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The relationship between magma generation and the tectonic evolution of orogens during subduction and sub-
sequent collision requires self-consistent numerical modelling approaches predicting volumes and compositions
of the produced magmatic rocks. Here, we use a 2D magmatic-thermomechanical numerical modelling proce-
dure to analyse rapid subduction of a narrow ocean, followed by Mediterranean style collision, which is charac-
terized by the gradual accretion of lower plate material and slab migration towards the orogenic foreland. Our
results suggest thatmagmatism has a large-scale geodynamic effect by focusing deformation throughout the en-
tire subduction and collision process. The rheological structure and compositional layering of the crust impose a
key control on the distribution of magmatic rocks within the orogen. Compared to previous simplified homoge-
neous crustalmodels, a compositionally layered crust causes an increase in felsicmaterial influx during continen-
tal collision and results in shallower magmatic sources that migrate with time towards the foreland. Changes in
the deformation stylemay be locally driven bymagma emplacement rather than by slab movement. Our model-
ling also demonstrates that the migration pattern of the deformation front and the magmatic arc relative to the
location of the suture zonemay be driven by lower crustal indentation in the overriding plate during early stages
of collision. The modelling predicts a gradual change in magma source composition with time from typical calc-
alkaline to ones associated with relamination and eduction during subduction, collision and slab detachment.
This transition explains the compositional changes of magma their temporal and spatial migration, as well as
the observed link with deformation in the Dinarides orogen of Central Europe selected as a case study.

© 2018 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The mechanics of continental collision have been analysed in nu-
merous analogue and numerical studies that have revealed the critical
influence of several key parameters on orogenic build-up, such as the
rheology of the continental lithosphere, the thermal age of the
subducting oceanic lithosphere, the convergence rate and external forc-
ing factors, such as the rate of erosion and/or sedimentation (e.g., Burov
and Yamato, 2008; Ueda et al., 2012;Willingshofer et al., 2013; Erdős et
al., 2014 and references therein). Most of these studies have focused on
the mechanical growth of orogens, which is influenced by a number of
processes, such as continental subduction (e.g., Pysklywec et al., 2002;
Pysklywec et al., 2010; Gray and Pysklywec, 2010; Vogt et al.,
2017ab), delamination of continental lithosphere (e.g., Ueda et al.,
2012), crustal relamination (e.g., Hacker et al., 2011), slab detachment
(e.g., Duretz et al., 2011), eduction (e.g., Andersen et al., 1991; Duretz
ent of Earth Sciences, PO Box:
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and Gerya, 2013) or exhumation of continental crust (e.g., Brun and
Faccenna, 2008; Beaumont et al., 2009; Sizova et al., 2012). Many colli-
sional systems reveal changes in magmatism in terms of volume, com-
position, spatial and temporal distribution (e.g., Pearce et al., 1990;
Duggen et al., 2008; Lustrino and Wilson, 2007; Neill et al., 2015;
Menant et al., 2016a). Previous numerical studies have analysed the
compositional change and production rate of magmas and showed
that the mechanics of subduction and subsequent collision control
their location, composition and emplacement mechanism (e.g.,
Dymkova et al., 2016; Menant et al., 2016b). Magma production and
emplacement was, moreover shown to lower lithospheric strength
and to control lithospheric deformation (e.g., Faccenda et al., 2009;
Gerya and Meilick, 2011; Gerya et al., 2015).

Observations have shown that a number of Mediterranean colli-
sional orogens, such as the Apennines, Carpathians, Betics-Rif or
Dinarides, show crustal accretion of lower plate material, slab retreat
as well as an overall migration pattern of deformation and magmatism
towards the orogenic forelandwith time (e.g., Royden, 1993; Picotti and
Pazzaglia, 2008; Matenco et al., 2010; Schefer et al., 2011; Vergés and
Fernàndez, 2012; Faccenna et al., 2013; Göğüş et al., 2016). Modelling
V. All rights reserved.
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studies have shown that crustal accretion andmigration of deformation
is driven by rheological contrasts, associated with continental subduc-
tion and slab-retreat (Willingshofer and Sokoutis, 2009; Vogt et al.,
2017a, 2017b), but the overall variability ofmagmatismduring this pro-
cess has not been addressed. Observations in the Mediterranean
orogens associated with a migration of crustal accretion have shown
that the foreland directed migration of magmatism is associated with
a geochemical variability from predominantly mafic to predominantly
felsic, and it is generally explained to be driven by the slab retreat in
the Apennines, Dinarides or Carpathians (e.g., Seghedi et al., 2004;
Duggen et al., 2005; Dilek and Altunkaynak, 2009; Lustrino et al.,
2011; Cvetković et al., 2013; Menant et al., 2016a).

In this overall context, the continental collision processes driving the
magmatic diversity found in these Mediterranean orogens is still not
understood and is difficult to quantify solely by conventional field stud-
ies and geochemical techniques. Hence, self-consistent numerical ap-
proaches, which are able to quantify the temporal and spatial
generation of melts during subduction and collision, offer an important
additional tool to address complex interactions between magma pro-
duction and lithospheric scale processes.

In this study, we present a series of 2Dmagmatic-thermomechanical
experiments designed to quantitatively couple subduction and collision
with magma generation, focusing on its compositional changes. Our
setup is designed to simulate rapid subduction of a narrow ocean,
followed by continental collision. By starting from a reference model,
we further perform a parametric analysis on the role of crustal rheology,
ocean size and thermal age, and convergence rate. The results are com-
pared with one of the above mentioned Mediterranean orogens, the
DinaridesMountains of Central Europe,whichwere affected by subduc-
tion, collision and back-arc extension, and have awell-preserved record
of temporal and spatial changes in magma composition.

2. Numerical modelling methodology

Our magmatic-thermomechanical model is based on the i2vis Code
and solves a series of thermal and mechanical equations by combing a
finite difference approach and a marker in cell technique (Gerya and
Yuen, 2003a, 2003b, see also Appendix 1, Tables 1 and 2). Themodel in-
corporates effects that are essential for the study of orogenic
magmatism, such asmineralogical phase changes,fluid release and con-
sumption, partial melting, melt extraction and emplacement. The me-
chanical equations of momentum (Stokes equation for creeping flow)
andmass (continuity equation) are solved for a compressible non-New-
tonian, visco-plastic fluid. Solving the energy equation, which accounts
for latent, adiabatic, radiogenic and shear heat production, simulates the
thermal evolution of the model. A detailed description of the numerical
approach is given in Gerya and Yuen (2003a, 2003b), Gerya and Burg
(2007) and Gerya (2010).

2.1. Initial configuration

The 2D computational domain covers 4000 km × 1400 km with a
resolution of 1361 × 351 nodal points (Fig. 1). The numerical resolution
increases from 10 × 10 km to 1 × 1 km towards the centre of the do-
main, i.e. area undergoing subduction and collision. All boundaries are
free slip. The setup simulates subduction beneath a passive continental
margin and includes a gradual change in crustal and sediment composi-
tion (Fig. 1a, e.g., Regenauer-Lieb et al., 2001). An imposed constant con-
vergence velocity of 5 cm/yr induces subduction. This velocity condition
is deactivated at the onset of collision, i.e. after ocean closure. Subse-
quent collision is driven by the pull of the subducted slab. The collision
and convergence stop in our models after slab detachment.

