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The propagation of slab break-off (slab tearing) is usually attributed to laterally variable plate convergence 
systems with a spatial transition between simultaneous oceanic subduction and continental collision. To 
study the process of slab tearing in a non-collisional geodynamic context, here we use a 3D thermo-
mechanical numerical approach to model the oblique subduction of a homogeneous oceanic plate. We 
investigate the effects of the following parameters: (1) subduction obliquity angle, (2) age of oceanic 
slab, and (3) partitioning of boundary velocities (i.e., the ratio between the subduction component and 
the advance of the overriding plate in the total convergence). In our simulations, the retreat of the 
subduction zone leads to a thinning of the fore-arc and back-arc lithosphere, which are decoupled 
from the subducting slab by the rise of the hot asthenosphere from the underlying mantle wedge. As 
a consequence of the initial obliquity of the active plate margin, slab roll-back velocities are subject to 
progressive along-trench variations. Consistent with the gradual rotation of the trench, the front of the 
decoupling between the overriding and downgoing plates (together with predicted magmatic activity and 
topographic uplift) migrates in a horizontal direction. In the experiments with low angles of subduction 
obliquity (< 15◦), relatively old subducting plates (> 50 Ma), and in the absence of the subduction 
component in the overall shortening, slab detachment either develops simultaneously along the entire 
length of the subduction zone or does not occur at all. In contrast, with higher subduction obliquity (≥
15◦), younger slabs (≤ 50 Ma) and in the presence of a boundary push on the oceanic side, the initial 
slab break-off is followed by the gradual growth of the “tear” window in the direction opposite to the 
migration path of the previously established plates decoupling. The sharp contrast in trench retreat rates 
between subduction zone segments affected and unaffected by slab detachment results in the arcuate 
shape of the trench. Furthermore, the direction of slab tearing may change from horizontal to vertical, 
eventually leading to the formation of a transform fault on the subducting plate. Our results show striking 
similarities with several features – such as trench curvature, subduction zone segmentation, magmatic 
production, lithospheric stress/deformation fields, and associated topographic changes – observed in 
many subduction zones (e.g., Marianas, New Hebrides, Mexico, Calabrian).

© 2023 Elsevier B.V. All rights reserved.
1. Introduction

Slab break-off (also termed slab detachment) is the geodynamic 
process by which the lower part of a subducted slab separates 
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from its upper part and subsequently sinks into the Earth’s mantle. 
The concept of slab break-off emerged more than half a century 
ago from the analysis of seismological data as an explanation for 
gaps in hypocentral distributions between deep and intermediate-
depth earthquakes (Isacks and Molnar, 1969; Barazangi et al., 
1973). Several decades later, seismic tomography revealed positive 
velocity anomalies that can be interpreted as detached slab frag-
ments in the upper (Spakman, 1990; Wortel and Spakman, 2000) 
and lower (Hafkenscheid et al., 2006) mantle. Since the turn of the 
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millennium, slab break-off has become the subject of numerous 2D 
modelling studies highlighting various dynamic and kinematic as-
pects associated with this process (see the review by Gerya, 2011
and references therein). In particular, progressive viscous thinning 
of the subducting plate has been shown to be a predominant de-
formation mechanism during slab detachment (Burov and Yamato, 
2008; Baumann et al., 2010; Duretz et al., 2012a), occurring at 
greater depths and with greater time lag as subducting plate age 
or convergence rates increases (Duretz et al., 2011). Partial or com-
plete loss of slab pull force due to slab break-off results in what 
is known as “slab eduction”: a coherent backward movement of 
previously subducted rocks (Andersen et al., 1991; Duretz et al., 
2012b; Andrić et al., 2018), accompanied by topographic uplift 
ranging between 6 km (Buiter et al., 2002) to 1-1.5 km (Gerya 
et al., 2004). The inflow of hot asthenosphere at the site of slab 
detachment significantly raises the temperature of the overlying 
material (Van de Zedde and Wortel, 2001), allowing partial melt-
ing and associated magmatism (Altunkaynak and Genç, 2008).

Based on a 3D seismic velocity structure of the Mediterranean 
lithosphere and upper mantle, Wortel and Spakman (1992) for-
mulated the hypothesis of spatial migration of plate detachment 
(also called “slab tearing”) as a new element in the dynamics of 
the lithosphere. Spatially and temporally progressive surface ef-
fects such as the uplift of topography along the Apeninic foredeep 
(Van der Meulen et al., 1999), migrating foreland basin depocenter 
along the Alps-Carpathians fold and thrust belt (Meulenkamp et 
al., 1996) and migrating pulse of mafic volcanism in central Mexico 
(Ferrari, 2004) are archetypal examples of data-based confirmation 
of slab break-off as a 3D process expressed by lateral propaga-
tion of a horizontal tear. Burkett and Billen (2010) and Van Hunen 
and Allen (2011) pioneered the first fully-dynamic 3D thermo-
mechanical models for slab tearing. According to these studies, the 
detachment of a laterally symmetric and homogeneous subduct-
ing plate occurs nearly simultaneously along the entire length of 
the slab. In contrast, lateral heterogeneities of the incoming plate, 
which include mid-oceanic ridge segments (Burkett and Billen, 
2010) or continental blocks (Van Hunen and Allen, 2011), result in 
horizontally propagating break-off controlled by spatial variations 
in slab pull along the subduction zone. These outcomes inspired 
subsequent modelling efforts to explore the dynamics of a conti-
nental corner (lateral continental/oceanic transition zone) during 
simultaneous oceanic subduction and continental collision (Li et 
al., 2013; Duretz et al., 2014; Sternai et al., 2014; Menant et al., 
2016). The main conclusion from these investigations is that slab 
detachment first initiates beneath the collided continents and then 
propagates parallel to the trench (Li et al., 2013). Importantly, the 
propagation of slab break-off (slab tearing) is always accompanied 
by relatively faster slab roll-back in the domain of continuous sub-
duction than in the locked collisional segment (Sternai et al., 2014; 
Menant et al., 2016). Similar along-trench variations in slab retreat 
rates have also been noted in recent modelling studies (Malatesta 
et al., 2013, 2016; Balázs et al., 2021) that address the process of 
the oblique subduction (i.e., subduction in which the plate conver-
gence vector and the trench are not perpendicular to each other). 
In these experiments, the lateral mantle flow gradient induced by 
the initial obliquity of subduction leads to a gradual rotation of the 
trench toward a direction more orthogonal to shortening. The as-
sociated laterally variable subduction velocities have been shown 
to control the tectonic transport of sediments along the trench 
(Malatesta et al., 2013, 2016) and the deformation pattern in the 
overriding plate (Balázs et al., 2021). Despite the advances of the 
previous studies, the consequences of the oblique trench geometry 
for possible slab detachment and/or tearing have not yet been ex-
plored, despite being captured by tomographic imaging in numer-
ous subduction zones worldwide: e.g., Izu-Bonin-Marianas (Stern 
et al., 2004; Miller et al., 2006; Zhang et al., 2019), Tonga (Bevis 
2

et al., 1995; Martin, 2014), Mexico (Rogers et al., 2002), and Sunda 
(Curray, 1989; Widiyantoro and van der Hilst, 1996).

