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Abstract

Lithospheric slab tearing, the process by which a subducted lithospheric plate is torn apart and sinks into the Earth’s mantle,

has been proposed as a cause for significant surface vertical motions. However, little is known about the mechanisms that

help initiate slab tearing and the consequential topographic changes. This study aims to explore this process by means of 3D

thermo-mechanical modelling. We use the Gibraltar Arc region (Betics Cordillera) as a reference scenario of continental collision

where such tearing-uplift interaction has been proposed. Our results suggest that the obliquity of the continental passive margin

(relative to the trench axis) is a major influence on the initiation of slab tearing because it promotes a laterally diachronous

continental collision, which leads to earlier tearing inception in one end of the slab. As a result of this, the model results predict

an east-to-west slab tearing (tearing velocity 37.6–67.6 cm/yr with the lower-mantle viscosity of up to 1e+22 Pa·s). While the

fast slab tearing (<2 Myr over 600 km wide slab) and the lack of arcuate slab in our models limit a direct comparison with

the Western Mediterranean, this approach provides a new insight into the link between slab tearing in the mantle and surface

uplift. Our models yield uplift rates of 0.23–2.16 mm/yr in response to slab tearing. This range is compatible with the uplift

rate needed to achieve an equilibrium between seaway-uplift and seaway-erosion, which could have led to the closure of marine

gateways during the onset of the Messinian Salinity Crisis.
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Key points:

• An oblique initial passive margin promotes a laterally diachronous conti-
nental convergence, which leads to slab tearing.

• The viscosity of the sublithospheric mantle and the amount of shortening
prior tearing are the key controls on the slab-tearing dynamics.

• Our obtained surface uplift rates of 0.23–2.16 mm/yr for the overriding
plate are compatible with the onset of Messinian Salinity Crisis.

Abstract

Lithospheric slab tearing, the process by which a subducted lithospheric plate is
torn apart and sinks into the Earth’s mantle, has been proposed as a cause for
significant surface vertical motions. However, little is known about the mecha-
nisms that help initiate slab tearing and the consequential topographic changes.
This study aims to explore this process by means of 3D thermo-mechanical
modelling. We use the Gibraltar Arc region (Betics Cordillera) as a reference
scenario of continental collision where such tearing-uplift interaction has been
proposed. Our results suggest that the obliquity of the continental passive mar-
gin (relative to the trench axis) is a major influence on the initiation of slab
tearing because it promotes a laterally diachronous continental collision, which
leads to earlier tearing inception in one end of the slab. As a result of this, the
model results predict an east-to-west slab tearing (tearing velocity 37.6–67.6
cm/yr with the lower-mantle viscosity of up to 1e+22 Pa·s). While the fast
slab tearing (<2 Myr over 600 km wide slab) and the lack of arcuate slab in
our models limit a direct comparison with the Western Mediterranean, this ap-
proach provides a new insight into the link between slab tearing in the mantle
and surface uplift. Our models yield uplift rates of 0.23–2.16 mm/yr in response
to slab tearing. This range is compatible with the uplift rate needed to achieve
an equilibrium between seaway-uplift and seaway-erosion, which could have led
to the closure of marine gateways during the onset of the Messinian Salinity
Crisis.
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Plain Language Summary

As a tectonic plate sinks during plate collision and ’subduction’, its properties
change and it becomes weaker and denser so that the sinking portion can start
to tear off. Understanding the tearing process and its link to the Earth’s surface
could help us better understand the tectonic evolution. This study explores what
could cause the plates to tear apart and what are the after-effects of this plate
tearing. Could the plate tearing (occurring deep within the Earth’s interior) be
the cause of crustal surface uplift (shallow process)? If so, how much? We used
3D computational model to study what goes on during the plate tearing. We
found that when a subduction zone reaches a stationary continental plate that
makes an oblique angle with the subduction zone, it increases a chance of the
sinking plate tearing off. The horizontal tearing rate in our model was between
37-68 cm/yr. The plate tearing in our model caused the Earth’s surface to
uplift at the rate of up to 2 mm/yr, within the range that could have caused the
Mediterranean Sea to disconnect from the Atlantic Ocean, just under 6 million
years ago.

Introduction
The perception that some areas of the continental crust have been risen at
rates that cannot be explained by crustal thickening or fault activity alone, has
pointed the need to other epeirogenic surface uplift mechanisms (England and
Molnar, 1990) including dynamic topography or isostatic responses to mass mo-
tions. Slab breakoff is among the deep-seated mechanisms invoked to justify the
long-wavelength, high rates of surface uplift observed in some continental colli-
sion settings (Davies and von Blanckenburg, 1995; Spakman et al., 1988; Van
Der Meulen et al. , 1998; Wortel and Spakman, 1992;2000). Uplift is in such
scenarios purportedly driven by the cancellation of the negative buoyancy force,
the same force that drives slab pull and subduction (e.g. Garcia-Castellanos
et al., 2000; Conrad and Lithgow-Bertelloni, 2002; Billen, 2008; Boonma et
al., 2019; Jiménez-Munt et al., 2019). Slab breakoff is a process happening at
depth within the mantle consisting of the detachment of a subducted oceanic
lithospheric slab from the more buoyant continental lithosphere during a conti-
nental collision. The concept of slab breakoff, as inferred from seismic tomog-
raphy, was first proposed to be involved in the geodynamical evolution of the
Mediterranean by Spakman et al. (1988) and Wortel and Spakman (1992). Slab
breakoff was then used to explain post-collisional magmatism and exhumation
of high-pressure rocks in the European Alps by Davies and von Blanckenburg
(1995). Garzanti et al. (2018), and references therein, gave a comprehensive
global overview of where slab breakoff has been invoked to explain changes
in plate kinematics and tectonic deformation, e.g. the Alps (Spakman et al.,
1988; Wortel and Spakman, 1992; Davies and von Blanckenburg, 1995; Sinclair,
1997; Fox et al., 2015), the Mediterranean region (Carminati et al., 1998; Wor-
tel and Spakman, 2000; 2004; Rosenbaum et al., 2008; van Hinsbergen et al.,
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2010; Chertova et al., 2014; Spakman et al., 2018), the Anatolia-Zagros oro-
gen (Şengör et al., 2003; Faccenna et al., 2006), and Himalaya and Tibet (van
Hinsbergen et al., 2012; Wu et al., 2014; Liang et al., 2016). These studies
often ascribe short-lived, long-wavelength exhumation events or sudden pulses
in sediment supply to slab breakoff. However, they often neglect the influence
of the 3D geometrical configuration of each tectonic regions. How likely was
the tectonic setting in those domains to have caused the slab tearing in the first
place? How much does slab breakoff contribute to the buoyancy-driven isostatic
surface uplift? Our study addresses these phenomena, taking the Gibraltar Arc
in the westernmost Mediterranean as a reference geological region.

Despite being severely debated, most authors agree that the tectonic reconstruc-
tions of the Western Mediterranean involve subduction rollback (35 Ma) as the
key geodynamic process that drives the tectonic evolution. The disagreements
among the proposed models lie in how this rollback couples with tectonic evolu-
tion. The main three proposed rollback scenarios (summarized in Chertova et
al., 2014) are: (i) rollback originates from a laterally restricted NW dipping slab
confined to the Baleares (Rosenbaum et al., 2002; Spakman and Wortel, 2004;
de Lamotte et al., 2009; Van Hinsbergen et al., 2014) ; (ii) rollback originates
from a long N-NW dipping subduction zone stretching from the Baleares in the
north-east to Gibraltar in the west margin (Faccenna et al., 2004; Jolivet et
al., 2009); or (iii) rollback originates from a SE dipping subduction under the
north-African margin (Vergés and Fernàndez, 2012). The major extension of
the Alboran domain ended during the middle Miocene (~16 Ma) (e.g. Vergés
and Fernàndez, 2012).