The oceanic crust is composed of a 2 km thick layer of hydrother-
mally altered basalt and a 5 km thick layer of gabbro (Tables 1 and 2).
The upper plate is composed of a 20 km thick upper and a 20 km thick
lower crust (e.g., Kelemen and Behn, 2016) of varying rheology (Fig.
1b; Table 3). The underlying lithospheric mantle is 80 km thick and
composed of anhydrous peridotite. The thermal distribution of the oce-
anic lithosphere is calculated from its thermal cooling age (Table 3,
Turcotte and Schubert, 2002). The thermal distribution of the continen-
tal lithosphere is calculated following a linear increase from273 K at the
surface to 767 K at the Moho and 1617 K at the lithosphere/astheno-
sphere boundary. For the asthenospheric mantle, a thermal gradient of
0.5 K/km is used. The setup simulates rapid subduction of a medium
to small sized ocean (400–800 km in 8–16 My).

The model assumes instantaneous melt propagation and emplace-
ment after extraction. Processes modifying the primarymagma compo-
sition, such as fractional crystallization, crustal assimilation andmagma
mixing are not included. Furthermore, the model assumes partial melt-
ing of individual sources (Fig. 1) and does not account formore complex
interactions resulting in melting processes such as for instance vein +
wall-rock melting (Foley, 1992). However, the variability of the mag-
matic source and the nature of partial melting and/or melt extraction
are resolved to a first order by our numerical approach.

3. Results

We performed a series of numerical experiments (Table 3) to inves-
tigate the dynamics and physical controls ofmagmatismduring subduc-
tion and subsequent collision. We first describe a reference model that
exhibits patterns of magma migration and compositional changes.
This is followed by a parametric study, in which we analyse the influ-
ence of varies rheologies, thermal slab ages, ocean sizes and conver-
gence rates.

3.1. Reference model

The referencemodel (sofc, Table 3, Fig. 2) contains a compositionally
and rheologically layered continental crust: weak felsic upper crust
(wet quartzite) and strong mafic lower crust (plagioclase), which re-
sults in low coupling at their interface (Fig. 1b2). In this model, the ini-
tial ocean is 400 km wide and has a thermal age of 80 Ma. The lower
plate is pushed with 5 cm/year towards the upper plate, which remains
fixed. The results show a complex spatial and temporal pattern of com-
positionally variable magmatic sources activated during oceanic sub-
duction, continental collision and after slab detachment (Figs. 2 and 3).

At the onset of oceanic subduction (b3 My) partial melting of the
oceanic crust forms adakites within the upper plate (Fig. 3, sensu
Defant and Drummond, 1990; Drummond et al., 1996). After 5 My,
the oceanic lithosphere releases volatiles and hydrates the overlying
mantle wedge as it sinks deeper into the mantle. The addition of vola-
tiles at depths of ~100 km triggers fluid-fluxed melting of hydrated pe-
ridotite in the mantle wedge, which is also associated with melting of
the subducted oceanic crust (Figs. 2a and 3, stage 1). These melts pene-
trate the overriding plate and form flattened plutons at the transition
between the lower andupper continental crust and/or by building a vol-
canic arc at the surface. In our reference model the magmatic arc is ob-
served in the upper plate at ~250 km distance from the trench (position
1 in Fig. 2a). The continuous generation and propagation of melts
weakens the overlying continental lithosphere, which results in small
amounts of localized extension and subsidence overlaying the thermal
anomaly induced by the magmatism (sensu Turcotte and Schubert,
1982). The total magmatic addition rate during this phase equals to
35 km3/km/My.

The closure of the ocean at 8 My is followed by continental subduc-
tion of the lower plate (Fig. 2c), driven by the pull of the slab before slab
break-off which ceases subduction at 32My. Rheological decoupling be-
tween the upper and lower continental crust activates a basal
decollement at their interface. This decollement facilitates the incorpo-
ration of most of the upper crust of the lower plate into the orogenic
wedge. The strong coupling between decollement and brittle overbur-
den favours a sequence of foreland propagating thrusts (such thrusts



Table 1
Thermal parameters used in the experiments. k is thermal conductivity (Clauser andHuenges, 1995). Hr is the radioactive heat production andHL represents latent heat production. Tsolidus
and Tliquideus, respectively, are solidus and liquidus temperatures of the rocks at given pressure and rock composition. For all rocks: Heat capacity Cp = 1000 J/K; coefficient of thermal
expansion α = 3 × 10−5 (1/K), coefficient of thermal compressibility β = 1 × 10−5 (1/MPa).

Material; melt generated by melting
of that material; magmatic rock
crystalized from those melts

k
[W/(m∗K)] (at TK, PMPa)
(1)

Hr

[μW/m3]
(2)

HL

[kJ/kg]
(2, 3)

Tsolidus
[K] (at PMPa)
(4)

Tliquidus
[K] (at PMPa)
(4)

Sediment; melt [0.64 + 807
Tþ77] ∗ exp(4 ∗ 10−6 ∗ P) 2 300 At P b 1200 MPa: 889 + 1:79�104

Pþ54 + 2:02�104
ðPþ54Þ2

At P N 1200 MPa: 831 + 0.06 ∗ P

1262 + 0.09 ∗ P

Upper continental crust; melt [0.64 + 807
Tþ77] ∗ exp(4 ∗ 10−6 ∗ P) 1.8 300 At P b 1200 MPa: 889 + 1:79�104

Pþ54 + 2:02�104
ðPþ54Þ2

At P N 1200 MPa: 831 + 0.06 ∗ P

1262 + 0.09 ∗ P

Lower continental; lower oceanic crust;
melt

[1.18 + 474
Tþ77] ∗ exp(4 ∗ 10−6 ∗ P) 0.18 380 At P b 1600 MPa: 973 − 7:04�104

Pþ354 + 7:78�107
ðPþ354Þ2

At P N 1600 MPa: 935 + 35 ∗ 10−4 ∗ P + 62 ∗ 10−7 ∗ P2

1423+0.105 ∗ P

Upper oceanic crust (basalt); melt [1.18 + 474
Tþ77] ∗ exp(4 ∗ 10−6 ∗ P) 0.18 380 At P b 1600 MPa: 973 − 7:04�104

Pþ354 + 7:78�107
ðPþ354Þ2

At P N 1600 MPa: 935 + 35 ∗ 10−4 ∗ P + 62 ∗ 10−7 ∗ P2

1423+0.105 ∗ P

Lithospheric/asthenospheric dry mantle [0.73 + 1293
Tþ77] ∗ exp(4 ∗ 10−6 ∗ P) 0.022 – 1394 + 0.133 ∗ PMPa + 51 ∗ 10−7 ∗ P2MPa 2073+0.114 ∗ P

Wet mantle; melt (dry and wet mantle) [0.73+ 1293
Tþ77] ∗ exp(1+4 ∗ 10−6 ∗ P) 0.022 300 At P b 1600 MPa: 973 − 7:04�104

