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Abstract Orogenic crustal anatexis is a still poorly understood process due to the complexity of the
thermal and geodynamical interaction between mantle and crustal processes during and after continental
collision. Here we present a novel conceptual model for the formation of granite-migmatite belts: we
propose that convective thinning of the lithosphere results in minor amounts of partial melts within the
lowermost crust that trigger further instabilities. This will lead to positive feedback effects between melt
weakening, mantle upwelling, and wholesale mantle lithosphere removal, causing a strong pulse of mantle
and crustal melting. We test this model numerically, and results show that this process, taking between
20 and 50 Myr in total, can explain the temporal evolution of melting in granite-migmatite zones and
associated mantle-derived mafic rocks and provides a heat source for crustal melting without the need for
other processes, such as slab break-off or increased radiogenic heating. Furthermore, the generation of a
refractory residue after mantle and crustal melting is also shown to control the progress of the lithospheric
mantle removal, providing another feedback mechanism between melting and lithospheric reequilibration.

1. Introduction

Thickened orogenic crust is found to be or have been in a partially molten state in modern (Nelson et al., 1996;
Schilling et al., 1997) and in past orogenies (Brown, 2001; Vanderhaeghe & Teyssier, 2001). Partial melting of
the lower crust during the evolution of an orogen produces granite-migmatite belts that have been generally
attributed to either (a) thickening of the crust during orogenesis and associated increase in the radiogenic
heating raising the geotherm enough for crustal anatexis (Bea, 2012; Thompson & Connolly, 1995) or (b) a
thermal pulse from the mantle, induced by slab break-off (Davies & von Blanckenburg, 1995) or convective
thinning, delamination, or foundering of the thickened lithospheric mantle (Bonin, 2004; Platt & England,
1994; Sylvester, 1998; Yuen & Fleitout, 1985).

To reach high enough temperatures for anatexis by crustal thickening only, twice the original crustal thick-
ness is needed (Bea, 2012; Thompson & Connolly, 1995). This mechanism is especially problematic in regions
where syncollisional high-temperature/low-pressure metamorphism points to only modest crustal thickening
(Finger et al., 2009; Franke, 2000). Therefore, a nonnegligible mantle contribution to the increased tempera-
tures is often necessary to explain the formation of widespread crustal melting. This mantle contribution in
the generation of the granite-migmatite belts is supported by the presence of primitive (ultra)potassic mag-
mas, either as intrusive bodies or as a ubiquitous component of the granitoids (e.g., Couzinié et al., 2014, 2016;
Ledru et al., 2001; Väisänen et al., 2000). Based on their geochemistry, the mantle-derived magmas are inter-
preted to originate from a hydrous metasomatic mantle (Bonin, 2004; Murphy, 2013; Turner et al., 1996), and
their underplating at the crust-mantle transition zone (CMTZ; e.g., Williamson et al., 1992) would promote
crustal melting through heat advection (Petford & Gallagher, 2001).

Cessation of the tectonic compression and a sudden change in the gravitational potential energy by founder-
ing of the lithospheric mantle and subsequent dynamic uplift are thought to cause orogenic collapse at the
later stages of the orogeny (Dewey, 1988). Collapse (synconvergent extension) is even possible with con-
tinuing tectonic convergence and compression, since crustal melting causes rheological weakening of the
lower to middle crust (Gray & Pysklywec, 2012; Vanderhaeghe & Teyssier, 2001). The collapse induces crustal
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extension as the upper crust is free to slide on top of the flowing midcrust (Bouilhol et al., 2006) and
rapidly exhumes granite-migmatite zones, thus playing an important role in formation of gneiss domes
and core complexes. Rapid exhumation might also enhance the melting as pressure decreases (Teyssier &
Whitney, 2002).

A rheologically weak layer at or near the CMTZ has also been recognized as an important feature and a pre-
requisite for mantle delamination (Bird, 1979; Meissner & Mooney, 1998). Usually, this decoupling is thought
to arise from the rheological layering of the lithosphere, where the lower crust is inherently weaker than the
underlying lithospheric mantle, decoupling these two from each other, and allowing the negatively buoyant
lithospheric mantle to sink into the asthenosphere. Even small melt fractions can significantly weaken crustal
rocks (e.g., Rosenberg & Handy, 2005), suggesting that, if present near or at the CMTZ, partial melting could
also cause such a weak layer, too.