Based on seismic tomographic imaging, Spakman and Wortel (2004) suggested
that slab tearing might have occurred in the Gibraltar Arc region as a conse-
quence of the continental convergence and the subsequent slab rollback declined
during early Miocene. The biostratigraphic studies by Krijgsman et al. (2018)
and van der Schee et al. (2018) revised the age of the uplift and provided a new
age constraint on the western Betic intramountain basins to be older than 7.51
Ma (late Tortonian). The vertical movements (uplift) observed in the Internal
Betic zone after late Tortonian are best constrained from the present elevation of
tectonically undeformed Miocene marine sediment in that region (marine to non-
marine transition), often above 600 m elevation (Garcés et al., 1998; Iribarren et
al., 2009). This has been interpreted as the result of a westward migration of a
lateral tear within the steeply hanging Ligurian-Tethys slab seen in tomography
(Garcia-Castellanos and Villaseñor, 2011). Slab tearing occurred in previous
thermomechanical models by Chertova et al. (2014) and Spakman et al. (2018),
with the objective of optimizing the fit between observed and predicted present
slab morphology. However, the timing of this mechanism has been poorly con-
strained and prompting questions regarding the timing, the duration and the
topographic response of the tearing process.

The uplift of the intramountain basins within the Betics and Rif (Fig 1), possibly
caused by the slab tearing, has been linked to the closure of the marine gate-
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way across the Gibraltar Arc during the Late Miocene which led to the partial
desiccation of the Mediterranean Sea, (Messinian Salinity Crisis; MSC) (Garcia-
Castellanos and Villaseñor, 2011; Coulson et al., 2019). According to this hy-
pothesis, once the marine gateways closed off due to the regional epeirogenic
uplift, it triggered the massive salt accumulation of the MSC (5.96–5.33 Ma),
possibly the most abrupt environmental change on Earth since the beginning of
the Tertiary.

This study aims to understand the lithospheric slab tearing process and the
consequent surface uplift, through 3D thermomechanical modelling. The initial
model setup in this study is based on the tectonic setting from the reconstruc-
tion of the Western Mediterranean, where a S-SE slab rolls back and collides
with an oblique margin (e.g. Vergés and Fernàndez (2012)). However, we just
intend to study the tearing process, we do not plan to model the previous evolu-
tion of the slab. We will investigate how different scenarios and/or parameters
act on the initiation of the slab tearing and its propagation along the trench,
and quantify the resulting surface elevation changes robustly coupled with the
deep geodynamic processes (viscous flow, temperature evolution, and dynamic
topography). In addition, we will provide insights into how the slab tearing
dynamics fit within the realm of the Western Mediterranean, and how these
surface vertical motions help constraining the Messinian Salinity Crisis event.

1.

Method
(a)

Model setup

The continental convergence is modelled with an incoming continental block,
overriding a subducting oceanic plate, which is connected to a stationary con-
tinental block through a passive margin. The model region is based on the
tectonic reconstruction by Vergés and Fernàndez (2012) and also compatible
with the model proposed by Spakman and Wortel (2004) and van Hinsbergen et
al. (2014), where a subduction zone progresses towards an oblique continental
passive margin (‘model’ box in Fig 1). The 3D model domain (Fig 2) measures
1500 km × 780 km × 1200 km, with the resolution of 4.6 km× 3.0 km × 4.6
km, in the x, y (vertical), and z directions, respectively. The 40-km thick conti-
nental crust splits into the upper (20 km) and lower (20 km) continental crust,
and thinning toward the ocean. The 8-km thick oceanic crust also splits into
the upper (basaltic, 3 km) and lower (gabbroic, 5 km) oceanic crust. Partial
melting and melt extraction processes are neglected in order to keep our models
simplified and the interaction between the slab tearing and the crust isolated.

The viscous flow law of ‘wet quartzite’ describes the behaviour of both the
upper continental crust and the upper oceanic crust, while the ‘Plagioclase
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An75’ describes the behaviour of the lower continental crust and lower oceanic
crust (Table 1, Ranalli, 1995). The lithospheric mantle, asthenospheric mantle,
and mantle ‘weak zone’ (less viscous mantle material) all have a ‘dry olivine’
rheology (Table 1, Hirth and Kohlstedt, 2003). The weak zone is prescribed in
front of the incoming continental plate (Fig 2a, c) to assist with the subduction
initiation. Two weak zones are also prescribed on both the eastern and western
side of the incoming continental plate as a way to decouple the moving plate
from the surrounding oceanic domain (Fig 2a, c).

In the first stage of the experiment, the prescribed convergence velocity is push-
ing from a plane at x=1389 km, and at the depth of y=21–147 km (upper
lithospheric mantle). This plane is labelled ‘ridge’ in Fig 2c. The first stage
of the experiment involves a forced convergence until the slab reach 200 km
depth. After the first stage, the obtained thermo-mechanical state is then used
as an initial setup for continental convergence. In the second stage, the pre-
scribed convergence rate is either removed, so that the slab sinks due to its
own weight (Mod1-reference, Mod2, Mod3, and Mod4), or reduced to a lower
value of 4 mm/yr (still pushing from the ‘ridge’ at x=1389 km), resembling
the convergence rate in the Western Mediterranean (Mod5) (Macchiavelli et al.,
2017).

Boundary conditions

The velocity boundary conditions are free slip for the left (x=0 km), right (x=
1500 km), front (z=0 km), back (z=1200 km), and top boundaries (y=0 km).
The bottom boundary (y=780 km) is open/permeable, allowing rock materials
to flow in or out of the model domain. For the bottom boundary, an external
outflux boundary implies zero shear stress conditions and constant normal ve-
locity to be satisfied at ~300 km below the base of the model domain, which
ensures the mass conservation within the computational domain (e.g. Burg and
Gerya, 2005; Gerya et al., 2008; Li et al., 2013).

The elevation of the lithosphere is calculated dynamically as an internal free
surface through a buffer layer of ‘sticky air’ (�air = 1018 Pa·s, �air = 1 kg/m3)
(Gerya and Yuen, 2003; Schmeling et al., 2008; Crameri et al., 2012). It is 22 km
thick on top of the continental plate and 25 km on top of the oceanic plate. We
implemented a simplified erosion condition in our model, where instantaneous
sedimentation limits a trench depth to 8 km below the water level and the
instantaneous erosion is prescribed at 8 km above the initial continental crustal
surface where rock markers change into sticky-air markers.

The continental geotherm is prescribed as a linear variation from 0°C at the
model surface (y�22 km, air) to 1344°C the lithosphere-asthenosphere bound-
ary (y=110 km) (Jiménez-Munt et al., 2019; Kumar et al., 2021). The initial
thermal structure of the oceanic lithosphere is calculated using the half-space
cooling model (e.g. Turcotte and Schubert, 2014) based on a slab age of 110
Ma. The initial adiabatic temperature gradient of 0.5°C/km is prescribed in the
asthenospheric mantle (Katsura et al., 2010). For the initial thermal boundary
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conditions, the upper boundary has a fixed value of 0°C, and zero horizontal
heat flux across the vertical boundaries. Similar to the velocity boundary, the
bottom thermal boundary is permeable such that the temperature and vertical
heat fluxes can vary along the lower boundary. This implies that the constant
temperature condition is satisfied at ~300 km below the bottom of the model
box (e.g. Burg and Gerya, 2005; Gerya et al., 2008; Li et al., 2013).

