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Lithospheric tearing at slab edges is common in scenarios where retreating slabs face
continental margins. Such tearing is often accommodated via subvertical STEP (Subduction-
Transform Edge Propagator) faults that cut across the entire lithosphere and can result in
sharp lateral thermal and rheological variations across the juxtaposed lithospheres. This
setting favors the occurrence of continental delamination, i.e., the detachment between the
crust and the lithospheric mantle. In order to evaluate this hypothesis, we have chosen a well-
studied natural example recently imaged with unprecedented seismic resolution: the STEP
fault under the central Betic orogen, at the northern edge of the Gibraltar Arc subduction
system (westernmost Mediterranean Sea). The Gibraltar Arc subduction is the result of the
fast westward roll-back of the Alboran slab and it is in its last evolutionary stage, where the
oceanic lithosphere has been fully consumed and the continental lithosphere attached to it
collides with the overriding plate. In this study we investigate by means of thermo-mechanical
modeling the conditions for, and consequences of, delamination post-dating slab tearing in
the central Betics. We consider a setup based on a STEP fault separating the orogenic Betic
lithosphere and the adjacent thinned lithosphere of the overriding Alboran domain. Our model
analysis indicates that delamination is very sensitive to the initial thermal and rheological
conditions, transitioning from a stable to a very unstable and rapidly evolving regime. We find
two clearly differentiated regimes according to the time at which the process becomes
unstable: fast and slow delamination. Although the final state reached in both the fast and
slow regimes is similar, the dynamic surface topography evolution is dramatically different.We
suggest that given a weak enough Iberian lower crust the delaminating lithospheric mantle
peels off the crust and adopts a geometry consistent with the imaged southward dipping
Iberian lithosphere in the central Betics. The lack of spatial correspondence between the
highest topography and the thickest crust, as well as the observed pattern of uplift/
subsidence are properly reproduced by a model where relatively fast delamination
(Reference Model) develops after slab tearing.
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INTRODUCTION

A Subduction-Transform Edge Propagator fault (STEP fault,
as termed by Govers and Wortel, 2005) is a subvertical fault
that tears a subducted slab at its edges facilitating subduction
continuation in narrowed arcs. Tearing at slab edges is a
consequence of lateral changes in the rate of subduction
rollback, which in turn can be the result of lateral variation
of slab buoyancy. Govers and Wortel (2005) identified about
a dozen of STEP faults, being prominent examples the north
end of the Tonga trench, the south end of New Hebrides
trench, south Lesser Antilles trench and the north end of the
South Sandwich trench. In addition to these reported
examples in oceanic domains, a large number of STEP
faults have been identified in the Mediterranean region:
both ends of the Hellenic and Calabria trenches, the south
edge of the Vrancea trench (Carpathians), and both edges of
the western Mediterranean subduction system (Gibraltar Arc)
(see Govers and Wortel, 2005; Özbakır et al., 2020; and
references therein).

STEP faults cut across the entire lithosphere and eventually
lead to sharp lateral contrasts in the thermal and rheological
structure of juxtaposed lithospheres. This contrast is expected
to be particularly important in the Mediterranean region,
where “land-locked” basins surrounded by orogenic belts
show significant thinning due to back-arc extension related
to slab rollback. Vertical slab tearing would then put into direct
contact thinned continental/oceanic lithosphere and normal or
even thickened orogenic continental lithosphere of very
different densities. The buoyancy forces associated with this
density contrast generate mantle flow that can trigger
continental delamination (edge-delamination), as proposed
for the Betics STEP (Mancilla et al., 2013; Mancilla et al.,
2015a; Heit et al., 2017) and for the Tell-Rif STEP in NW
Algeria (Hidas et al., 2019). This scenario of delamination
developing after slab tearing is completely different from
other studies (e.g., Duggen et al., 2005; Faccenda et al., 2009;
Gogus et al., 2011; Ueda et al., 2012; Levander et al., 2014;
Baratin et al., 2016) where delamination operates in
conjunction with slab sinking.

The 2D modeling presented here is inspired on the best
imaged example of STEP fault, namely the fault associated
with slab tearing along the eastern and central Betics, in the
southern Iberian margin (Figure 1). To that aim we use recently
obtained seismic images of the crustal and lithospheric structure
of the area for comparison purposes with numerical simulations.
The goal of this study is to consider this natural example to
investigate by means of thermo-mechanical modeling the first
order conditions for, and consequences of, lithospheric
delamination after slab tearing via STEP faults. Here we focus
on the central Betics area, where topography evolution and the
crustal and lithospheric structure point to the occurrence of
ongoing delamination (Figure 1).

GEODYNAMIC SETTING

The Betic-Rif orogenic belt, located in southern Iberian and
northwestern African margins, represents the westernmost
expression of the Alpine orogeny (Figure 1). It comprises the
Gibraltar Arc and surrounds the extensional Alboran basin. This
area is presently characterized by moderate seismicity and diffuse
deformation, as a result of the slow convergence between Eurasia
and Nubia (e.g., Negredo et al., 2002; Jiménez-Munt and
Negredo, 2003; Cunha et al., 2012).

A number of tomographic studies have imaged a high-velocity
body extending across the entire upper mantle beneath the Betics
and Gibraltar Arc (e.g., Gutscher et al., 2002; Spakman and
Wortel, 2004; Bezada et al., 2013; Palomeras et al., 2014;
Villaseñor et al., 2015). This anomalous body has a slab-like
geometry and most likely corresponds to subducted oceanic
lithosphere, in the so-called western Mediterranean subduction
system. This system is currently in its last evolutionary stage and
does not seem to be presently active (e.g., Stich et al., 2006;
Iribarren et al., 2007; Zitellini et al., 2009), although this remains
the object of debate (see extensive revision by Gutscher et al.,
2012). At the northern edge of this system a slab tearing process
has been proposed (e.g., Faccenna et al., 2004; Duggen et al., 2004;
Spakman and Wortel, 2004; Duggen et al., 2005; Govers and
Wortel, 2005; García-Castellanos and Villaseñor, 2011; Mancilla
et al., 2013; Chertova et al., 2014; Mancilla et al., 2015a; Mancilla
et al., 2015b; Mancilla et al., 2018) and an associated vertical STEP
fault has been imaged by P-wave Receiver Functions (RF)
(Mancilla et al., 2015a; Mancilla et al., 2018). This tearing
affects the eastern and central Betics (Figure 1), where it is
shown as an abrupt change in lithospheric and crustal
thickness across the STEP fault (Figures 2, 3), while the slab
seems to be connected to the surface further to the west (e.g.
Spakman and Wortel, 2004; García-Castellanos and Villaseñor,
2011; Bezada et al., 2013; Mancilla et al., 2013; Spakman et al.,
2018; Jiménez-Munt et al., 2019; Molina-Aguilera et al., 2019)
(Figure 1C).