Traditionally, the subduction termination by slab break-off is 
considered as a consequence of collision between active subduc-
tion zones and buoyant continental terranes, mid-oceanic ridges, 
magmatic arcs, oceanic plateaus, or seamount chains (Gerya, 2011, 
2022 and references therein). Here we examine, for the first time, 
the process of slab detachment and tearing in a non-collisional 
geodynamic context. To this end, we have performed a series of 
3D thermo-mechanical models for the oblique subduction of a ho-
mogeneous slab. We demonstrate that for a suitable combination 
of initial and boundary conditions (such as high angle of subduc-
tion obliquity, young age of the subducting plate, and predominant 
subduction component in the total convergence), an overall rota-
tion of the retreating trench due to the oblique setting is followed 
by slab break-off that propagates in both the horizontal and ver-
tical directions. Although our experiments are generalized and do 
not focus on any particular natural case, comparison with obser-
vations sheds new light on the characteristic features of different 
subduction zones.

2. Modelling approach

We investigated the non-collisional process of oblique subduc-
tion and associated slab break-off and tearing with numerical ex-
periments performed using the viscous-plastic code I3ELVIS (Gerya 
and Yuen, 2007; Gerya, 2019). This thermomechanical model is 
based on coupled conservative finite differences and marker-in-
cell methods. The momentum, continuity, and energy equations 
are solved on the fixed Eulerian grid, whereas the physical proper-
ties are transported by Lagrangian markers that follow the velocity 
field. The model accounts for the major phase transitions in the 
Earth’s mantle as well as adiabatic, radiogenic, and frictional inter-
nal heating sources. The viscous material deforms according to dis-
location and diffusion creep laws, while the brittle/plastic regime 
is formulated in terms of the Drucker-Prager failure criterion. The 
rheological model also includes strain-induced brittle weakening 
and ductile damage due to grain-size reduction (see Gerya et al., 
2021 and Methods in Appendix A for more details).

2.1. Initial model setup

The 3D model box has a size of 2000 × 1500 km in the hori-
zontal and 780 km in the vertical direction. The domain of the 3D 
model consists of 303 × 237 × 171 nodes, giving a spatial res-
olution of ∼6.5 × 6.5 × 4.5 km per grid cell. This implies very 
large mesh sizes (more than ten million elements and a hundred 
million randomly distributed Lagrange markers) and therefore re-
quires a considerable computation time.

The setup involves a continental overriding plate and a subduct-
ing plate built up by an oceanic lithosphere, which are separated 
by an oblique boundary (Fig. 1). The initial subduction obliquity 
(i.e., the angle on the map view between the ocean-continent 
boundary and the lateral borders of the model) is varied from 0◦ to 
22.5◦ in increments of 7.5◦ (see section 2.2). The continental litho-
sphere is composed of a 40 km thick crust, evenly divided into 
a felsic upper crust (wet quartzite rheology) and a mafic lower 
crust (plagioclase rheology), and a 50 km thick mantle. Initial non-
linear continental geotherm is computed from a steady-state ap-
proximation for a boundary temperature of 0 ◦C at the surface and 
an initial temperature of 1300 ◦C at the lithosphere-asthenosphere 
boundary (e.g., Artemieva, 2006; Koptev and Ershov, 2011), taking 
into account radiogenic heat production in the lithospheric lay-
ers (for thermal parameters, see Table A.1). The oceanic crust is 
represented by 3 km of basalts and a 5 km thick gabbroic layer. 
The thermal structure of the oceanic lithosphere is defined using 
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Fig. 1. Design of the 3D model setup: a) map view of the model box showing the oblique geometry of the active plate margin; b) vertical profile across the central part of 
the model demonstrating the position of the 1300 ◦C isotherm and the initial weak zone characterized by low plastic strength (see Table A.2), that enables subduction of the 
incoming oceanic lithosphere beneath the overriding continent (e.g., Koptev et al., 2019); c) 3D view illustrating the velocity boundary conditions on the left and right sides 
of the model domain.
a half-space cooling age that ranges from 20 to 90 Ma (see sec-
tion 2.2). Both the lithospheric (oceanic and continental) and the 
sublithospheric mantle consist of anhydrous peridotite described 
by the dry olivine flow law (for rheological parameters, see Ta-
ble A.2). The initial adiabatic temperature gradient in the sublitho-
spheric mantle is ∼0.5 ◦C/km.

On the right (oceanic) or/and left (continental) side of the 
model box, we apply kinematic boundary conditions with uni-
form and time-independent boundary velocities parallel to the 
long side of the model, mimicking plate driving forces such as 
ridge push and basal drag (e.g., Bird, 1998). The resulting lat-
eral shortening is therefore accommodated by subduction of the 
oceanic plate or/and migration (or advance) of the overriding con-
tinent. The relation between the boundary velocities applied on 
the right (subduction component) and left (advance of the over-
riding plate) sides of the model represents a variable parameter 
of this study (see section 2.2). The total convergence rate, how-
ever, remains the same (4.5 cm yr−1) in all experiments. Free slip 
is assumed to be the kinematic boundary condition for the front 
and back sides of the model. The free slip condition requires that 
the two non-orthogonal components of the velocity do not change 
across the boundary, while the normal component is zero.

The upper part of the model consists of a 22 km thick layer 
of “sticky air” with low viscosity (1018 Pa s) and low density (1 
kg m−3), which allows the top of the crust to be approximated as 
a free surface (Crameri et al., 2012). To ensure mass conservation 
3

within the model domain, constant outflows are imposed at the 
top and bottom boundaries, compensating for the net product of 
the applied horizontal shortening under the Eulerian configuration 
framework.

2.2. Modelling procedure

The three main parameters of our study are (1) the angle of 
the subduction obliquity, (2) the age of the subducting slab, and 
(3) the partitioning of the boundary velocities (Table 1). We begin 
with a reference experiment (model 1) characterized by a subduc-
tion obliquity angle of 15◦ , an oceanic plate age of 30 Ma, and 
a boundary push of 4.5 cm yr−1 from the right (oceanic) side of 
the model. We then test the subduction obliquity changing from 
0◦ (model 2) through 7.5◦ (model 3) to 22.5◦ (model 4), and the 
thermal age of the subducting oceanic lithosphere ranging from 20 
to 90 Ma (models 5-9). Subsequently, we examine a different parti-
tioning of the velocity boundary conditions: in model 10, the total 
convergence velocity of 4.5 cm yr−1 was achieved by half-rates 
(2.25 cm yr−1) on both the right (oceanic) and left (continental) 
sides, whereas in model 11, the boundary velocity of the same 
value (4.5 cm yr−1) but of the opposite direction is applied only 
on the left (continental) side of the model box. Finally, three ad-
ditional experiments (see Table 1) are conducted to test the role 
of rheological weakening mechanisms (model 12), the type of the 
overriding plate (model 13), and the lateral extent of horizontal di-
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Table 1
Controlling parameters of the numerical experiments.