Governing equations

The modelling in this work was carried out using a 3D thermo-mechanical cou-
pled numerical code, ‘I3ELVIS’ (Gerya, 2013). The code is based on finite-
differences and marker-in-cell numerical schemes (Gerya and Yuen, 2003; Harlow
and Welch, 1965). The governing physical laws such as conservation of mass,
conservation of momentum, and heat equation are discretised on a staggered
Eulerian grid. For each time step, fourth order Runge-Kutta scheme spatially
advects the markers. The multi-grid method is used to speed up the convergence
of the Gauss-Seidel iterative solver.

(1) The conservation of mass is described by the continuity equation of an in-
compressible viscous medium:

𝜕𝑣𝑖
𝜕𝑥𝑖

= 0, (1)

where 𝑣 is the flow velocity and where i (as well as j shown hereafter) is index,
which denotes spatial directions i, j = (x,y, z) in 3D using Einstein notation.

(2) The conservation of momentum is described by the Stokes equation for creep-
ing flow, which states:

𝜕𝜎′
ij

𝜕𝑥𝑗
− 𝜕𝑃

𝜕𝑥𝑖
= −𝜌(𝑇 , 𝑃 , 𝑐)𝑔𝑖, (2)

where 𝜎′
ij is the deviatoric stress tensor, 𝑃 denotes the total pressure (Pa), and 𝑔

is the gravitational acceleration (m/s2). In this form, we consider the Boussinesq
approximation, where the density 𝜌(𝑇 , 𝑃 , 𝑐) in the buoyancy term 𝜌𝑔𝑖 varies
locally as a function of temperature (T), pressure (P), and composition (c).

𝜌𝐶𝑝
DT
Dt = 𝜕

𝜕𝑥𝑖
(𝑘 𝜕𝑇

𝜕𝑥𝑖
) + 𝐻𝑟 + 𝐻𝑎 + 𝐻𝐿 + 𝐻𝑠, (3)

(3) The heat balance in a convective medium is described by the heat conserva-
tion equation, which states:

where 𝐶𝑝 is the heat capacity (J/K), 𝑇 is temperature (K), 𝑘 denotes thermal
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conductivity (W/(m·K), which is a function of temperature, pressure, and
composition, i.e. k(T, P, c) , 𝐻𝑟 is radioactive heat production, 𝐻𝑎 is adiabatic
heat production/consumption, 𝐻𝐿 is latent heat production/consumption (due
to phase transformation), and 𝐻𝑠 is the shear heat production (a product of
deviatoric stress and strain rate), more details in Gerya and Yuen (2003, 2007).

1. Density model and phase changes

The rocks’ densities vary with temperature T (K) and pressure P (Pa) according
to the equation of state:

𝜌𝑃,𝑇 = 𝜌0 [1 − 𝛼(𝑇 − 𝑇0) + 𝛽 (𝑃 − 𝑃0)] , (4)

where 𝜌0 is the reference density at 𝑃0 = 1 MPa and 𝑇0 = 298.15 K, the co-
efficient of thermal expansion 𝛼 = 2×10–5 1/K, and the coefficient of thermal
compressibility � = 6×10–12 1/Pa. Our models take phase transition of olivine
in the mantle into account. As the dry olivine is subjected to greater pressure
at depths, it first undergoes exothermic phase transition (~ 410 km) and trans-
forms into wadsleyite (Katsura and Ito, 1989). At a greater depth and pressure,
the wadsleyite exothermically transforms into ringwoodite (~ 520 km), which
decompose (endothermically) into bridgmanite (silicate perovskite) at an even
greater depth (~ 660 km) (Ito et al., 1990). The eclogitization of the subducted
oceanic crust (basaltic and gabbroic) is taken into account by linearly increasing
the density of the crust with pressure from 0% to 16% in the P-T region between
the experimentally determined garnet-in and plagioclase-out phase transitions
in basalt (Ito and Kennedy, 1971).

1. Visco-plastic rheology

The composite visco-plastic (VP) rheology is used with no elasticity because the
model aims to study slab tearing process in a more simplified system. The elas-
ticity might affect the lithospheric flexure and uplift, however, the visco-plastic
rheology is suffice to establish the general dynamics of continental convergence
and the underlying mantle flow (Gerya and Yuen, 2003, 2007). The ductile
rheology (𝜂ductile) is approximated by a combination of effective viscosities for
diffusion 𝜂diff and dislocation 𝜂disl creep. We assume that the total strain rate
is the sum of the strain rates due to diffusion creep and dislocation creep, and
that they act in parallel and independently from each other.

1
𝜂ductile= 1

𝜂diff+ 1𝜂disl

(5)

(1) In the crust, we assume constant grain size and 𝜂diff and 𝜂disl is computed
as:
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𝜂diff = 𝐴
2𝜎(𝑛−1)

cr
exp ( 𝐸+𝑃𝑉

RT ) (6)

𝜂disl = 𝐴 1𝑛
2 exp ( 𝐸+𝑃𝑉

nRT ) ̇𝜀
(1−𝑛)

𝑛
II (7)

where R is gas constant (8.314 J/(K·mol)), P is pressure (Pa), T is temperature
(K), ̇𝜀II = √1/2( ̇𝜀ij)

2 is the the second invariant deviatoric strain-rate tensor, �cr
is the critical stess, A is the pre-exponential factor (Pan·s), E denotes activation
energy (J/mol), V is activation volume (J/Pa), and n is the stress exponent of
the viscous creep (Table 1).

(2) In the mantle, the ductile creep is implemented with grain size growth and
reduction processes. In the case of the mantle, the composite rheology in Eq. 5
still stands,

𝜂diff = 1
2 𝐴diff h𝑚 exp ( 𝐸diff+𝑃𝑉diff

RT ) (8)

𝜂disl = 1
2 𝐴

1
𝑛
disl exp ( 𝐸disl+𝑃𝑉disl

nRT ) ̇𝜀
(1−𝑛)

𝑛
II (9)

where, 𝐴diff is the experimentally determined pre-exponential factor for diffusion
creep (Pa·s) and 𝐴disl is pre-exponential factor for dislocation creep (Pan·s),
h is grain size (m), m is the grain size exponent (Table 1).

The viscous rheology is combined with a brittle rheology to compute an effective
visco-plastic rheology, based on a Drucker-Prager yielding criterion (e.g. Ranalli,
1995):

𝜂ductile ≤ 𝐶+𝜇𝑃
2 ̇𝜀II

(10)

_1 , &> _0
(11)
𝛾 = ∫ √ 1

2 ̇𝜀2
ij(plastic)dt (12)

where 𝜇 is the internal friction coefficient (𝜇0 and 𝜇1 are the initial and final
internal friction coefficient, respectively), 𝜇𝛾 = (𝜇0 − 𝜇1)/𝛾0 is the rate of faults
weakening with integrated plastic strain 𝛾 (𝛾0 is the upper strain limit for the
fracture-related weakening), C is the rock compressive strength at P = 0, t is
time (s), ̇𝜀𝑖𝑗(plastic) is the plastic strain rate tensor (Table 1).
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Results
All of the experiments incorporate two stages. The first stage consists of forced
convergence until the slab reaches 200 km depth. The second stage uses the
output from the first stage as an initial setup and continues on as the slab
undergoes either free-subduction (Mod1-reference, Mod2, Mod3, and Mod4) or
fixed convergence velocity (Mod5). The numerical experiments were performed
using 24 cores on the ETH-Zürich EULER cluster. Note that all model time ‘t’
(in Myr) are given from the initiation of stage 2 for each model.