Different mechanisms have been proposed to explain the
complex tectonic evolution of the area since the Miocene, the
most popular being slab retreat (Lonergan and White, 1997;
Faccenna et al., 2004; Vergès and Fernàndez, 2012; Chertova
et al., 2014; van Hinsbergen et al., 2014). On the other hand,
models proposing continental delamination, understood as the
separation between the crust and lithospheric mantle (as
originally proposed by Bird, 1978; Bird, 1979) are gaining
popularity, either proposed as delamination alone (e.g., Seber
et al., 1996; Calvert et al., 2000; Fadil et al., 2006; Valera et al.,
2008; Baratin et al., 2016) or related to slab tearing (e.g., Duggen
et al., 2003; Duggen et al., 2004; Duggen et al., 2005; Martínez-
Martínez et al., 2006; Booth-Rea et al., 2007; Mancilla et al., 2013;
Mancilla et al., 2015a; Heit et al., 2017). A detailed comparison
between these conceptual models and the inferences from our
modeling will be carried out in the Discussion section.
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MODEL CONSTRAINTS FROM
PRESENT-DAY LITHOSPHERIC SEISMIC
STRUCTURE
The Betic-Rif belt is the result of the overthrusting of the Alboran
domain onto the South Iberian and North Maghrebian passive
continental paleomargins. The orogen was formed by the
westward collision of the Alboran domain during the Miocene
(e.g., Platt et al., 2003). A number of recent studies based on

seismic receiver functions have mapped the geometry of this
collision (Figures 2, 3) and the STEP fault trace along the south
Iberian Peninsula or south Iberia (red line in Figure 1A) revealing
an abrupt east-west change in the underthrusted Iberian
lithosphere beneath the Alboran domain at longitudes ∼3.3°W
(Mancilla et al., 2013; Mancilla et al., 2015a; Figure 2C). The
location of this lateral change coincides with a migration toward
the south of the STEP fault trace (Figure 1B). This change occurs
in a very narrow area, suggesting that the underthrusting plate

FIGURE 1 | (A) Topography map with the boundary of the main tectonic units of the Betic domain and foreland. The continuous red line marks the edge of the
Iberian crust, i.e., the tearing border produced by a Subduction-Transform Edge Propagator (STEP) fault imaged by the P-receiver functions (Mancilla et al., 2015a) and
the red dashed line indicates the presumably current tip position of this STEP fault (Heit et al., 2017). The green square marks the area investigated by this paper as prone
for a delamination processes directed toward the north, perpendicular to the STEP fault. The purple transparent area delimits the positive velocity anomaly at 75 km
depth described in the tomography study of Bezada et al. (2013) associated with the oceanic Alboran slab. Red triangles are the location of the first leg of the Hire seismic
profile (∼2 km inter-station distance, HIRE-I), blue triangles the second leg (∼10 km inter-station distance, HIRE-II). Black dashed lines mark the locations of the P-wave
receiver functions profiles of Figure 2: N-I (Figure 2A); N-II (Figure 2B) and W-I (Figure 2C). The inset map shows the collision direction of the Iberia and Africa plates.
(B) Sketch of the relationship between the NS-tear delamination fault (TD-fault, green line), that allows the northwards migration of the delamination process, and the
STEP fault that facilitates the slab rollback motion toward the west of the western Mediterranean subduction system. (C) Sketch of the proposed geometry by Mancilla
et al. (2015b), of the underthrusted Iberian and Maghrebian lithospheres and their relation with the subducted oceanic slab observed by tomographic studies (Spakman
and Wortel, 2004; Bezada et al., 2013; Villaseñor et al., 2015). Purple line marks the location of the generic modeled cross section (MA, Malaga; GR, Granada; ND,
Nador; HR, Hire seismic profile A).
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may be broken by a N-S directed tear fault, at a longitude about
3.3°W (green line in Figures 1, 2C). Since this fault enables the
northwards progression of delamination in the central Betics, we
term it “Tear-Delamination” fault (TD-fault).

East of the TD-fault, common conversion point images
obtained from P-wave RF at a high density passive seismic
profile (Figure 1 for location) reveal that the underthrusting
lithosphere of the South Iberian paleomargin ends with a sharp
Moho and lithospheric step of ∼17 and 40 km, respectively
(Figure 3; Mancilla et al., 2018 for details). This abrupt ending
is related to a near-vertical STEP fault tearing the slab and guiding
its rollback motion toward the west (Mancilla et al., 2018).

