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Abstract We integrate structural, geophysical, and geodetic studies showing that the Dinarides‐Hellenides
orogen along the Adria‐Europe plate boundary in the Western Balkan peninsula has experienced clockwise
oroclinal bending since Eocene‐Oligocene time. Rotation of theHellenic segment of this orogen has accelerated
since the middle Miocene and is associated with a north‐to‐south increase in shortening along the orogenic
front. Within the Paleogene nappe pile, bending was accommodated by orogen‐parallel extension,
clockwise block rotation, and thrusting in the hanging wall of the Skhoder‐Peja Normal Fault (SPNF). The
SPNF and related faults cut the older Skhoder‐Peja Transfer Zone with its pre‐Neogene dextral offset of the
West Vardar ophiolite nappe. Rotation of the SPNF hanging wall involved Miocene‐to‐recent, out‐of‐
sequence thrusting that was transferred to the Hellenic orogenic front via lateral ramps on dextral transfer
zones. Along strike of the Dinarides‐Hellenides and coincident with the southward increase in Neogene
shortening, the depth of the Adriatic slab increases from ~160 km north of the SPNF to ~200 km just to the
south thereof, to several hundreds of kilometers to the south of the Kefalonia Transfer Zone. The
geodynamic driver of tectonics since the early Miocene has been enhanced rollback of the Hellenic
segment of the Adriatic slab in the aftermath of Eocene‐Oligocene slab tearing and breakoff beneath the
Dinarides, which focused slab pull in the south. The SW‐retreating Hellenic slab segment induced
clockwise bending of the southern Dinarides and northern Hellenides, including their Adriatic foreland,
about a rotation pole in the vicinity of the Mid‐Adriatic Ridge.

1. Introduction

Convergence of the African and European plates in the Mediterranean area is accommodated by micro-
plates such as the Adriatic Plate with arcuate, often diffuse boundaries along which subduction mechan-
isms and convergence rates vary (Faccenna et al., 2003). The question arises of how the crust
accommodates such along‐strike differences, specifically, of how extension and block rotation are related
to thrusting in orogens such as the Dinarides‐Hellenides forming the upper plate above the subducting
Adriatic microplate (Figure 1).

The Dinarides‐Hellenides orogen is a SW‐vergent fold‐and‐thrust belt that initiated during Late Jurassic to
Early Cretaceous obduction of Neotethyan Vardar ophiolites (Bortolotti et al., 2013; Gawlick et al., 2008,
2016; Tremblay et al., 2015) and grew during subsequent collision of the Adriatic and European Plates
(Schmid et al., 2008; Ustaszewski et al., 2010). West Vardar ophiolites are those Vardar ophiolites
(undifferentiated in Figure 2) located west of the Sava Suture Zone. This suture is the Adria‐Europe
boundary (Pamić, 2002; Figure 1) where the last part of the Neotethyan Ocean was subducted (Gallhofer
et al., 2015; Prelević et al., 2017; Schmid et al., 2008). Suturing occurred no later than 65 Ma, when
siliciclastic foredeep sediments in this suture zone reached amphibolite‐facies peakmetamorphic conditions
(Ustaszewski et al., 2010, and references therein).

The Dinaric and Hellenic segments of this orogen are separated by two prominent structures: (1) the NE‐
SW trending Shkoder‐Peja Transverse Zone (SPTZ), a zone of dextral offset between the cities of Shkoder
and Peja (Figure 2), and (2) a corridor of orogen‐parallel extension, the most prominent structure of
which is a normal fault, the Shkoder‐Peja Normal Fault (SPNF), that cuts the fold‐and‐thrust belt and
overprints structures of the SPTZ. The SPTZ coincides with orogen‐parallel changes in the facies of

©2019. American Geophysical Union.
All Rights Reserved.

RESEARCH ARTICLE
10.1029/2019TC005524

Special Section:
Tectonic evolution of West‐
Central Tethysides

Key Points:
• The junction of the Dinarides and

Hellenides is the site of a N‐to‐S
increase in Neogene shortening and
upper‐plate extension

• This shortening reflects oroclinal
bending about a pole near the
Mid‐Adriatic Ridge that has been
driven by Hellenic rollback
subduction

• The Shkoder‐Peja Normal Fault
accommodated Neogene
orogen‐parallel extension and
clockwise rotation of shallower
levels of the orogen

Supporting Information:
• Supporting Information S1
• Movie S1
• Movie S2

Correspondence to:
M. R. Handy,
mark.handy@fu‐berlin.de

Citation:
Handy, M. R., Giese, J., Schmid, S. M.,
Pleuger, J., Spakman, W., Onuzi, K., &
Ustaszewski, K. (2019). Coupled
crust‐mantle response to slab tearing,
bending, and rollback along the
Dinaride‐Hellenide orogen. Tectonics,
38, 2803–2828. https://doi.org/10.1029/
2019TC005524

Received 18 FEB 2019
Accepted 30 MAY 2019
Accepted article online 17 JUN 2019
Published online 7 AUG 2019

HANDY ET AL. 2803

https://orcid.org/0000-0001-5923-9751
https://orcid.org/0000-0002-6763-4986
https://orcid.org/0000-0002-9557-778X
https://orcid.org/0000-0002-1642-5842
http://dx.doi.org/10.1029/2019TC005524
http://dx.doi.org/10.1029/2019TC005524
https://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1944-9194.TETHYSIDES1
https://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1944-9194.TETHYSIDES1
http://dx.doi.org/10.1029/2019TC005524
http://dx.doi.org/10.1029/2019TC005524
http://dx.doi.org/10.1029/2019TC005524
http://dx.doi.org/10.1029/2019TC005524
http://dx.doi.org/10.1029/2019TC005524
http://dx.doi.org/10.1029/2019TC005524
http://dx.doi.org/10.1029/2019TC005524
mailto:mark.handy@fu-berlin.de
https://doi.org/10.1029/2019TC005524
https://doi.org/10.1029/2019TC005524
http://publications.agu.org/journals/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2019TC005524&domain=pdf&date_stamp=2019-08-07


Mesozoic strata, which Aubouin and Dercourt (1975) interpreted as the expression of an even older, NE‐
SW trending, Mesozoic transverse zone (their “Transversale de Scutari‐Pec,” not shown in the figures).
The SPTZ and SPNF also coincide with an 80‐km, right‐lateral offset of the ophiolite front, as well as
with a clockwise oroclinal bend of ~30°, from a NW‐SE Dinaric trend north of the SPNF to a NNW‐

SSE Hellenic trend south thereof (Figure 1b). However, the Sava Suture Zone is not offset by the
SPTZ and SPNF (Figure 2).

The segment of the orogen in Albania is sometimes referred to as the Albanides (Cvijić, 1901; Meço & Aliaj,
2000). However, the nappe structure of this segment is identical with the northwestern Hellenides (e.g.,
Schmid et al., 2011, map downloadable from https://tecto.earth.unibas.ch//images/ALCADI_2016_01_30.
png), so that we opt for the more widely used term “Hellenides” in this paper.

We note that the names of the Dinaric and Hellenic nappes used in this paper are often the same as those
given to Mesozoic facies zones in the Adriatic region. The latter trend NW‐SE (Bernoulli, 2001), oblique to
subparallel to the strike of the Dinarides‐Hellenides nappes. The nappes are distinguished from the facies
zones by the age and provenance of flysch forming the stratigraphically highest members of each nappe.
The flysch ages in the nappe pile decrease from Late Cretaceous in the NE to Miocene in the SW (Xhomo
et al., 1999), reflecting southwestward propagation of the Dinaric‐Hellenic foredeep and nappe stacking
(e.g., Pamić et al., 1998; Robertson & Shallo, 2000; Schmid et al., 2008; van Hinsbergen et al., 2005).