Pþ354 + 7:78�107
ðPþ354Þ2

At P N 1600 MPa: 935 + 35 ∗ 10−4 ∗ P + 62 ∗ 10−7 ∗ P2

2073+0.114 ∗ P

Serpentinized mantle [0.73+ 1293
Tþ77] ∗ exp(1+4 ∗ 10−6 ∗ P) 0.022 – At P b 1600 MPa: 973 − 7:04�104

Pþ354 + 7:78�107
ðPþ354Þ2

At P N 1600 MPa: 935 + 35 ∗ 10−4 ∗ P + 62 ∗ 10−7 ∗ P2

2073+0.114 ∗ P

Depleted mantle [0.73+ 1293
Tþ77] ∗ exp(1+4 ∗ 10−6 ∗ P) 0.022 – At P b 1600 MPa: 973 − 7:04�104

Pþ354 + 7:78�107
ðPþ354Þ2

At P N 1600 MPa: 935 + 35 ∗ 10−4 ∗ P + 62 ∗ 10−7 ∗ P2

2073+0.114 ∗ P
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migrate towards the left in Fig. 2c). The lower crust of the upper plate
indents the sutured oceanic subduction zone and promotes the forma-
tion of back-thrusts, along which material is transported towards the
hinterland. The indentation – and thrust – related topography sup-
presses wedge widening caused by frontal accretion and prevents the
formation of the otherwise common collisional out-of-sequence defor-
mation. The lower crust of the lower plate remains coupled to itsmantle
lithosphere and, therefore, subducts beneath the upper plate. Slivers of
upper crust (thin light-grey stripes in Fig. 2c) are dragged into the sub-
duction channel alongwith sediments from the accretionarywedge and
may reach mantle depths of up to 120 km. These slivers are incorpo-
rated into a melange that includes parts of oceanic crust and
serpentinized and hydrated mantle.

In the hinterland of the upper plate (right side of Fig. 2c), extension
is localized along listric normal faults that are rooted in a basal
decollement at the transition between the upper and lower continental
crust. The activation of normal faults migrates gradually towards the
foreland (to the left in Fig. 2c). Interestingly, the lower crust of the
upper plate remains relatively little deformed. The difference in short-
ening between the upper and lower crust results in lower crustal inden-
tation of the orogenic wedge, composed of the oceanic suture,
accretionary wedge and upper crust. Consequently, the orogenic
wedge is pushed over a significant distance towards the hinterland (to
the right in Fig. 2c–g). This creates a gradual shift between the former
suture created during oceanic subduction and the currently active con-
tinental subduction zone that increases with time (Fig. 2c, e, g). Because
Table 2
Ductile creep parameters of different rheologies involved in experiments. Density - ρ0; pre - ex
cohesion – C; friction angle – sin(φdry). The flow laws are defined in Ranalli (1995) and refere

Material ρ0 [kg/m3] Flow

Sediments 2600 Wet q
Upper continental crust 2700
Upper oceanic crust (basalt) 3000
Melts derived from sediments, upper and lower continental crust 2400 Wet q
Lower continental crust 2900 Plagiocla
Lower oceanic crust (gabbro) 3000 Plagiocla
Melt derived from subducted oceanic crust 2900 Wet q
Lithosphere/asthenospheric dry mantle 3300 Dry o
Depleted mantle 3200
Hydrated mantle and weak initial shear zone 3200 Wet
Serpentinized mantle 3000
Melt derived from wet peridotite 2900 Wet
of its positive buoyancy and low viscosity, the melange moves upwards
along the subduction channel, and relaminates (sensu Hacker et al.,
2011) the base of the crust at the core of the orogen at around 18 My
(~40 km depth, Fig. 2c, e, g). At the same time, the lower plate detaches
from the mantle lithosphere of the upper plate, which results in slab
steepening and asthenospheric upwelling. The asthenospheric upwell-
ing is initially associatedwith partialmelting ofwet peridotite, resulting
in the creation of small volumes of basaltic melt. These melts are
emplaced in the upper plate using normal faults as transport pathways
(position 2, Figs. 2c and 3). The large temperature contrast between the
subducted crust and hot asthenosphere causes partial melting of the
rock melange in the subduction channel and the lower continental
crust. The resulting felsic melts are emplaced in the hinterland of the
upper plate ~120 km away from the tip of the lower crust indentor (po-
sition 3 in Fig. 2e). During this continental subduction stage melting oc-
curs from three compositionally different components: a decreasing
proportion of wet peridotite (57% to 25%), an increasing proportion of
lower continental crust (8% to 35%) and a slightly increasing proportion
of rock melange (cumulative sediments, upper continental crust, oce-
anic crust, 35% to 40%) sources (positions 3 and 4 and stages 3 and 4
in Figs. 2e, g and 3). During later collisional stages, the back-arc hinter-
land of the upper plate records shortening, because the frontal crustal
accretion is not anymore accommodated entirely by foreland thrusting
due to upper crustal thickening. Consequently, large parts of the short-
ening associatedwith accretion is transferred to the hinterland. Reverse
faults and folds are formed that act as magma transport pathways
ponential factor - AD; activation energy - Ea; stress exponent – n; activation volume - Va;
nces therein.

law 1/AD (Pan∗s) Ea [kJ/mol] n Va [J/bar/mol] C [MPa] sin(φdry)

uartzite 1.97 ∗ 1017 1.54 ∗ 105 2.3 0.8 10 0.15
0.3
0.2

uartzite 5 ∗ 1015 0 1 0 10 0
se (An75) 4.8 ∗ 1022 2.38 ∗ 105 2.3 0.8 10 0.3
se (An75) 4.8 ∗ 1022 2.38 ∗ 105 3.2 0.8 10 0.6
uartzite 1 ∗ 1013 0 1 0 10 0
livine 3.98 ∗ 1016 5.32 ∗ 105 3.5 0.8 10 0.6

olivine 5.01 ∗ 1020 4.70 ∗ 105 4 0.8 10 0.1

olivine 1 ∗ 1013 0 1 0 10 0
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(Fig. 2e). The continuation of subduction bringsmore continental mate-
rial into the subduction channel, generating melts that are increasingly
more felsic (position 4 in Figs. 2g and 3). At this stage, the deformation
in the back-arc of the upper plate changes from compression to exten-
sion. Normal faults are formed allowing for magma transport and
emplacement (Fig. 2g). In the foreland, in sequence thrusting is
favoured by moderate steepening of the basal decollement and under-
thrusting induced by the upward buoyant flow of material along the
subduction channel, whichprevents the accretingwedge to reach a sub-
critical state and experience out-of-sequence thrusting.



Table 3
Summary of all performed numerical experiments.