On the other hand, west of the North-South TD (NS-TD)
fault, the underthrusted Iberian lithosphere dips southwards
(Figure 2A), with the dip angle increasing eastwards (see
eastward deepening of seismic lithosphere-asthenosphere
boundary in Figure 2C) so that it reaches depths close to the
TD fault about 70 km deeper than under the Gibraltar Arc
(Mancilla et al., 2013; Mancilla et al., 2015a). The southern
location reached by the Iberian lithosphere west of the TD
fault indicates a southward migration of the locus of the STEP
fault (Figure 1B). This is supported by the localization of the
intermediate seismicity (depths >40 km; gray and yellow dots,
Figures 2A,C), which is interpreted as delineating the tip of the

FIGURE 2 | Common conversion point images build with P-wave Receiver Functions (left panels) and their interpretation sketches (right panels). (A,B) are NS-
cross-sections (N-I and N-2 see Figure 1) is WE-cross-section (W-I). In the stacked images, red colors (positive amplitudes) in a seismic discontinuity mean velocity
increase with depth. The dashed black lines mark the inferred conversion depth of the Ps converted phase at the crustal-mantle boundary (the Moho discontinuity) and
its first multiple reverberated phases generated at this discontinuity. Multiples (abbreviated Mult), although not migrated to their correct geometrical position, are
useful to confirm the trend of the Moho discontinuity. Continuous black lines draw the Lithosphere-Asthenosphere boundary (LAB). At the top of each panel, we display
the topography along the profile. Red arrows mark the contact, at the surface, between the different units (I, Iberian Massif; E, External zones; A, Alboran domain; GB,
Guadalquivir basin). Common conversion point images modified from Mancilla and Diaz (2015). We plot the intermediate seismicity (depths >40 km; gray dots) for the
ISC catalog together with the higher precision relocations of some of them from Santos-Bueno et al. (2019) (yellow dots). Vertical thin dashed lines are the crossing points
with the other profiles in the figure.
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lateral slab tearing (Heit et al., 2017; Santos-Bueno et al., 2019),
i.e., the currently active segment of the STEP fault.

Several lines of evidence suggest that northwards mantle
delamination is likely occurring west of the TD fault (see
Mancilla et al., 2013 for details). Among them, the fast mean
uplift of 0.5 mm/yr during last <8 Ma (Azañón et al., 2015) that
produces asymmetry in the topography between the western and
eastern sides of Sierra Nevada mountains (different ∼500 m in the
highest altitude), together with the lack of correspondence
between highest topography and thickest crust root, indicates
that the topography could be partly supported by asthenospheric
upwelling related to continental delamination (Mancilla et al.,
2013; Mancilla et al., 2015a). GPS velocities and seismic
deformation pattern also support this idea (Mancilla et al.,
2013). The delaminated lithospheric mantle would peel off the
crust and adopt a geometry consistent with the imaged southward
dipping Iberian lithosphere in the central Betics (Figure 2A).

In this study we examine possible lithospheric configurations
in the collisional contact between Iberian and Alboran domains
that allow edge-delamination at the western side of the TD fault
in central Betics after the tearing process caused by the westward
propagation of the STEP fault.

METHODOLOGY

Fundamental Equations and Model Setup
Here we use the finite element open source code ASPECT 2.1
(Kronbirchler et al., 2012; Bangerth et al., 2019) to solve the
coupled equations of conservation of mass, momentum and
energy (Eqs 1–3) for a 2D vertical section of an
incompressible fluid. We adopt the Boussinesq approximation,
and therefore we assume that the density is constant in all the
equations except for the buoyancy term (right hand term in Eq. 2)
of the momentum equation. In addition, as the reference

temperature is assumed to be constant, the adiabatic and shear
heating are neglected in the energy equation. Then the equations
of mass, momentum and energy adopt the following form:

∇ · u � 0 (1)

−∇ · 2 μ ϵ(u) + ∇p � ρ g (2)

ρ0 Cp(zT
zt

+ u · ∇T) − ∇ · k∇T � ρ0 H (3)

where, u is the velocity field, µ is the viscosity, ε(u) is the strain
rate tensor, p is the pressure, ρ is the density, ρ0 is the reference
density, g is the gravity acceleration,Cp is the specific heat, T is the
temperature, k is the thermal conductivity, H is radiogenic heat
production per unit mass. We neglect latent heat release due to
phase transformation. We consider that the density satisfies the
simple relationship ρ � ρ0 (1 − α (T − T0)), being α a small thermal
expansion coefficient and ρ0 the reference density that is attained
at a temperature T0. The Boussinesq approximation has great
computational advantages as the algebraic systems of equations
become much easier to solve. This is very useful particularly for a
computationally demanding modeling as is the case of
delamination incorporating a free surface on its top. This
approximation is acceptable for the present modeling since we
reproduce a relatively short-term evolution (<10 Myr) involving
depths less than about 250 km, and therefore the range of
variation of density with depth (pressure) is relatively small.

ASPECT has two particular advantages for modeling
continental delamination: the adaptive mesh refinement
(AMR) and the incorporation of a true free surface with
stress-free boundary conditions on the top boundary (Rose
et al., 2017). AMR allows for selective mesh refinement in
areas of strong gradients in the material properties, while a
coarser mesh can be used in areas with low velocities and/or
smooth gradients of material properties. This feature allows
robust modeling of high viscosity contrasts of >3–4 orders of

FIGURE 3 |Migrated Common conversion point images using P-wave receiver functions of the high density profile HIRE (triangles in Figure 1A) probing the crustal
structure in central Betics. We overlap the images with our interpretations along the section: The crust-mantle boundary (Iberian and Alboran Moho, thick black lines),
intracrustal converters (thin and dashed black lines) and the Subduction-Transform Edge Propagator fault and its continuation toward the surface as positive flower
structure (gray lines). This image is a modification of the one published in Mancilla et al. (2018). For the details about the image construction and receiver function
calculation see the source paper.
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magnitude on small length scales, as it is the case between the
lower crust and upper lithospheric mantle. The free surface
feature allows for self-consistent modeling of the surface
dynamic response to mass redistribution during delamination.
However, modeling free surfaces is a challenging problem (e.g.,
Kaus et al., 2010; Rose et al., 2017) and requires taking small time
steps and the application of stabilization procedures to avoid
instabilities in the free surface. We have performed a number of
simulations to select the stabilization parameters giving a good
compromise between stability and accuracy (see explanations in
Bangerth et al., 2019). The modeled domain simulates a 2-D
vertical section running N-S at a longitude of about 3.5°W (purple
line in Figure 1C), with horizontal and vertical extents of 1,320
and 660 km, respectively (Figure 4). We checked that this size of
the modeled domain is enough to prevent boundary effects. We
will use the terms “Iberian” and “Alboran” to describe the
simulations thereafter (Figure 4). Model parameters are
compiled in Table 1. The initial setup simulates the initial
contact of the thickened Iberian lithosphere under the central
Betics and the thinned back-arc lithosphere of the Alboran Sea

