted to have formed in the Pontide forearc
(Topuz et al., 2014a). The Refahiye Ophiolite backthrust northward
onto the Sakarya Zone (Dilek, 2006) and together with the Ankara
M�elange thrust southward over Cretaceous Eastern Mediterranean
Ophiolites (Fig. 17).

These Cretaceous ophiolites overthrust southward the Lower
Triassic-Campanian Munzur limestones (Yılmaz, 1985, 1994) which
belong to the easternmost Taurides (see below). There are no
intervening continental slivers equivalent to the Kırşehir Block or
Tavşanlı Zone in this region (Topuz et al., 2013). To the east of the
Ecemiş Fault, Cretaceous ophiolites and associated Bozkır M�elange
are widespread (Kavak et al., 2017; Legeay et al., 2018; Parlak et al.,
2013a). The most complete tectonostratigraphy of the Taurides
including the Afyon (Bolkarda�gı) Zone Alada�g and Geyikda�gı
nappes is only present in the west of the Eastern Taurides, just east
of the Ecemiş Fault. The Afyon unit in the eastern Taurides was also
metamorphosed around 65Ma (Pourteau et al., 2013), and there is
no record of continental accretion between the formation of the
supra-subduction ophiolites (e.g., for the Divri�gi Ophiolite at
88.8± 2.5Ma based U-Pb zircon dating on gabbros (Parlak et al.,
2013a)) and the latest Cretaceous (Parlak et al., 2013a; Robertson
et al., 2013c). This suggests that pre-obduction oceanic subduc-
tion continued longer in eastern Turkey than in central andwestern
Turkey.

The Afyon Zone and Alada�g nappes disappear eastwards, where
only the Bozkır and Geyikda�gı units are present. There is no
equivalent of a Dilek nappe known from the eastern Taurides.
Similar to the Central Taurides, the youngest sediments in the
Geyikda�gı unit are middle Eocene in age, and apatite fission track
cooling ages of ~40-25Ma (Darin et al., 2018) from the eastern
Taurides are consistent with thrusting and slow erosion since the
late Eocene, comparable to the Central Taurides (McPhee et al.,
2019).

The contact between the Taurides and the eastern Kırşehir
Block, as well as the Izmir-Ankara-Erzincan Suture Zone in eastern
Anatolia is covered by the Sivas Basin (Fig.). This basin has two
parts with different stratigraphies, separated by the Deliler-Tecer
Fault, an Oligocene and older thrust fault in the central part of
the basin that in its most recent motions was transpressional
(Legeay et al., 2018) (Fig. 15). The southern Sivas Basin has a base-
ment of Cretaceous ophiolites and ophiolitic m�elange underlain by
rocks of the (eastern) Taurides, and a Maastrichtian to Eocene
marine sedimentary sequence (e.g., Dirik et al., 1999; Legeay et al.,
2018; Poisson et al., 1996) overlain by middle Oligocene to lower
Miocene (~29-23Ma) continental clastics (Krijgsman et al., 1996).
The northern part of the basin, thrust over the Oligo-Miocene
continental clastics along the Deliler-Tecer Fault, is floored by
ophiolites and covered by occasional upper Cretaceous shallow
marine limestones, and has an extensive shallow marine to
terrestrial, Eocene to Pliocene stratigraphy with abundant Oligo-
cene and Miocene evaporite deposits (e.g., Legeay et al., 2018;
Şenel, 2002). This part developed a regional unconformity between
~40 and 34Ma, also reflected in apatite-fission track cooling ages,
suggesting uplift and erosion (Darin et al., 2018). Towards the west,
the Deliler-Tecer Fault connects to the Ecemiş Fault Zone through a
series of NE-SW striking sinistral strike-slip faults (Higgins et al.,
2015), and to the Savcılı-Mucur Thrust Zone (Gürer et al., 2018b)
(Fig. 15). Collision between the Taurides and Pontides across the
Sivas Basin is often assumed to be synchronous with the ~65-60Ma
collision between the Kırşehir and Tavşanlı blocks and the Pontides
farther west but is not straightforwardly interpreted from the ge-
ology of the Sivas Basin. It seems plausible that there was no deep-
marine basin between the Taurides and Pontides from the Oligo-
cene (~29Ma) onwards, but prior to that time, the stratigraphic and
vertical motion evolution on both sides of the Deliler-Tecer Fault is
markedly different, sediments in the south are marine, and the
separation between the Taurides and Pontides is hard to constrain
from the geology directly. Gürer and van Hinsbergen (2019) argued,
based on a paleomagnetic and kinematic analysis (Gürer et al.,
2018a), which is incorporated in our reconstruction (see section
6.2.10 for paleomagnetic constraints), that the Deliler-Tecer Fault is
the best candidate to mark the final suture between the Taurides
and Pontides in the Sivas Basin, and is of Oligocene or even younger
age.

The non-metamorphic Taurides and overlying nappes of Eastern
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Turkey end towards the east in a peculiar structure coined the
‘Gürün Curl’ by Lefebvre et al. (2013b). There, strikes of the Tauride
folds and thrusts change from ENE-WSW to N-S, and then end with
thrust faults against the Malatya metamorphic massif (see below).
In the core of the curl lie the Binbo�ga metamorphics, separated
from the similar Malatya metamorphics by the Sürgü Fault, a
branch of the East Anatolian Fault (Kaymakcı et al., 2010; Koç and
Kaymakcı, 2013). Similar to the Taurides farther to the west, the
youngest rocks incorporated in contiguous Geyikda�gı stratigraphy
within the Gürün Curl are Eocene, and contrary to the easternmost
Taurides to the east of the Gürün Curl, there are no Cretaceous or
Paleogene magmatic intrusions or volcanoes (Kuşcu et al., 2010;
Şenel, 2002).

The Geyikda�gı unit in the core of the Gürün Curl (the ‘Gürün
autochton’ of Perincek and Kozlu (1984)) is overthrust from the
north by the Bozkır unit (Figs. 15 and 16), but also from the south,
by the Southern Allochton (Perincek and Kozlu, 1984). This nappe
comprises an ophiolitic m�elange thrust northward onto Mesozoic
carbonates of the Geyikda�gı unit. The latest thrust motion is post-
middle Eocene, but the stratigraphy of the Tauride units reveal
that ophiolite emplacement occurred in the Late Cretaceous (90-
80Ma), with a Turonian unconformity followed by Campanian
marine pelagic limestones, redeposited limestones, and ophiolite
debris (Perincek and Kozlu, 1984; Robertson et al., 2013a). These
ophiolites and m�elanges are traced around the Curl to the east and
are bounded by the Malatya-Ovacık Fault (Fig. 15). The easternmost
Taurides, to the east of the Gürün Curl were metamorphosed and
extensionally exhumed prior to and during thrusting of the
Geyikda�gı unit (see next section). The latest tightening of thrusting
in the Gürün Curl younger than Miocene sediments involved in
thrusting in the center of the structure.

The Malatya and Binbo�ga metamorphics are greenschist-
facies (and for the Malatya metamorphics, incipient blueschist-
facies (Oberh€ansli et al., 2012)) metamorphic massifs comprising
carbonate-dominated Paleozoic to Triassic sedimentary sequences
of the Tauride carbonate platform (€Ozgül et al., 1981; Perincek and
Kozlu, 1984; Yılmaz, 1993). Their metamorphism was caused by
Cretaceous ophiolite obduction (Boztu�g et al., 2005; Kuşcu et al.,
2010). Post-obduction out-of-sequence thrusting brought Malatya
metamorphics on Binbo�ga and overlying ophiolites and Binbo�ga
metamorphics on the Southern Allochton, and on the G€oksun
Ophiolite (Figs. 15 and 17). Out-of-sequence thrusting started
shortly after ophiolite emplacement as shown by 85e80Ma gran-
itoids, with a geochemistry revealing subduction influence (e.g., the
Esence granitoid intruding the thrust between the G€oksun Ophio-
lite and the Binbo�ga metamorphics, the Baskil granite intruding the
Ispendere Ophiolite-Malatya metamorphics thrust) (Karao�glan
et al., 2013a; Parlak, 2006; Parlak et al., 2004, 2013b; Rızao�glu
et al., 2009; Robertson et al., 2007; Yıldırım, 2015; Yılmaz et al.,
1998). In the Meydan Ophiolite, also underlying the Malatya
metamorphics, a volcanic arc lava unit is sandwiched between the
ophiolite and ophiolitic m�elange, and the thrust between lavas and
ophiolite is cut by granitoid dykes with 87 ± 5Ma U/Pb ages (Nurlu
et al., 2016).

Collectively, this suggests that the Malatya metamorphics
represent the distal, deeply underthrust Tauride margin, and the
Southern Allochton is the proximal, shallowly underthrust margin.
The age of metamorphism is similar to that of the eclogite-facies
Alanya metamorphics farther west (see section 5.12.1), which is
thought to represent a far-traveled part of this SE Anatolian
metamorphic belt (Çetinkaplan et al., 2016).

Interestingly, the Ispendere Ophiolite, and the nearby
K€omürhan Ophiolite, yielded U/Pb zircon ages slightly younger
than most Cretaceous ophiolites, of 87e85Ma (Karao�glan et al.,
2012), only slightly older than the granitoids that pierce the con-
tact with the overlying metamorphic rocks. This shows that the
above sequence of events must have occurred in a time span of only
a few Myr, and that, paradoxically, ophiolite spreading and arc
volcanism were essentially active during emplacement and out-of-
sequence thrusting, an observation made earlier for the Kırşehir
Block and overlying SSZ ophiolites (van Hinsbergen et al., 2016).

The above-described metamorphic massifs, as well as the non-
metamorphic Taurides of the Gürün Curl underwent further
thrusting after the Eocene. Tectonic maps and sections in Kuşcu
et al. (2010), Michard et al. (1984), and Perincek and Kozlu (1984)
suggest that in the southeast of the Gürün Curl, the Geyikda�gi
unit lies thrust southward over the Malatya metamorphics. This
thrusting may have obscured, or reactivated, earlier Cretaceous
thrusts or extensional faults.

Finally, the Malatya metamorphics lie thrust southward over a
sequence of Arabian Ophiolites and overlying Maastrichtian to
Miocene sediments (Beyarslan, 2017; Boulton and Robertson, 2007;
Boulton et al., 2007; Hüsing et al., 2009b). These structurally
lowermost ophiolites, once again Late Cretaceous in age (~92Ma)
were thrust directly onto the Arabian foreland, with a southward
emplacement direction (Al-Riyami and Robertson, 2002; Al-Riyami
et al., 2002; Ba�gcı, 2013; Chan et al., 2007; Inwood et al., 2009a,
2009b; Robertson, 2002, 2004). The frontal thrust of the Arabian
Ophiolites is sealed by Maastrichtian platform carbonates showing
that these ophiolites have been part of the Arabian Platform since
late Cretaceous time (Al-Riyami and Robertson, 2002; Beyarslan,
2017; Kaymakcı et al., 2010; Robertson et al., 2016). The Creta-
ceous Koçali Ophiolite, emplaced onto Arabia south of the Püturge
Massif (Fig. 15), was overthrust by Triassic (Carnian to Rhaetian)
radiolarian cherts andMORB-basalts interpreted to be derived from
the ocean once bordering the Arabian continent, and also this
thrust sequence was sealed by Upper Maastrichtian to lower
Miocene limestones (Beyarslan, 2017; Varol et al., 2011), showing
that similar to the southern Gürün Curl, Cretaceous obduction
along the Arabian marginwas associated with complex imbrication
of the ophiolite and underlying Arabia-derived nappes.

In the northwestern corner of the Arabian continent, the suture
between the Binbo�ga-Malatya metamorphics and NW Arabia con-
tains the Misis M�elange. This m�elange consists of an oceanic crust-
derived lower part, comprising Upper Cretaceous volcanic rocks
with arc signature, and associated Paleogene pelagic sediments,
and Tauride passive margin-derived mass-deposited sediments.
The youngest rocks in the m�elange are early Miocene in age
(Robertson et al., 2004a) (Figs. 15 and 17). Cenozoic foreland basin
sedimentation on the Arabian foreland is generally dated at Early to
middle Miocene (Akıncı et al., 2016; Robertson et al., 2016). A
detailed section through the Kahramanmaraş Basin that overlies
Arabia and is overthrust by the Malatya metamorphics (Figs. 15 and
17), however, revealed an up to 6 km thick turbidite sequence that
unconformably overlies Eocene limestones covering the Arabian
foreland and overlying ophiolites (Hüsing et al., 2009b) e an Eo-
Oligocene hiatus is regional on northernmost Arabia (Robertson
et al., 2016) e and that is overthrust by the Malatya meta-
morphics. This section spans the middle Miocene, ~13-11Ma
(Hüsing et al., 2009b) showing that thrusting onto the NWArabian
foreland continued until at least 11Ma.

Finally, the SE Anatolian orogen was since the late Miocene cut
by a series of strike-slip dominated fault zones and associated
transtensional basins (e.g., Kaymakcı et al., 2010). The most
prominent of this is the left-lateral East Anatolian Fault Zone that
currently accommodates the westward extrusion of Anatolia,
together with the North Anatolian Fault (Fig. 15) (e.g., Lyberis et al.,
1992). The East Anatolian Fault branches towards the southwest
into two strands, the northern of which is known as the Sürgü Fault
(e.g., Koç and Kaymakcı, 2013), whereby the latter appears to
accommodate one third of the total deformation of the East
Anatolian Fault Zone (Duman and Emre, 2013). The total
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displacement of the East Anatolian Fault is notwell constrained, but
the fault must accommodate the westward displacement of Ana-
tolia constrained along the North Anatolian Fault Zone as up to
85 km (see section 5.12.1).

Whilst the North Anatolian Fault Zone is thought to have initi-
ated around 11Ma (Şeng€or et al., 2005), the East Anatolian Fault
Zone appears to have started later, at ~6-3Ma (e.g., Karao�glu et al.,
2017; Kaymakcı et al., 2010). Earlier deformation may have been
accommodated along a series of left-lateral strike-slip faults that
cut through the Taurides, to the west of the East Anatolian Fault
(Kaymakcı et al., 2010; Koç and Kaymakcı, 2013), of which the
Malatya-Ovacik Fault Zone is the most prominent and accommo-
dated ~29 km of left-lateral displacement between 5 and 3Ma
(Westaway and Arger, 2001), but it may already have started earlier
as the part of the Malatya Basin stratigraphy controlled by this fault
started already in Early to middle Miocene time (Kaymakcı et al.,
2010; €Onal and Kaya, 2007). No displacements are known for the
faults farther west within the eastern Taurides (Kaymakcı et al.,
2010), but the mapped units of the Eastern Taurides across the
G€oksun Fault (Fig. 15) appear to have been offset by some 20 km.
We therefore treat the G€oksun Fault as the conjugate of the North
Anatolian Fault in the 11-6Ma interval in our reconstruction.

5.12.4. Caucasus; South Armenian block; easternmost Taurides;
Bitlis-Pütürge

The Caucasus to Arabia transect is the easternmost transect that
belongs to theMediterranean/Greater Adriatic tectonic province. To
the east are the Cimmerian blocks of Iran, which were separated
from the Mediterranean realm by a long-lived transform fault (e.g.,
Barrier et al., 2008; Stampfli and Borel, 2002). The Iranian Cim-
merides rifted off Gondwana already in Permian times and collided
with Eurasia in the Triassic (e.g., Muttoni et al., 2009), andwere part
of tectonic Plates that did not extend into theMediterranean region
(e.g., Stampfli and Borel, 2002), and are therefore not included in
our reconstruction.

In this easternmost transect, the Scythian Platform of Eurasia is
bounded to the south by the WNW-ESE trending Greater Caucasus
orogen, which spans 1200 km and reaches peaks of >5500m, from
the Cretaceous Black Sea Basin in thewest, to the South Caspian Sea
Basin in the east, which is thought to be a Middle-Late Jurassic
back-arc basin probably floored by oceanic crust (Brunet et al.,
2003). The long-lived transform Plate boundary that separates
the Iranian and Anatolian systems is located to the south of the
Caucasus, with the eastern one third of the orogen located north of
the Iranian Cimmerides (Fig. 15).

The Greater Caucasus exposes a series of thick-skinned thrust
nappes that comprise a pre-Mesozoic, crystalline basement and a
Paleozoic to Cenozoic sedimentary cover. The basement-cored
Greater Caucasus was emplaced onto sediments of the Greater
Caucasus Basin along the Main Caucasus Thrust (Figs. 15 and 17).
The orientation of this thrust has long been debated, with one
school of thought suggesting a steep structure at depth, particularly
in Russian literature (see Saintot et al. (2006a) and references
therein) suggesting only relatively minor shortening (~80 km,
Nikishin et al. (2010)) was involved in the major Cenozoic uplift of
the range to modern elevations. Alternatively, recent literature
portrayed the Main Caucasus Thrust as a flat-lying structure at
depth, forming a roof thrust of a dominantly south-vergent thick- to
thin-skinned thrust wedge (Cowgill et al., 2016; Gamkrelidze, 1986;
Mikhailov et al., 1999; Saintot et al., 2006a). This model allows for
much larger shortening values across the Caucasus, of at least
130 km of N-S shortening (Cowgill et al., 2016) to as much as
200e300 km (Ershov et al., 2003).

The Greater Caucasus basement consists of a mainly Variscan
crystalline basement separated from the Scythian Platform by a
zone of ophiolites and 330-310Ma eclogite-blueschist assemblages
interpreted as a Late Paleozoic suture between the Scythian Plat-
form and peri-Gondwana terranes to the South (Perchuk and
Philippot, 1997; Şeng€or, 1984; Somin, 2011; Yılmaz et al., 2014).
The metamorphic core is overlain by an upper Paleozoic sedi-
mentary cover that was shortened and deformed in the Late
Triassic, likely associated with the collision of the Iranian Cim-
merides (e.g., Saintot et al., 2006a; Şeng€or, 1984). Renewed exten-
sion and subsidence culminated in the deposition of a >15 km thick
sequence Jurassic to Cenzoic sediments in the western strand of the
Greater Caucasus Basin connecting eastwards to the South Caspian
Basin (Adamia et al., 2011b; Golonka, 2004; Saintot et al., 2006a;
Zonenshain and Le Pichon, 1986). The onset of sedimentation in the
Sinemurian to Pliensbachian (199-183Ma), and the main phase of
rifting occurred in the Aalenian to Bajocian (~174-168Ma), during
which time deep-marine clastic rocks and marls, and Jurassic and
mid-Cretaceous volcanic rocks were deposited (Adamia et al.,
2011b; McCann et al., 2010; Robinson et al., 1996; Saintot et al.,
2006a; Topchishvili, 1996). Aalenian (~174-170Ma) basalts have
MORB-like compositions (Saintot et al., 2006a), suggesting that
extension reached a point of near-continental breakup, although
there is no unequivocal evidence for oceanization in the Greater
Caucasus Basin, which had been underlain by hyperextended crust
(e.g., McCann et al., 2010)). Absolute extension estimates are ab-
sent, but local oceanization or hyperextension in the Black Sea
Basin followed upon an estimated 160 km of extension (Hippolyte
et al., 2010; Munteanu et al., 2011; Okay et al., 1994), which may
provide an analogue for the extension in the Greater Caucasus
Basin. A second phase of subsidence in the Late Cretaceous to
Paleocene was proposed to be related to extension in the eastern
Black Sea Basin (Mikhailov et al., 1999; Vincent et al., 2016), but the
amount of extension remains unquantified.

Contraction in the Caucasus is dated as latest Eocene (~35Ma)
through the onset of foredeep sedimentation in the Fore-Caucasus
region overlying the Scythian Platform, in growth strata seen on
seismic lines across the eastern Black Sea, and recorded in the
southern foreland basins of the Greater Caucasus (e.g., Ershov et al.,
2003; Gamkrelidze, 1986; Mikhailov et al., 1999; Robinson et al.,
1996; Vincent et al., 2016). This was followed by erosional exhu-
mation of the Greater Causasus reflected in Oligocene (~30Ma)
low-temperature thermochronological data (Vincent et al., 2007,
2011). The bulk of Caucasus uplift occurred since early Pliocene
time, ~5Ma, during which time thrusting propagated into the Kura
foldbelt (Avdeev and Niemi, 2011; Cowgill et al., 2016; Forte et al.,
2013; Mosar et al., 2010) where convergence is still accommo-
dated today at several mm/yr (Sokhadze et al., 2018).

The Great Caucasus Basin is traced southward to the
RachaeLechkhumy Fault, which appears to have formed the
Mesozoic basin-bounding normal fault (Saintot et al., 2006a;
Yakovlev, 2005) (Fig. 15), reactivated as or cut by a thrust during
Cenozoic Caucasus orogenesis. To the south of the Racha-
Lechkhumy Fault lie the Transcaucasus Massifs, which comprises
a Variscan basement and which form the northern margin of the
north-verging Lesser Caucasus fold-and-thrust belt that thrust
over the relics of the Greater Caucasus Basin (Banks et al., 1998;
Robinson, 1997; Vincent et al., 2005) (Fig. 15). The Transcaucasus
range exposed in the Dzirula-Khrami-Loki Massifs, contain a
polyphase, Proterozoic to Carboniferous crystalline basement with
~329e337Ma high-pressure metamorphism (Rolland et al., 2011)
and widespread, 330-280Ma granite intrusion and HT-LP meta-
morphism (Rolland et al., 2016).

The pre-Alpine basement of the Transcaucasus range is overlain
by the Lesser Caucasus volcanic arcwith ages ranging from ~185Ma
e 110Ma (Adamia et al., 1981; Mederer et al., 2013; Rolland et al.,
2011). Younger, voluminous magmatism of ~50Ma also cut the
Sevan-Akera suture (Fig. 15) between the Transcaucasus and the
South Armenian Block (Rolland et al., 2009a; Sok�oł et al., 2018), and
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widespread late Miocene-recent volcanism affecting the entire East
Anatolian High Plateau extended into the South Armenian and
Transcaucasus blocks (Dilek et al., 2010; Karapetian et al., 2001;
Keskin et al., 1998; Neill et al., 2013, 2015; Yılmaz et al., 1987). The
Lesser Caucasus volcanic arc is interpreted as contiguous with the
Pontide Arc to the west (Yılmaz et al., 2000), and is thought to have
formed above a north-dipping subduction zone above which the
Greater Caucasus Basin formed as a back-arc basin (Rolland et al.,
2011, 2016). To the west, in the Achara-Trialet region (Figs. 1 and
15), the oldest exposed rocks are Aptian to Turonian volcani-
clastics, Maastrichtian to Paleocene limestones, and a ~5 km thick
Paleocene to lower Eocene turbiditic clastic series topped by
Middle-upper Eocene arc volcanic and volcaniclastic series (Adamia
et al., 2017; Lordkipanidze et al., 1989), deposited either during
eastern Black Sea extension (e.g., Saintot and Angelier, 2002;
Vincent et al., 2016; Yılmaz et al., 2014), or inversion (e.g., Sheremet
et al., 2016b) (see section 5.12.1).

The Transcaucasus metamorphic and post-Carboniferous sedi-
mentary history is widely correlated based on its metamorphic
facies and age, and post-metamorphic Paleozoic sedimentary cover
to the Variscan basement of the crystalline core of the Greater
Caucasus, which would suggest that the Transcaucasus range has
been part of Eurasia since the Variscan orogeny in Carboniferous
time (e.g., Rolland et al., 2016). On the other hand, the Trans-
caucasus also correlates well to the eastern Pontides in meta-
morphic facies and (Yılmaz et al., 2000), therefore suggesting that
these are the same tectonic blocks. From this, it would follow that
the eastern Pontides, and by inference also Sakarya and the Istanbul
Zone, have been part of Eurasia since the Paleozoic, whilst the logic
from the western Pontides and particularly Crimea suggests that
the Pontides may have been Cimmerian blocks separated by a late
Triassic-Jurassic Paleotethys suture from Eurasia (e.g., Dokuz et al.,
2017; Şeng€or and Yılmaz, 1981; Şeng€or et al., 1980). We will return
to this debate in section 7.10, but we here note that the Caucasus
region has a conspicuous absence of a record of Permian to Lower
Jurassic subduction e no arc, no accretionary prism, no meta-
morphic record is present. During this time interval, only occa-
sional heating caused resetting of 40Ar/39Ar ages in the eastern
Pontides and Transcaucasus Massifs (Rolland et al., 2011). Because
such records are present to the west (e.g., in the Karakaya complex)
and in the east in Iran (Triassic Paleotethys suture), it is quite un-
likely that there was no subduction in the early Paleozoic in the
Caucasus segment, and the record must be quite incomplete.
Scholars who studied the Caucasus place the Paleotethys subduc-
tion zone between the Transcaucasus ranges and the South
Armenian Block (Adamia et al., 1981; Rolland et al., 2011, 2016;
Yılmaz et al., 2014). Alternatively, Şeng€or (1987) and Natal'in and
Şeng€or (2005) suggested that the Paleotethys suture is located
between the Transcaucasus range and the Scythian Platform, but
was somehow obscured by suture-parallel strike-slip duplexing.
We note that if shortening has indeed been as much as 300 km, as
suggested structurally as well as from paleomagnetic restoration of
the conspicuous northward bend formed by the eastern Pontides e
Lesser Caucasus e Talysz region that formed after the middle
Eocene (Meijers et al., 2017; van der Boon et al., 2018), a Mesozoic
record of accretion and subduction between the Transcaucasus
range and the Greater Caucasus may have first been obliterated by
Greater Caucasus Basin extension, and subsequently buried below
the Greater Caucasus.

South of the Transcaucasus and the Lesser Caucasus Arc is a belt
of Jurassic ophiolites that demarcates the Sevan-Akera suture and
lies thrust upon the South Armenian Block (Knipper and Khain,
1980) (Figs. 15 and 17). This belt of ophiolites is thought to be the
eastern continuation of the south Pontide ophiolites in northern
Turkey (H€assig et al., 2013b). They contain ~180-170 Myr old
oceanic crust with a MORB to arc geochemical signature
interpreted to have formed in an upper Plate above a Jurassic
subduction zone (Galoyan et al., 2007, 2009; H€assig et al., 2013a;
Rolland et al., 2010), whereby all elements of the ophiolite sequence
are found overlain by pillow lavas or Middle to Upper Jurassic
radiolarian cherts (Danelian et al., 2006, 2010, 2015). H€assig et al.
(2017) interpreted this as evidence for sea floor spreading domi-
nated by detachment faulting rather than magmatic accretion. The
Jurassic ophiolites are overlain by Lower Cretaceous lavas with an
OIB signature that are interbedded with pelagic limestones
(Rolland et al., 2009b). The youngest of these are found on the
Amasia Ophiolite (Fig. 15), bracketed between ~113 and 92Ma by
radiolarian cherts (Asatryan et al., 2012; Danelian et al., 2014). This
extended magmatism is not related to SSZ spreading, but was
interpreted as either plume-related, or sub-slab mantle melting,
e.g. facilitated through slab break-off, or slab edges (H€assig et al.
(2017); see Nikogosian et al. (2018) for recent examples of such
lavas in Turkey).

Below the Amasia and associated ophiolites lies a m�elange that
contains blueschist-grade metabasites, which yielded 40Ar/39Ar
phengite ages of 95e90Ma, whist epidote-amphibolite retrogres-
sionwas dated at 73.5e71Ma (Rolland et al., 2009a). The latter ages
are interpreted as post-collisional exhumation ages. H€assig et al.
(2019) recently also found amphibolites (~600 �C, 6e7 kbar) in
the m�elange below the Amasia Ophiolite with 90± 2Ma 40Ar/39Ar
ages of amphibole and mica and rutile U/Pb ages and interpreted
these rocks as derived from a dismembered metamorphic sole.

The South Armenian Block consists of a Proterozoic basement
with ages consistent with a peri-Gondwana origin, an incomplete
section of Paleozoic to Upper Cretaceous (volcano-)sedimentary
rocks, and an ophiolite-derived, Coniacian to Santonian (~90-
84Ma) flysch (Sosson et al., 2010, and references therein). This
flysch appears to also overlie the ophiolites, as a forearc basin de-
posit, and connects to the Lesser Caucasus Arc (Rolland et al., 2012).
This shows that the Jurassic ophiolites formed the forearc of the
Lesser Caucasus Arc, and ophiolite obduction essentially dates
South Armenian Block-Transcaucasus collision, as in the eastern
Pontides (Topuz et al., 2014a). The final collision between the South
Armenian Block and the Transcaucasus range is bracketed between
~80 and 75Ma (Rolland et al., 2012).

H€assig et al. (2015) showed that the South Armenian Block was
intruded by a 157Ma granodiorite that cooled, assumedly by
extension, around ~120Ma. They interpreted this granodiorite to be
subduction-related. The South Armenian Block was intruded by
large arc-related, porphyry copper-bearing plutons in Eocene to
early Miocene time (~50-20Ma) (Moritz et al., 2016; Rezeau et al.,
2016, 2017).

Most authors assume that the South Armenian Block was a
contiguous part of the Taurides, given the similarities in basement
and stratigraphy, and especially the age of obduction of the Jurassic
Armenian ophiolites, in the late Cretaceous (e.g., (Barrier et al.,
2008; H€assig et al., 2013a, 2017; Meijers et al., 2015a; Menant
et al., 2016; Rolland et al., 2012). Continent-derived rock units to
the south of the South Armenian Block, comprising the Taurides
units east of the Gürün Curl, as well as the Bitlis and Püturge
Massifs (see below), are all overlain by Cretaceous SSZ ophiolites
(Fig. 15). Towards the west, in the Sivas Basin area, these Cretaceous
ophiolites are found overthrust in Cenozoic time by the Jurassic
ophiolites of the southern Pontide margin (Topuz et al., 2014a,
2014b; see section 5.12.1), suggesting that the Taurides were in the
downgoing Plate relative to two subduction zones that contained
oceanic lithosphere in their upper Plate e a southern with Creta-
ceous and a northern with Jurassic crust, whereas the South
Armenian Block was in a downgoing Plate position relative to only
the northern one. Upper Cretaceous SSZ ophiolites only found
backthrust northward onto the South Armenian Block. The ~83-
78Ma metamorphism in the easternmost Taurides to the south of
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the South Armenian Block (Topuz et al., 2017) shows that obduction
of the Cretaceous ophiolites onto the eastern Taurides occurred
more or less simultaneously with the emplacement of Jurassic
ophiolites onto the South Armenian Block at two different sub-
duction zones. The South Armenian Block is thus separated by a
suture (Yılmaz et al., 2014), here coined Ka�gızman-Khoy suture
from the easternmost Taurides. This suture is demarcated by a belt
of ophiolites from the Ka�gızman Ophiolite close to the Pontides to
the Khoy Ophiolite in easternmost Turkey and westernmost Iran
(Fig. 15) (Yılmaz et al., 2014). Along the northern margin of this
suture, on the South Armenian Block in NE Turkey, there is Eocene
to Miocene sedimentation in the Ka�gızman-Tuzluca Basin (Fig. 15),
which in Oligocene is briefly marine, and evaporites formed (Varol
et al., 2016). This basin may be a lateral continuation of the Sivas
Basin and may indicate that convergence between the easternmost
Taurides and the South Armenian Block continued into the Oligo-
Miocene.

The Ka�gızman-Khoy suture must have witnessed the history of
two subduction systems: the first one was intra-oceanic and
emplaced Cretaceous SSZ ophiolites onto the easternmost Taurides
causing ~83-78Ma metamorphism (Topuz et al., 2017). The second
one closed the ocean basin and led to juxtaposition of the east-
ernmost Taurides and the South Armenian Block. This latter closure
likely occurred after ~80-75Ma, when the South Armenian Block
collided with and accreted to the Transcaucasus (Rolland et al.,
2012) and subduction moved south, either re-initiating, or (more
likely) after accreting the crust of the South Armenian Block to the
Transcaucasus Block in the upper Plate.

The Khoy Ophiolite complex is the best studied of the suture
between the South Armenian Block and the easternmost Taurides.
The Khoy complex is juxtaposed against the Iranian Cimmerian
blocks to the east, the South Armenian Block to the North and the
easternmost Taurides to the west (Fig. 15). Detailed mapping has
led to the interpretation that this complex consists of a long-lived,
Jurassic to Upper Cretaceous (180-65Ma), ocean-derived, and
metamorphosed accretionary prism in the east and a non-
metamorphosed, Upper Cretaceous, ‘Penrose’-type ophiolite in
the west (Khalatbari-Jafari et al., 2003, 2004). The accretionary
prism is interpreted to have formed below the Iranian Cimmerides
after their suturing against Eurasia in the late Triassic (Khalatbari-
Jafari et al., 2003). An alternative view correlates this pre-
Cretaceous part of the Khoy Ophiolite to the Sanandaj-Sirjan Zone
of Iran based on finding of much older, up to Ediacaran zircons in
the ‘Jurassic’ belt (Moghadam et al., 2019). Either way, the Creta-
ceous Khoy Ophiolite is of supra-subduction zone nature (Monsef
et al., 2010) and thrusted onto the easternmost Taurides or Bitlis
Massif (Khalatbari-Jafari et al., 2003). Below the Khoy Ophiolites lie
Campanian olistostromes, equivalent to the Bozkır ununit, but on
our map included in the ophiolite complex (Fig. 15). These likely
date the obduction, of similar age as the metamorphism docu-
mented in the easternmost Taurides identified by Topuz et al.
(2017) (see below). The Khoy prism and ophiolite also lie back-
thrust northward onto the South Armenian Block (Avagyan et al.,
2017). To the southeast of Khoy, the easternmost Taurides disap-
pear, and a single belt of ophiolites is found fringing the suture zone
between the Cimmerian blocks of Iran and the Arabian foreland
(e.g., Rezaii and Moazzen, 2014).

The Taurides to the south of the South Armenian Block, and to
the east of the Gürün Curl (Fig. 15) are mostly low to high-grade
metamorphic. The degree of metamorphism increases both east-
ward and southward. In the Munzur Mountains, Tauride Platform
rocks mostly escaped metamorphism despite being obducted by
ophiolites (e.g. the Divri�gi Ophiolite, Fig. 15) in Campanian time
(Yılmaz, 1985, 1994). From there southward, the Munzur Moun-
tains are bounded (in its latest configuration along an Eocene top-
to-the-south thrust (Kuşcu et al., 2010; Michard et al., 1984;
Perincek and Kozlu, 1984) by the low-grade Keban metamorphics,
which are bounded in the south by the up to eclogite-facies Bitlis-
Pütürge metamorphics (e.g., Oberh€ansli et al., 2012). Towards the
east, metamorphic grades in the easternmost Taurides increase to
amphibolite facies (Topuz et al., 2017). All these east Anatolian
Tauride units lack a contiguous Cenozoic stratigraphy, but instead,
uppermost Cretaceous and Cenozoic sedimentary and volcanic
rocks unconformably overlie metamorphosed and exhumed Taur-
ide units and overlying ophiolites (Kuşcu et al., 2010; Topuz et al.,
2017; Yılmaz et al., 2010). These ophiolites are also Cretaceous
SSZ ophiolites (e.g., near Divri�gi (Kavak et al., 2017; Kuşcu et al.,
2010). The metamorphosed easternmost Taurides and Keban
metamorphics and overlying ophiolites were subsequently
intruded by syenitic granitoids, with 74e68Ma ages (Kuşcu et al.,
2010).

South of the Keban metamorphics and easternmost Taurides lie
the Bitlis and Püturge metamorphic massifs, along the north-
western perimeter of the Arabian Platform, over an E-W distance of
500 km (Erdem and Bing€ol, 1995; G€oncüo�glu and Turhan, 1984)
(Figs. 1 and 15). The Bitlis-Püturge Massifs are overthrust by
Cretaceous SSZ ophiolites (e.g., the Guleman Ophiolite (Rizeli et al.,
2016)) (Fig. 15), overthrust Cretaceous ophiolites, experienced Late
Cretaceous metamorphism, and have stratigraphies not younger
than Triassic. In addition, the Bitlis and Püturge Massifs expose a
Pan-African and older, Neoproterozoic basement (Beyarslan et al.,
2016; Usta€omer et al., 2012) overlain by a Devonian section
intruded by granitoids. Overlying Upper Permian limestones seal
the granitoids, constraining a pre-Late Paleozoic intrusion age
(G€oncüo�glu and Turhan, 1984). Second, the Bitlis Massif underwent
eclogite and blueschist metamorphism, i.e. much higher pressure
than the Keban metamorphics. U/Pb zircon ages of 85e82Ma, and
40Ar/39Ar phengite cooling ages of 78e65Ma (Oberh€ansli et al.,
2010a, 2012, 2014), are similar to K/Ar and Rb/Sr ages from the
Püturge Massif (Helvaci and Griffin, 1984; Hempton, 1985) and
reveal similar timing of metamorphism as to the metamorphics to
the north and west. The 85-82Ma metamorphism is interpreted to
result from the obduction of the Guleman and other ophiolites onto
the Bitlis Massif (G€oncüo�glu and Turhan, 1984; Şeng€or and Yılmaz,
1981).

The Bitlis-Püturge, as well as the Keban metamorphics,
exhumed between 80 and ~70Ma. The Keban memamorphic rocks
were exhumed by Late Cretaceous time and were are overlain by
Upper Cretaceous to Eocene volcanic and sedimentary rocks (Kuşcu
et al., 2010; Perincek and Kozlu, 1984). The Bitlis-Püturge meta-
morphics were first covered by Maden volcano-sediments in
Eocene time (~55Ma) showing that (extensional) unroofing may
have continued somewhat longer in the southernmost massifs.
There is no evidence for significant unroofing after the Eocene, until
the latest phase of Miocene exhumation ascribed to uplift and
erosion, based on low-temperature thermochronology constraints
(Cavazza et al., 2018) (see below).

Collectively, these data suggest that the Bitlis and Püturge
Massifs represent more distal, deeper underthrust equivalents of
the southern Tauride Platform than the Keban metamorphics.
Otherwise, these massifs seem to share a similar Cretaceous history
of obduction, out-of-sequence thrusting, and exhumation. This
exhumation in Late Cretaceous to early Eocene time was presum-
ably extensional, but major detachments have not been identifiede

but detailed structural analysis has not beenwidely performed and
future field analyses are required.