Ocean length 400 km 800 km 400 km 400 km 400 km 400 km 400 km 400 km

Age of oceanic
lithosphere/convergence
rate

5 cm/yr
(lower
plate)

5 cm/yr (lower
plate)

5 cm/yr
(lower
plate)

5 cm/yr
(lower
plate)

5 cm/yr (lower plate) + 3
cm/yr (upper plate)

Symmetric
convergence, 2.5
cm/yr

2.5 cm/yr
(lower plate)

7.5 cm/yr
(lower plate)

20 Ma sofi
40 Ma sofa
60 Ma sofb
80 Ma sofc vicc ijac spfc migc symd slac dorc
100 Ma sofd
120 Ma sofe
Duration of the push Until

collision
Until 400 km of
ocean was consumed

Until
collision

Until
collision

Until 400 km of ocean was
consumed

Until collision Until
collision

Until
collision

Continental crust Mix mode* Mix mode* Weak* Strong* Mix mode* Mix mode* Mix mode* Mix mode*

Mix mode * - upper (wet quartzite) and lower (An75_Ranalli, 1995) crust.
Weak * - upper and lower crust (wet quartzite).
Strong * - upper and lower crust (An75_Ranalli, 1995).
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Finally, slab detachment separates the oceanic and continental
part of the slab at 33My. Slab detachment is followed by exhumation
of the lower plate by reversing the motion of the subduction plane
(i.e. by eduction, sensu lato Andersen et al., 1991, Fig. 2i). Slab de-
tachment combined with exhumation and partial melting of large
parts of the lower continental crust induce a decrease in the slab
dip. Eduction uplifts the previously relaminated melange and
reactivates the former thrusts as low-angle normal faults or detach-
ments. These structures exhume upper crustal material from depths
of ~15–20 km and temperatures of T = 500 °C–550 °C (position 5 in
Fig. 2i). The exhumation is associated with partial melting of the
upper continental crust and emplacement of felsic melts (stage 5 in
Fig. 3). Furthermore, low-angle normal faults or detachments are
used as magma transport pathways, resulting in the formation of ei-
ther core-complexes or extensional domes (e.g., Tirel et al., 2004, po-
sition 5 in Fig. 2i).

3.2. The influence of rheological stratification of the continental crust

The rheological stratification of the continental lithosphere has a
fundamental impact on the kinematics, evolution and geometry of con-
tinental collision. Starting from the reference model, two extreme sce-
narios were performed. First, (Fig. 4a–c) we consider the collision of
weak continental plates. The entire crust has a wet quartzite rheology
in this experiment (Figs. 1b1, 4a–b and Table 3). Second, we examine
the collision of two strong continental plates. In this experiment the
entire crust has a plagioclase rheology (Figs. 1b3, 4d–f and Table 3). Al-
though the occurrence of such homogeneous crustal profiles is unlikely
in nature, we consider these scenarios suitable for illustrating extreme
collisional geometries and associated magmatism. In both cases, parts
of the upper oceanic crust and accretionary wedge sediments are incor-
porated into the subduction channel during oceanic subduction (Fig. 4a,
d). Magmatism results in minor amounts of extension in the hinterland
of the upper plate by weakening above the rising thermal anomaly dur-
ing magmatism. Melt production is restricted to flux melting of the hy-
drated mantle wedge, similar to the reference model. In the weak-
rheology scenario these melts form intrusions at the base of the crust
and extrusions at the surface. In the strong-rheology scenario intra-
crustal intrusions and surface extrusions are formed instead (position
1 in Fig. 4a and d, respectively).

In the weak-rheology scenario, collision is characterized by
decoupling of crust and mantle (Fig. 1b1). Only minor amounts of
crust and sediment from the accretionary prism are transported into
the subduction channel. Thickening of the entire crust accommodates
crustal shortening and no continental subduction is recorded (Fig.
4b). Slab detachment at the transition between continental and oce-
anic lithosphere at depths of ~160 km occurs shortly after the onset
of collision (~1.5 My) (Fig. 4b) and is followed by isostatic rebound
(Fig. 4c). Melting of wet peridotite, subducted melange and crust of
the lower plate creates dominantly felsic magmas that are emplaced
as intrusions and extrusions in the core of the thickened orogen and
in its frontal parts (positions 2 and 3, Fig. 4b). The continued oro-
genic thickening is associated with a gradual increase in tempera-
tures at the base of the crust, triggering additional melting at the
base of the crust (position 4, Fig. 4c).

In contrast, collision of two strong continental plates results in large
amounts of continental subduction due to the large degree of rheologi-
cal coupling. This creates large volumes of crust-derived melts that are
emplaced roughly in the same position when compared with magmas
formed during oceanic subduction (Fig. 4e, f). Subsequent continental
subduction continues until slab detachment ceases convergence at
~32 My. The slab detaches at the transition between continental and
oceanic lithosphere at depths of ~300 km (Fig. 4f).

3.3. The influence of the ocean size and thermotectonic age, and the conver-
gence velocity

We have performed an additional experiment in which the width
of the ocean was enlarged (800 km). All other parameters were kept
the same when compared to the reference model (Fig. 5 and Table
3). Deformation geometries, magmatic sources and migration pat-
terns of the magmatic source region are comparable to the reference
model (Fig. 5). However, a wider ocean increases the slab-pull force
and drags the subducted continental lithosphere to larger depths.
Consequently, slab detachment occurs earlier at ~22 My and at
greater depth (~450 km) when compared with the reference
model (Fig. 5c). Similar to the reference model, slab detachment en-
ables large partial melting of the lower continental plate, exhumes
partially molten rock melanges and reactivates former thrusts as
low-angle normal faults or detachments. One of the important fac-
tors observed to control the kinematics of subduction is the thermal
age of the subducting oceanic lithosphere. Starting from the refer-
ence model (i.e. thermal age of 80 Ma), we have tested three other
scenarios: two with younger (20 and 40 Ma) and one with an
older (120 Ma) oceanic plate age (Fig. 6a, b, c). In the first scenario
no continental subduction is recorded and no deformation is ob-
served after the closure of the ocean (“arrested” orogen, sensu
Ueda et al., 2012). Subduction terminates because of the insignifi-
cant slab pull. Melting of wet peridotite and partial melting of the
subducting slab forms magmas in the hinterland of the upper plate
~220 km away from the trench. Subduction of slightly older slabs
(40 Ma Fig. 6b), on the other hand, enables continental subduction,
generating melts in a position closer to the trench (position 2 in
Fig. 6b).



Fig. 2. Evolution of the referencemodel (sofc, Table 2). The left and right column represent composition and strain rate, respectively. a, b) thefirstmagmatic stage forms by partial melting
of wet peridotite during oceanic subduction; c) the second magmatic stage forms during continental subduction and is located 20 km trenchward from the first magmatic arc; d)
contemporaneous shortening in the foreland and extension in the hinterland; e, f) the third magmatic stage is syncontractional and forms by partial melting in subduction channel; g)
the fourth magmatic stage represents the most felsic magma end-member during continental collision, associated with extension in the hinterland during relamination; h) foreland
propagating deformation front; i) the fifth magmatic stage during overall extension driven by eduction; j) eduction triggers exhumation of mid-crustal rocks to the surface along low-
angle detachments. Thick black arrows highlight the sense of shear on the subduction plane. See Fig. 1 for color (material) description.
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Subduction of older lithosphere (120 Ma Fig. 6c) results in similar
collisional and magmatic patterns when compared to the reference
model. It also records indentation of the orogenic wedge by the lower
crust of the upper plate as described for the reference model. Indenta-
tion of the orogenic wedge results in subduction zone and magma
source migration. However, much larger amounts of melt are released



Fig. 3. Source variability and magmatic addition rates for the reference model. Note that 1 to 5 represent the magmatic stages described in Fig. 2, from oldest to youngest.
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when compared to the referencemodel, particularly during the late col-
lisional stage. These melts are emplaced dominantly in the upper plate,
at the base of the upper crust (Fig. 6c).