guided by the STEP fault. The model domain includes the upper
and lower crusts, the lithospheric mantle and the asthenosphere,
defined by different compositional fields. Although the
parameters of the lithospheric mantle and asthenosphere are
exactly the same (density differences just due to temperature
variations), we have defined a specific body for the Betic
lithospheric mantle to better track its evolution as it peels off
the crust. We do not include in our modeling the deeper sinking
slab since we assume that it was detached prior to delamination
and therefore it has not any mechanical effect at shallower depths.
The specific values of the initial thicknesses of the layers are based
on a number of seismic receiver functions profiles reporting a
17 km step in the Moho depth between the Iberian and the
Alboran crusts in the eastern Betics (Mancilla et al., 2015a;
Mancilla et al., 2018). The geometric parameters (layer
thicknesses) defining the crustal and lithospheric structure in
the Iberian and Alboran domains are based on a number of
geophysical modeling studies (e.g., Fullea et al., 2007; Fullea et al.,
2010; Carballo et al., 2015; Mancilla and Diaz, 2015; Torné et al.,
2015).

FIGURE 4 |Model setup for the Reference Model with the (A) initial density distribution and boundary conditions. The contour of the Iberian mantle lithosphere is
shown for better understanding the evolution of delamination, albeit having the same composition and parameters as the asthenosphere and Alboran lithospheric
mantle. (B) Initial viscosity distribution (units Pa s) and 1,600 K isotherm to show the initial lithospheric thickness.
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Previous studies on continental delamination introduce an
increased reference density in the delaminating lithospheric
mantle to force delamination initiation (e.g., Göğüs and
Pysklywec 2008; Bajolet et al., 2012; Göğüs et al., 2016).
Alternatively, a common assumption in delamination studies is
that delamination develops in conjunction with, and in response to
the negative buoyancy of a deep sinking slab (e.g., Duggen et al.,
2003; Duggen et al., 2005; Faccenda et al., 2009; Göğüş et al., 2011;
Ueda et al., 2012; Baratin et al., 2016). In contrast, in our post slab-
tearing setup, slab pull does not act and the driving mechanism is
the buoyancy forces arising from the lateral thermal contrast
between the orogenic central Betic lithosphere and the thinned
Alboran lithosphere. Slab detachment and related uplift occurring
prior to delamination is attested by the pre-Messinian
marine–continental transition in the Betic internal basins being
presently at altitudes of about 1,000 m, with ages of marine to non-
marine transition between 7.2 and 5.3 for the central Betics
(Iribarren et al., 2009; see interpretation in terms of slab tearing
by García-Castellanos and Villaseñor, 2011).

In this way we avoid additional forcing of the model setup to
develop delamination. For the same reason, we do not introduce
any asthenospheric channel or weak zone in the lithospheric
mantle to enable asthenospheric upwelling and inflow into the
lower crust, as it is commonly done in delamination models (e.g.,
Göğüs and Pysklywec, 2008; Valera et al., 2008; Valera et al., 2011;
Bajolet et al., 2012; Göğüs et al., 2016; see revision in Göğüş and
Ueda, 2018).

The initial temperature distribution is a conductive profile in
the lithosphere, with a linear increase from 20°C at the surface to
Tm � 1370°C at the base of the lithosphere. In the sub-
lithospheric mantle we assume initial constant temperature of
Tm (i.e., negligible adiabatic gradient). The temperature is kept at
the initial values at the vertical and horizontal model boundaries.
Mechanical boundary conditions are free slip at the lateral and
bottom boundaries, and a true free-surface condition at the top
boundary to account for topography evolution.We do not apply a
lateral boundary condition accounting for Eurasia-Nubia
convergence velocity because its north component (parallel to
the modeled section) is very small (computed with MORVEL
model by DeMets et al., 2011) and NW-SE Eurasia-Nubia
convergence is most likely accommodated further to the south
of the modeled generic section (e.g., Negredo et al., 2002; Cunha
et al., 2012).

Rheological Setting
We adopt a visco-plastic rheology with a composite viscosity
µcomp given by a combination of diffusion and creep dislocation
viscous flow laws:

μcomp � ⎛⎝ 1
μdisl

+ 1
μdiff

⎞⎠− 1

where µdisl and µdiff represent dislocation and diffusion viscosities.
Both viscosities can be expressed in the same form but with

TABLE 1 | (A) . (B) Parameters considered for a wet-olivine rheology (Hirth and Koldstedt 2003) and feldspar (Bürgmann and Dresen, 2008).

A

Symbol Meaning Value

g Acceleration of gravity 9.8 m s−2

ρuc Upper crust density 2,750 kg m−3

ρlc Lower crust density 2,900 kg m−3

ρm Mantle density 3,300 kg m−3

ρa Asthenosphere density 3,300 kg m−3

T0 Reference temperature 293 K
huc,b Upper crust thickness, Iberia 15–27 km
hlc,b Lower crust thickness, Iberia 15 km
huc,a Upper crust thickness, Alboran 10 km
hlc,a Lower crust thickness, Alboran 10 km
R Gas constant 8.31 J K−1 mol−1

Ts Surface temperature 293 K
Tb Bottom temperature 1,643 K
d Grain size 10−2 m
σy Yield stress (cohesion) 1020 Pa
cp Specific heat 1,250 J kg−1 K−1

κ Thermal diffusion 0.8·10−6 m2 s−1

α Thermal expansion coefficient 3.5·10−5 K−1

B

Symbol Meaning Olivine (diffusion) Olivine (dislocation) Lower crust (diffusion)