Regarded on the plate scale, the Dinarides‐Hellenides junction marks a strike‐parallel change in Tertiary
kinematics, from oblique dextral convergence with negligible post‐late Oligocene rotation of the Dinarides

Figure 1. Africa‐Europe convergence zone with (a) Alpine chains of the central Mediterranean and their accreted European (blue) and Adriatic crust (brown). Box
shows location of teleseisimic P wave anomaly map at 150‐km depth in (b). Belt of Eocene‐Oligocene magmatism (orange) discussed in text and compiled from
Harangi et al. (2006), their Figure 5), Péskay et al. (2006), their Figure 4), Seghedi and Downes (2011), their Figure 3) in the Carpathian–Pannonian area, and
Schefer et al. (2011) in the Dinarides. Black lines in (b) mark locations of cross sections in Figure 14. P wave tomography based on model UU‐P07 of Hall and
Spakman (2015). AE = Adriatic Escarpment; KF = Kefalonia Transform; MAR =Mid‐Adriatic Ridge; MB =Mediterranean Backstop; MR =Mediterranean Ridge;
SP = Shkoder‐Peja Normal Fault.
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with respect to Europe (de Leeuw et al., 2012, and references cited therein) to SW‐retreating subduction and
Mio‐Pliocene clockwise rotation of the northern Hellenides with respect to both Europe and Africa (Kissel
et al., 1995; Speranza et al., 1995). Therefore, several authors have placed the pole of clockwise rotation of
the northern Hellenides along the SPTZ (e.g., Brun & Soukoutis, 2010; Kissel et al., 1995; Walcott &
White, 1998). In contrast, the Adriatic plate has rotated counterclockwise with respect to Europe (e.g.,
Marton et al., 2003), with recent estimates of rotation over the past 20 Ma ranging from 20° (Ustaszewski
et al., 2008) to 5° (Le Breton et al., 2017) or even less (see discussion in van Hinsbergen et al., 2014).
Counterclockwise rotation of Adria with respect to Europe agrees with geodetic studies showing a current
NW‐to‐SE, orogen‐parallel increase in Adria‐Europe convergence rate from 2 to 4 mm/year (D'Agostino
et al., 2008; Vrabec et al., 2006). Seismic‐moment and geodetic workers place the vertical pole of this

Figure 2. Tectonic map of the Dinarides‐Hellenides orogen including the SPNF and other Neogene faults in red; red star
represents vertical clockwise rotation axis of the SPNF hanging wall. Blue star represents proposed clockwise rotation axis
for southern Dinarides and northern Hellenides (see text), and green line represents Sava Suture Zone. Map modified
from Schmid et al. (2008, 2011). AE = Adriatic Escarpment; BK = Bukulja core complex; CD = Cretan Detachment;
CJ = Cerna‐Jiu; EMG = East Mainland Greece Detachment; EV = Elbasan‐Vlora Transfer Zone; IA = Itea‐Amphissa
Detachment; JA = Jastrebac core complex; KB = Kosovo‐Metohia Basin; KF = Kefalonia Transfer Zone; KO = Kopaonik
core complex; MAR = Mid‐Adriatic Ridge; MB = Mediterranean Backstop; MO = Moesia; OD = Othoni‐Dhermi
Transfer Fault; PW = Peshkopie Window; SA = Sarajevo Basin; SD = Strimon Valley Detachment; SPNF = Shkoder‐Peja
Normal Fault; ST = Studenica core complex; SV = Sava Suture Zone; TK = Timok Fault; Locations of CD, EG, IA, and SD
from Brun and Soukoutis (2010), van Hinsbergen and Schmid (2012), and Georgiev et al. (2010).

10.1029/2019TC005524Tectonics

HANDY ET AL. 2805



rotation at the NW corner of the Adriatic microplate, within the arc of the Western Alps (Anderson &
Jackson, 1987; Nocquet & Calais, 2004; Vrabec et al., 2006; Bennett et al., 2012, and references therein).
All of these studies assume that Adria moved as a single microplate, though other investigations suggest that
it fragmented into two blocks or subplates which are currently rotating in opposite senses, with respect to
each other, as well as relative to Europe and Africa (D'Agostino et al., 2008; Sani et al., 2016; Scisciani &
Calamita, 2009). We will refer to these northern and southern subplates, respectively, as Adria sensu stricto
(s.str.) and Apulia (D'Agostino et al., 2008; Oldow et al., 2002) to avoid confusion with the widespread term
Adriatic Plate or Adria (Channell et al., 1979) which includes both subplates. The Dinarides‐Hellenides junc-
tion is therefore an obvious place to search for traces of differential motion between the subplates of Adria,
the northern Hellenides, Africa and Europe.

Teleseismic tomography reveals a positive NE‐dipping velocity anomaly beneath the Dinarides, interpreted
as a slab of subducted and partly torn Adriatic lithosphere (Figure 1b, Bijwaard & Spakman, 2000; Wortel &
Spakman, 2000; Piromallo &Morelli, 2003). The slab becomes progressively longer when going to the south-
east along strike of northwestern Hellenides (e.g., Piromallo & Morelli, 2003; Spakman & Wortel, 2004). In
light of significant late Paleogene‐Neogene upper‐plate extension in the Aegean (e.g., Brun et al., 2016) and
SE‐Balkans (e.g., Burchfiel et al., 2008), this increase in slab length has been attributed to an increase in the
amount of rollback subduction going along strike from the Dinarides‐Hellenides junction to the apex of the
Hellenic orogenic arc (e.g., Jolivet & Brun, 2010). Linking rollback of the descending Adriatic plate to rota-
tion and extension of the upper plate yields fresh insight into howmotion of the mantle lithosphere is trans-
ferred through the crust to the surface during subduction.

In this paper, we synthesize new and existing geological and geophysical data to shed light on the way
that orogenic lithosphere responds to lateral variations in the modes of subduction and collision. We
show that the SPNF and related normal faults at the Dinarides‐Hellenides junction accommodated
orogen‐parallel and orogen‐normal extension combined with clockwise rotation of a large crustal block
in the hanging wall of the SPNF. This rotational extension is linked to out‐of‐sequence thrusting and dex-
tral transfer faulting along the orogenic front of the northwestern Hellenides. We then review structural,
paleomagnetic, and seismological evidence that this block rotation and transfer faulting partly accommo-
dated clockwise bending of the entire Dinarides‐Hellenides orogen and the down‐going slab. Finally, we
relate this oroclinal bending to changes in the amount of retreat of the Adria‐Europe plate interface as
quantified in new cross sections constructed across the southern Dinarides and northwestern
Hellenides. This highlights the role of slab rollback in deforming and fragmenting the Adriatic plate, as
well as reveals the mechanisms of coupling between the upper and lower plates during retreat and arcua-
tion of the Hellenic subduction zone.

2. Neogene Orogen‐Parallel and Orogen‐Normal Extension

Already at the beginning of the last century, geological mapping at the junction of the Dinarides and
Hellenides revealed a structural dome (the Cukali Dome) flanked by faults that trend oblique to the orogen
(Cvijić, 1901) and cut nappe contacts and SW‐vergent postnappe folds (Nopcsa, 1911). Our own detailed
mapping reveals that these faults are part of a system of brittle normal faults that delimit a NE‐SW trending
graben. This graben contains the nappe stack topped by obducted Neotethyan ophiolite (West Vardar
Ophiolite Zone; sensu Schmid et al., 2008) discordantly overlain by lower Cretaceous limestone (Xhomo
et al., 1999) and Mio‐Pliocene fill (latter shown in Figure 3). At the surface, the SPNF delimiting this graben
structure in the NW dips 30–40° to the SE, truncating SW‐vergent Dinaric folds exposed in the Cukali Dome
in its footwall (Nopcsa, 1911). North of Peja, the SPNF bifurcates; one branch runs to the NW, reactivating a
thrust between internal Dinaric nappes (Figure 3), whereas the other branch bounds the mid‐Miocene to
Pliocene Kosovo‐Metohia Basin (e.g., Elezaj, 2009; Figure 3a). In existing cross sections of this basin
(Legler et al., 2006; Elezaj, 2009, his Figure 4), Miocene clastic strata thicken to the WSW, that is, toward
the SPNF. This indicates that they were deposited in the hanging wall of the SPNF and places a younger
age limit on normal faulting.

In detail, the SPNF near Bajram Curri in northern Albania (Figure 4a) features sheared bedding in its
footwall and cataclasites containing fault planes (Figures 4b and 4c) with striae indicating top‐S to top‐SE
hanging wall motion (Figure 3). The deepest unit offset by this fault is the Krasta‐Cukali nappe with a
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Jurassic‐Cretaceous pelagic sequence overlain by Paleogene flysch (Meço & Aliaj, 2000). The SPNF probably
roots in incompetent Oligocene flysch at the top of the underlying Kruja Nappe, which is also an important
detachment horizon for thrusting in the area southeast of the SPNF.