During and after exhumation, the Keban and Bitlis-Pütürge
Massifs were overlain by prominent arc complexes. The ~83-70Ma
Elazı�g magmatic suite (or Baskil Arc, and eastwards, Yüksekova
complex) is a complex of intermediate to felsic intrusive and
extrusive rocks (Beyarslan and Bing€ol, 2000; Çolako�glu et al., 2014;
Karao�glan et al., 2013a; Kuşcu et al., 2013; Tekin et al., 2015). It
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intrudes and overlies the K€omürhan Ophiolite and is overthrust
northward by the Püturge metamorphics (Aktaş and Robertson,
1990; Beyarslan and Bing€ol, 2000). The Keban metamorphics,
K€omürhan Ophiolite, and Elazı�g magmatic suite are thought to
have extensionally exhumed in the Late Cretaceous to Paleogene
and are unconformably covered by the middle Eocene-Oligocene
clastic sediments and limestones (Kırkgeçit Group) (Beyarslan
and Bing€ol, 2000; Kuşcu et al., 2013).

To the south of the Elazı�g magmatic suite, as part of a volcanic
belt that runs from Kahramanmaraș in the west to Lake Van in the
east (Elmas and Yılmaz, 2003; Nurlu et al., 2016; Yıldırım, 2015),
lies the still younger, Late Paleocene to early Eocene Maden com-
plex, a series of marine sediments and arc volcanic rocks (Aktaş and
Robertson, 1984; Yıldırım, 2015; Yılmaz, 1993). Towards the east, a
time-equivalent unit without abundant arc magmatic rocks is
known as the Hakkari complex and consists of a m�elange unit that
includes Eocene limestone blocks, and a tectonically underlying
low-grade metasedimentary unit known as the Urse formation of
Early to middle Eocene age (Oberh€ansli et al., 2010b; Yılmaz, 1993)
and references therein). The Maden complex has shallow marine
middle Eocene limestones at the base, but then rapidly deepens
towards middle Eocene radiolarian cherts. Because of the deep-
ening sequence within the Maden stratigraphy, the complex is
interpreted to have formed in an extensional upper Plate setting
(Aktaş and Robertson, 1984; €Onal and Kaya, 2007; Robertson et al.,
2006, 2007; Yi�gitbaş and Yılmaz, 1996). Across the easternmost
Taurides to the north of the Maden Arc, Eocene magmatism and
associatedmineralizations arewidespread, with 50e43Ma ages for
magmatism and associated mineralizations, interpreted to have
formed in the back-arc of the Maden Arc (_Imer et al., 2013; Kuşcu
et al., 2013).

In thewest, the complex unconformably covers and intrudes the
Püturge Massif and overlying ophiolites (Aktaş and Robertson,
1984; Erdem and Bing€ol, 1995; G€oncüo�glu and Turhan, 1984;
Oberh€ansli et al., 2010b; Yılmaz, 1993). The complex is also over-
thrust by the P€oturge and Bitlis Massifs in the west and east, and
the K€omürhan Ophiolite and overlying Elazı�g magmatic complex to
the north. To the west of the Püturge Massif, rocks of the Maden
group are overthrust by the granulite-facies (800± 100 �C,
13e15 kbar) Do�ganşehir meta-ophiolite and overlying Malatya
metamorphics (Awalt and Whitney, 2018). The metaophiolite
yielded Sm/Nd ages of 52e50Ma for metamorphism, and is
intruded by 51e45Ma granitoids, suggesting that the high tem-
peratures occurred in the root of the Maden Arc (Karao�glan et al.,
2013b). This shows that the Maden Arc also formed within the
Malatya metamorphic complex and underlying ophiolites. The
exhumation of the Dogansehir Ophiolite likely occurred due to
Maden intra-arc extension (Karao�glan et al., 2013b). The thrust
contact between the Bitlis Massif and overlying ophiolites, and the
Hakkari complexes is the region south and west of Van uncon-
formably covered by the uppermost Eocene to lower Miocene
Kırkgeçit Formation of the Muş-Hınıs Basin (Hüsing et al., 2009b;
Huvaz, 2009) showing late Eocene thrusting.

The Bitlis lies thrust on the intensely deformed Gevan Ophiolite,
which is also overlain by deformed with Maastrichtian limestones
with rudists similar to those from Arabia (€Ozer, 2005) and is thus
likely one of the Arabian ophiolites (Oberh€ansli et al., 2010b; Yılmaz
et al., 1981). This constraints Miocene thrusting of the Eocene
Hakkari and Maden complexes and overlying Bitlis-Püturge nappe
stack onto Arabia by at least 40 km.

We note that Eocene sediments that unconformably overlie the
metamorphics, are involved in all major thrust zones that currently
define the SE Anatolian orogen, and the modern architecture of the
orogen is thus Eocene or younger in age. The structures associated
with Turonian-Cenomanian obduction, and subsequent late
Cretaceous exhumation, are obscured or reactivated, and remain
unidentified.
Apatite fission track and zircon U-Th-He ages of the Bitlis and

Püturge Massifs have revealed a cluster of ages between ~18 ands
13Ma, and also the underlying Hakkari-Maden complexes (18± 2
and 25± 7Ma) and overlying Oligocene (Hüsing et al., 2009b) Muș
Basin (13.7± 0.2Ma) yielded Miocene ages (Cavazza et al., 2018;
Okay et al., 2010). Finally, the subsidence modelling in the Muș
Basin revealed a distinct phase of middle Miocene uplift (Huvaz,
2009). Collectively, these data demonstrate that the onset of
thrusting of the Bitlis-Püturge-Hakkari-Maden nappe stack onto
the Arabian continental foreland likely started around 18Ma and
lasted until at least ~13Ma, and given ongoing foreland basin
sedimentation in the Kahramanmaraş Basin (Hüsing et al., 2009b),
likely until at least 11Ma (Fig. 17).

6. Kinematic restorations tested against paleomagnetic data

6.1. Paleomagnetic database of the Mediterranean region

As explained in the method section, vertical axis rotations of our
reconstruction are tested against, and in cases where structural
constraints are lacking, based on paleomagnetic constraints
(included in Table 1). We compiled a database of 2300 paleomag-
netic sites from the orogens and tectonic blocks of the Mediterra-
nean region published in the last 50 years, from several hundred
publications. This database is too large to comprehensively display
in figures or tables. We have instead developed a paleomagnetic
database, provided in Supplementary Information 2, both in the
form of Supplementary Tables, and as files for the online tool www.
paleomagnetism.org (Koymans et al., 2016). Each site entry in the
database contains a reference to the published source, which is
listed in the reference list of this paper. All sites are given in tectonic
coordinates (i.e., corrected for bedding tilt) unless in rare cases
where rotations were concluded by the original authors based on
remagnetized sites, or in cases of sites from plutonic rocks where
no paleohorizontal was available. Reversed paleomagnetic di-
rections were converted to normal polarity.

The database was built according to the following selection
criteria: Paleomagnetic data from rocks older than the Triassic, as
well as archeomagnetic data from the Holocene, were not included
in the compilation. We applied and expanded on quality criteria as
detailed in Lippert et al. (2014): Data were excluded from sites that
(1) are not used by the original authors if reason for exclusion is
provided; (2) are characterized by fewer than four samples; (3)
were not analyzed using principle component analysis (Kirschvink,
1980); (4) have site k or K-values below 7. We normally prefer to
apply the A95min/max reliability envelope of Deenen et al. (2011),
but A95 values are often not provided and estimating these from
the parametrically sampled datasets adds uncertainty. Hence, we
include all data interpreted to be primary by the original authors,
whereby we use k/K¼ 7 as the bare minimum. Typical paleomag-
netic scatters as a result of paleosecular variation have K-values of
12.5e50 (Deenen et al., 2011) and we thus include a maximum
amount of data. The resulting dataset is so large that we consider
outliers as a result of inclusion of undersampled PSV records, or
enhanced scatters due to added sources of error to be averaged out;
and (5) contain magnetizations of primary origin, or in rare cases of
well-dated secondary origin, as interpreted by the original authors.
In addition, lava sites were discarded if these (6) contained di-
rections of mixed polarity, as lava sites should be spot readings that
cannot record a reversal; (7) have k-values (Fisher (1953) precision
parameter) <50; or (8) are beyond a 45� angular threshold
(following Johnson et al. (2008)). To ensure that the paleomagnetic
database only contains paleomagnetic directions that average (at
least to some extent) paleosecular variation of the paleomagnetic
field (PSV), we only include data from lava sites where at least 4

http://www.paleomagnetism.org
http://www.paleomagnetism.org
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sites could be averaged from a small area. Whenever fewer lava
sites were reported, these were not included in the database.

Paleomagnetic data from sedimentary sites were included on a
per-site level as reported by the original authors where possible.
The paleomagnetic community does normally not publish their
original data, but only statistical descriptions of the data set.
Regional rotations are then obtained by averaging site averages,
whereby the definition of a site changes from author to author.
Some consider a site a spot reading of the magnetic field. This is
correct for lava sites, whereby acquisition of the natural remanent
magnetization occurs geologically instantaneous upon lava cooling
and the recorded direction is a spot reading of the paleomagnetic
field. For sedimentary sites or plutonic rocks, however, each sample
can be at first order considered a spot reading (although for sedi-
ments with low sedimentation rates some averaging of PSV may
occur within one sample). As pointed out by Deenen et al. (2011), a
better approach is then to always perform statistics on paleomag-
netic directions instead of site averages, also to weigh larger over
smaller datasets. Except for the few sites where we had the original
directions at our disposal, we have therefore created parametrically
sampled data sets for each site, a default procedure in
Paleomagnetism.org. The average directions in the database are
based on these parametrically sampled data sets and may differ
somewhat from the published average directions. Given the large
number of sites (2300), these deviations are insignificant. In almost
all cases, however, we have followed the site definition of the
original authors, although at times we have combined paleomag-
netic sites from the same study at the same location in the same
formation by combining (parametrically sampled) directions.

Most papers do not provide GPS coordinates of sampling sites
but indicate approximate locations on sketchmaps. In cases that no
accurate information was provided, we have attempted to deter-
mine sampling locations with the provided information, using
Google Earth. Where many sites were sampled within a few kilo-
meters, and no individual sampling locations could be determined
for each site, we have grouped these into new sites based on
parametrically sampled directions.

From this extensive database (see Supplementary Information),
we show maps with measured declinations for the areas reviewed
below. The tool set on www.paleomagnetism.org (Koymans et al.,
2016) allows to predict the APWP for any element in the recon-
struction, by providing their Euler poles in 10 Myr intervals relative
to South Africa (Plate ID 701) (for methodology see Li et al. (2017)).
The programwill then calculate the Global APWP (where we chose
Torsvik et al. (2012) as our paleomagnetic frame of reference) in the
coordinates of the reconstructed element. Where datasets from
blocks in our reconstruction were sufficiently large, we used these
to calculate independent APWPs, e.g., for Iberia, Adria, and several
nappe systems in the Mediterranean orogens (Table 1). To this end,
we followed the same approach as Torsvik et al. (2012), applying a
20 Myr sliding window and 10 Myr intervals. We primarily use
these paleomagnetic datasets to test vertical axis rotations, which
often happen on a shorter time scale than the 20 Myr sliding
window, and rotations in both the calculated and predicted APWPs
thus tend to be smeared out over longer time intervals than the
actual rotation interval. Where this may be the case, this will be
discussed.

6.2. Paleomagnetic tests and constraints on reconstruction

Based on the Atlantic Plate circuit and the constraints on
deformation in the Mediterranean region as explained in the pre-
vious section, we developed a geometrically and kinematically
consistent restoration using the GPlates reconstruction software
(Supplementary Information 3). Here, we test the reconstruction
against the paleomagnetic database for the Mediterranean region.
As explained in the reconstruction hierarchy (section 3), we use
paleomagnetic data as test, and only modified the reconstruction in
case of clear inconsistencies with the paleomagnetic database.
Because the paleolatitudinal motion of Africa relative to Eurasia in
western and central Anatolia is within 1000 km, tests of our
reconstruction against paleolatitudes are mostly inconclusive.
Those tests we only apply to the eastern Mediterranean region
(Pontides, South Armenian Block) and focus mostly on vertical axis
rotation histories. Where our reconstruction is modified based on
paleomagnetic data e without violating Plate circuit or structural
constraints e this is indicated in Table 1. The motion of AFR with
respect to EUR fixed.

6.2.1. Iberia
A paleomagnetic database for stable Iberia for rocks of 200Ma

and younger was recently compiled by Vissers et al. (2016). To this
database, we added a few recently published poles, and added data
from the Triassic, as well as from the Pyrenees and the Pyrenean
foreland.

Data from stable Iberia cluster well around the Iberian APWP
predicted by the marine magnetic anomaly-based reconstruction
(Fig. 18) (van Hinsbergen et al., 2017; Vissers et al., 2016). Moreover,
Ruiz-Martínez et al. (2012) showed that reconstructing Iberia ac-
cording to marine magnetic anomalies leads to an optimal clus-
tering of Iberian, African and North American paleomagnertic poles
of the latest Triassic. We follow Gong et al. (2008) and Vissers et al.
(2016) in using these paleomagnetic data to finetune the timing of
Iberian rotation relative to Eurasia, which occurred during the
Cretaceous Superchron, to Aptian (126-112Ma) (Table 1). Both the
timing and amount of the Cretaceous Iberian rotation phase are
controversial, as the paleomagnetic and marine magnetic anomaly
data argue against the interpretation that high temperature
metamorphism and peridotite exhumation in the Pyrenees are
contemporaneous, and causally related. We refer to Vissers et al.
(2016) and van Hinsbergen et al. (2017) for a detailed discussion,
and here follow the marine magnetic anomaly and paleomagnetic
constraints, which are both inconsistent with Iberia-Eurasia
divergence in the Early Cretaceous.

In addition, an extensive set of paleomagnetic poles from the
Permo-Triassic of the axial zone of the North Pyrenean Zone in the
western Pyrenees shows scattered, often large rotations deviating
consistently clockwise, but with rotations of 0e90� relative to the
Iberian APWP (Fig. 18). We interpret these as local rotations asso-
ciated with strike-slip components of Iberia-Europe motion
accommodated along the North Pyrenean Fault zone (Vissers and
Meijer, 2012a) and have not reconstructed these in detail. Further
inspection shows that data from the Pyrenees and Pyrenean fore-
land show more scattered declinations than those from stable
Iberia, suggesting local thrust-related rotations of up to ~30�, which
we have not restored in detail. Finally, two localities from the
Balearic islands show declinations that suggest ~30e40� cw rota-
tion relative to Iberia, more than the ~20� cw Oligocene-early
Miocene rotation suggested by restoring extension in the Gulf of
Valencia (S�eranne, 1999). We interpret this to result from local
rotations during thrusting (Gelabert et al., 1992).

6.2.2. Adria
Paleomagnetic data from Adria are available from rocks of

~185Ma and younger in the southern Alps foreland, the Istria
Peninsula of Croatia, and the Gargano and Puglia Peninsulas of Italy
(Fig. 19). For pre-Miocene time, these are systematically offset
relative to the APWP of Africa, suggesting that Adria rotated relative
to Africa, estimated in van Hinsbergen et al. (2014b) at ~10�

counterclockwise between 20 and 0Ma. We adopt this rotation,
which leads to a good match between the predicted GAPWaP of
Torsvik et al. (2012) in coordinates of Adria, and the APWP

http://Paleomagnetism.org
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calculated based on Adria paleomagnetic data (Fig. 19; Table 1). The
paleomagnetic data allow for a somewhat smaller rotation of
~5�ccw proposed by Le Breton et al. (2017), which was in part based
on interpretations of seismic tomography, which is outside of our
reconstruction hierarchy. For consistency with the rest of the
reconstruction, we therefore adopt the reconstruction of van
Hinsbergen et al. (2014b). The consistently higher Adria-Africa
rotation of up to 20�ccw proposed by e.g., M�arton et al. (2011b,
2017) appear to not be representative for the data, and requires
major Neogene extension between Adria and Africa, for which
there is no evidence. Some scattering of the declinations occurs on
the Istria Peninsula of Croatia, which we interpret as local rotations
resulting from young deformation.
6.2.3. Alboran domain
Paleomagnetic constraints of the Alboran domain in the Betic

Cordillera of Southern Iberia come from Jurassic and Upper Creta-
ceous and Mio-Pliocene sediments from the External Betic chain,
from Neogene sedimentary basins overlying the Alboran domain
(Malaguide, Alpujarride and Nevado-Filabride units), from Oligo-
cene mafic dykes in the Alpujarride and Malaguide units, and from
the Ronda peridotite (Fig. 20). In the Rif belt, paleomagnetic di-
rections were obtained from Eocene to Miocene sediments over-
lying the Ghomaride nappes, from the Beni Boussera and Ceuta
peridotite bodies, and from Cenozoic rocks of the African margin-
derived External Rif fold-and-thrust belt (Fig. 20).

Data from Jurassic and Cretaceous rocks in the External Betics,
comprising nappes decoupled from the Iberian foreland below the
advancing Alboran Platelet, reveal a pattern of consistently clock-
wise rotations. There are, however, major variations in the amount
of rotation particularly in the northeastern Betic cordillera, reach-
ing 90� or more (Fig. 20), and no systematic relationship has been
detected between declination and orogen strike. These rotations
are interpreted to result from thrust sheet rotations within the Sub-
Betic thrust belt resulting from highly oblique convergence be-
tween the westward advancing Alboran Platelet and southern
Iberian continental margin (Platt et al., 1995, 2003, 2013; Platzman,
1994). The absence of correlation between paleomagnetic decli-
nation and orogen strike indicates that the Sub-Betic chain is not an
orocline e an originally straight fold-and-thrust belt that was
subsequently bent (Carey, 1955). We have not specifically included
the detailed rotations of the various thrust nappes of the Sub-Betic
chain in our reconstruction, which follows that of van Hinsbergen
et al. (2014a), but the general highly oblique thrusting that is
thought to cause these rotations is clearly present.

Paleomagnetic data from the External Rif showa similar pattern,
but with consistently counterclockwise rotations that continued
into the Miocene (Fig. 20). Also in this case, there is no systematic
relationship between declination and strike, and rotations are
interpreted as thrust-sheet rotations during oblique convergence
(Cifelli et al., 2008b). Mesozoic rocks from the Dorsale Calcaire
sampled by (Platzman and Lowrie, 1992; Platzman et al., 1994)
yielded major clockwise as well as counterclockwise rotations.
These are difficult to interpret as the Dorsale Calcaire accreted to
the Alboran Platelet in Eo-Oligocene time, subsequently moved
westwards as part of the Alboran forearc, and subsequently thrust
onto the African margin. We therefore do not specifically restore
the individual thrust sheets of the Calcaire Dorsale but note that the
overall left-lateral shear between this unit and the African margin
Fig. 18. A) Paleomagnetic data from stable Iberia and the Central Iberian Ranges. Color co
Paleomagnetic data from the North Pyrenean Zone. C) Declination versus age graph for stab
curve corresponds to the apparent polar wander path of Iberia calculated from the data (20 M
shown in coordinates of Iberia (code 304 in reconstruction files, see Supplementary Inform
North Pyrenean Zone, showing enhanced scatter interpreted as local rotations. Ref¼ Referen
files. See text for further explanation.
proposed to explain these rotations (Platzman and Lowrie, 1992;
Platzman et al., 1994) is consistent with our restoration.

Our reconstruction of the Alboran region, which follows van
Hinsbergen et al. (2014a), is similar to that of Lonergan and
White (1997) and Rosenbaum et al. (2002a) in inferring that the
Gibraltar subduction zone and the Betic thrust front originated as a
ENE-WSW striking, NNW-dipping subduction zone below the
Baleares islands. This trench rolled back since mid-Oligocene times
first to the south, and subsequently towards the west, during which
time the pre-mid-Oligocene forearc and accretionary prism (i.e.,
the Malaguide and Alpujarride units of the Betic Cordillera,
respectively) rotated up to as much as 200� cw. Paleomagnetic data
from Oligocene (26± 4Ma) mafic dykes in the Alpujarride and
Malaguide units are consistent with this reconstruction (Fig. 20).
Paleomagnetic declinations from the Ronda peridotite in the Betic
Cordillera, and in the Ceuta and Beni Boussera peridotites of the Rif,
are believed to record rotations following cooling of the peridotite
after a 20-17Ma regional high-temperature overprint. We com-
bined all individual paleomagnetic directions of Ronda, yielding a
data scatter consistent with paleosecular variation (A95¼ 2.6,
A95min¼ 1.4, A95min¼ 2.9, n¼ 203, sensu Deenen et al. (2011)),
yielding a declination of ~44± 3�, consistent with our reconstruc-
tion (Fig. 20). The Ceuta peridotite recorded no rotation, whereas
the Beni Boussera peridotites give in situ declinations suggesting
~80� ccw rotation (Berndt et al., 2015; Saddiqi et al., 1995). No tilt
correction was applied to these in absence of a paleohorizontal
control (e.g., Feinberg et al., 1996), but for Ronda, the in situ
paleomagnetic inclination is within a few degrees similar to the
predicted inclination for Iberia, suggesting no major tilting
occurred after the recording of the magnetization. The Moroccan
peridotites give inclinations that deviate some 20� from the ex-
pected inclination, and some tilting may just have occurred.
Nevertheless, assuming that the in situ declinations are reliable
recorder of post-Burdigalian vertical axis rotation of the Alboran
units, these suggest that the now strongly curved thrust front of the
Alboran units over the Iberian and African margin-derived thrust
slices around the Ronda, Ceuta, and Beni Boussera peridotites was a
~N-S striking thrust front (i.e. trench) around 18Ma, as we recon-
structed (Fig. 20) (see section 7.2.1).
6.2.4. Corsica-Sardinia
Paleomagnetic data from the Corsica-Sardinia Block come

mainly from Sardinia. There is no evidence for a major tectonic
disconnection between the two islands, however, and paleomag-
netic data from Upper Paleozoic dykes in North Sardinia and South
Corsica gave similar results (Vigliotti et al., 1990), such that the data
shown in Fig. 21 are considered representative for a joint Corsica-
Sardinia Block.

Restoring the motion of the Corsica-Sardinia Block relative to
Eurasia from the extensional history of the Gulf of Lion (S�eranne,
1999) predicts a ~50� ccw early Miocene rotation, which has long
been recognized in paleomagnetic data (Gattacceca et al., 2007). In
Fig. 21, there is a minor misfit between the APWP of Corsica-
Sardinia calculated based on our reconstruction, which results
from the calculation of this APWP in 10 Myr intervals: the Miocene
rotation ended by ~16Ma, which is restored as such in the GPlates
restoration (Supplementary Information 3; see section 7.1.1).

Prior to the Oligocene onset of opening of the Gulf of Lion, there
are no quantitative constraints from structural geology on the
ding according to age, see graph of Fig. 18C. For key to abbreviations, see Table 4. B)
le Iberia, including data from the Organy�a Basin and the Central Iberian Ranges. Green
yr sliding window, 10 Myr intervals), see Table 5. The GAPWaP of Torsvik et al. (2012) is
ation 3) and Eurasia. D) Declination versus age graph of paleomagnetic data from the
ce location for which graph was calculated. See Supplementary Information 2 for data
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motion of the Corsica-Sardinia Block relative to Eurasia, other than
the widespread evidence for uppermost Cretaceous to Eocene
shortening in the Provence (e.g., Espurt et al., 2012a). Paleomag-
netic data from Upper Cretaceous and Eocene rocks show that in
Eocene time, an additional ~45� ccw rotation relative to Eurasia
affected the Corsica-Sardinia Block (Advokaat et al., 2014b) (Fig. 21).
We restore this additional rotation more gradually, since the Late
Cretaceous, consistent with the time constraints on shortening in
the Provence, as restoring the rotation entirely since 50Ma is un-
likely in the light of Africa-Eurasia convergence rates in this time
interval.Finally, the predicted declinations for Triassic and Jurassic
times deviate by some 25e35� from the measured declinations
(Fig. 21). Reconstructing Corsica-Sardinia in the strike as suggested
by these data would require restoring a major counterclockwise
rotation phase in the Jurassic that would place Corsica-Sardinia in
an unrealistic position relative to the modern Provence margin e

almost orthogonally. If the Triassic and Jurassic directions are pri-
mary, this reconstruction is inconsistent with paleomagnetic evi-
dence (Fig. 21). Particularly the Triassic sites may be remagnetized
during Valais Ocean opening as suggested by the anomalously high
inclination in the Triassic rocks (Advokaat et al., 2014b). In addition,
the Jurassic pole is based on a large set of sites that show evidence
for internal rotations (Advokaat et al., 2014b).

6.2.5. Sicily and the Apennines
A large set of paleomagnetic sites from Sicilywas collected from

Mesozoic and Cenozoic rocks of the Inner Carbonate units (Pan-
ormide and Pre-Panormide Platforms, and Imerese Basin) and
Outer Carbonate units (Trapanese, and Saccense platforms, and
Sicanian Basin) that were first stacked below Ligurian ocean units
and subsequently thrust onto the Hyblean foreland (Fig. 8). Data
from upper Miocene and Plio-Pleistocene sedimentary rocks of
these units reveal a rapid, late Neogene ~40� cw rotation relative to
Africa (Fig. 22) (Speranza et al., 2003). Data from the Inner Car-
bonate units (green dots in Fig. 22) are sparse, but consistently
show that a large, ~90� cw rotation relative to Africa occurred
sometime after the Eocene. These rotations are interpreted to result
from the southeastward advance of the Calabrian-Peloritan Block
during the late Miocene-Pliocene opening of the Tyrrhenian Sea
(Speranza et al., 2018). Based on these paleomagnetic constraints,
we have reconstructed a ~90� cw rotation of the Outer Carbonate
Units since their ~14Ma onset of thrusting over the Inner Carbonate
Units (Catalano et al., 1993), assuming a constant rotation rate from
14 to 0Ma. To reconstruct the paleoposition of the Outer Carbonate
units, we assumed they were rigidly attached to the Inner Car-
bonate units after the 4Ma onset of thrusting of the Outer Car-
bonate units over the Gela Nappe and Hyblean Plateau. This
satisfies the ~40� cw rotation of the Outer Carbonate Units relative
to Africa that follow from paleomagnetic measurements. Data from
the pre-Neogene of the Outer Carbonate units reveal a highly
scattered pattern with rotations up to the 90� of the Outer Car-
bonate Units (Fig. 22). We tentatively explain this scatter as the
result of thrust sheet rotations between the Outer and Inner Car-
bonate units, whereby early accreted units experienced larger ro-
tations than later accreted units.

Paleomagnetic data from Calabria show a gradual rotation of
~20� cw relative to Africa since ~10Ma (Fig. 22). The closure of the
Tyrrhenian Sea rather requires that Calabria underwent a net
~20�ccw rotation relative to Africa since middle Miocene time. To
fit the paleomagnetic constraints, we have therefore assumed an
initial counterclockwise rotation of Calabria versus Sardinia
Fig. 19. A) Paleomagnetic data from stable Adria. For key to abbreviations, see Table 4. B) D
polar wander path of Adria calculated from the data (20 Myr sliding window, 10 Myr interva
3089 in reconstruction files, see Supplementary Information 3), Africa, and Eurasia. Ref¼ Re
data files. See text for further explanation.
between ~13 and 10Ma during the initial opening of the Tyrrhenian
Basin, followed by the paleomagnetically constrained clockwise
rotation. Such an initial early Tortonian counterclockwise rotation
preceding a younger clockwise rotation was previously argued for
by Duermeijer et al. (1998b). Fig. 22 cannot accurately display the
detailed rotations since they are much faster than the 10 Myr in-
terval resolution of the global APWP that we use to predict decli-
nations (Torsvik et al., 2012).

Paleomagnetic data from the Southern Apennines mainly come
from rocks of the Apenninic Platform (Green datapoints in Fig. 23).
This is the highest, most internal structural unit underlying the
Ligurian oceanic units, and shows a ~60� ccw rotation (Gattacceca
and Speranza, 2002). Constraints from young sedimentary basins
overlying the Southern Apenninic nappes (Pink datapoints in
Fig. 23) show a major (~40�) counterclockwise rotation in late
Miocene time, since ~6Ma (Fig. 23). We modeled the maximum
rotation that the Apenninic Platform could have undergone since
6Ma by placing the southwestern limit of the Apenninic Platform
against Calabria while keeping the northern part of the platform
close to its modern position relative to Eurasia. This generates a
~45� ccw rotation of the Apenninic Platform relative to Adria. Be-
tween 6Ma and the 14Ma onset of thrusting of the Apenninic
Platform over the Lagonegro Basin (e.g., Pescatore et al., 1999), we
rigidly attached the Apenninic Platform to Calabria, and assumed
rigid connection of the Apenninic Platform to Adria before that
time. The resulting predicted declinations fit well with most
paleomagnetic constraints from the Apenninic Platform (Fig. 23),
with the exception of four localities that are located close to the
left-lateral North Pollino Fault Zone between the Southern Apen-
nines and the Calabrian Block (Cyan datapoints in Fig. 23). We
explain the excess counterclockwise rotations of these four local-
ities by local rotations induced by this major fault zone.

In addition, we reconstructed a ~40� cw rotation of the Apen-
ninic Platform in Triassic time to open the triangle-shaped Lago-
negro Basin (see section 7.10). This rotation optimizes the Triassic fit
of the Adria with the north African passive margin and is consistent
with the sparse paleomagnetic data available from the Triassic of
the Apenninic Platform (Jackson, 1990).

Paleomagnetic studies in the Central Apennines have mainly
focused on deformation associated with folding, thrusting, and
strong but local oroclinal bending around the Gran Sasso range
front during the northward Pliocene indentation of the Lazio-
Abruzzi Platform (Satolli and Calamita, 2008). We modeled this
indentation by assuming that the Lazio-Abruzzi Platform was
rigidly attached to the Adria back to 3Ma, and to the counter-
clockwise rotating Apenninic Platform before that time. Such
counterclockwise rotations have been reported, but declinations
are too scattered owing to local deformation to quantitatively
constrain.

Paleomagnetic data from the curved fold-and-thrust belt of the
Northern Apennines were derived from the Tuscan units (green
datapoints in Fig. 24) that form the highest structural unit below
the Ligurian ophiolites, thrust slices of Umbria-Marche Basin sed-
iments (orange datapoints in Fig. 24), and young foredeep sedi-
ments of the Adriatic foreland (pink datapoints in Fig. 24).
Consistent with our approach for Sicily, and the Southern and
Central Apennines, we used data from the highest structural unit
below the Ligurian ophiolites e the Tuscan nappes e to infer the
total amount of rotation associated with the formation of the oro-
cline. Such data are only available for the northern limb of the
orocline, where a ~30� ccw rotation since the 16Ma onset of
eclination versus age graph for stable Adria. Orange curve corresponds to the apparent
ls), see Table 5. The GAPWaP of Torsvik et al. (2012) is shown coordinates of Adria (code
ference location for which graph was calculated. See Supplementary Information 2 for
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thrusting of the Tuscan units over the Umbria-Marche Basin sedi-
ments fits the paleomagnetic data best (Fig. 24). The southern limb
of the orocline was reconstructed by assuming a Euler pole relative
to the Central Apennines at their junction at the Olevano-
Antrodoco Fault, while keeping the Tuscan units of the northern
and southern limbs connected, and choosing the rotation of the
Tuscan nappes by fitting the enveloping surface of maximum ro-
tations (Fig. 24).

The Umbria-Marche Units display rather scattered declinations
that, with the exception of some Cenozoic sites in the Northern
Apennines, generally indicate as high as, or lower than the Tuscan
nappe rotation. Like for Sicily, we interpret this scatter to result
from either individual thrust sheet rotations, or the different times
at which thrust sheets were incorporated into the rotating oroclinal
thrust belt during progressive foreland-ward thrusting. We did not
incorporate these individual thrust sheets in our reconstruction.

Finally, in the center of the Umbria-Marche orocline, some
Tuscan units display rotations as high as 90� ccw, which were
interpreted by Caricchi et al. (2014) as resulting from a combination
of Corsica-Sardinia rotation and oroclinal bending of the Northern
Apennines. Rocks from the Tuscan units to the north, however, do
not display such high rotations (Fig. 24). Moreover, the age of
thrusting of the Tuscan units over the Umbria-Marche units (16-
7Ma) (Barchi et al., 2012; Speranza et al., 1997) post-dates the
Corsica-Sardinia rotation (21-16Ma) (Gattacceca et al., 2007)
(Fig. 21). We therefore rather interpret these as local rotations
within the heart of the orocline.

Finally, paleomagnetic data from Oligocene and Miocene sedi-
ments of the Piedmont Basin overlying the Ligurian Alps around
the Voltri Massif have demonstrated a counterclockwise rotation of
this region in Miocene time, in the same time window as the
Corsica-Sardinia rotation. Maffione et al. (2008) therefore sug-
gested a causal relationship between these events and argued that
Fig. 20. Paleomagnetic data from A) the External Betics and External Rif and B) the Alboran
abbreviations, see Table 4. B) Declination versus age graph for the Alboran units of the Betics
3534 in reconstruction files, see Supplementary Information 3) and for the last 40Ma, also
files), Iberia, and Africa. Ref¼ Reference location for which graph was calculated. See Supp
the location of the Ligurian Alps at the junction between the east-
dipping Western Alps subduction zone and the west-dipping
Northern Apennines subduction zone may have aided this rota-
tion. Reconstructing Voltri as rigidly attached to Corsica yielded an
unrealistic rapid westward motion of Voltri during the Miocene
that would require major shortening to its west and major exten-
sion to its east, neither of which are observed in the Miocene ge-
ology of the region. We have therefore modeled that the Ligurian
oceanic thrust sheets, to which Voltri had accreted in Eocene time
and that were thrusting over the Tuscan units in the early Miocene
(Brunet et al., 2000; Kligfield et al., 1986), experienced a northward
translation driven by the Corsica-Sardinia rotation relative to the
Briançonnais units to thewest of the Voltri Massif. The Voltri Massif
and Piedmont Basin at its northwestern part were then thought to
have been caught in distributed left-lateral wrenching that kine-
matically allows for its counterclockwise rotation (see section 7.2.1)
(see also Peral et al. (2018)). The predicted declinations of our
reconstruction fit the paleomagnetic constraints (Fig. 24).

6.2.6. Alps, Jura Mountains, AlCaPa
Paleomagnetic data from the JuraMountains come largely from

a study of Gehring et al. (1991), and from an extensive study of
Oligo-Miocene sediments of the Molasse Basin of Kempf et al.
(1998). Vertical axis rotations are expected in the Jura Mountains
based on structural geological estimates of a maximum of ~30 km
of shortening in the center of the Jura Mountains between 20 and
7Ma, decreasing to 0 on the tips of the fold-and-thrust belt
(Table 1; Fig. 10) (Affolter, 2004; Affolter et al., 2008). This predicts
~10�cw rotation of the eastern part of the north Jura Mountains
relative to Eurasia, and ~10�ccw rotation for the south Jura Moun-
tains. Paleomagnetic data from the Molasse Basin immediately to
the east of the northern Jura fold-and-thrust belt (Kempf et al.,
1998) (blue dots in Fig. 25) validates this reconstruction. Data
domain (in blue) and peridotite massifs within the Alboran units (in red). For key to
and Rif. The GAPWaP of Torsvik et al. (2012) is shown in coordinates of Malaguide (code
the Alpujarride of the Betics, the Sebtide/Beni Boussera (code 3566 in reconstruction
lementary Information 2 for data files. See text for further explanation.
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from the Jura fold-and-thrust belt itself are more scattered. Most
data from the Jura Mountains show rotations between ~10 and
0� relative to Eurasia, whereby the more external sites show less
rotation (Fig. 25), as expected in a foreland propagating oroclinal
fold-and-thrust belt (see also e.g. Sicily and the Northern Apen-
nines, Figs. 22 and 24, Section 5.5.1).

Paleomagnetic data from the Western Alps comprise a series of
isolated sites in Mesozoic rocks of the External Massifs (light green
datapoints in Fig. 25) and the Briançonnais in the southwestern
Alps (pink datapoints in 22). In addition, there are sites with
Oligocene and early Miocene (re)magnetizations from the External
Massifs of the Western Alps (dark green datapoints in Fig. 25
(Crouzet et al., 1996)), and the Briançonnais of the southwestern
Alps (orange datapoints in Fig. 25 (Sonnette et al., 2014)) and from
the Briançonnais in the Ligurian Alps (red datapoints in Fig. 25
(Collombet et al., 2002)). When averaged, these data demonstrate
that the External Massifs of the western Alps, that became incor-
porated in thrusting in the Miocene (e.g., Schmid et al., 2017) and
references therein), did not significantly rotate. The Briançonnais of
the southwestern Alps, however, underwent approximately 40�

counterclockwise rotation since the Oligocene. We have used these
paleomagnetic data as input to infer such a rotation to occur during
the westward motion of the western Alps along the Insubric Line
between 30 and 20Ma (Fig. 25), because after this time, the amount
of shortening in the western Alps is limited (e.g., Schmid et al.,
2017)). Reconstructing this paleomagnetically constrained 40�

counterclockwise rotation means that we reconstruct a southward
decreasing amount of E-W convergence in the western Alps be-
tween 30 and 20Ma, from ~100 km, constrained by the motion
along the Insubric line, to only some tens of kilometers in the
southwesternmost Alps. In addition, major rotations in excess of
90�ccw were found in the Briançonnais units of the Ligurian Alps,
likely as a result of left-lateral shearing between Corsica and the
western Alps in the same 30-20Ma time window. We have
modeled this rotation, which may well be the result of distributed
wrench faulting between the westward moving western Alps and
the southeastward moving Corsica-Sardinia Block (Peral et al.,
2018), by rotation of a small Ligurian Briançonnais Block (Figs. 10
and 25).

Paleomagnetic data from the Southern Alps come from Meso-
zoic rocks spanning the Triassic to Cretaceous. The Southern Alps
form the Adria-derived nappe stack that is bounded by the Peri-
Adriatic Fault from the European Plate-derived units that consti-
tute most of the Alps (Figs. 10 and 11). Reconstructing the Miocene
shortening in the Alps predicts ~15 and ~20�cw rotation of the Peri-
Adriatic Fault relative to stable Adria west (purple datapoints) and
east (green datapoints) of the Giudicarie Fault, respectively
(Fig. 25), which should be considered the maximum rotation of the
thrust slices in the Southern Alps, as they were progressively
incorporated in the orogen during rotation. Paleomagnetic data
from the Jurassic and Cretaceous thrust slices of the western Alps
show rotations scattered between the declinations of Adria and the
Peri-Adriatic Fault, consistent with this prediction. Data obtained
from Triassic rocks show a large scatter with a ~60� spread in the
data, generally clockwise from the predicted declinations. Given
the large spread in directions, we interpret these as local block
rotations, perhaps associated with Alpine thrusting, or with the
break-up of Adria from Eurasia in the Early Jurassic.