Reference model (Mod1-reference)

After the slab has reached the depth of 200 km, the prescribed convergence
rate stopped. As the dense slab continues to sink under its own weight (Table
1), the Iberian continental margin started to bend downward and the incom-
ing block overrides the passive margin. At t=3.84–4.10 Myr, the lithospheric
thinning/necking started on the slab’s easternmost side (z=800 km) at 120 km
depth (Fig 3c). Immediately after the detachment, at 4.24 Myr, the incoming
continental block came to a complete stop, which, in turn, causes a change in
the slab’s downward velocity. The slab’s portion in the vicinity of the tearing
appear to have lowered downward velocity, which means the attached portion
of the slab continues to sink with a faster downward velocity (Fig 3c, d). The
tearing point propagates westward reflecting in the tilted angle of the slab’s top
edge as shown in the Fig 3e and Fig 4.

While the slab is fully attached, the down-dip motion of the slab induced cor-
ner flows, and the large slab body induced a large flow around the slab’s edges
(Fig 5). The initiation of slab necking and tearing on the eastern side is inher-
ent to our model setup because the slab’s easternmost part is the only region
in which the continental-continental convergence occurs (Fig 4a1). Once the
tearing caused the incoming block to stop completely, the tear propagates west-
ward. As you look westward, the subsequent tearing now is a result of the
tearing process that has been set in motion from the east, and not a tearing
due to continental-continental convergence. The different amount of exhumed
oceanic crust in the forearc wedge (Fig 4b2, c3) appear to be depending on how
large the remaining oceanic domain is in between the incoming African plate
and the Iberian plate. We observe a larger amount of exhumed oceanic crust in
the westernmost side (Fig 4c3).

This initiation of slab tearing is observable as a sharp surface uplift along the col-
lisional belt, with uplift rate ranges from 0.23 mm/yr to 2.16 mm/yr throughout
the tear propagation. The rise in elevation (Fig 4a, b, c) also evolves westward,
reflecting the tear propagation occurring deeper in the mantle. The tearing
occurs due to great stress in the bending zone created by both the buoyancy of
the Iberia block (upward force) and the weight of the hanging slab (downward
force). The slab is completely detached after t=5.75 Myr (tearing duration of
~1.65 Myr).
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1.

Influence of model parameters

(a)

Effect of no incoming continental block (Mod2)

The reference model (Mod1-reference) had an incoming buoyant continental
block implemented to create a continental-continental collision, which then led
to a one-sided slab tearing. We now move on to look at how the lack of this
incoming buoyant continental block would affect the subduction zone dynamic.
Rheologically, Mod2 mimics Mod1-reference but the absence of an incoming con-
tinental block creates a continental-oceanic arc. At t=3.48 Myr, the retreating
intra-oceanic subduction trench reaches the continental passive margin, after
which the trench continues to retreat. After 0.5 Myr, high topography devel-
oped over the trench (Supplementary Fig S1a). Here on the eastern side of
the slab, the accumulation of crustal materials above the trench prevented the
trench from retreating any further and led to the initiation of slab tearing at
t=4.66 Myr. The slab is completely detached by t=5.70 Myr (tearing duration
of ~1.04 Myr). The uplift rate during the tear propagation ranges from 0.71
mm/yr to 1.35 mm/yr. The lack of incoming continental block thus does not
prevent the initiation of slab tearing.

In Mod2, where the overriding plate does not have a buoyant continental block,
the slab-tearing dynamics are similar to the Mod1-reference, likely since both
models have the same mantle rheological setup. Mod2’s lack of a buoyant con-
tinental block on the overriding plate does not appear to hinder the rate of
trench retreat that is thus mainly controlled by the oceanic slab buoyancy and
asthenospheric mantle viscosity. In Mod1-reference, the presence of an incoming
buoyant continental block does limit the extent of the forearc region, as illus-
trated in Fig 6. A less dense body (relative to the surrounding mantle) rises up
the subduction channel and thrusts under the overlying crustal materials (Fig
6c, e, and f). The lighter mantle pushed-up crustal material then spread over
the forearc region at the surface. The absence of a continental block in Mod2
allows the crustal material to spread farther compared to Mod1-reference, where
the spreading is limited by the buoyant continental block.

Effect of a higher ductile viscosity of the mantle (Mod3)

The subduction in the reference model is spontaneous i.e. the slab falls by its
own weight resulting in the subsequent trench retreat. However, the slab sinks
with a velocity far greater than what we would expect in the Western Mediter-
ranean region. Another model was constructed with a more viscous mantle,
which can be achieved by increasing the ductile viscosity through increasing the
activation volume of the mantle (both Vdiff and Vdisl), in the hope of slowing
down the down-going slab due to the increased resistance of the higher-viscosity
sublithospheric mantle. In the model Mod1-reference, the activation volume
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for the dislocation creep was Vdisl=2.6 J/(mol·MPa) and for diffusion creep
Vdiff=0.7 J/(mol·MPa), and in this model Mod3, Vdisl=3.0 J/(mol·MPa) and
Vdiff=0.8 J/(mol·MPa) (Table 1). The increased activation volume means the
stronger mantle viscosity increase with pressure (and therefore with depth).
The evolution of the subduction is similar to the reference model but with much
slower rate. For example, when the slab has reached 450 km depth, the slab in
Mod1-reference has a maximum downward velocity of 20 cm/yr (t=3.05 Myr)
where as Mod3’s maximum downward velocity is 8 cm/yr (t=6.87 Myr). The
slab tearing in Mod3 initiated at around t=11.08 Myr as oppose to t=4.34 Myr
in the reference model. The surface topography above the initiation of tearing
exhibits an elevation of ~1.5 km (Supplementary Fig S2d), which is similar to
Mod1-reference. The uplift rate during the tear propagation ranges from 0.75
mm/yr to 1.68 mm/yr. In Mod3, the slab tear initiated at t=9.80 Myr and the
slab completely detached by t=12.95 Myr (tearing duration of ~1.87 Myr).

The less viscous mantle in the reference model allows the slab to sink down
with ease, which resulted in the trench retreat at the rate of 20 cm/yr. The
more viscous mantle in Mod3 offers higher resistance for the down-going slab
and results in the trench retreat rate of 10 cm/yr. The upper few 100s km of
Mod3’s upper mantle still has a low viscous mantle (Supplementary Fig S2),
meaning that the slab’s strong negative buoyancy is still not well supported at
those depths. This explains the still large rollback and slab tearing speeds that
are obtained.

The fast down-going slab, together with the fast trench retreat velocity in the
reference model, causes segments of high stress (4–5 MPa) and high strain-rate
(10–14–10–12 1/s) to develop at the depth of greater than 120 km which led to
a deeper breakoff depth. In Mod3, with more viscous mantle, the down-going
slab is better supported by the surrounding asthenosphere leading to a more
gradual and shallow stress build-up focussing within the bending zone of the
slab. This shallow stress focussing, at the depth of less than 100 km, led to a
shallower breakoff compared to the reference model.

Effect of an increased brittle strength of the mantle (Mod4)

Another way to increase the viscosity of the mantle is to increase
the brittle viscosity, i.e. the upper limit of the visco-plastic viscos-
ity. Similar to Mod3, the increased mantle viscosity in Mod4 aims
to slow down the sinking slab such that we can study the character-
istics of slab tearing, which evolved too quickly between modelling
time-steps in Mod1-reference. In Mod4 model, we increased final in-
ternal friction coefficient (�1 in Eq. 8) for the lower oceanic crust and
the mantle, from zero in Mod1-reference to 0.3 in Mod4 (Table 1).
By increasing this coefficient value: (1) we decrease the rate of strain
weakening by a factor of two; and (2) we significantly increase the
effective visco-plastic viscosity of deformed cold lithospheric mantle
at elevated pressures/depths. After the initial push, the slab failed
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to sink down into the asthenosphere on its own due to a high re-
sistance to local brittle/plastic deformation associated with the slab
retreat and bending. This lack of slab’s downward velocity also led
to the termination of trench retreat altogether (Supplementary Fig
S3). The slab only reached 300 km in depth and hang there with
the angle of the hanging slab slightly steepened. The lack of trench
retreat means the incoming continental block did not reach the pas-
sive margin and so there is no collision and no slab tearing. This
rheological setup with strong brittle/plastic- mantle, therefore, does
not favour the slab tearing.

