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The occurrence of continental delamination has been proposed for a number of areas characterized by highly
variable geodynamic settings. In this study we present results of numerical simulations considering different
initial setups, representative for geodynamic scenarios where delamination could potentially develop. To
mimic a post-collisional orogenic scenario we have designed an initial state characterized by the presence of
an area of orogenic lithosphere, with both crustal and lithospheric roots. In a second setup, we have
considered a lithospheric root representative of a remnant slab with a flat overlying crust. We focus on
predicted evolution of surface and near-surface observables, namely the crustal structure, surface heat flow
and isostatic and dynamic topography evolution. Our results show that a high density orogenic lower crust,
likely related to the presence of eclogite, significantly accelerates the sinking of the lithospheric mantle. The
pattern of local isostatic elevation is characterized by laterally migrating surface uplift/subsidence. This
pattern is shown to be little sensitive to lower crust density variations. In contrast, predicted dynamic
topography is more sensitive to these changes, and shows surface subsidence adjacent to the delaminating
lithospheric mantle for the model with a high density lower crust, and surface uplift above the slab for a
model with a less dense lower crust. The reason for uplift in this second model is that the effect of the
positive buoyancy of the thickened crust overwhelms the effect of negative buoyancy of the slowly sinking
lithospheric mantle. We infer from our modeling that there is not a specific characteristic pattern of
topography changes associated with delamination, but it depends on the interplay between highly variable
factors, as slab sinking velocity, asthenospheric upwelling and changes in crustal thickness.
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1. Introduction

Removal of continental lithospheric mantle has been inferred from
a wide range of observations. The most significant includes anoma-
lously high heat flow, regional uplift, change of stress field toward
extension, and the presence of cold slabs in the upper mantle and
igneous activity in continental areas far from present subduction
zones. The processes responsible for removal of continental litho-
spheric mantle are still under debate, but most of the related models
presented during the last 30 years can be grouped into two categories:
those based on viscous convective removal and those based on
lithospheric delamination.

The convective removal mechanism is based on the fact that a
thickened thermal boundary layer (mantle lithosphere) can develop a
Rayleigh–Taylor gravitational instability and drip viscously into the
less dense asthenosphere. This mechanism has been extensively
investigated in a series of studies using dynamic approaches (e.g.
Houseman et al., 1981; England and Houseman, 1989; see Houseman
and Molnar, 2001 for a thorough revision) and in a number of studies
adopting thermo-mechanical approaches (e.g. Fleitout and Froide-
vaux, 1982; Buck and Toksöz, 1983; Lenardic and Kaula, 1995;
Marotta et al., 1998; Schott and Schmeling, 1998).

The continental delamination mechanism was introduced by Bird
(1978, 1979), who proposed that if any process provided an elongated
conduit connecting the underlying asthenosphere with the base of the
continental crust, the dense lithospheric boundary layer could peel
away from the crust and sink. Differently from convective removal,
where the lithospheric root deforms internally as it drips, in the case
of delamination the mantle part of the lithosphere peels away as a
coherent slice, without necessarily undergoing major internal
deformation, and is replaced by buoyant asthenosphere. To avoid
ambiguity commonly found in the literature, where the term
‘delamination’ is often used to refer to any process causing removal
of lithosphere, it is worth clarifying that in this study we will only use
the term ‘delamination’ when two conditions of Bird's model are
fulfilled: 1) the asthenosphere comes into direct contact with the
crust and 2) the point of delamination, where the lithosphere peels off
the overlying crust, migrates.
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Delamination has been proposed for a number of geological areas.
Some examples are Tibet and Colorado plateaus (Bird, 1978 and 1979,
respectively), western Mediterranean (Channel and Mareschal,
1989), Variscan belt (Arnold et al., 2001), Alboran sea (e.g. Seber
et al., 1996; Calvert et al., 2000; Valera et al., 2008); Sierra Nevada
mountains (Ducea and Saleeby, 1998; Zandt et al., 2004; Le Pourhiet
et al., 2006), Vrancea region (Knapp et al., 2005) and eastern Anatolia
(Göğüş and Pysklywec, 2008a). In spite of this large number of
examples, the very few physical models that have been developed
(e.g. Schott and Schmeling, 1998; Morency and Doin, 2004); make
that basic aspects of the delamination process remain poorly studied.