Numerical and conceptual models of both crustal collapse (e.g., Jamieson et al., 2004; Liu & Yang, 2003; Rey
et al., 2010; Teyssier & Whitney, 2002) and foundering of lithospheric mantle (e.g., Chung et al., 2003; Göğüş &
Pysklywec, 2008; Göğüş et al., 2017; Nelson, 1992) are numerous, but the interaction of these two processes
has gained less attention. In many models of crustal collapse the focus lies in the exhumation and extension of
the crust, and thus, the lower boundary of the model is the lithosphere-asthenosphere boundary, which does
not give the mantle convection an active role or allow for dynamic mass transfer between lithosphere and
asthenosphere. With the exception of few (e.g., Ueda et al., 2012) models of lithospheric foundering, crustal
processes do not possess an active and evolving role but are only passively responding to mantle processes,
for example, melting, extension, and collapse after removal of the lithospheric mantle. Numerical models of
other geological settings (e.g., Gerya & Meilick, 2011) that incorporate dynamic melting models have shown
the importance of rheological weakening by fluids and melts to the overall dynamics of the system.

Widespread crustal anatexis in synorogenic to postorogenic processes, that is, formation of the
granite-migmatite belts, is important not only for the crustal collapse and extension but also for the under-
lying mantle lithosphere dynamics: Melt-induced weakening in the lower crust could drive the crust-mantle
decoupling even further and can trigger wholesale, catastrophic mantle lithosphere removal and thus strong
asthenospheric upwelling. For example Göğüş and Pysklywec (2008) have shown that this would happen
in the presence of an explicitly imposed weak layer. Here we propose and test a more dynamic hypothesis,
in which partial melting and layer decoupling reinforce each other. For this purpose, we present numerical
models of convectively thinning postcollisional lithosphere, integrated with melting models for both mantle
and crustal melts, and melt-induced rheological weakening. We use these models to show that crustal and
mantle processes interact in a fundamental way, where not only the processes taking place in the mantle
affect generation of granite-migmatite belts but also the anatexis within the crust can change the evolution
of the whole lithosphere.

2. Methods

We study the convection and melting of the mantle and crust in a syncollisional to postcollisional setting
where the mantle rocks are overlain by a moderately thickened crust. Our models assume a metasomatic man-
tle which has been hydrated by a previous subduction system and where water is accommodated by both
nominally anhydrous phases and hydrous phases. Water in nominally anhydrous mantle phases decreases
their viscosity (e.g., Mei & Kohlstedt, 2000)—and consequently the upper mantle viscosity—enhances sub-
lithospheric convection and leads to localized thinning of the mantle lithosphere. Melting in the crust and in
the mantle is dynamically coupled to the convecting mantle, and feedback effects by consumption of latent
heat and changes in the rock composition and physical parameters (viscosity and density) are taken into
account.

2.1. Mantle Convection Model
We solve the equations for conservation of mass, momentum, and energy with a finite element code Citcom
(Moresi & Gurnis, 1996; Zhong et al., 2000) to model the mantle convection in a 2-D model domain with dimen-
sions of 660 km × 2,640 km and grid resolution of 64 × 256 elements. Adiabatic heating, shear heating, and
heating by radioactive elements are taken into account (extended Boussinesq approximation; Christensen &
Yuen, 1985). A linear temperature, pressure, and water content-dependent rheology is used, similar to the one

KAISLANIEMI ET AL. 3103



Tectonics 10.1029/2018TC005014

Table 1
Values of Physical Parameters Used in the Models

Parameter Symbol (unit) Value used

Activation energy E (J/mol) 1.2 × 105

Activation volume V (m3/mol) 6 × 10−6

Radiogenic heating Q (W/kg) 19 × 10−12

Thermal diffusivity 𝜅 (m2/s) 10−6

Heat capacity Cp (J⋅kg−1⋅K−1) 1, 250

Reference temperature T0,abs (K) 1, 623

Reference pressure P0 (Pa) 21.4 × 109

Reference viscosity 𝜂0 (Pa s) 1022

Effective visc. (min, max limit) 𝜂 (Pa s) 1017, 1027

Reference density 𝜌0 (kg/m−3) 3, 300

Latent heat of melting L (J/kg−1) 5.6 × 105

Coefficient of thermal expansion 𝛼 (K−1) 3.5 × 10−5

used by Kaislaniemi et al. (2014) but extended with a melt weakening
parameterization:

𝜂 = 𝜂0𝜂𝜙100
XH2O

a+XH2O exp

(
E + PV
RTabs

)
exp

(
−

E + P0V

RT0,abs

)
(1)

where 𝜂 is the effective viscosity, 𝜂𝜙 melt weakening coefficient (see below),
XH2O water content of the nominally anhydrous minerals in the mantle
(ppmH2O), and a = 300ppmH2O a parameter controlling how large XH2O

has to be to lower the viscosity by 1 order of magnitude (Kaislaniemi et al.,
2014). See Table 1 and Figure 1 for other parameters and their values. Linear
rheology with low thermal activation energy has been shown (van Hunen
et al., 2005) to produce similar thermal boundary layer dynamics than a
non-linear rheology (n = 3.5) with an activation energy in the range of 360
to 540 kJ/mol. We therefore use this parameterization instead of nonlinear
rheology, which is numerically more challenging to solve.

Melt weakening of the rock, caused by unextracted partial melts occupying
grain boundaries, is parameterized with a relation

�̇�(𝜙)
�̇�(0)

= exp (𝛽𝜙) (2)

(Mei et al., 2002), where �̇� is the strain rate, 𝜙 is the melt fraction, and 𝛽 ≈ 26 in the diffusion creep regime.
With a linear rheology, this converts to

𝜂𝜙 = exp (−𝛽𝜙) (3)

Melt weakening is limited by the forced lower limit for the viscosity (see Table 1).

For the lithospheric structure, we use the so called jelly sandwich rheology model (Burov & Watts, 2006) where
the base of the crust is significantly weaker than the lithospheric mantle (Kohlstedt et al., 1995; Ranalli &
Murphy, 1987; Wang et al., 2012). This provides a possible zone for the decoupling of crust and lithospheric
mantle. The cause of this weak layer is the thermally activated creep of the wet quartz and feldspars below the
brittle/ductile transition depth (Rybacki et al., 2006). The extent of this weakening, however, has been sub-
ject to debate (Jackson, 2002). We simplify the rheological model by using the same diffusion creep rheology
for both the crust and the mantle and lowering the effective viscosity of the crust by 2 orders of magnitude.
Together with the temperature-dependent viscosity this leads to an effective viscosity profile where there is
a weak layer in the transition from mantle to lower crust but then at the shallower (i.e., cooler) depths the
strength of the lithosphere quickly increases again.

A marker-in-cell method (Gerya & Yuen, 2003) is used to carry and advect temperature and lithological
information. There are on average 40 markers per grid element, of which 50% carry the rock composition
information for melting models, and all markers are used for temperature advection. Each marker represents
a constant volume fraction of a grid element.

Figure 1. Model setup (not to scale). Brown/gray colors: crust; red colors: mantle. Mantle densities can vary dynamically
according to equation (4). CMTZ = crust-mantle transition zone.
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Table 2
Parameter Settings for the Presented Model Calculations

Model Melt weakening Mantle melt extraction Crustal melt extraction

M000 Off Off Off

M100 On Off Off

M110 On On Off

M111 On On On

2.2. Melting Models
The models consider the melting of crustal and mantle rocks. For the mantle rocks, we use a parameterized
melting model of hydrous peridotite by Katz et al. (2003). For crustal rocks, we calculate the liquidus and the
amount of melt via a Gibbs free energy minimization strategy with PerpleX (Connolly, 2005; 2009). This permits
a dynamic integration of the melting models so that the solidus of the crustal lithology depends on its fertility
through its composition and melt depletion.