Effect of fixed the convergence velocity (Mod5)

In model Mod5, we took the first stage of the reference model (initial push, slab
reaches the depth (y) of 200 km) and enters the model into the second stage with
an imposed relative convergence. The imposed plate convergence velocity is set
to 4 mm/yr to mimic the average convergent velocity between the Iberian and
African plates (Macchiavelli et al., 2017). This velocity is much slower than the
velocity resulting from the hanging slab in previous runs, so this change should
slow down the slab retreat. Such slow velocity exposes the hanging slab to a
fast thermal diffusion in the surrounding asthenosphere. No slab tearing occurs
in this model, but instead a lithospheric dripping takes place (Supplementary
Fig S4).

The low convergent velocity of 4 mm/yr causes the slab to experience a greater
degree of thermal diffusion than thermal advection and, therefore, could not
maintain its low internal temperature and high density, all of which led to
thermal erosion and lithospheric dripping (Supplementary Fig S4). The great
amount of thermal diffusion that the slab experienced and the amount of time
that the slab is hanging in the sublithospheric mantle allow an arcuate (in
plan-view) deformed lower-viscosity slab to develop. In the models with spon-
taneous subduction (Mod1-reference, Mod2, Mod3, and Mod4), the subduction
and trench migration comes to a stop once the slab reached the passive margin
and the tear has started. In Mod5, however, the continuous pushing of the
incoming continental block creates a band of high elevation over the arcuate
trench (Supplementary Fig S4d).

1.

Discussion
(a)
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Geometry of the passive margin and slab-tearing
dynamics.

The lateral slab tearing has been invoke to explain some observations, such as
the seismicity pattern in the Vrancea slab (Mitrofan et al., 2016) or the seismic
tomography in the South Iberian margin, Apennines and Hellenic arc (Wortel,
2000). Previous 3D numerical models of subduction that exhibited slab tearing,
such as those by van Hunen and Allen (2011); Duretz et al. (2014); Magni et
al. (2017), all utilised a straight passive margin, which ended up producing slab
tearing in the slab interior rather than on the slab edge. However, in this work,
the models included an oblique continental passive margin, which added asym-
metry to the collision process. Balázs et al. (2021) by 3D thermo-mechanical
subduction models, already found that an oblique oceanic subduction results in
strain partitioning in the accretionary wedge which can contribute to different
subduction velocities.

The results from our Betics-inspired models suggest that the obliquity of the
continental passive margin has great influence over the initiation of slab tearing
because it promotes a laterally diachronous continental collision, which leads
to slab tearing. In our models, the oblique passive margin gave rise to an east-
to-west slab tearing. Averaging over approximately 500 km distance, the tear
velocities are 42.6 cm/yr in Mod1-reference, 67.6 cm/yr in Mod2, and 37.6 cm/yr
in Mod3 (Table 2). Our tear propagation rates fall well within the range of pre-
vious estimations: 7−45 cm/yr from the Carpathians’ depocenter migration by
Meulenkamp et al. (1996) from the evolution of the Carpathian-Pannonian sys-
tem whose geological model was constructed using regional chronostratigraphic
sequences; and 10−80 cm/yr from 3D numerical modelling of continental col-
lision by van Hunen and Allen (2011). A 3D stress model, as a function of
rheology, tears length, and force distribution, by Yoshioka and Wortel (1995)
showed a tear propagation rate in the range as wide as 2−94 cm/yr.

Overall, the slab takes less than 2 Myr to completely detach (over the entire
slab length of 600–700 km), which is fast on a geological timescale (compared
to the timescales needed for subduction). The factor that seems to have some
control over the timing of the tearing is the mantle rheology. The viscosity of
the sublithospheric mantle in Mod3 is � 1022 Pa·s whereas it is � 1021 Pa·s
in Mod1-reference. The more viscous sublithospheric mantle in Mod3 slowed
down the sinking slab, hence the slowest tear-propagating velocity. Chertova et
al. (2014) and Spakman et al. (2018) used numerical models to optimize the
fit between a slab morphology, as predicted by a geodynamic model, and the
seismic tomographic models. The lower mantle in their numerical models has
a viscosity of 2×1022 Pa·s which is higher than the value used in our models,
hence their slow rollback speed and slow east-to-west slab tearing under the
Betics. The sublithospheric mantle viscosity in our models allows the slab to
sink faster and, therefore, leads to faster tearing velocity. Chertova et al. (2014)
illustrated that in order to create an arcuate slab, such as that imaged under
the Western Mediterranean; a variable rollback speed along the strike of the
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trench is needed. However, the slab rollback in our models was terminated
early (where the slab is still attached) due to being exceeded by the fast lateral
tearing velocity, hence, the lack of an arcuate slab in our models. This early
termination of the slab rollback is also why the gap between the trench and
the passive margin exist (Fig 6a-c). A slower slab tearing would allow the slab
rollback to continue in the region where the slab is still attached, and the western
trench could reach the passive margin (Spakman et al., 2018) forming an arcuate
shape. Using a geodynamic model, Peral (2020) explains the curvature of the
slab by pinning the western edge to the west-Africa continental block, while
the NE slab retreats free along the transform fault. Schliffke et al. (2021) also
found by numerical modelling that the continental collision with an irregular
passive margin, can form highly arcuate orogenic belts, but also as a result of
the associated transient stress changes it can cause complex geological processes
in the overriding plate, processes observed in the Gibraltar arc.

The ranges of breakoff depth from our models are 80−150 km on the eastern side
and 170−200 km on the western side. These ranges fall within similar ranges
as previous numerical modelling studies such as 80–240 km from Freeburn et al.
(2017), 95–140 km from Schellart (2017), 100–400 km from Gerya et al. (2004),
and 120–145 km from Duretz et al. (2014). The difference in breakoff depths
could plausibly come from the different rheological setting in each numerical
model, as well as different tectonic setup. In the models presented here, the
slab’s eastern side has a shallow tearing depth, which could be caused by the
weakness in the transition zone between the continental and the oceanic litho-
sphere. While on the western side the tearing depth is deeper as the tear, here,
is not only caused by the tectonic variation of the transition zone but also: (i)
the negative buoyancy of the hanging and detached portion of the slab; and (ii)
the high velocity mantle influx in the slab tear window (Fig 5). A similar pat-
tern is reflected in the breakoff location. On the easternmost side, the breakoff
tends to occur within the subducted continental lithosphere portion, such that
the detached slab pinched out some continental crust. Since the slab tear depth
is deeper westward, therefore, the breakoff tends to be within the subducted
oceanic lithosphere portion.

1.

Surface uplift
(a)

Dynamic topography

There are two components which are thought to be shaping the surface topogra-
phy we observed today, the crustal isostatic compensation effect and dynamic
topography (Forte et al., 1993). Dynamic topography is caused by the buoyancy-
driven mantle convection exerting vertical stress onto the lithosphere. Dynamic
subsidence is caused by downward mantle flow (downwelling), while dynamic
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uplift is caused by upward mantle flow (upwelling).

Fig 7 shows model Mod3’s modelled density distribution and the evolution of
the
modelled elevation, and the two contributions, the isostatic and the dynamic
components. We calculated the isostatic effect with a compensation depth of 150
km (128 km below crustal surface). This isostatic elevation is due to the density
changes at crustal and lithosphere scales, without accounting the dynamics of
the slab subduction.