Figure 3. SPNF and coeval thrusts and transfer zones marked in red. Neogene basins coloured yellow. Lower hemisphere
equal‐area plots of fault planes (great circles, black) and hanging wall motion (red arrows) for thrusts (gray plots) and
normal faults (white plots). Symbols and tectonics units as in Figure 1. AE = Adriatic Escarpment; BK = Bukulja core
complex; BU = Burell Basin; CD = Cukali Dome; CrD = Cretan Detachment; EMG = East Mainland Greece
Detachment; EV = Elbasan‐Vlora Transfer Zone; IA = Itea‐Amphissa Detachment; JA = Jastrebac core complex;
KB = Kosovo‐Metohia Basin; KO = Kopaonik core complex; MH =Meso‐Hellenic Basin; OD = Othoni‐Dhermi Transfer
Fault; PW = Peshkopie Window; SA = Sarajevo Basin; SV = Sava Suture Zone; SPNF = Shkoder‐Peja Normal Fault.
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The throw of the SPNF decreases gradually along strike from NE to SW, from a maximum estimate of
about 7 km near the town of Bajram Curri (Figure 5a) to zero at Shkoder, where the normal fault ends
(Figure 5c). There, the base of the West Vardar ophiolite nappe, including the underlying Jurassic
mélange, is thrust directly onto olistolith‐bearing flysch of the Krasta‐Cukali nappe. The lack of the
High‐Karst and Pre‐Karst nappes along this contact is attributed not to their tectonic omission but to

Figure 4. (a) Topographic relief associated with the Shkoder‐Peja Normal Fault (SPNF) at the northernmargin of the Tropoja Basin (location in Figure 5). Here the
SPNF (red line) juxtaposes mélange of the West Vardar ophiolite unit (WV, hanging wall) with carbonates and flysch of the High Karst nappe (HK, footwall).
Note in foreground the Pleistocene gravel terraces and abandoned river channels that document episodic incision and surface uplift of the entire area; (b) SPNF
(red line) juxtaposes upper Triassic dolomitic marble of HK (footwall) with Jurassic mélange of the WV (hanging wall). Note downward drag of bedding in
footwall (black line) toward the SPNF fault surface. Arrow points to outcrop in (c). Outcrop coordinates: 42.444134°, 20.158945° (42°26′38.9″N, 20°09′32.2″E);
(c) Cataclasite of SPNF‐ophiolitic mélange with components of serpentinite from hanging wall overlies foliated upper Triassic dolomitic marble (white). Match for
scale; outcrop coordinates: 42.444134°, 20.158945° (42°26′38.9″N, 20°09′32.2″E).
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Figure 5. Cross sections showing NE‐SW, along‐strike decrease in vertical throw of the SPNF: (a) Baram Curri (Tropoja)
—base of the West Vardar ophiolite nappe is offset vertically by some 7 km. Note Miocene Metohia Basin in the hanging
wall and antiform exposing the High‐Karst nappe in the footwall; (b) Shkoder—klippe of West Vardar ophiolite thrust
directly onto Paleogene flysch of Krasta‐Cukali Nappe; the Pre‐Karst and High‐Karst nappes are missing. The SPNF does
not exist at this locality which is just west of the inferred clockwise rotation axis of the SPNF (text for explanation).
Inset map modified from Schmid et al. (2008, 2011). TB = Tropoja Basin; KB = Kosovo‐Metohia Basin;
SPNF = Shkoder‐Peja Normal Fault.

Figure 6. Miocene normal faulting at northern side of the entrance to the Luma Gorge near Kukes, NE Albania. Normal
fault (red dashes with motion arrow of hanginwall) juxtaposes Upper Triassic limestone (uTr) of the Korab‐Pelagonian
Nappe in the footwall with Pliocene conglomerates (N) in the hanging wall. This faulted sequence is overlain by
Pleistocene‐Holocene terraces (P‐H, above yellow line), which are in turn faulted and warped into a gentle monocline.
Photo location coordinates: 42° 3′58.20″N, 20°27′54.39″E.
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earlier (pre‐Neogene) dextral displacements controlled by the aforementioned along‐strike Mesozoic
facies change in which part of the Adriatic carbonate platform disappeared to the SE (Aubouin &
Dercourt, 1975). The increase in throw of the SPNF from SW to NE between Shkoder and Bajram
Curri indicates scissor‐like extension of the crust in map view, with clockwise rotation of the hanging
wall about a vertical rotation axis located at the SW end of the fault near Shkoder (red star in
Figures 2 and 3). Given the average 30° dip of the SPNF in the Bajram Curri area (Figure 5a), we
estimate a maximum horizontal displacement of some 11 km in the SE direction of extension in the
western part of the Kosovo‐Metohia Basin. Smaller horizontal displacements are possible given that the
throw of 7 km is a maximum obtained by projecting the base of the West Vardar ophiolite nappe from
along strike in the north into the plane of the section in Figure 5a.

The age of the SPNF is constrained by cross‐cutting structures and Miocene syn‐rift sediments. The SPNF
offsets SW‐vergent thrusts and folds of the Krasta‐Cukali unit in its footwall, thus clearly postdating
Eocene nappe transport in this part of the Dinarides and Hellenides. Orogen‐parallel normal faulting
initiated no later than the deposition of middle to late Miocene (16.4–7.1 Ma), syn‐rift clastic sediments in
the hanging wall of the SPNF (Elezaj, 2009; Elezaj & Kodra, 2012).

Figure 7. (a) Neogene thrust front (red line) along the Tirana Basin, Albania: Mountain range in background comprises imbricates of Mesozoic carbonates and
Paleogene flysch of the Kruja Nappe thrust onto Neogene flysch. Note steepened bedding of backfolded and back‐thrusted Neogene sediments in foreground.
Coordinates: 41°15′23.37″N, 19°51′29.67″E; (b) faulted sandstone layers in Serravalian‐Tortonian flysch (11.6 Ma) of the Kruja Nappe along the main thrust front
on road above the town of Laci. Offset layers (arrows) indicate top‐W thrusting. Coordinates: 41°37′54.04″N, 19°44′22.64″E; (c) thrust of upper Cretaceous
limestone (uCr) onto brecciated Lithothamnian limestone (Nl‐s, Langhian‐Serravalian, 13.6 Ma) in the Kruja Nappe. Coordinates: 41°19′35.55″N, 19°56′40.93″E;
(d) west‐dipping bedding and unconformity (arrow) in Upper Miocene sandstone near town of Linze document progressive steepening during W‐directed
syn‐sedimentary thrusting; older strata beneath the unconformity dip more steeply; coordinates: 37°25′19.1″N, 122°05′06″W.
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The steep topographic gradient going from the Kosovo‐Metohia Basin at
550 m above sea level to mountains in the footwall of the SPNF, some
reaching up to 2,300 m above sea level (Figure 4a), strongly suggests very
young to ongoing activity of the SPNF. Plio‐Pleistocene deposits in the
Kosova Basin comprise alluvial fans and fluvial terraces with abandoned
river channels (Figure 4a).

A conjugate, NW‐dipping normal fault SE of the SPNF near the town of
Kukes (Figures 3 and 6) juxtaposes the top of the West Vardar ophiolite
nappe and discordantly overlying Cretaceous carbonates in its hanging
wall (the latter undifferentiated in the figures) with a structurally deeper,
Adria‐derived nappe (Korab‐Pelagonian) in its footwall, amounting to a
throw of some 1–2 km. This fault offsets late Miocene to Pliocene clastics
and is sealed by late Pleistocene to Holocene layers, which are in turn
deformed to a monocline (Figure 6).

Normal faults trending parallel to subparallel to the orogen, that is, at
high angles to the SPNF, affect the nappe stack to the south and southeast
of the Dinaride‐Hellenide junction. They accommodate orogen‐
perpendicular displacement with throws of up to several kilometers, for
example, along the western margin of the Peshkopie Window
(Figure 3). There, Paleozoic basement and Mesozoic cover of the
Adriatic distal margin (Korab‐Pelagonian Nappe) in the footwall are jux-
taposed with downthrown Jurassic clastics covering the Neotethyan West
Vardar ophiolite in the hanging wall. This suggests a SW‐dipping normal
fault that excised almost the entire West Vardar ophiolite nappe. Another
example is at the western boundary of the Neogene Burell Basin where an
ENE‐dipping normal fault juxtaposes West Vardar ophiolite in the foot-

wall (Figure 3; Aliaj et al., 1995) with Neogene infill forming a broad synform in the hanging wall of this
fault. Taken together, these observations indicate Mio‐Pliocene extension normal to the strike of the orogen
on both NE‐ and SW‐dipping normal faults above asymmetrical rift basins (Figure 2).

Deformed Holocene beds (Figure 6) and extensional earthquake focal mechanisms (Pondrelli et al., 2006)
indicate that orogen‐parallel and orogen‐normal extension is ongoing. In the Peshkopie Window, where
normal faults trend parallel to the orogen, modeled apatite fission‐track and fission‐helium ages indicate
that prolonged cooling beginning at ~20 Ma yielded to faster cooling from 6 to 4 Ma (Muceku et al., 2008).

3. Neogene Thrusting and Transfer Faulting

The mountain range forming the eastern morphological boundary of the Tirana Basin (internal subbasin of
the Periadriatic Foredeep or Depression; Roure et al., 2004) is the site of Neogene thrusting and folding
(Figure 7a, red lines). This is documented by deformed Tortonian clastic sediments with W‐directed shear
indicators (Figure 7b), as well as by W‐directed thrusts of Mesozoic and Paleogene limestones onto
Neogene foredeep sediments (Figure 7c). These thrusts offset Tortonian sediments deposited above the basal
Seravallian unconformity that seals Paleogene thrusts and folds responsible for the older, main phase of
shortening in the Kruja Nappe. These older structures were overprinted by Late Neogene shortening asso-
ciated with open‐to‐tight folds, thrusts, and backthrusts affecting the Neogene deposits of the Tirana
Basin (Gelati et al., 1997).