No.
Model parameters

Angle of subduction 
obliquity [◦]

Age of subducting 
slab [Ma]

Boundary velocity [cm yr−1]

Left (continental) 
side

Right (oceanic) 
side

1 (reference 
model)

15 30 0 4.5

2 0 30 0 4.5
3 7.5 30 0 4.5
4 22.5 30 0 4.5
5 15 20 0 4.5
6 15 40 0 4.5
7 15 50 0 4.5
8 15 60 0 4.5
9 15 90 0 4.5
10 15 30 2.25 2.25
11 15 30 4.5 0

Three additional experiments: 1) model 12: reference configuration (as in model 1) without brittle and ductile weakening; 2) model
13: ocean-ocean subduction (60 Ma slab as in model 8 subducting beneath 30 Ma overriding oceanic plate); 3) model 14: high 
obliquity configuration (as in model 4) with an oceanic (right) domain extended by 330 km.
mension to evaluate the possible boundary effect for the case of a 
high subduction obliquity (model 14).

3. Results

3.1. Reference model

In the reference model 1 (subduction obliquity of 15◦ , slab age 
of 30 Ma, boundary push from the oceanic side; Figs. 2–4), the 
oceanic plate begins to subduct along the prescribed oblique zone 
of weakness into the mantle beneath the continent (Fig. 2a), form-
ing a narrow and steep trench in the surface topography (Fig. 3a-
b). The obliquity of the vector of plate convergence with respect to 
the ocean-continent boundary results in a dextral strike-slip com-
ponent in the deformation field along the active margin (Fig. 4a1).

After ∼6.5 Myr of model evolution, the subducting plate be-
gins to retreat (Fig. 2b), while the continental lithosphere of the 
overriding plate is replaced by hot asthenospheric material rising 
from the mantle wedge (Fig. 4b2). Despite the identical thermal 
age and initial length of the subducting slab along the trench, the 
process of subduction roll-back and associated decoupling between 
the overriding and downgoing plates develops asymmetrically due 
to the lateral gradient in mantle return flow (see Balázs et al., 
2021) and momentum forces (see Lallemand et al., 2008; Li and 
Gurnis, 2023) caused by the obliquity of the active margin. As a 
consequence, the decoupling of plates occurs at the frontal side of 
the model (Fig. 2b), where the velocity of trench retreat is high-
est. Along-trench variations of slab retreat rates promote a gradual 
rotation of the subduction zone, accompanied by progressive de-
coupling, whose front migrates horizontally toward the back of 
the model domain and also oceanward following slab roll-back 
(Fig. 2c). This process is reflected in the surface uplift (Fig. 3c-d) 
and extensional deformation (Fig. 4b1) in the thinned fore-arc and 
back-arc lithosphere, which is underlain by the uplifted astheno-
sphere. As decoupling progresses, the width of the near-trench 
area where the surface is uplifted increases, reaching ∼400 km 
at 9.2 Myr at the front of the model (Fig. 3e).

Hot asthenospheric material at the shallow levels beneath the 
overriding plate (∼40 km depth; Fig. 2d) provides favourable tem-
perature (∼1200 ◦C) and pressure (0.5-1 GPa) conditions for partial 
melting (Katz et al., 2003) not only in the mantle wedge but also 
in the crust of the subducting slab, giving rise to boninitic and 
adakitic magmas (e.g., Ribeiro et al., 2013). The front of partial 
melting migrates consistently with the propagation of decoupling 
(Fig. 2d), while the expected amount of total melt increases over 
time as the decoupling zone expands (Fig. S1). Furthermore, the 
4

upwelling of the asthenosphere leads to an increase in the heat 
flow up to ∼140 mW m−2.

When the decoupling of plates reaches the back side of the 
model domain at ∼9 Myr, the progressive rotation of the trench 
terminates in a nearly convergence-perpendicular alignment of the 
active margin. Simultaneously, the subducting lithosphere under-
goes necking followed by slab break-off caused by the combined 
effects of variations in dynamic pressure along the trench (Balázs 
et al., 2021) and the implemented rheological weakening mecha-
nisms (Gerya et al., 2021). The initial detachment of the slab occurs 
on the back of the model at a relatively shallow (∼120 km) depth 
(Fig. 2e). The location of break-off initiation is determined by the 
maximum steepness of the slab (and hence the maximum vertical 
component of the slab pull force) on the backside edge, which is 
characterized by a minimal effect of plates decoupling compared 
to the central and front segments, where active uplift of the hot 
asthenosphere in the mantle wedge makes the shallow part of the 
slab less steep.

The initial slab break-off transitions into a self-sustaining hori-
zontal tearing toward the opposite (frontal) boundary of the model 
box (Fig. 2f). This process is accompanied by toroidal mantle flow 
around the newly formed slab edge (Fig. 4c2) and corresponding 
toroidal-like deformation at the crustal level (Fig. 4c1). The con-
tinuous and long slab in the central and frontal part of the model 
retreats much faster than the back segment, where the newly es-
tablished subduction zone initiated after slab break-off remains 
quasi-stable because the pull of the relatively short new slab is al-
most completely compensated by the applied plate convergence. 
Such an abrupt lateral change in the roll-back rates leads to a 
highly arcuate trench geometry (Fig. 3f-g).

Subsequently, the horizontal tear begins to propagate in a verti-
cal direction, following the bend of the trench (Fig. 2g). As a result, 
the slab remains unbroken in its deepest part, but progressively 
tears at the shallower levels, first horizontally and then vertically 
(Fig. 2h). In the last phase, vertical tearing evolves into the trans-
form fault (Fig. 3h), offsetting two independent segments of the 
subduction zone (Fig. 2g).

3.2. Effect of subduction obliquity

In addition to the reference experiment characterized by a sub-
duction obliquity of 15◦ (model 1; Fig. 2), variable obliquity angles 
of 0◦ , 7.5◦ , and 22.5◦ (models 2-4) were tested (Fig. S2-S4). In the 
case of the convergence-perpendicular active margin (obliquity an-
gle of 0◦ , model 2), the rate of slab retreat is constant along the 
trench, and therefore decoupling of plates begins simultaneously 
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Fig. 2. Compositional field evolution of reference model 1: a) oblique ocean-continent subduction (4.0 Myr); b) onset of decoupling between the overriding and subducting 
plates on the frontal side of the model domain (6.5 Myr); c) lateral propagation of decoupling accompanied by counterclockwise trench rotation (7.2 Myr); d) partial melting 
in the mantle wedge (7.2 Myr) evaluated as a function of modelled P-T conditions for melt parametrization by Katz et al. (2003); e) onset of slab break-off on the back side 
of the model domain (9.2 Myr); f) lateral slab tearing toward the opposite (frontal) side (11.2 Myr); g) transition from horizontal to vertical slab tearing and formation of the 
transform fault (16.0 Myr); h) 3D configuration of the subducting plate showing the slab window resulting from progressive horizontal tear propagation transforming into 
vertical tearing (16.0 Myr). Compositional plan views correspond to horizontal slices at 5 km depth. The partial melt plan view shown in panel “d” corresponds to a depth 
of 40 km. Figure conventions as in Fig. 1.
5
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Fig. 3. Surface topography evolution of reference model 1: a) oblique subduction (4.0 Myr); b) onset of decoupling between the overriding and subducting plates (6.5 Myr); 
c-d) lateral propagation of decoupling and associated surface uplift in the fore-arc and back-arc area (7.2-7.7 Myr); e) onset of slab break-off (9.2 Myr); f-g) lateral slab 
tearing and associated bending of the trench (11.2-13.3 Myr); h) vertical slab tearing and transform fault formation (16.0 Myr).
6
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Fig. 4. Strain rate and velocity field evolution of reference model 1 shown for horizontal slices in the crust (depth of 5 km; left column) and mantle (depth of 250 km; right 
column).
7
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Fig. 5. Plan view of the evolution of the experiments with different obliquity of the active margin: a) model 3 (obliquity angle of 7.5◦); b) model 1 (obliquity angle of 15◦); 
c) model 4 (obliquity angle of 22.5◦). Figure conventions as in Fig. 1.
along the entire length of the subduction zone. The implementa-
tion of obliquity in the model setup results in the propagation of 
decoupling along the trench, which reaches a rate of ∼150 cm yr−1

at low obliquity (7.5◦; model 3), whereas it is two times slower 
(∼75 cm yr−1) at reference (15◦; model 1) and high (22.5◦; model
4) obliquity (Fig. 6a).