The dynamic topography then came from taking the isostatic effect away from
the modelled elevation. The dynamic topography shown in Fig 7 appears to be
reflecting properly the mantle dynamics. From the dynamic topography results,
we can identify the slab pull effect
with a subsidence and the corner flow and mantle upwelling with an uplift.
Prior to slab tearing, the mantle flowing upwards in the subduction channel
corresponds with the high dynamic topography (Fig 7a, b). After tearing has
begun, the tearing gap allows the mantle flow to go through and this channel
upward flow is reduced (Fig 7c, d and Fig 5). While the slab is still intact, the
slab-pull force is transmitted up to the crustal surface, producing the subsidence
on the passive margin (Fig 7a, x=250-300 km). As the slab starts necking and
tearing, this transmission of slab-pull force reduces and, therefore, reducing
the aforementioned subsidence (Fig 7c, d). The mantle convection cells re-
established themselves when the detached slab is a depth of 450–660 km (Fig
7d).

We also set out to look at the time-response of surface topography to tearing in
the mantle and the possible temporal delay involved. The one-to-one (instan-
taneous) interpretation has been widely utilised by previous studies (Lithgow-
Bertelloni and Silver, 1998; Boschi et al., 2010; Faccenna and Becker, 2010;
Faccenna et al. 2014; Gvirtzman et al., 2016; Heller and Liu, 2016; Austermann
and Forte, 2019; Ávila and Dávila, 2020). However, our methodology could not
resolve such significant temporal lag between the deep process of tearing and
the
surface topographic response. The tearing in our models occurs at a relatively
fast velocity,
which may make it difficult to capture and quantify this delay.

Uplift signature

Fig 8 displays the modelled evolution of the topographic response as the slab
tearing laterally propagates westward. The incoming continental block collided
with the passive margin and subsequently came to a complete stop. The initial
continental-continental collision (prior to tearing) caused a high topography (1
km high) on the eastern side (z=800 km) (Fig 8a and e). As the tear propagates
westward, the elevation increases in the same direction (Fig 8b, c, d). The
increase in surface elevation does not occur only above the tear position but also
in the proximate area, as shown in Fig 8e and 8f that the highest amount of
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uplift is not necessarily in the same location as the tear. A possible explanation
is that as a tear gap opens, it permits a higher density of poloidal flow to flow
through, which induces trenchward mantle flow. This rush of poloidal flow then
induces a basal drag that drives trenchward motions under the two colliding
plates. This trenchward motion exerts compressional force to the relatively
immobile subduction zone hinge, in addition to the opposing force from the
collision, leading to an uplift of 0.3–0.8 km even before the arrival of the tear
(Fig 8e). Jiménez-Munt et al. (2019) estimated similar values of the pulled
down topography by the Strait of Gibraltar slab. As the tearing propagates
further westward, the high topography on the eastern side starts to subside by
as much as 0.2 km (Fig 8e).

As the slab sinks further, its volume in the mantle increases, obstructing the
mantle flow and giving rise to corner flow in the mantle wedge. The corner flow
increased the velocity of mantle convection (by 3–10 cm/yr, Fig 7a), which gave
viscous support to the overlaying crusts. As slab tearing initiates, it immedi-
ately opens up a new channel, which the mantle quickly flows through to replace
the volume previously taken up by the slab. This sudden rush of mantle flow
could be giving viscous support to the overlying crust (Fig 7a, b, c), which leads
to the sudden surface uplift (modelled elevation and isostatic compensation), a
prominent signature of slab detachment. The dynamic topography, correspond-
ing to the aforementioned mantle-flow rush, decreases (Fig 7a, b, c) as slab
tearing has started on the eastern side (z = 800 km) and thus the exhumation
and corner flow is reduced in velocity.

The mantle convection around the detached and sinking slab remains strong at
this stage as the slab sinks at such a steep angle that it still obstructs mantle
flow (Fig 7c). After the detached slab sinks further down, the bottom of the
slab hits the depth of 660–700 km discontinuity and rest there, which causes the
slab to begin to sink in a flatter manner (e.g. Fig 3f). As the detach slab lays
flatter, the mantle convection velocity reduces (by 3–10 cm/yr), or return to
normality (4 cm/yr), because now there is no large body to obstruct the mantle
flow and neither a heavy slab pulling down the mantle. This reduced velocity of
mantle convection means there is less mantle dynamics going on, which would
reduce the dynamic support that was exerting onto the crust. The crust and
the lithospheric mantle begin to readjust, thermally, and the previously uplifted
surface (by 0.5–1.0 km) begins to subside. Overall, the surface uplift rates
observed in our models, as a response to the slab tearing, range from 0.23–2.16
mm/yr. The predicted surface uplift rates previously quantified by numerical
modelling studies range widely as low as 0.10 mm/yr to as high as 2.65 mm/yr
(Andrews and Billen, 2009; Duretz et al, 2011).

Supplementary Fig S5 shows the stacked time-evolution of surface elevation
of the slice from Mod3 at position z=780 km. As the subduction zone was
approaching the passive margin, the continental block on the overriding plate
exhibit an elevation of ~0.8 km (Supplementary Fig S5a). Once the trench has
contacted with the passive margin (at ~9 Myr) and the tearing process has
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initiated, the accretionary wedge gave rise to a surface elevation of up to 2
km in the forearc area southwards of the trench line (Supplementary Fig S5b).
High elevation areas (~2 km) on the continental passive margin also increase
as the subduction zone pushed northwards. After a period of slab detachment,
1.9 Myr for Mod3, both the continental block on the overriding plate and the
accretionary wedge decrease in topography (after 11.70 Myr, Supplementary
Fig S5). The area on the passive margin, northern of the compression zone
(x=150–180 km), also start to subside with elevation decreased as much as 0.5
km. This subsidence of the passive margin could be because of the lithospheric
cooling due to the absence of heat flow from the lower mantle. This artefact
could also be observed in the decrease in elevation in Fig 8e and Fig 8f on the
westernmost side.

Implications for the Western Mediterranean
The oblique nature of the southern Iberian margin may have played a key role
in triggering slab tearing from one end of the slab, similar to our models. Based
on a tectonic reconstruction of the Ligurian-Tethys between Iberia and Africa
during the Late Cretaceous, Vergés and Fernàndez (2012) proposed that a SE-
dipping subducted slab started retreating under the NW African margin and
retreated NW-wards to the present-day Gibraltar Arc location (Fig 1). The sub-
duction would imply an initial oblique collision at the margin between Iberia and
Africa. Alternatively, looking at the tectonic reconstruction of the same region
as proposed by Rosenbaum et al. (2002a), Spakman and Wortel (2004), and
Van Hinsbergen et al. (2014), where the initially short subduction started from
the Baleares, elongated, split up, and then rotated westward into the Gibraltar
Arc System. The portion of the subduction zone that moves into the Gibraltar
Arc System would also be on a collision course with the oblique southern Iberian
margin. Therefore, both tectonic reconstructions could potentially lead to the
slab tearing from one side as observed in the interpreted seismic tomography of
the Western Mediterranean (Spakman and Wortel, 2004).