The Neogene thrust front in northern Albania is offset dextrally along two NE‐SW‐striking zones, here
named the Lezha and Elbasan‐Vlora Transfer Zones (Figures 8 and 9). Between the SPNF rotation axis at
Shkoder and the Lezha Transfer Zone, the Neogene thrust runs within the flysch of the Krasta‐Cukali
Nappe and carries thin imbricates detached from the overlying Korab and the thick pile of West Vardar
ophiolite units onto the Krasta‐Cukali Nappe. At Lezha, the Paleogene folds of the structurally lower
Kruja Nappe plunge beneath this thrust (Figure 8). From the Lezha Transfer Zone to the SE and all the
way along the morphological front of the mountain belt to Tirana (Figure 7a), the Neogene thrusts imbricate
Mesozoic‐Paleogene strata of the Kruja Nappe (Figure 10a). Advance of the thrust front toward the foreland

Figure 8. Tectonic map of the Lezha Transfer Fault (Le) along the Neogene
thrust front, the Shkoder‐Peja normal fault, and rotational axis (red star)
based on own mapping and the Geological Map of Albania (Xhomo et al.,
1999). Units and colors as in Figure 2.
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Figure 9. Tectonic map of the Elbasan‐Vlora Transfer Zone (gray shaded area) dextrally offsetting the Neogene thrust
front. Map based on 1:200,000 Geological Map of Albania (Xhomo et al., 1999) and own observations. Blue lines
indicate traces of cross sections in Figure 10.
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during Late Neogene sedimentation is documented by W‐dipping, onlap wedges in lower Miocene
sediments (Figure 7d; Gelati et al., 1997). Between Tirana and Elbasan, the late Neogene thrusts are
transitional along strike to open folds as shortening is transferred progressively across strike into Miocene
sediments of the Periadriatic Foredeep. This is manifested by steepened Miocene strata (Figure 7a),
backfolds, and locally even overturned thrusts (Figure 10a, inset) that affect Miocene and even Pliocene
basin fill (Xhomo et al., 2002, their cross section IV).

The Elbasan‐Vlora Transfer Zone offsets the Kruja and Ionian Nappes dextrally and to the SW (Figure 9). In
map view, this transfer zone is marked by dextrally dragged folds and thrusts (Figure 9) as well as thrusts
that steepen and offset all Neogene basal unconformities (Burdigalian, Serravallian, Tortonian, and
Messinian; Xhomo et al., 2002, their cross sections V–VIII). The youngest tilted unconformity (basal
Pliocene) occurs at the SW end of the transfer zone near Vlora (Figure 9). Taken together, the deformed
unconformities indicate that the Elbasan‐Vlora Transfer Zone has been active since at least middle
Miocene time. A salt diapir in the middle of the zone (Figures 3 and 9) comprises Permo‐Triassic salt from
the decollement horizon of the Ionian thrust sheets. Miocene transfer faulting evidently exerted a control on
the locus of diapirism (Bega & Soto, 2017), though final emplacement of the diapir is recent, as indicated by
tilted Pleistocene beds in the outer limb of its rim syncline (Xhomo et al., 2002, their cross sections VI
and VII).

The amount of post‐mid‐Miocene shortening south of the SPNF is inferred to increase southeastward with
increasing distance from the SPNF rotation axis based on the NW‐to‐SE increase in topographic relief of the
Neogene front toward Tirana (Figure 7a). This coincides with a dramatic orogen‐parallel increase in the
altitude of Tortonian clastics in the footwalls of thrusts, from a few tens of meters above sea level near
Lezha (Figure 8) to >1,000 m in the structurally highest thrust sheets of the Kruja Nappe near Tirana
(Figures 9 and 10a). Note, however, that between the SPNF rotation pole at Shkoder and the Elbasan‐
Vlora Transfer Zone, this Neogene shortening affects units above the SPNF detachment in the flysch of
the Kruja Nappe. As argued below, this shortening is far less than that accommodated in the footwall of
the Kruja Nappe.

A total of about 120 km of Neogene shortening is proposed for a published cross section across the orogenic
front in the vicinity of the Elbasan‐Vlora Transfer Zone (Bega & Soto, 2017; their section just north of our
Figure 10b). This is corroborated by the across‐strike distance of 100 km between correlative salt‐bearing
lithologies of the Ionian Nappe along the Neogene thrust front and in the Peshkopie Window, which repre-
sents the minimum amount of shortening at this locality. Most, if not all, of this Neogene shortening

Figure 10. Cross sections across the Neogene thrust front north (a) and south (b) of the Elbasan‐Vlora Transfer Zone shown in Figure 9. Cross sections modified
from Xhomo et al. (2002).
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occurred between Burdigalian and recent time (post‐20.4 Ma) as indicated by thrusted and tilted unconfor-
mities in the Periadriatic Foredeep (Gelati et al., 1997; Xhomo et al., 1999, 2002).

The dextral displacement along the Elbasan‐Vlora Transfer Zone is estimated to be about 28 km judging
from map‐view drag and offset of the basal thrust of the Kruja Nappe as well as of the thrust carrying the
Krasta‐Cukali Nappe and overlying West Vardar ophiolites onto the Kruja Nappe (Figure 9). As shown
above, the post‐Serravallian part of this total of 120 km shortening, which amounts to some tens of kilo-
meters shortening within the Kruja Nappe and the Periadriatic Foredeep, is Tortonian and younger
(<11.6 Ma). This constrains dextral motion of the Elbasan‐Vlora Transfer Zone also to be of Tortonian
and younger age.

In summary, most of the 100–120 km of Neogene shortening between the SPNF and the Elbasan‐Vlora
Transfer Zone occurred since Burdigalian time (20.4 Ma) and was accommodated above a detachment at
the base of the Kruja Nappe. The hanging wall of this basal thrust includes the SPNF and its related
Neogene thrusts which reactivate and imbricate Paleogene thrusts within the Kruja Nappe. This is a key
point to which we return when determining the age and amount of crustal block rotation on the SPNF
related to rollback subduction.

4. Oroclinal Bending of the Dinarides‐Hellenides
4.1. Location, Age, and Rate of Bending

Paleomagnetic declination directions compiled in Figure 11 (references in the caption) indicate that the
Dinarides‐Hellenides junction has accommodated significant differential rotation. This is closely tied to
the along‐strike variations in Neogene shortening described above.

Declinations from Cretaceous and Eocene sediments in the southern Dinarides NW of the city of Dubrovnik
are the same within error, indicating that there was no rotation of that part of the chain during this time
span. However, declinations from Eocene sediments SE of Dubrovnik point more easterly than those in
the NW, with the amount of rotation increasing to the SE across the Dinarides‐Hellenides junction
(Figure 11a). Where sampled, Oligocene sediments have the same declinations as the Eocene. The variation
in declinations of Miocene sediments is even more striking, with northerly declinations at two localities in
the Dinarides contrasting both with the more westerly Eocene declinations in the same area and with the
progressively more easterly Miocene declinations south of the SPNF and across the Dinarides‐Hellenides
junction (Figure 11a). In units south of the SPNF in Figure 11a, Miocene declinations point more northerly
than older declinations. In the Periadriatic Foredeep and the vicinity of the Elbasan‐Vlora Transfer Zone
(Figure 11b), the declinations with respect to Africa point ~N40°, with Miocene and Pliocene sediments
showing slightly smaller angles.

Taken together, these data indicate that the length of orogen south of Dubrovnik in Figure 11a has under-
gone ~50° of clockwise arcuation relative to north since late Eocene‐Oligocene time. Moreover, since the
beginning of the Neogene, the Hellenic part of the orogen south of the SPNF has rotated clockwise by
~20° with respect to the Dinarides (and Europe; de Leeuw et al., 2012) and ~40° clockwise with respect to
Africa (Figure 11b; Speranza et al., 1995; van Hinsbergen et al., 2005). A plot of declinations versus time
using the same data for this area (Figure 11c) shows how the rate of this rotation has accelerated since
Miocene time, with ~25° occurring in the past 5 Ma.

4.2. Relating Rotation to Along‐Strike Variations in Dinarides‐Hellenides Shortening

At first glance, it is tempting to relate the aforementioned NW‐to‐SE along‐strike increase in Neogene short-
ening and rotation to the ~80‐km dextral offset of the West Vardar ophiolite front that marks the SPTZ in
map view (Figure 2). In such a scenario, the SPTZ acted like a clutch to accommodate differential
Neogene shortening in the Dinarides and Hellenides. However, this interpretation can be ruled out on geo-
logical grounds because the dextral offset ends not at the Neogene orogenic front but in the Late Cretaceous‐
Paleogene Krasta‐Cukali Nappe. The more external Kruja Nappe with its early‐middle Oligocene flysch
cover is not affected by this offset. The opposite, NE end of this offset, is within the internal Dinarides
(Figure 2), where thrusting was no younger than Eocene (e.g., Schmid et al., 2008, and references therein).
It follows from this that the dextral offset of theWest Vardar ophiolite front across the SPTZ is a pre‐Neogene
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feature and cannot have accommodated differential Neogene shortening or rotation; it is overprinted by and
therefore pre‐dates the SPNF.