The parameterized melting model of the mantle rocks gives the amount of melt produced and the water
content of the melt given the pressure, temperature, and water content of the bulk rock (a peridotite). This
is used in the convection model to (1) modify the residual water content with bulk partitioning coefficient
DH2O = 0.01 as used by Katz et al. (2003); (2) modify the rocks’ effective mantle viscosity due to melt weakening
and amount of water present, according to equation (1); (3) calculate the amount of latent heat consumed in
the melting; and (4) modify the density of the residue. The density 𝜌 of lherzolite reduces with depletion F%,
following the relation

dln𝜌
dF%

= −0.00020 (4)

which is applicable at approximately 3 GPa (Schutt & Lesher, 2006). Here F% = 100F, where F is the depletion
parameter, that is, the fraction of total extracted melt from the bulk rock.

PerpleX performs Gibbs energy minimization for a given crustal rock composition, carried within the lithology
information of the markers. Input parameters are the amounts of major elements (in this case in NCKFMASHT:
Na2O, CaO, K2O, FeOT, MgO, Al2O3, SiO2, H2O, and TiO2), pressure, temperature, and the thermodynamic data
libraries for the minerals and the solid solutions. We use the thermodynamic data from Holland and Powell
(1998, revised in 2004), and their solid solutions (for garnet, pyroxenes, olivine, spinel, biotite, mica, chlorite,
and chloritoid), except for amphibole (Wei & Powell, 2003; White et al., 2003), feldspars (Fuhrman & Lindsley,
1988), melt (White et al., 2001)—with modified pressure dependency of a sillimanite liquid from Bouilhol
et al. (2015)—and the equation of state of water from Holland and Powell (1991). Results from the Gibbs
energy minimization include the amount and composition of the stable phases (i.e., of minerals and liquid
phases). This information is used (1) to modify the residue composition (all nine major oxides), which then
affects subsequent melt processes, and (2) to calculate the consumption of latent heat in the melting. PerpleX
results are tabulated prior to model run for unmodified rock compositions and recalculated each time step
for modified rock compositions that are not available within the lookup table.

Depending on model parameters (Table 2), melts are extracted in some models and left in place in other mod-
els. Where melts are removed, the properties of the melt-depleted residue are updated with the information
from the melting models, as described above. If melts are retained, the amount of melting is only recorded
but the chemical properties of the bulk rock are not changed (i.e., the melt is assumed to stay in equilibrium
with the rock and the latent heat of melting is still available for the rock during subsequent time steps).

Where crustal melts are extracted the melt (mass and latent heat) is removed from the model domain and
its amount recorded. Where mantle melts are extracted they are assumed to advect upward and immedi-
ately underplate the crust at the CMTZ. Only the thermal effect of the underplating is taken into account: the
sensible and latent heat of the melts is removed from the source regions and used to increase the tempera-
ture between z = 41 km and z = 52 km, that is, distributed within the markers inside the grid element that
encloses the CMTZ.

Crustal melts are only extracted if the amount of partial melt exceeds the removal threshold. The used value
of 8% for crustal melts represents a liquid percolation threshold (Vigneresse et al., 1996) at which point melt
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pockets become connected. Once this threshold is exceeded, all melts are removed. No threshold is imposed
for mantle melts; the low viscosity of mantle melts and the high strain rates caused by the sublithospheric
small-scale convection (SSC) are assumed to effectively extract mantle melts by stress-driven melt segregation
(Kohlstedt & Holtzman, 2009). See section 4 about the effect of these thresholds for the model behavior.