The effects of the convergence velocitywere tested in twomodels. In
a first model the upper and lower plate converge with 3 cm/yr and
5 cm/yr, respectively. This model shows a shallow dipping subduction
zone during oceanic subduction and no significant lower crustal inden-
tation. During continental subduction, the model is characterized by a
low degree of coupling between the lower and upper plate, which ulti-
mately leads to more pronounced slab steepening, larger astheno-
spheric uprise and the formation of larger volumes of melt when
compared to the reference model. These melts are emplaced in the
upper plate and the magmatic front gradually migrates towards the
forelandwith time (Fig. 6d). The final geometry is similar to the one ob-
tained by subduction of a wider ocean (compare with Fig. 5c). The sec-
ond model assumes symmetric convergence velocities of 2.5 cm/y (Fig.
6e). The model shows indentation of the orogenic wedge by the lower
crust of the upper plate during collision. Consequently, significant
amounts of shortening are recorded in the upper plate and a gradually
increasing shift between the slab and the position of the former oceanic
suture zone is observed. The observed magmatism is related to flux
melting during oceanic subduction and relamination during continental
subduction.

4. Discussion

Our results show that continental subduction in the chosenMediter-
ranean collisional setting is driven by the pull exerted by the oceanic
slab that remains attached to the continental lithosphere. This is related
to the strong rheological couplingof lower crust andmantle lithosphere,
as suggested by previous studies (e.g., Burov and Yamato, 2008). In con-
trast, rheological decoupling between crust and mantle lithosphere
leads to crustal accretion, similar to ocean-continent subduction set-
tings (e.g., Faccenda et al., 2009; Vogt et al., 2017a, 2017b). In our
models, the degree of coupling decreases with an increase of the con-
vergence rate (Fig. 6d, e), or with the increase in slab length (Fig. 5),
in agreement with previous inferences (Faccenda et al., 2009). Further-
more, a similar decrease in coupling takes place with an increase of the
age of the oceanic lithosphere (Figs. 2, 6a, b), while a fully strong and
weak rheology of the entire continental crust has an opposite effect
(Fig. 4).

Our reference model shows that a compositionally layered litho-
sphere creates a mixed collisional mode, in which the upper crust is ac-
creted to form a collisional orogen, while the lower crust is subducted.
The resulting orogen is characterized by a sequence of outward propa-
gating thrusts in the orogenic foreland and low-offset extensional
(listric) normal faults in the hinterland of the upper plate. The localiza-
tion of extension is driven bymagma emplacement inmultiple episodes
(see also Gerya and Meilick, 2011). The depth to which the lower crust
is subducted depends on the thermal age of the oceanic lithosphere and
on the convergence velocity (see also Duretz et al., 2011). The older the
slab or the higher its subduction velocity, the greater is the depth of sub-
duction. Deep subduction of the lower crust leads to slab steepening and
slab retreat.

Indentation of the orogenic wedge by the lower crust of the upper
plate (sensu Oxburgh, 1972) transports crustal material towards the
hinterland (Fig. 2c, e, g, i) and creates an increasing shift between the
position of the suture zone and the slab, together with its associated



Fig. 4. Evolution of the rheologically weakest (ijac, a–c) and strongest (spfc, d–f) end-member. a) formation of the first magmatic arc during oceanic subduction; b) intrusion of melts
derived from partial melting of the subducted melange during crustal scale folding; c) isostatic rebound after slab detachment followed by partial melting of the lower crust; d) flux
melting during oceanic subduction forms a magmatic arc; e) during continental subduction the magmatic front remains fixed; f) partial melting of the subducted slab following slab
detachment. See Fig. 1 for color (material) description.
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deformation and magmatism. Such an indentation process may be
applicable in other orogenic systems, for instance during the inden-
tation of the Brazilian Shield into the Andes (e.g., Lamb et al.,
1997). In most of our experiments, magma migrates towards the
foreland with respect to the former suture zone. The link between
magma migration and slab retreat relative to the position of the su-
ture zone has been inferred for many Mediterranean orogens such
as the Aegean, Apennines or Dinarides (e.g., Schefer et al., 2011;
Menant et al., 2016a). Only in situations where very young oceanic
lithosphere is subducted, or where collision of unusually strong
and coupled continental lithosphere takes place a fixed magmatic
arc is observed, such as possibly in the Pyrennees during the Creta-
ceous (Figs. 6a and 4d–f, Vissers and Meijer, 2012). The collision of
weak continental lithospheres results in a shallow slab detachment
and emplacement of magmatic rocks on both sides of the suture
(Fig. 4a, b, c). Although such an extreme homogeneous crustal
rheology has no obvious natural equivalent, we may speculate that
the resulting evolution may be compatible with the Late Eocene–Ol-
igocene magmatism observed along the Peri-Adriatic lineament of
the European Alps (e.g., Davies and von Blanckenburg, 1995;
Mancktelow et al., 2001). Furthermore, the observed thickening
and asymmetry of the crust and upper mantle (Fig. 4b) bear
resemblance to previous models accounting for a similarly weak, ho-
mogeneous continental crust in collisional settings (e.g., Pysklywec
et al., 2002; Pysklywec et al., 2010; Gray and Pysklywec, 2010). In
the absence of an inherited oceanic subduction, these models pre-
dicted underthrusting/subduction of the upper rigid part of the man-
tle lithosphere and, in contrast to our experiments, pure shear
thickening and subsequent removal of the lower mantle.

The overall magmatic evolution suggested by ourmodels is in agree-
mentwith existing numericalmodelling and observational studies (e.g.,
Defant and Drummond, 1990; Vogt et al., 2012). In more detail, migra-
tion of magmatism and deformation towards the orogenic foreland is
driven initially by the indentation of the lower continental crust in
models with a compositionally layered continental lithosphere. The
evolution of the slab prior to detachment is driven by a combination
of lower crust indentation and the upward buoyant flow of astheno-
spheric material in the subduction channel (Fig. 2g, i). The migration
of magmatism is accompanied by compositional changes that are con-
trolled by melting of different sources, which vary from simple mafic
(wet peridotite and oceanic crust) during oceanic subduction, to com-
plex combinations (wet peridotite, oceanic crust, subducted mélange
and lower continental crust) during continental subduction and, ulti-
mately, to a dominantly felsic source (upper crustal material) during



Fig. 5. Evolution in the 800 km wide ocean setting. a) Partial melting of wet peridotite
forms the first magmatic arc during oceanic subduction; b) partial melting of the
subducted melange forms second magmatic arc; c) reactivation of former thrusts as
asymmetric low-angle detachments and exhumation of syn-kinematic magmatic bodies.
See Fig. 1 for color (material) description.
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eduction (Fig. 3). In contrast, the formation of large amounts of adakite-
like magmas (20–40 My, Fig. 6a, b) occurs only where young slabs are
consumed in our models. Although subduction of older slabs may also
result in the production of adakite-like magmas, their extent and vol-
ume is significantly lower in comparison to their younger counterparts
(e.g. Figs. 2a and 3). Possible natural equivalents may be located in
young and hot slabs along the circum-Pacific margin (e.g. Costa Rica,
Aleutian Islands, e.g., Defant et al., 1992; Martin, 1999; Peacock et al.,
2005).