A Exponential prefactor 4.7·10−16 Pa m3 s−1 2.28 ·10−18 Pa−3.5 s−1 5 ·10−19 Pa m7 s−1

n Stress exponent 1 3.5 1
m Grain size exponent 3 — 7
E* Activation energy 335 kJ mol−1 480 kJ mol−1 170 kJ mol−1

V* Activation volume 4 ·10−6 m3 mol−1 1.1·10−5 m3 mol−1 0
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different parameters (e.g., Hirth and Kohlstedt, 2003; Billen and
Hirth, 2007; Rodríguez-González et al., 2012; Rodríguez-
González et al., 2014):

μi �
1
2
Ai

−1
ni di

mi
ni _ϵii

1−ni
ni exp(Ei + PVi

niRT
)

where the index i denotes the creep mechanism (dislocation or
diffusion). A is the pre-exponential factor, d is the grain size, m is
the grain size exponent, n is the stress exponent, _ϵii is the square
root of the deviatoric strain rate tensor second invariant, E is
activation energy, V is activation volume, P is pressure, R is the gas
constant and T is temperature. Therefore, in the diffusion viscosity
case (µdiff, n � 1, m ≠ 0) there is not dependence on the strain rate,
while in the dislocation viscosity case (µdisl, n > 1, m � 0) a power
law dependence on the strain rate is in place. We have imposed
maximum and minimum viscosity cut-offs of 1024 and 1019 Pa·s,
respectively, although other values have been tested in different
simulations as will be explained in the subsection Sensitivity Study.
For the lithospheric mantle and asthenosphere we have adopted a
rheology for wet olivine from Hirth and Koldstedt (2003). The
parameters adopted for olivine (Table 1) give a composite viscosity
of 1020 Pa·s at a depth z � 150 km for a strain rate of 10–15 s−1. For
the lower crust we consider a diffusion rheology for wet anorthite
feldspar, with parameters from Bürgmann and Dresen (2008). For
the upper crust we assume a constant composite viscosity equal to
the maximum viscosity cutoff of each model.

The visco-plastic adopted approach takes into account both
brittle (plastic) yielding and viscous deformation. Plasticity limits
viscous stresses through a Von Mises yield criterion, with the
yield stress fixed to the cohesion σy � C. When the viscous stress
2µ _ϵii exceeds the yield stress, the viscosity is rescaled to the yield
surface µy � σy/2 _ϵii (e.g., Thieulot, 2011). The viscosity is then
given by:

μ � min{ σy

2_ϵii
, μcomp}

Table 1 lists the rheological parameters used for the different
creep mechanism and compositional fields.

RESULTS

We have performed a large number of simulations (>50) testing the
effects of varying the lithospheric structures at both sides of the
STEP fault as well as the viscosity distribution. From this sensitivity
study we have constrained the conditions controlling the
occurrence or not of delamination, and the pace of delamination
process when it occurs. Broadly speaking we can group our
simulations into three clearly differentiated end-members
attending to the pace of the delamination process and
topographic evolution: i) Reference Model, ii) slow delamination,
and iii) no delamination. The first end member (“Reference
Model”), has been calibrated according to the structure and
topography evolution of the delamination process proposed for
the central Betics. We select a representative model for slowly

evolving delamination in order to illustrate how delamination speed
affects the surface response (topography and surface velocity). The
main difference between the Reference Model and the slow model
stands on a difference of 20 km for the thickness of the South
Iberian lithospheric mantle. This difference will be shown to have a
significant effect on the buoyancy forces triggering delamination. In
the following we describe in detail two of the endmember scenarios:
Reference (Figures 4–7) and slow models (Figures 9–11).

Reference Model
The Reference Model assumes an initial LAB (Lithosphere-
Asthenosphere Boundary) depth for the South Iberian margin
of 120–132 km and reproduces a well-developed delamination
process (Figures 5, 6). The initial setup assumes an initial LAB
depth for the Alboran Sea of 45 km, representing moderate back-
arc thinning (stretching factor about two, assuming an initial LAB
depth of 90 km). The maximum and minimum viscosity cutoffs
are 5 × 1022 and 2 × 1019 Pa·s, respectively. These values represent
a moderate stiffness of the lithospheric mantle and weak lower
crust and asthenosphere. Figure 5 shows the density and velocity
field evolution as well as the topographic response; Figure 6
shows the viscosity distribution evolution, and Figure 7 shows
the surface response along a simulation lasting 5.4 Ma. The lateral
density contrast results in a negatively buoyant thick Iberian
lithosphere. In contrast, the warm, low viscosity Alboran
lithosphere creates a weak zone that channels asthenospheric
upwelling and inflow along the base of the Iberian crust. Two
clearly differentiated stages of evolution can be distinguished, as it
is shown in the plot of maximum velocity vs. time (Figure 8). The
first phase comprises the first ∼3 Ma and is characterized by
upward and leftward mantle flow sourced from the Alboran
domain, adjacent to the vertical step. This flow is further
enhanced by the viscosity reduction due to the high
temperature and strain rate. The pressure difference forces the
upwelling mantle into the Iberian lower crust, with maximum
horizontal velocities of 2 cm/yr (Figure 5A).