Nearly 300 paleomagnetic sites are available from the AlCaPa
units of the eastern Alps, the northern Pannonian Basin, and the
Carpathians (Fig. 26). These come from Triassic to Neogene, mostly
Fig. 22. A) Paleomagnetic data from Sicily and Calabria. For key to abbreviations, see Table
(2012) is shown in coordinates of the Outer Carbonate Unit (code 3988 in reconstruction fi

(code 3563) and Africa. Ref¼ Reference location for which graph was calculated. See Suppl
sedimentary rocks. We subdivided these data into two areas: those
from the Upper Austro-Alpine nappes of the eastern Alps, and from
the Upper Austro-Alpine nappes of the Pannonian Basin and Car-
pathians. In addition, there are some data from the Dinaridic af-
finity Jadar-Kopaonik Zone of the Bükk Mountains, in the heart of
the Pannonian Basin, and from the Lower Austro-Alpine units of the
Tatra Mountains of Poland and Slovakia (Figs. 1 and 26).

The most striking feature of the paleomagnetic data from the
northern Pannonian Basin, both derived from the Upper and Lower
Austro-Alpine Nappes, is a strong, counterclockwise rotation of on
average ~70� relative to Eurasia measured from rocks across the
northern basin of Oligocene to early Miocene age. Middle Miocene
rocks give much smaller rotations, consistent with the rotation
occurring during Pannonian Basin extension between ~20 and
10Ma (e.g., M�arton and M�arton, 1996; M�arton et al., 1992). The
southern margin of stable Eurasia shows a ~20� bend along the
northern Carpathians (Figs. 10 and 26), and 20 of the 70� counter-
clockwise rotation is thus straightforwardly reconstructed associ-
ated with the eastward invasion/extrusion of the AlCaPa block into
the Carpathian embayment (Ustaszewski et al., 2008). The excess
~50� rotation that follows from paleomagnetic data is unlikely to
represent a regional rigid block rotation, since such a rotation
would require 100s of km of N-S extension or contraction along the
western or eastern margins of the AlCaPa Block, respectively, for
which there is no evidence. Instead, we infer that this excess
rotation results from regionally distributed simple shear of the
AlCaPa Block owing to northward decreasing Miocene extension in
the northern Pannonian Basin. If the amount of E-W extension was
180 km more along the Mid-Hungarian shearzone than along the
northern Carpathians, the excess rotation is straightforwardly
reconstructed (see section 7.1.1). Ustaszewski et al. (2008) esti-
mated a total of 290 km of E-W extension from the Tauern window
to eastern AlCaPa along a transect close to the Mid-Hungarian
Shear Zone, and we thus infer that the amount of extension de-
creases to ~110 km in northern AlCaPa close to the contact with the
Magura belt and the Outer Carpathians.

Our reconstruction infers that between ~55 and 30Ma the
AlCaPa units underwent a clockwise rotation of ~25�. This rotation
is inferred based on amajor overlap between AlCaPa and Tisza units
that would arize if we assume that the Austro-Alpine units were
fixed relative to Adria in the Paleogene. Paleomagnetic data from
the Upper Austro-Alpine units of the northern Pannonian Basin and
northern Carpathians are consistent with this clockwise rotation, as
shown by the APWP for the Upper Austro-Alpine units (Fig. 26).
Finally, the Lower Austro-Alpine Units exposed in windows in the
Tatra Mountains appear to have undergone little net rotation
relative to Eurasia since the Jurassic. Because these units were part
of the AlCaPa unit during the Cenozoic, we interpret that these
units underwent a ~60� clockwise rotation relative to the Upper
Austro-Alpine units, either during the 145e125 opening of the
Valais-Magura Ocean, or during the incorporation of the Tatra
Lower Austro-Alpine in the fold-and-thrust belt in the Early
Cretaceous. We do not explicitly restore this local rotation in our
reconstruction.
6.2.7. Tisza-Dacia, Carpathians
Paleomagnetic data from the Tisza-Dacia Block come mainly

from the Transylvanian Basin, the southern Carpathians, and the
Apuseni Mountains in the eastern part of the Tisza-Dacia Block, and
were measured in from Upper Cretaceous to Quaternary volcanics
and sediments (Fig. 26). These demonstrate a major, ~60� clockwise
4. B) Declination versus age graph for Sicily and Calabria. The GAPWaP of Torsvik et al.
les, see Supplementary Information 3), the Inner Carbonate Unit (code 3987), Calabria
ementary Information 2 for data files. See text for further explanation.
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rotation relative to Eurasia between ~30 and 10Ma (Fig. 26) asso-
ciated with its eastward invasion into the Carpathian embayment
(e.g., Panaiotu and Panaiotu, 2010; P�atraşcu et al., 1994). Approxi-
mately 35� cw rotation of this rotation follows from the Oligo-
Miocene motion along the Timok and Cerna Faults (Fig. 10). In
addition, the northward increasing amount of E-W extension in the
south Pannonian Basin adds to the rotation of the eastern Tisza-
Dacia Block. We restore 250 km of extension in the northern part
of the Tisza Block along the Mid-Hungarian Shear Zone following
(Bal�azs et al., 2016), which allows for ~10� more clockwise rotation
of the Apuseni Mountains and Transylvanian Basin yielding a good
fit with paleomagnetic data (Fig. 26). Sparse data from the west-
ernmost Tisza Block close to the Sava Suture give scattered, coun-
terclockwise rotations (Fig. 26) which we strongly deviate from the
regional pattern and are here interpreted as resulting from local
deformation. There are no paleomagnetic data from the Tisza-Dacia
Block from rocks older than Upper Cretaceous, and the Early
Cretaceous history of strong deformation and nappe stacking of the
Tisza-Dacia terrane is thus not further be constrained by paleo-
magnetic data.

Extensive paleomagnetic datasets have been collected from
Oligocene rocks of the northern Carpathian foredeep (e.g., M�arton
et al., 2009b), and Miocene rocks of the Southern Carpathian
foredeep (e.g., Dupont-Nivet et al., 2005) (Fig. 26). These show
variable rotations, but consistently counterclockwise in the north
and clockwise in the south, in line with the overall sinistral shear
between the AlCaPa Block and Eurasia in the north, and between
the Dacia Block and the Moesian Platform in the south. These are
thus best explained by local thrust sheet rotations during oblique
convergence along the Carpathian margins. We did not restore
these individual thrust sheet rotations in detail but consider the
rotations consistent with the overall reconstructed motions.
6.2.8. Dinarides
A large paleomagnetic dataset of more than 150 sites is available

from the Dinarides. These were obtained from Cretaceous to
Miocene rocks of the Dalmatian Nappe (red datapoints) and High
Karst Nappe (blue datapoints) (e.g., Kissel et al., 1995; M�arton et al.,
2014), from Miocene sedimentary basins overlying the more in-
ternal nappes (brown datapoints) (e.g., de Leeuw et al., 2012), and
from the Medvednica Mountains around the city of Zagreb (cyan
datapoints) (Tomljenovi�c et al., 2008) (Fig. 27). The Dalmatian Zone
accreted in lateMiocene time to the Dinarides nappe stack and only
underwent minor thrusting over Adria. The APWP predicted by our
reconstruction for the Dalmatian Zone thus almost coincides with
Adria. The data from the Dalmatian Zone are consistent with our
path for Adria, including the Miocene ~10� counterclockwise rota-
tion (Fig. 27).

From the High Karst Zone, some 65 paleomagnetic poles cover
the Lower Jurassic to Miocene, sufficient to calculate an indepen-
dent APWP (Table 5). This APWP shows that the High Karst Zone
did not undergo major vertical axis rotations relative to Eurasia in
the last ~100Ma. Between 120 and 100Ma, during which time
much of the thrusting of the Dinarides nappe stack has not
occurred yet (including the High Karst and pre-Karst units), but
postdates the Late Jurassic-earliest Cretaceous deformation of the
Vranduk Flysch and emplacement of theWestern Vardar ophiolites,
the paleomagnetic data suggest that the High Karst Zone under-
went a ~20� clockwise rotation relative to Adria. We have adopted
this rotation in our reconstruction and tentatively applied this to
the entire deforming Dinaric nappe stack. The resulting predicted
Fig. 23. A) Paleomagnetic data from the Southern and Central Apennines. For key to abbre
GAPWaP of Torsvik et al. (2012) is shown in coordinates of the Apenninic Platform (code 394
Adria (code 3089). Ref¼ Reference location for which graph was calculated. See Supplemen
APWP from our kinematic reconstruction fits the APWP based on
paleomagnetic data from the High Karst Zone well (Fig. 27).

Finally, Tomljenovi�c et al. (2008) reported paleomagnetic data
from Upper Cretaceous and Miocene rocks from the Medvednica
Mountains (Fig. 27) that are located at the intersection of three
megaunits: the AlCaPamegaunit to the north, the Tiszamegaunit to
the east, and the Dinarides megaunit to the west. These paleo-
magnetic data suggest ~130� clockwise rotation in the Paleogene
and ~50� counterclockwise rotations since the early Miocene
(Fig. 28). van Gelder et al. (2015) recently showed that restoring
these rotations leads to a structural history of the Medvednica
Mountains that is compatible with the overall Dinaridic orogeny
and restores Cretaceous extension directions that compare well
with those from the Eo-Alpine metamorphics to the north. We
model the first, clockwise rotation phase to occur largely simulta-
neously with the Paleogene clockwise AlCaPa rotation, whereas the
second, counterclockwise rotation phase occurred during opposite
Tisza-AlCaPa rotations in the Miocene, and associated trans-
pression between these. The resulting predictions for the declina-
tion fit the data well (Fig. 28).
6.2.9. Aegean and West Anatolia
The evolution of the Aegean and west-Anatolian region is

characterized by accretionary orogenesis of African Plate derived
crustal units since the Cretaceous, which since Eocene time became
associated with overriding plate extension and orocline formation
(e.g., Kissel and Laj, 1988; van Hinsbergen and Schmid, 2012). The
relationship between extension and oroclinal bending follows
straightforwardly from the decreasing width of extensional win-
dows exposing metamorphosed portions of the fold-and-thrust
belt to the NW and east (Brun and Sokoutis, 2007; van
Hinsbergen et al., 2010a). For the Aegean region, van Hinsbergen
and Schmid (2012) restored three such extensional windows
pincing out to the northwest: the Rhodope window, the Cyclades-
eastern Mainland Greece window, and the Peloponnesos window.
Opening these windows led to clockwise rotations, the total
magnitude of which increases over each window. Here, we test
whether the predicted rotations satisfy paleomagnetic constraints.

Paleomagnetic data from the Chalkidiki Peninsula in the
northern Aegean region (Figs. 1 and 28) allow testing the restored
rotations associated with opening of the Rhodope window. Data
come from Eocene granitoids of the Chaldiki Peninsula (e.g.,
Kondopoulou and Westphal, 1986), from volcanic rocks in the
Rhodope Mountains that bound the mainwindow to the northeast,
and few sites from the Moesian Platform proper (e.g., Kissel et al.,
1986b; van Hinsbergen et al., 2008). Sites from the Moesian Plat-
form north of the Rhodope, not shown in Fig. 28, yielded no sig-
nificant rotation, consistent with the presumed fixed position of
Moesia relative to Eurasia in Cenozoic time (van Hinsbergen et al.,
2008). Averaging all sites from the Chalkidiki granitoids yields a
declination of ~30�, which fits well with the predicted declination
for Chalkidiki in the reconstruction (Fig. 28). Sites from volcanic
rocks to the northeast of the Rhodope metamorphic window
scatter between the non-rotated Moesia position and the rotated
Chalkidiki position (Fig. 28).

A total of 65 paleomagnetic sites are available from the Triassic
to Pleistocene of the Upper Pelagonian Zone of eastern mainland
Greece. We restored the rotation history associated with the central
Aegean extension following (van Hinsbergen and Schmid, 2012),
and connected the Pelagonian Zone to Adria prior to 60Ma colli-
sion. As mentioned before, the Upper Pelagonian thrust nappes
viations, see Table 4. B) Declination versus age graph for the Southern Apennines. The
8 in reconstruction files, see Supplementary Information 3), and the Apulian Platform of
tary Information 2 for data files. See text for further explanation.
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were emplaced over the Lower Pelagonian nappes in the Early
Cretaceous, ~130-110Ma, following West Vardar Ophiolite obduc-
tion. Our reconstruction assumes that this was not associated with
vertical axis rotations. Comparison of the predicted APWP for the
Upper Pelagonian Zone based on this reconstruction shows a close
match with the (averaged) declination for Oligocene and younger
rocks. The declinations derived from Triassic and Jurassic rocks,
however show a major mismatch with the predicted APWP and
suggests an additional, ~50� clockwise rotation of the Upper Pela-
gonian units occurred sometime between the Late Jurassic and the
Oligocene. These Triassic and Upper Jurassic sites were collected
from the Argolis Peninsula of the Peloponnesos, the Attica Penin-
sula, and from Evvia island (Aiello et al., 2008; Morris, 1995) (Figs. 1
and 28), all towards the southernmost occurrences of the Upper
Pelagonian nappe. These regions may have experienced a few de-
grees additional clockwise rotation relative to mainland Greece
during the opening of the Sperchios and Gulf of Corinth grabens
since the Pliocene, but the overall continuity of the main trends of
Cenozoic folds, thrusts, and normal fault systems across the Pela-
gonian Zone make it unlikely that the excess ~50� clockwise rota-
tion resulted from Cenozoic tectonics. This is further confirmed by
the Miocene declinations derived all across the Pelagonian Zone
that follow the same rotation trend through time and provide no
argument for a much faster and larger rotation in the southern part
of the zone than in the northern part.

There are two feasible periods in time for this larger clockwise
rotation to have occurred: either during collision of Greater Adria
with Europe following the closure of the Neotethys (Sava) Ocean
and accretion of the Pelagonian nappe to the orogen, around 70-
60Ma, as suggested by Morris (1995), or during the Early Creta-
ceous thrusting that followed upon West Vardar Ophiolite obduc-
tion. Of these two, we consider the former more likely, as our
restoration suggests that collision of the Pelagonian Zone may have
occurred slightly earlier in the south(east) than in the north(west)
due to an irregular overriding plate margin owing to the westward
disappearance of the Sakarya Zone (see Section 7.4.2). We tenta-
tively restored a 50� clockwise rotation of the Pelagonian units of
Evvia, Attica, and Argolis between 70 and 60Ma relative to the belt
of mainland Greece to satisfy the paleomagnetic constraints
(Fig. 28). There are no paleomagnetic data from pre-Oligocene time
from the upper Pelagonian nappe north of Evvia and Attica but
inferring that the whole nappe underwent a 50� clockwise rotation
in this time interval would restore a sharply kinked Neotethyan
margin, which we consider unrealistic e we thus restrict the 70-
60Ma rotation to Attica-Evvia.

Paleomagnetic data from the Pindos Zone are scarce and
restricted to the western margin of the Mesohellenic Basin where
they show major clockwise to non-rotated declinations, likely
reflecting local structural architecture (Fig. 28). From the Ionian and
Tripolitza zones of western Greece and Albania, however, an
extensive paleomagnetic dataset of nearly 250 sites is available
(e.g., Broadley et al., 2006; Horner and Freeman, 1983; Kissel and
Laj, 1988; Speranza et al., 1995; van Hinsbergen et al., 2005b). The
Tripolitza nappe underthrust the Pindos nappe, and the Ionian
nappe underthrust the Tripolitza nappe along two simultaneously
active thrusts between ~35 and 23Ma (Kamberis et al., 2000;
Sotiropoulos et al., 2003) (Fig. 14) and their paleomagnetic datasets
are here combined into an APWP from Triassic to recent times. The
reconstruction of van Hinsbergen and Schmid (2012) predicted
Fig. 24. A) Paleomagnetic data from the Northern Apennines. For key to abbreviations, see T
orocline. The GAPWaP of Torsvik et al. (2012) is shown in coordinates of the Tuscan units of t
and northern Adria (code 3820). C) Declination versus age graph for the southern limb of
ordinates of the Tuscan units of the southern limb (code 3979), and northern Adria (code 3
Ligurian Alps. The GAPWaP of Torsvik et al. (2012) is shown in coordinates of the Voltri M
graph was calculated. See Supplementary Information 2 for data files. See text for further e
~45� clockwise rotation of the Ionian and Tripolitza zones. In
addition, Broadley et al. (2006) suggested that the external Ionian
Zone of NWGreece, separated frommore internal parts of the zone
by a thrust, underwent a smaller, ~30� clockwise rotation. To
accommodate this difference, van Hinsbergen and Schmid (2012)
inferred that the accretion of the external Ionian Zone occurred
later, in the middle Miocene, after part of the clockwise rotation of
mainland Greece had already taken place.

We revisit this reconstruction in the light of the paleomagnetic
dataset. First, we note that whilst data from Oligocene rocks of the
external Ionian Zone indeed suggest only ~30� clockwise rotation,
Triassic to Eocene rocks yield declinations consistently showing a
much larger rotation that is not well predicted by the reconstruc-
tion of van Hinsbergen and Schmid (2012). Close inspection of the
sites in the Oligocene show that the small clockwise declinations
mainly come from two localities of van Hinsbergen et al. (2005b).
As noted by van Hinsbergen et al. (2005b), the folds and thrusts of
the Ionian Zone, although overall striking NNW-SSE, show local
curvature, likely owing to along-strike complexities in structural
architecture (e.g., sidewall ramps in the underlying thrust config-
uration), and strike is proportional to declination. The two sites that
decrease the apparent rotation estimate for the external Ionian
Zone are located on a fold flank with a NW-SE strike, likely
reflecting such a local deviation from the overall trend. If we as-
sume that the external Ionian Zone was already accreted to the
orogen in the early Miocene, together with the rest of the Ionian
Zone, we predict an APWP that fits the Triassic to Eocene data well
and we thus modified the reconstruction of van Hinsbergen and
Schmid (2012) accordingly.

We computed an APWP for the Ionian-Tripolitza zones (Fig. 28,
Table 5). The predicted APWP based on the reconstruction of van
Hinsbergen and Schmid (2012) fits well with the APWP
computed based on the data (Fig. 28), although an optimal fit would
arise with a ~5e10� larger clockwise rotation of the Ionian and
Tripolitza zones in the last ~25Ma. Because the predicted and
computed APWP for the Pelagonian nappes are a close match, such
an additional rotation is unlikely to be explained by a larger amount
of extension in the Aegean Basin. This small mismatch may thus
better be explained by a small component of rotation accommo-
dated along the nappe-bounding thrusts, local rotations associated
with non-cylindrical thrusting, as argued for above in the external
Ionian Zone, and bending of the Ionian nappes in and out of shear
zones that in places cut through the Ionian Zone (e.g., Jordan et al.,
2005; van Hinsbergen et al., 2005b, 2006; see also Jenkins, 1972).
We have not restored this small excess rotation in detail.

From the Pre-Apulian Zone of Zakynthos and Kefallonia, finally,
only data from upper Miocene and younger rocks are available,
preventing testing long-term reconstructions. van Hinsbergen and
Schmid (2012) restored a ~20� clockwise rotation of Zakynthos in
the last 1Ma following Duermeijer et al. (1999), which we adopt
here.

An extensive set of paleomagnetic data is also available from the
eastern limb of the Aegean orocline in western Turkey. This limb is
separated from non-metamorphic nappes of northwestern Turkey
by the Menderes extensional metamorphic complex, which kine-
matically accommodated the rotation in the middle Miocene (van
Hinsbergen, 2010; van Hinsbergen et al., 2010a). During this
opening, the Beyda�gları and Lycian Nappes rotated ~25� ccw rela-
tive to the northernMenderesMassif, and opposite to the clockwise
able 4. B) Declination versus age graph for the northern limb of the Northern Apennine
he northern limb (code 3587 in reconstruction files, see Supplementary Information 3),
the Northern Apennine orocline. The GAPWaP of Torsvik et al. (2012) is shown in co-
820). D) Declination versus age graph for the Voltri Massif and Piemonte Basin of the
assif (code 3909), and northern Adria (code 3820). Ref¼ Reference location for which
xplanation.
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rotations in the western Aegean region, a long-recognized pattern
(Kissel and Laj, 1988). Recently, a large paleomagnetic dataset was
reported from the Lycian Nappes (Kaymakcı et al., 2018), which is
consistent with the previously inferred ccw rotation. Our predicted
APWPs for the blocks on both sides of the Central Menderes Massif
are consistent with the poles based on paleomagnetic data (Fig. 29).
Üzel et al. (2015, 2017) published extensive studies for the western
Menderes region, close to the Aegean coast, and showed that this
region underwent local, but systematic, rotations in a strike-slip
dominated corridor (much of the cyan datapoints in Fig. 29). We
interpret this corridor to reflect a transfer zone between the
detachment systems of the Central Aegean and west Anatolian
regions, following van Hinsbergen and Schmid (2012).

The difference between the oppositely rotating limbs of the
Aegean orocline was proposed to be accommodated by the enig-
matic Mid-Cycladic Lineament (Walcott and White, 1998) (Figs. 12
and 29). This lineament forms the boundary between ~N-S and
~NE-SW trending stretching lineations in the exhumed meta-
morphic complexes of the Central Aegean region (Walcott and
White, 1998), and their azimuth is proportional to the magnetic
declination, showing that the lineations are a good marker to map
the dimensions and boundaries of the regionally rotating Aegean
and west-Anatolian domains (Pastor-Gal�an et al., 2017; van
Hinsbergen and Schmid, 2012). Although often assumed to be a
strike-slip dominated feature (e.g. Philippon et al., 2014; Walcott
and White, 1998), restoring the opposite rotations predicts that
the Mid-Cycladic Lineament is an extensional fault that accom-
modates trench-parallel extension (van Hinsbergen and Schmid,
2012). Structural and paleomagnetic work showed that on the is-
land of Paros, the only location where the Mid-Cycladic Lineament
is exposed, showed that it is a top-to-the-southeast extensional
detachment across which the opposite rotations were accommo-
dated (Malandri et al., 2017) (Fig. 29).

The southern Aegean region consistently underwent counter-
clockwise rotations that average around ~20�, consistent with this
inference (Fig. 29), but strong extensional and transtensional
deformation (ten Veen and Kleinspehn, 2002, 2003) likely locally
affected the declinations (Duermeijer et al., 1998a; van Hinsbergen
et al., 2007) making a grand average not conclusive evidence to
date the regional rotation (e.g., Rhodos appears to rotate later, and
more, than Crete, ~25� since 4Ma (van Hinsbergen et al., 2007). We
follow van Hinsbergen and Schmid (2012) and connect the
deforming south Aegean region to the SW Anatolian, counter-
clockwise rotating limb of the Aegean orocline and refer to that
paper for further discussion.
6.2.10. Central and East Anatolia, Caucasus
Central Anatolia hosts a series of partly superimposed oroclines,

which have received extensive paleomagnetic attention in recent
years (Çinku et al., 2016; Gürer et al., 2018b; Kaymakcı et al., 2018;
Koç et al., 2016; Lefebvre et al., 2013a; McPhee et al., 2018b; Meijers
et al., 2010a). The Rhodope-Pontide fragment and the Trans-
caucasus/Lesser Caucasus region have been deformed into two
adjacent, northward convex oroclines (Meijers et al., 2010a, 2017;
van der Boon et al., 2018). The Central Pontides orocline was
defined by Meijers et al. (2010a) based on paleomagnetic results
from the Istanbul Zone and Eastern Pontides, north of the Intra-
Pontide suture. They defined five segments of the Pontides, from
Istanbul to the west to the eastern Pontides near Samsun in the
Fig. 25. A) Paleomagnetic data from theWestern and Southern Alps, the Molasse Basin, and J
the Molasse Basin and Jura Mountains. The GAPWaP of Torsvik et al. (2012) is shown in
respectively, in reconstruction files, see Supplementary Information 3), and Eurasia. C) Dec
shown in coordinates of the Briançonnais of the southwestern Alps (code 3917) and western
Alps. The GAPWaP of Torsvik et al. (2012) is shown in coordinates of the Southern Alps (cod
calculated. See Supplementary Information 2 for data files. See text for further explanation
east. We restored this orocline averaging paleomagnetic data from
the Upper Cretaceous of the blocks of the Pontides defined by
Meijers et al. (2010a) (Fig. 30), and modeled each as a rigid block in
the reconstruction using the inferred timing of Paleocene to middle
Eocene (60-45Ma) for bending by Meijers et al. (2010a). Rotation
and shortening in the heart of the Pontide orocline continued into
the Miocene, interpreted to reflect ongoing tightening of the oro-
cline due to Kırşehir indentation (Çinku et al., 2011; Espurt et al.,
2014; Kaymakcı et al., 2003), and in late Miocene time local rota-
tion associated with North Anatolian Fault Zone motions (Lucifora
et al., 2013). We have not restored these local rotations in detail.

A large set of paleomagnetic sites is available from the region
between the North Anatolian Fault Zone and Izmir-Ankara-
Erzincan Suture Zone (Fig. 30). As expected, this dataset shows
scattered declinations owing to smaller or larger fault block rota-
tions within the fault zone (Avşar and _Işseven, 2009; Tatar et al.,
1995), which we have not systematically reconstructed in detail.
Instead, we model the NAFZ and the suture as discrete fault zones.

The easternmost part of the Pontides experienced counter-
clockwise rotation since the Eocene, as part of the larger Caucasus
orocline (Fig. 30). Our reconstruction of the Caucasus orocline fol-
lows van der Boon et al. (2018), and we refer the reader to that
paper for further details and fits of APWPs predicted by the
reconstruction and in situ paleomagnetic data.

We updated the paleomagnetic database compiled and
collected by Meijers et al. (2015a) for the South Armenian Block. In
our reconstruction, we restore the South Armenian Block in Triassic
time as a part of the Cimmerian blocks that broke away from
northern Gondwana. The South Armenian Block subsequently
became an isolated microcontinent due to a Late Triassic ridge
jump (see section 7.10). The predicted paleolatitude path of the
South Armenian Block is consistent with paleolatitudes provided
by Bazhenov et al. (1996) and Meijers et al. (2015a) (Fig. 31),
although data from the key interval of the Triassic to Jurassic are
sparse. In addition, paleomagnetic data suggest that the South
Armenian Block underwent a ~45� clockwise rotation in the Late
Cretaceous, which we reconstruct between 80 and 75Ma during
collision between the South Armenian and the Transcaucasus
(Fig. 31).

The Kırşehir Block forms a westward convex orocline made by
three more or less rigidly rotating blocks. We reconstructed these
blocks according to the average directions of these blocks
computed by Lefebvre et al. (2013a), which aligns the stretching
lineations in these blocks to NNE-SSW (see also van Hinsbergen
et al., 2016) (Fig. 32) (Table 1). To the west of the Kırşehir Block,
counterclockwise rotations of some 20e30� were recorded from
the Haymana Basin (Fig. 32). This may indicate that the Haymana
Basin was part of the SE Anatolian rotating domain (see below).
Because the Savcılı-Mucur Fault Zone may continue into the Hay-
mana Basin, it is also possible that these rotations reflect local
deformation induced by Kırşehir oroclinal bending (€Ozkaptan et al.,
2016).

Gürer et al. (2018b) recently provided new and reviewed pub-
lished paleomagnetic constraints on rotations in Central Anatolia,
and showed that a domain from the southern Kırşehir Block (the
A�gac€oreneAvanos block of Lefebvre et al. (2013a)) together with
the Ulukışla Basin, the Central and Eastern Taurides, and the
southern Sivas Basin rotated coherently counterclockwise in the
Neogene. We update their APWP for the SE Anatolian rotating
ura Mountains. For key to abbreviations, see Table 4. B) Declination versus age graph for
coordinates of the southwest and northeast Jura Mountains (codes 3924 and 3924,
lination versus age graph for the Western Alps. The GAPWaP of Torsvik et al. (2012) is
Ligurian Alps (code 3744), and Eurasia. D) Declination versus age graph for the Southern
e 3758), and northern Adria (code 3820). Ref¼ Reference location for which graph was
.
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domain with new paleomagnetic results of Çinku (2017) and Çinku
et al. (2017) from the easternmost Taurides on the East Anatolian
High Plateau (Fig. 33; Table 5). The results of Çinku (2017) and
Çinku et al. (2017) are consistent with the counterclockwise rota-
tions found farther west, suggesting that the SE Anatolian rotating
domain (Gürer et al., 2018b) extends to the suture between the
easternmost Taurides and the Iranian Cimmerides. We recon-
structed the easternmost Taurides similar to Gürer and van
Hinsbergen (2019) and Gürer et al. (2018b), and maximized the
amount of Neogene counterclockwise rotation, which fit the kine-
matic and paleomagnetic data well (Fig. 33). A sharp deviation of
the declination at the 30± 10Ma interval is strongly influenced by
several sites in the footwall of the Deliler-Tecer Fault in the Sivas
Basin, that rotate ~50� ccw, which appears to not be representative
for the entire block (Gürer et al., 2018b).

For the clockwise rotation of the Central Taurides (Fig. 32),
adjacent to the Beyda�gları Platform, we follow the recent kinematic
reconstruction of McPhee et al. (2018b). A secondary, Miocene
orocline formed within the Central Taurides (Koç et al., 2016)
(Fig. 32), which is kinematically balanced by shortening in the west
(McPhee et al., 2018a) and extension in the east (Koç et al., 2018).
The detailed reconstructions of McPhee et al. (2018b) and Koç et al.
(2018) are incorporated in our reconstruction.
6.2.11. Eastern Mediterranean ophiolites; Cyprus
Extensive paleomagnetic work has been done on the Cretaceous

ophiolites of the eastern Mediterranean region. So-called net tec-
tonic rotation analyses consistently restore N-S to NE-SW trending
paleo-spreading axes for the Troodos Ophiolite of Cyprus (Allerton
and Vine, 1987; Granot et al., 2006; Hurst et al., 1992; Maffione
et al., 2017; Morris et al., 1998; Morris and Maffione, 2016; Varga
et al., 1999), the Baer Bassit Ophiolite of Syria (Morris et al.,
2002), and for the Turkish part of Arabia, from the Hatay Ophio-
lite (Inwood et al., 2009b). Similar paleo-ridge orientations were
obtained for the G€oksun, Divri�gi, and Alada�g (Maffione et al., 2017)
and Mersin (Morris et al., 2017) Ophiolites overlying the Taurides,
and the Sarıkaraman Ophiolite on the Kırşehir Block (van
Hinsbergen et al., 2016).

Because for these analyses only the net tectonic rotation axis is
calculated, no specific information is available for the precise
rotation around a vertical axis for these ophiolites. Nevertheless,
the Troodos, Baer Bassit, and Hatay Ophiolites rotated counter-
clockwise, the G€oksun and Mersin Ophiolites clockwise, and the
Divri�gi and Alada�g Ophiolites again counterclockwise (Maffione
et al., 2017; Morris et al., 2017). Our reconstruction is consistent
with these rotations.

Only for Cyprus is there extensive paleomagnetic information
from the ophiolites magmatic and sedimentary cover, from the
Upper Cretaceous to the Pleistocene. These reveal a consistent
counterclockwise rotation pattern, in two stages (Fig. 34). The first
stage occurred sometime between the formation of the ophiolite
around 92Ma and its emplacement and uplift around 65Ma, and
accounts for ~45� counterclockwise rotation. A second stage ap-
pears to take place sometime in the late Neogene and accounts for
~30� of counterclockwise rotation (Fig. 34). We tentatively ascribe
this phase to occur during the ~6Ma accretion of Cyprus to the
Anatolian orogen (McPhee and van Hinsbergen, 2019). Our
Fig. 26. Paleomagnetic data from A) the AlCaPa and Tisza-Dacia megaunits; B) the AlCaPa
abbreviations, see Table 4. D) Declination versus age graph for the Tisza-Dacia mega-unit. Th
(code 3855 in reconstruction files, see Supplementary Information 3), and Eurasia. Green cu
the Pannonian Basin and Carpathians calculated from the data (20 Myr sliding window, 10
GAPWaP of Torsvik et al. (2012) is shown in coordinates of Eurasia. F) Declination versus age
GAPWaP of Torsvik et al. (2012) is shown in coordinates of the eastern margin of the mega
Mountains, in cyan: data from the Lower Austro-Alpine units of the Tatra Mountains. All ot
graph was calculated. See Supplementary Information 2 for data files. See text for further e
reconstruction accommodates this rotation by extension, which is
documented but poorly quantified, in the Cilicia Basin.
7. Step-wise reconstructions

We now present the GPlates reconstruction of the Mediterra-
nean region in a series of paleo-tectonic maps of theMediterranean
realm in 15e40 Myr time-slices from the present back to the Early
Triassic. These maps follow from integrating the plate kinematic
constraints that govern relative Africa-Iberia-Europe motions
(Section 4) with the tectonic architecture and evolution (Section 5)
and the paleomagnetic constraints (Section 6) when reconstructed
according to our reconstruction philosophy (Section 3). The key
constraints are summarized in Table 1. We refer the reader to those
sections for details and will in this section not repeat all lines of
evidence for the events identified in the reconstruction. We
describe the main events shown in the reconstruction and compare
them to previous reconstructions to identify where major differ-
ences occur through time. In this section, we merely identify these
differences, and discuss their origin and the validity of alternatives
in Section 8.

Reconstructions are often presented as a forward tectonic evo-
lution, starting at old and moving forward in time to the present.
Although this may be the most intuitive for a general reader, we
prefer a backward reconstruction description from the present to
the past. This allows identifying key interpretations and recon-
struction choices that propagate with the reconstruction back in
time. In a way, the final reconstruction at 240Ma is the sum of all
our possible mistakes and would make for the least constrained
and most speculative paleotectonic map, which we feel is best
presented last instead of first.

In the paper, we provide the paleotectonic maps as full-page
figures that highlight the location and configuration of megaunits
and plate boundaries. Larger, A1-sized versions of these maps with
detailed labels for each tectonic unit identified in the maps pre-
sented in section 7 are provided in Supplementary Information 1.
These maps are presented in a Eurasia-fixed reference frame. The
GPlates shape and rotation files of the reconstruction are provided
in Supplementary Information 3. Finally, a movie of the recon-
struction that displays the GPlates reconstruction in 500 kyr in-
tervals between the time-slices displayed in detailed maps below is
provided in Supplementary Information 4. For each time-slice, we
briefly describe the main features and changes relative to the
previous time-slice. At the trenches, we indicate codes of upper and
lower mantle slabs in the modern mantle that we infer subducted
at these trenches, and that were previously documented in the
Atlas of the Underworld (van der Meer et al., 2018), and for some
additional Anatolian slabs in Gürer (2017). Note that we define
subduction here as lithosphere sinking into the mantle, regardless
whether this lithosphere is oceanic or continental.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.gr.2019.07.009.

In the descriptions below, we will compare our restoration with
widely used, or recent reconstructions (Barrier et al., 2018; Brun
et al., 2016; Csontos and V€or€os, 2004; Darin et al., 2018; Faccenna
et al., 2014; Golonka, 2004; Handy et al., 2010, 2015; Le Pichon
et al., 2019; Lonergan and White, 1997; Menant et al., 2016;
units of the Eastern Alps; C) the Outer Carpathians and Eurasian foreland. For key to
e GAPWaP of Torsvik et al. (2012) is shown in coordinates of the Central Dacia megaunit
rve corresponds to the apparent polar wander path of the Upper Austro-Alpine units of
Myr intervals), see Table 5. E) Declination versus age graph for the Eastern Alps. The
graph for the AlCaPa mega-unit of the Pannonian Basin and northern Carpathians. The
unit (code 3798), and Eurasia. In pink: data from the Jadar-Kopaonik Zone of the Bükk
her data come from the Upper Austro-Alpine Units. Ref¼ Reference location for which
xplanation.

https://doi.org/10.1016/j.gr.2019.07.009
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Meulenkamp and Sissingh, 2003; Moix et al., 2008; Okay and
Nikishin, 2015; Robertson et al., 2013c; Rosenbaum et al., 2002a;
Royden and Faccenna, 2018; Schettino and Turco, 2010; Sosson
et al., 2016; Stampfli and Hochard, 2009) to identify key differ-
ences, and establish when in the reconstructed time these differ-
ences appear and if possible, based on which reconstruction
choices. We here merely illustrate where our reconstruction de-
viates from previous renditions, as a basis for the discussion sec-
tion, where we will address (un)certainties and alternatives.
7.1. Langhian e 15Ma

7.1.1. Western Mediterranean region
Our reconstruction of the western Mediterranean region in-

cludes E-W extensional opening of the Algerian Basin between 16
and 8Ma following Mauffret et al. (2004), and consequently re-
stores the Alboran domain, unstretched by up to 200 km, to the
east, close to the Baleares (Fig. 35). We restore transform offset
between the Kabylides and Rif blocks, and along the Emile Baudot
escarpment (Fig. 1). At 15Ma, the South Iberian and northwest
African margins, together with the intervening Piemonte-Ligurian
oceanic corridor are subducting at the westward retreating
Gibraltar trench, leading to the accretion of the external Betic and
Rif zones, the intervening flysch of the Gibraltar region, and the
deep underthrusting of the Nevado-Filabride and Temsamane units
(Fig. 35, Supplementary information (SI) 1-map 1). Roughly N-S
Africa-Europe convergence constrained by Atlantic ocean re-
constructions (Section 4) was slow, on the order of several mm/yr,
insufficient to drive a N-S convergent subduction zone in the
Piemonte-Ligurian corridor, although some contractional defor-
mation must have occurred. Around 15Ma the Kabylides nappes
are emplaced onto the Africanmargin (Section 5.3), and subduction
of the Kabylides Slab is terminating.

To the east, Adria is undergoing its ~10� counterclockwise
rotation relative to Eurasia (Fig. 19) accommodated by extension in
the Sicilian Basin. In the Apenninic system, the Tyrrhenian Basin
(Fig. 1) is closed, juxtaposing the Calabria-Peloritani Block (Stilo-
Aspromonte-Peloritan and Africo-Polsi units) against the Corsica-
Sardinia Block (Figs. 8 and 35, SI1-map 1). The Calabrian orocline
is restored, aligning the Sicilian Inner Carbonate Unit and the
Apenninic Platform as a single, NE-SW trending platform (Fig. 35,
SI1-map 1), consistent with paleomagnetic constraints (Figs. 22 and
23), whose lithosphere at 15Ma is being subducted. This platform
was separated by the Lago Negro - Molisse Basin from the Apulian
Platform. Restoring the dimensions of their modern relics juxta-
poses between the Inner Carbonate Unit and Apenninic Platform,
and we thus infer that the Ionian oceanic basin pinched out west-
ward, to the east of the Inner Carbonate platform and Apenninic
Platform (Fig. 35).