In model 2, without an initial oblique component (angle of 0◦), 
slab break-off does not occur, while slab detachment propagates 
almost instantaneously along the trench when the oblique com-
ponent is small (7.5◦; model 3). In contrast, a more pronounced 
obliquity leads to gradual propagation of slab break-off (tearing), 
which is slower at the reference angle (15◦; model 1) than at a 
high angle (22.5◦; model 4): the corresponding rates are ∼10-15 
and ∼65 cm yr−1, respectively (Fig. 6b).

Similar to reference model 1 (Fig. 2), high-obliquity model 4
also records a transition from lateral to vertical tearing (Fig. S4), 
preceded by bending of the trench related to the sharp contrast 
in slab migration rates between segments of the subduction zone 
which are affected and unaffected by slab break-off (Fig. 5b-c). On 
the contrary, the trench remains straight when slab break-off is 
instantaneous as in low-obliquity model 3 (Fig. 5a).

3.3. Effect of slab age

The main timing characteristics for the decoupling process re-
main similar for all tested ages of the subducting plate (onset at 
∼6-7 Myr after the beginning of the experiment and propagation 
8

rate of ∼70-80 cm yr−1), except for model 9 with a 90 Ma old slab, 
where decoupling starts ∼2-3 Ma later and propagates faster at a 
rate of ∼120 cm yr−1 (Fig. 6a).

For the youngest slab (age of 20 Ma; model 5), the low rate of 
horizontal slab tearing (10-15 cm yr−1; Fig. 6b) ensures bending of 
the trench and subsequent vertical tearing of the slab (Fig. S5), as 
in the case of the reference age of 30 Ma (model 1; Fig. 2). For 
the intermediate ages of subducting plate (40-50 Ma), slab break-
off begins ∼3 Myr later than in the reference case and propagates 
extremely rapidly at a rate of ∼150 cm yr−1 (Fig. 6b), preventing 
the development of strong trench curvature and the vertical tear-
ing phase (models 6-7; Fig. S6-S7). For the oldest slabs (60-90 Ma), 
slab break-off does not occur at all (models 8-9; Figs. S8-S9).

3.4. Effect of boundary velocities partitioning and additional 
parameters

The change to an equal partitioning of boundary velocities 
(i.e., push from both sides, oceanic and continental, as in model
10) leads to faster (∼65 cm yr−1) propagation of slab break-off 
(Fig. 6b) while the other features such as lateral propagation of 
decoupling and tearing-induced bending of the trench (Fig. S10), 
remain the same as in the reference model (Fig. 2). In the ab-
sence of the subduction component in the overall convergence, the 
model with push only from the continental side (model 11) results 
in quasi-synchronous break-off along the trench without the devel-
opment of curvature of the active margin and vertical slab tearing 
(Fig. S11).
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Fig. 6. The key timing characteristics of the models: a) onset of decoupling and decoupling rate; b) onset of slab break-off and tearing rate.
To test the role of the implemented weakening mechanisms 
(see Gerya et al., 2021 and Methods in Appendix A), we sup-
plement our study with an additional model 12 that excludes 
the effects of brittle softening and ductile damage. This exper-
iment shows a fundamentally different system behaviour than 
all other models presented in our study. The absence of rheo-
logical weakening hinders the decoupling of plates. As a conse-
quence, the position and orientation of the trench remain un-
changed throughout model development, thus precluding retreat 
and rotation of the trench and subsequent slab break-off (Fig. 
S12). Consistent with previous studies (Gerya and Meilick, 2011; 
Baitsch-Ghirardello et al., 2014), this result highlights the impor-
tance of implementing weakening mechanisms in subduction mod-
elling.

Another additional model 13 was developed to explore intra-
oceanic subduction setting where an oceanic slab subducts be-
neath the oceanic overriding lithosphere (Fig. S13). This case of 
ocean-ocean subduction generally exhibits similar behaviour to the 
corresponding case of ocean-continent subduction (model 8; Fig. 
S8), except for the timing of the onset of decoupling, which is de-
layed by ∼2 Myr (Fig. 6a).
9

Finally, to test the possible effect of a close boundary to the ac-
tive margin, as in the case of a high subduction obliquity (angle 
of 22.5◦), we performed an experiment with an oceanic (right) do-
main extended by 330 km (model 14). This model generally repli-
cates the same evolutionary stages as the corresponding standard-
size experiment (model 8; Fig. S8), except for the final phase of 
vertical tearing (Fig. S14).

4. Discussion

4.1. Summary of numerical results

In our experiments, the velocity of the downward motion of the 
subducting plate exceeds the overall convergence rate, resulting 
in slab roll-back and trench retreat with respect to the overrid-
ing plate. In the mantle wedge, the retreating subduction zone 
is accompanied by active upwelling of hot asthenospheric mate-
rial, which replaces the lithospheric mantle of the overriding plate 
and decouples it from the subducting slab, creating favourable P-T 
conditions for boninite to adakite magmatism (Fig. 7a). As a geo-
metric consequence of oblique subduction, the simultaneous effect 
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Fig. 7. Conceptual model of slab tearing in a non-collisional environment: a) oblique subduction leading to differential rates of slab retreat along the trench, and the associated 
propagation of decoupling between overriding and downgoing plates; b) further rotation of the trench, which ended in convergence-parallel subduction; c) initial detachment 
of the slab, followed by its lateral tearing and bending of the trench; d) transition from horizontal to vertical tearing, and formation of a transform fault between different 
segments of the subduction zone.
of a trench-normal and a trench-parallel convergence component 
leads to asymmetric mantle return flow (Balázs et al., 2021) and 
momentum force (Lallemand et al., 2008; Li and Gurnis, 2023), 
which in turn promote variable slab retreat velocities along the 
trench. Decoupling between overriding and downgoing plates (in-
duced by the ascent of the asthenosphere in the mantle wedge) 
propagates laterally along the active margin. It follows the gradual 
rotation of the trench and the associated decrease in subduction 
obliquity, ending in the establishment of convergence-parallel sub-
duction (Fig. 7b). According to the previous studies, along-trench 
variations in slab retreat rates may also be enhanced by a lateral 
decrease in the strength of the subduction interface (Balázs et al., 
2021) caused by tectonically induced horizontal sediment trans-
port in the accretionary wedge (Malatesta et al., 2013, 2016).