Instead, we attribute the southward increase in Neogene shortening along the Dinarides‐Hellenides orogen
to thrusting associated with clockwise oroclinal bending, as documented in Figure 11 and summarized
above. Of the total ~50° of clockwise bending, ~40° rotation south of Dubvronik was broadly coeval with
Neogene thrusting along the orogenic front and somewhat later in mid‐Miocene time, with the beginning
of extensional rotation on the SPNF. The Pliocene acceleration of rotation of the Hellenides south of the
SPNF (Figure 11c) coincides with the ages of the youngest unconformities affected by thrusting and transfer
faulting in the Periadriatic Foredeep (Figure 10). We therefore attribute the 25° bend of the Kruja nappe and
its Paleogene folds near Shkoder (Figures 3 and 8) to Mio‐Pliocene oroclinal bending. Morphological fea-
tures in these folds (abandoned dry river beds and windgaps) have been interpreted as evidence of post‐
middle Miocene‐to‐recent uplift in the hanging wall of a main detachment at the seismogenic base of the
Kruja Nappe (Biermanns et al., 2018).

The along‐strike change in the amount of Neogene thrusting appears to be gradual across the Dinarides‐
Hellenides junction, with possible jumps in displacement restricted to the aforementioned Lezha and
Elbasan‐Vlora Transfer Zones. The Neogene front of the Kruja (Dalmatian) Nappe can be followed

Figure 11. Paleomagnetic declinations in the Dinarides and northwestern Hellenides since time specified: (a) average declination with respect to present N as
compiled from Marton et al. (2003, 2014) and de Leeuw et al. (2012 and references therein); blue line represents basal thrust system along orogenic front; red line
represents SPNF system; EV = Elbasan‐Vlora Transfer Zone; box outlines location of map in (b); (b) average declinations with respect to Africa from data of
Speranza et al. (1995); mapmodified from their Figure 2) and van Hinsbergen et al. (2005); dashed lines outline sites analyzed for each age group; (c) plot of average
declination versus age for data in (b); map units and faults in (a) from Schmid et al. (2011) and colored as in Figures 2 and 12, respectively. SPNF = Shkoder‐Peja
Normal Fault.
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northwestward as minor thrusts and folds with <5–10 km displacement of Miocene strata in sections of
offshore Croatia (Fantoni & Franciosi, 2009, their Figure 6) and Montenegro (Bega, 2015, his “Dalmation
thrust front”; Unen et al., 2018, their Figure 3). Irregularities in the orogenic foredeep, basement topography,
and subthrust Mesozoic platform morphology imaged in marine seismic surveys (Bega, 2013; Galatovic,
2007) are probably related to segmentation during knick‐like bending of the orogen (Bega, 2015).

4.3. Constraints on Extension, Block Rotation, and thrusting related to the SPNF

Extension along the SPNF beginning at around 15Ma about a vertical axis at Shkoder (Figure 8) necessitates
clockwise rotation of units in the hanging wall of the SPNF above its basal decollement which, as shown
above, is located in the top of the Kruja Nappe of the Paleogene Dinaric‐Hellenic nappe stack. The angle
of rotation obviously depends on the coherence of the hanging wall units, as well as the amount of horizontal
extension along the SPNF, which we estimated above to be ≤11 km in a NW‐SE direction in the Bajram

Figure 12. Constraints on Neogene shortening, extension, and rotation at the Dinarides‐Hellenides junction: (a) displacements along the Kruja and Ionian thrust
fronts (blue) NW and SE of SPNF; arrow shows 100‐km minimum thrust distance between units of the Ionian Nappe exposed along the orogenic front and in the
PW. Neogene thrust displacements of 10 km or less along the base of the Kruja Nappe NW of the SPNF from Bega (2015); (b) clockwise rotation angles
associated with SPNF system (red) and basal thrust system (blue) superposed on Pwave tomographic map of slab anomaly at 150‐km depth (model UU‐PO7 of Hall
& Spakman, 2015); numbers represents displacements in kilometers (see text). EV = Elbasan‐Vlora Transfer Zone; IO = Ionian nappe front; KF = Kefalonia
Transfer Zone; KU = Kruja nappe front; OD = Othoni‐Dhermi Transfer Zone; PW = Peshkopie Window; SPNF = Shkoder‐Peja Normal Fault; red star represents
clockwise rotation axis of SPNF system.
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Figure 13. Cross sections orogen‐perpendicular (a–d) to the Dinarides‐Hellenides belt and orogen‐parallel (e) across the Shkoder‐Peja Normal Fault (SPNF); swath
traces shown in Figures 1b and 2. Red lines show Neogene faults. Solid lines indicate well‐constrained surfaces, and dashed lines are speculative surfaces.
Geology simplified from compilations of Schmid et al. (2008, 2011) and cross sections of Bega (2015) and Bega and Soto (2017) for (a); Schenker et al. (2014), their
Figure 1b) and Royden and Papanikolaou (2011), their Figure 7) for (c); Le Pichon et al. (2002), van Hinsbergen et al. (2005), their Figure 1b), and Jolivet et al.
(2004), their Figure 3b) for (d), as well as the state geological maps of Albania (Xhomo et al., 1999) and Bornovas et al., 1983, and ex‐Jugoslavia (Antonijević, 1969).
MB =Mediterranean backstop; solid lines represent seismologically constrained MOHO in (a), (b), and (e) compiled from Sachpazi et al. (2007), Grad et al. (2009),
and Delipetrov et al. (2016) and in (c) and (d) from Finetti (2005) and Pearce et al. (2012). Dashed lines represent poorly constrained MOHO.
Lithosphere‐Asthenosphere Boundary (LAB) compiled fromArtemieva et al. 2006 (lower plate) and Sodoudi et al. (2006; upper plate in (c) and (d)). LAB of the slabs
approximated from teleseismic P wave tomography of R. Hall and Spakman (2015), model UU‐P07) and by assuming an average lithospheric thickness of 100 km
(see Figures S1 and S2).
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Curri area, decreasing to zero near Skhoder (Figure 5a). Assuming rigid, coherent behavior of the hanging
wall, we obtain a maximum clockwise rotation of ~10° about the axis at Shkoder. This is much less than
the total of ~50° post‐Eocene‐Oligocene clockwise rotation of Adriatic units with respect to present north
in paleomagnetic studies of the Kruja und Ionian Nappes (Figure 13a) and also less than the ~40° post‐
mid‐Miocene clockwise rotation with respect to Africa in the Periadriatic Foredeep south and west of the
SPNF rotational axis (Figure 11b; Speranza et al., 1995; Kissel et al., 1995). Furthermore, it is less than the
25° change in strike of the Kruja Nappe going from northwest to southeast of Shkoder (Figures 2 and 3).

Given the ~10° of post‐middle Miocene clockwise rotation of the SPNF hanging wall, E‐W shortening along
the SPNF decollement (i.e., in a direction subparallel to the syn‐to‐post Tortonian shear‐sense directions
plotted in Figure 3) is predicted to vary from 0 at the SPNF rotation axis to about 14 km at the latitude of
the Elbasan‐Vlora Transfer Zone. This falls well short of the aforementioned 100‐km minimum estimate
of total shortening from the Neogene orogenic front to the Peshkopie Window (Figure 12a), most of which
was accommodated at the base of the Kruja Nappe during Burdigalian to Pliocene time. We attribute this
discrepancy to partitioning of the rotational component of strain into a basal thrust running along the oro-
genic front and a structurally higher, out‐of‐sequence thrust that is kinematically linked with the SPNF
detachment, as depicted in Figure 12 and discussed in the next section.

5. Relating Oroclinal Bending to Subduction
5.1. Quantifying Rollback Subduction

To assess how shortening and subduction are related to oroclinal bending, we quantify the amount of slab
rollback in lithosphere‐scale cross sections along and across the Dinarides‐Hellenides junction
(Figure 13). Slab rollback occurs when the down‐going plate sweeps backward through the asthenosphere,
causing the hinge in the lower plate—and therefore also the trench—to retreat away from a reference point
on the upper plate. In the absence of a mantle reference frame that can also be related to the crust in this
area, a useful proxy for rollback is the distance between the trace of the late Cretaceous Sava Suture Zone
(Figure 2) projected to Moho depth and the present plate interface. This interface is taken to be the edge
of the upper‐plateMoho imaged in availableMohomaps (Grad et al., 2009, for Figures 13a and 13b) and with
high‐resolution receiver functions and local earthquake tomography (Pearce et al., 2012; Halpaap et al.,
2018, and references in caption for Figures 13c and 13d). We interpret the gap between the upper‐ and
lower‐plate Mohos in Figures 13a–13d to be filled with subducting crust that comprises external Dinaric‐
Hellenic and pre‐Apulian units (Figure 2).