In the Northern Apennines, extension in the north Tyrrhenian
Basin and much of the north Apenninic orocline is restored. At
15Ma, the northern Apenninic subduction zone was consuming
lithosphere of the Umbria-Marche Basin aligning the northern
Apenninic and Calabrian trenches and by inference, slabs.

We agree with all previous reconstructions that restore a nar-
row oceanic corridor between Iberia and northwest Africa. Debate
mainly focuses on whether the Algerian Basin, from which no un-
equivocal marine magnetic anomalies are known, opened from
north to south or from east to west. Reconstructions adopting E-W
Fig. 27. Paleomagnetic data from the Dinarides. For key to abbreviations, see Table 4. B) Decl
shown in coordinates of the Dalmatian Zone (code 3826 in reconstruction files, see Suppl
wander path of the Dalmatian Zone calculated from the data (20 Myr sliding window), see T
et al. (2012) is shown in coordinates of the High Karst (code 3826). Grey curve corresponds
Myr sliding window), see Table 5. D) Declination versus age graph for the Medvednica Mou
(code 3834), and Adria (code 3820). Ref¼ Reference location for which graph was calculate
extension (Handy et al., 2010; Lonergan and White, 1997;
Rosenbaum et al., 2002a; Royden and Faccenna, 2018) are similar to
our restoration, whilst those assuming N-S extension place the
Alboran region much closer to its modern position (Faccenna et al.,
2014; Golonka, 2004; Meulenkamp and Sissingh, 2003; Schettino
and Turco, 2010; Stampfli and Hochard, 2009). A mix between
these is the reconstruction of Platt et al. (2013), who documented E-
W shortening from the external Betics and Rif placing the Alboran
domain ~300 km eastward since the early Miocene, requiring a
similar amount of E-W extension in the Algerian Basin. Conversely,
restoring 800 km of E-W Alboran extension requires that the dis-
placements on main nappe-bounding thrusts in the Betic-Rif oro-
gen is considerably larger than the minimum overlaps documented
from the geology.

Finally, most (but not all (Rosenbaum et al., 2002a; Royden and
Faccenna, 2018; Schettino and Turco, 2010)) previous re-
constructions suggest an oceanic connection from the Piemonte
Ligurian to the Eastern Mediterranean oceanic basins (Faccenna
et al., 2014; Handy et al., 2010; Meulenkamp and Sissingh, 2003).
If that is correct, then the Inner Carbonate unit and Apenninic units
must have undergone considerable trench-parallel extension dur-
ing their rotational emplacement onto the African and Adriatic
margins, which is possible but not documented, hence not restored.
7.1.2. Central Mediterranean region
Since the middle Miocene there is only minor motion in the

Alps. Our 15Ma reconstruction restores shortening and oroclinal
bending in the Jura Mountains and in the external Alpine massifs,
some of thewestern Alpine oroclinal bending, and extension on the
Simplon detachment fault. In addition, shortening of the Southern
Alps is restored, as well as upper plate N-S shortening of the Tauern
window in the eastern Alps (Figs. 10 and 35). There is active
thrusting of the Alps over the European foreland, but only slowly
and likely not associated with active subduction.

Towards the east, in the Carpathians, westward subduction
consumes lithosphere of the Carpathian embayment, which re-
treats relative to Adria causing Pannonian Basin extension. This
leads to the accretion of the Outer Carpathians, whose stratigraphy
suggests that the basin was underlain mostly by thinned conti-
nental crust (e.g., Gągała et al., 2012; Maţenco, 2017 and references
therein). We note that in direct contradiction with these geological
observations, geophysical studies that showed the Vrancea tomo-
graphic high velocity anomaly visible beneath the SE Carpathians
until 250e300 km depth have always inferred that it the anomaly
represents subducted oceanic lithosphere instead (Martin and
Wenzel, 2006; Bokelmann and Rodler, 2014 and references
therein). Finding the continental or oceanic nature of this embay-
ment requires further studies and is beyond the scope of our
restoration. The amount and rate of extension affecting the AlCaPa
units in the northern Pannonian Basin, north of the mid-Hungarian
Shear Zone, is considerably larger and faster than the extension
affecting the Tisza-Dacia units to the south (Ustaszewski et al.,
2008). As a result, we infer that the Carpathian subduction zone
consisted of two segments separated by a transform fault, at which
two disconnected slab subducted (see also van der Meer et al.,
2018). This transform has functioned as a large-scale transfer
zone during the Miocene extension, allowing the differential mo-
tions and explaining the locally contrasting senses of shear
observed (Bal�azs et al., 2018). At the intervening shear zone, the
ination versus age graph for the Dalmatian Zone. The GAPWaP of Torsvik et al. (2012) is
ementary Information 3), and Africa. Green curve corresponds to the apparent polar
able 5. C) Declination versus age graph for the High Karst Zone. The GAPWaP of Torsvik
to the apparent polar wander path of the High Karst Zone calculated from the data (20
ntains. The GAPWaP of Torsvik et al. (2012) is shown in coordinates of the Medvednica
d. See Supplementary Information 2 for data files. See text for further explanation.



Table 5
Apparent Polar Wander Paths calculated for selected regions in the Mediterranean region. N¼ number of sites used for pole calculation; l¼ pole latitude, f¼ pole longitude,
A95¼ 95% cone of confidence; age in Ma.

Iberia Adria Upper Austro-Alpine Pannonian Dalmatian High Karst Ionian-Tripolitza

n l f A95 age n l f A95 age n l f A95 age n l f A95 age n l f A95 age n l f

14 76.9 181.9 3.7 10 4 87.6 237.3 6.7 10 21 57.8 289.4 9.48 10 31 68.0 127.3
18 75.6 170.9 3.9 20 3 80.9 212.3 8.9 20 33 48.1 289.2 6.84 20 19 81.6 195.4 5.7 20 82 43.2 117.2
15 75.3 166.1 7.0 30 4 77.8 210.7 5.2 30 22 45.9 282.8 7.93 30 101 43.6 117.3
20 77.5 162.5 5.5 40 7 69.6 243.2 8.2 50 24 43 288.7 8.29 40 14 72.4 220.2 6.8 40 12 73.3 204.7 12.5 40 51 42.2 112.5
13 77.2 146.0 4.6 50 8 66.7 245.8 7.2 50 14 73.3 208.8 10.6 50 36 46.6 117.1

6 66.7 231.7 9.1 60 10 50.4 264.3 13.2 70 20 53.3 128.1
7 76.7 178.5 7.2 70 8 68.1 238.2 9.0 70 11 49.4 264.4 11.9 80 11 72.9 251.2 9.92 70
11 72.5 162.2 7.6 80 8 65.3 250.0 8.4 80 7 51.4 277.2 18.3 90 10 50.3 129.6
10 77.9 167.4 11.7 90 17 59.1 262.1 5.8 90 29 66.9 250.3 4.48 90 9 61.9 265.4 13.2 90
6 79.5 256.4 13.6 100 15 58.8 263.3 6.4 100 22 64 251.4 3.93 100 11 62.7 268.4 11.6 100
17 74.6 234.8 4.4 110 6 59.9 262.4 15.6 110
17 73.8 239.5 4.8 120 9 53.1 270.8 12.2 120 11 62.6 262.4 7.58 120 5 69.7 234.8 15.3 120
9 54.2 274.6 12.8 130 8 44.5 274.9 9.2 130
18 50.9 252.5 7.8 140 6 44.8 274.2 10.3 140
16 52.5 246.3 8.1 150 3 41.1 273.8 15.1 150
19 64.6 235.9 9.2 160 3 44.2 272.2 18.3 160
17 65.6 235.2 10.5 170 3 49.7 265.7 15.3 170 8 68.5 251.8 6.4 170 8 77.4 168.5

10 64.0 135.3
5 71.4 206.5 13.5 210 11 41.1 304.3 11.3 210
6 61.9 191.8 8.3 220 5 60.1 168.1
7 61.8 189.4 7.1 230
10 55.9 192.9 7.1 240 7 43.4 275.1 11.6 240
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Bükk Block of Dinaridic origin, as well as the High Karst Zone in the
southern Alps were smeared and transported eastwards. The
restoration thus closes the gap between the Bükk and Medvednica
blocks. Deformation in the Dinarides is restricted to Pannonian
Basin-related extension. At 15Ma, the Dalmatian Zone is restored
as part of Adria, and slow underthrusting is accommodated below
the High Karst and Budva zones, where we restore the plate
boundary (Fig. 35) although we note that Adria was slowly moving
rotating relative to Africa (Fig. 19). This difference was accommo-
dated by the differential strike-slip and transpressional system
observed in the external Dinarides (van Unen et al., 2019).

The main difference between our restoration and previous
renditions lies in the widely held assumption that the Carpathian
trench was one contiguous feature, rather than two trenches offset
by a transform fault as in our restoration. The difference observed in
our restoration is related to the significantly larger, but more pre-
cise estimates of the Miocene extension in the Tisza-Dacia block
(Bal�azs et al., 2016, 2017 and references therein). Most previous
reconstructions accommodate this by reconstructing a smaller
amount of extension in the AlCaPa domain (Barrier et al., 2018;
Faccenna et al., 2014; Golonka, 2004; Meulenkamp and Sissingh,
2003; Royden and Faccenna, 2018). Stampfli and Hochard (2009)
restore no deformation in the Pannonian Basin after 40Ma,
whilst Schettino and Turco (2010) appear to restore much more
extension in the Tisza-Dacia domain than in the AlCaPa domain.
Handy et al. (2015) did not restore deformation in the Tisza Block,
and consequently disconnected the northern and southern Carpa-
thian trenches, but their AlCaPa restoration is similar in amount of
extension. Not surprisingly, our reconstruction is similar to
Ustaszewski et al. (2008), whose extension reconstructions we
used as starting point for ours.
7.1.3. Eastern Mediterranean region
In our reconstruction at 15Ma, the Dinaridic thrust front con-

nected in a straight, NW-SE trending line with the Aegean trench in
the middle Miocene, as a result of the restored extension in the
Aegean back-arc region (see van Hinsbergen and Schmid (2012) for
details), consistent with paleomagnetic constraints on west-
Aegean rotations (Fig. 28). Extension at 15Ma is accommodated
in the Rhodope and Central Aegean extensional provinces (Fig. 35,
SI1-map1) where the Rhodopian metamorphics, and the Cycladic
Blueschist and Basal Unit, respectively, are exhuming. In western
Anatolia, the Central Menderes Massif has been closed, restoring
paleomagnetically documented counterclockwise rotations of SW
Turkey (Fig. 29). As a result, a smooth curve in the trench is present
towards ENE-WSW in the eastern Mediterranean region (Fig. 35).
The opposite rotations of the Aegean region inevitably require
major trench-parallel motion, either arc-parallel extension
increasing southward, or arc-parallel shortening increasing north-
ward. Taking the ~85 km of westward motion of Anatolia into ac-
count, restored in Fig. 35, we restore hundreds of kilometers of arc-
parallel extension in the south Aegean forearc, and towards the
north infer that arc-parallel extension was accommodated along
the Mid-Cycladic lineament following van Hinsbergen and Schmid
(2012), see also (Malandri et al. (2017).

In Anatolia, the Antalya Basin orocline was restored, along side
the E-W shortening in the heart of the Isparta Angle, and E-W
extension in the Central Tauride Intramontane Basins (Fig.15). Post-
15Ma collision of the African margin and Anatolia in Cyprus is
restored and we infer active subduction of oceanic crust that
intervened Cyprus and Anatolia to be accommodated in a position
occupied in the modern Cilicia Basin, following McPhee and van
Hinsbergen (2019). This lithosphere was likely Late Cretaceous in
age, genetically linked to the Cretaceous ophiolites that were
emplaced southward onto Arabia and north Africa, and northward
onto the southern Taurides. We refer to the ocean underlain by the
lithosphere as the Misis Ocean e after the Misis M�elange
(Robertson et al., 2004a), as opposed to the Eastern Mediterranean
ocean that contains Triassic and older lithosphere. The Misis
M�elange was offscraped from this lithosphere upon its subduction
and contains no oceanic sediments or volcanics older than Late
Cretaceous.

Motion along faults accommodating the westward motion of
Anatolia (the North and East Anatolian Faults, the Sürgü Fault, and
the G€oksun and Malatya-Ovacik Faults (Fig. 15) is restored. Com-
bined with the restoration of part of the bending of the Lesser
Caucasus orocline, this accommodates most of the Arabia-Eurasia
convergence after the middle Miocene. Remaining convergence is



Ionian-Tripolitza Pelagonian Bey Daglari/Lycian nappes South Armenian Block SE Anatolian rotating domain Cyprus (Troodos)

A95 age n l f A95 age n l f A95 age n l f A95 age n l f A95 age n l f A95 age

6.7 10 27 75.2 120.5 5.48 10 24 75.8 264.8 5.5 10 12 77.7 275.2 10.4 10
3.7 20 27 50.9 118.2 7 20 18 74.1 264.0 8.2 20 12 64.3 285.2 10.3 20
3.1 30 17 43.3 117.7 8.6 30 10 74.4 189.3 11.0 30 6 53.8 292.6 10.4 30
4.5 40 9 71.7 182.9 8.6 40 23 63.2 280.5 8.1 40
5.9 50 8 72.9 263.2 10.4 50 5 75.9 187.9 23.5 50 23 62.8 279.3 8.0 50
5.7 60 4 74.9 207.7 35.6 60 11 61.2 263.6 16.2 60 11 55.6 270.4 7.1 60

4 73.4 181.3 27.0 70 22 48.1 289.1 10.3 70 11 53.8 275.5 9.3 70
11.8 80 7 56.9 143.5 16.2 80 16 47.7 294.8 10.0 80

6 53.4 137.3 17.1 90 24 21.2 313.6 7.2 90

12.0 170
10.9 180

11.6 220
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partitioned over the Sivas Basin and its eastward continuation
(Ka�gızman-Tuzluca Basin, Fig. 15), and the Bitlis Suture Zone. This
partitioning is chosen to cause maximum counterclockwise rota-
tion of the SE Anatolian rotating domain (Gürer et al., 2018b,
Fig. 33) to stay within paleomagnetic constraints. As a result, we
restore a diachronous collision of the Bitlis and Püturge Massifs
with Arabia, younging westwards. This is consistent with low-T
thermochronology from the Bitlis Massif suggesting collision by
18Ma (Cavazza et al., 2018), and stratigraphic constraints from the
Kahramanmaraş Basin (Fig. 15) suggesting deep-marine sedimen-
tation until 11Ma (Hüsing et al., 2009a). To the east, collision be-
tween Arabia and Iran is well underway by 15Ma (McQuarrie and
van Hinsbergen, 2013; Mouthereau, 2011).

Previous reconstructions mainly differ on the location of the
trench south of Anatolia. Whilst we agree with Stampfli and
Hochard (2009) that subduction must have been accommodated
to the north of the Kyrenia ranges of Cyprus e given evidence that
shortening there started only in Tortonian times (McPhee and van
Hinsbergen, 2019), many others infer either two subduction
zones, one to the north and one to the south of Cyprus (i.e., ~100 km
away from each other) in the middle Miocene (Robertson et al.,
2013c), place the subduction zone south of Cyprus (Royden and
Faccenna, 2018; Schettino and Turco, 2010) or already infer a
wide continental collision zone in the middle Miocene with
thrusting both north and south of Cyprus (Barrier et al., 2018). Our
reconstruction agrees with that of Barrier et al. (2018) in that the
Troodos Ophiolite of Cyprus was located on the North African
margin prior to the Neogene incorporation into the Anatolian
orogen. The other reconstructions do not specify Cyprus. Another
key difference lies between our reconstruction and those of e.g.
Menant et al. (2016) and Brun et al. (2016) for the Aegean region.
The latter authors assume that the North Cycladic Detachment
System (Jolivet et al., 2010), which runs along the northern margins
of the Cycladic islands with a marked kink at the Mid-Cycladic
Lineament (MCL). This kink has an angle that is proportional to
the difference in azimuth of stretching lineations and paleomag-
netic declinations on both sides (e.g., Walcott and White, 1998;
Pastor-Gal�an et al., 2017). Menant et al. (2016) and Brun et al. (2016)
consequently restore the North Cycladic Detachment System as a
straight line prior to oroclinal bending, starting mostly around
25Ma. Their restoration then restores Anatolia up to 400 km to the
East and requires northward increasing E-W convergence to the
north of the North Cycladic Detachment System, and southward
increasing trench-parallel extension to the south.

7.2. Rupelian e 30Ma

7.2.1. Western and Central Mediterranean region
For the Rupelian time-slice, the opening of the Gulf of Valencia

and the Gulf of Lion, and the associated rotations of the Baleares
and Corsica-Sardinia blocks, have been restored. The result is a NE-
SW trending, northwestward dipping subduction zone along the
margin of Iberia (Baleares) and the Calabria-Peloritan Block. At this
subduction zone, continental rocks of the Alpujarride (Betics),
Sebtide (Rif), Lower Kabylides, and Africo-Polsi unit (Calabria and
Peloritani Mountains) are subducting and undergoing high-
pressure, low-temperature metamorphism. These continental
rocks are part of the conceptual ‘AlKaPeCa’ Block separated from
the African margin by the Piemonte-Ligurian oceanic basin. As
detailed in van Hinsbergen et al. (2014a), the peridotite massifs of
the Betics, Rif, and Kabylides (e.g. Ronda, Beni Boussera) were
probably already part of AlKaPeCa since the Jurassic, and were
buried, metamorphosed, and exhumed along with the other
AlKaPeCa units. The Malaguide (Betics), Ghomaride (Rif) and upper
Kabylides unit were part of the Iberian forearc, whilst the Stilo-
Aspromonte-Peloritani Block was located in the Sardinia forearc.
To the west, we schematically indicate a cryptic plate boundary
along the southern Iberian margin. As for the 15Ma time-slice, the
slow convergence rates and a total of only some tens of kilometers
of Cenozoic convergence constrained from Atlantic Ocean re-
constructions (Section 4, see also van Hinsbergen et al., 2014a,
2014b), this was not enough to drive a subduction zone, and may
have been distributed over the African and/or Iberian margins.

Towards the northeast, the northwestward dipping subduction
zone becomes intra-oceanic, with the Ligurian ophiolites in the
upper plate below which the ocean-derived part of the Tuscan
nappes is accreting. Western Greater Adria e i.e. the portion of
Adria that is presently lost to subduction and of which only relics
exist as nappes in circum-Adriatic orogens e and its ocean-
continent transition toward the Piemonte-Ligurian Ocean, is at
30Ma still intact. To the north, we interpret that the west-dipping
Apenninic subduction zone connects through a transform system
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to the east-dipping Alpine subduction zone (Fig. 36).
The Alps are at 30Ma thrusting northward over the Eurasian

foreland that is undergoing terminal southward subduction. The
westward motion of the Western Alps along the Insubric line has
been restored, as well as the associated oroclinal bending. The
AlCaPa unit of the eastern Alps and Pannonian Basin is fully
restored for post-20Ma extension.

As for the 15 Myr time-slice, the north and south Carpathian
trenches are disconnected. The Tisza Block has been restored for
clockwise rotation associated with its motion around the north-
western Moesian Platform accommodated by the Cerna and Timok
Faults (Figs. 10 and 36). This restores space between the Tisza and
AlCaPa units that in our reconstruction is occupied by the Bükk
Block and the southern Alps portion of the High Karst unit. The
Bükk and Medvednica blocks are now connected.

Deformation in the Dinarides is limited to slow underthrusting
of Adria below the High Karst and Budva units. Compared to the
15Ma time-slice, the Dinarides are restored to the SW to account
for the motion of the Tisza Block. Extension between the East
Bosnian-Durmitor and the Pre-Karst nappes has been restored, but
the Dinaridic nappe stack otherwise did not deform between 30
and 15Ma.

Our western and northern Mediterranean reconstruction does
not differ dramatically from previous reconstructions. The different
assumptions on extension direction in the Algerian Basin translate
into a somewhat different distribution of the Alboran units along
the southern Iberian margin, whereby our E-Wextension scenarios
place the Alboran units close to the Baleares (Handy et al., 2010;
Lonergan and White, 1997; Rosenbaum et al., 2002a; Royden and
Faccenna, 2018; and Fig. 36). N-S extension scenarios would bring
the Alboran units region much closer to their modern position
(Faccenna et al., 2014; Golonka, 2004; Meulenkamp and Sissingh,
2003; Schettino and Turco, 2010; Stampfli and Hochard, 2009).
Platt et al. (2013) places the Alboran domain in a NE-SWorientation
adjacent to the Africanmargin above a N to NWdipping subduction
zone, and do not show older reconstructions that allow evaluating
how these units arrived in this position, or how they became
metamorphosed. Finally, one radically different interpretation is
that of Verg�es and Fern�andez (2012), who proposed that subduc-
tion of the Gibraltar Slab was not northward below Iberia, but
southward below Africa. They connect the plate boundary to the
subduction zone below the Baleares from which they only derive
the Kabylides and propose that the Gibraltar trench retreated
northwestwards towards its modern position. We will address
some of these alternative interpretations in the discussion section
but note here that the interpretations of Algerian Basin extension
are relevant for interpreting the dynamics of the Oligocene and
younger subduction history, but other than placing the Alboran
units somewhat differently along the Iberian (or African) margin,
have little influence on preceding time-slices.

Finally, Schettino and Turco (2010, their Fig. 5B) show in their
33Ma time-slice no subduction between Iberia and Africa, but
instead suggest northward subduction to the north of a combined
Iberia-Corsica-Sardinia-Adria Block, in the Pyrenees, along the
Provence margin, and extending eastward along the northern edge
of Adria along the Insubric line (their Fig. 5B). This is the result of
Fig. 28. Paleomagnetic data from the western and northern Aegean region. For key to abbr
Tripolitza zones in orange, from the Pindos Zone in red, from the Upper Pelagonian Zone in
from the Rhodope in purple. B) Declination versus age graph for the Ionian and Tripolitza zo
(code 3092 in reconstruction files, see Supplementary Information 3), Eurasia, and Africa. Or
zones calculated from the data (20 Myr sliding window), see Table 5. C) Declination versus ag
coordinates of the Upper Pelagionian Zone (code 3101) and the Upper Pelagonian Zone of A
Upper Pelagonian calculated from the data (20 Myr sliding window), see Table 5. D) Declinat
shown in coordinates of the Chalkidiki (code 3104), and Eurasia. Ref¼ Reference location for
further explanation.
their interpretation that the Corsica-Sardinia Block, in which they
infer a major strike-slip fault through Sardinia and Corsica with a
displacement of tens of kilometers, was part of rigid Iberia prior to
30Ma. We are not aware of any field evidence supporting such
strike slip faulting across Corsica-Sardinia. The assumption of a
rigid Iberia-Sardinia-Corsica block also features in Stampfli and
Hochard (2009) and Handy et al. (2010).
7.2.2. Eastern Mediterranean region
Most Aegean extension is younger than 30Ma and is conse-

quently restored in Fig. 36 (and SI1-map 2). This restoration jux-
taposes the Adria-derived nappes of the external Hellenides against
the Circum-Rhodope unit along the Sava Suture Zone, which has a
conspicuous N-S striking portion in the area connecting the
northern Aegean Sava suture with the western Anatolian Izmir-
Ankara-Erzincan Suture Zone. Extension at 30 Myr is already
active in the Rhodope region (Fig. 36 and SI1 e map 2). Africa-
Europe plate boundary is reconstructed along the thrust between
the Tripolitza Platform and the Ionian Zone, although the Tripolitza
Platform is simultaneously underthrusting the Pindos nappe.

In western Anatolia, the Beyda�gları Platform and Geyikdagi
nappes and the tectonically overlying Alanya and Antalya nappes
were already incorporated in the Anatolian orogen by 30Ma, and
we restore the plate boundary to the south. To the East of the
Troodos Ophiolite and the Anaximander and Antalya Ophiolites,
Misis oceanic crust was subducting. How far west this oceanic
crust, now all subducted except for the ophiolites, once reached is
hard to establish and we restore a limit around the longitude of the
Anaximander Mountains.

In Central Anatolia, the Kırşehir orocline is in its final stages of
formation, and indentation into the Çankırı Basin (Fig. 36, SI1 e

map 2). Towards the east, the eastern Taurides Block is restored
southwards along the Ecemiş Fault. The separation between the
eastern Taurides and Eastern Pontides becomes larger eastwards as
a result of restoring the paleomagnetically documented counter-
clockwise rotation of the SE Anatolian rotating domain (Fig. 33).
This results in a wide separation of the eastern Taurides and Pon-
tides. There is no record of Oligocene to early Miocene significant
continental shortening in the eastern Pontides or eastern Taurides
e all nappes appear to have been stacked in Eocene time and
before, suggesting that this convergence was accommodated by
wholesale underthrusting. We follow Gürer and van Hinsbergen
(2019) and map this lost lithosphere as Cretaceous oceanic crust,
similar in age and nature as the Misis oceanic crust to the south of
the Taurides: it must have been connected to the obducted
ophiolites now found on the Kırşehir Block and the northern parts
of the eastern Taurides (Fig. 36). As pointed out by Gürer and van
Hinsbergen (2019), the subduction thrust accommodating the
convergence between the eastern Taurides and Pontides must have
been located within the Sivas Basin, along a structure that in its
modern surface expression is known as the Deliler-Tecer Fault
(Fig. 15).

Even by restoring the shortening associated with Lesser
Caucasus-Talysz oroclinal bending, there must have been several
hundreds of kilometers of convergence between the easternmost
Taurides-Bitlis blocks and the South Armenian Block. We thus infer,
eviations, see Table 4. Data from the Pre-Apulian Zone in yellow, from the Ionian and
blue (and the Pelagonian Zone in Attica in Cyan), from the Chalkidiki Peninsula in pink,
nes. The GAPWaP of Torsvik et al. (2012) is shown in coordinates of the Tripolitza Zone
ange curve corresponds to the apparent polar wander path of the Ionian and Tripolitze
e graph for the Upper Pelagonian Zone. The GAPWaP of Torsvik et al. (2012) is shown in
ttica (code 3100). Purple curve corresponds to the apparent polar wander path of the
ion versus age graph for the Chalkidiki Peninsula. The GAPWaP of Torsvik et al. (2012) is
which graph was calculated. See Supplementary Information 2 for data files. See text for



Fig. 29. Paleomagnetic data from the western Anatolia and the central, southern and eastern Aegean region. For key to abbreviations, see Table 4. B) Declination versus age graph for
the Beyda�gları Platform, the Lycian Nappes, and Menderes Massif. The GAPWaP of Torsvik et al. (2012) is shown in coordinates of the Beyda�gları Platform (code 3147 in recon-
struction files, see Supplementary Information 3), Eurasia, and Africa. Green curve corresponds to the apparent polar wander path of the Beyda�gları Platform and Lycian Nappes
calculated from the data (20 Myr sliding window), see Table 5. Ref¼ Reference location for which graph was calculated. See Supplementary Information 2 for data files. See text for
further explanation.
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Fig. 30. Paleomagnetic data from the Pontides. For key to abbreviations, see Table 4. Data in green come from the damage zone between the Izmir-Ankara-Erzincan Suture Zone and
the North Anatolian Fault Zone and are often locally rotated. Data in blue are coherent and were used to constrain the rotation history of the Central Pontide Orocline. B) Declination
versus age graph for the Pontide orocline, whereby sites per limb were averaged. The GAPWaP of Torsvik et al. (2012) is shown in coordinates of the limbs of the orocline (codes
3213, 3214, 3300, and 3313 in reconstruction files, see Supplementary Information 3). C) Paleolatitude versus age graph for the Pontides. Note the large scatter of the data that make
assignment to the African or Eurasian APWP paleomagnetically inconclusive. Ref¼ Reference location for which graph was calculated. See Supplementary Information 2 for data
files. See text for further explanation.
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based on similar reasoning as for the Sivas Basin, that oceanic
subduction was also ongoing south between the easternmost
Taurides and the South Armenian Block. There is no record of sig-
nificant Oligocene shorteningwithin the easternmost Tauride-Bitlis
region, which consequently is a largely metamorphic massif occu-
pying the same area as in the 15Ma time-slice (Figs. 35 and 36).
Restoring the paleomagnetically documented counterclockwise
rotation (Fig. 33) brings the Bitlis-easternmost Taurides much
farther south than at 15Ma, but north of the north Arabian margin.
We thus infer that at 30Ma, the Misis Ocean subducted below at
the Bitlis-Püturge active margin, connected to the Aegean trench to
the west. Finally, the two trenches of eastern Anatolia and the
Zagros trench of Iran were connected through a transform fault
along the western margin of the Iranian Cimmerides (Fig. 36).

Our eastern Mediterranean reconstruction contains several
first-order differences compared to previous reconstructions. First,
there is disagreement in reconstructions on whether there was an
oceanic corridor between the Bitlis Massif and Arabia, and second,
there are different views on where convergence was accommo-
dated in Anatolia and Greece. First, most reconstructions agree on a
gradual change from a NW-SE to E-W trending trench with the
bend located at the transition from the Aegean region to Anatolia
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Fig. 32. Paleomagnetic data from Central Anatolia. For key to abbreviations, see Table 4. Data in lime green are from the Kırşehir Block, in red from the Tauride nappes, and in yellow
from Eocene and younger sedimentary cover rocks. B) Declination versus age graph for the Kırşehir orocline, whereby sites for each block were averaged. The GAPWaP of Torsvik
et al. (2012) is shown in coordinates of the Akda�g-Yozgat Block (AYB), the Kırşehir-Kırıkkale Block (KKB) and the A�gac€oren-Avanos Block (AAB) (codes 3205, 3206, and 3207,
respectively in reconstruction files, see Supplementary Information 3), as defined by Lefebvre et al. (2013a). For discussion and detailed analyses of the Antalya Basin orocline, see
(Koç et al., 2016, 2018) and the Central Taurides, see (McPhee et al., 2018b). Ref¼ Reference location for which graph was calculated. See Supplementary Information 2 for data files.
See text for further explanation.
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(Barrier et al., 2018; Brun et al., 2016; Meulenkamp and Sissingh,
2003; Stampfli and Hochard, 2009) and Faccenna et al. (2014)
and Menant et al. (2016) give a more schematic WNW-ESE trend
from the Dinarides to eastern Anatolia. The reconstructions of Brun
et al. (2016) and Menant et al. (2016) differ significantly from ours
in the reconstruction of the Aegean region. They infer that there
was no trench-parallel extension in the Cycladic region and
disagree on our interpretation of the Mid-Cycladic Lineament as a
major extensional feature. Their reconstructions instead require up
to 400 km of post-30Ma trench-parallel convergence between
western Anatolia and the Dinarides-Hellenides to account for the
Hellenic oroclinal bending in the Cycladic region, but still contain
several hundreds of kilometers of trench-parallel extension in the
Fig. 31. Paleomagnetic data from the South Armenian Block. For key to abbreviations, see T
Torsvik et al. (2012) is shown in coordinates of the South Armenian Block (codes 3310 in re
corresponds to the apparent polar wander path of the South Armenian Block (20 Myr sliding
The GAPWaP of Torsvik et al. (2012) is shown in coordinates of the South Armenian Block (co
Ref¼ Reference location for which graph was calculated. See Supplementary Information 2
forearc region from Rhodos to Crete and the Peloponnesos.
Other differences pertain to how reconstructions distribute

convergence over subduction and orogenic shortening. Stampfli
and Hochard (2009) infer that most or all convergence was
accommodated by the Bitlis-Aegean trench. Barrier et al. (2018) and
Darin et al. (2018), who both interpret full continental collision
across the Bitlis suture already at 30Ma, instead distribute all
~700 km of post-30Ma Arabia-Europe convergence over the Bitlis
and Izmir-Ankara-Erzincan Suture and Sivas region. The recon-
struction of Menant et al. (2016) is essentially similar, although they
do not specify where post-30Ma shortening is accommodated
within Anatolia. Schettino and Turco (2010) reconstruct two sub-
duction zones across all of Anatolia, whereby they infer some
able 4. B) Declination versus age graph for the South Armenian Block. The GAPWaP of
construction files, see Supplementary Information 3), Eurasia, and Africa. Orange curve
window), see Table 5. C) Paleolatitude versus age graph for the South Armenian Block.
des 3310 in reconstruction files, see Supplementary Information 3), Eurasia, and Africa.
for data files. See text for further explanation.
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Fig. 34. Paleomagnetic data from Cyprus. For key to abbreviations, see Table 4. B) Declination versus age graph for Cyprus. The GAPWaP of Torsvik et al. (2012) is shown in co-
ordinates of the Troodos Ophiolite (code 3155 in reconstruction files, see Supplementary Information 3) and Africa. Orange curve corresponds to the apparent polar wander path of
the Troodos Massif and Cyprus calculated from the data (20 Myr sliding window), see Table 5. Ref¼ Reference location for which graph was calculated. See Supplementary
Information 2 for data files. See text for further explanation.
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300 km of post-30Ma (continental) subduction along all of an
Izmir-Ankara-Erzincan subduction zone. They infer that in Greece
subduction at 30Ma was accommodated only at the Sava suture.
Royden and Faccenna (2018) also place the Aegean subduction zone
far north, close to Moesia, and into the Izmir-Ankara-Erzincan Su-
ture disappearing eastwards, jumping towards the Bitlis suture in
eastern Turkey.
7.3. Lutetian e 45Ma

7.3.1. Western and Central Mediterranean region
In Lutetian time, Africa-Europe convergence constrained from

Atlantic Ocean reconstructions (Section 4) in the western Medi-
terranean region is slow, roughly N-S oriented, and mostly
accommodated in the Pyrenees and Atlas Mountains (Fig. 37, SI1 e

map 3). Towards the east, we infer slow subduction at the Baleares
margin, whereby the total amount of pre-30Ma convergence there
was less than 100 km (see also van Hinsbergen et al. (2014a). To
account for the Eocene burial and metamorphism of the AlKaPeCa
units, we infer that subduction has always been northwestwards in
this segment. Compared to a previous rendition of this recon-
struction shown in van Hinsbergen et al. (2014a), we made one
change in the restoration of Corsica and Sardinia, which at 45Ma
lies in a more back-rotated position to account for paleomagnetic
data (Fig. 21). As a result, we cannot restore a contiguous Baleares-
Sardinia trench as in van Hinsbergen et al. (2014a), but instead infer
an offet along a transform fault that coincides with the later North
Baleares Transform Zone (Fig. 5). As a result, post-45Ma subduction
accommodated at the Calabrian Subduction Zone was several
Fig. 33. Paleomagnetic data from SE Anatolia. For key to abbreviations, see Table 4. Data in
Zone. B) Declination versus age graph for the SE Anatolian region, which underwent a cohe
shown in coordinates of the Geyikda�gı unit of the Eastern Taurides (code 3200 in reconst
responds to the apparent polar wander path of the SE Anatolian domain calculated from the
Anatolian region. The GAPWaP of Torsvik et al. (2012) is shown in coordinates of the Geyikda
for which graph was calculated. See Supplementary Information 2 for data files. See text fo
hundred kilometers more than in the Baleares (Kabylides) segment.
The polarity of pre-30Ma subduction in thewesternMediterranean
region is debated, and wewill address this further in the discussion
section.

Subduction towards the northeast, along Corsica, however, was
certainly southeastward (see also Fig. 11), dipping below oceanic
lithosphere preserved in the Ligurian ophiolites. We connect the
Alpine trench and the Calabrian trench along a transform fault
(Fig. 37, SI1 emap 3), which later will be inherited as the transform
separating the Northern Appenines and Calabria Slabs. We recon-
struct the switch in subduction from southeastward Corsican to
westward Northern Apenninic at 35Ma. To account for the Eocene
clockwise rotation of Corsica-Sardinia documented paleomagneti-
cally (Fig. 21), we infer northward thrusting of Corsica towards
Eurasia, consistent with structural constraints from the Provence
region (e.g., Espurt et al., 2012a). Moreover, because Corsica-
Sardinia did not experience the Iberian rotation, and Iberia did
not undergo the rotations of Corsica-Sardinia (compare Figs. 18 and
21), we separate the two by a transform (Fig. 37, SI1 e map 3). The
Eocene Corsica-Sardinia rotation requires an eastward increasing
amount of shortening that is considerably larger than documented
from the geology of the Provence, and we infer that much of this is
accommodated along structures hidden in the basement of the Gulf
of Lion.

Southeast to southward subduction continues to the northeast
along the northern Alps and consumes oceanic or hyperextended
lithosphere of the Valais-Magura Ocean. We infer that this oceanic
basin pinched out westwards between Corsica-Sardinia and Eura-
sia. There is only small-scale Eocene thrusting, and no record of
brown are located north of the Deliler-Tecer Fault, or within the East Anatolian Fault
rent, late Cenozoic, counterclockwise rotation. The GAPWaP of Torsvik et al. (2012) is
ruction files, see Supplementary Information 3), Africa, and Eurasia. Green curve cor-
data (20 Myr sliding window), see Table 5. C) Paleolatitude versus age graph for the SE
�gı unit of the Eastern Taurides (code 3200), Africa, and Eurasia. Ref¼ Reference location
r further explanation.
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Fig. 35. Paleotectonic map of the Mediterranean region for the Langhian (15Ma). Map is projected in a Europe-fixed reference frame. Latitudinal and longitudinal graticules in 10� intervals. See Supplementary Information 1 e map 2 for a
larger version of the map that includes abbreviations of the detailed tectonic units. GPlates rotation files are provided in Supplementary Information 3. For key to tectonic units, see Fig. 5.
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Fig. 36. Paleotectonic map of the Mediterranean region for the Rupelian (30Ma). Map is projected in a Europe-fixed reference frame. Latitudinal and longitudinal graticules in 10� intervals. See Supplementary Information 1 emap 3 for a
larger version of the map that includes abbreviations of the detailed tectonic units. GPlates rotation files are provided in Supplementary Information 3. For key to tectonic units, see Fig. 5.
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Fig. 37. Paleotectonic map of the Mediterranean region for the Lutetian (45Ma). Map is projected in a Europe-fixed reference frame. Latitudinal and longitudinal graticules in 10� intervals. See Supplementary Information 1 e map 4 for a
larger version of the map that includes abbreviations of the detailed tectonic units. GPlates rotation files are provided in Supplementary Information 3. For key to tectonic units, see Fig. 5.