In most of the model results, the overriding and subducting 
plates begin to decouple ∼6-7 Myr after the start of the simulation 
(Fig. 6a). Compared to this time, the onset of decoupling is delayed 
by ∼2-3 Myr in only two cases: (1) for the oldest (90 Ma) sub-
ducting slab, whose rigidity requires more time for trench retreat 
to begin, and (2) for the oceanic overriding plate, whose stronger 
mantle prevents its rapid replacement by asthenospheric mate-
rial. The rate of decoupling migration along the trench typically 
varies between 60 and 100 cm yr−1, increasing to ∼120 cm yr−1

in the case of the oldest (90 Ma) subducting plate. Moreover, at a 
low subduction obliquity angle (7.5◦), decoupling propagates even 
faster (∼150 cm yr−1), while occurring uniformly along the entire 
length of the active margin (migration rate → ∞) with no initial 
oblique component (see Fig. 6a).
10
The obliquity of the active margin promotes the along-trench 
variation of the dynamic pressure (Balázs et al., 2021). This pres-
sure, when under a certain combination of initial and boundary 
conditions, can trigger slab break-off and its subsequent lateral 
propagation (tearing) against the direction of the preceding mi-
gration of decoupling between overriding and subducting plates 
(Fig. 7c). However, in the absence of subduction obliquity and with 
subducting plates older than 50 Ma, slab break-off does not occur 
(Fig. 6b). With a relatively small increase in subduction obliquity 
to 7.5◦ and a decrease in slab age to 40-50 Ma, detachment of 
the subducting plate occurs either uniformly or at a high tear-
ing rate (∼150 cm yr−1) along the trench. The youngest slabs (20 
Ma and 30 Ma), combined with a reference obliquity of 15◦ , pro-
vide the optimal settings for the lowest tearing velocities of 10-15 
cm yr−1, which are comparable to estimates from previous mod-
elling studies (e.g., Burkett and Billen, 2010). Importantly, further 
increasing the subduction obliquity to 22.5◦ or changing to an 
equal partitioning of the boundary velocities (between the subduc-
tion component and the advance of the overriding plate) leads to 
an increase in the rate of tearing to 65 cm yr−1, while break-off be-
comes quasi-instant (tearing rate → ∞) in the experiment with-
out a subduction component in the total shortening (see Fig. 6b).

The geodynamic regime of an active margin (stable, advanc-
ing, or retreating subduction) is known to be mainly controlled 
by rheological weakening by fluids and melts (Gerya and Meilick, 
2011; Baitsch-Ghirardello et al., 2014). In our study, the slab re-
treat mode is imposed by the rheological model, which includes 
the combined effect of brittle softening caused by accumulated 
strain (Huismans and Beaumont, 2002) and ductile damage due to 
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Fig. 8. Comparison of the configuration and structuring of non-collisional plate margins in natural and modelled cases: a) the Solomon and Vanuatu segments of the New 
Hebrides subduction zone connected by the San Cristobal fault (e.g., Neely and Furlong, 2018) and the Mariana’s subduction zone. The red star indicates the connection 
between lateral and vertical tearing of the downgoing plate (Miller et al., 2006; Zhang et al., 2019); b) plan view of model 4 (obliquity angle of 22.5◦) and model 1 (obliquity 
angle of 15◦). Lateral and vertical tearing of the slab is reflected first in trench bending (as in the case of the Marianas) and then in segmentation of the subduction zone by 
a newly formed transform fault (as in the case of the New Hebrides).
a reduction in grain size (Gerya et al., 2021; Ruh et al., 2022). An 
additional experiment (Fig. S12), excluding brittle-ductile weaken-
ing, shows neither slab tearing norrotation of the trench. In agree-
ment with previous studies (Gerya and Meilick, 2011; Baitsch-
Ghirardello et al., 2014; Gerya et al., 2021), this confirms that 
rheological weakening mechanisms are crucial in the processes of 
decoupling between overriding and subducting plates and subse-
quent slab break-off.

Incipient slab break-off is immediately followed by initiation of 
new subduction as the oceanic plate is pushed further toward the 
continent by the applied boundary velocities (Fig. 7c). However, 
the length of this “new” slab (and the associated slab pull force) 
is much less than in the adjacent segment where the “old” slab 
has not yet been detached. This sharp contrast between slab pull 
forces leads to extremely different rates of trench retreat, which 
in turn result in a strong curvature of the subduction zone. In the 
final phase, lateral tearing changes direction to vertical and devel-
ops into a transform fault along the former curved section of the 
trench (Fig. 7d). Importantly, this transition from horizontal to ver-
tical tearing occurs only when the propagation of the initial slab 
break-off is relatively slow (< 70 cm yr−1), as observed only in the 
experiments with the young slabs (20-30 Myr) and highly oblique 
margins (15-22.5◦), and when the subduction component domi-
nates in the applied convergence (Fig. 6b).

4.2. Comparison of model results to natural examples

In our experiments, the near-trench surface topography re-
sponds to the progressive decoupling between the overriding and 
subducting plate with a gradual shallowing and widening of the 
basin above the thinned fore-arc and back-arc lithosphere (Fig. 3), 
which is underlain by the uplifted asthenosphere (Fig. 2). This 
model outcome is consistent with the observed lateral variations 
11
in the width of Marianas fore-arc reaching up to 200 km (Stern et 
al., 2004; Gvirtzman and Stern, 2004). A similar process of fore-
arc shallowing and widening has been observed in several other 
subduction systems – such as the Great Valley fore-arc in the Cas-
cadia subduction system (Unruh et al., 2007; Mitchell et al., 2010) 
and the Talara Basin in the Andean subduction zone (Hessler and 
Sharman, 2018) – where it has previously been interpreted as the 
result of subduction of an oceanic plateau or ridge, or preceding 
phase of shallow subduction.

Uplift of the asthenospheric material creates favourable P-T 
conditions for partial melting in the shallowest mantle wedge 
(Fig. 2d; Fig. S1). Similar conditions (P = 0.5-0.9 GPa and T= 1217-
1262 ◦C) are assumed for the generation of adakitic and boninitic 
lavas in the Marianas fore-arc (Ribeiro et al., 2013). In our results, 
the obliquity of subduction leads to a progressive migration of de-
coupling front, predicting younging of magmatism along the fore-
arc and thus may provide an explanation for the younging trend 
observed in ultrapotassic rocks emplaced along the fore-arc of the 
Late Cretaceous Tethyan margin in the Balkan Peninsula (Sokol et 
al., 2020). Importantly, the modelled heat flow, which increases 
from ∼60 mW/m2 up to ∼140 mW/m2 by the rise of the astheno-
sphere in the mantle wedge, is consistent with the range of heat 
flow measurements in the Marianas (∼85-125 mW/m2; Watanabe 
et al., 1977).

The modelled process of slab break-off is accompanied by 
toroidal-like deformation in the crust (Fig. 4c1). Recent geodetic 
observations have revealed similar imprints of the tearing pro-
cesses around the Calabrian (Palano et al., 2017) and Hellenic 
(Pérouse et al., 2012) slab edges. The relatively low velocities of 
slab tearing (10-15 cm yr−1) reproduced in experiments with the 
youngest (20-30 Ma) slabs (Fig. 6b) are compatible with the rate 
of tear propagation (∼100 km Myr−1) inferred from the lateral 
younging trend (∼11.0-3.5 Ma along 900 km) observed in mafic 
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magmatic products in the Mexico subduction zone (Ferrari et al., 
2012).