2.3. Model Setup
Figure 1 shows the model setup. An upper mantle model domain with aspect ratio 4 (2,640 × 660 km) is
created, in which a thickened crust (45 km) and a total (chemical) lithosphere thickness of 90 km represent
the structure of the lithosphere after collision and subsequent rethinning of the lithosphere. The tempera-
ture is 0 ∘C at the surface and fixed at 1690 ∘C (potential temperature 1360 ∘C) at the bottom, with zero heat
flow at the lateral boundaries. The bottom boundary condition temperature is chosen so that the poten-
tial temperature of the convecting mantle is at a realistic level (1330 ± 10 ∘C). Internal radiogenic heating
is constant throughout the model domain and is increased by a factor of 3 compared to real mantle values
(cf. Kaislaniemi & van Hunen, 2014). This is done to replace bottom heating by a similar amount of internal
heating. This replacement therefore maintains a similar thermal evolution, while suppressing the generation
of plume-like upwellings that would be caused by mainly bottom-heated models and that would increase
the complexity of the models and, in some cases, would help destabilize the lithospheric mantle. It is likely
that the high-viscosity lower mantle helps anchor plumes in one place (Lowman & Gable, 2008). Our models
are restricted to the upper mantle only, and thus, other measures are needed to suppress the appearance of
plumes. We limit the applicability of our models to environments where plume interaction with the orogenic
lithosphere is likely to have been absent. All boundaries have a free-slip velocity boundary condition. The ini-
tial density structure (Figure 1) takes into account the upper and lower crust and the lithospheric mantle with
a small inherent compositional, depleted-related buoyancy compared to the sublithospheric mantle.

All models are started from an initial premelt model where the thermal lithosphere thickness has reached a
statistical steady state, so that the 1250 ∘C isotherm has located at z =90 km for about 40 Myr. These initial
models are run using the model setup from Figure 1 and parameters from the reference model (M000, Table 2),
with all melting disabled. Once the steady state is reached, melt calculations and parameters according to
Table 2 are switched on. In the results shown, this moment has a model time of 0 Myr and is common for all
the models.

The water content of the subcontinental lithospheric mantle in postcollisional areas is not well constrained,
but several lines of evidence suggest that it is enriched is volatile elements, and especially water. Such enrich-
ment is clearly inherited from the subduction system that preceded collision (e.g., Prelević et al., 2013). A
nominally anhydrous mantle contains up to 200-ppm H2O (Hirschmann, 2006), and in several places xenoliths
show widespread and heterogeneous evidence of metasomatism inherited from subduction. The metaso-
matic character of the mantle is demonstrated by the presence of phlogopite and/or amphibole in mantle
xenoliths present in high-K postcollisional mantle melts (e.g., in Tibet; ; Liu et al., 2011) or in recent volcanic
centers sampling postorogenic mantle (e.g., in the Massif-Central; ; Lenoir et al., 2000). Although heteroge-
neously distributed, hydrous phases can amount to as much as 5 wt %, thus making up to 2,000 ppm of H2O
in a phlogopite-bearing mantle. Our models use a value of 400 ppm of H2O for the mantle, a value above
the nominally anhydrous mantle, representing a reasonable estimate of a metasomatic mantle (containing
∼ 2wt% of amphibole or ∼ 1wt% of phlogopite). This hydrous mantle represents conditions in a postcolli-
sional setting where previous subduction has been hydrating the overlying lithospheric mantle and leads to
relatively strong localized intermittent and temporary thinning of the lithosphere is, in itself, not enough to
destabilize the whole lithospheric mantle (i.e., the average thickness of the thermal lithosphere is constant
and reached in the initial premelt model calculations).

For the initial crustal rock composition, we use a global estimate from Rudnick and Fountain (1995) for a gen-
eral average lower crust composition of platform and shield areas (SiO2: 52.4; MgO: 7.1; CaO: 9.5; Al2O3: 16.5;
Na2O: 2.7; K2O: 0.6; FeOT: 8.2; TiO2: 0.8 wt %) with a water content of 1.5 wt %.

To test the effects of partial lower crust and mantle melting to the lithosphere stability, we have run the models
with varying controlling parameters (Table 2).
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Figure 2. A view on the sublithospheric small-scale convection in early stages of model calculation. Black solid lines are
the lithosphere isotherms, black-to-gray lines with arrows describe the velocity field (darker color means higher
velocities; maximum velocity is 25mm/year), and the red solid line is the previous location of the 1250 ∘C isotherm,
5 Myr earlier. High water content, compared to dry mantle, lowers viscosity, enhances convection, and causes the size of
the convection cells to decrease to about 100–300 km in diameter. This enhanced convection heats the lithosphere
more effectively from below and erodes the bottom of the lithosphere, causing some locations (e.g., A) to have locally
decreasing lithosphere thickness, but other locations to increase in lithosphere thickness (e.g., B). The locations of
thickened and thinned lithosphere vary in time, so that small-scale convection alone does not lead to removal of the
whole lithospheric mantle but instead a thinned (heated) lithosphere is rethickened (cooled) later, and the average
lithosphere thickness reaches a steady state value (approximately 100 km in the models here). Some asthenospheric
melts may appear temporarily in places where lithosphere is thinned (crosses near A and C; cf. Kaislaniemi et al., 2014).
Horizontal average of the effective viscosity is shown on the right.