Very recently, Göğüş and Pysklywec (2008b) presented a com-
parison between near-surface observables resulting from a model
representative of delamination, and from two models of viscous
dripping representative of partial and full mantle lithosphere removal.
Differences in surface topography and P–T–t paths predicted by Göğüş
and Pysklywec (2008b) with delamination and convective removal
models reflect major differences in the style of crustal deformation
and mantle lithosphere evolution resulting from both processes.
These differences were also investigated in the study by Valera et al.
(2008), who evaluated quantitatively conceptual models of delami-
nation and convective removal proposed for the evolution of the
Alboran Sea and surrounding regions.

In this study we present results of numerical simulations con-
sidering different initial setups, representative for different geody-
namic scenarios likely prone to develop delamination. We focus on
predicted evolution of surface and near-surface observables, namely
the crustal structure, topographic response (both isostatic and dy-
namic) and surface heat flow.

It is worth noting that in some areas (e.g. Alboran sea and
Pannonian basin) there is a strong controversial between authors
proposing propagating continental delamination and those proposing
migration of subduction caused by slab roll-back. In this sense,
exploring the consequences of delamination on lithospheric and near-
surface scales can also be helpful to discriminate between slab ‘roll-
back’ and mantle lithosphere ‘peel-back’.
Table 1
Parameters used in all calculations.

Symbol Meaning Value

g Acceleration of gravity 9.8 ms−2

Q b Basal heat flow 0.014 Wm−2

b b-parameter of Rüpke Law 15
Hp Crustal radiogenic heat production 8×10−7 Wm−3

Horizontal extent 1376 km
Vertical extent 680 km

CP Specific heat 1.3×103 JK−1 kg−1

T0 Temperature at the base of the lithosphere 1350 °C
k Thermal conductivity 3.2 Wm−1 K−1

α Thermal expansion coefficient 3.7×10−5 K−1

Time step 0.25 Ma
L Lithospheric thickness 120 km

Lower bound for the viscosity 1017 Pa s
Upper bound for the viscosity 1022 Pa s

wmax_L Maximum amplitude of the Lithospheric
Mantle perturbation

121.8 km

wmax_ LC Maximum amplitude of the Lower Crust
perturbation

33 km

wmax_ UC Maximum amplitude of the Upper Crust
perturbation

15 km

λ Wavelength of the perturbation 487.2 km
xpert Horizontal position of the center of the

perturbation
688 km

h_UC Upper Crust thickness 15 km
ρUC Upper Crust density 2800 kg m−3

μUC Upper Crust viscosity 1020 Pa s
h_LC Lower Crust thickness 22 km
ρnpLC Lower Crust density (non-perturbed zone) 2900 kg m−3

μnpLC Lower Crust viscosity (non-perturbed zone) 1020 Pa s
ρLC Orogenic Lower Crust density (perturbed zone) Variable
μLC Orogenic Lower Crust viscosity (perturbed zone) 1020 Pa s
2. Model description

2.1. Governing equations

The physical process of delamination is governed by the coupled
conservation equations of mass, momentum and energy. We have
applied several hypotheses to simplify these equations. First, we have
assumed two-dimensional flow. Second, we have neglected inertial
forces. This hypothesis can only be applied to very viscousflows, sowith
very high Prandtl number fluids. Third, we have applied the Extended
BoussinesqApproximation (EBA). According to theStandardBoussinesq
Approximation (Boussinesq, 1903), density variationsmay beneglected
except when they are coupled to the gravitational acceleration in the
buoyancy force term. The EBA differs from the Standard Boussinesq
Approximation in that the thermal effect of compression is also ac-
counted for (e.g., Tritton, 1988; Schmeling, 1989; Ita and King, 1994).
Neglecting the inertial forces in a viscous flow under the EBA implies
that the fluid is incompressible, which simplifies the equation of mass
conservation.

The final equations are the same as those used by Valera et al.
(2008), but we have neglected the shear heating and the effect of the
phase transformation from olivine to high-pressure polymorphs. The
reader is referred to Valera et al. (2008) for detailed explanations on
the mathematical developments leading to equations:
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where uk is the k-component of the velocity vector; x is the horizontal
coordinate; z is the vertical coordinate, pointing downward; μ is the
viscosity; ρ is the density; g is the acceleration of gravity; CP, the
specific heat; T, the temperature; t is the time; H, the radiogenic heat
production; k, the thermal conductivity; and α, the thermal expansion
coefficient. The velocity is related to the stream function Ψ as:

ux =
∂Ψ
∂z ; uz = −∂Ψ

∂x : ð3Þ

The heat sources considered here are the terms on the right-hand
side of Eq. (2) and correspond to: the radiogenic heat production,
the heat conduction and the adiabatic heating. The values of the
parameters used are listed in Table 1.