Horizontal tearing of the slab promotes a curved trench ge-
ometry (Fig. 2f), which evolves into a transform fault and leads 
to segmentation of the subduction zone (Fig. 2g). Such an arcu-
ate trench configuration and segmented subduction boundary over 
length scales of up to 1500 km are characteristic of several ac-
tive margins (Fig. 8) such as the New Hebrides (Solomon-Vanuatu 
trench; Neely and Furlong, 2018), Izu-Bonin-Marianas (e.g., Stern 
et al., 2004), Tonga (e.g., Garcia-Castellanos et al., 2000), Calabrian 
(e.g., Faccenna et al., 2007) subduction zones, and the Alpine-
Carpathian and Alboran regions (e.g., Wortel and Spakman, 2000).

5. Conclusions

Slab break-off is usually referred to as an early collisional pro-
cess driven primarily by the slowing of the subduction rate as 
negatively buoyant oceanic lithosphere detaches from positively 
buoyant continental lithosphere that is attempting to subduct (e.g., 
Duretz et al., 2011). In this context, slab tearing (or slab break-off 
propagation) is traditionally attributed to the dynamics of the con-
tinental corner (Fig. 9a), when the subducting plate first detaches 
in the area of continental collision and then the slab window 
opens toward the adjacent segment of the convergence boundary 
where ocean-continent subduction continues (e.g., Li et al., 2013). 
Another important process, hitherto considered independent of 
slab break-off and horizontal slab tearing, is a fragmentation of 
the subducting slab along vertical planes perpendicular to the di-
rection of convergence (Fig. 9b). Previous numerical studies have 
linked this vertical slab tearing to pre-existing weakness within the 
subducting plate (Burkett and Billen, 2010) and/or abruptly chang-
ing convergence rates along the trench (Cui and Li, 2022).

In our study, we show, for the first time, that horizontal and 
vertical slab tearing are different stages of the same process, which 
can develop in a self-sustained manner in a non-collisional setting 
of continuous subduction (Fig. 9c). Even with an originally abso-
lutely homogeneous oceanic plate and laterally unchanging and 
temporally constant boundary velocities, the obliquity of the ac-
tive margin appears to be a sufficient factor to cause a complex 
system evolution involving various geodynamic processes, each of 
which has received a significant amount of interest in the litera-
ture over the past decade. In addition to horizontal (e.g., Boonma 
et al., 2021) and vertical slab tearing (e.g., Chen et al., 2022), addi-
tional processes active include (see Fig. 7): (1) retreat of the trench 
(e.g., Gerya and Meilick, 2011), (2) decoupling of the overriding 
and downgoing plates by upwelling asthenosphere in the mantle 
wedge (also termed “delamination”; e.g., Ueda et al., 2012), (3) ro-
tation of the trench (e.g., Malatesta et al., 2016), (4) initiation of 
new subduction (e.g., Stern and Gerya, 2018), and (5) formation 
of a transform fault (e.g., Özbakır et al., 2020), which may poten-
tially evolve into a Subduction-Transform-Edge-Propagator (STEP) 
fault (e.g., Govers and Wortel, 2005; Munch et al., 2020). Our re-
sults show that all of the aforementioned processes are spatially 
and temporally coupled and together represent distinct phases in 
the evolution of the mantle-lithosphere system. Further investiga-
tions therefore require the use of modern numerical techniques 
that can capture the combined effect of mantle flow and litho-
spheric deformation in a dynamically and rheologically consistent 
framework.
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Appendix A. Methods

We produced the simulations presented in this contribution us-
ing the thermo-mechanical code I3ELVIS (Gerya and Yuen, 2007; 
Gerya, 2019). This parallel 3D code solves the conservation equa-
tions of momentum, mass, and energy by a finite difference 
method with a marker-in-cell technique. The governing equations, 
as well as the main equations describing the assumed rheology, 
are given below.

a) Governing equations
The momentum equations are presented in the form of 3D 

Stokes flow:
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where x, y, z are coordinates, σ ′
i j are components of the deviatoric 

stress tensor, P is pressure, ρ is density depending on composition, 
pressure, and temperature (see Table A.1), and g is the gravita-
tional acceleration (9.81 m s−2).

The 3D continuity equation describes the conservation of mass 
for an incompressible medium as follows:

∂ϑx

∂x
+ ∂ϑy

∂ y
+ ∂ϑz

∂z
= 0, (A.2)

where ϑi are components of the velocity vector.
The mechanical equations are fully thermo-dynamically coupled 

with the heat conservation equation:

ρC p

(
∂T

∂t

)
= −∂qx

∂x
− ∂qy

∂ y
− ∂qz

∂z
+ Ha + Hs + Hr, (A.3)

where C p is effective isobaric heat capacity (incorporating latent 
heat), T is temperature, t is time, qi are components of the heat 
flux vector, Ha is an energetic effect of isothermal (de)compres-
sion (i.e. adiabatic heating/cooling), Hs is shear heating, and Hr is 
radiogenic heat production (see Table A.1).

The heat flux (qi ) is represented by:

qx = −κ
∂T

∂x
,

qy = −κ
∂T

∂ y
, (A.4)

qz = −κ
∂T

∂z
,

where κ is temperature- and pressure-depended thermal conduc-
tivity (see Table A.1).

The adiabatic (Ha) and shear heating (Hs) components are de-
fined as follows:

Ha = Tα
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)
, (A.5)
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where α is the thermal expansion coefficient and ε̇i j are compo-
nents of strain rate tensor:

ε̇i j = 1

2

(
∂ϑi

∂x j
+ ∂ϑ j

∂xi

)
. (A.7)

b) Rheology
The deviatoric stress (σ ′

i j) and strain rate (ε̇i j ) are related by a 
viscous constitutive equation:

σ ′
i j = 2ηeff ε̇i j, (A.8)

where ηeff is effective viscosity combining the composite contribu-
tions of diffusion and dislocation creep with Drucker-Prager plas-
ticity.

For ductile rheology, the contributions of dislocation and diffu-
sion creep are accounted for by the composite viscosity (ηduct):

ηduct = ηdislηdiff

ηdisl + ηdiff
, (A.9)

where ηdisl and ηdiff are effective viscosities for power law dislo-
cation and Newtonian diffusion creep, respectively:

ηdisl = 1

2
A
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n
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nRT

)
ε̇

1−n
n

II , (A.10)

ηdiff = 1

2
Adiff hm exp

(
Ediff + P V diff

RT

)
, (A.11)

where Adisl|diff is a material constant, n is the power law exponent, 
Edisl|diff is the activation energy, V disl|diff is activation volume, R is 

the gas constant (8.314 J K−1 mol−1), ε̇II =
√

1
2 (ε̇i j)

2 is the square 
root of the second invariant of the strain rate tensor, h is grain 
size, and m is grain size exponent. For the mantle rocks, the duc-
tile creep model accounts for the processes of grain size reduction 
and growth assisted by Zener pinning (Bercovici and Ricard, 2012; 
Mulyukova and Bercovici, 2017).