The Sava Suture Zone in Figures 13b–13d is assumed to extend steeply down to theMoho, although this is an
oversimplification given that it probably flattens with depth due to lower crustal shearing during upper‐plate
extension. Tertiary stretching of the upper plate also affected the lithosphere NE of the Sava Suture Zone
(e.g., Brun et al., 2016). Indeed, some workers argue that the same suture is exposed much further to the
NE in the Rhodope unit of Figure 2 (Vardar Suture of Froitzheim et al., 2014; Brun et al., 2016). Thus, mea-
suring the distance from the Sava Suture Zone at Moho depth to the current plate interface as proposed
above yields only a minimum estimate of slab rollback since Adria‐Europe suturing in latest Cretaceous
time. Nevertheless, we argue below that rollback estimated in this way explains the observed clockwise
oroclinal bending of the NW‐Hellenides with respect to the southern Dinarides.

The slabs in Figure 13 are constrained at their upper ends by the lower‐plate Moho inferred from seismolo-
gical studies (references in figure captions) and by positive P wave anomalies from seismic tomography
(model UU‐P07 of Hall & Spakman, 2015; see Movie S1). The lower ends are poorly constrained due to defo-
cusing effects and blurring of these anomalies with depth (Foulger et al., 2013). This renders depictions of
slab length and inclination in Figure 13 only approximate, especially in the Dinarides where broadband seis-
mic stations are few and the resolution is correspondingly poor.

5.2. Estimates of Plate‐Interface Retreat

North of the SPNF (Figure 13a), the Adriatic slab anomaly is imaged to a depth of only ~160 km. A slab depth
of <200 km beneath the southern Dinarides is also a feature of other global and Mediterranean‐scale tomo-
graphy studies involving independent imaging techniques and data sets (Bijwaard & Spakman, 2000;
Koulakov et al., 2009; Piromallo & Morelli, 2003; Serretti & Morelli, 2011; Spakman & Wortel, 2004; Zhu
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et al., 2012). In a local study using a relatively small data set and analyzed with an approximate local imaging
method, Šumanovac et al. (2017) propose a much deeper slab anomaly reaching down to 400–450 km below
most of the Dinarides. It is unclear from their work howwell‐resolved the imaged slab anomaly is because of
the anomaly‐smearing artifacts exposed in their checkerboard test (their Figure 6, particularly the vertical
cross sections) and because of the limitations of this particular checkerboard test to assess spatial resolution
(Rawlinson & Spakman, 2016). We therefore opt for a short slab (<200 km) in this transect as imaged in the
global model UU‐P07 used here (see Movie S2 for video of depth‐dependent spatial resolution). As argued
below, a short slab in Figure 13a is consistent with independent geological evidence for late Paleogene slab
detachment in the Dinarides.

Using the approach outlined above, we obtain ~80 km of plate‐interface retreat north of the SPNF
(Figure 13a). The slab image in the cross section just south of the SPNF is longer, but the plate interface
has retreated almost the same amount, 85 km (Figure 13b). Yet further to the south in the section across
the Peloponnesus (Figure 13c), the slab image extends down to 240 km, and the amount of retreat increases
to ~160 km. South of the Kefalonia Transfer Zone, where the slab penetrates the Mantle Transition Zone
(Piromallo &Morelli, 2003, their Figure 9f) and Ionian oceanic lithosphere has entered the subduction zone,
measured retreat attains some 260 km (Figure 13d). The orogenic crust and lithospheric mantle thicken
slightly going from the Dinarides to the Hellenides across the SPNF (Figure 13e).

6. Discussion

The coincidence of anomalous fault kinematics at the Dinarides‐Hellenides junction with along‐strike
changes in the geometry of the retreating Adriatic slab raises questions regarding the timing of slab rollback,
the degree of crust‐mantle coupling during rollback, and its effect on differential motion between the two
subplates of Adria, the Hellenides, Africa, and Europe. Answering these questions sheds light on how
motion of the mantle is transferred through the crust to the surface during rollback subduction, a central
theme of this paper outlined in section 1.

6.1. How Does Bending of the Orogenic Crust Compare With Slab Geometry?

In Figure 12b, we use the contrasting estimates of Neogene shortening NW and SE of the SPNF to constrain a
clockwise oroclinal bending angle of ~30°, delimited by dashed lines connecting the minimum shortening
estimates along the basal Dalmatian‐Kruja thrust in offshore Montenegro (Bega, 2013) and in Albania
(Figure 12a and above). Note that due to poor constraints on shortening in the Dinarides, we do not know
where, if at all, Neogene shortening drops to zero north of the SPNF. However, the dashed lines converge
to a northern end of Neogene bending of the Dinaric‐Hellenic chain in the vicinity of Dubrovnik. Bending
angles <30° are possible if Neogene shortening exists further north along the Dinaric chain or >30° if
Neogene shortening significantly exceeds the minimum estimates at the latitudes of the Peshkopie
Window (100 km) and Elbasan‐Vlora Transfer Zone (120 km).

Oroclinal bending of ~30° derived from Neogene shortening is in general agreement with the paleomagne-
tically derived estimates of Neogene rotation in the footwall of the SPNF in Figure 11. After Tortonian time,
this rotation was accompanied by clockwise rotation of ~10° of the hanging wall of the SPNF (Figure 12b). Its
contribution to shortening was transferred to the orogenic front at the base of the Ionian Nappe by the
Elbansan‐Vlora transfer zone (Figure 12a). The total amount of bending is therefore ~40°, with an error of
~10° given the uncertainties in the amounts of Miocene shortening along the chain and extension on the
SPNF (Figure 12b).

Teleseismic P wave tomography at 150‐km depth in Figure 12b indicates that the Adriatic slab anomaly
bends sharply clockwise by ~40° in the vicinity of the SPNF (see also Movies S1 and S2, with sequential P
wave tomographic depth slices and resolution tests in the range 100–160 km). The bend in the anomaly
mimics the change in strike of the orogen at that location, as well as matches the amount of Miocene‐
Pliocene rotation described above. The map trace of this bent slab segment parallels the overall surface trace
of Neogene‐to‐recent faults between the SPNF and the Kefalonia Transfer Zone (Figure 12). Crust and man-
tle structures are therefore coincident, suggesting that the entire orogenic lithosphere including the Adriatic
foreland underwent bending during Hellenic rollback subduction.
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This coincidence strongly suggests that the orogenic crust and mantle at the Dinarides‐Hellenides junction
have been mechanically coupled since at least early Miocene time. The orogen together with the upper plate
have rotated while undergoing extension and dextral shearing to maintain compatibility with clockwise
bending and retreat of the subducting lower plate.

6.2. When and Where Did Slab Breakoff and Rollback Affect the Dinaride‐Hellenide Chain?

Rollback subduction of the Adriatic slab in the Dinarides started in late Eocene‐Oligocene time as marked by
extensivemagmatism in half‐graben systems that young fromNE to SW toward the Dinaric foreland (Andrić
et al., 2018). Earlier extension and magmatism in the hinterland of the Dinarides (Serbo‐Macedonian and
Circum‐Rhodope units in Figure 2) in Late Cretaceous time (von Quadt et al., 2005) was broadly coeval with
closure of the Neotethyan Sava Ocean (Gallhofer et al., 2015) but cannot be unequivocally linked to a roll-
back mechanism of subduction (Andrić et al., 2018). A belt of 34‐ to 22‐Ma calc‐alkaline magmatites (e.g.,
Andrić et al., 2018; Schefer et al., 2011) affecting parts of the internal Dinarides and units NE of the Sava
Suture Zone, including the Carpatho‐Balkan and Rhodopes (Figure 1a), is interpreted to mark removal of
the slab, either by delamination (Schefer et al., 2011) or breakoff. In the vicinity of the Sava Suture Zone,
shortening yielded to extension in late Oligocene time (Toljić et al., 2013; Erak et al., 2017; Stojadinović
et al., 2017) when the orogenic front migrated SW into the external Dinarides (e.g., Unen et al., 2018).
Extension involved the formation of latest Oligocene‐Miocene metamorphic core complexes in the vicinity
of the Sava Suture Zone (Bukulja, Kopaonik, Studenica, and Jastrebac core complexes in Figure 2) and early‐
to‐middle Miocene extensional basins in the external Dinarides (Andrić et al., 2017). Extension was gener-
ally orogen‐normal (E‐W) and locally involved significant exhumation, for example, ~8 km in the footwall
of the Busovača fault bounding the asymmetrical Sarajevo Basin (Figure 2; Unen et al., 2018). Following
Matenco and Radivojević (2012), we attribute this early‐mid‐Miocene extension to the ~80‐km retreat of
the Adriatic slab beneath the Dinarides estimated in Figure 13a and/or to eastward pull of the extending
Pannonian Basin to the east.