Ourmodeled domain includes five differentmaterials: upper crust,
non-perturbed lower crust, orogenic lower crust, lithospheric mantle
and asthenosphere (with asthenosphere we refer to the whole sub-
lithospheric upper mantle). In some models we have introduced a
sixth material on the top of the model, that will be described later on.
For simplicity, density and viscosity have constant values in the upper
and lower crust (see Table 1). The boundary between the lithospheric
mantle and the asthenosphere is assumed to be a thermal boundary,
with no compositional difference. Density and viscosity are assumed
to be temperature dependent in the lithospheric mantle and astheno-
sphere. We have used a Newtonian temperature-dependent (expo-
nential) viscosity law and augmented it with a pressure dependence
that crudely simulates an increase in ‘deeper mantle’ viscosity be-
neath 450 km (Rüpke et al., 2004):

μ T; zð Þ = μ0μ zð Þ exp b
T0
T
−1

� �� �
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μ zð Þ = 1 + 124:5 1 + tanh 0:01 z−450ð Þ½ �f g ð5Þ

where μ0 is a reference viscosity for each material; b is a parameter
characterizing the temperature dependence of viscosity; and T0 is the
reference temperature at the base of the lithospheric mantle. The
values of all these parameters are given in Table 1.

For the sake of simplicity and because of computational advan-
tages, a linear rheology is assumed in our numerical modeling, as in
manymodels (e.g. Enns et al., 2005; Marotta et al., 2006; Conrad et al.,
2007; Manea and Gurnis, 2007). The use of non-linear rheology in
models with a high number of different materials would require
consideration of an extraordinary high number of poorly constrained
rheological parameters. To promote coherent behavior of the litho-
sphericmantle (instead of dripping at its base), an upper bound (μmax)
has been imposed to the mantle viscosity. This maximum value is
reached at low temperatures, meaning shallow depths, in the litho-
spheric mantle. Due to the oversimplification of using a linear rhe-
ology, the computed viscosity values should be considered as an
effective or equivalent viscosity.

2.2. Numerical approach

We have applied a second order, central finite difference scheme
to discretize the motion equation. To solve the thermal equation we
have applied a second order, central ADI (Alternative Difference
Implicit) scheme combined with the Thomas Algorithm. The reader is
referred to Negredo et al. (2004) for details on numerical solution of
the thermal equation and to Valera et al. (2008) for a detailed
explanation on the coupled solution of motion and thermal equation.
We have used the thermo-mechanical numerical algorithm TEMESCH
developed by Valera et al. (2008) in MATLAB code. We have
considered free slip boundary conditions at all boundaries. The
surface temperature is fixed at 0 °C, a constant heat flow computed
from the initial geotherm is forced at the bottom and zero horizontal
heat flow at the side boundaries (Fig. 1a).

We have used two different grids: an Eulerian grid with fixed
nodes and a Lagrangian grid with moving markers carrying the
material properties. The Eulerian grid is a Cartesian box of aspect ratio
2 with a resolution of 173×86 nodes in the x- and z-directions and a
step-size of 8 km. The Lagrangian grid has three times more markers
than nodes in each direction. The horizontal extent of the box is
chosen large enough to prevent boundary effects. The convergence of
Fig. 1. a)Model domain illustrating the initial geometry and boundary conditions. b) Viscosity
column (solid lines) and for a column located at the center of the perturbation (dashed lin
the results has been checked varying the spatial and time resolution
and controlling the Courant criterion (e.g. Anderson, 1995).

2.3. Initial configurations

To study the role of initial crustal structure on the asymmetric
delaminationmechanism, we have performed two sets of models rep-
resentative of different scenarios: a post-collisional orogenic scenario
and a post slab break-off scenario.