Chertova et al. (2014) used 3D numerical modelling to model 3 evolution scenar-
ios of the Western Mediterranean, with the goal of optimizing the fit between
the slab morphology after 35 Myr (as predicted by a geodynamic model) and the
observed seismic tomography. Spakman et al. (2018) and Capella et al. (2020)
used 3D numerical modelling, together with geological and geodetic data, to
propose that the enigmatic tectonic features in the Western Mediterranean (e.g.
the closure of marine gateway prior the Messinian Salinity Crisis, the shortening
of the Rif, and the eastern Betics extension) could be the effect of slab dragging.
Negredo et al. (2020), through thermo-mechanical modelling of continental-
edge delamination across STEP faults following slab-tearing, suggested that the
stability of the evolution regime in the central Betics is sensitive to the initial
rheological and thermal conditions. Our models differ from previous works of
the region because they are not trying to model the evolution of the region.
Instead, the Western Mediterranean was used as an inspiration to model the
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relationship between slab tearing and surface uplift because such interaction
has previously been proposed in this region (Garcia-Castellanos and Villaseñor,
2011; Spakman et al. 2018). Our model brings the surface-uplift component
into play, which connects the mantle dynamic with the surface uplift. The up-
lift rates from this work (0.23 mm/yr to 2.16 mm/yr) are consistent with the
situation during the first stage of the MSC event, in which the uplift of the
seaway is compensated for the erosion of seaway, allowing continuous but lim-
ited water inflow from the Atlantic into the Mediterranean Sea. The tectonic
and erosion model by Garcia-Castellanos and Villaseñor (2011) proposed that a
critical uplift rate of 5 mm/yr is needed to close the seaways across the Gibral-
tar Arc. Coulson et al. (2019) built upon Garcia-Castellanos and Villaseñor
(2011)’s model by incorporating an ice-age sea level theory, which predicts a
critical uplift rate of < 1.5 mm/yr.

Previous biostratigraphic studies in the Betics suggested that the age of marine
uplift in the region was in the range of 10–8 Ma, younging westward (Garcés
et al., 1998; Iribarren et al., 2009). The last of these basins’ emersion was pre-
viously dated at 5.3 Ma, which indicates that the duration of tear propagation
in the Betics (across 400 km distance) is 3–5 Myr. This assumption would give
a tearing rate of 80–133 km/Myr. Nevertheless, more recent biostratigraphic
studies by Krijgsman et al. (2018) and van der Schee et al. (2018) show that
the timing of the uplift of the western Betic intramontane basins is still far
from well determined, finding an age of 7.51 Ma (late Tortonian) for the latest
preserved marine sediment in the Guadalhorce Basin. The new age constraint
narrows down the plausible tear propagation duration to 1–3 Myr, which implies
a faster tearing (133–400 km/Myr) rate than previously thought. Our tearing
rate of 370-670 km/Myr, albeit very fast, still falls within the newly constrained
tear propagation rate.

A limitation of our models lies in the lack of an arcuate slab so a full comparison
cannot
be made with the interpreted 3D slab structure beneath the Gibraltar Arc Sys-
tem (Spakman
and Wortel, 2004; Chertova et al., 2014; Spakman et al., 2018). The uplift of in-
tramountain basins within the Betics in southern Iberia is higher on the eastern
side (Iribarren et al., 2009), where the slab is interpreted to be detached based
on seismic tomography (Fig 9b). Such uplift is not detected in the western Bet-
ics where the tear point is and the part of the same slab still remains attached
(Fig 9a). Our models predict a similar trend, with earlier and higher uplift on
the eastern parts of the oblique margin (due to both continental-continental
collision and slab tearing), and later and lower uplift in the west, where the slab
still remain attached. The study of magnetostratigraphic sequences shows that
the transition from marine to continental conditions of intramountain basins
within the Betics is younging westward (Fig 1) (Garcés et al., 1998; Iribarren
et al., 2009). This trend corresponds with our models’ westward tear propaga-
tion, where the oldest uplifted region would be toward the east and the younger
uplifted region toward the west.

18



Conclusion
We set out to investigate the slab tearing process, its dynamics, and its effect on
surface topography using three-dimensional thermomechanical modelling. We
used the Western Mediterranean as a reference scenario because the proposed
tectonic reconstruction for the region involved slab tearing and its effect on the
surface uplift.

Our results support the idea that the obliquity of the continental passive margin
(relative to the trench axis) is a major influence on the initiation of slab tearing
because it promotes a laterally diachronous continental convergence, which leads
to slab tearing. This obliquity of the continental convergence produced an east-
to-west slab tearing (tearing velocity �37.6–67.6 cm/yr with the lower-mantle
viscosity of up to 1022 Pa·s), which led to surface uplift signature of 0.5–1.5
km across the forearc region throughout the tearing process.

The slab tearing depth increases as it propagates along the slab, with a shal-
lower tear (80–150 km) on the side where the tear initiated and a deeper tear
(170–200 km) on the other side. The timing of the slab tearing in our mod-
els appears to be geologically fast (�3 Myr). The key controls on the duration
of detachment process are the viscosity of the sublithospheric mantle and the
amount of shortening/oceanic subduction prior tearing (this affects how large
and heavy the slab would be).

The uplift rate range produced by our model-setup, 0.23-2.16 mm/yr, is compati-
ble with the uplift rates needed to achieve an equilibrium between seaway-uplift
and seaway-erosion, which could have led to the closure of marine gateways
that reduced the water-flow from the Atlantic Ocean into the Mediterranean
Sea during the first stage of the Messinian Salinity Crisis
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2.

Tables
Table 1 Material properties used in the numerical experiments. The
flow law include: A is the pre-exponential factor; E denotes activation energy;
V is activation volume; n is the stress exponent; m is grain size exponent; �cr
is critical stress or the the assumed diffusion-dislocation transition stress; C is
the rock compressive strength at P=0 MPa; �0 and �1 are the initial and final
internal coefficients, respectively parameters (Karato and Wu, 1993; Ranalli,
1995; Hirth and Kohlstedt, 2003; Turcotte and Schubert, 2014). The subscripts
‘diff’ and ‘disl’ indicate that those parameters are associated with diffusion and
dislocation creep processes, respectively. Mod3 has higher values for mantle
activation volume than other models. Mod4 has higher final internal friction
coefficient for lower oceanic crust and the mantle. Other properties for all rock
types include: heat capacity Cp = 1000 J/(kg·K), thermal expansion � = 2 ×
10–5 1/K; and compressibility � = 6 × 10–12 1/Pa.

Material Density �0
(kg/m3)

(W/m·K) Flow Law Flow law
parameters
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Upper
continental
crust (Felsic)

+807/(T+77) Wet
quartzite
(Ranalli,
1995)

A
=1.97×1017

Pans, n=2.3,
E=1.54×105

J/mol, V=0
J/(mol·MPa),
�cr=3×104

Pa, C=3
MPa, �0=0.3,
�1=0

Lower
continental
crust
(Gabbro)

+474/(T+77) Plagioclase
An75
(Ranalli,
1995)

A
=4.80×1022

Pans, n=3.2,
E=2.38×105

J/mol, V=0
J/(mol·MPa),
�cr=3×104

Pa, C=3
MPa, �0=0.3,
�1=0

Upper
oceanic crust
(Basalt)

Wet
quartzite
(Ranalli,
1995)

A
=4.80×1022

Pans, n=3.2,
E=2.38×105

J/mol, V=0
J/(mol·MPa),
�cr=3×104

Pa, C=3
MPa, �0=0,
�1=0

Lower
oceanic crust
(Gabbro)

Plagioclase
An75
(Ranalli,
1995)

A
=4.80×1022

Pans, n=3.2,
E=2.38×105

J/mol, V=0
J/(mol·MPa),
�cr=3×104

Pa, C=3
MPa, �0=0.6,
�1=0.0
Mod4:
�1=0.3
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Mantle +1293/(T+77)
×exp(0.000004P)

Dry olivine
(Hirth &
Kohlstedt,
2003)

m=3, Adiff
=1.50×1015

Pa s,
Ediff=3.75×105

J/mol,
Vdiff=0.7
J/(mol·MPa),
Adisl
=1.10×1016

Pans, n=3.5,
Edisl=5.30×105

J/mol,
Vdisl=2.6
J/(mol·MPa),
C=3 MPa,
�0=0.6,
�1=0.0
Mod3:
Vdiff=0.8
J/(mol·MPa),
Vdisl=3.0
J/(mol·MPa)
Mod4:
�1=0.3