3. Results

A complex interplay between melt weakening, depletion stiffening, and chemical depletion can be observed
in the models (Figure 2). The model setup in the initial premelt model leads to a (statistical) steady state where
the lithosphere thickness is locally and temporally thinned and then thickened again. The locations of these
thinned and thickened regions vary through time. This is caused by the sublithospheric SSC that is enhanced
by the elevated water concentrations in the mantle.

After this initial premelt model, the behavior of the models depends on the used parameters (Table 2). In
reference model M000, melt amounts are calculated but do not affect the flow (Figures 3a–3d): melt does not
weaken the material and is not extracted. This model continues to produce SSC, and the average lithosphere
thickness does not change. Partial melting takes place in the lowermost crust, with increased degree above
locally thinned lithosphere. At the same time, some asthenospheric melts are produced by decompression
melting below the thinned locations. As the melts are not removed, they will solidify once the SSC pattern
changes and lowers the geotherm again.

In models where melt weakening is enabled (M1xx), partial crustal and asthenospheric melting leads to a
decrease in the viscosity. This weakening produces a positive feedback (Figures 3e–3h) where melt weakening
sustains further thinning of the lithosphere—leading to complete removal of the lithospheric mantle—and
thus also higher total amounts of both crustal and mantle melts as compared to model M000. Such complete
removal of the lithospheric mantle takes place as dripping of the lithosphere into the asthenosphere and is
more akin to (fast) convective thinning, or foundering as drips, than to delamination as one coherent layer
(Bird, 1979).

The removal of the lithospheric mantle in model M100 (Figures 3e–3h) takes approximately 20 Myr, changing
from almost intact mantle lithosphere at about 50-Myr model time to completely absent mantle lithosphere,
spanning 200 km horizontally, at 70 Myr. The timing and location of this event is, to some extent, random:
it is triggered by the SSC, which itself is chaotic in a sense that the convection cells that locally thicken and
thin the lithosphere move horizontally in a random pattern. Whenever the lithosphere happens to be thinned
strongly enough for long enough time to raise the geotherm at lower crustal levels, the complete, catastrophic,
foundering of mantle lithosphere can start. Despite the randomness caused by SSC, the overall convective
thinning of the lithosphere has a systematic control on timing and location of the full mantle lithosphere
removal: once the global lithosphere thickness has decreased to level that small local perturbations start to
affect crustal temperatures, complete foundering has a chance to start.

3.1. Mantle Input
When underplating of mantle melts at CMTZ is enabled in the models (M110, Figure 4), this is found to initially
increase the crustal melting rate, but to decrease the total amount of crustal melting. This is caused by changes
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Figure 3. Comparison of models with melt weakening effects disabled (a–d, model M000) and enabled (e–h, model M100). Background colors describe the
temperature field. Red dots indicate markers of crustal lithology with more than zero partial melt. Melt weakening (e–h) leads to positive feedback and enhanced
lithospheric thinning (f ) and eventually to complete removal of the lithospheric mantle (g, h). White contour shows the crust-mantle transition zone, the
lithological boundary between crust and mantle. Black contours show degree of mantle melting (1%, 3%, and 5%). Velocity arrows scale with the axes (km/Myr).

in the melt source regions: Once the mantle melts are extracted and advected to the CMTZ, the residue left
in the mantle is low in water content, since most of the water was partitioned in the melt. This melt-depleted
mantle has a higher viscosity than the fertile mantle. At the same time, the weakening of the residue caused
by the presence of melts disappears (as the melts are drained away). Removing water from the mantle rock
also makes it more refractory and production of further mantle melts is hindered. Additionally, the depleted
peridotite is less dense than fertile peridotite. All these effects accumulate to cause the mantle source region
for the underplating melts to become a layer of high-viscosity, buoyant and refractory material. This stops the
thinning of the lithosphere and shields the crust and remaining lithospheric mantle from the hot convecting
mantle below. The foundering ends and the lithosphere starts to cool and thicken again, so that the layer of
depleted mantle material becomes part of the stable lithosphere.