D
.J.J.van

H
insbergen

et
al./

G
ondw

ana
Research

81
(2020)

79
e
229

174

mailto:Image of Fig. 37|tif


D.J.J. van Hinsbergen et al. / Gondwana Research 81 (2020) 79e229 175
Eocene accretion along the Dacia margin outside the Balkanides,
nor extension in the Tisza-Dacia domain or strike-slip motion
around the Moesian Platform to drive such convergence and our
reconstruction infers that the Tisza-Dacia Block did not move
relative to Moesia between 60 and 33Ma. We thus infer that the
north Alpine plate boundary connected to the Dinaridic thrust front
along a transform system coinciding with the Sava suture in the
modern Pannonian Basin (Fig. 37, SI1 e map 3). To avoid overlap
between the AlCaPa nappes and the Tisza Block, we infer that this
block underwent a clockwise rotation in the Paleogene. Such a
rotation is consistent with paleomagnetic data (Fig. 26) but implies
shortening between the AlCaPa nappes and the Southern Alps.
Slow underthrusting of Adria in the Dinarides is accommodated
below the High Karst nappe. From there, a trench is traced towards
the southeast (see next section). Towards the northwest, the plate
boundary becomes diffuse, accommodated perhaps within the
AlCaPa domain, and partly transferring toward the Alpine trench
(Fig. 37).

Differences between our reconstruction and previous versions
at 45Ma stem from interpretations that also featured in the 30Ma
reconstruction. Assuming Corsica-Sardinia was a part of contiguous
Iberia logically suggests that the Pyrenees plate boundary e diffuse
across the Pyrenean fold-and-thrust belt since the Late Cretaceous
e continues along the Provence margin, and would accommodate
all Africa-Europe convergence. Reconstructions for the Eocene
assuming this (Schettino and Turco, 2010; Stampfli and Hochard,
2009) thus have no trench along the south Iberian margin. For
the Alps-Carpathian regions, Barrier et al. (2018) and Schettino and
Turco (2010) inferred a contiguous trench along Dacia and AlCaPa,
instead of the separation by a transform. Csontos and V€or€os (2004),
however, inferred a transform plate boundary between Tisza-Dacia
and AlCaPa similar to our reconstruction, although their AlCaPa
Block is considerably smaller and is located west of Tisza in the
Eocene. This would require ~500 km of post-Eocene extension of
AlCaPa. Stampfli and Hochard (2009) restore some ocean in front of
the Carpathian subduction zone, implying an end of subduction
and convergence in the Carpathian realm between 45 and 30Ma.

7.3.2. Eastern Mediterranean region
Our reconstruction of the Dinarides and Hellenides uses inde-

pendent constraints from these orogens, which we assume are
more or less cylindrical, non-cilindricity only being reconstructed
where structural or paleomagnetic constraints require so. The
constraints from the two orogens are grossly similar, but there are
differences in shortening amounts and timing. In our reconstruc-
tion, these differences are accommodated along the modern
Scutari-Pec Fault (Fig.12), which acts as a transform or transfer fault
for much of the last 130Ma. To what extent this is realistic, or a
reconstruction artifact will be discussed in section 8.1. At 45Ma, our
reconstruction shows an offset along this “proto-Scutari Pec Fault”.
At 45Ma, the Pindos-Kraiste Basin, and its southern Dinaridic
equivalent, the Budva Zone, are subducting. To the south of the
proto-Scutari-Pec Fault, the Pindos Basin is much wider than to the
north in our reconstruction as a result of the differences in short-
ening history between the Dinarides e Tisza-Dacia orogens, and
the Hellenides-Rhodope orogens (Fig. 37, SI1 e map 3).

The Pindos Basin is subducting all along the Albinides-
Hellenides segment. The Aegean extensional back-arc is now fully
restored, and the Rhodope nappes are buried below the Circum-
Rhodope, Serbomacedonian, and Sredna Gora nappes. The Pindos
Basin is traced into western Turkey where it is known as the Dilek
nappe. In Western Anatolia, the Dilek Nappe underthrusted earlier
and at 45Ma the Menderes nappes, restored as part of the Tripo-
litza-Beyda�gları-Geyikda�gı Platform, are underthrusting and
accreting. Our reconstruction follows McPhee et al. (2018b) in the
Central Taurides, where we reconstruct a pinching out Dilek Basin
between the Alada�g and Geyikda�gı Platforms (Fig. 37, SI1 emap 3).
At 45Ma the Aegean trench connects to the thrust currently

located below the Lycian Nappes, which we correlate to the Bozda�g
nappe and overlying Cretaceous ophiolites. This trench makes a
conspicuous southward turn across the Central Taurides, from
where it runs eastwards. At this trench, continental subduction is
ongoing all along southern Turkey, accreting the Menderes and
Geyikda�gı nappes, and the already existing, inactive Antalya-Alanya
nappes that thrusted onto the Beyda�gları-Geyikda�gı Platform. This
Geyikda�gı Platform is traced to the Gürün Curl, where stratigraphic
constraints show that the Geyikda�gı nappes were accreting in
Lutetian times. The Geyikda�gı Platform is also there overlain by a
top-to-the-north thrust stack of the Malatya and Binbo�ga nappes
and overlying and interleaved ophiolites. To the east of the Gürün
Curl, however, the style of deformation was significantly different.
There is no record of Eocene accretion there, but instead the Maden
Arc and its non-volcanic equivalent, the Hakkari Basin, were being
overthrusted by the Bitlis-Püturge Massifs. Because the Maden Arc
also unconformably overlies the Püturge Massif, this shortening
occurred within the upper plate of a subduction zone, and not at
the subduction zone itself, which must have been located to the
south. We restore this shortening and connect the trench north of
the Gürün Curl with the Bitlis trench along a right-lateral transform
fault (Fig. 37, SI1 e map 3). We connect the Bitlis trench with the
Zagros trench along a left-lateral transform.

The subduction configuration in eastern Anatolia is similar in
style as at 30Ma. The restored distance between the eastern
Taurides and eastern Pontides is larger at 45Ma than at 30Ma, and
amounts some 400 km, taking the restoration of the Lesser Cau-
casus orocline into account. This larger distance is the result of the
restoration of the displacement along the Ecemiş Fault and the
oroclinal bending of the Kırşehir Block (see also Gürer and van
Hinsbergen (2019). In western Turkey, the shortening associated
with the oroclinal bending of the Kırşehir Block predicts shortening
between the N-S trending Central Tauride fold-and-thrust belt and
the Pontides. Themagnitude of motion required coincides in timing
and amount with the right-lateral strike-slip along the Uluda�g-
Eskişehir Fault. We thus restore the associated extrusion and
restore the Tavşanlı and Afyon Zones to the south of this fault
southeastward.

Our reconstruction agrees with most previous reconstructions
on the location and orientation of the Hellenic and Anatolian
trench, smoothly curving from NW-SE to W-E around western
Anatolia, and consuming the Pindos Basin in the west (Barrier et al.,
2018; Csontos and V€or€os, 2004; Menant et al., 2016; Stampfli and
Hochard, 2009). Stampfli and Hochard (2009), Menant et al.
(2016) and Barrier et al. (2018) also restored the continental sub-
duction of the Menderes and Geyikda�gı nappes and Menant et al.
(2016) and Barrier et al. (2018) also identified the Alanya and
Antalya nappes as passive riders on the Beyda�gları- Geyikda�gı
margin at 45Ma. Other reconstructions indicate northward oceanic
subduction below the southern Tauride margin (Darin et al., 2018;
Meulenkamp and Sissingh, 2003; Robertson et al., 2013c; Schettino
and Turco, 2010). Towards the east, almost all reconstructions
indicate oceanic subduction below the Bitlis Massif at 45Ma
(Barrier et al., 2018; Csontos and V€or€os, 2004; Menant et al., 2016;
Meulenkamp and Sissingh, 2003; Robertson et al., 2013c; Schettino
and Turco, 2010; Stampfli and Hochard, 2009). Only Darin et al.
(2018) infer that the >1000 km of post-45Ma Arabia-Europe
convergence was accommodated by intra-continental shortening,
and map a full collision at this time at the Bitlis Suture.

Stampfli and Hochard (2009) also specifies that the crust sub-
ducting below the Bitlis Massif in the Eocenemust have formed in a
back-arc basin that formed during westward roll-back into the
Eastern Mediterranean Ocean (also called the Mesogea Ocean)
emplacing the Troodos Ophiolite. They infer that this subduction
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was still active at 48Ma, whereas our reconstruction estimates the
arrest of this subduction zone at ~70-65Ma. Moix et al. (2008) also
mapped this westward roll-back, but inferred that this trench and
associated upper plate ophiolites at 48Ma was active and was still
located between the eastern Taurides and NW Arabia, obducting
the NW Arabian ophiolites. Robertson et al. (2013c) inferred a
transform fault between the easternmost Taurides and Püturge
Massif and the Gürün Curl, similar as in our reconstruction. Most of
these reconstructions assume that everywhere in Anatolia, there
was no active oceanic subduction below the Pontides. Menant et al.
(2016), Darin et al. (2018), and Barrier et al. (2018) (who indicate
terminal oceanic subduction at 45Ma in eastern Turkey) map a
continent in eastern Turkey from the South Armenian Block to thew
Bitlis Massif, that is as wide as the Kırşehir Block and adjacent
Tauride nappes of Central Turkey. Although the amount of restored
convergence between the Taurides and Pontides is roughly similar
to our reconstruction (about 200 km less because they do not
restore the oroclinal bending of the Kırşehir Block), they imply that
this was consumed bywholesale continental subduction, instead of
oceanic as in our reconstruction. The reconstructions of Stampfli
and Hochard (2009) and Moix et al. (2008) have no continental
crust to the east of the Gürün Curl and thus indicate oceanic sub-
duction in eastern Turkey and the South Armenian Block, an
interpretation similar to Şeng€or et al. (2008).

The reconstruction of Schettino and Turco (2010) has some
strong differences to the rest of reconstructions. They map a sub-
duction zone along the southern Tauride margin which to the west
connects to NW-SE trending transform faults, one from Beyda�gları
across the Aegean nappe stack towards the Gargano Peninsula, and
from there towards the Tuscan nappes and Sardinia, and one to-
wards the Dinaridic front. Africa-Europe convergence in their
reconstruction is in eastern Turkey accommodated by oceanic
subduction, and in western Turkey in the intra-Pontide Suture
Zone, and from there towards the Sava suture of the Dinarides.

7.4. Selandian e 60Ma

7.4.1. Western and Central Mediterranean region
At 60Ma, slow Africa-Europe convergence in the western

Mediterranean region is almost entirely accommodated by
thrusting in the Pyrenees. The AlCaPeCa continental rocks and
associated peridotites are restored just south of the future Iberian
forearc formed by the Malaguide, Ghomaride, and Upper Kabylides
units, and are located within the northern Piemonte-Ligurian
Ocean, possibly as an extensional klippe on a hyperextended
margin. The transition towards Calabria is a transform fault, where
convergence is still accommodated by northwestward under-
thrusting. As in our 45Ma reconstruction, we map a transition to
the south-dipping, intra-oceanic Alpine subduction zone along a
transform fault (Fig. 38, SI1 e map 5). The Corsica-Sardinia Block is
in this time window connected to Eurasia, separated by the west-
ward pinching out Valais Basin.

The Tenda passive margin units of Corsica at 60Ma are not
underthrusted yet, and subduction here is still intra-oceanic below
the Ligurian ophiolites, where the high-pressure, low-temperature
metamorphic oceanic (or hyperextended margin) units of Corsica
and the Ligurian Alps are being underthrusted. To the north, sub-
duction zone at 60Ma is consuming the Briançonnais terrane in the
western Alps. Where the Briançonnais terrane disappears, around
the Engadine window (Fig. 10), the Magura Ocean is subducting
below the Austroalpine nappes of AlCaPa. Our reconstruction also
restores clockwise rotation between 60 and 45Ma for the Austro-
alpine nappes to avoid overlap between these nappes and the Tisza
Block, while maintaining a connection of the Austroalpine nappes
to northern Adria. This rotation is consistent with paleomagnetic
constraints (Fig. 26). The transform connecting the northern
Carpathian and southern Carpathian trenches is active, but contrary
to the previous time-slice at 45Ma, at 60Ma there is active,
consuming lithosphere of the Ceahlau-Severin Ocean, in agreement
with previous correlations (Maţenco, 2017). Note that because the
South Carpathians part of the ocean had already closed at 60Ma (in
the Severin suture, see below), this implies a NE-ward advance-
ment of the South Carpathians into the East Carpathians part of the
ocean, presently observed in the Ceahlau suture (compare Figs. 38
and 39). Therefore, the two presently observed sutures (Ceahlau
and Severin) cannot be directly connected (S�andulescu, 1984).
Furthermore, the overthrusting of the Getic over the Danubian
antiformal stack is restored. At 60Ma, most of the major defor-
mation in the Dinarides had ended andmost if not all Africa-Europe
convergence is accommodated in the Tisza-Dacia and AlCaPa do-
mains and by terminal subduction in the Sava Suture Zone (Fig. 38,
SI1 e map 5). The Dinarides nappe stack at 60Ma is part of
downgoing Adria.

For the Pyrenees, differences between previous reconstructions
and ours stem from the general assumption that Corsica-Sardinia
was a contiguous part of Iberia (Csontos and V€or€os, 2004; Handy
et al., 2010; Schettino and Turco, 2010; Stampfli and Hochard,
2009). The Briançonnais in those, and our, reconstructions is
considered to be connected to Corsica-Sardinia. Assuming these are
all part of Iberia and given the constraints from the Atlantic Ocean
and Pyrenees for Iberia-Europe motion, led Schettino and Turco
(2010) and Stampfli and Hochard (2009) to infer a northward
‘Pyrenean’ subduction/thrust system all along the northern Valais
margin already between 70 and 60Ma, top-to-the-north below the
Valais Ocean in Stampfli and Hochard (2009), but top-to-the-south
below Europe in Schettino and Turco (2010). Csontos and V€or€os
(2004) already infer a contiguous ocean from the Valais to the
Bay of Biscay at 60Ma, with no deformation in either the Pyrenees
or the Valais-Briançonnais domain. Handy et al. (2010), on the other
hand, indicate active thrusting in the Pyrenees, but no deformation
between the Briançonnais and Europe at 60Ma, despite that the
Briançonnais and Iberia are part of the same plate in their
reconstruction.

There is widespread agreement that there was southward sub-
duction below both the western and eastern Alps, but some
disagreement on where the Alpine subduction zone stops. Stampfli
and Hochard (2009) suggested that the Alpine subduction zone
abuts against a transform fault that connects to the Pyrenean sys-
tem. Csontos and V€or€os (2004) accommodate all Africa-Europe
convergence south of Iberia and indicate a north-dipping plate
subduction zone from Sardinia towards the Baleares, with a switch
to the Alpine trench along a transform close to Corsica. Our
reconstruction is thus a hybrid of the above two solutions. Handy
et al. (2010), on the other hand, suggested that the south-dipping
Alpine subduction zone continued towards Gibraltar, with the
AlKaPeCa continental rocks in the upper plate. Finally, Schettino
and Turco (2010) inferred a west-dipping subduction zone below
Corsica consuming the Piemonte-Ligurian Ocean, which abuts
against a transform fault that cuts across Adria towards SE Greece.

Differences between our reconstruction and previous renditions
for the Alps mainly concern the paleogeographic area occupied by
the Briançonnais-Valais Ocean, which is widest in our reconstruc-
tion. In the western Alps, we restored the width of the Valais based
on the stratigraphic and metamorphic constraints on the timing of
accretion, and on the modern overlaps between nappes, which we
drive with Africa-Europe convergence. Our resulting Valais Ocean
and Briançonnais continent cannot have been narrower, since they
would then occupy a paleogeographic area that is narrower than
the modern nappe width, requiring net extension in the Alps dur-
ing orogeny. As a result, there is no space for a Piemonte-Ligurian
Ocean between Adria and the Briançonnais at 60Ma, which thus
at that time must already have been accreted to the orogen. Handy



Fig. 38. Paleotectonic map of the Mediterranean region for the Selandian (60Ma). Map is projected in a Europe-fixed reference frame. Latitudinal and longitudinal graticules in 10� intervals. See Supplementary Information 1 emap 5 for a
larger version of the map that includes abbreviations of the detailed tectonic units. GPlates rotation files are provided in Supplementary Information 3. For key to tectonic units, see Fig. 5.
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Fig. 39. Paleotectonic map of the Mediterranean region for the Campanian (80Ma). Map is projected in a Europe-fixed reference frame. Latitudinal and longitudinal graticules in 10� intervals. See Supplementary Information 1 e map 6 for
a larger version of the map that includes abbreviations of the detailed tectonic units. GPlates rotation files are provided in Supplementary Information 3. For key to tectonic units, see Fig. 5.
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et al. (2010, 2015) and Stampfli and Hochard (2009) indicate a
narrower Briançonnais-Valais domain, and a wide Piemonte-
Ligurian Ocean, in their reconstructions. Schettino and Turco
(2010) do not map a Briançonnais domain but infer that only the
Valais-Magura Ocean subducted below Adria in the Alps.

Finally, there are first-order differences between previous re-
constructions and ours concerning the width and area of the Aus-
troalpine nappes. Stampfli and Hochard (2009) have a
reconstruction largely similar to ours, with the Austroalpine nappes
still located north of the Tisza Block at 60Mawhile being connected
to Adria in the west. Schettino and Turco (2010) place the Austro-
alpine units north of Tisza, but disconnected from Adria separated
by the Dinaridic trench that in their reconstruction continues to the
western Alps. Handy et al. (2015), finally, place the Austroalpine
units against northern Adria, entirely west of Tisza. This requires
300 km more extension in the northern Pannonian Basin than we
reconstructed, for which there is no observational basis.

7.4.2. Eastern Mediterranean region
At 60Ma, subduction of the Sava Ocean is in its terminal stages

and is transitioning to collision with the Cretaceous Pelagonian
orogen. Prior to 60Ma, this orogen, which formed in Cretaceous
time following ophiolite emplacement (Fig. 14) was part of the
eastern margin of Greater Adria (Fig. 38, SI1 e map 5). This sub-
duction zone connects eastward with the trench below the Bozkır
unit of the Lycian Nappes of western Turkey where the Dilek nappe
is starting to subduct and the Afyon Zone had accreted to the
orogen a few million years prior and is at the onset of its exten-
sional exhumation. At the eastern part of the Pelagonian orogenwe
restored the paleomagnetically documented rotation of Parnassos
and Pelaginian units (Fig. 28) during 60e55Ma oblique collision of
the platform with western Anatolian units along the N-S trending
trench segment (Fig. 38). In Northern Greece, we restored the
Nestos thrust, placing the Pangain-Pirin nappe of the Rhodope
(reconstructed as underpinnings of the Circum-Rhodope unit)
south of the rest of the Rhodope nappe stack. We reconstructed the
associated shortening also to the east, widening the Circum-
Rhodope unit west of the West Black Sea Transform (Fig. 38, SI1
e map 5).

In Central Anatolia, we restored the Central Pontide orocline,
which transfers all Central Anatolian units southward. The Kırşehir
orocline is fully restored and the block is now a NNE-SSW trending
lenticular window below the Bozkır unit and associated ophiolites.
Extensional Paleogene exhumation of the Tavşanlı and Afyon zones
is restored, and the two zones lie buried below the Bozkır unit.
Subduction occurs along a kinked trench from the E-W trending
Lycian nappes segment to the N-S trending Antalya segment e

where at 60Ma the Alada�g nappe had just accreted, and then to-
wards the Gürün Curl in another E-W trending segment. The
Geyikda�gı unit is restored to its pre-accretionary width. The Alanya,
Antalya, Binbo�ga, and Malatya nappes and associated ophiolites lie
as passive riders on the southern Tauride margin. Across the
Eastern Mediterranean Ocean, the Troodos, and Baer-Bassit and
other Arabian ophiolites were also already emplaced and are being
unconformably covered by sediments.

The subduction zone that now lies along the northern fringes of
the Geyikda�gı Platform in the Gürün Curl connects to the Bitlis
subduction zone along the same right-lateral transform fault as
shown in the 45Ma time-slice (Fig. 38). Where in the Gürün Curl
the trench is accreting upper continental crustal nappes, there is no
accretion at the Bitlis trench. This trench is retreating southward
relative to the upper plate, generating upper plate extension that
will culminate in the Maden-Hakkari Basin. We provisionally
restored this extension, of which no magnitude estimate was ever
made, and the Bitlis-Easternmost Tauride domain is consequently
narrower than at 45Ma. Stratigraphic constraints, however, show
that these metamorphics were at the surface, and that most of its
exhumation occurred prior to 60Ma (e.g. Kuşcu et al. (2010)). We
connect the Bitlis trench with the Zagros trench along a right-
lateral transform fault.

Finally, to the north of the eastern Taurides, the width of the
oceanic lithosphere east of the Kırşehir Block is wider than at
45Ma, as a result of the restored Central Pontide orocline. The
Ecemiş Fault does not exist yet, and the eastern Taurides are
contiguous with the Central Taurides. The Pontides trench connects
instead westward to the Izmir-Ankara-Erzincan Suture Zone where
collision of the Kırşehir Block with the Pontides is restored at
60Ma.

Differences of our reconstruction with previous reconstructions
now increase which show vastly different plate boundary config-
urations and paleogeographies around 60Ma. Schettino and Turco
(2010) indicate that subduction around 60Ma occurred only along
the Pontide margin with no thrusting in the Taurides. They infer a
second north-dipping subduction zone between the Kırşehir Block
and the rest of the Taurides in their 67Ma time-slice. They also infer
active oceanic spreading in the Eastern Mediterranean Ocean in the
latest Cretaceous. The reconstruction of Barrier et al. (2018) is
similar in that they also infer a single subduction zone at 60Ma
along the Pontide margin consuming oceanic lithosphere along
most of it length, except for in Greece and Armenia. Sosson et al.
(2016) also infer collision of a Tauride margin with overlying
ophiolite with the Pontides around 60Ma along a single Anatolian
subduction zone, but instead interpret that these ophiolites were
all Jurassic. This likely follows from their assumption that the South
Armenian Block is a contiguous part of the Tauride Platform, and
that the ophiolites overlying both are the same.

Moix et al. (2008) and Stampfli and Hochard (2009) map a
subduction zone along the margin of the Dilek Basin, which they
connect with the Eastern Mediterranean Ocean in Central Anatolia
e their reconstruction does not contain continental platforms
connected to Beyda�gları in the east. Instead, they place the eastern
Taurides around 60e70Ma north of a north-dipping trench that
connects to the Aegean trench in the west. Moreover, they infer
active westward invasion of the Eastern Mediterranean Ocean of
the subduction zone that carries the Troodos Ophiolite in its fore-
arc. This subduction zone emplaces the Alanya nappes on the
eastern Beyda�gları margin. The reconstructions of Moix et al.
(2008) and Stampfli and Hochard (2009) furthermore infer full
continent-continent collision between the Pontides and Taurides
across the rest of Turkey.

Menant et al. (2016) infers terminal oceanic subduction along
the Izmir-Ankara-Erzincan Suture Zone, whereby the obduction-
related orogen of the Tavşanlı, Afyon, and Kırşehir units and over-
lying Cretaceous ophiolites collide with the Pontides, similar to our
reconstruction. They infer that Cretaceous ophiolites were also
emplaced onto the eastern Pelagonian Zone of Greece.

7.5. Campanian e 80Ma

7.5.1. Western and Central Mediterranean region
At 80Ma, Africa-Eurasia motion in the westernmost Mediter-

ranean region is almost entirely accommodated in the Pyrenees,
which are in the early stages of their formation. Our reconstruction
systematically only identifies the modern northern and southern
thrust fronts of the Pyrenees, but in reality, the orogen is a foreland
propagating set of thrust sheets, and the zone of active deformation
was narrower than displayed on Fig. 39 and SI1 - map 6.

Iberia is separated from Corsica and the Stilo-Aspromonte-
Peloritan Block by a right-lateral transform. Inherted from our
previous reconstructions, we map a plate boundary along the latter
block, connected to the Alpine, south-dipping intra-oceanic sub-
duction zone below the Ligurian ophiolites by a transform fault. The
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Briançonnais terrane lies on the downgoing Eurasian north of the
active subduction zone, where the Piemonte-Ligurian units and the
Sesia fragment are being buried in the subduction zone.

To the east of the Briançonnais terrane, the lower Austro-Alpine
rocks are being accreted to the upper plate at 80Ma. Prior to 80Ma,
as a result, these lower Austroalpine units restore as the eastward
continuation of the Briançonnais terrane, which became incorpo-
rated in the orogen earlier as a result of the NE-ward motion of
Adria prior to 80Ma (see also SI 4 for amovie of the reconstruction).
The 80Ma time-slice thus defined the paleogeographic extent of
the Magura Ocean, which occupies the space between the lower
Austroalpine units and Eurasia (Fig. 39, SI1 e map 6).

The Magura Ocean connects to the southeast to the Ceahlau-
Severin Ocean between the Dacia units and Eurasia, which at
80Ma is subducting slowly below the Dacia units. Farther to the
southwest, the South Carpathians part of the Ceahlau-Severin
Ocean was already closed by 80Ma (in the Severin suture) by the
Dacia-derived Getic nappes reaching the Danubian promontory of
the Moesian Platform.

In the Dinarides, multiple major thrusts are active at 80Ma,
emplacing Sava suture units onto the Jadar Kopaonik nappe, the
Jadar-Kopaonik nappe onto the Drina-Ivanjica nappe, likely the East
Bosnian-Durmitor on the Pre-Karst nappe, which in turn over-
thrusts the High Karst unit. Collectively, the Dinarides form a
diffuse plate boundary from the Sava suture towards the Adriatic
foreland. Because there is no evidence for this deformation in the
Aegean-Albanian region, we infer that the motions on these thrusts
are transferred to the Sava suture along a proto-Scutari-Pec Fault.

For the western Mediterranean region, an alternative recon-
struction for Iberia assumes an Early to Late Cretaceous transform
motion of Iberia relative to Eurasia. This assumption is based on
interpretations of the geology of the Pyrenees, whereby Late
Cretaceous high-temperature metamorphism, volcanism, and
extensional basin formation in the North Pyrenean Zone is inter-
preted to be responsible for the exhumation of peridotite massifs.
The inferred transform motion of Iberia relative to Eurasia predicts
gradual and slow, ~20� counterclockwise rotation of Iberia relative
to Eurasia throughout much of the Cretaceous (Jammes et al., 2009;
Olivet, 1996) and several Mediterranean reconstructions adopted
this view (Handy et al., 2010; Schettino and Turco, 2010; Stampfli
and Hochard, 2009). Handy et al. (2010) therefore inferred that
the Valais Ocean was still opening around 90Ma, although their
later rendition Handy et al. (2015) modified the view on the Iberian
rotation and preferred the marine magnetic anomaly and paleo-
magnetic constraints that suggest an earlier, larger rotation, and a
disconnection from Corsica-Sardinia (Figs. 18 and 21). A gradual
eastward Iberian motion generates E-W convergence in the Medi-
terranean realm. Stampfli and Hochard (2009) therefore infer a
subduction zone along the northern Iberian margin, the Pyrenees,
and around the Briançonnais terrane with the latter terrane in the
upper plate, consuming both Valais and Piemonte-Ligurian oceanic
lithosphere. They infer that the north-dipping subduction zone
below the Briançonnais terrane was consumed in the south-
dipping Alpine subduction zone of the western Alps. Schettino
and Turco (2010) infer a west-dipping subduction zone below
Sardinia, Corsica, and within the Valais Ocean, connecting with a
north-Iberian transform fault. Handy et al. (2010), and also Handy
et al. (2015), infer a southeast-dipping, Alpine subduction zone
along the Iberian margin, with the AlKaPeCa units in the upper
plate, similar to their reconstructions for the Paleogene.

Csontos and V€or€os (2004), finally, argue that a fully oceanic
corridor existed from the Bay of Biscay to the Valais Ocean with no
active plate boundary at 80Ma. They reconstructed Africa-Europe
convergence at a northwest-dipping subduction zone along the
Iberian margin connected to the Alpine intra-oceanic subduction
zone with a transform fault. This latter plate boundary is similar to
our solution.

7.5.2. Eastern Mediterranean region
In the Aegean region, subduction at 80Ma was north-directed

along the southern and western Circum-Rhodopian margin and
consumed Sava oceanic lithosphere. The Pelagonian orogen is
inactive and is located on the Adriatic margin of the Sava Ocean in a
downgoing plate position. In the upper plate, thrusting propagates
forward and northward at 80Ma from the thrust below the Sredna
Gora nappe into the Balkanides. Restoration of the 80-60Ma
thrusting has restored overthrusted Moesian Platform that is
equivalent to the Danubian Zone of the southern Carpathians
(Fig. 39, SI1 e map 6). This thrusting is bounded to the east along
the West Black-Sea transform, and its southern continuation which
we infer is the (oblique) thrust between the Circum-Rhodope unit
and the Sakarya terrane.

At the transition between the Aegean and Anatolian region, we
infer a trench-trench-trench triple junction between the Sava and
Izmir-Ankara-Erzincan trenches, and a third, intra-oceanic trench
in the upper plate of which are the Cretaceous supra-subduction
zone ophiolites that form the highest structural unit of the Cen-
tral and Southern Anatolian orogen (Fig. 39, SI1 e map 6). The
eastern two trenches form the boundaries of a plate that consists
mainly (but not entirely, see below) of oceanic lithosphere and that
was named the ‘Anadolu Plate’ by Gürer et al. (2016). The frontal
part of this plate was underthrusted by continental crust of the
Kırşehir and Tavşanlı blocks between ~95 and 85Ma, and may be
considered ‘obducted’, although we interpret subduction to have
continued after accretion of these continental units as thick or thin-
skinned nappes to the upper plate (see van Hinsbergen et al., 2016).
The obducted parts of the Anadolu Plate and the underlying
m�elange was mapped in the younger time-slices as the Bozkır unit,
but from 80Ma and farther back in time, we map it as oceanic
supra-subduction zone lithosphere that forms a coherent upper
plate. The Kırşehir and Tavşanlı blocks are not exposed at 80Ma and
lie buried below this lithosphere.

The intra-oceanic subduction zone has a similar but more pro-
nounced staircase pattern than at 60Ma as a result of the restora-
tion of exhumation of the lenticular Kırşehir Block. To the west of
this massif, the trench is ~N-S trending, parallel to themagmatic arc
that is intruding the Kırşehir Block at this time. The Afyon Zone is
undergoing active sedimentation in a downgoing plate position,
and of the lithosphere that subducted between the ~90-85Ma ac-
cretion of the Kırşehir and Tavşanlı blocks and the ~70-65Ma un-
derthrusting and accretion of the Afyon Zone, there are no known
geological relics other than deep-marine flysch in the Bozkır unit.
We infer that this lithospherewas likely oceanic andmap this as the
intra-Tauride Basin sensu van Hinsbergen et al. (2016).

In eastern Turkey, we trace the subduction zone south of the
Anadolu Plate north of the Gürün Curl where it is still in an intra-
oceanic position. In the easternmost Taurides and Munzur Massif,
however, the Tauride units are already metamorphosed by 80Ma,
and we infer that these massifs were being underthrusted below
(or obducted by) the Anadolu Plate oceanic lithosphere. Our
restoration at 80Ma has restored extensional exhumation of the
metamorphic massifs at 80Ma, and because almost all Tauride
units in eastern Turkey are metamorphic (Oberh€ansli et al., 2014;
Topuz et al., 2017), we infer a narrow strip of continental crust
amidst ocean. This narrow strip of continent was at 80Ma already
obducted from the south and east, which buried and meta-
morphosed the Bitlis and Püturge Massifs by ~84Ma. Fig. 40 dis-
plays two extra time-slices at 85 and 90Ma, which illustrates our
view on how a single, kinked subduction zone radially rolled back
westwards, and emplaced ophiolites on all sides onto this narrow
continental strip. This evolution bears resemblance to the evolution
of the Bird's Head Peninsula in the Banda region of eastern



Fig. 40. Detailed paleotectonic map for the eastern Mediterranean region for the Santonain (85Ma) and Turonian (90Ma). Map is projected in a Europe-fixed reference frame. Latitudinal and longitudinal graticules in 10� intervals. GPlates
rotation files are provided in Supplementary Information 3. For key to tectonic units, see Fig. 5.
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Indonesia, and its accreted former western continuation e the Sula
Spur (Pownall et al., 2014; Spakman and Hall, 2010). In our
reconstruction, northward obduction onto the southern, Bitlis-
Püturge and Keban blocks led to northward decreasing meta-
morphism and was followed by break-off of the eastern Egypt Slab
identified in Hafkenscheid et al. (2006), van der Meer et al. (2010)
and Gürer (2017). Subsequent incorporation of this nappe stack into
the northern subduction branch, emplacing e.g. the Divri�gi
Ophiolite onto the Munzur Massif, led to accretion of the orogen to
the Anadolu Plate, the subduction of the lithospheric un-
derpinnings, and places the orogen above the north-dipping sub-
duction zone displayed in the later time-slices, which was
responsible for the extensional exhumation and widespread
Cretaceous to Eocene arc magmatism in eastern Anatolia. As in
younger time-slices, we infer that the Bitlis subduction zone was
connected to the Zagros trench by a transform fault (Fig. 39).

From 90 to 80Ma, the westward roll-back of the Egypt Slab into
the Eastern Mediterranean Ocean emplaced not only the ophiolites
of the Bitlis and Püturge Massifs, but also those of northern Arabia,
and the eastern and southern Gürün Curl and the Alanta and Ant-
alya nappes. At 80Ma, the ophiolites of the Antalya nappes, as well
as the already metamorphosed Alanya nappes are restored south-
eastward to an amphitheater-shaped trench. We infer that a
transform, much like the north African transform of the Miocene,
accommodated the westward motion of the Antalya Ophiolites and
Alanya nappes, and thus restore the Alanya nappes as the distal
southern margin of the southeastern Geyikda�gı Platform, adjacent
by the more proximal and lower-grade metamorphic Malatya and
Binbo�ga metamorphics. The thunneling of the subduction zone
from the wider ocean between the Bitlis-Püturge margin and
Arabia to the narrowermargin between the Geyikda�gı Platform and
Arabia led to transpression at the southeastern Geyikda�gı corner
during westward roll-back, transpressionally emplacing the Mala-
tya metamorphics and overlying ophiolites onto the Binbo�ga
metamorphics and ophiolites. Tearing of the Egypt Slab along the
southern Geyikda�gı margin allowed for the rise of the Campanian
plutons that intrude this thrusted sequence, similar to the Miocene
granitoids that intrude the Kabylides following tearing.

The westward roll-back into the eastern Mediterranean Ocean
fulfills with the opposite rotations of the southern Tauride and
Arabian and Cyprus ophiolites constrained paleomagnetically
(Maffione et al., 2017; Morris et al., 2017) (Fig. 34). It consumed the
pre-existing Triassic and Carboniferous oceanic crust preserved
farther west in the Ionian and Herodotus Basins, relics of which are
found below e.g. the Mersin Ophiolite. The newly formed Misis
oceanic crust formed in a supra-subduction zone, arc or back-arc
environment explaining the finding of Turonian and Campanian
arc rocks in accretionary prisms of the Misis M�elange and the
western Bitlis Suture Zone. Spreading in the Misis Ocean must have
continued until the final emplacement of the Antalya, Troodos, and
NW Arabian ophiolites in the Maastrichtian. It must also have
occurred at high angles to the southeastern Geyikda�gı margin to
explain why some of the SE Anatolian ophiolites are younger, ~87-
85Ma in the K€omürhan Ophiolite (Karao�glan et al., 2012), than the
bulk of Anatolian ophiolites where supra-subduction zone ridges
were oriented parallel to the obduction front and only a short time
span of supra-subduction zone spreading can be preserved in the
narrow strip of oceanic crust that obducts and escapes subduction
(Maffione et al., 2017). We reconstruct the metamorphic Trypa
group of Northern Cyprus as the obducted north African margin,
and the Mammonia complex as offscrapings from that margin, and
from the Eastern Mediterranean oceanic lithosphere consumed by
the Egypt Slab that subducted below the Troodos Ophiolite in the
Cretaceous.

The Izmir-Ankara-Erzincan subduction zone at 80Ma consumes
Cretaceous supra-subduction zone oceanic crust in the west, but
eastwards also Neotethyan crust that existed prior to the initiation
of the subduction zone below the Anadolu Plate around 105Ma.
Subduction is northwards, and in the upper plate, the Black Sea is in
the final stages of opening as a back-arc basin. In the far-east, the
South Armenian Block is about to collide with Eurasia, and we
restored the paleomagnetically documented clockwise rotation
that occurred during collision (Fig. 33). The South Armenian Block
is at 80Ma underthrusting below the Jurassic ophiolites located in
the forearc of the Pontides and the Transcaucasus ranges. This block
is not overthrusted by the Cretaceous supra-subduction zone
ophiolites that are at 80Ma overthrusting the easternmost Taurides
and our restoration identifies the South Armenian Block prior to
75Ma collision as part of the Anadolu Plate, separated from the
Taurides by ~600 km wide Neotethys Oceanic lithosphere (Fig. 39,
Si1 e map 6) that became consumed in the Ka�gızman-Khoy suture
between the 75Ma accretion of the South Armenian Block to Eur-
asia and the Neogene.