To yield effective viscous-plastic rheology, the ductile rheology 
is combined with a brittle (plastic) rheology using the Drucker-
Prager criterion:

ηplast = 1

2

C + μP

ε̇II
, (A.12)

where C is cohesion (rock strength at P = 0) and μ is an internal 
frictional coefficient that depends on the integrated plastic strain 
γ = ∫ √

1
2 (ε̇i j(plast))

2dt as follows:

μ = μ0 − γμγ for γ ≤ γ0 andμ = μ1 for γ > γ0, (A.13)

where μ0 and μ1 are initial and final internal friction, and μγ is 
a rate of brittle weakening:

μγ = μ0 − μ1

γ0
, (A.14)

where γ0 is an upper limit for strain-related weakening.
The resulting effective viscosity (ηeff ) is assigned using a Christ-

mas tree-like criterion, in which the rheological behaviour depends 
on the minimum between the ductile and brittle/plastic compo-
nents (Ranalli, 1995; Burov, 2011):

ηeff = min
(
ηduct, ηplast

)
. (A.15)

The values of the adopted rheological parameters (both ductile 
and brittle/plastic) can be found in Table A.2.



N. Andrić-Tomašević, A. Koptev, G. Maiti et al. Earth and Planetary Science Letters 610 (2023) 118097

Table A.1
Density and thermal parameters.

Compositional unit
Reference density, 
ρ0 [kg m−3]

Thermal parameters

Thermal conductivity, k
[W m−1 K−1]

Radiogenic heat production, Hr

[μW m−3]

Upper continental crust 2750 0.64+807/(T +77) 2.0

Lower continental crust 3000 1.18+474/(T +77) 0.20

Upper oceanic crust 3000 1.18+474/(T +77) 0.22

Lower oceanic crust 3000 1.18+474/(T +77) 0.24

Lithospheric mantle 3300 0.73+1293/(T +77) exp(4.0 × 10−6 P ) 0.022

Sublithospheric mantle 3300 0.73+1293/(T +77) exp(4.0 × 10−6 P ) 0.024

Weak zone 3300 0.73+1293/(T +77) exp(4.0 × 10−6 P ) 0.026

References Bittner and Schmeling (1995); Clauser and Huenges (1995) Bittner and Schmeling (1995);

Turcotte and Schubert (2002) Turcotte and Schubert (2002)

For the crustal rocks, the heat capacity C p = 1000 J kg−1 K−1, and the density (ρ) is calculated from Boussinesq approximation: ρ = ρ0 [1 − α(T − T0)] [1 −β(P − P0)], where 
ρ0 is the density at normal conditions (T0 = 298 K; P0 = 0.1 MPa), α = 2 × 10−5 K−1 is thermal expansion, β = 0.6 × 10−5 MPa−1 is adiabatic compressibility.
For the mantle (including the weak zone), parameters such as density (ρ), thermal expansion (α), adiabatic compressibility (β), and heat capacity (C p) are computed as 
a function of pressure (P ) and temperature (T ) in accordance with the thermodynamic petrology model Perple_X (Connolly, 2005), which includes a number of pressure-
induced phase transitions (Ringwood, 1975): from olivine to wadsleyite at ∼410 km depth, wadsleyite to ringwoodite at ∼520 km depth (Katsura and Ito, 1989), and 
ringwoodite to bridgmanite at ∼660 km depth (Ito et al., 1990).

Table A.2
Rheological parameters.

Compositional unit
Ductile Brittle/plastic

Material constant, 
Adisl|diff [Pan s| Pa s]

Power law 
exponent, n []

Activation energy, 
Edisl|diff [kJ mol−1]

Activation volume, 
V disl|diff [cm3 mol−1]

Grain size, 
h [mm]

Initial 
internal 
friction, 
μ0 []

Final 
internal 
friction, 
μ1 []

Upper continental crust 1.97 × 1017 2.98 × 1011 2.3 154 154 0 0 - 0.3 0.0

Lower continental crust 4.80 × 1022 6.79 × 1012 3.2 238 238 0 0 - 0.3 0.0

Upper oceanic crust 4.80 × 1022 6.79 × 1012 3.2 238 238 0 0 - 0.0 0.0

Lower oceanic crust 4.80 × 1022 6.79 × 1012 3.2 238 238 0 0 - 0.6 0.2

Lithospheric mantle 9.09 × 1015 6.67 × 1014 3.5 530 375 26 7 3.0 (*) 0.6 0.2

Sublithospheric mantle 9.09 × 1015 6.67 × 1014 3.5 530 375 26 7 3.0 (*) 0.6 0.2

Weak zone 9.09 × 1015 6.67 × 1014 3.5 530 375 26 7 1.0 0.0 0.0

References Ranalli (1995); Kohlstedt et al. (1995); Burov (2011) Gerya et al. (2021)

For all rock types, the cohesion C = 3 MPa, and the upper strain limit for brittle weakening γ0 = 0.5. In model 12, which excludes the effect of strain-induced weakening in 
the oceanic crust and mantle, μ1 = μ0.
For the crustal rocks, grain size dependence is included in the material constant Adiff . For the mantle rocks, grain size exponent m = 3.0.
(*) In all experiments except model 12, where ductile damage due to grain size reduction is excluded, grain size (h) depends on mechanical work and temperature. See Gerya 
et al. (2021) for more details.
Appendix B. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi .org /10 .1016 /j .epsl .2023 .118097.
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Kostić, B., Čokulov, N., 2020. Cretaceous ultrapotassic magmatism from the Sava-
Vardar Zone of the Balkans. Lithos 354–355, 105268.

Spakman, W., 1990. Tomographic images of the upper mantle below central Europe 
and the Mediterranean. Terra Nova 2 (6), 542–553.

Stern, R.J., Gerya, T., 2018. Subduction initiation in nature and models: a review. 
Tectonophysics 746, 173–198.

Stern, R.J., Fouch, M.J., Klemperer, S.L., 2004. An overview of the Izu-Bonin-Mariana 
subduction factory. In: Eiler, J. (Ed.), Inside the Subduction Factory.

Sternai, P., Jolivet, L., Menant, A., Gerya, T., 2014. Driving the upper plate surface de-
formation by slab rollback and mantle flow. Earth Planet. Sci. Lett. 405, 110–118.