4.1. Variability of the magmatic source during continental subduction and
exhumation

Magma production is dominated by partial melting of wet perido-
tite at early stages of subduction and remains active during later
stages of collision, but with gradually decreasing contributions in
the overall magmatic budget (Fig. 3). Subduction of continental
crust involves its partial melting and separation of melts into a
mafic residue and a felsic fraction (e.g., Jull and Kelemen, 2001;
Kelemen et al., 2003). Driven by its intrinsic buoyancy, this felsic
fraction may relaminate to the base of the crust (Hacker et al.,
2011). In our models, partial melting of the subducted melange and
lower continental crust becomes progressively more important
once relamination is triggered. Relamination is driven by the interac-
tion between the asthenospheric mantle and the melange in the sub-
duction channel. The buoyant upraise ofmaterial from the subducted
melange along the subduction channel stops at the base of the
orogen at ~40 km depth. This allows for the emplacement of domi-
nantly felsic magma over a large area (Fig. 2g and i).

Mixtures of wet peridotite, sediment, and other crustal rocks have
been generally suggested to explain the source variability of post-colli-
sional (ultrapotassic to calc-alkaline) magmatism in the Mediterranean
domain, mostly based on geochemical and isotopic signatures (e.g.,
Conticelli, 1998; Prelević and Foley, 2007; Conticelli et al., 2011;
Prelević et al., 2013). In addition, field and geochemical studies of
collisional granitoids in many orogens suggest that these rocks
are derived from metaluminious magmas originated from partial
melting of mafic lower continental crust (e.g., Christofides et al.,
2007).

After slab detachment, the sense of shear along inherited thrust
contacts is reversed triggering extension by the formation of major
low-angle normal faults or detachments reactivating the former sub-
duction zone or other pre-existing nappe contacts. Footwall exhu-
mation along these structures brings felsic magma from mid-
crustal levels to higher structural positions. Coeval adiabatic melting
of dominantly crustal material produces peraluminious felsic
magmas that are emplaced as syn-kinematic granites or extensional
gneiss domes, such as inferred for the Aegean domain during the mi-
gration of subduction and back-arc extension (e.g., Tirel et al., 2004;
Brun and Faccenna, 2008; Dilek and Altunkaynak, 2009). In our
models, slab detachment and shear reversal of the subduction
plane are not directly responsible for exhumation of the rocks
along the subduction channel (see also Duretz et al., 2012; Duretz
and Gerya, 2013). Here the exhumation of rocks starts earlier by
the buoyant rise of material towards the surface in the subduction
channel (see also Burov et al., 2001). In other words, we observe a
two-stage uplift of material from the subduction channel. At first,
relamination uplifts the subducted melange from depths of
~120 km to the base of the orogen (40 km). Subsequent shear rever-
sal transports this material from the base of the orogen to mid-
crustal levels. This process has been also suggested for the exhuma-
tion of UHP-HP terranes, such as in the Western Gneiss Region of
Norway (e.g., Liou et al., 1996; Ota et al., 2000).

4.2. The Dinarides Mountains: an example of migration of magmatism in
orogens

One of the Mediterranean orogens associated with migration of
crustal accretion and magmatism with time towards the orogenic
foreland that is well comparable to our modelling is the Dinarides
Mountains of Central Europe (Fig. 7a). These mountains formed
during the late Mesozoic-earliest Cenozoic closure of the Neotethys
Ocean and subsequent continental collision between Europe and
Adria (e.g., Dimitrijević, 1997; Karamata, 2006; Schmid et al.,
2008). This evolution was followed by the Miocene extension of
the Pannonian Basin and its subsequent latest Miocene–Quaternary
inversion (Horváth and Cloetingh, 1996), which modified the initial
thrusting geometry of the Dinarides units (e.g., Matenco and
Radivojević, 2012; Balázs et al., 2016). The tectonic evolution of the
Dinarides was associated with significant magmatism that occurred
in several successive stages during late Cretaceous-Miocene times
(Cvetković et al., 2013). These stages are generally organized in line-
aments roughly parallel with the strike of the orogen and show an
overall trend of increasing crustal input towards the orogenic fore-
land (e.g., von Quadt et al., 2003; Cvetković et al., 2013; Gallhofer



Fig. 6. Variations in lithospheric cooling age (a–c) and convergence rate (d–f); a) Partial melting of hot and young oceanic lithosphere forms a magmatic arc (20 Ma, sofi); b) second
magmatic stage caused by partial melting of the lower crust (40 Ma, sofa); c) three stage magmatic evolution without exhumation of syn-kinematic magmatic bodies for old slabs
(120 Ma, sofe); d) step-wise migration of the magmatic arc towards the lower plate (migc, asymmetric convergence, 8 cm/yr (lower plate), 3 cm/yr (upper plate); e) syn-
contractional magmatism formed during second magmatic phase (symd, symmetric convergence, 2,5 cm/yr). See Fig. 1 for color (material) description.
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et al., 2015; Šoštarić et al., 2012). These general observations bear
strong similarities with the inferences of our study.