Previous reconstructions are strongly variable for the late
Cretaceous eastern Mediterranean region. Csontos and V€or€os
(2004) map the northernmost active thrust of the Balkanides as a
south-dipping subduction zone active alongside an oblique
northeast dipping subduction zone, in their reconstruction still
located west of the Pelagonian Platform in the Pindos Basin. They
continue these trenches into the Anatolian domain, but their
reconstruction was primarily focused on the Carpathian realm. The
reconstructions of Stampfli and Hochard (2009) and Moix et al.
(2008) provide similar explanations for the emplacement of the
Troodos, and Arabian ophiolites, and also their reconstruction of
the easternmost Taurides with obduction around an E-W ribbon
continent is similar to ours, although intra-oceanic subduction in
their reconstruction starts already in the Early Cretaceous. Their
reconstruction infers subduction/obduction along the northern
Taurides margin in Anatolia, and a subduction zone along the
Pontides and the northern Sava margin similar to ours, although
they do not merge the trenches in a triple junction in western
Turkey but end the southern subduction zone within-plate. Sosson
et al. (2016) does infer a trench-trench-trench triple junction in
western Turkey similar to our reconstruction, but infers that all
Anatolian ophiolites, including the Jurassic ophiolites of the Izmir-
Ankara-Erzincan suture zone and overlying the South Armenian
Block, were derived from the same forearc and same plate, instead
of from two as in our scenario. They reconstruct a continental
connection between the South Armenian Block and the Taurides.

Such a continental connection also features in Barrier et al.
(2018), but those authors infer as many as seven E-W trending
late Cretaceous subduction zones in the eastern Mediterranean
region, six north-dipping and one south-dipping. The northern-
most is along the Pontides and connects along a N-S transform to
the Zagros trench, similar to our reconstruction. They then infer
subduction zones that initiated intra-oceanically north of the
Kırşehir Block, one south of the Kırşehir Block in the intra-Tauride
Basin, one that forms within an ocean (their Berit Ocean) that
they reconstruct between the Geyikda�gı unit and a block that
contains the Alanya nappes, the Kyrenia ranges, the Malatya
metamorphics and the Bitlis Massif, one to the south of this block
and one along the northern Arabian-northwest African margin
emplacing ophiolites. In addition, they infer an isolated, narrow,
south-dipping subduction zone emplacing the Antalya nappes onto
the Beyda�gları Platform. The latter subduction zones end within-
plate in the west, whilst they infer a N-S trending transform fault
between the Pelagonian orogen and the Anatolian subduction
zones, which is similar to our reconstruction. Robertson et al.
(2013c) present a similar scenario of six north-dipping subduc-
tion zones and one isolated east-dipping subduction zone below
the western margin of the Kırşehir Block. Menant et al. (2016)
restrict their 80Ma reconstruction to the domain between
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Pontides and Taurides, where they reconstruct two intra-oceanic
subduction zones on either side of the Kırşehir Block that end
within-plate. Okay and Nikishin (2015) map two subduction zones
in the late Cretaceous in Anatolia, located in similar positions as
ours and connected in the west through a transform fault. Re-
constructions that identify arcs give an E-W trend for the arc of the
Kırşehir Block, instead of N-S as in our reconstruction (Barrier et al.,
2018; Menant et al., 2016; Okay and Nikishin, 2015). Schettino and
Turco (2010), finally, reconstruct only one subduction zone in the
Campanian of Anatolia, along the Pontide margin but two in
Greece, along the Sava and Pindos margins, as well as a transform
fault from the southeast Aegean realm to southern Iberia across
Adria and the Piemonte-Ligurian Ocean. They infer active oceanic
spreading in the eastern Mediterranean region in absence of
subduction.

7.6. Albian e 100Ma

7.6.1. Western and Central Mediterranean region
Iberia at 100Ma has just undergone its counterclockwise rota-

tion documented paleomagnetically (Fig. 18) and is in incipient
collision with Eurasia. Extension and high-temperature meta-
morphism documented in the suture zone is interpreted as local
responses to break-off of the Reggane Slab (Vissers et al. (2016). To
the south, Iberia is separated with a transform fault from Africa,
which we assume was parallel to the Iberian margin and along
which subduction initiated in the late Cretaceous to Paleogene
accommodating incipient Africa-Iberia convergence (see also van
Hinsbergen et al., 2014a). As a result, we reconstruct the AlKa-
PeCa units as part of the African Plate at 100Ma (Fig. 41, SI1 e map
7). Iberia and the Corsica-Sardinia Block are separated by a trans-
form fault, as in later time-slices.

The Alpine subduction zone to the east is in a similar orientation
as in the 80Ma time-slice, but because Africa-Europe motion is
almost parallel to this orientation between 100 and 80Ma, this
subduction zone is now highly oblique, and subduction is slow. The
Upper Austroalpine units of the AlCaPa domain are restored to-
wards the southwest along with Adria, and the Eo-Alpine high-
pressure metamorphic units are being buried as part of the
downgoing Eurasian Plate, on their way to their ~90Ma climax
metamorphic conditions. These units consequently restore imme-
diately adjacent to the lower Austroalpine units. The Sesia fragment
of the western Alps, which was being buried at 80Ma, is now
restored separated from Adria by oceanic lithosphere. However, in
order for the Sesia fragment to be separated from both Adria and
the Briançonnais terrane by oceanic lithosphere, as dictated by the
geology of the western Alps, we restore Sesia prior to its under-
thrusting as part of the African/Adriatic Plate. This means that we
interpret its underthrusting essentially as subduction erosion,
whereby a thrust develops within Adria upon collision of the Sesia
fragment with the Briançonnais terrane along which the oceanic
lithosphere between Sesia and Adria is consumed before thrusting
propagates downward into the crust of the Briançonnais terrane in
the Cenozoic. Hence, prior to burial, the Sesia fragment is restored
as contiguous with Adria in the upper plate of the subduction zone,
rather than as part of the downgoing plate contiguous with Eurasia.
Sesia would then restore as a western peninsula of the upper
Austroalpine units (Fig. 41, SI1 e map 7).

Towards the east, the Alpine subduction zone wraps around the
Tisza and Dacia domains and connects to the thrust below the
Sredna Gora nappe, ending against the West Black Sea Transform
(Fig. 41, SI1 e map 7). Convergence between Adria and Moesia,
however, was widely distributed over major thrusts in the Dinar-
ides, the Sava Suture, the Tisza, as well as within and at the exterior
of the Dacia nappes. Our reconstruction infers a clockwise rotation
of the Tisza Block between 100 and 80Ma to avoid overlap with the
northern Dinarides of the Medvednica and Bükk blocks, but there
are no paleomagnetic data to test this. This rotation aligns the
thrusts of the Tisza Block with those of the Dacia units and Dinar-
ides (Fig. 41, SI1 e map 7).

Contrary to the 80Ma thrust slice, the active thrusting in the
Dinarides is now continuing into the Aegean domain, whereby
thrusting of the Upper Pelagonian over the Lower Pelagonian nappe
is active. In older time-slices, we interpret this thrusting as related
to subduction (of the Algeria Slab, see below), but at 100Ma, the
thrusting within and at the exterior of the Dacia units south of the
Moesian Platform and of the Pelagonian orogen accommodate
Africa-Europe convergence and do not require (nor preclude) the
presence of a slab. We infer that at 100Ma, the subduction zone
along the northern margin of the Sava Ocean is incipient. The Sava
Ocean ends in the east against a transform fault (Fig. 41, SI1 e map
7).

Previous reconstructions infer contiguity between Corsica-Sar-
dinia-Briançonnais with Iberia and assume transform motion be-
tween Iberia and Eurasia. Stampfli and Hochard (2009) reconstruct
a pull-apart ocean opening between Iberia and Eurasia, whereby
the plate boundary transitions into a south-dipping subduction
zone within the Valais Ocean, connecting around the Briançonnais
terrane with the subduction zone along the Austroalpine units.
These are reconstructed to the northeast of Tisza, as part of the
upper plate of Adria with a northeastward dipping subduction zone
along the Sava suture between Tisza and the Dinarides. They define
a narrow ribbon continent e narrower in N-S direction than the
modern AlCaPa domain requiring post-100Ma N-S extension e

adjacent to a wide Sava Ocean that is bounded by a north-dipping
subduction zone below the Rhodopian-Dacia units. Handy et al.
(2010) continues the Bay of Biscay spreading towards the Valais
Ocean and infers Alpine, south-dipping subduction between Iberia
and their AlKaPeCa Block within the Piemonte-Ligurian Ocean. To
the east, this subduction zone becomes intracontinental, as in our
reconstruction, and buries continental rocks of the Eo-Alpine high-
pressure units and the lower Austroalpine nappes. As in our
reconstruction, they place the Sesia fragment in the upper plate of
the Alpine subduction zone, moving together with Adria. Schettino
and Turco (2010), finally, have a similar scenario at 100Ma as at
80Ma, with active oblique spreading in the Pyrenean domain
bounded in the east by a west-dipping subduction zone around the
Corsica-Sardinia and within the Valais Ocean, connected with a
triple junction with the Alpine subduction zone that continues
around Tisza and Dacia connecting with a northeast-dipping sub-
duction zone below Eurasia. Their Tisza-Dacia unit is now a
contiguous part of the Adriatic continent, and no ocean is recon-
structed between Tisza and the Dinarides, or Dacia.

7.6.2. Eastern Mediterranean region
Around 100Ma, the intra-oceanic subduction zone above which

the Cretaceous supra-subduction zone forearc crust will form
around 95Ma, is in its incipient stages. Lu/Hf ages of garnet in
metamorphic soles suggest that intra-oceanic thrusting was active
by ~104Ma (Peters et al., 2018; Pourteau et al., 2019), but supra-
subduction zone spreading had not started yet. All oceanic litho-
sphere thus either belonged to the Neotethys Ocean or Eastern
Mediterranean Ocean and the Misis oceanic lithosphere did not
exist yet (Fig. 41, SI1 e map 7). The South Armenian Block is
reconstructed as a microcontinent that is part of the otherwise
entirely oceanic Anadolu Plate. There are no direct constraints on
the motion of the Anadolu Plate relative to Africa and Eurasia other
than that motion is convergent with both, and we partition
convergence more or less equally over the two trenches sur-
rounding Anadolu Plate for much of the 100-80Ma interval. This
restoration has some uncertainty, but the resulting paleolatitude
curve for the South Armenian Block is consistent with



Fig. 41. Paleotectonic map of the Mediterranean region for the Albian (100Ma). Map is projected in a Europe-fixed reference frame. Latitudinal and longitudinal graticules in 10� intervals. See Supplementary Information 1 e map 7 for a
larger version of the map that includes abbreviations of the detailed tectonic units. GPlates rotation files are provided in Supplementary Information 3. For key to tectonic units, see Fig. 5.
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paleomagnetic data (Fig. 33). To the north, the Pontide trench is
accommodating northward Neotethys subduction, and the Black
Sea Basin is opening as a back-arc basin.

Previous reconstructions either inferred only a single subduc-
tion zone along the Pontide margin (Menant et al., 2016; Schettino
and Turco, 2010), or a second, intra-oceanic subduction zone
similar to our reconstruction (Barrier et al., 2018; Moix et al., 2008;
Sosson et al., 2016; Stampfli and Hochard, 2009). All these re-
constructions, however, assume that this intra-oceanic subduction
zone started well before 100Ma, varying from ~180 to 140Ma. It is
noteworthy that Csontos and V€or€os (2004) by 100Ma restored the
Tisza Block south of the Moesian Platform, instead of to the
northwest as in our reconstruction. This requires a significant
northward motion of Tisza relative to both Africa and Eurasia after
100Ma. Schettino and Turco (2010) infer that the Eastern Medi-
terranean Ocean had not opened yet by 100Ma and restore Greater
Adriatic units against the African margin.

7.7. Aptian e 120Ma

Iberia is at 120Ma undergoing its ~40� ccw rotation phase
relative to Eurasia that follows frommarine magnetic anomalies as
well as from paleomagnetic data (Fig. 18). This rotation occurs
around a pole in the eastern Bay of Biscay, which is actively
spreading, and is accommodated by northward subduction in the
Pyrenees, consuming oceanic lithosphere of the Iberian Plate pre-
served in the modern Reggane lower mantle slab (Vissers et al.,
2016). Iberian rotation is accommodated to the south by a right-
lateral transform between Africa and Iberia e with opposite sense
of shear as at 100Ma given the higher Iberian rotation rate in the
Aptian e and with a right-lateral transform from the Corsica-
Sardinia Block (Fig. 42, SI1 e map 8).

The Alpine subduction zone is highly oblique and is slowly
consuming Piemonte-Ligurian Ocean units. Towards the east, the
Alpine subduction zone curves to a N-S orientation and accom-
modates the eastward thrusting of the East Vardar Ophiolites onto
the Dacia Block, and farther south to the emplacement of the
Circum-Rhodope units onto the Serbo-Macedonian and Sreda Gora
units. The Dacia Block in the Carpathian realm is now fully sepa-
rated from the Moesian Platform and Danubian promontory by the
Ceahlau-Severin Ocean. The Tisza Block is restored to its pre-
thrusting dimension and lies separated by Sava oceanic corridors
from the Alpine units to the north, the Dacia units to the east and
the Dinaridic units to the west (Fig. 42, SI1 e map 8).

Thrusting of the Rhodopian nappes is now almost entirely
restored. As explained in section 5.10, we interpret the Rhodopian
nappe stack to form below a decollement along which the Dacia
nappes detached, and above a second, deeper decollement that
stripped the nappes from their lower crustal and lithospheric
mantle underpinnings. This way, we restore the Rhodope Lower
Unit as underpinnings of the Danubian Zone (or Struma unit in
Bulgaria), the Rhodope Lower Unit as underpinnings of the Sredna
Gora unit, and the Rhodope Uppermost and Pangaion-Pirin units as
the underpinnings of the Circum-Rhodope and Serbomacedonian
units. The Middle Rhodope unit with evidence for Triassic and
Jurassic high-pressure metamorphism, and both Permo-Triassic,
but also middle Jurassic mafic magmatic protoliths finds no
known equivalent in the Dacia nappe stack. We therefore restore it
as a separate belt between the Danubian and Sredna Gora units,
where it represents a Triassic suture zone. The Rhodope Middle
Unit may represent a pre-Cretaceous suture zone of which no rocks
were incorporated in the Cretaceous orogen. Given the middle-
Jurassic mafic protolith ages that were also retrieved from the
Rhodope Middle Unit (Froitzheim et al., 2014) it is possible that a
the Rhodope Middle Unit formed in a subduction zone that
following pre-middle Jurassic suturing became reactivated to form
a lateral equivalent oceanic basin to the Ceahlau-Severin Ocean.
This basin may then have been the host of the Trojan Flysch units
found in the Balkanides. Although admittedly speculative and
based on sparse information, our reconstruction follows this latter
scenario and infers that the Rhodope Middle Unit (Fig. 42, see for
tagged geological units SI1 e map 8) are located in a Jurassic
extensional basin e but this choice does not dramatically change
the reconstruction of older time-slices.

At 120Ma, shortening may still accommodate part of the
deformation observed below the East Bosnian-Durmitor nappe of
the Dinarides and possibly is still accommodating the overlying
contact with the Drina-Ivanjica unit initiated earlier in the Late
Jurassic. At this time, deformation is still accommodated below the
Upper Pelagonian Nappe of the Aegean nappe stack. Whether there
is still an actively subducting slab at this time attached to the
Pelagonian margin (which would be the Algerian Slab) or to the
Dacia margin (the Emporios Slab) is possible, but not be required as
thrusting could be driven by Africa-Europe convergence alone in
absence of subduction. These slabs may thus also have broken off
slightly before 120Ma.

Both the Pelagonian and Circum-Rhodope thrusts are bounded
to the southeast by a transform fault that separates the Sava Ocean
from the Neotethys Ocean of the Anatolian domain. The Neotethys
Ocean in the Anatolian segment is subducting northward in a single
subduction zone below the Pontide margin. In the upper plate of
the Pontide subduction zone, the Black Sea is in the early stages of
opening. The Pontide trench connects with the subduction zone
(where at this time the Mesopotamia Slab is subducting) along the
Iranian Cimmerides with a N-S trending highly oblique transform
fault at which the Khoy M�elange is accreting. To the south, Greater
Adria is now surrounded by passive margins. So is the South
Armenian Block, which is a microcontinent surrounded by Neo-
tethyan oceanic lithosphere, bounded to the east and west by
fracture zones (Fig. 42, SI1 - map 8), or an active transform to the
east depending on the kinematic evolution of the Neotethys in
between Iran and Arabia which is not restored in detail in this
paper.

Previous reconstructions bear first-order similarities with our
restoration. Differences pertain in the west to the assumption of
Cretaceous extension in the Pyrenean domain requiring a smaller
rotation of Iberia than in our restoration (Csontos and V€or€os, 2004;
Handy et al., 2010; Schettino and Turco, 2010; Stampfli and
Hochard, 2009). As for previous time-slices, this reconstruction
requires Iberia-Adria convergence, accommodated in the different
reconstructions by subduction of or below the Iberian margin, or
the Corsica-Sardinia margin that is assumed in these re-
constructions to be part of the Iberian Plate.

In the Alpine realm, our reconstruction differs from previous
restorations by restoring nappe stacking in the Austroalpine
domain. Previous reconstructions indicate a schematic, narrow
continental corridor (Stampfli and Hochard, 2009), or a continental
promontory of northern Adria that is less than half the size of our
reconstruction (Csontos and V€or€os, 2004; Schettino and Turco,
2010) in which no active deformation is indicated in the Creta-
ceous. These reconstructions require several hundred kilometers of
N-S and/or E-W extension in the eastern Alps on top of what we
already reconstructed here for the late Cenozoic. As a result, these
reconstructions show a much wider Piemonte-Ligurian Ocean
north of Adria than in ours. Handy et al. (2010) explicitly restored
shortening in the Austroalpine nappes and consequently show a
much narrower Piemonte-Ligurian Ocean north of Adria.

The smaller paleogeographic area occupied by continental crust
in the reconstruction of Csontos and V€or€os (2004), and their
reconstruction of Tisza to the South of Moesia led them to inferring
a wide Ceahlau-Severin Ocean that connected the Magura Ocean
towards the Neotethyan domain of Anatolia. Their reconstruction



Fig. 42. Paleotectonic map of the Mediterranean region for the Aptian (120Ma). Map is projected in a Europe-fixed reference frame. Latitudinal and longitudinal graticules in 10� intervals. See Supplementary Information 1 e map 8 for a
larger version of the map that includes abbreviations of the detailed tectonic units. GPlates rotation files are provided in Supplementary Information 3. For key to tectonic units, see Fig. 5.

D
.J.J.van

H
insbergen

et
al./

G
ondw

ana
Research

81
(2020)

79
e
229

186

mailto:Image of Fig. 42|tif


D.J.J. van Hinsbergen et al. / Gondwana Research 81 (2020) 79e229 187
infers a major northwestward component of the Dacia and Tisza
units relative to Eurasia and Africa and restored the Dacia units of
the northern Aegean region to an Aptian position occupied in our
reconstruction by the Pontides.

Stampfli and Hochard (2009) instead infer wide oceanic domain
in the Aegean-Anatolian segments, dipping northwards below the
Rhodope and Pontides. To the east, they connect this trench
southward to the subduction zone along the southern Iranian
margin but restore awide oceanic domainwithin Iran.We note that
our reconstruction of Iran is highly simplistic and does not take any
pre-Miocene deformation of Iran e of which there is plenty
(Moghadam and Stern, 2015) e into account. The reconstruction of
Stampfli and Hochard (2009) as well as Moix et al. (2008) and
Sosson et al. (2016) infer still two subduction zones within the
Anatolian domain and show the intra-oceanic subduction zone
above which the Cretaceous Anatolian Ophiolites formed in the
Aptian to the north of the Greater Adriatic margin. Schettino and
Turco (2010) infers that there was no northward subduction in
the Anatolian region, but instead infer that Africa-Europe conver-
gence was accommodated by northward subduction at an intra-
oceanic trench emplacing ophiolites onto Greater Adria in both
Greece (in Aptian time equivalent to the thrust below the Upper
Pelagonian Nappe in our reconstruction) and Anatolia, which is not
present in our reconstruction. They infer Early Cretaceous ophiolite
emplacement onto the Kırşehir Block.

Finally, Le Pichon et al. (2019) recently proposed a different
reconstruction whereby Adria moved with a major Jurassic to
Cretaceous left-lateral transform fault along the North African
margin opening the Eastern Mediterranean Ocean as a pull-apart
basin. Their reconstruction suggests that Adria rotated ~50� clock-
wise relative to Africa after 120Ma and converged 800 km with
Eurasia. If correct, this would lead to a dramatically different
restoration of the Mediterranean region than shown in our
reconstruction.

7.8. Berriasian e 140Ma

At 140Ma, Iberia was surrounded by ridges and transforms that
end in triple junctions in the Piemonte-Ligurian Ocean. Atlantic
Ocean reconstructions between Africa and North America and
Iberia and North America show that the ridge of the Piemonte-
Ligurian Ocean must have been connected to the Central Atlantic
ridge along a transform fault between Iberia and Africa at which
oceanic crust may have accreted in pull-apart basins (e.g., Vissers
et al., 2013), like in the Gulf of California in the Miocene (Stock
and Hodges, 1989). Towards the northeast, the Piemonte-Ligurian
ridge is reconstructed between the Briançonnais terrane and the
lower Austroalpine and Eo-Alpine units, towards theMagura Ocean
(Fig. 43, SI1 - map 9). We restore opening of the Valais Ocean in the
Early Cretaceous, by a clockwise rotation of the Corsica-Sardinia-
Briançonnais Block. We reconstruct the initiation of Alpine sub-
duction around 125Ma, as predicted by a change in Africa-Europe
convergence dictated by the Atlantic Ocean reconstruction. We
note, however, that this coincides with the onset of the Cretaceous
Quiet Zone in the time scale we use Gradstein et al. (2012), which
means that this onset may occur later and is poorly constrained
(and see the discussion in e.g. Midtkandal et al. (2016) on the onset
age of the Cretaceous Quiet Zone, whichmay also be younger, ~122-
121Ma). Early Cretaceous shortening, however, has been docu-
mented in the upper Austroalpine nappes (e.g., Handy et al., 2010)
and references therein).

Around the Sava Ocean, two opposite facing orogens are forming
at 140Ma. On the Adriatic margin, the Dinarides and Pelagonian
orogen are now fully restored and both are being obducted by the
West Vardar Ophiolites. Among these, theMeliaticumOphiolites on
the eastern Austroalpine nappes restore west of the Bükk blocks
and form thewesternmostWest Vardar Ophiolites. Simultaneously,
the East Vardar Ophiolites are obducting onto the Dacia margin. To
the south, the East Vardar Ophiolites are obducting the Dacia
megaunit, including the Circum-Rhodope unit. We infer that at this
stage, subduction is active at both sides of the Sava Ocean: the
Algeria Slab subducted eastward below the West Vardar Ophiolites
and the Emporios Slab below the East Vardar Ophiolites (see www.
atlas-of-the-underworld.org and van der Meer et al. (2018)). Please
note that the East Vardar ophiolites are now reconstructed in the
middle of the Sava Ocean, particularly the South Apuseni Moun-
tains segment adjacent to Tisza. It actually means the poorly known
Western (presently northwestern) margin of Dacia (i.e. Biharia)
must have been connected with a wider thinned continental
margin, presently thrusted by Tisza in the narrow sector separating
Tisza from Dacia. Furthermore, we reconstruct the West and East
Vardar Ophiolites to the center of the ocean between Adria and
Dacia at 170Ma (see next section), which requires divergence be-
tween the two obduction fronts between 170 and final emplace-
ment onto these margins at 130Ma, by which time thrusting
propagates into the passive margin. Given overall Adria-Dacia
convergence reconstructed from the Atlantic Plate circuit, such
extension necessitates roll-back and the presence of two slabs at
140Ma. Lithosphere formed above these two slabs is displayed as
Sava oceanic lithosphere, of Middle Jurassic to Early Cretaceous age,
whilst lithosphere subducted below the Sava oceanic lithosphere is
mapped as Neotethys Ocean, of Triassic to Middle Jurassic age.
There is no evidence that the Tisza Block was ever obducted by
ophiolites, and we therefore reconstruct it as a microcontinent
within the Sava Ocean, in an upper plate position relative to both
subduction zones. The two trenches on either side of the Sava
Ocean end against a transform fault at the transition to the
Anatolian segment.

There is no evidence that Jurassic ophiolites also obducted the
Greater Adriatic margin of Turkey. All Jurassic ophiolites of Turkey
are located in a structurally higher position than the Cretaceous
ophiolites. This means that the Greater Adriatic margin was free
from obducted ophiolites in the Cretaceous, and that the Jurassic
Anatolian ophiolites were located in an upper plate position rela-
tive to the Cretaceous ophiolites. The simplest scenario is then to
locate them in the Pontides forearc, adjacent to the Jurassic Pon-
tides and Lesser Caucasus Arcs (Mederer et al., 2014; Okay et al.,
2014). In the upper plate of this subduction zone are two Jurassic
basins that have the same age as the Jurassic ophiolites of the Izmir-
Ankara-Erzincan Suture Zone: The Intra-Pontide Ocean in the west
and the Greater Caucasus Basin in the east. At 140Ma, the Intra-
Pontide Ocean is closing in the upper plate of the Neotethyan
subduction zone. We infer full closure of the intra-Pontide suture
by 130Ma at which time the Black Sea Basin starts opening and the
upper plate transitions from compression to extension.

At 140Ma, there was likely still active mid-ocean ridge
spreading in the Neotethys Ocean, whereby the ridge was
approaching the Pontides. The subduction of this ridge may have
triggered opening of the Black Sea back-arc basin. This ridge was
located north of the South Armenian microcontinent in our
reconstruction, but we infer that there was an active transform
plate boundary between the Anatolian and Iranian segments of the
Neotethys in the Late Jurassic-Early Cretaceous. Arc-type granodi-
orite intrusions of ~155Ma in the South Armenian Block are
interpreted to be related to subduction (H€assig et al., 2015), which
we infer must then have occurred by oblique convergence at the
transform fault to the east of the South Armenian Block, perhaps
similar to the highly oblique subduction at the Arabia-India Plate
boundary in the Paleocene (Gaina et al., 2015). We schematically
indicate such an oblique subduction zone to the east of the South
Armenianmicrocontinent in our 140Ma reconstruction (Fig. 43, SI1
e map 9).

http://www.atlas-of-the-underworld.org
http://www.atlas-of-the-underworld.org


Fig. 43. Paleotectonic map of the Mediterranean region for the Berriasian (140Ma). Map is projected in a Europe-fixed reference frame. Latitudinal and longitudinal graticules in 10� intervals. See Supplementary Information 1 e map 9
for a larger version of the map that includes abbreviations of the detailed tectonic units. GPlates rotation files are provided in Supplementary Information 3. For key to tectonic units, see Fig. 5.
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Previous reconstructions all agree that at 140Ma, the Piemonte-
Ligurian Ocean was still spreading. Most reconstructions place
Iberia against the North American and Armorican margin and infer
initial break-up at or after 140Ma (Csontos and V€or€os, 2004; Handy
et al., 2010; Schettino and Turco, 2010), and Stampfli and Hochard
(2009) indicate pre-drift extension in the Central Atlantic and Bay
of Biscay Basins. Because in these reconstructions Corsica-Sardinia-
Briançonnais is assumed to be part of Iberia, they predict opening of
the Valais Ocean after 140Ma, whereas in our reconstruction we
open the Valais Ocean during a phase of Adria-Europe divergence
between ~155 and 145Ma.

Most previous reconstructions infer an east-dipping subduction
zone below Sava Oceanic lithosphere emplacing the West Vardar
Ophiolites on the Greater Adriatic margin around 140Ma (Barrier
et al., 2018; Csontos and V€or€os, 2004; Handy et al., 2010;
Schettino and Turco, 2010; Stampfli and Hochard, 2009). On the
eastern side of the Sava Ocean, reconstructions vary more. Stampfli
and Hochard (2009) also reconstruct a south-west dipping sub-
duction zone emplacing East Vardar Ophiolites. Where our recon-
struction places Tisza in the upper plate and connects the two
subduction zones with a transform between Tisza and the Eo- and
lower Austroalpine units, Stampfli and Hochard (2009) and Moix
et al. (2008) infer that the trench curved around and placed the
Tisza Block in the obducted margin. They connect the East Vardar
trench to a west-dipping intra-oceanic subduction zone with the
Sava suture in the upper plate. Csontos and V€or€os (2004) and
Golonka (2004) reconstruct subduction zone below the Dacia and
Tisza units in this time. Schettino and Turco (2010) reconstruct no
subduction or deformation along the eastern Sava margin.

In the Anatolian segment, most reconstructions infer a north-
dipping subduction zone along the Pontide margin around
140Ma (Barrier et al., 2018; Golonka, 2004; Robertson et al., 2013c;
Sosson et al., 2016). Barrier et al. (2018) restore some 500 km of
Cretaceous extension in the eastern Black Sea and Greater Caucasus
Basin and align the eastern Pontide trench with the thrust front of
the North Dobrogea orogen. Stampfli and Hochard (2009) andMoix
et al. (2008), however, reconstruct a passive margin between the
Pontide units and the Neotethys around 140Ma, and place the
Sanandaj-Sirjan Zone, which is part of the Iranian Cimmerides, as
the southern conjugate margin. This implies ~1500 km eastward
motion of the Sandandaj-Sirjan Block in the Cretaceous. They infer
that the Sanandaj-Sirjan Block and the Neotethys Ocean Basin to
the north were subducting westwards below the Sava (their Var-
dar) Ocean. Stampfli and Hochard (2009) and Moix et al. (2008)
infer that around 140Ma the subduction zone that emplaces
Cretaceous ophiolites onto Greater Adria, Arabia, and northern
Africa, initiates close to the Sanandaj-Sirjan margin, opening a
‘Semail’ Ocean (similar to our Misis ocean, but referring to the
Semail Massif of Oman) in the upper plate.

Robertson et al. (2013c) presents a reconstruction similar to ours
with one subduction zone along the Pontides with the Jurassic
ophiolites in the Pontide forearc. Greater Adria is in a downgoing
plate position as part of the African Plate, as in our reconstruction,
although they reconstructed a separate ‘Berit’ Ocean between the
Geyikda�gı unit and the Bitlis, Malatya, and Kyrenia blocks. This Berit
Ocean also features in Barrier et al. (2018) who, moreover, infer that
the West Vardar subduction continued into the Anatolian realm
and from there all the way to the Indian Ocean. They infer that this
subduction zone emplaced ophiolites onto the Pelagonian and
Dinarides margin in the Early Cretaceous, and that this same sub-
duction zone was responsible for the late Cretaceous obduction of
northern Greater Adria in the Anatolian segment. Sosson et al.
(2016) also infers that the Cretaceous ophiolites were obducted
by a subduction zone that existed since at least middle Jurassic
time, but ends this trench in a triple junction with north-dipping
trenches below Dacia and the Pontides at the longitude of
western Anatolia throughout the Jurassic and Cretaceous.

7.9. Bajocian e 170Ma

At 170Ma, Iberia was undergoing pre-drift extension in the
Atlantic domain and the Piemonte-Ligurian Ocean is in the early
stages of opening (Fig. 44, SI1 e map 10). The Piemonte-Ligurian
Ocean opened as part of the Atlantic system: after 180Ma, we
connect Greater Adria to Africa and open the Piemonte-Ligurian
Ocean by accommodating the deficit of Central Atlantic spreading
to the north of the Newfoundland-Gibraltar Fracture Zone as Pie-
monte Ligurian Ocean spreading (Vissers et al., 2013; see also
Frisch, 1979). Reconstructing the Piemonte-Ligurian Ocean brings
the Northern margin of Adria, including the Southern Alps and the
Ivrea body, adjacent to the southwestern European margin con-
taining rocks of the North Pyrenean Zone. To the west, the Ivrea
body of NW Adria lies against the Cap de Creus margin of the
easternmost Axial Zone of the Pyrenees, which at 170Ma is un-
dergoing continental extension (Vissers et al., 2017). Because the
Stilo-Aspromonte-Peloritan unit of Calabria has high-grade Varis-
can metamorphic rocks similar to those found in the Axial Zone of
the Pyrenees and in NWAdria, but much higher grade than those of
southwest Sardinia which instead contains low-grade meta-
morphic Variscan foreland units (see sections 5.4 and 5.5.2), we
restore this part of Calabria adjacent to Sesia and the upper Aus-
troalpine units against the North Pyrenean Zone. We infer that
during oblique break-up of this margin, the Stilo-Aspromonte-
Peloritan unit moved along a transform fault to Sardinia, after
which it was left behind by a jump in the rift to the south. This jump
was also responsible for opening oceanic lithosphere (or exhuming
mantle) between the Sesia fragment and NWAdria. Following this
extension, the oblique Alpine trench formed south of the Stilo-
Aspromonte-Peloritan unit, but north of the Sesia fragment, lead-
ing to their separation. It was also at this margin that we infer the
Pyrenean ultramafic bodies were exhumed, in the wake of the
rifting Stilo-Aspromonte-Peloritan Block, in Middle Jurassic time.
They were then during Early Cretaceous subduction accreted to the
North Pyrenean Zone, and received a thermal pulse resetting their
40Ar/39Ar clocks following Albian slab break-off (see also Vissers
et al., 2016).

The opening of the Piemonte-Ligurian Ocean generates E-W
contraction between the Greater Adriatic margin and the Dacia
domain, which is accommodated by subduction initiation within
the Balkan Neotethys (Maffione and van Hinsbergen, 2018). There
just prior to 170Ma the mid-ocean ridge of the Neotethys, relics of
which are preserved as a belt of MORB ophiolites in the West
Vardar Ophiolite belt of the Albanides and Hellenides, subduction
started, probably along oceanic detachment faults adjacent to the
mid-Neotethys ridge (Maffione et al., 2015). Reactivation of the
ridge in the upper plate led to the supra-subduction zone type crust
found in the rest of the West Vardar Ophiolites. Subduction below
the East Vardar Ophiolites must also have been active at 170Ma. In
this reconstruction, we infer that subduction below the East Vardar
Ophiolites also initiated, perhaps on the eastern flank of the mid-
Neotethys ridge. We will discuss alternatives in the discussion
section.

The Sava ridge and adjacent trenches abut in the north and
south against transform faults. The southern lies at the transition to
the Anatolian segment, the northern along the Eo- and lower
Austroalpine continental units that lie now restored against the
south European margin (Fig. 44, SI1 e map 10). Restoring the Tisza
Block is challenging, as direct kinematic constraints are lacking.
Based on stratigraphic arguments, e.g. Haas and P�er�o (2004) sug-
gested that the Tisza Block in Early Jurassic and earlier times was
connected to the northeastern, Central European margin of the
Tethys rather than the Adriatic margin. In absence of other



Fig. 44. Paleotectonic map of the Mediterranean region for the Bajocian (170Ma). Map is projected in a Europe-fixed reference frame. Latitudinal and longitudinal graticules in 10� intervals. See Supplementary Information 1 emap 10 for a
larger version of the map that includes abbreviations of the detailed tectonic units. GPlates rotation files are provided in Supplementary Information 3. For key to tectonic units, see Fig. 5.

D
.J.J.van

H
insbergen

et
al./

G
ondw

ana
Research

81
(2020)

79
e
229

190

mailto:Image of Fig. 44|tif


D.J.J. van Hinsbergen et al. / Gondwana Research 81 (2020) 79e229 191
constraints, we use this as argument to restore the Tisza Block to
the northeast. We accommodate this by inferring that the East
Vardar trench did not continue prior to 150Ma between Tisza and
Dacia, but that Tiszawas connected to thewest Sava Plate above the
West Vardar subduction zone. We accommodate the roll-back of
this subduction zone to the northeast of the Tisza Block, thereby
restoring Tisza to the Central European margin, adjacent to, and to
the north of Dacia. We accommodate the NE-SW opening of the
Ceahlau-Severin Ocean at the East Vardar trench, and restore a
speculative similar amount of extension decreasing the area occu-
pied in the reconstruction by the Middle Rhodope Unit.

In the Anatolian segment, active Neotethys spreading is
accommodated by transform faults between the Sava and Iranian
Neotethys segments, and by northward subduction below the
Pontide trench in the north. This trench was in its nascent stages
and generated extension in the upper plate (Fig. 44, SI1 e map 10).
This extension opened the Intra-Pontide Ocean in the west, gen-
erates the extension that forms the Jurassic south-Pontide and
Armenian supra-subduction zone ophiolites, and in the east
extension was partitioned over the forearc and the Greater Cau-
casus Basin in the back-arc. Arc magmatism on the Eastern Pontides
and in the Transcaucasus ranges suggests that the oceanic forearc
was narrow between a trench and a continental arc, as recon-
structed elsewhere, e.g. in the Early Cretaceous of Tibet (Huang
et al., 2015) or the Triassic of Baja California (Boschman et al., 2018).

Previous reconstructions follow similar logic for the opening of
the Piemonte-Ligurian Ocean, which in all cases is closed going
backwards in time by Early or Middle Jurassic time (Csontos and
V€or€os, 2004; Handy et al., 2010; Schettino and Turco, 2010;
Stampfli and Hochard, 2009). Only Le Pichon et al. (2019) suggested
that Adria did not form the conjugate margin of SE Iberia and
instead restore the crust underlying the modern NW-SE trending
Adriatic sea to parallel to the North African margin of Lybia and
Egypt, and infer ~50� clockwise rotation of Adria relative to Africa
accommodated along a transform, and some 800 km of conver-
gence between northern Adria and Europe.

To the northeast of Adria, Stampfli and Hochard (2009) and
Moix et al. (2008) reconstruct two NE-SW striking oceanic basins,
Meliata and Maliac, separated by a ‘Transdanubian’ Block. These
oceans strike orthogonal to the Balkan Neotethys and Sava Ocean in
our reconstruction. They infer that these oceans were subducted
eastward belowoceanic lithosphere that emplaced theWest Vardar
Ophiolites onwhich in their reconstruction subduction started at or
before 220Ma. Csontos and V€or€os (2004) link the opening of the
Ceahlau-Severin Ocean as well as the Balkan Neotethys to the
Magura Ocean and Piemonte-Ligurian system and suggest that this
was accommodated by subduction in the North Dobrogea orogen.
They reconstruct the emplacement of the West and East Vardar
Ophiolites to result from a northwestward radially rolling back
system similar in style to our Late Cretaceous scenario for the
southeastern Mediterranean region (compare their Fig. 24 with our
Fig. 40). Barrier et al. (2018) and Sosson et al. (2016) infer a similar
subduction zone along the south Pontide margin as in our recon-
struction but restore a second northeast dipping intra-oceanic
subduction zone within the Anatolian Neotethys, that will even-
tually obduct the Cretaceous Anatolian ophiolites. Moreover,
Barrier et al. (2018) infer that the Eastern Mediterranean Oceanwas
closed prior to 180Ma and opened by NW-SE extension in the
course of the Jurassic. They do not specify how the NW-SE
convergence that this would have generated in the western Med-
iterranean region was accommodated.