To mimic a post-collisional orogenic scenario we have assumed
an initial state characterized by the presence of an area of orogenic
lithosphere, with both crustal and lithospheric roots. This same initial
geometry was used by Valera et al. (2008) to evaluate the concep-
tual model of delamination proposed by Calvert et al. (2000) for
the Alboran Sea. Following Schott and Schmeling (1998), we have
adopted a sinus shape for the orogenic root. The wave amplitude w of
the perturbation is computed with this expression:

w = h + wmax cos
2π x−xpert
� �

λ

0
@

1
A ð6Þ

where h is the non-perturbed thickness of the layer; wmax is the
maximum perturbation amplitude; x is the horizontal coordinate;
xpert is the position of the perturbation (at the center of the box); and
λ is the wavelength of the perturbation (see Table 1). The base of the
upper, lower crust and lithospheric mantle is modified according to
this equation to mimic a lithospheric root. The perturbed thickness of
each layer doubles its non-perturbed thickness.

The initial geotherm for the crust and lithospheric mantle is given
by the steady-state solution of the heat conduction equation, whereas
an adiabatic initial temperature profile is assumed for the astheno-
sphere (Negredo et al., 2004). In the orogenic zone, the isotherms are
displaced downwards following the shape of the crustal and litho-
spheric roots.

For this setup we obtain a set of simulations by varying the density
of the lower crust in the perturbed (orogenic) zone. High values of
orogenic lower crust density in some simulations are intended to
explore the effect of the presence of eclogite (e.g. Leech, 2001, Jull and
Kelemen, 2001; Lustrino, 2005), and are consistent with previous
numerical modeling of orogens (e.g., Schott and Schmeling, 1998;
Jiménez-Munt et al., 2008). Mean viscosity values for the lithospheric
mantle are in the range of those used by previous studies (e.g. Schott
and density profiles used for the ReferenceModel at the initial state for an unperturbed
es).
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and Schmeling, 1998; Marotta et al., 1999; Morency and Doin, 2004;
Gerya et al., 2004; Marotta et al., 2006; Göğüş and Pysklywec, 2008b).
Fig. 1b shows the viscosity and density profiles used for the Reference
Model of this setup at the initial state.

Adjacent to the lithospheric root, we have imposed a narrow ‘low
viscosity conduit’ connecting the lower crust with the asthenosphere.
Different mechanisms have been proposed to enable the ascent of
asthenospheric material to the base of the crust. Bird (1979) argued
that long cracks in lithosphere occur occasionally when continents
break up around a new spreading center. This author also suggests
that a hot rising ‘plume’ under a relatively moving plate might erode a
continental plate up to the Moho. Turcotte (1983) proposed that
asthenosphere can rise through a volcanic line associated with a
subduction zone. Schott and Schmeling (1998) introduced a wide
low viscosity zone, of about 200 km width, to enhance the input of
asthenospheric material into the Moho and proposed this ‘low
viscosity zone’ as a relict of a previous subduction, in which the
dehydration reactions in the slab minerals released water creating a
hydrated low viscosity zone above the slab. Arcay et al. (2007) per-
formed 2D numerical thermo-mechanical modeling of subduction
including the mantle wedge flow and the weakening effect in the
mantle rocks due to the presence of water. Their results show that this
weakening can produce a strong thermal thinning in the upper plate
above the hydrated zone. Following this idea of thermal thinning, we
have assumed that the conduit is filled with asthenospheric material,
with the same composition but hotter than surrounding lithospheric
mantle.

To model the evolution of dynamic topography we have per-
formed another set of simulations for the same scenario (it means,
same crustal structure), in which, following previous works (e.g.
Gerya et al., 2004; Schmeling et al., 2008), a highly buoyant upper
layer of very low viscosity has been included. This layer, whose initial
thickness is 8 km, can be interpreted as a “sticky air” or an artificial
layer whose lowermost part consists of water-rich, weak sediments,
in short “soft sediments”. The interface between this layer and the top
Fig. 2. Evolution of the Reference Model for the delamination process. Colors represent temp
crust.
of the crust is then treated as a free surface. We track motion of
markers at this ‘free surface’ to compute changes in topography. We
will refer to this computed topography as ‘dynamic topography’.

For the second model setup, we assume a flat geometry for the
crust, and amantle lithospheric root reaching the same depth as in the
first setup. This configuration is intended to mimic a scenario where
thickened lithospheric mantle represents the remnant of subduction
after slab break-off. As for the first setup, we perform a set of simu-
lations introducing the ‘soft sediments’ layer that allows for modeling
topographic changes.