Inmore detail, oceanic subduction created the first stage of Late Cre-
taceous (~92–67 Ma) magmatism that is observed in the Apuseni-
Banat-Timok-Srednogorie (ABTS) belt, located in the hinterland of the
Dinarides orogen (e.g., von Quadt and Peytcheva, 2005; Gallhofer et
al., 2015). This stage produced typical arc-related calc-alkaline rocks
with a subordinate adakite-like geochemical signature formed by par-
tial melting of subduction-modified wet peridotite in the mantle
wedge (e.g., von Quadt et al., 2002; Kolb et al., 2013, Fig. 7b). Kolb et
al. (2013) recognized that some of these rocks exhibit adakitic geo-
chemical signatures and inferred the same source as the arc magmas
(i.e. wet mantle) via distinct differentiation paths that involved exten-
sive high-pressure amphibole crystallization at lower-crustal condi-
tions. A general foreland age progression is inferred across ~100 km,
which is interpreted as the result of either oblique subduction or slab
retreat (e.g., von Quadt and Peytcheva, 2005; Kolb et al., 2013;
Gallhofer et al., 2015). Field studies have demonstrated a genetic
link between magmatic emplacement and the formation of local
extensional/transtensional basins/structures, where extrusive and in-
trusive magmas were emplaced or re-deposited. This is particularly
Fig. 7. a) Tectonic map of the Alpine-Carpathian-Dinaridic system (simplified after Schmid et
reconstruction of Fig. 8; b) Crustal scale cross-section over the Dinarides (constructed by usin
mantle tomography section (Piromallo and Morelli, 2003; Bennett et al., 2008). Location of
chemical classification of magmatic rocks (Late Cretaceous to Miocene) in the Dinarides; d) N
Cvetković et al., 2004a; Prelević et al., 2005; Cvetković et al., 2007b; Zelić et al., 2010; Christofi
clear in the Timok and Srednogorie sectors of the ABTS belt (e.g.,
Georgiev et al., 2009; Naydenov et al., 2013). There are no quantitative
studies on the amounts of Late Cretaceous extension in these Timok-
Srednogorie sectors, but the overall stretching appears to be minor at
the orogenic scale. The character of this magmatism and its kinematic
relationships are comparable with the initial formation of a stable mag-
matic arc in our models, where such an arc forms bymelting of wet pe-
ridotite. However, our model suggests that the adakitic affinity may
have been related tomelting of oceanic crust during early stages of oce-
anic subduction (Fig. 2a), in contrast to high-pressure fractionation sce-
narios (Kolb et al., 2013). The weakening effect ofmagma transport and
emplacement favoured the development of extensional structures in
the overriding plate by rheological weakening and rising thermal anom-
alies (Fig. 8a). Subsequent magmas are emplaced beneath or in the
overlying (half-) grabens. Therefore, our model infers that slab-retreat
is not required to create the observed Late Cretaceous extension and
magma migration patterns in the Dinarides. Furthermore, generic
back-arc extension driven by slab retreat was shown to affect the hin-
terland of magmatic arcs, not the magmatic arc itself (e.g., Uyeda and
Kanamori, 1979; Dewey, 1980). In other words, all these observations
and modelling results suggest that although slab retreat could have
al., 2008). Black thick line (A–B) represents the location of the profile;in Fig. 7b and the
g the principles described in Schmid et al., 2008) juxtaposed over a regional teleseismic
the section is displayed in Fig. 7a, dotted black line; c) Total alkali vs silica diagram for
d-Sr isotope diagram for same magmatic rocks in the Dinarides (Jovanović et al., 2001;

des et al., 2011; Koroneos et al., 2011; Cvetković et al., 2013; Kolb et al., 2013).
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taken place during Late Cretaceous times, it is not intrinsically required
by the observed relationship between magmatism and tectonics in the
hinterland of the Dinarides.
The final closure of the Neotethys Ocean likely took place during lat-
est Cretaceous-earliest Paleogene times by the creation of an oceanic su-
ture zone (~65 Ma, Sava Zone, e.g., Pamić, 2002; Schmid et al., 2008;



Fig. 8. Interpretative tectono-magmatic reconstruction of the Dinarides. a) production of calc-alkaline magmas in typical continental arc setting during oceanic subduction in the Late
Cretaceous; b) monogenic alkaline magmas resulted from partial melting of a metasomatised lithospheric mantle during continental subduction in the (latest Cretaceous?)-Paleogene;
c) magma production is driven by partial melting of multiple sources (wet peridotite, subducted melange and lower continental crust) in the subduction channel during relamination
in the Eocene–Oligocene; d) generation of magmas produced by multiple sources due to relamination during continental subduction, and subsequent formation of syn-kinematic
peraluminious magmas triggered by eduction during the Miocene; e) present day profile. Note that patterns of magmatic bodies reflect different magma sources and not the petrology
of crystallized rocks.
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Ustaszewski et al., 2010). The convergence continued during Paleogene
times, although its kinematic effects and amplitude of deformation in
the internal Dinarides are not fully understood (e.g., Matenco and
Radivojević, 2012; Stojadinović et al., 2017). At first, the deformation
was coeval with the emplacement of a second stage of short-lived latest
Cretaceous–earliest Palaeocene (~70–65 Ma) monogenetic mafic alka-
line volcanic and subvolcanic bodies. These bodies were emplaced
over or intruded into theupper platemostly alongpre-existing fractures
formed during localized extension (Fig. 7a, c, d, e.g., Tschegg et al., 2010;
Cvetković et al., 2013). Xenoliths found in thesemagmatic rocks suggest
lithospheric temperatures of ~1000 °C (e.g., Cvetković et al., 2004b,
2007a). This magmatism was shown to have formed by partial melting
of hydrous mantle (Cvetković et al., 2010). Although, similar to the
source of the European Cenozoic anorogenic provinces (e.g., Lustrino
and Wilson, 2007; Cvetković et al., 2007a), these small volumes of
melts rather reflect a secondary direct sourcing of melts by astheno-
sphere in the hinterland of the subduction zones, as observed for in-
stance elsewhere in the Mediterranean system (Seghedi and Downes,
2011; Faccenna et al., 2014). These observations are in general agree-
ment with our modelling predictions, where melting of wet peridotite
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in the mantle wedge at temperatures of N1000 °C continued to produce
small volumes of magma (Fig. 8b).

Continued shortening during Eocene-Oligocene times is interpreted
as a foreland propagation of thrusting and out-of-sequence
reactivations in the external and internal Dinarides, respectively (e.g.,
Ustaszewski et al., 2010; Andrić et al., 2017; Stojadinović et al., 2017).
A gradual switch from contraction to extension took place during Oligo-
cene times in areas situated in the vicinity of the Sava suture zone (Erak
et al., 2017; Stojadinović et al., 2017). In the same area, the character of
deformation is mirrored by the magmatic evolution that recorded a
third stage of coeval magmatic emplacement located more to the fore-
land when compared with the earlier Late Cretaceous-Palaeocene
magmatism (Fig. 7a, c). This Eocene-Oligocene magmatism was
emplaced as dominantly medium- to high- potassic calc-alkaline plu-
tons and their extrusive equivalents derived from I-typemetaluminious
granitoid magmas (e.g., Cvetković et al., 2007b). The elevated contents
of large ion lithophille elements, low Sr-Nd isotope ratios together
with rare earth element patterns suggest a source located in the upper-
most mantle or lower crust (e.g., Cvetković et al., 2007b; Schefer et al.,
2011). The larger volumes of predominantly acid to intermediate
rocks are associated with lower amounts of volcanic and sub-volca-
nic potassic to ultra-potassic rocks with mafic to even ultramafic
compositions. They are thought to be derived from a source
composed of depleted peridotite and terrigenous trench sediments
accreted beneath the lithosphere of the upper plate (Prelević et al.,
2005, 2013), possibly related to slab roll-back (Schefer et al., 2011).
These observations are in agreement with our reference model,
which predicts the migration of deformation and magmatism
towards the foreland with respect to the suture zone before the
onset of slab detachment. Here magmatism is triggered by
relamination of crustal material to the base of the orogen and partial
melting of wet peridotite, subducted melange and lower continental
crust in the subduction channel (Fig. 2d–g).