Mantle weak
zone

m=3, Adiff
=1.50×1015

Pa s,
Ediff=3.75×105

J/mol,
Vdiff=0.7
J/(mol·MPa),
Adisl
=1.10×1016

Pans, n=3.5,
Edisl=5.30×105

J/mol,
Vdisl=2.6
J/(mol·MPa),
C=3 MPa,
�0=0, �1=0

Table 2 Model list.
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Model Description Incoming Continent Slab detachment Slab tear propagation (cm/yr) Tearing duration (Myr) Uplift rate from tearing (mm/yr)
Mod1 Reference model Yes Yes 42.6 1.65 0.23 – 2.16
Mod2 No incoming continental block No Yes 67.6 1.04 0.71 – 1.35
Mod3 Higher ductile viscosity of the mantle Yes Yes 37.6 1.87 0.75 – 1.68
Mod4 Higher brittle strength of the mantle Yes No - - -
Mod5 Fixed the convergence velocity Yes No - - -

Figures

Fig 1. Gibraltar Arc region. A present-day schematic map of the Gibraltar
Arc System (Western Mediterranean Sea; after Rosenbaum et al., 2002a), on
which our model set up is based. The inset is a topography-bathymetry map,
with our region of interest in the red box. The map displays key units of
the Gibraltar Arc System: External Zone, Internal Zone, and the Flysch Zone
(Suture Zone). The blue lines are the reconstruction of the Ligurian-Tethys
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domain between Iberia and Africa (Late Cretaceous) before the onset of the
African convergence, as proposed by Vergés and Fernàndez (2012). The grey
frame outlines the area and the basic features therein, which the model setup is
based on. The model frame is at such angle to encapsulate the stages from the
reconstruction that involve slab detachment i.e. from 18–0 Ma. The numbers in
white rectangles are the ages in Ma of the transition from marine to continental
conditions of intramountain basins within the Betics (Iribarren et al., 2009;
Krijgsman et al., 2018; van der Schee et al., 2018).

Fig 2. Setup of Mod1-reference model. a) 3D model domain (1500 ×
780 × 1200 km) with colours representing different compositions. The flow law
abbreviations are Wt Qtz. – wet quartzite; Plag. –Plagioclase; and Dry Olv. –
Dry Olivine. Convergence is imposed by applying a uniform velocity (v) of 47
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mm yr-1 until the slab reaches 200 km depth, after which v is either controlled
by the sinking slab or reduced to another constant velocity. b) A cross-section
profile of the viscosity. c) A map view of the model.

Fig 3. The evolution of the slab’s downward velocity (Mod1-
reference). The slab structure shown here comes from the temperature
isosurface, T=1300°C. The cross-section (z=800 km) shows the lithol-
ogy/composition (for rock composition colour legends please refer to Fig 2. The
red ‘T’ illustrates the position of the slab tear. Prior necking or slab tearing,
the slab subducts with little lateral velocity variation across the slab (a and b).
Once the necking and the tearing has started, the higher downward velocity
now shifted to side of the slab that is still attached (c and d). After the slab
is completely detached (f), the slab’s downward velocity regained the lateral
uniformity of downward velocity.
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Fig 4. Evolution of the reference model (Mod1-reference) shown as surface
topography (a, b, and c) and lithology (a1-3, b1-3, and c1-3). The colour coding
for the lithology slices is the same as in Fig 2. Set (a) show the stage at which the
continental-continental collision causes the incoming continental block to stop
completely. The slab has already started to detach on the eastern side (z=800
km) by this point. In Set (b), the slab is half-torn with the attached portion
of the slab still exerting slab-pull force. In Set (c), the tearing is approaching
the western most side of the slab. Here the tearing/pinching occur at a deeper
depth as the slab was still sinking until the arrival of the tearing. The tearing
propagates westward as exhibited in a1, b2, and c3 cross-sections.

32



Fig 5 Reference model viscosity cross-sections with velocity fields. The
upper panels shows the x-y cross-sections from z=300, 500, and 700 km, while
the bottom panels shows the x-z cross-sections from the depth y=180 km, and
the red lines correspond to the x-y slices in the panel above. The cross-sections
in (a) come from a stage when the lithospheric slab is still wholly attached. The
large hanging slab disturbs the mantle flow and causes mantle corner flow to
build up, as well as causing strong mantle flow around the slab. The cross-
sections in (b) are from the stage after slab tearing has started (on the eastern
side). The mantle flow velocity is reduced as the slab-tear window allows the
mantle to flow through.

33



Fig 6 The incoming continental crust limits the extent of forearc.
Shown here are elevation and density plots of model Mod1-reference (a, b, c)
and Mod2 (d, e, f). The density cross-sections are taken from z = 300 km,
shown as a red dashed line on each corresponding elevation plot. The black
triangle indicates the position of the trench and the red triangle indicates the
extent of the forearc. In both models, a body of less density (3200 kg/m3) than
the surrounding mantle exhumes up the subduction channel (c, e, f). The ex-
humed material thrusts under the overlying crust leading to a raised elevation.
In Mod1-reference, the buoyant incoming continental crust (right, southern side
of the model) limits the extent of the forearc region to the area in-between the
passive margin and the incoming continental crust. In Mod2, the lack of a buoy-
ant continental crust allows the crustal material, which are pushed up by mantle
exhumation, to spread over a wider area and extending the forearc region.
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Fig 7. Dynamic topography and density for model Mod3 (higher duc-
tile viscosity of the mantle). The elevation plots (top panels) consist of:
(i) total elevation resulting from the model (black); (ii) component of elevation
corresponding to isostatic compensation of the crust (red); and (iii) component
related to dynamic topography (blue). The isostatic effect was calculated with
a compensation depth of 150 km (~128 km below crustal surface). The density
(kg/m3) distribution (bottom panels) is overlaid with temperature contours of
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the lithospheric mantle (500°C, 900°C, and 1300°C). (a) From the stage when
the incoming continental block came to a complete stop. (b) Pre-detachment
stage with ongoing exhumation of the subducted oceanic crust and corner flow
as the slab obstructs mantle flow. (c) During necking and tearing when mantle
flow focus on the detaching slab and decrease the convection velocity in the up-
per part of the mantle. (d) Post-detachment stage when the mantle flow returns
to its unperturbed state and convection velocity are reduced (the detached slab
is at 450–660 km depth).
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Fig 8. Elevation evolution of model Mod3 (higher ductile viscosity
of the mantle). (a), (b), (c), and (d) are map views of the model’s surface
elevation evolution with the tear propagating westward. The red ‘T’ indicates
the slab-tear position in the subsurface. The dash lines (W-E) in (a) through
(d) represent the elevation profiles shown in plot (e). Plot (f) shows the amount
of uplift between time steps as the tearing propagates westward. The elevation
increases as the tear propagates, with the maximum uplift rate of 1.68 km/Myr
in the west. As the tear moves westward, the region toward the east of the
profile W-E starts to subside, as shown with the red line in plot (e).
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Fig 9. Comparison of slab structure from Mod1-reference with the
seismic tomography of the Western Mediterranean. (a) and (b) are seis-
mic tomographic images from Garcia-Castellanos & Villaseñor (2011) showing
the distribution of fast- (blue) and slow-seismic-velocity (red). (c) and (d) are
viscosity cross-sections from model Mod1-reference with (c) sliced from z=300
km, where the subducting slab is still attached and (d) sliced from z=800 km,
where the slab has just started tearing. The subsets in (c) and (d) show the
plan-view (x-z) of the surface elevation, and the red lines indicate the position
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of the corresponding cross-sections. The cross-sections from Mod1-reference re-
semble, to an extent, the seismic tomography from the Western Mediterranean,
with the attached portion of the slab on the NW side (a) and the detached slab
toward the NE side (b).
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