Extension and magmatism associated with rollback subduction in the southern Balkan peninsula (Andrić
et al., 2018; Burchfiel et al., 2008) and Aegean region (Brun & Soukoutis, 2010; Royden & Papanikolaou,
2011) also began in Eocene‐Oligocene time and swept from NE to SW, delaminating and thinning the upper
plate of the retreating Hellenic arc‐trench system (Brun et al., 2016; Jolivet & Brun, 2010). Recalling that our
estimates of plate‐interface retreat in Figures 13b–13d for the northern Hellenides are minima, we surmise
that the amount of rollback across the Aegean toward the apex of the Hellenic arc was probably much
greater (Jolivet & Brun, 2010; their Figure 9). As demonstrated in the previous sections, faster rollback
and clockwise rotation of the Hellenides with respect to the Dinarides began in mid‐Miocene time, corre-
sponding to the main activity of the SPNF system. South and west of the SPNF, variously oriented normal
faults and associated Miocene‐Pliocene basins affect the northern Hellenides toward the present orogenic
front in Albania and northern Greece (Burchfiel et al., 2008). Prominent Neogene extensional structures
in the northern Hellenides include the Burell Basin and the Peshkopie Window (BU and PW in Figure 3),
with the latter exposing Paleozoic basement that underwent rapid cooling in early Pliocene time (Muceku
et al., 2008). Thus, a large area of upper‐plate crust south of the SPNF was affected by both orogen‐parallel
and orogen‐normal extension.

The contrasting amounts of plate‐interface retreat and Neogene upper‐plate extension north and south of
the SPNF indicate that the Dinarides‐Hellenides junction may have been the site of distributed dextral
motion in addition to the rotational, orogen‐parallel component of extension recorded by the SPNF system.
The aforementioned metamorphic core complexes and Miocene basins in the internal Dinarides and
Carpatho‐Balkans define a narrow, late‐Oligocene‐Miocene extensional corridor that links the
Carpathian‐Pannonian Basin system to the north (Horváth et al., 2006) with the Hellenic‐Aegean back‐
arc system to the south, as noted by Matenco and Radivojević (2012). The Kopaonik and Jastrebac core com-
plexes within this corridor (Figure 3) have retrograde greenschist‐facies mylonites with extensional direc-
tions varying from N‐S to E‐W, respectively (Erak et al., 2017; Mladenović et al., 2015; Schefer et al., 2011;
Stojadinović et al., 2013, 2017). This large variation in local extension direction has been attributed to the
close proximity of these core complexes to the Miocene rotation axis for opening of the Pannonian Basin
behind the eastwardly expanding and retreating Carpathian orogen (Erak et al., 2017; Matenco &
Radivojević, 2012).
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The Miocene pole of clockwise rotation for the retreating Hellenic arc and the Adriatic foreland is not the
SPNF, as suggested in previous studies (e.g., Kissel et al., 1995; Walcott & White, 1998; van Hinsbergen
et al., 2005) because we have shown that Miocene oroclinal bending and shortening affected the Dinaric‐
Hellenic chain and its foreland at least as far north as Dubrovnik (Figure 11). Therefore, we propose that
the pole was located somewhere near Dubrovnik, possibly offshore of Dalmatia in Croatia (Figure 2). This
is at the SE end of a submarine ridge, theMid‐Adriatic Ridge (Figure 1a), which is characterized bymoderate
seismicity on NW‐SE striking thrusts and strike‐slip faults (Scisciani & Calamita, 2009) that do not reach the
mainland. Following D'Agostino et al. (2008), we propose that the MAR currently accommodates clockwise
rotation of the Apulian subplate, which comprises Ionian oceanic lithosphere and continental lithosphere
presently subducting beneath the Hellenic arc (Figure 1a).

Differences in tectonics across the Dinarides‐Hellenides junction persist today, as revealed by the greater
abundance of deep‐level seismicity south of the SPNF (Pondrelli et al., 2006). Focal mechanisms at this junc-
tion indicate that the major Miocene structures, including the SPNF, have the same kinematics today as
documented above in our structural studies (Figure 14a). Geodetic work indicates distributed shortening
in the Dinarides (Bennett et al., 2008; Grenerczy et al., 2005), while in the Hellenides, shortening in external
units of the chain contrasts with extension in internal units (Figure 14b; e.g., Hollenstein et al., 2008;
Jouanne et al., 2012). The boundary between ongoing shortening and extension (dashed purple line in
Figure 14b) runs SSE‐ward from the SPNF rotational pole along the trace of Neogene out‐of‐sequence
thrusts within the Kruja Nappe and then turns SW‐ward to the orogenic front, skirting the southern border
of the Elbasan‐Vlora Transfer Zone. This transfer zone juxtaposes NW motion of Apulia to the north with
gradual SW motion of the extending upper plate of the retreating Hellenic orogen with respect to Europe.

Figure 14. (a) Centroid Moment Tensor (CMT) catalogue focal mechanisms for Italy (1976–2012) and Europe (1997–
2012) after Pondrelli et al. (2006); (b) GPS vectors with respect to Europe showing partitioning of shortening, extension,
and block rotation due to rollback subduction in the Hellenides and NNW‐directed Adria‐Europe convergence, after
Jouanne et al. (2012) and Métois et al. (2015). Tectonics units and abbreviations for localities as in Figures 2 and 3.
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In summary, the current tectonic regime at the Dinarides‐Hellenides junction appears to have been estab-
lished already in early Miocene time when rollback subduction accelerated in the Hellenides (Brun et al.,
2016). This drove clockwise rotation as well as deformation of the orogen and its foreland and possibly
initiated the fragmentation the Adriatic Plate into its two current subplates, Adria s.str. and Apulia.

6.3. What Drove Bending and Rotational Extension at the Dinarides‐Hellenides Junction?

To answer this question, we first discuss how slab anomalies in Figures 13a–13d reflect changes in the length
of slab along Dinarides‐Hellenides chain. The short slab image beneath the southern Dinarides in Figure 13a
is interpreted to be a relic of an originally longer slab because shortening in the Dinaric thrust‐and‐fold belt,
though not yet quantified, probably exceeded the current slab length of only ~160 km. Moreover, active‐
seismic studies cited in the previous section indicate that Neogene shortening in the Dinarides north of
the SPNF amounted to no more than a few tens of kilometers (Bega, 2015). This contrasts with the longer
slab images and greater Neogene shortening values obtained for the cross sections located south of the
SPNF (Figures 13b–13d). Thus, the current slab length north of the SPNF (Figure 13a) is attributed primarily
to Paleogene subduction, with only aminor contribution, if any, fromMiocene‐and‐younger subduction. We
propose that most of the Adriatic slab north of the SPNF was removed once Dinaric nappe stacking slowed
or stopped in the late Eocene but during or just before the onset of Miocene upper‐plate extension in the
Dinarides. This leaves latest Eocene to Oligocene time as the probable range of time for slab removal, when
widespread calc‐alkalinemagmatism affected parts of the internal Dinarides and units NE of the Sava Suture
Zone (Figure 1a; Schefer et al., 2011; Andrić et al., 2018).

The amount of slab removed is a matter of conjecture; thermomechanical subduction models indicate that
slabs beneath orogenic crust must be at least 200 km long for their downward pull force to overcome resistive
forces and enable rollback (e.g., Chertova et al., 2014; Duretz et al., 2014; Hall et al., 2003). Applied to our
case, these models suggest that rollback of the current slab beneath the Dinarides slowed and stopped after
breakoff in Eocene‐Oligocene time. We speculate that slab breakoff initiated with the southeastward propa-
gation of a subhorizontal tear beneath the Dinarides (Wortel & Spakman, 2000) which then propagated obli-
quely downward to the SE along the slab in the vicinity of the Dinarides‐Hellenides junction (Figure 15).
Downward tearing may have been favored by a pre‐existing weak zone at this junction, for example, related
to the aforementioned Mesozoic transverse zone of Aubouin and Dercourt (1975) or the pre‐Neogene SPTZ
(above), as depicted schematically in Figures 13e and 15. This left the slab segment to the south beneath the
Hellenides largely intact. Though speculative in the absence of high‐resolution seismology, this scenario
would account for the aforementioned lengthening of the slab anomaly along strike from the Dinarides to
the Hellenides (Figure 13).

Slab tearing beneath the Dinarides is expected to have had a dramatic effect on the remaining part of the
Adriatic slab to the south, with most action focused at the Dinarides‐Hellenides junction as shown in
Figure 15. The reduced slab mass above the putative tear in the Dinarides would have increased downward
pull on the longer part of slab remaining beneath the Hellenides (bottom diagram in Figure 15b) in analogy
with modeling studies of partial slab tearing (e.g., Duretz et al., 2014). Partial tearing in turn induced faster
rollback to the SW and clockwise bending of the remaining slab along its torn edge in the vicinity of the
Dinarides‐Hellenides junction. Bending of the slab during slab retreat may have been enhanced by toroidal
flow of asthenosphere around the slab edge (Funiciello et al., 2006). Though the main trigger of accelerated
Hellenic rollback and Aegean extension appears to have been late Paleogene slab tearing in the Dinarides, it
may have been augmented by rapid westward escape of Anatolia from mid‐Miocene time onward (Brun
et al., 2016).