The second phase is characterized by the acceleration of
delamination (Figures 5B,C). The progression of the
asthenospheric lateral intrusion generates crustal thickening in
front of the delamination hinge, and crustal thinning behind it,
removing completely the lower crust. As the area of the intruding
mantle grows, the extent of unsupported (from above), negatively
buoyant Iberian lithospheric mantle increases and starts sinking
faster into the asthenosphere. This sinking continental slab pulls
down the lower crust at the delamination hinge and the adjacent
lithosphere, further accelerating the lateral spreading of
delamination. The inflow velocity increases dramatically (Figures
5C and 8) and the system tends to become very unstable. As
discussed in the analytical study by Bird (1979), two main
competing effects determine whether the system is stable or
unstable. First, the intruding asthenosphere cools down and
develops a thermal boundary layer (high viscosity borders of the
intruding mantle in Figure 6A), thus reducing the thickness of the
low viscosity layer. Second, the sinking of the lithospheric mantle
slab increases the thickness of this overlying weak layer. If “freezing”
in the low viscosity layer dominates the systemwill be stable whereas
if sinking and separation dominate the system will be very unstable.
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At 5.4 Myr, the maximum crustal thickness (>50 km) has
migrated about 106 km to the left since the beginning of the
simulation. The descending lithospheric mantle slab peels away

rapidly from the crust, and sinks into the mantle, in a similar
fashion as a retreating slab subduction mechanism. The tip of the
modeled Iberian lithospheric mantle slab reaches a depth of about

FIGURE 5 | Distribution of density and velocity field and topographic response at different times (A) 2, (B) 4, and (C) 5.4 Myr of the Reference Model.
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FIGURE 6 | Distribution of viscosity (logarithmic scale plot; Pa s units) and location of the 1,600 K isotherm at different times (A) 2, (B) 4, and (C) 5.4 Myr of the
Reference Model.
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100 km, in line with the seismically mapped geometry of the
Iberian dipping slab at longitudes 3.3°W (Mancilla et al., 2013;
Figure 12).

Figure 7 shows the surface evolution of the Reference Model in
terms of topography, and horizontal and vertical components of
the velocity. The evolution of the model topography shows a
characteristic migrating pattern of uplift/subsidence, following
the direction of migration of delaminating lithospheric mantle
and crustal thickening over the slab. During the first phase
(represented by the t � 2Myr line in Figure 7) the location of
the maximum topography coincides with that of maximum crustal
thickness. During the phase of enhanced asthenospheric inflow
and slab sinking (represented by t � 4 and 5.4 Myr lines in
Figure 7) the location of maximum crustal thickness is shifted
by about 30 km. The region of high topography (>1 km) becomes
wider and the maximum elevation values are maintained through
the evolution time, so that a narrow high plain develops. Note that
the crustal thickness above the zone of delamination is mostly
<35 km, and therefore the high topography is sustained by the

replacement of dense lithospheric mantle by warmer
asthenosphere inflow. In contrast, a shallow basin is formed to
the left of the delamination hinge (660 km < x < 770 km) as a
consequence of the negatively buoyant sinking slab. Further to the
right (770 km < x < 820 km), this downward pull is counteracted
by isostatic uplift due to crustal thickening, which results in positive
surface topography.

Surface uplift (positive vertical velocity in Figure 7B) occurs
when crustal thickening and inflow of hot mantle dominate over
the downward pull exerted by the sinking slab. The maximum
uplift rate is ∼0.7 mm/yr at 5.4 Myr and its location is shifted
about ∼20 km to the left from the location of maximum crustal
thickening. The offset stems from the fact that maximum uplift
rates correlate with the rate of crustal thickening rather than the
crustal thickness itself. The leftward migration of high uplift rates
is responsible for the progressive widening of the elevated area
(Figure 7A). Similarly, the highest subsidence rate occurs to the
left of the deepest point of the basin, consistently with it leftward
migration, but without increasing its width.

This particular modeling setup generates a predominantly
leftwards flow at shallow levels (Figure 5). As a consequence,
the surface velocity is negative (left-directed; Figure 7C) with
values increasing as delamination proceeds and a vigorous
counterclockwise flow develops (Figure 5C). Maximum
absolute values of ∼3.5 mm/yr at x � 770 are attained at
5.4 Myr. There is extension to the right of this point and
compression to the left, with maximum contraction rates
(highest lateral gradient of horizontal velocity) between 680
and 760 km, thus in the area of basin formation.

Sensitivity Study
We have conducted a series of simulations to test the effect of
viscosity cutoffs on the evolution of delamination. The variation

FIGURE 7 | (A) Topography, (B) vertical velocity, and (C) horizontal
velocity of the free surface at different time steps of the Reference Model. The
location of the maximum crustal thickness at each time step is also marked
(colored dots) to facilitate the interpretation.

FIGURE 8 | Sensitivity study showing the evolution of maximum
velocities of different simulations. Acceleration of maximum velocities indicate
the transition from stable to unstable delamination. Only the viscosity cutoffs
are varied with respect to the Reference Model (red line), except for the
“Slow Model,” which considers a 20 km thinner Iberian lithosphere and a
minimum viscosity cutoff 1019 Pa·s.
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of maximum velocity for different simulations is shown in
Figure 8. This figure is useful to identify the transition from
stable to unstable regimes. During the first phase of the Reference
Model, intrusion along the lower Iberian crust proceeds steadily,
with migration of the delamination hinge of 2–3 cm/yr. The
transition to the unstable regime occurs as slab sinking and
separation become dominant. This transition is characterized
by a rapid increase in the maximum velocity (simulations are
stopped when maximum velocities exceed ∼10 cm/yr). When the
minimum viscosity is reduced from 2 × 1019 Pa·s (Reference
Model) to 1.5 × 1019 Pa·s delamination starts accelerating about
2 Myr before than for the Reference Model (green vs. red lines in
Figure 8). When the minimum viscosity is increased to 3 ×
1019 Pa·s, the delamination process does not take place (deep blue
line in Figure 8). The transition to the unstable regime is only
slightly delayed when the maximum viscosity is increased from
5 × 1022 Pa·s (Reference Model) to 1023 Pa·s (purple line in
Figure 8). The stronger dependence on the minimum viscosity
cutoff (reached at the lower crust and intruding asthenosphere) is
consistent with the higher sensitivity of the slab sinking velocity
to variations of lower crust viscosity (µLC

−2/3) than to lithospheric
mantle viscosity variations (µLM

−1/3), found by Bird (1979).
Additional simulations (not shown) were conducted by
increasing the initial Alboran LAB depth from 45 to 50 km
(keeping the same viscosity cutoffs as the Reference Model).
Delamination does not occur in this case; the maximum
velocity always decreases and cooling of the slowly intruding
Alboran mantle hinders delamination and slab sinking. This is
because the colder and stiffer Alboran lithospheric mantle resists
flow around the upper corner of the Iberian lithospheric mantle
and slows down the intrusion into the lower crust.