7.10. Hettangian and Ladinian - 200 and 240Ma

At 200Ma, Adria is fixed relative to Eurasia in a somewhat
tighter fit, but otherwise similar configuration as at 170Ma (Fig. 45
and SI1 e map 11). Late Triassic to Early Jurassic (220-180Ma)
extension between Europe and North America reconstructed from
the Norwegian and Greenland margins (Torsvik et al., 2012) is
accommodated in our reconstruction in the Bay of Biscay region, in
the western Piemonte-Ligurian Ocean, where it is mainly a trans-
form motion, and from there towards the Eastern Mediterranean
Ocean. The direction of extension is more or less parallel to the
Tunisian and Levant margins, and the amount of extension is more
or less equal to the width of the Eastern Mediterranean Ocean.
Restoring this extension using the poles of Torsvik et al. (2012)
leads to a tight fit of Greater Adria within the North African
margin in the Early Triassic (Fig. 46 and SI1emap 12).We infer that
the Lago Negro Basin opened due to a small component of trans-
tension and rotation of the Apenninic-Lazio-Abruzzo Platform. We
note that our reconstruction accommodates all extension between
northern Iberia and the Armoricanmargin. This simplification leads
to a large overlap of the northern Iberian and South Pyrenean units
and the Armorican margin yet leaves part of the southern
Piemonte-Ligurian Ocean unrestored. Moreover, there is unequiv-
ocal evidence for Late Triassic to Early Jurassic extension in the
Atlas rift and Iberia (Arche and L�opez-G�omez, 1996; Frizon de
Lamotte et al., 2008) and extension was likely much more widely
distributed than modeled here. This, however, would require a
more southwestward restoration of Iberia against North America
than in the reconstruction of Sibuet et al. (2012) that we use as
input.

We restore several hundreds of kilometers of pre-drift extension
between the Apulian Platform and North Africa, restoring the
Hyblean plateau closer to the African margin. In the eastern Med-
iterranean region, our reconstruction restores several hundreds of
kilometers of Triassic pre-drift extension and latest Triassic oce-
anization, juxtaposing the Gürün Curl margin of the Geyikda�gı
Platform against the west Arabian margin. The Eratosthenes
Seamount and the Trypa unit of Northern Cyprus are restored to
closer to Africa and Arabia. The easternmost Taurides and Bitlis
Massifs form the conjugate margin of NW Arabia (Figs. 45 and 46
and SI1 e maps 11 and 12). The resulting reconstruction restores
the North African and Greater Adriatic conjugate margins and the
Triassic to Early Jurassic portion of the Eastern Mediterranean
Ocean by ‘Atlantic’ spreading, i.e. kinematically linked to predrift
extension within the Atlantic realm. The reconstruction also leaves
space for the Herodotus Oceanwithin the north Gondwana margin,
which was already open in the Carboniferous (Granot, 2016). This
oceanmay be a relict back-arc basin from the Paleozoic but is in any
case unrelated to the Atlantic or Neotethyan systems.

By closing the Piemonte-Ligurian and Eastern Mediterranean
oceans, all extension induced by Atlantic break-up and ocean-
ization is restored. The Central and Eastern Mediterranean region
are contained between the Adriatic and Eurasian margins, which
were either stationary (prior to 180Ma), or converging after
180Ma. The overwhelming evidence for Triassic and Jurassic
extension and ocean spreading within the Neotethyan domain
therefore unequivocally requires that all area gained by extension
was balanced by area loss due to subduction, with little or no ac-
cretion. This observation has long been the basis for invoking that
prior to the opening of the Neotethys, the area between Adria/
Arabia and Eurasia was occupied by an earlier ocean, the Paleo-
tethys (e.g., Şeng€or et al., 1980, 1984). Contrary to the closure his-
tory of the Neotethys Ocean, which has left spectacularly deformed
orogens that are the focus of restoration of this paper, the geological
record of the Paleotethys is extremely sparse and reconstructing
the Paleotethys subduction zone, and identifying its suture, is
particularly challenging. With little or no accretion Our recon-
struction places the Paleotethys suture along the northeastern
margin of the Dacia megaunit in the Balkan segment, and along the
northern Pontides, north of the Istanbul, Eastern Pontides, and



Fig. 45. Paleotectonic map of the Mediterranean region for the Hettangian (200Ma). Map is projected in a Europe-fixed reference frame. Latitudinal and longitudinal graticules in 10� intervals. See Supplementary Information 1 e map 11
for a larger version of the map that includes abbreviations of the detailed tectonic units. GPlates rotation files are provided in Supplementary Information 3. For key to tectonic units, see Fig. 5.
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Fig. 46. Paleotectonic map of the Mediterranean region for the Ladinian (240Ma). Map is projected in a Europe-fixed reference frame. Latitudinal and longitudinal graticules in 10� intervals. See Supplementary Information 1 emap 12 for
a larger version of the map that includes abbreviations of the detailed tectonic units. GPlates rotation files are provided in Supplementary Information 3. For key to tectonic units, see Fig. 5.
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Transcaucasus range in the Anatolian segment.
In the Balkan segment, extension of the Neotethys, documented

in the nappes of the Dinarides and Hellenides, started around
240Ma. Triassic basalts and pelagic sediments are also the oldest
oceanic relic found in m�elanges below the West Vardar Ophiolites
(see section 5.11) confirming a Triassic onset of oceanization. MORB
basalts preserved in the westernmost belt of the West Vardar
Ophiolites demonstrate that oceanic Balkan Neotethys spreading
continued until ~170Ma. By inference, Paleotethys subduction
must therefore have been active for at least 70Ma, from 240 to
170Ma in order to drive the ocean spreading of the Neotethys.
Moreover, because the Pindos Basin contains Triassic basalts with a
back-arc basin geochemistry (Pe-Piper and Piper, 1991), and there is
evidence for Late Paleozoic arc volcanism in rocks of e.g. the
Phyllite-Quartzite unit of Crete (lying tratigraphically below the
Tripolitza Platform) (Zulauf et al., 2015, 2016), Paleotethys sub-
duction must have been dipping below the northeastern Adriatic
margin and opening of the Neotethys requires northeastward roll-
back of the Paleotethys slab.

Because seismic tomography reveals only one anomaly below
the Aegean Slab that is a candidate to contain the subducted
Paleotethys lithosphere e the Emporios Slab of van der Meer et al.
(2018). Maffione and van Hinsbergen (2018) recently postulated
that this anomaly must contain the lithosphere subducted below
the East Vardar Ophiolites prior to inception of the Aegean sub-
duction zone around 100Ma (Fig. 41), as well as the lithosphere of
the Paleotethys Ocean. They tentatively postulated that therefore
the East Vardar Ophiolites formed above the subduction zone that
had been consuming the Paleotethys lithosphere since the Triassic.

The problem with that suggestion e as admitted by Maffione
and van Hinsbergen (2018) e is that there is no geological record
of any pre-Triassic ocean-derived sediment, nor a pre-middle
Jurassic metamorphic record in the m�elanges below the East Var-
dar Ophiolites. The only record of Triassic to Early Jurassic sub-
duction in the Balkan Peninsula is contained in the Middle
Rhodopian Unit, also known as the Nestos Suture (Turpaud and
Reischmann, 2010) and in the Balkanide units (Schmid et al.,
2019). Because of the intense Cretaceous metamorphism in the
Rhodope, the early history of the Nestos suture is notoriously
difficult to constrain, but if the Triassic-Jurassic ages for high-
pressure metamorphism in the Rhodope Middle Unit are correct.
However, the constraints of our restoration make this Middle
Rhope Units the underpinnings of a Jurassic suture zone contained
in the Balkans (the Kotel flysch), recently interpreted, then this is
the only record of Paleotethys subduction that we are aware of in
the Balkan Peninsula. As described above, we restored top-to-the-
north late Triassic-Jurassic thrusting with at least 50 km short-
ening in the North Dobrogea orogen inverting a (Permian?) - Early
Triassic basin in North Dobrogea, but there is no evidence that there
was ever a Triassic or Jurassic ocean or a subduction zone accom-
modating hundreds of kilometers of subduction there. To the east,
North Dobrogea has been correlated with the Triassic e Lower
Jurassic deep-water foredeep sedimentation and Middle - Late
Jurassic arc magmatism in Crimea (e.g., Meijers et al., 2010a, 2010b,
2010c). Our restoration, however, suggests that Crimea and North
Dobrogeawere separated by a long-lived transform plate boundary,
and the stratigraphy and structure of Crimea may not be repre-
sentative for North Dobrogea.

Our reconstruction of the Rhodope Middle Unit e which is
based on several first-order assumptions, including top-north
thrusting of the Rhodopian nappe stack at depth below a decolle-
ment at the base of the Dacia units e would place the Nestos/
Paleotethys suture between the Danubian/Struma Zone and the
Sredna Gora/Getic Zone of Dacia. Laterally, this would mean that
this suture was reactivated to open the Ceahlau-Severin Ocean,
which may have destroyed much of the geological record of the
suture. Assuming that the Nestos suture represents the Paleotethys
suture, and that our reconstruction of the Rhodope Middle Unit is
correct, we therefore reconstruct the Dacia megaunit as the Balkan
‘Cimmerian’ Block, and as conjugate margin of the Jadar Kopaonik
margin of the Dinarides, Albanides, and Hellenides.

In Anatolia, unequivocal evidence for the location of a Paleo-
tethys suture is also sparse. A prominent record of Triassic high-
pressure metamorphic rocks is present in the form of the Kar-
akaya complex found in windows below the Pontides (see section
5.12.1). The direction of underthrusting of the Karakaya rocks below
the Pontides cannot be constrained with any certainty from the
rocks themselves, however and other lines of evidence are required.
Şeng€or and Yılmaz (1981) interpreted the Karakaya rocks to derive
from a Permo-Triassic back-arc basin above the Paleotethys sub-
duction zone, but the finding of Devonian cherts within the Kar-
akaya complex makes a strong case that this unit represents a
Paleotethys-derived subduction complex (Okay et al., 2011). Okay
and Nikishin (2015) pointed at a Triassic volcanic arc buried on
the southern Eurasian margin of Russia, north of the Black Sea and
Caucasus and used this as argument for northward subduction. The
location of the trench responsible for this arc must be south of the
Greater Caucasus, where an ophiolitic suture zone between the
Scythian Platform and Upper Paleozoic eclogites is unconformably
covered by upper Paleozoic sediments (see section 5.12.4) and is
thus too old to be a Paleotethys suture. Because the basement of the
Transcaucasus and eastern Pontides also have Late Paleozoic ages
and formed in an orogenic setting at this time, most authors infer
that Paleotethys subduction occurred to the south of the Pontides.
This would, however, imply an arc-trench distance of >500 km,
which is unlikely. A closer trench could have been located along the
south Crimean margin, accreting the deep-marine Triassic to lower
Jurassic Tauric Flysch (Fig. 45, SI1 e maps 11 and 12). Towards the
east, there is no geological record of a suture zone between the
Greater Caucasus and Transcaucasus ranges that both contain an
Upper Paleozoic crystalline basement. We note, however, that the
Greater Caucasus Basin must have accommodated hundreds of ki-
lometers of extension to come close to oceanization, and subse-
quently subducted some 300 km during formation of the Lesser
Caucasus orocline, and the geological record of its basement, and
any suture zone contained therein, has thus been lost during the
post-Early Jurassic tectonic history.

There is also evidence for southward Paleotethys subduction.
For instance, the Menderes Massif contains Permian and Triassic
granitoids with an arc signature (Candan et al., 2016a) and Sayit
et al. (2015a) reported lower Upper Triassic (Carnian) arc lavas
intercalating with pelagic limestones and radiolarian cherts from
the Lycian nappes. Our reconstruction therefore invokes two-sided
subduction, and a suture zone below the modern Black Sea and lost
in the opening and closure history of the Greater Caucasus Basin. A
northward subduction zone accreted the Tauric Flysch of Crimea
and formed the Triassic South Russian Arc. The southward sub-
duction zone dipped below Sakarya, the Eastern Pontides, and the
Transcaucasus range, and opened the Anatolian Neotethys Ocean in
the Triassic. We restore the Pontides against the Greater Adriatic
Margin in the Early Triassic (Fig. 46, SI1 e map 12). This is consis-
tent with the recent conclusion of Ülgen et al. (2018) based on
sediment provenance analysis that sediments derived from the
Strandja Massif (Circum-Rhodope belt) were deposited in Triassic
time on the Istanbul Zone, which in our reconstruction are adjacent
(Fig. 46, SI1 e map 12).

We reconstruct the South Armenian Block first as part of the
Transcaucasus range during initial opening of the Neotethys Ocean,
which became an isolated microcontinent due to a ridge jump, a
well-known mechanism of microcontinent formation in e.g. the
Indian Ocean (Torsvik et al., 2013), at 210Ma that left it in its
reconstructed position that followed from restoring the Lesser
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Caucasus Orocline, its 75Ma collision and rotation, and its history
as part of the Anadolu Plate. Our reconstruction follows previous
reconstructions of Paleotethys closure for the Iranian segment
(Barrier et al., 2018; Muttoni et al., 2009).

Our reconstruction follows for the Anatolian segment more or
less the scenario long advocated for by Şeng€or and Yılmaz (1981).
Those authors inferred that the Paleotethys closure occurred
around a pivot in the Moesian Platform, a scenario that leaves the
opening of the Balkan Neotethys unexplained. Most other authors
infer a single, northward Paleotethys subduction zone below the
Pontide-Transcaucasus margin, with Neotethys opening along the
Paleotethys passive margin with Greater Adria (Barrier et al., 2018;
Golonka, 2004; Okay and Nikishin, 2015; Robertson et al., 2013c).
Csontos and V€or€os (2004), however, infer that the Paleotethys
subduction zone was located along the Apulian and Ionian-
Geyikda�gımargin, and consider the EasternMediterranean Ocean a
remnant basin of the Paleotethys. Moix et al. (2008) and Stampfli
and Hochard (2009) present a reconstruction that is a hybrid be-
tween the above scenarios. They infer a Paleotethys suture within
the Dinarides, between the Tripolitza and Pindos units of Greece,
and between Menderes and Geyikda�gı and the Tavşanlı and
Kırşehir blocks. Csontos and V€or€os (2004), Moix et al. (2008) and
Stampfli and Hochard (2009) infer that the extension of the Pindos
Basin and the Balkan Neotethys occurred above a north-dipping
Paleotethys subduction zone. Moix et al. (2008) and Stampfli and
Hochard (2009) infer that to the east, Paleotethys subduction
occurred northward rifting the Sanandaj-Sirjan Zone off the Pon-
tides. Finally, Schettino and Turco (2010) reconstruct no subduction
and no extension within the Balkan or Anatolian Neotethys in the
Triassic.

8. Discussion

8.1. Artifacts, uncertainties, and alternatives

In the previous section, we described how the systematic
reconstruction protocol we used (Table 2) and the data provided
from the Atlantic ocean floor and Mediterranean orogens led to a
kinematic reconstruction of tectonic units, and where this recon-
struction differs from previous reconstructions. In this section, we
will assess uncertainties in our reconstructions and which where
patterns on our maps be artifacts of our reconstruction approach
and choices. With these caveats in mind, we will then address the
main differences with previous reconstructions and discuss towhat
extent these differences may concern viable alternative solutions.

As basis for our reconstruction, we used the tectonic map of the
Mediterranean region of Schmid et al. (2019), expanded to the west
and east to cover our entire study area. This map interprets modern
outcrop patterns, which result from paleogeographic distribution,
deformation, and erosion. We chose to propagate these outcrop
patterns, for instance of nappe fronts, back in time in our recon-
struction. The benefit of this approach is that these patterns provide
users with a reference to track a particular modern location back in
time, but the reader of our maps should bear in mind that the often
detailed and complex shape of a thrust fault in our reconstructions
is inherited from today's pattern and may not be representative for
the presented time-slice.

Using present-day outcrop patterns in our reconstructions also
prevented us from significantly changing the area of a tectonic unit
in the reconstruction without evidence for deformation. For
instance, many previous reconstructions map the Austroalpine
units to cover a paleogeographic area that is much smaller than
today's area, even when corrected for documented Miocene
extension. That would require net extension despite the fact that
these units are now a thrusted nappe stack. Our approach pre-
vented us from letting our ideas on a paleotectonic configuration
prevail over the systematic reconstruction hierarchy. It also defines
the scale of tectonic problems in the past. For instance, the amount
of pre-drift extension accommodated within Adria and Southern
Europe prior to the opening of the Piemonte-Ligurian Ocean is
unquantified and therefore not restored in any detail but may be
estimated from the overlap between restored units the Adriatic and
European margins (which is a few hundred kilometers, a common
number for pre-drift extension (Torsvik et al., 2008). In places of
reconstructed overlap, we have offered an interpretation of a
paleotectonic configuration based on our reconstruction, but the
GPlates reconstruction lines are visible on the map allowing a
reader to see what we reconstructed, and what we interpreted
based on that.

Artifact arise from the, often, regional character of research
communities. For instance, the Dinarides and the Hellenides have
each their own communities, definitions and logic, which led to
two different interpretations of orogenic evolution. For both oro-
gens, we applied more or less cylindrical deformation histories,
projecting along-strike observations to a 2D evolution. Differences
in interpreted history from such orogenic segments were recon-
structed along known faults, in this case the Scutari-Pec Fault, but it
is possible that some displacements, or jumps on the map between
paleotectonic units across such faults are an artifact of this recon-
struction approach. We believe that the major transform systems
between the Iranian, Anatolian, Balkan, and Alps segments, as well
as the Scutari-Pec Fault, that we infer were inherited from Paleozoic
time (Fig. 46), were real structures, but in more detail, we may also
culminate errors associated with assumptions on cylindricity on
these structures.

Our reconstruction is consistent with marine magnetic anomaly
reconstructions of the Atlantic Ocean and Bay of Biscay, available
constraints on fault motions, and paleomagnetism, but all of these
constraints come with uncertainties. Some of these may be quan-
tified (Iaffaldano and Stein, 2017), for instance, uncertainties in
ocean floor reconstructions are typically on the order of some tens
of kilometers (Doubrovine and Tarduno, 2008), although uncer-
tainty in plate motion changes during the Cretaceous Quiet Zone
(~125-83Ma according to Gradstein et al., 2012, or ~121-83Ma
according to Midtkandal et al. (2016)) are larger. Paleomagnetic
data, particularly when compiled in APWPs may be associated with
uncertainties of ~5�, but for individual poles, these uncertainties
may be considerably larger. Finally, uncertainties in timing of
deformation, and magnitude of displacement are often hard to
quantify. To use reconstructions like ours for future quantitative
input in physical modelling it is important that we develop ap-
proaches to quantify such uncertainties.

With these caveats in mind, we will now address the viability of
alternative scenarios. Many differences of our reconstruction with
previous renditions stem from data unavailable (or not compiled)
at that time. In addition, our reconstruction is the first to system-
atically include paleomagnetic constraints. The most prominent
differences with previous reconstructions identified in Section 7,
however, stem from more philosophical choices and assumptions
and will be addressed below.

8.2. Iberia rotation, Briançonnais-Corsica-Sardinia-Iberia
contiguity, and Pyrenean evolution

Many previous reconstructions assume that Iberia moved
gradually eastward along the southern Eurasian margin, causing
transtensional opening of a Pyrenean Ocean throughout the Early
Cretaceous. This reconstruction assumes that high-temperature
metamorphism in the Pyrenees around 100Ma was related to hy-
perextension and mantle exhumation and predicts a gradual
counterclockwise rotation of Iberia of not more than ~20�. This
would have caused Early Cretaceous E-W convergence between
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Adria and Iberia. In addition, previous reconstructions also assume
that Corsica-Sardinia and the Briançonnais terrane were a contig-
uous part of Iberia until the Paleogene. Combined, this recon-
struction would require subduction between the Briançonnais,
Corsica, and Sardinia throughout the Cretaceous (e.g., Schettino and
Turco, 2010; Stampfli and Hochard, 2009).

First, recent paleomagnetic data (Advokaat et al., 2014b) (Fig. 21)
demonstrate that Sardinia, and by inference Corsica and the
Briançonnais terrane, did not experience the Cretaceous rotation of
Iberia, and rotated independently from Iberia since the latest
Cretaceous. These units were therefore not contiguous and
invoking Early Cretaceous subduction in the Valais domain (e.g.,
Schettino and Turco, 2010; Stampfli and Hochard, 2009), for which
there is no independent geological evidence, is no longer necessary.

Second, the transtensional scenario for Iberia motion is incon-
sistent with marine magnetic anomaly constraints, and mispredicts
the Iberian declination by some 20� prior to ~120Ma (van
Hinsbergen et al., 2017; Vissers et al., 2016). To reconcile the
assumption of Cretaceous instead of Jurassic hyperextension with
these records, the M0 magnetic anomaly has alternatively been
interpreted by post-spreading, passive margin-parallel volcanic
belts (Nirrengarten et al., 2017). Furthermore, Barnett-Moore et al.
(2017) suggested that ~90% of paleomagnetic data from Iberia are
unreliable, except for the low-rotation outliers. Combined, this
would allow Iberia to break off North America and Europe only in
the Albian-Aptian during which time high-temperature meta-
morphism occurred in the Pyrenees. We note that even if this is
correct, Iberia is still restored in Jurassic time in a similar, but less
rotated, position as it is in our reconstruction. This means that also
in that case, the Aquitanian (northern Pyrenean) margin restores
adjacent to northern Adria, which then still rifts and drifts away
during Central Atlantic opening, so in all cases was there Jurassic
break-up and extension in the (northern) Pyrenees, allowing to
explain the Jurassic ages derived from Pyrenean peridotite com-
plexes. Our reconstruction does not speculate that the paleomag-
netic and marine magnetic anomaly data are false for the Iberian
case, and instead follows these data as it does everywhere else,
which lead to a viable restoration in which orogenic structure,
paleomagnetism, marinemagnetic anomalies, seismic tomography,
and orogenic evolution of the Alpine and Apenninic domain are
straightforwardly reconciled.

For the thermal event that affected the Central Pyrenees after
rotation, as well as the recently documented heating and uplift-
related exhumation documented from low-T thermochronology
(Rat et al., 2019; Ternois et al., 2019), shallow slab break-off as
proposed by Vissers et al. (2016) may provide a solution. It is of
course well possible that the explanation of Vissers et al. (2016) is
incorrect. We stress, however, that the hypothesis of Vissers et al.
(2016) is based on the kinematic reconstruction, whereas the
alternative reconstructions assuming transtension in the Pyrenees
(e.g., Jammes et al., 2009; Mouthereau et al., 2014) are based on the
hypothesis of hyperextension derived from the Pyrenees: the
reconstruction of long-term, Cretaceous transtension between
Iberia and Europeis inconsistent with all independent lines of evi-
dence. Falsifying Vissers et al. (2016)'s hypothesis for Cretaceous
metamorphism in the Pyrenees does not falsify their kinematic
reconstruction. If Cretaceous hyperextension is the cause of the
high-temperature metamorphism and mantle exhumation in the
Pyrenees as widely interpreted (e.g., Clerc and Lagabrielle, 2014;
Mouthereau et al., 2014), kinematic constraints require that this
extension occurred locally, after a phase of major rotation of Iberia
and convergence in the Pyrenees.

8.3. Adria-Africa motion

Because we restore all Adria-derived nappe stacks of the
Mediterranean that collectively define Greater Adria (e.g., Fig. 42)
relative to, eventually, the Apulian Platform, different re-
constructions of Adria versus Africa will have impact on a large part
of the reconstruction, and the older the Adria-Africa motion, the
larger the impact. Our reconstruction restores ~10� counterclock-
wise rotation of Adria versus Africa since 20Ma (van Hinsbergen
et al., 2014b), assumes that Adria was fixed relative to Africa be-
tween 180 and 20Ma, and fixed relative to Eurasia before 180Ma
(see sections 7.9 and 7.10), which satisfies paleomagnetic con-
straints well (Fig. 19). Le Breton et al. (2017) recently suggested that
the rotation was smaller, ~6�, based on reconstructions of the
Dinarides, whereas Ustaszewski et al. (2008) arrived at ~20� based
on reconstructions of the southern Alps. Whilst both re-
constructions may be within the bounds of the spread in paleo-
magnetic data, such post-20Ma rotations will only have limited
impact for our paleogeography. Larger (smaller) rotations will call
for a somewhat narrower (wider) Lago Negro Basin in the Southern
Apennines, wider (narrower) Ionian Basin in the Hellenides, and
more (less) extension in the Strait of Sicily, but because most
Greater Adriatic nappes have decoupled from Adria prior to 20Ma,
their distribution will not change. Haldan et al. (2014), however,
pointed out that these relatively minor rotations do have great
impact on the use of paleomagnetic data from Adria in recon-
structing Pangea: Assuming that Adria did not rotate relative to
Africa leads to paleolatitudinal overlaps between Southern and
Northern Pangea, which form the basis for Pangea B re-
constructions that call for a major Permian shear zone with 1000's
of kms displacement through the heart of Pangea (e.g. Muttoni
et al., 2003). Because Africa rotated ~50� counterclockwise since
the Permian, small Miocene vertical axis rotations of Adria translate
into paleolatitudinal changes for Adria in times of Pangea, and
restoring 10� Miocene counterclockwise rotation predicts signifi-
cantly more southward Adria-derived paleolatitudes, decreasing
the overlap and the Adria-based necessity for Pangea B.

Le Pichon et al. (2019) recently postulated that Adria has not
been a rigid part of Africa at all, but instead underwent almost
1000 km of left-lateral strike slip motion since 170Ma, opening the
Eastern Mediterranean Ocean as pull-apart basin, and rotating
Adria clockwise by ~50� relative to Africa. If correct, this would have
major implications for our paleogeographic maps. The upper Aus-
troalpine units, for instance, would become the conjugate margin
of SE Iberia, and the Dinarides of Eurasia. The scenario of Le Pichon
et al. (2019), however, is straightforwardly tested against paleo-
magnetic data. Their 50� clockwise Adria-Africa rotation since the
Jurassic is not only inconsistent with data from Adria (Fig. 19), but
also of Sicily (Fig. 21), the Northern Apennines (Fig. 23), the upper
Austroalpine units (Fig. 26), the Dalmatian and High Karst zones of
the Dinarides (Fig. 27), and the Tripolitza and Ionian zones of
Albania and Greece (Fig. 28), which instead follow the African
APWP prior to their orogenic rotations in the Late Cretaceous and
Cenozoic. We therefore do not consider the scenario of Le Pichon
et al. (2019) a viable alternative.

8.4. Western Mediterranean roll back and subduction polarity
reversal

In the western Mediterranean region, a much studied and
debated subduction polarity reversal occurred in the latest Eocene
to early Oligocene (compare Figs. 36 and 37). This polarity reversal
is unequivocal for Corsica and the Northern Apennines: the Lig-
urian Massifs overlie a Cretaceous to late Eocene subduction com-
plex on Corsica, and an early Oligocene subduction complex in the
Northern Apennines (Figs. 10 and 11). Along-strike to the south-
west, however, unequivocal evidence for ‘Alpine’, southeast dip-
ping subduction disappears and the nappe stack of Calabria and
Alboran-Kabylides regions is straightforwardly explained by
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northwest-dipping subduction (e.g., Lonergan andWhite,1997; van
Hinsbergen et al., 2014a, 2014b). Our reconstruction therefore as-
sumes a transform between the Alpine and Calabrian trench prior
to the polarity reversal (Fig. 37).

Handy et al. (2010) presented an alternative solution, whereby
the Alpine subduction polarity continued along all of the Iberian
margin prior to the Oligocene. Although we see no conclusive
argument for it, this alternative is possible. Because pre-35Ma
Africa-Iberia convergence is less than 100 km, it would have little
consequence for our reconstruction of AlKaPeCa, but it would place
the Calabrian units as part of the African Plate instead of Eurasia
prior to 35Ma. Following the logic of Handy et al. (2010), Calabria
would then restore adjacent to the Baleares margin in Pangea re-
constructions, instead of against the North Pyrenean Zone. We note
that the solution of Handy et al. (2010) would result in a zone of
inherited lithosphere weakness between African and south-Iberia
that is in contrast with the strong margin that was invoked to
explain the present-day geometry and presence of the Rif-
Gibraltar-Betic slab, particularly, under the Betic Cordillera
(Chertova et al., 2014).
8.5. Aegean oroclinal bending and the role of trench-parallel
extension

Our reconstruction of the Eocene and younger Aegean region
follows van Hinsbergen and Schmid (2012) and restores Aegean
extension by closing the triangular extensional complexes of the
Rhodope, the Cyclades-Menderes, and South Aegean regions
(Figs. 12, 35 and 36, see SI1 e maps 2 and 3). This reconstruction
successfully predicts the paleomagnetically documented, opposite
rotations of the Aegean and SWAnatolian regions (Figs. 28 and 29)
and realigns the stretching lineations on both sides of the Mid-
Cycladic Lineament to an original NNE-SSW extension direction
(Pastor-Gal�an et al., 2017). As pointed out by van Hinsbergen and
Schmid (2012), reconstructing oroclinal bending in the Aegean
region in combination with an extensional upper plate requires a
trenchward-increasing amount of trench-parallel extension. They
argued that theMid-Cycladic Lineament accommodated part of this
trench-parallel extension and was an extensional fault instead of a
strike-slip fault as originally inferred by Walcott and White (1998).
Malandri et al. (2017) later studied the only locationwhere theMid-
Cycladic Lineament is exposed, on the island of Paros, and showed
that it is there a low-angle normal fault within crystalline Cycladic
basement, and paleomagnetically confirmed that this fault
accommodated the rotation difference that is proportional to the
angle between stretching lineations.

The alternative hypothesis of Menant et al. (2016) and Brun et al.
(2016) follows Jolivet et al. (2010) in assuming that the detachment
faults recognized along the northern Cyclades (the North Cycladic
Detachment System) was prior to extension also a laterally
contiguous fault that was kinked during oroclinal bending, without
trench-parallel extension. This alternative requires some 400 km of
trench-parallel convergence during (mostly Miocene) oroclinal
bending, either by westward motion of Anatolia or southeastward
motion of western Greece and the Balkan. In this scenario, the re-
gion to the south of the North Cycladic Detachment System
(including the Mid-Cycladic Lineament) must still undergo trench-
parallel extension, albeit less than in our reconstruction, but the
region to the north must experience northward increasing E-W
shortening, up to 100's of kms in the Rhodope region.

There is no evidence for such major trench-parallel shortening
in the Rhodope in the Miocene. There is also no evidence for 100's
of km of Miocene extrusion of Anatolia, which would place Eastern
Anatolia over Iran in the Early Miocene. The highest estimates for
the magnitude of Anatolian extrusion is ~85 km, mostly if not all in
the Pliocene after the bulk of Aegean oroclinal bending (e.g., Armijo
et al., 1999). Similarly, there is no evidence for 100's of km of
southeastward extrusion of the Balkan peninsula towards the
Aegean region. For these regions, we conclude that the Aegean
oroclinal bending was accommodated without major trench-
parallel motions, requiring combined trench-normal and trench-
parallel extension in the back-arc region.
8.6. Northern Mediterranean paleogeography

From our reconstruction follows a somewhat different paleo-
geography than widely perceived for the northern Mediterranean
region. Our reconstruction suggests that continental rocks found in
the Eo- and lower Austroalpine units of the AlCaPa megaunit
formed essentially the eastern continuation of the Briançonnais
terrane, with perhaps a narrow corridor connecting the Valais-
Magura Ocean to the Piemonte Ligurian Ocean. Previous re-
constructions instead either placed the AlCaPa units in a narrow
corridor between Adria and Tisza or did not specify their paleo-
geographic location and thrusting history. The reconstruction
closest to ours is that of Handy et al. (2010) who also reconstructed
a continental domain to the northeast of Adria, and north of the
Dinarides that became obliquely overthrusted by northern Adria
during its northeastward Cretaceous motion relative to Eurasia.
Theirreconstruction, however, has a narrower Valais Ocean and
Briançonnais terrane leaving more space for a Piemonte-Ligurian
Ocean.

Our reconstruction protocol is primarily based on structural
constraints. If post-nappe emplacement extension is restored, the
paleogeographic area covered by rocks now contained in a thrust
nappe must be equal to, or larger than the modern area defined by
the nappe, or klippen thereof, depending on the amount of erosion
and the magnitude of within-nappe shortening. Particularly for the
western Alps, extension is not thought to be of major importance.
We have restored extension associated with western Alpine oro-
clinal bending and the westward retreat of the west Alpine thrust
front, and subsequently placed superimposed nappes adjacent to
each other and this defined the width of the Valais Ocean and
Briançonnais terrane in our reconstruction. Assuming a narrower
width of these paleogeographic domains requires invoking large-
scale N-S extension during or after nappe stacking for which
there is no evidence.

Our reconstruction then accretes much of the Piemonte-
Ligurian oceanic units of the Alps during Cretaceous oblique sub-
duction, restoring these units south of the Provence/Corsica-
Sardinia margin. Whilst the Schistes Lustr�es units of Corsica
contain evidence for Late Cretaceous high-pressure metamorphism
at ~84Ma (Lahond�ere and Guerrot, 1997), most geochronological
records give much younger, Cenozoic ages. Atlantic ocean floor
reconstructions show that the minimum paleogeographic width of
the Alpine nappe stack is much larger than the amount of Cenozoic
Africa-Europe convergence between northern Adria and southern
Germany. Moreover, the western Alpine nappe stacking must have
occurred over a longer period of time than suggested by geochro-
nological results from high-pressure rocks. A straightforward so-
lution to this problem may be that the moment of decoupling of a
nappe from a downgoing plate may not coincide with the end of
burial and beginning of prograde metamorphism if the upper plate
is under compression. In such cases, climax metamorphism may
occur in several nappes simultaneously and not reflect their timing
of underthrusting and incorporation in the orogen. Unless major
Cenozoic extension in the western Alps becomes documented, we
consider the narrower paleogeography of the Alpine units that
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allow for a wider Piemonte-Ligurian Ocean as no viable alternative.

8.7. Cretaceous eastern Mediterranean subduction configuration
and initiation

Our reconstruction differs significantly from previous re-
constructions for the Cretaceous of the eastern Mediterranean re-
gion in either the timing of intra-oceanic subduction initiation that
culminates in Massif emplacement onto Greater Adria, and/or the
amount of subduction zones that formed. Our restoration is in our
view the simplest solution, whereby all ophiolites of Anatolia
(Jurassic and Cretaceous) are straightforwardly restored and
explained by the evolution of only two subduction zones, one of
which started in the Jurassic (~180Ma) along the southern Pontide
margin and one in the Late Cretaceous (~105Ma), intra-oceanically
but close to the Greater Adriatic margin. Previous proposals instead
invoked the simultaneous initiation of up to six different subduc-
tion zones (e.g., in up to four ocean basins, with subduction initi-
ation timing varying from the middle Jurassic to Late Cretaceous.

Recent work on metamorphic soles of Anatolian (and wider
Tethyan) ophiolites now resolve the timing of subduction initiation.
Metamorphic soles connected to the Cretaceous supra-subduction
zone ophiolites (thus not isolated metamorphic blocks in sub-
ophiolitic m�elanges) exclusively give 40Ar/39Ar cooling ages and U/
Pb zircon ages that are similar as the spreading ages retrieved from
the crust of the overlying ophiolites: ~94-90Ma for the Anatolian
region (van Hinsbergen et al., 2016) and references therein) and 96-
95Ma for the ophiolites farther east in Oman (Guilmette et al.,
2018; Rioux et al., 2016). Importantly, recent Lu/Hf ages on garnet
from the high-pressure, high-temperature (10e15 kbar,
~800e900 �C) top parts of these soles from Anatolia as well as
Oman show that prograde metamorphism preserved below all
these ophiolites was simultaneous, ~104Ma (Guilmette et al., 2018;
Peters et al., 2018; Pourteau et al., 2019). This shows that subduc-
tion started slowly at or shortly before 104Ma, and that upper plate
extension, e.g., due to initiation of slab roll-back generating the
supra-subduction zone forearc lithosphere followed 8e12Ma later.
This upper plate extension led to the exhumation of the underlying
soles, explaining the synchronicity of sole climax metamorphic and
cooling ages with ophiolite crust formation ages (Guilmette et al.,
2018; van Hinsbergen et al., 2015). The Cretaceous Anatolian
ophiolites thus formed at a 1000's of km long intra-oceanic sub-
duction zone fromAnatolia to Oman around 104Ma, and there is no
evidence from the ophiolites or the sub-ophiolitic m�elanges that
this subduction zone existed before this time.

The northern, Jurassic supra-subduction zone ophiolites along
the Central and Eastern Pontides and overlying the South Armenian
Block are viewed by Barrier et al. (2018) and Sosson et al. (2016) as
derived from the same plate as the Cretaceous ophiolites. High-
pressure garnet amphibolites in m�elanges underlying these
ophiolites, however, yielded Jurassic ages, again with similar ages
as the crust of the overlying supra-subduction zone ophiolites,
~180-160Ma (Çelik et al., 2013, 2016; Ç€ortük et al., 2016). This
demonstrates that subduction below these ophiolites started at or
before the middle Jurassic, well before the Cretaceous subduction
zone to the south. H€assig et al. (2019) recently interpreted low-
pressure (6e7 kbar, 600 �C) amphibolites with ~90Ma 40Ar/39Ar
cooling ages and rutile U/Pb ages found in the m�elange below the
Jurassic supra-subduction zone ophiolites on the South Armenian
Block as metamorphic sole rocks and invoked that Cretaceous
subduction formed within an older, Jurassic supra-subduction zone
ocean basin. It is questionable, however, whether this isolated slice
of amphibolite must have formed in a metamorphic sole. Within
the same m�elange, eclogites are found with the same cooling ages
whereas also retrogression of eclogites through the amphibolite
field is well-known from other subduction systems, e.g. on Cuba
(Blanco-Quintero et al., 2011). This would require a relatively warm
subduction zone perhaps due to the close proximity of a slab edge
to the east (Figs. 39 and 40). In any case, these data show that the
Jurassic and Cretaceous ophiolites did not form above the same
subduction zone.