3. Model results

3.1. Models with crustal and lithospheric roots

The evolution of our Reference Model (Fig. 2), with an orogenic
lower crust of 3050 kg m−3, is similar to the evolution presented for
the Alboran Sea by Valera et al. (2008) but much faster. The
delamination mechanism initiates as the asthenospheric material
rises through the conduit and widens it, pushing the orogenic
thickened lithosphere to the left. This leftwards migration of the
delamination tugs at the thickened crust and produces crustal/
lithospheric thickening in front of the migrating delamination point
and crustal/lithospheric thinning behind it. The room vacated by the
migrating lithospheric mantle is filled up by the ascent of astheno-
spheric mantle up to the Moho. This coupled crustal thickening/
thinning can also be observed in the models by Schott and Schmeling
(1998) and by Göğüş and Pysklywec (2008b). Therefore, this coupled
pattern can be considered as a characteristic feature of the
delamination mechanism.

After only 5 Ma, the asthenospheric material begins to peel away
the lithospheric mantle off the crust and sinks into the asthenosphere.
The crustal thickening placed over the hinge of the sinking litho-
spheric mantle is displaced leftwards accompanying the lateral
migration of the delamination point. Lower crustal material is pulled
erature distribution with labels in °C; white lines show the bases of the upper and lower



Fig. 4. Evolution of local isostatic topography (a) and of surface heat flow (b) for the
Reference Model.
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down by viscous drag, and the Moho reaches depths of about 100–
130 km around 15 Ma. The shape adopted by the dragged crust is a
thin vertically elongated layer over the sinking lithospheric material,
which is similar to the typical shape adopted by crust in an oceanic
subduction zone. A similar Moho geometry was found by Schott and
Schmeling (1998) who also predicted that significant amounts of
lower crustal material were subducted into the mantle during
delamination. On the other hand, the crustal thinning behind the
migrating point achieves, after about 7 Ma, a maximum thinning
factor (initial Moho depth divided by its current depth) of 2.7.

After about 12 Ma the delaminated slab of lithospheric mantle
reaches a depth of about 600 km and begins to interact with the more
viscous deepest part of the upper mantle. Therefore, the delaminated
slab bends and lays over the lower boundary (the upper–lower
mantle boundary), and the neck of the slab starts thinning due to
conductive heating from the surrounding mantle. The viscous drag
force decreases, so the buoyant lower crust ascends to achieve the
dynamic equilibrium. This process also produces little migration of
the delamination point.

We have performed additional tests (not shown) that indicate that
the results are qualitatively the same if the ‘asthenospheric conduit’
was filled with low viscosity lithospheric material.

The set of parameters in this Reference Model has been chosen on
the basis of reproducing a fast and well developed delamination
process. For this purpose, we have performed a set of different models
with the same crustal structure but varying the maximum viscosity of
the lithospheric mantle (μmax), the viscosity of the orogenic lower
crust (μLC) and the reference viscosity of the asthenosphere (μ0). Fig. 3
shows the accumulated displacement of the delamination point at
30 Ma for this set of models. According to these results, reducing the
values of any of these viscosities favors delamination and increasing
any of these values hinders the delamination process (Valera, 2009).
On the basis of this parametric analysis, a low value of the maximum
lithospheric viscosity was adopted for our Reference Model. Such low
value enhances the coherent behavior of the lithospheric mantle,
producing amobile lithosphericmantlewhich is easily separated from
the crust by the horizontal intrusion of the asthenospheric material.

We also show for the Reference Model the evolution of surface
heat flow and of local isostatic topography (Fig. 4). Evolution of
model-predicted heat flow reflects both thermal relaxation from the
initial strongly heterogeneous thermal state, and widening of the area
of asthenospheric upwelling. Elevation is calculated for every column
of themesh by comparing its buoyancy with that corresponding to the
Fig. 3. Accumulated displacement of the delamination point after 30 Ma of evolution
computed for different models varying the viscosity of the lithospheric mantle (μmax),
orogenic lower crust (μLC) and asthenosphere (μ0).
column at the left boundary of the model under the assumption of
local isostasy and following Lachenbruch and Morgan (1990). The
depth of isostatic compensation is taken at the maximum depth of
the model. We are aware that the local isostasy hypothesis is not
appropriate for delamination due to the presence of a dipping slab and
to significant material motion. However, we have applied, at a first
stage, the local isostasy hypothesis to obtain a first order estimation of
the uplift/subsidence pattern as a consequence of the mass redistri-
bution. Moreover, comparison with model-predicted dynamic topog-
raphy will permit us to evaluate how much of the topographic
response is captured by local isostatic topography. The model-
predicted evolution of local isostatic topography shows a leftwards
migrating pattern of uplift/subsidence, following the leftwards
migration of delaminating lithospheric mantle and of crustal
thickening over the slab.