Baes et al. (2011) argued that the contrast resulting from STEP
tearing may not be sharp. To investigate a more general case we
have performed additional tests to evaluate the sensitivity to the
width of the contrast. STEP faults dipping toward the continental
margin, as considered in some simulations of the Baes et al.
(2011) study and near the Plini-Strabo trenches (Özbakir et al.,
2013), result in a reduction of buoyancy forces compared to the
vertical STEP fault geometry, and do not lead to delamination
(with the Reference model parameters). Vertical STEP faults
maximize lateral density contrasts and are therefore the most
favourable geometry for post-tearing delamination.

Slow Delamination Model
The second end member assumes a thinner Iberian lithosphere,
with initial LAB depth for the South Iberianmargin of 100–112 km,
and predicts a slow evolution of delamination (Figures 9–11). If the
viscosity cutoffs of the Reference Model are maintained,
delamination simply does not develop, provided that the
buoyancy forces are too weak to overcome viscous resistance. In
the simulation shown in Figures 9 and 10 (and light blue line in
Figure 8), the minimum viscosity is reduced from 2 × 1019 Pa·s
(Reference Model) to 1019 Pa·s. This simulation is characterized by
the slow development of delamination and therefore a longer
evolution time, 8.2 Myr, is allowed to reach a final configuration
similar to the final stage of the Reference Model (same depth of
∼100 km for the tip of the top of the slab in Figures 5C and 9B).

Figure 9A shows the evolution at 5.4Myr, the final time of the
Reference Mode (Figure 5C), to enable a direct comparison of both
end member models at the same times of evolution. Asthenosphere
intrusion spreads into the Iberian lower crust at velocities <2 cm/yr
during the first 6Myr (Figure 9A and light blue line in Figure 8). As
a consequence of this slower intrusion, the “chilled” viscous
boundary of the intruding mantle is more developed than in the
reference model (compare Figures 6 and 10). As described above,
this “freezing” dominates over slab sinking and the delamination
process is stable for a longer time.Maximum velocities only increase
significantly during the last 2Myr of evolution. At 8.2 Myr, the
maximum crustal thickness is 45 km and its location has migrated
108 km to the left since the beginning of the simulation. In spite of
the similar structure reached by both end member simulations
albeit at different times, the surface response to delamination
(Figure 11) is dramatically different, indicating the importance
of dynamic topography in the faster Reference Model. No basin is
created because the slower sinking of the delaminating lithospheric
mantle makes conductive thermal equilibration with the
surrounding mantle more effective and therefore the negative
buoyancy of the sinking lithosphere is smaller. The maximum
topography decreases with time by about 400 m, being always
located in an area of relatively thin crust. The topographic
subsidence indicates that the isostatic effect of crustal thinning
predominates over the dynamic contribution from the slowly
intruding warm mantle. Vertical velocities have small values
(Figure 11B) as reflected by the slow evolution of the
topography, except at the end of the simulation, when
delamination accelerates. Similarly, the slow development of
delamination results in very low (<0.8 mm/yr) horizontal velocities.

DISCUSSION

Here we have shown that, for some specific thermal and
rheological conditions, the setup after slab tearing by means of
a STEP fault is prone to generate continental delamination. This
setup based on negatively buoyant lithosphere and adjacent weak
material is present in a number of delamination models (e.g.,
Göğüs and Pysklywec, 2008; Valera et al., 2008; Valera et al., 2011;
Bajolet et al., 2012; Valera et al., 2014; see Göğüs and Ueda, 2018
for a revision). In contrast to those earlier studies where
delamination had to be enforced by imposing ad hoc initial
conditions, here we explore the conditions under which
delamination in the vicinity of STEP faults naturally occurs. In
particular, we reproduce, without any external forcing, the
formation of a “broad conduit” across the lithospheric mantle
as originally described analytically by Bird (1979). We also
demonstrate that under some particular thermal and
rheological settings delamination evolves from a stable to a
very unstable and fast evolving regime.

Inferences About Possible Delamination in
the Central Betics
The predicted evolution of the Reference end member model is
consistent with a number of observations for the central Betics.
The final structure (Figures 5C and 6C) resembles the overall
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lithospheric structure mapped by RF studies in the area where
ongoing delamination has been proposed (Figure 12), with a
southwards dipping slab-like structure reaching a depth about
100 km about 100 km south of the area of maximum crustal
thickness (Mancilla et al., 2013). The lack of isostatic correlation
between the thickest crust and highest topography (Mancilla
et al., 2013; Mancilla et al., 2015a; Mancilla et al., 2015b) is a
dynamic feature properly reproduced by our modeling.
Therefore, this model supports the hypothesis that the high
topography in the central Betics is partly sustained by
asthenospheric inflow during delamination. The evolving
pattern of uplift/subsidence predicted by the Reference Model

is consistent with the fact that the uplift in the western side of
Sierra Nevada was accompanied by subsidence of the Granada
Basin (except in its NE border), further to the northwest of Sierra
Nevada, during the Late Pleistocene (Azañón et al., 2012; Azañón
et al., 2015).