Thus, pronounced orogen‐parallel and orogen‐normal extension of the Hellenic part of the chain south of
the SPNF in mid‐Miocene‐Pliocene time was a direct response of the orogenic crust to bending of the
Adriatic slab during accelerated rollback. Deformation of the upper plate to accommodate this slab motion
was partitioned into a basal fold‐and‐thrust system affecting the Ionian and Kruja zones and into a structu-
rally higher system of normal faults, most prominently the SPNF, that are linked to thrusts and transfer
zones along the orogenic front (top diagram in Figure 15b). The rate of subduction in the southern
Hellenides increased to its current value of 3.5 cm/year with the entrance of Mesozoic oceanic lithosphere
of the Ionian Sea (Speranza et al., 2012) along the central part of the Hellenic trench in early‐mid‐
Miocene time (Jolivet & Brun, 2010). By late middle Miocene time, about 15 Ma, Dinaric‐Hellenic nappe
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stacking had propagated rapidly SW to the present Mediterranean Backstop (Figure 2; Le Pichon et al., 2002)
which forms the rigid buttress of a post‐middle Miocene accretionary wedge fronting at the Mediterranean
Ridge (Figure 1; Le Pichon et al., 2002). After 6–8Ma, impingement of the Hellenic trench with theMesozoic
Adriatic Escarpment (Figures 2 and 15a) led to further segmentation of the orogenic front along the dextral
Kefalonia Transfer Zone, where continental lithosphere continued to be subducted north of this fault
(Royden & Papanikolaou, 2011). Subduction of the ocean‐continent boundary south of the Kefalonia
Transfer Zone gave rise to the present tectonic features of the Hellenic arc with abrupt, along‐strike
variations in subduction rate at zones of dextral transfer and arc‐parallel extension.

6.4. Behavior of the Upper and Lower Plates

Neogene clockwise oroclinal bending and clockwise rotational extensional faulting on the SPNF at the
Dinaride‐Hellenide junction (Figure 12) coincided with NW‐to‐SE, along‐strike increases in Neogene short-
ening (10 to 120 km), slab depth (160 to >280 km), and plate‐interface retreat (80–260 km, Figure 13). This
indicates that the crust and mantle in the upper and lower plates were coupled.

Figure 15. Model of the Neogene fault system at the Dinarides‐Hellenides junction: (a) clockwise oroclinal bending and partitioning of vertical rotation into a basal
thrust system along the orogenic front (blue) and an upper SPNF rotational system (red) that connects northward with a Neogene extensional corridor to the
Pannonian Basin (red shaded); red spots mark metamorphic core complexes (see text); red star represents SPNF rotation axis; blue stars labeled Ad‐Eu and Ad‐Ap
are the Neogene rotation axes, respectively, for Adria sensu stricto rotation relative to Europe and Apulia rotation relative to Adria sensu stricto and Europe
(see text); (b, top diagram) topology of SPNF rotational extensional fault system (magenta, ≤15 Ma) linked by transfer faults and lateral ramps to the basal thrust
system along the Dinaric‐Hellenic orogenic front (blue). (bottom diagram) Neogene‐to‐Present plate boundary at the Dinarides‐Hellenides junction with fault
systems accommodating differential rollback of the Hellenic slab segment with respect to the torn Dinaric slab segment; red arrows represent Neogene‐Present
motion. AE = Adriatic Escarpment; EV = Elbasan‐Vlora Transfer Zone; KB = Kosovo‐Metohia Basin; KF = Kefalonia Transfer Zone; MAR =Mid‐Adriatic Ridge;
OD=Othoni‐Dhermi Transfer Fault; PF = Periadriatic Foredeep; PW= PeshkopieWindow; SPNF= Shkoder‐Peja Normal Fault; SPTZ = Shkoder‐Peja Transverse
Zone; SV = Sava Suture Zone.
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Fast shear‐wave splitting (SKS) directions trend N‐S to NE‐SW beneath the upper plate in the northern
Hellenides, indicating that prolonged flow of both the lithosphere (Endrun et al., 2011) and asthenosphere
(Evangelidis, 2017) has occurred toward the retreating slab in the south. This inferred flow pattern is consis-
tent with the overall direction of upper‐plate extension associated with post‐middle Miocene orogen‐normal
and orogen‐parallel faulting on the SPNF and related faults, as well as with present extension directions indi-
cated by earthquake focal mechanisms and GPS‐derived motion vectors (Figure 14). Taken together, this
suggests that the lithospheric flow pattern derived from the SKS directions has been established since
mid‐Miocene time. Uplifting and thinning of the upper plate above this inflowing mantle just behind the
retreating slab is an attractive mechanism to explain the observed fluvial incision of Pleistocene terraces
in the Kosovo‐Metohia Basin (Figure 4a), although incision may have been enhanced by post‐glacial
rebound (Bathrellos et al., 2016).

Similar clockwise bending has been proposed for the Adriatic slab beneath the Kefalonia Transform Zone
(Evangelidis, 2017; Halpaap et al., 2018) that dextrally offsets the Hellenic trench and the Mediterranean
Backstop of offshore Peloponnesus (Figure 2; e.g., Louvari et al., 1999; Royden & Papanikolaou, 2011).
However, in contrast with such slab bending, other parts of the slab away from the transform zone and
beneath the Peloponnesus appear to be segmented into panels that step downward to the SE, that is, toward
the apex of the Hellenic arc (Bocchini et al., 2018; Sachpazi et al., 2016). Where tears separating these panels
have propagated up‐dip to shallow depths, they are marked by zones of dextral offset or lateral ramping
(Sachpazi et al., 2016). At the Dinarides‐Hellenides junction, available seismological models are unable to
resolve any tears in the lithosphere; the slab anomaly imaged in Figure 12b appears to bend rather than
be broken into segments.

7. Conclusions

The junction of the Dinarides and Hellenides in northern Albania is marked by a Neogene‐to‐Recent fault
system, most prominently the SPNF, that cuts a Late Cretaceous‐Paleogene nappe stack formed during
Adria‐Europe collision (Figure 1). This fault system accommodated clockwise oroclinal bending and both
orogen‐parallel and orogen‐normal extension in the upper plate of the SW‐retreating Hellenic segment of
the Adriatic slab. Across this fault system and along strike of the orogen, the Adriatic slab lengthens and
bends, while the minimum amount of plate‐interface retreat measured in cross sections increases from 80
to 260 km (Figure 13).

Deformation of orogenic crust at the Dinaride‐Hellenide junction was partitioned into two structural levels:
(1) a basal fold‐and‐thrust system in the Dalamatian‐Kruja and Ionian Nappes that accommodated an
increasing amount of SW‐directed, Neogene shortening toward the apex of the Hellenic arc (Figure 12);
and (2) a structurally higher system of faults, most notably the SPNF, affecting the Krasta‐Cukali‐Pindos
Nappe and overlying nappes (Figures 3–6). Orogen‐parallel, rotational extension along the SPNF and open-
ing of the Kosovo‐Metohia Basin in middle Miocene‐to‐Pliocene time were kinematically linked to out‐of‐
sequence thrusting (Figure 7) and dextral transfer zones along the orogenic front in central and southern
Albania (Figures 8–10). This fault system accommodated expansion of the rapidly retreating Hellenic sub-
duction system that continues today (Figure 14). The orogen‐parallel component of the SPNF differs from
other upper‐plate detachment systems with rotational axes in the Balkan‐Aegean area that have accommo-
dated orogen‐normal extension of the upper plate since Eocene time (Figure 15a, references in caption).

Clockwise bending and arcuation of the Dinarides‐Hellenides chain (Figures 11 and 12) is believed to have
been triggered by late Paleogene tearing of the Adriatic slab beneath the Dinarides, which concentrated
downward pull on the still‐attached slab segment beneath the Hellenides. This enhanced rollback subduc-
tion of the Hellenides to the SW and bent the edge of this slab segment as far north as the SPNF
(Figure 15b). The SPNF system transferred extension related to Hellenic rollback subduction northward into
a narrow, orogen‐parallel corridor that connected with broadly coeval Pannonian extension in the upper
plate of the eastwardly retreating, Carpathian rollback system.

Rollback subduction has thus been the dominant process shaping the southern Dinarides and northern
Hellenides, as well as their forelands since early Miocene time. The coincidence of the bend of the
Adriatic slab beneath the Dinarides‐Hellenides junction imaged by teleseismic P wave tomography with
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theMio‐Pliocene fault kinematics described above (Figures 11, 12, and 14) suggests a high degree of coupling
between the upper and lower plates at the NW end of the Hellenic subduction system.

Since early‐midMiocene time, the rotation pole for bending of the Dinaric‐Hellenic orogen and indeed of the
down‐going plate has been located along theMid‐Adriatic Ridge in the Adriatic Sea, offshore, and well to the
north of the SPNF (Figures 1a and 15b). This suggests that the Adriatic plate fragmented into two subplates
(Adria s.str. and Apulia) and that the Apulian subplate, which is also attached to the Ionian Sea and Africa
and is currently subducting beneath the Hellenic arc, has behaved nonrigidly. Future experiments invoking
passive‐array seismology may resolve the structures accommodating this behavior.
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