The Miocene extension reactivated inherited nappe contacts, which
led to exhumation of material frommid-crustal levels in the footwall of
detachments or low-angle normal faults. This is well observed in large
areas in the Dinarides, with larger offsets in their internal part and
neighbouring southern PannonianBasin, along thepre-existing Sava su-
ture zone (e.g., Ustaszewski et al., 2010; Stojadinović et al., 2013), but
also along the nappe contacts in more external units, such as observed
in the Sarajevo Basin (Fig. 7a, Andrić et al., 2017). The exhumation in-
duced isothermal decompressional melting and the formation of
peraluminous magmas (Fig. 8d, e.g., Cvetković et al., 2007a; Schefer et
al., 2011). Small volumes of magmatic bodies occurring only in the in-
ternal Dinarides characterize this Miocene extension-related magmatic
stage. Ourmodelling demonstrates that thewidespreadMiocene exten-
sion was associated with the emplacement of dominantly felsic melts
from the upper crust (Figs. 2i and 8d) and the rheological weakening
created during previous magmatic stages. All these observations corre-
lated with modelling infer that the Miocene extension was related to a
kinematic reversal along the subduction plane, or in other words with
eduction.

The kinematic and magmatic observations in the Dinarides show
that in the Oligocene deformation changed gradually from contraction
to extension over ~8My. Ourmodelling shows that this gradual change
could be controlled by progressive slab detachment, resulting in a
change from Eocene relamination and contraction to Miocene eduction
and extension. The extension observed near the Sava Zone (sensu
Matenco and Radivojević, 2012) has started ~28–29 Ma (Toljić et al.,
2013; Erak et al., 2017; Stojadinović et al., 2017). When combined
with the predictions of our modelling, this imposes that the overall Ol-
igocene-Miocene orogenic extension took place during and after the
slab-detachment in the Dinarides.

The Miocene extension was followed by the latest Miocene-Quater-
nary indentation of Adria driven by the larger scale convergence be-
tween European and African plates. This large-scale process created a
wide zone of interaction between thrusting and/or lower crustal inden-
tation in the Alps, Apennines and Dinarides (e.g., Handy et al., 2010). In
the Dinarides, this indentation inverted the extensional basins and cre-
ated large scale thrusting thatwas recordedwith larger effects in the in-
ternal units in the NW and in the external units in the SE, leading to the
large scale thrusting and seismicity (e.g., Herak et al., 1995; Tomljenović
and Csontos, 2001; Bennett et al., 2008; Kastelic and Carafa, 2012). Seis-
micity, teleseismic tomography, potential field data and active seismic
experiments show that this recently active deformation is associated
with a slab fragment presently located beneath the external Dinarides
(Fig. 7b, e.g., Bennett et al., 2008; Šumanovac and Dudjak, 2016). Our
model cannot explain the post-Miocene thrusting because it does not
take into account the large-scale interaction during the Adriatic inden-
tation. However, our model can largely explain the presently observed
foreland shift of 100 km between the position of the Sava suture zone
and the present-day location of the Dinarides slab, which is compatible
with our model geometry (Fig. 2i). Such shifts and plate configurations
are also common in other collisional orogens in the Mediterranean do-
main (Apennines, Betics-Rif, Carpathians) that show retreating subduc-
tion boundaries, steep slabs, back-arc extension and migration of
magmatic fronts towards the foreland (Brun and Faccenna, 2008;
Faccenna et al., 2014; Matenco et al., 2016). Our modelling shows that
these shifts can result from a combination of lower crustal indentation
followed by slab retreat, relamination and eduction (Figs. 2 and 8).
This novel explanation for the commonly observed shift between the lo-
cation of the oceanic suture and the position of the slab detected by
teleseismic tomography sheds new light on the geodynamic evolution
of these Mediterranean orogens.

5. Conclusions

We investigated numerically an intimate link between the genera-
tion of magmatism, and the kinematics, rheology, geometry and tec-
tonic evolution of Mediterranean orogens. These orogens are
characterized by slab retreat and the migration of deformation and
magmatism towards the orogenic foreland during subduction and sub-
sequent collision. We note that our main results are likely less applica-
ble to other types of orogenic areas, such as the ones associated with
large scale plateaus (e.g., the Himalaya-Tibet) or double vergent oro-
genic wedges (e.g., the Alps or Pyrenees). These are characterized by
significantly different deformation and subduction styles, such as
lower crustal flow, exhumation in retro-wedges or aligned subduction
systems (e.g., Clark and Royden, 2000; Beaumont et al., 2004; Erdős et
al., 2014), associated with different mechanisms of magma generation
for instance by thickening the upper plate, eclogite root foundering,
sub-lithospheric small-scale convections and there is no migration of
magmatism and associated geochemistry with time across the orogen
(e.g., Ducea et al., 2003; DeCelles et al., 2009; Faccenna and Becker,
2010; Kaislaniemi et al., 2014; Zhengfu Guo et al., 2014).

Our results analysing these specific Mediterranean-type orogens
suggest that the rheological and compositional layering of the crust im-
poses a key control on the distribution of magmatic rocks. We showed
that magmatic weakening of the upper plate focuses deformation dur-
ing subduction and subsequent collision. The influx of more felsicmate-
rial into the subduction channel during continental subduction creates
more crustal magmatic sources that gradually become shallower and
continuously migrate towards the foreland. This change focuses defor-
mation at gradually more shallow lithospheric levels and results in the
emplacement of progressively more felsic magmatic products. Interest-
ingly, changes in the character of deformation are not necessarily re-
lated to a migration of the subduction interface. During oceanic
subduction and early collision changes between shortening and exten-
sion at far distances from the subduction interface are driven by the
magmatic emplacement rather than by the migration of the slab. The
formation of a typical subduction-related large-scale magmatic arc is
not observed in our models, which would likely require the subduction
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of larger oceans for longer periods of time. Instead, subduction-related
magmatism focusses deformation and results in atypical situations,
such as the magmatic emplacement in back-arc extensional (half-)
grabens.

During continental collision we observe migration of deformation,
movement of the subduction zone and associated magmatism relative
to the outcropping location of the former suture zone formed during
oceanic subduction. Existing studies generally show that this gradually
increasing shift is created by slab retreat (e.g., Doglioni et al., 2007;
Duretz andGerya, 2013). Our results demonstrate an additional compo-
nent. During early stages of collision the lower crust of the upper plate
indents the orogenic wedge, which increases the shift and enables sub-
duction of lower crust. In other words, continental subduction and oro-
genic build-up are assisted by lower crustal indentation in the
overriding plate. This process also explains themigration ofmagmatism
during early stages of collision. At later stages of collision, other pro-
cesses such as slab detachment may accompany the slab retreat.

Our simulations provide significant new insights for the understand-
ing of the subduction and collision dynamics in the Dinarides. The key
characteristics of the Dinarides, such as the foreland propagating defor-
mation and magma front, and the gradual compositional change to-
wards more felsic magmas is explained in our models by lower crustal
indentation, relamination and eduction accompanying oceanic and con-
tinental subduction. Magmatism in the Timok or Srednogorie grabens
that display rather reduced stretching can also be explained by localiza-
tion of deformation and rheologicalweakeningduringmagmaemplace-
ment and does not necessarily require a period of Late Cretaceous slab
retreat. Changes in collisional magmatism observed near the Sava
Zone can be explained by a transition tomelting in the subduction chan-
nel and relamination.We attribute the gradual Oligocene-Miocene tran-
sition in the kinematic and magmatic character (from relamination -
contraction to eduction - extension) to coeval slab detachment in the
Dinarides.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gr.2017.12.007.
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