Duggen et al. (2003) and Duggen et al. (2005) proposed that
the westward rollback of the oceanic lithosphere also peeled away
portions of the lithospheric mantle from beneath the Iberian and
African margins, and that this westward delamination of the
lithospheric mantle would be consistent with the volcanism
(location and composition) and the margins uplift that closed
the Miocene gateways between the Atlantic Ocean and the

FIGURE 9 | Distribution of density and velocity field and topographic response at different times (A) 5.4 Myr (for comparison purposes with the final time of the
Reference Model), (B) 8.2 Myr of the “Slow Model.”
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Mediterranean. Similarly, Martinez-Martinez et al. (2006)
proposed that the westward migration of extensional loci was
related to delamination and westward asthenospheric inflow
under the southern Iberian margin. A number of RF studies
show prominent steps not only in the LAB, but also in the Moho
depth (Mancilla et al., 2013; Mancilla et al., 2015a; Mancilla et al.,
2018); this fact contradicts the idea of a westward delamination of
the lithospheric mantle beneath the margins, leaving an
unperturbed crust. However, the observation of a large Moho
step is not incompatible with the overall westward peeling of the
lithospheric mantle beneath the Iberian margin accommodated
by a westward propagating STEP fault, with this fault
representing the vertical boundary of the mantle gap left by
delamination (Baes et al., 2011). On the light of the present
modeling we can add that this process most likely thinned the
overlying crust at the back of the delamination hinge. The
westward delamination proposed by Duggen et al. (2005) is
compatible with our initial setup as long as the tearing

migrated to a more southern location in the central Betics and
then continued westwards. It could be then followed by the
initiation of northward migrating delamination modeled in
this study for the central Betics. Following our modeling, this
post-tearing delamination would be favored by a margin lower
crust thick enough to act as a mechanical weakness, enabling
asthenospheric inflow and decoupling of the crust and
lithospheric mantle. We suggest that these conditions were
only met in the central Betics provided that the STEP fault,
located further to the south compared to the eastern Betics
(Figure 1), likely tore orogenic Betic lithosphere, with a thick
and weak lower crust and a thick lithospheric mantle favoring its
sinking into the asthenosphere.

Model Limitations
The geometry after slab tearing by means of a STEP fault is
intrinsically three-dimensional and would therefore require a
3D modeling approach (e.g., Munch et al., 2020). Future efforts

FIGURE 10 |Distribution of viscosity (logarithmic scale plot; Pa s units) and location of the 1,600 K isotherm at different times (A) 5.4 Myr (for comparison purposes
with the final time of the Reference Model), (B) 8.2 Myr of the “Slow Model.”
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in the Betic-Rift system should move forward along this line to
avoid limitations as for example the close location of generic
modeled cross-section to the active tip of the STEP fault to the
west and to the Tear-Delamination fault to the east (Figure 1).
However, time evolving 3D delamination is a very challenging
problem. A high resolution grid is required to account for sharp
viscosity contrasts due to compositional variations and to high
strain rates during asthenospheric inflow. Furthermore, the free
surface boundary condition (required to quantify uplift/
subsidence consistently) is computationally demanding as
well, requiring small time steps to have a good accuracy.
This could be avoided by using instantaneous 3D models
(e.g., Negredo et al., 1999) albeit at the price of losing the
transient characteristics of delamination, an essential
component of this mechanism as illustrated in this work.
Hence, inferences from instantaneous approaches, as in the
delamination modeling for northern Morocco from Baratin
et al. (2016), should be taken with caution.

No plastic weakening occurs during the simulations
presented here as slab bending is quite low. However,
plasticity should be accounted for in models of slab sinking
across the entire upper mantle, where high bending stress
associated with rollback of the lithospheric mantle slab can
lead to breakoff (e.g., Ueda et al., 2012; Göğüs et al., 2016). This
would be the case for past evolution of the Southeast
Carpathians (Göğüs et al., 2016) or the Moroccan Atlas,
where piecewise delamination of the continental lithosphere
has been proposed (Bezada et al., 2014). Finally, it is worth
stressing that this study is not intended to perform a detailed
modeling of the recent evolution of the central Betics, given the
mentioned limitations, but rather to show that first order
characteristics like the pattern of uplift/subsidence and
lithospheric structure are properly accounted for in this
modeling of post-tearing northward delamination in the
central Betics.

FIGURE 11 | (A) Topography, (B) vertical velocity, and (C) horizontal
velocity of the free surface at different time steps of the Slow Model. The
location of the maximum crustal thickness at each time step is also marked
(colored dots) to facilitate the interpretation.

FIGURE 12 | Comparison of the common conversion point migration image of P-receiver function built using only the closest stations to the profile (modified from
Figure 9 of Mancilla et al., 2015a) with the simulated structure of the Iberian lithosphere for the Reference Model at 5.4 Myr. At the top, we display the topography along
the profile.
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CONCLUSIONS

In this study we investigate the first order characteristics of
continental edge delamination across STEP faults after slab
tearing by means of geodynamic modeling. In doing so, we
use as reference the STEP fault observed in the Betic orogeny
taking advantage of the unprecedented resolution mapping of its
lithospheric structure where edge delamination is proposed. The
comparison with real observations is an essential component in a
dynamic process very sensitive to relatively small variations in the
thermal and rheological initial conditions.

The lateral contrast in lithospheric structure resulting from
STEP faults provides necessary conditions for the development of
continental delamination, namely: a strong density contrast
between the orogenic and the back-arc lithospheres, a
relatively thick and weak lower crust in the Iberian margin,
and a thinned (warm and weak) back-arc lithosphere allowing
for asthenospheric upwelling and inflow along the orogenic lower
crust. The topographic response associated with delamination
changes dramatically with the velocity of delamination. Fast
delaminating models predict a progressive widening of the
elevated area, due to the dynamic effect of asthenospheric
inflow, and adjacent subsidence due to the downward pull of
the sinking lithospheric mantle slab. In contrast, the maximum
topography decreases with time and no basin is formed in slow
delamination models. This topographic subsidence indicates that
the isostatic effect of crustal thinning predominates over the
dynamic effect of slowly intruding warm mantle. For other
thermal and rheological setting delamination is not even
triggered.

Predictions from the fast delamination end member model
(Reference model) are consistent with a number of observations
for the central Betics area where ongoing delamination has been
proposed (e.g., Mancilla et al., 2013; Mancilla et al., 2015a; Heit
et al., 2017); these features are the first order characteristics of the
lithospheric structure, the offset between highest topography and
thickest crust locations, and the observed topographic pattern of
uplift in western Sierra Nevada, and subsidence in the Granada
Basin. In summary, our results, bearing in mind the limitations
imposed by the 2D assumption, are consistent with the

hypothesis of present-day north-directed delamination in the
central Betics.
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