http://refhub.elsevier.com/S0012-821X(23)00110-3/bib5799C738DF74E4B3C8425E970D0CC803s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib5799C738DF74E4B3C8425E970D0CC803s1
https://doi.org/10.21203/rs.3.rs-1688564/v1
https://doi.org/10.21203/rs.3.rs-1688564/v1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib1761F30EDE1FCDEC5CF666054D8D8AE2s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib1761F30EDE1FCDEC5CF666054D8D8AE2s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib1761F30EDE1FCDEC5CF666054D8D8AE2s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib1761F30EDE1FCDEC5CF666054D8D8AE2s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib28FF3125FA72F3F537E563710CEB79DBs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib28FF3125FA72F3F537E563710CEB79DBs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib28FF3125FA72F3F537E563710CEB79DBs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib573EB649647B7FC7B99A56B333E37D61s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib573EB649647B7FC7B99A56B333E37D61s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib573EB649647B7FC7B99A56B333E37D61s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibB1E4E024527D55C11675C03E8DF9E194s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibB1E4E024527D55C11675C03E8DF9E194s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibB1E4E024527D55C11675C03E8DF9E194s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib37FF34E77709D1F7046F19A3AA8DF756s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib37FF34E77709D1F7046F19A3AA8DF756s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibFBF32CA5D0E456E0379D1B18FF072D5Fs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibFBF32CA5D0E456E0379D1B18FF072D5Fs1
https://doi.org/10.1029/2012JB009137
https://doi.org/10.1029/2012JB009137
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibEF47E3859C6AE728516902FDE295D5E5s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibEF47E3859C6AE728516902FDE295D5E5s1
https://doi.org/10.1002/2014GL059472
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibBF8E9A21F07E9CFA6C2D314B2CAD06F6s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibBF8E9A21F07E9CFA6C2D314B2CAD06F6s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibBF8E9A21F07E9CFA6C2D314B2CAD06F6s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibBF8E9A21F07E9CFA6C2D314B2CAD06F6s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib40F8B5239C5A7E53837869CE0A9C1939s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib40F8B5239C5A7E53837869CE0A9C1939s1
https://doi.org/10.1016/j.tecto.2011.09.018
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib23535FE799DBF0FE1D71590DA08BE50As1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib23535FE799DBF0FE1D71590DA08BE50As1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib23535FE799DBF0FE1D71590DA08BE50As1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibB2B453FDAB6AE6ADDDF4F5850B339E91s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibB2B453FDAB6AE6ADDDF4F5850B339E91s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibD56F93674A96E5D774F69C0414B7B175s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibD56F93674A96E5D774F69C0414B7B175s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib879BBA46A87DBEFB0FBBF81514286992s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib879BBA46A87DBEFB0FBBF81514286992s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibB78065CD51A21BD58F879784C42A972Fs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibB78065CD51A21BD58F879784C42A972Fs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibB78065CD51A21BD58F879784C42A972Fs1
https://doi.org/10.1016/j.pepi.2007.04.015
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibEA27EE1C64941708A34567CE32BA3A18s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibEA27EE1C64941708A34567CE32BA3A18s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib33946E2B4984D27A7AD97DBFAB1E8F1Bs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib33946E2B4984D27A7AD97DBFAB1E8F1Bs1
https://doi.org/10.1016/j.epsl.2005.03.022
https://doi.org/10.1016/j.epsl.2005.03.022
https://doi.org/10.1029/2003TC001581
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib12DBB1BCE20E822946C4AEDADB6239B8s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib12DBB1BCE20E822946C4AEDADB6239B8s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib12DBB1BCE20E822946C4AEDADB6239B8s1
https://doi.org/10.1130/GES01656.1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib4DB939181CA130DEEDDDC2D4EE3D075Ds1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib4DB939181CA130DEEDDDC2D4EE3D075Ds1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib4DB939181CA130DEEDDDC2D4EE3D075Ds1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib2F38B1BBB1B71EA37F5822CB87C5F475s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib2F38B1BBB1B71EA37F5822CB87C5F475s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib54530B4D0C7F32B750FB44991031F3DEs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib54530B4D0C7F32B750FB44991031F3DEs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib54530B4D0C7F32B750FB44991031F3DEs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibF3B1E3D906CC2EA511488C375F0468CDs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibF3B1E3D906CC2EA511488C375F0468CDs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibF3B1E3D906CC2EA511488C375F0468CDs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib265A2EC2E84DF891B85565169C873B1Cs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib265A2EC2E84DF891B85565169C873B1Cs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib2F3A353A26A330C220C084FAD0A92B79s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib2F3A353A26A330C220C084FAD0A92B79s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib2F3A353A26A330C220C084FAD0A92B79s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibF4C389A6E290D9D82F3763F3B2BC8EC9s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibF4C389A6E290D9D82F3763F3B2BC8EC9s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibF4C389A6E290D9D82F3763F3B2BC8EC9s1
https://doi.org/10.3103/s014587521105005x
https://doi.org/10.3103/s014587521105005x
https://doi.org/10.1029/2007TC002212
https://doi.org/10.1029/2007TC002212
https://doi.org/10.1093/gji/ggac332
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib549FAB4E55459004C824948A8DA5DD36s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib549FAB4E55459004C824948A8DA5DD36s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibBA3E665C56E165F766E974BF60664F03s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibBA3E665C56E165F766E974BF60664F03s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibBA3E665C56E165F766E974BF60664F03s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib9A15D6BA2A595BC13C77E07891B77463s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib9A15D6BA2A595BC13C77E07891B77463s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib9A15D6BA2A595BC13C77E07891B77463s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib7D11C5FDC9932D0BE234E79C41A6E06Es1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib7D11C5FDC9932D0BE234E79C41A6E06Es1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib151031FBC7A3EF64E0C2338B68639978s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib151031FBC7A3EF64E0C2338B68639978s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib151031FBC7A3EF64E0C2338B68639978s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib151031FBC7A3EF64E0C2338B68639978s1
https://doi.org/10.1016/S0040-1951(96)00195-3
https://doi.org/10.1029/2005JB003705
https://doi.org/10.1130/B30180.1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib338566B83D8C68CA5F1CDA48EBD2D8EDs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib338566B83D8C68CA5F1CDA48EBD2D8EDs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib338566B83D8C68CA5F1CDA48EBD2D8EDs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibB4AE696C083F5CF6657689BD6F415524s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibB4AE696C083F5CF6657689BD6F415524s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib42A0DB510776FCB33F1B63C1FB606042s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib42A0DB510776FCB33F1B63C1FB606042s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib42A0DB510776FCB33F1B63C1FB606042s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibE542935891EAA63E58AE51C37189731Cs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibE542935891EAA63E58AE51C37189731Cs1
https://doi.org/10.1002/2016GL071452
https://doi.org/10.1029/2012GC004289
https://doi.org/10.1029/2012GC004289
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibA9927BE9523488BB037BC1C0DC63BD93s1
https://doi.org/10.1111/iar.12039
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibFBEBADE1F1393B5A4A6BC53EC4DA148Bs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibFBEBADE1F1393B5A4A6BC53EC4DA148Bs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib2E0626E2F11EE4CA05D06EAAE88C42F4s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib2E0626E2F11EE4CA05D06EAAE88C42F4s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibF2C6F9C10EA6967B29020E922279602As1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibF2C6F9C10EA6967B29020E922279602As1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib641130BFD6756639A8ED38378670E4B0s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib641130BFD6756639A8ED38378670E4B0s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib641130BFD6756639A8ED38378670E4B0s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib94DCCE947F55D2E7E5091AAF98E644D6s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bib94DCCE947F55D2E7E5091AAF98E644D6s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibEA6BBB026D3B0AC273D2B61935E8335Bs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibEA6BBB026D3B0AC273D2B61935E8335Bs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibC0E9578DDE6696490925057580CEBADCs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibC0E9578DDE6696490925057580CEBADCs1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibCC5C1D121CE8F74EA2553A328F1AC2C3s1
http://refhub.elsevier.com/S0012-821X(23)00110-3/bibCC5C1D121CE8F74EA2553A328F1AC2C3s1
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