If there is no underplating of the mantle melts at the CMTZ but melts are left in their place within the mantle
(M100), the viscosity remains low because of the melt weakening effect of the melts. Initial amounts of crustal
melting are not increased by the advection of heat from the melts. However, the foundering is driven further
by the presence of the low-viscosity mantle melts and will spread horizontally to span more than 400 km.
Additionally, the lithosphere regains its thickness very slowly, extending the time the lower crust is exposed
to the hot convecting mantle. This leads to prolonged times of crustal melting. Extraction of the crustal melts
(in M111) has a similar negative feedback effect on any further crustal melting, because melt removal leaves
a residue that is more refractory in composition (Figures 5d and 5e).

3.2. Melt Production
The models where melt weakening is enabled, and most of the mantle lithosphere is removed, show a charac-
teristic pattern of melt production. In model M111, where both crustal and mantle melts are extracted, minor
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Figure 4. In models where mantle melts are extracted and underplate the crust at crust-mantle transition zone (model M110, a–c) a high-viscosity buoyant
residue layer is formed underneath the crust (blue contours, 1%, 3%, and 5% melt depletion). This protects the lithosphere from further thinning and allows it to
cool back to its original thickness (c). If mantle melts are not extracted (model M100, d–f ) foundering of the lithospheric mantle continues longer and extends
over broader region. Plot of horizontally averaged crustal melt amount across section x = 1,000–1,600 km (g) shows that underplating initially promotes crustal
melting (green line) but eventually slows down as compared to without underplating (blue line). Note that the decrease in the melt amount is possible since the
crustal melts are not extracted and may thus recrystallize. Velocity arrows scale with the axes (km/Myr).

amounts of partial melts, that is, summed layer thickness up to maximum of 500 m, exist in the lowermost
crust before the lithospheric mantle is foundered into the asthenosphere (Figures 5a and 5d). The degree of
melting is initially not large enough to extract any melt (Figure 5b, before 25 Myr). As the SSC produces a
locally thinned region of lithosphere, the hot convecting mantle moves closer to the lowermost crust, pro-
ducing more crustal melts. This initiates the discussed positive feedback mechanism, as seen in model M100,
leading to further thinning and melting. The degree of crustal melts exceeds the liquid percolation thresh-
old and the crustal melts can be extracted (Figure 5b, after 25 Myr). Once the crustal melts are extracted, the
refractory residue does not melt further, and the production of crustal melts slowly disappears. The convect-
ing mantle, however, still drags pieces of crust horizontally and then down deeper into the mantle, forming
tracks of crustal melting taking place at the boundaries of the extremely thin mantle lithosphere, spreading
horizontally as the region of foundering lithosphere expands.

At the culmination of the mantle lithosphere removal, when the hot convecting mantle comes in direct
contact with the crust, there is a single pulse of crustal melting and melt extraction (Figure 5b, at 50 Myr,
x = 1,350 km), lasting 5 to 10 Myr. Shortly prior to this, at ∼ 43 Myr, a strong pulse of mantle melting com-
mences. This pulse of mantle melts, although fading, continues for up to 30 Myr, since the convection can
replace some of the depleted mantle with fertile material from below.
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Figure 5. Spatiotemporal evolution of crustal and mantle melting in model M111. Melt amount is measured as an imaginary layer thickness the melts would
form if gathered into one layer (i.e., vertically integrated melt volume divided by surface area). Melt extraction rates are measured as a change over time in this
layer thickness. (a) Total amount of unextracted crustal melts, not exceeding the extraction threshold, that is, present within the crust. (b) Flux of crustal melts
exceeding the extraction threshold and extracted. (c) Flux of mantle melts formed and extracted (extraction threshold is zero for mantle melts). Note the
different scale between (a) and (b) and (c). (d, e) Model snapshots at times marked with dashed lines in (a)–(c) (25 and 55 Myr). Red dots show presence of crustal
melts; blue contours show degree of melt depletion in the mantle (1%, 3%). Temperature color and velocity scale as in Figure 3.