Fig. 5 shows a comparison after 15 Ma of evolution of the Reference
Model and another one with a less dense lower crust. It is remarkable
that by reducing only the density of the orogenic lower crust the
delamination process is significantly decelerated. We can therefore
infer that, at least for this orogenic crust initial configuration, the
density of the orogenic lower crust strongly affects the development of
delamination. However, the pattern of predicted surface heat flow is
rather similar for both models. In this figure, comparison with density
distribution facilitates the interpretation of the predicted pattern of
uplift/subsidence. In the Reference Model, predicted uplift between
about 450 and 620 km is the response to crustal thickening. Further to
the right, until about 750 km, strong subsidence is the response to the
density excess related to the presence of the slab. Between about 750
and 900 km, themass deficit related tomantle lithospheric thinning is



Fig. 5. Comparison after 15 Ma of evolution of the Reference Model with orogenic lower crust density of 3050 kg/m3 (a–c) and another model with a less dense lower crust of
2950 kg/m3 (d–f). The compared observables are the surface heat flow (a, d), the local isostatic topography (b, e) and the density distribution (c, f) showing only a series of discrete
values for density.
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counteracted by crustal thinning, thus resulting in a neutral topo-
graphic response. Themaximum reached uplift is higher for themodel
with a less dense lower crust and the maximum subsidence is smaller,
due to the shallower slab compared to the Reference Model. Short
wavelength features (e.g. relative maximum elevation at about
620 km in the Reference Model) reflect strong lateral heterogeneities
in the density distribution.

Fig. 6 shows predicted dynamic topography after 30 Ma of
evolution of two models with exactly the same configuration and
density as shown in Fig. 5, but introducing a ‘soft sediment’ upper
layer. In these models, delamination develops more slowly than in
models without this layer, because the isotherms distribution is
shifted upwards to include this new layer. Therefore the lithosphere
is initially hotter and thermal negative buoyancy causing litho-
sphere sinking is reduced with respect to the models without a ‘soft
sediment’ layer. In themodel with a high density orogenic lower crust,
the loading of the delaminating lithospheric mantle produces surface
subsidence (to the left of about 600 km in Fig. 6a). Note that
maximum subsidence is located just to the left of the delaminating
slab, whereas the maximum subsidence predicted for isostatic
elevation is located exactly above the slab. In contrast, this subsidence
is not observed in the model with a lighter lower crust because the
thickened and more buoyant crust overcomes the effect of slab
sinking (which is, in turn. slower). In this second model,



Fig. 6. Predicted dynamic topography (a, c) and density distribution (b, d) after 30 Ma of evolution of twomodels with ‘soft sediments’ upper layer. Themodel displayed at the left (a,
b) has orogenic lower crust density of 3050 kg/m3 and the model displayed at the right (c, d) has orogenic lower crust density of 2950 kg/m3.
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asthenospheric upwelling is shown to cause surface uplift over the
area of thinned lithospheric mantle (Fig. 6c), but maximum uplift is
nevertheless predicted over the region of maximum crustal thicken-
ing (at about 620 km in Fig. 6c). We therefore infer that the density of
the lower crust has also a significant influence on the dynamic
topography changes during delamination.

3.2. Models with lithospheric roots

Fig. 7 shows the evolution of a model with an initial setup
consisting of a flat crust with a standard value of lower crust density
(2950 kg/m3), and including a region of thickened lithospheric
mantle. Delamination evolves faster in this model because the area
occupied by the crustal root in previous models is now occupied by
denser lithospheric mantle. This simulation highlights that, provided
sufficient negative buoyancy to trigger lithospheric sinking, a thick
low viscosity layer (represented by the lower crust) is not necessary
to produce delamination. Moreover, we obtain the same pattern of
crustal thickening/thinning associated to the migrating delamination
point.