Our reconstruction for the Cretaceous, which is similar to those
shown in van Hinsbergen et al. (2016); Gürer et al. (2016); Gürer
and van Hinsbergen (2019) and McPhee and van Hinsbergen
(2019), agrees in first order with Moix et al. (2008) and Stampfli
and Hochard (2009) in explaining the complex distribution of
ophiolites by the roll-back and rotation of originally N-S trending
subduction systems. Our restoration invokes several of such seg-
ments reactivating fracture zones and ocean-continent transitions
along the Adriatic margin, which is required to explain the short
time in particular Central and Western Anatolia between subduc-
tion initiation and obduction e the reconstructions of Moix et al.
(2008) and Stampfli and Hochard (2009) allowed several tens of
millions of years for intra-oceanic subduction to arrive at the con-
tinental margin, instead of a few to 20 Myr that follows from the
data summarized above, and in Figs. 16 and 17. Reconstructions
invoking up to six simultaneously forming intra-oceanic subduc-
tion zones (e.g., Barrier et al., 2018; Menant et al., 2016; Robertson
et al., 2013c) assume that (i) all subduction initiated along north-
dipping subduction zones and (ii) along E-W trending axes.
Paleomagnetic data from the ophiolites of Cyprus, NW Arabia, and
from Anatolia on both sides of the Taurides, however, all demon-
strate that these formed at ~N-S striking ridges, not E-W (Inwood
et al., 2009b; Maffione et al., 2017; Morris and Anderson, 2002;
Morris et al., 2017; van Hinsbergen et al., 2016) and underwent
major rotations that are consistent with our reconstruction (e.g.,
Fig. 34). The modern obduction fronts are consequently restored to
N-S striking paleo-trenches, not E-W. In addition, the arc that
intruded the Kırşehir Block after its accretion to the upper oceanic
plate of which the Central AnatolianMassifs are relics of, is restored
to a N-S orientation (Lefebvre et al., 2013a), not E-W as often por-
trayed (Barrier et al., 2018; Menant et al., 2016). Paleomagnetic data
thus support that the conceptual solution of Moix et al. (2008) and
Stampfli and Hochard (2009) explaining the modern ophiolite
distribution by the evolution of a single subduction zone with N-S
striking segments comply with the most up-to-date time con-
straints and argue against only E-W striking segments. This
removes the necessity of invoking simultaneous subduction in
multiple basins, which would require a series of weakness zones
with identical strength to turn into subduction, at distances away
from each other that are only two or three times the thickness of
the lithosphere, which we consider a rather unlikely scenario.

Considerable progress for especially the southeastern Anatolian
orogen can be made by obtaining structural constraints on its
modern architecture of especially the southeastern Anatolian oro-
gen. Our attempt to retrieve this architecture (Fig. 17) is based on
sparse structural data. Our reconstruction invokes major N-S
extension in eastern Turkey to account for the exhumation of its
widespread metamorphic basement but no structural constraints
on extension directions during the Cretaceous to Paleocene exhu-
mation, or even the very presence of extensional faults, are avail-
able. The effects of subsequent Eocene shortening are only poorly
constrained. Our restoration of the SE Anatolian domain to north of
the Gürün Curl (Figs. 39e41) complies with the 40 Myr time dif-
ference in deformation between these two regions but is concep-
tual and may require updates in the future.

8.8. The Mediterranean Paleotethys problem

Reconstructing the Paleotethys is the most challenging aspect of
reconstructions of the Mediterranean back to the times of Pangea.
For one, such reconstructions suffer from errors made in restoring
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the complex deformation history of the Cretaceous and Cenozoic
which unavoidably propagate back in time. But the most chal-
lenging and intriguing problem is that there are few geological
records that demonstrate the location of a Paleotethys suture zone.
This lack of record is particularly challenging for our reconstruction,
because there are only few constraints useful for our reconstruction
protocol available for constraining the location of the Paleotethys.
In absence of an accretionary record, any major fault may have
accommodated the closure of the Paleotethys, and there are
numerous candidates (Csontos and V€or€os, 2004; Moix et al., 2008;
Okay and Nikishin, 2015; Şeng€or and Yılmaz,1981), and Figs. 45 and
46, all of them inconclusive.

Candidates to host cryptic sutures have elsewhere been identi-
fied using paleomagnetic data that demonstrate a wide separation
of now juxtaposed units (e.g. van Hinsbergen et al., 2012, 2019), or
long time gaps between the accretion of nappes in a foreland
propagating fold-and-thrust belt that may represent time intervals
of wholesale underthrusting (McPhee et al., 2018b; van Hinsbergen
et al., 2012). Because the width of the Paleotethys decreases
westwards, obtaining sufficient paleomagnetic resolution to test
Triassic positions of Dacia or the Pontides requires large paleo-
magnetic datasets from Triassic rocks. For Dacia there are currently
no such data and paleomagnetic data from the Pontides are sparse
for the Triassic, and highly scattered for the Jurassic and younger
and require detailed future work. Moreover, because the Paleo-
tethys closure left no major fold-and-thrust belt at all, identifying
gaps in a propagating nappe system is not possible.

In this respect, the position of Dacia and Moesia evolution is
critical for our choice on the location of the Paleotethys. Based on
extensive thermochronological procenance studies, Balintoni et al.
(2009) and Balintoni and Balica (2013) interpreted that the Dacia
pre-Alpine terranes outcropping in the Romanian Carpathians
originated from a North African Ordovician orogenic event that
reworked older African crust. These authors speculated that a
“Paleotethys” ocean opened in Devonian in the East Carpathians
and Apuseni Mountains and closed in the late Paleozoic, where the
lower plate may have been the Gondwana margin. The Danubian
nappes derived from Moesia and now incorporated in the South
Carpathians have also a Gondwana affinity but were most likely
already sutured and accreted against Moesia during the Early
Paleozoic (Iancu et al., 2005a, 2005b). The Moesian Platform itself
also has a strong northern Gondwana affinity near the Silurian-
Devonian transition (Vaida et al., 2005), but most of studies agree
that Moesia was already aligned with the East-European Platform
in the Late Paleozoic (and only moved relative to Eurasia by
opening and closure of the relatively narrow North Dobrogea rift),
as in our reconstruction.

Our reconstruction hinges on the interpretation that the Rho-
dope Middle Unit represents a Triassic-Jurassic subduction com-
plex, and that the Rhodope Middle Unit restores between the
Danubian/Struma and Dacia units. The latter reconstructions fol-
lows from the new interpretation that the Rhodope units form a
top-to-the-south thrust belt that formed structurally below the
Dacia thrust belt (Schmid et al., 2019), but both interpretations may
be challenged in the future. Our reconstruction of the Karakaya
complex as a Paleotethys subduction m�elange, as opposed to a
small marginal basin that closed somewhere in the upper plate of a
Paleotethys subduction zone (Şeng€or and Yılmaz, 1981), hinges on
the finding of Devonian ribbon cherts in the Triassic m�elange (Okay
et al., 2011). Otherwise, arguments for the location of trenches
along the northern Pontide margin and southern Russian margin
come from inferred volcanic arcs. But because we have not sys-
tematically incorporated arc magmatism, or absence thereof, in our
reconstruction protocol (deliberately, to make our reconstruction
useful as an independent platform to study relationships between
magmatism, subduction, and orogenesis), the double subduction
interpretation for the Anatolian Paleotethys (Figs. 45 and 46) is
speculative at best. Others have used geochronological constraints
from basement provinces as argument for reconstruction,
assuming that ‘Variscan’ basement was exclusively present on the
Eurasian margin (e.g., Kock et al., 2007; Zlatkin et al., 2018). Our
reconstruction instead infers that Late Paleozoic subduction and
metamorphism occurred on both margins, whereby the high-grade
basement of the Pontides and Cyclades form the lateral continua-
tion of the Variscan basement of the NW African Meseta. The
Anatolian Neotethys then reactivated the Variscan orogenic front,
like in the Atlas farther west, and separated the Variscan from the
Pan-African basement provinces. Using basement age as argument
for paleogeographic evolution requires an understanding of past
plate boundary and orogenic processes, which we prefer to base on
paleogeographic and -tectonic reconstruction instead. Our recon-
struction of the Mediterranean Paleotethys is consistent with our
reconstruction protocol and with our understanding of orogenic
architecture but is much open for debate.

9. Summary and conclusions

In this paper we provide a kinematic restoration of Mediterra-
nean tectonic evolution from the Present back to 240 million years
ago. To this end, we review the architecture of the Mediterranean
orogens from the Atlantic coast in the west to the Caucasus and the
East Anatolian plateau in the east. We provide a comprehensive
reviewof the architecture of Mediterranean orogens and basins and
built a reconstruction based on Atlantic and Red Sea Ocean floor
reconstructions and structural geological constraints on Mediter-
ranean deformation. This reconstruction is tested against a paleo-
magnetic database of ~2300 published paleomagnetic sites from
the Mediterranean region. We provide 12 (paleo-)tectonic maps of
the region and isolate first-order differences between our recon-
struction and previous propositions. All reconstruction files and
paleomagnetic files, as well as A1 versions of the (paleo)tectonic
maps and a movie of the reconstruction are provided as Supple-
mentary Information to this paper.
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Channell, J.E.T., Tüysüz, O., Bektas, O., Şeng€or, A.M.C., 1996. Jurassic-Cretaceous
paleomagnetism and paleogeography of the Pontides (Turkey). Tectonics 15,
201e212.

Chatzaras, V., Xypolias, P., Doutsos, T., 2006. Exhumation of high-pressure rocks
under continuous compression: a working hypothesis for the southern Hel-
lenides (central Crete, Greece). Geol. Mag. 143.

Chen, F., Siebel, W., Satir, M., Terzio�glu, M., Saka, K., 2002. Geochronology of the
Karadere basement (NW Turkey) and implications for the geological evolution
of the Istanbul zone. Int. J. Earth Sci. 91, 469e481.

Chernyaev, V.Y., 1986. Paleomagnetic Directions and Pole Positions: Data for the
USSR. Soviet Geophysical Committee, World Data Center-B, Moscow.
Chertova, M.V., Spakman, W., Geenen, T., van den Berg, A.P., van Hinsbergen, D.J.J.,
2014. Underpinning tectonic reconstructions of the western Mediterranean
region with dynamic slab evolution from 3-D numerical modeling. J. Geophys.
Res.: Solid Earth 119, 5876e5902.

Chiari, M., Marcucci, M., Prela, M., 2002. New species of Jurassic radiolarians in the
sedimentary cover of ophiolites in the Mirdita area, Albania. Micropaleontology
61e87.

Chiari, M., Bortolotti, V., Marcucci, M., Photiades, A., Principi, G., 2003. The Middle
Jurassic siliceous sedimentary cover at the top of the Vourinos ophiolite
(Greece). Ofioliti 28, 95e103.

Chiari, M., Marcucci, M., Prela, M., 2004. Radiolarian assemblages from the Jurassic
cherts of Albania: new data. Ofioliti 29, 95e105.

Chiari, M., Djeri�c, N., Garfagnoli, F., Hrvatovi�c, H., Krsti�c, M., Levi, N., Malasoma, A.,
Marroni, M., Menna, F., Nirta, G., 2011. The geology of the Zlatibor-Maljen area
(western Serbia): a geotraverse across the ophiolites of the Dinaric-Hellenic
collisional belt. Ofioliti 36, 139e166.

Choukroune, P., 1976. A Discussion on natural strain and geological structure-Strain
patterns in the Pyrenean Chain. Philos. Trans. Royal Soc. Lond. A 283, 271e280.

Cifelli, F., Rossetti, F., Mattei, M., Hirt, A.M., Funiciello, R., Tortorici, L., 2004. An AMS,
structural and paleomagnetic study of quaternary deformation in eastern Sicily.
J. Struct. Geol. 26, 29e46.

Cifelli, F., Mattei, M., Rossetti, F., 2007. Tectonic evolution of arcuate mountain belts
on top of a retreating subduction slab: the example of the Calabrian Arc.
J. Geophys. Res. 112.

Cifelli, F., Mattei, M., Della Seta, M., 2008a. Calabrian Arc oroclinal bending: the role
of subduction. Tectonics 27.

Cifelli, F., Mattei, M., Porreca, M., 2008b. New paleomagnetic data from
Oligoceneeupper Miocene sediments in the Rif chain (northern Morocco): in-
sights on the Neogene tectonic evolution of the Gibraltar arc. J. Geophys. Res.
113.

Çinku, M.C., 2011. Paleogeographic evidence on the Jurassic tectonic history of the
Pontides: new paleomagnetic data from the Sakarya continent and Eastern
Pontides. Int. J. Earth Sci. 100, 1633e1645.

Çinku, M.C., 2017. Paleomagnetic results from Northeast Anatolia: remagnetization
in Late Cretaceous sandstones and tectonic rotation at the Eastern extension of
the IzmireAnkaraeErzincan suture zone. Acta Geophysica 65, 1095e1109.

Çinku, M.C., Usta€omer, T., Hirt, A.M., Hisarlı, Z.M., Heller, F., Orbay, N., 2010.
Southward migration of arc magmatism during latest Cretaceous associated
with slab steepening, East Pontides, N Turkey: new paleomagnetic data from
the Amasya region. Phys. Earth Planet. Inter. 182, 18e29.

Çinku, M.C., Hisarlı, Z.M., Heller, F., Orbay, N., Usta€omer, T., 2011. Middle Eocene
paleomagnetic data from the eastern Sakarya Zone and the central Pontides:
implications for the tectonic evolution of north central Anatolia. Tectonics 30.

Çinku, M.C., Hisarli, Z.M., Yılmaz, Y., Ülker, B., Kaya, N., €Oksüm, E., Orbay, N.,
€Ozbey, Z.Ü., 2016. The tectonic history of the Ni�gde-Kırşehir Massif and the
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Heymes, T., Moni�e, P., Arnaud, N., Pêcher, A., Bouillin, J.-P., Compagnoni, R., 2010.
Alpine tectonics in the CalabrianePeloritan belt (southern Italy): new 40Ar/
39Ar data in the Aspromonte Massif area. Lithos 114, 451e472.

Hieke, W., Cita, M.B., Forcella, F., Mueller, C., 2006. Geology of the Victor Hensen
Seahill (Ionian Sea, eastern Mediterranean); insights from the study of cored
sediment sequences. Boll. Soc. Geol. Ital. 125, 245e257.

Higgins, M., Schoenbohm, L.M., Brocard, G., Kaymakcı, N., Gosse, J.C., Cosca, M.A.,
2015. New kinematic and geochronologic evidence for the Quaternary evolu-
tion of the Central Anatolian fault zone (CAFZ). Tectonics 34, 2118e2141.

Hippolyte, J.C., 2002. Geodynamics of Dobrogea (Romania): new constraints on the
evolution of the TornquisteTeisseyre Line, the Black Sea and the Carpathians.
Tectonophysics 357, 33e53.

Hippolyte, J.C., Müller, C., Kaymakcı, N., Sangu, E., 2010. Dating of the Black Sea
Basin: new nannoplankton ages from its inverted margin in the Central Pon-
tides (Turkey). Geol. Soc., Lond., Spec. Publ. 340, 113e136.

Hirt, A.M., Lowrie, W., 1988. Paleomagnetism of the Umbrian-Marches orogenic
belt. Tectonophysics 146, 91e103.

Hisarlı, Z.M., 2011. New paleomagnetic constraints on the late Cretaceous and early
Cenozoic tectonic history of the Eastern Pontides. J. Geodyn. 52, 114e128.

Hisarlı, Z.M., Çinku, M.C., Usta€omer, T., Keskin, M., Orbay, N., 2016. Neotectonic
deformation in the EurasiaeArabia collision zone, the East Anatolian Plateau, E
Turkey: evidence from palaeomagnetic study of NeogeneeQuaternary volcanic
rocks. Int. J. Earth Sci. 105, 139e165.

Hoeck, V., Ionescu, C., Balintoni, I., Koller, F., 2009. The Eastern Carpathians
“ophiolites” (Romania): remnants of a Triassic ocean. Lithos 108, 151e171.

Hoogerduijn Strating, E.H., 1994. Extensional faulting in an intraoceanic subduction
complexdWorking hypothesis for the Palaeogene of the Alps-Apennine sys-
tem. Tectonophysics 238, 255e273.

Hoogerduijn Strating, E.H., Van Wamel, W.A., Vissers, R.L.M., 1991. Some constraints
on the kinematics of the Tertiary Piemonte Basin (northwest Italy). Tectono-
physics 198, 47e51.

Horner, F., Freeman, R., 1983. Palaeomagnetic evidence from pelagic limestones for
clockwise rotation of the Ionian zone, western Greece. Tectonophysics 98,
11e27.

Horner, F., Heller, F., 1983. Lower Jurassic magnetostratigraphy at the Breggia Gorge
(Ticino, Switzerland) and Alpe Turati (Como, Italy). Geophys. J. Royal Astron.
Soc. 73, 705e718.

Horner, F., Lowrie, W., 1981. Paleomagnetic evidence fromMesozoic carbonate rocks
for the rotation of Sardinia. J. Geophys. - Z. Geophys. 49, 11e19.

Horv�ath, F., Bada, G., Szafi�an, P., Tari, G., �Ad�am, A., Cloetingh, S., 2006. Formation and
deformation of the Pannonian Basin: constraints from observational data. Geol.
Soc., Lon., Mem. 32, 191e206.

Horv�ath, F., Musitz, B., Bal�azs, A., V�egh, A., Uhrin, A., N�ador, A., Koroknai, B., Pap, N.,
T�oth, T., W�orum, G., 2015. Evolution of the Pannonian basin and its geothermal
resources. Geothermics 53, 328e352.

Hosseinpour, M., Williams, S., Seton, M., Barnett-Moore, N., Müller, R.D., 2016.
Tectonic evolution of Western Tethys from Jurassic to present day: coupling
geological and geophysical data with seismic tomography models. Int. Geol.
Rev. 58, 1616e1645.

Hou�sa, V., Krs, M., Man, O., Pruner, P., Venhodov�a, D., Cecca, F., Nardi, G.,
Piscitello, M., 2004. Combined magnetostratigraphic, palaeomagnetic and cal-
pionellid investigations across Jurassic/Cretaceous boundary strata in the Bosso
Valley, Umbria, central Italy. Cretac. Res. 25, 771e785.

Hrvatovi�c, H., 2006. Geological guidebook through Bosnia and Herzegovina. Geol.
Sur. Feder. Bosnia Herzegovina, Sarajevo 172.

Hrvatovi�c, H., Pami�c, J., 2005. Principal thrust-nappe structures of the Dinarides.
Acta Geol. Hungarica 48, 133e151.

Huang, W., van Hinsbergen, D.J.J., Maffione, M., Orme, D.A., Dupont-Nivet, G.,
Guilmette, C., Ding, L., Guo, Z., Kapp, P., 2015. Lower Cretaceous Xigaze ophio-
lites formed in the Gangdese forearc: evidence from paleomagnetism, sediment
provenance, and stratigraphy. Earth Planet. Sci. Lett. 415, 142e153.
Hubert-Ferrari, A., Armijo, R., King, G., Meyer, B., Barka, A., 2002. Morphology,

displacement, and slip rates along the North Anatolian Fault, Turkey. J. Geophys.
Res.: Solid Earth 107. ETG-9.

Hurst, S.D., Verosub, K.L., Moores, E.M., 1992. Paleomagnetic constraints on the
formation of the Solea Graben, Troodos Ophiolite, Cyprus. Tectonophysics 208,
431e445.

Hüsing, S.K., Hilgen, F.J., Abdul Aziz, H., Krijgsman, W., 2007. Completing the
Neogene geological time scale between 8.5 and 12.5 Ma. Earth Planet. Sci. Lett.
253, 340e358.

Hüsing, S.K., Kuiper, K.F., Link, W., Hilgen, F.J., Krijgsman, W., 2009a. The upper
Tortonianelower Messinian at Monte dei Corvi (Northern Apennines, Italy):
completing a Mediterranean reference section for the Tortonian Stage. Earth
Planet. Sci. Lett. 282, 140e157.

Hüsing, S.K., Zachariasse, W.-J., van Hinsbergen, D.J.J., Krijgsman, W., Ince€oz, M.,
Harzhauser, M., Mandic, O., Kroh, A., 2009b. OligoceneeMiocene basin evolu-
tion in SE Anatolia, Turkey: constraints on the closure of the eastern Tethys
gateway. Geol. Soc., Lond., Spec. Publ. 311, 107e132.

Hüsing, S.K., Cascella, A., Hilgen, F.J., Krijgsman, W., Kuiper, K.F., Turco, E., Wilson, D.,
2010. Astrochronology of the Mediterranean Langhian between 15.29 and
14.17Ma. Earth Planet. Sci. Lett. 290, 254e269.

Huvaz, O., 2009. Comparative petroleum systems analysis of the interior basins of
Turkey: implications for petroleum potential. Mar. Pet. Geol. 26, 1656e1676.

Iaffaldano, G., Stein, S., 2017. Impact of uncertain reference-frame motions in plate
kinematic reconstructions: a theoretical appraisal. Earth Planet. Sci. Lett. 458,
349e356.

Iancu, V., Maruntiu, M., Johan, V., Ledru, P., 1998. High-grade metamorphic rocks in
the pre-Alpine nappe stack of the Getic-Supragetic basement (Median Dacides,
South Carpathians, Romania). Miner. Petrol. 63, 173e198.

Iancu, V., Berza, T., Seghedi, A., Gheuca, I., Hann, H.-P., 2005a. Alpine polyphase
tectono-metamorphic evolution of the South Carpathians: a new overview.
Tectonophysics 410, 337e365.
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Kissel, C., Laj, C., Poisson, A., Savaşçin, Y., Simeakis, K., Mercier, J.L., 1986b. Paleo-
magnetic evidence for Neogene rotational deformations in the Aegean domain.
Tectonics 5, 783e795.

Kissel, C., Laj, C., Poisson, A., Simeakis, K., 1989. A Pattern of Block Rotations in
Central Aegea, Paleomagnetic Rotations and Continental Deformation. Springer,
pp. 115e129.

Kissel, C., Speranza, F., Milicevic, V., 1995. Paleomagnetism of external southern and
central Dinarides and northern Albanides: implications for the Cenozoic ac-
tivity of the Scutari-Pec Transverse Zone. J. Geophys. Res.: Solid Earth 100,
14999e15007.

Kissel, C., Laj, C., Poisson, A., G€orür, N., 2003. Paleomagnetic reconstruction of the
Cenozoic evolution of the Eastern Mediterranean. Tectonophysics 362, 199e217.

Kligfield, R., Hunziker, J., Dallmeyer, R.D., Schamel, S., 1986. Dating of deformation
phases using K-Ar and 40Ar/39Ar techniques: results from the Northern
Apennines. J. Struct. Geol. 8, 781e798.

Klitgord, K., Schouten, H., 1986. Plate kinematics of the central Atlantic. In:
Vogt, P.R., Tucholke, B.E. (Eds.), The Western North Atlantic Region. Geological
Society of America, pp. 351e378.

Kl€otzli, U.S., Buda, G., Ski€old, T., 2004. Zircon typology, geochronology and whole
rock SreNd isotope systematics of the Mecsek Mountain granitoids in the Tisia
Terrane (Hungary). Miner. Petrol. 81, 113e134.

Knipper, A., Khain, E., 1980. Structural position of ophiolites of the Caucasus. Ofioliti
2, 297e314.

Knott, S.D., Turco, E., 1991. Late Cenozoic kinematics of the Calabrian arc, Southern
Italy. Tectonics 10, 1164e1172.

Kocak, K., Leake, B.E., 1994. The petrology of the Ortakoy district and its ophiolite at
the western edge of the Middle Anatolian Massif, Turkey. J. Afr. Earth Sci. 18,
163e174.
Kock, S., Martini, R., Reischmann, T., Stampfli, G.M., 2007. Detrital zircon and
micropalaeontological ages as new constraints for the lowermost tectonic unit
(Talea Ori unit) of Crete, Greece. Palaeogeogr. Palaeoclimatol. Palaeoecol. 243,
307e321.

Kockel, F., 1977. Erl€auterungen zur Geologischen Karte der Chalkidhiki und
angrenzender Gebiete 1: 100 000 (Nord-Griechenland). Bundesanstalt für
Geowissenschaften und Rohstoffe.

Kockel, F., 1986. Die Vardar-(Axios) Zone. Geologie von Griechenland, pp. 150e168.
Koepke, J., Seidel, E., Kreuzer, H., 2002. Ophiolites on the Southern Aegean islands

Crete, Karpathos and Rhodes: composition, geochronology and position within
the ophiolite belts of the Eastern Mediterranean. Lithos 65, 183e203.

Koglin, N., Kostopoulos, D., Reischmann, T., 2009. Geochemistry, petrogenesis and
tectonic setting of the Samothraki mafic suite, NE Greece: trace-element, iso-
topic and zircon age constraints. Tectonophysics 473, 53e68.

Kondopoulou, D., Lauer, J.P., 1984. Palaeomagnetic data from Tertiary units of the
north Aegean zone. Geol. Soc., Lond., Spec. Publ. 17, 681e686.

Kondopoulou, D., Westphal, M., 1986. Paleomagnetism of the Tertiary intrusives
from Chalkidiki (northern Greece). J. Geophys.-Z. Geophys. 59, 62e66.

Kondopoulou, D., Sen, S., Aidona, E., van Hinsbergen, D.J.J., Koufos, G., 2011. Rotation
history of Chios Island, Greece since the middle Miocene. J. Geodyn. 51,
327e338.

Korbar, T., 2009. Orogenic evolution of the External Dinarides in the NE Adriatic
region: a model constrained by tectonostratigraphy of Upper Cretaceous to
Paleogene carbonates. Earth-Sci. Rev. 96, 296e312.

Kotlyar, G.V., Baud, A., Pronina, G.P., Zakharov, Y.D., Vuks, V.Y., Nestell, M.K.,
Belyaeva, G.V., Marcoux, J., 1999. Permian and Triassic exotic limestone blocks of
the Crimea. Geodiversitas 21, 299e323.

Kounov, A., Schmid, S.M., 2012. Fission-track constraints on the thermal and tec-
tonic evolution of the Apuseni Mountains (Romania). Int. J. Earth Sci. 102,
207e233.

Kounov, A., Seward, D., Bernoulli, D., Burg, J.P., Ivanov, Z., 2004. Thermotectonic
evolution of an extensional dome: the Cenozoic Osogovo-Lisets core complex
(Kraishte zone, western Bulgaria). Int. J. Earth Sci. 93, 1008e1024.

Kounov, A., Seward, D., Burg, J.-P., Bernoulli, D., Ivanov, Z., Handler, R., 2010.
Geochronological and structural constraints on the Cretaceous thermotectonic
evolution of the Kraishte zone, western Bulgaria. Tectonics 29.

Kounov, A., Wüthrich, E., Seward, D., Burg, J.-P., Stockli, D., 2015. Low-temperature
constraints on the Cenozoic thermal evolution of the Southern Rhodope Core
Complex (Northern Greece). Int. J. Earth Sci. 104, 1337e1352.

Kov�a�c, M., Pla�sienka, D., Sot�ak, J., Vojtko, R., Oszczypko, N., Less, G., �Cosovi�c, V.,
Fügenschuh, B., Kr�alikov�a, S., 2016. Paleogene palaeogeography and basin
evolution of the Western Carpathians, Northern Pannonian domain and
adjoining areas. Glob. Planet. Change 140, 9e27.

Kowalczyk, G., Zügel, P., 1997. Die Vatia-Schichten-Flysch der Plattenkalk-Serie des
Peloponnes. Cour. Forsch. Inst. Senckenberg 201, 259e275.

Koymans, M.R., Langereis, C.G., Pastor-Gal�an, D., van Hinsbergen, D.J.J., 2016. Pale-
omagnetism.org: an online multi-platform open source environment for
paleomagnetic data analysis. Comput. Geosci. 127e137.

Koç, A., Kaymakcı, N., 2013. Kinematics of Sürgü Fault Zone (Malatya, Turkey): a
remote sensing study. J. Geodyn. 65, 292e307.

Koç, A., van Hinsbergen, D.J.J., Kaymakcı, N., Langereis, C.G., 2016. Late Neogene
oroclinal bending in the central Taurides: a record of terminal eastward sub-
duction in southern Turkey? Earth Planet. Sci. Lett. 434, 75e90.

Koç, A., Kaymakcı, N., Van Hinsbergen, D.J.J., Kuiper, K.F., 2017. Miocene tectonic
history of the Central Tauride intramontane basins, and the paleogeographic
evolution of the Central Anatolian Plateau. Glob. Planet. Change 158, 83e102.

Koç, A., van Hinsbergen, D.J., Langereis, C.G., 2018. Rotations of normal fault blocks
quantify extension in the Central Tauride intramontane basins, SW Turkey.
Tectonics 37, 2307e2327.

Koçbulut, F., Akpınar, Z., Tatar, O., Piper, J.D.A., Roberts, A.P., 2013. Palaeomagnetic
study of the Karacada�g Volcanic Complex, SE Turkey: monitoring Neogene
anticlockwise rotation of the Arabian Plate. Tectonophysics 608, 1007e1024.

Koçyi�git, A., 1991. An example of an accretionary forearc basin from northern
Central Anatolia and its implications for the history of subduction of Neo-Tethys
in Turkey. Geol. Soc. Am. Bull. 103, 22e36.

Krahl, J., Kauffmann, G., Kozur, H., Richter, D., F€orster, O., Heinritzi, F., 1983. Neue
Daten zur biostratigraphie und zur tektonischen lagerung der Phyllit-Gruppe
und der Trypali-Gruppe auf der Insel Kreta (Griechenland). Geol. Rundsch. 72,
1147e1166.

Krahl, J., Kauffmann, G., Richter, D., Kozur, H., M€oller, I., F€orster, O., Heinritzi, F.,
Dornsiepen, U., 1986. Neue Fossilfunde in der Phyllit-Gruppe Ostkretas (Grie-
chenland). Z. Deutsch. Geol. Ges. 523e536.

Kr€autner, H.G., Bindea, G., 2002. Structural units in the pre-Alpine basement of the
eastern Carpathians. Geol. Carpathia 53.

Kr€autner, H.G., Krsti�c, B., 2002. Alpine and Pre-Alpine structural units within the
Southern Carpathians and the Eastern Balkanides. In: Proceedings of XVII.
Congress of Carpathian-Balkan Geological Association Bratislava.

Kreemer, C., Holt, W.E., Haines, A.J., 2003. An integrated global model of present-
day plate motions and plate boundary deformation. Geophys. J. Int. 154, 8e34.

Krenn, K., Bauer, C., Proyer, A., Mposkos, E., Hoinkes, G., 2008. Fluid entrapment and
reequilibration during subduction and exhumation: a case study from the high-
grade Nestos shear zone, Central Rhodope, Greece. Lithos 104, 33e53.

Krenn, K., Bauer, C., Proyer, A., Kl€otzli, U., Hoinkes, G., 2010. Tectonometamorphic
evolution of the Rhodope orogen. Tectonics 29.

Kreuzer, H., Harre, W., Lenz, H., Wendt, I., Henjes-Kunst, F., Okrusch, M., 1978. K/Ar-
und Rb/Sr-Daten von Mineralen aus dem polymetamorphen Kristallin der

http://refhub.elsevier.com/S1342-937X(19)30223-0/sref689
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref689
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref689
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref689
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref689
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref690
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref690
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref691
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref691
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref692
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref692
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref693
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref693
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref694
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref694
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref694
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref694
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref694
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref694
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref695
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref695
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref695
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref696
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref696
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref696
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref696
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref697
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref697
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref697
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref697
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref697
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref697
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref697
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref697
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref697
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref698
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref698
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref698
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref698
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref699
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref699
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref699
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref699
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref700
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref700
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref700
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref701
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref701
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref701
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref701
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref702
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref702
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref702
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref703
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref703
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref703
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref703
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref704
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref704
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref704
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref705
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref705
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref705
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref705
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref705
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref705
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref705
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref705
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref705
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref705
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref705
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref705
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref705
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref706
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref706
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref706
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref706
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref706
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref706
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref706
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref706
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref706
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref706
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref706
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref706
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref706
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref706
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref707
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref707
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref707
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref708
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref708
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref708
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref708
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref709
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref709
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref709
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref709
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref709
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref710
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref710
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref710
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref710
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref711
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref711
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref711
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref711
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref711
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref712
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref712
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref712
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref712
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref713
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref713
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref713
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref713
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref714
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref714
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref714
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref714
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref715
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref715
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref715
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref715
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref715
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref715
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref715
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref716
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref716
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref716
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref717
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref717
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref717
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref718
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref718
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref718
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref718
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref719
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref719
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref719
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref719
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref719
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref720
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref720
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref720
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref720
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref721
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref721
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref722
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref722
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref722
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref722
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref723
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref723
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref723
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref723
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref724
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref724
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref724
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref725
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref725
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref725
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref726
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref726
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref726
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref726
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref727
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref727
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref727
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref727
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref728
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref728
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref728
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref728
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref729
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref729
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref729
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref729
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref730
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref730
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref730
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref730
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref731
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref731
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref731
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref732
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref732
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref732
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref732
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref733
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref733
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref733
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref733
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref733
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref733
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref733
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref733
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref733
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref733
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref733
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref733
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref734
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref734
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref734
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref735
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref735
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref735
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref735
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref735
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref736
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref736
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref736
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref736
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref737
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref737
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref737
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref737
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref737
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref738
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref738
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref738
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref738
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref738
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref739
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref739
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref739
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref739
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref740
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref740
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref740
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref740
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref740
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref740
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref741
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref741
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref741
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref741
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref741
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref742
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref742
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref742
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref742
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref742
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref742
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref743
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref743
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref743
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref743
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref743
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref743
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref744
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref744
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref744
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref745
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref745
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref745
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref745
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref745
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref746
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref746
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref746
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref747
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref747
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref747
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref747
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref748
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref748
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref748
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref749
http://refhub.elsevier.com/S1342-937X(19)30223-0/sref749


D.J.J. van Hinsbergen et al. / Gondwana Research 81 (2020) 79e229 213
Kykladen-Insel Ios (Griechenland). Fortschritte der Mineralogie 56, 69e70.
Kr�ezsek, C., Bally, A.W., 2006. The Transylvanian Basin (Romania) and its relation to

the Carpathian fold and thrust belt: insights in gravitational salt tectonics. Mar.
Pet. Geol. 23, 405e442.
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Kr�ezsek, C., L�ap�adat, A., Maţenco, L., Arnberger, K., Barbu, V., Olaru, R., 2013. Strain
partitioning at orogenic contacts during rotation, strikeeslip and oblique
convergence: paleogeneeearly Miocene evolution of the contact between the
South Carpathians and Moesia. Glob. Planet. Change 103, 63e81.

Krijgsman, W., Duermeijer, C.E., Langereis, C.G., de Bruijn, H., Saraç, G.,
Andriessen, P.A.M., 1996. Magnetic polarity stratigraphy of late Oligocene to
middle Miocene mammal-bearing continental deposits in central Anatolia
(Turkey). Newslett. Stratigr. 13e29.

Krijgsman, W., Blanc-Valleron, M.-M., Flecker, R., Hilgen, F., Kouwenhoven, T.,
Merle, D., Orszag-Sperber, F., Rouchy, J.-M., 2002. The onset of the Messinian
salinity crisis in the Eastern Mediterranean (Pissouri Basin, Cyprus). Earth
Planet. Sci. Lett. 194, 299e310.

Krohe, A., 1987. Kinematics of Cretaceous nappe tectonics in the Austroalpine
basement of the Koralpe region (eastern Austria). Tectonophysics 136, 171e196.

Krs, M., Krsov�a, M., Pruner, P., 1996. Palaeomagnetism and palaeogeography of the
Western Carpathians from the Permian to the Neogene. Geol. Soc., Lond., Spec.
Publ. 105, 175e184.

Krzywiec, P., 2001. Contrasting tectonic and sedimentary history of the central and
eastern parts of the Polish Carpathian foredeep basindresults of seismic data
interpretation. Mar. Pet. Geol. 18, 13e38.

Kuko�c, D., Gori�can, �S., Ko�sir, A., Belak, M., Halami�c, J., Hrvatovi�c, H., 2015. Middle
Jurassic age of basalts and the post-obduction sedimentary sequence in the
Guevgueli Ophiolite Complex (Republic of Macedonia). Int. J. Earth Sci. 104,
435e447.

Kurz, W., Handler, R., Bertoldi, C., 2008. Tracing the exhumation of the Eclogite Zone
(Tauern Window, Eastern Alps) by 40Ar/39Ar dating of white mica in eclogites.
Swiss J. Geosci. 101, 191e206.
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van Unen, M., Maţenco, L., Nader, F.H., Darnault, R., Mandic, O., Demir, V., 2019.
Kinematics of foreland-vergent crustal accretion: inferences from the Dinarides
evolution. Tectonics.

Vandenberg, J., 1983. Reappraisal of paleomagnetic data from Gargano (South Italy).
Tectonophysics 98, 29e41.

Vandenberg, J., Wonders, A.A.H., 1976. Paleomagnetic evidence of large fault
displacement around the PO-basin. Tectonophysics 33, 301e320.

VandenBerg, J., Wonders, A.A.H., 1980. Paleomagnetism of Late Mesozoic pelagic
limestones from the southern Alps. J. Geophys. Res.: Solid Earth 85, 3623e3627.

Varga, R.J., Gee, J.S., Bettison-Varga, L., Anderson, R.S., Johnson, C.L., 1999. Early
establishment of seafloor hydrothermal systems during structural extension:
paleomagnetic evidence from the Troodos ophiolite, Cyprus. Earth Planet. Sci.
Lett. 171, 221e235.

Varol, E., Bedi, Y., Tekin, U.K., Uzuncimen, S., 2011. Geochemical and petrological
characteristics of late Triassic basic volcanic rocks from the Kocali complex, SE
Turkey: implications for the Triassic evolution of southern Tethys. Ofioliti 36,
101e115.
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