It is worth comparing our results with those by Göğüş and
Pysklywec (2008b). These authors considered homogeneously thick
lithospheric mantle (with an area of extra-density) and crust, and
imposed a low viscosity zone in the lithospheric mantle including a
horizontal channel along the base of the crust. The Moho position
predicted by these authors, showing an anti-symmetric pattern, is
rather different from that obtained here. They obtained that the
downward deflection of the Moho has nearly the same amplitude and
width as the area affected by upward Moho deflection. This
discrepancy likely reflects a rather different model setup, as they
did not make rheologic and/or density distinction between upper and
lower crust. Moreover, Göğüş and Pysklywec (2008b) considered
non-Newtonian rheology everywhere except in the low viscosity
zone, where they imposed a constant value for this viscosity.

Fig. 8 shows model-predicted surface heat flow, local isostatic
topography and density distribution after 10 Ma of evolution. Com-
pared to model with the same density but with orogenic crust
(Fig. 5d), the heat flow is now higher (Fig. 8a) because the astheno-
sphere rises to shallower depths. Another difference is that the area of
uplift obtained before, just to the left of the slab (Fig. 5e) does not
appear now since the effect of the negatively buoyant slab overcomes
that of positive buoyancy due to crustal thickening (Fig. 8b). The
highly negative predicted topographic elevation is due to the strong
mass excess in the lithospheric mantle imposed in this model.
Similarly, the equivalent model including a layer of ‘soft sediments’
predicts surface subsidence for the same area above the delaminated
lithospheric mantle (Fig. 9; note that a longer time of evolution,
23 Ma, is needed to reach a development of delamination similar
to the model without this upper layer). Comparing the dynamic
topography predicted with this initially flat crust model (Fig. 9a) with
that predicted by the orogenic crust model (Fig. 6c) it can be inferred
that the mass excess of the delaminating mantle lithosphere is high
enough to switch from uplift to subsidence. Differently from Göğüş
and Pysklywec (2008b), we do not obtain an area of surface uplift to
the right of slab location. This discrepancy can be ascribed to the fact
that these authors reproduce a much broader area of asthenospheric
upwelling.

4. Concluding remarks

In this work we have numerically investigated the influence of the
crustal structure and the density of the lower crust on the evolution of



Fig. 8.Model-predicted surface heat flow (a), local isostatic topography (b) and density
distribution (c) for model shown in Fig. 7 after 10 Ma of evolution.

Fig. 7. Evolution of a model with an initial setup consisting of a flat crust with a standard
value of lower crust density (2950 kg/m3) and including a lithospheric root. Colors
represent temperature distribution with labels in °C; white lines show the bases of the
upper and lower crust.
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delamination considering different geodynamic scenarios suitable to
develop this process. We have compared models with crustal and
lithospheric roots (mimicking a post-collisional orogenic scenario)
and models only with lithospheric roots (simulating a remnant slab).
For both setups we obtain a migrating pattern of crustal thickening in
front of the delamination point due to viscous drag, and crustal
thinning behind the delamination point due to the asthenospheric
upwelling. We therefore suggest that this pattern is a characteristic
feature of the delamination mechanism, as it appears regardless of the
initial crustal structure.

Our results show that a high density orogenic lower crust, likely
related to the presence of eclogite, significantly accelerates the sinking
of the delaminated mantle. The pattern of isostatic elevation is
characterized by laterally migrating surface uplift/subsidence and is
shown to be relatively insensitive to lower crust density variations.
However, these density changes are better captured by the predicted
dynamic topography. It shows surface subsidence adjacent to the
delaminating lithospheric mantle for the model with a high density
orogenic lower crust, and surface uplift above the slab for a model
with a less dense orogenic lower crust. The uplift in this secondmodel
is explained by the effect of the positive buoyancy of the thickened
crust that overcomes the effect of negative buoyancy of the
delaminated lithospheric mantle.

Both isostatic and dynamic topographic responses of our models
with initially flat crust are subsidence, due to the strong mass excess
of the lithospheric root. This result highlights that, provided sufficient
negative buoyancy, a thick low viscosity layer (represented by the
lower crust) is not needed to produce delamination.

According to our modeling, there is not a specific characteris-
tic pattern of topography changes associated with delamination,
but results from the interplay between highly variable factors, as
slab sinking velocity, asthenospheric upwelling and changes in
crustal thickness. Therefore, caution must be taken when possible
delamination processes are inferred only on the basis of topographic
evolution.



Fig. 9. Predicted dynamic topography (a) and density distribution (b) after 23 Ma of
evolution for a model without crustal root but with lithospheric root and a ‘soft
sediments’ upper layer. The model has orogenic lower crust density of 2950 kg/m3.
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