4. Discussion

Our results indicate significant interactions between mantle and crustal processes as the destabilization of
the orogenic lithosphere proceeds. We show how sublithospheric SSC increases mantle heat flow into the
lower crust enough to trigger minor crustal anatexis which may, via positive feedback effects, result in catas-
trophic foundering of the whole mantle lithosphere into the asthenosphere. A prerequisite for this to happen
is a lithosphere that has reached close its original thickness after collision, and a moderately elevated water
contents in the upper mantle.

From these results, we can better understand the formation of granite-migmatite belts in the frame of post-
collisional settings and propose a model that characterizes the roles of the mantle and the crust: Convective
thinning of the orogenic thickened lithosphere brings the lithosphere closer to its original thickness. Thermal
relaxation and subsequent increased basalt heat flow by the sublithospheric SSC leads to higher tempera-
tures in the crust and uppermost lithospheric mantle, as well, and increases temperatures above the solidus
at the lower level of the thickened crust, starting the formation of migmatites. These partial melts in the lower
crust may exist for prolonged times. The nature of the SSC causes variation in the degree of melting, and the
rheological weakening by the partial melts can trigger foundering of the whole lithospheric mantle in places
where amount of partial melts is high enough. The water initially introduced by subduction into the overrid-
ing plate through metasomatism allows the initiation of SSC, and (conceptually) also added to the convective
thinning prior to its initiation.
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Removal of the mantle lithosphere leads to strong asthenospheric upwelling and extensive melting by
decompression where the lithosphere is thinnest. Within about 20–30 Myr the lower crust is exposed to the
asthenosphere over a distance of a few hundred kilometers. There is a significant increase in the lower crustal
melting. This pulse of crustal melt formation continues for about 5–10 Myr. The degree of melting in the crust
rises above the critical threshold of melt extraction, which would ultimately trigger the formation of granitic
plutons in higher crustal levels. This process can explain the generation of postcollisional granite-migmatite
zones showing long-lived anatectic crust followed by extensive melt extraction and emplacement associated
with mantle-derived magmatism. The crustal melting stops rather abruptly, and the mantle-derived magma-
tism slowly wanes as the lithosphere grows back to its steady state thickness. As a result of this whole process,
mantle melts are temporally related to crustal melting but have different spatial distribution (cf. Figures 5b
and 5c).

4.1. Relation to Observed Late-Orogenic Magmatism
This scenario fits the temporal and petrogenetic relations between the migmatites, granitic plutons, and mafic
bodies produced at late stages of many orogenic collisions. The granitic suites (Bonin, 2004) of crustal origin
are typically associated with postcollisional mafic magmas that are rich in both compatible (Mg, Fe, Ni, and
Cr) and incompatible elements (K2O, high-field-strength elements, and light rare-earth elements; e.g., Castro
et al., 2003; Fowler, 1988; Fowler & Rollinson, 2012; Graessner et al., 2000; Kotkova et al., 2010; Molina et al.,
2012; Murphy, 2013). They are most often deduced to have their sources in the lithospheric mantle that has
been enriched by incompatible crustal components during the subduction. These postcollisional mafic mag-
mas are coeval or slightly predate the granitic plutonism, both of which, in turn, postdate crustal anatexis of
variable durations (in some cases with considerable overlap). This is the case, for example, in the Canadian
Cordillera (Gordon et al., 2008) with 20 Myr of progressive gneiss-migmatite formation ending in a short pulse
of leucogranite plutonism; in the Proterozoic Svecofennian orogeny (Väisänen et al., 2000) where shoshonitic
mantle melts intervene the granite-migmatite belt formation over 20 Myrs; in the Variscan orogeny in central
Spain (Montero et al., 2004) and in Calabria (Graessner et al., 2000); and, as a well studied example, the Velay
dome region of the eastern French Massif Central (Couzinié et al., 2014; Laurent et al., 2017).

The Velay dome granite-migmatite complex is one of the best studied examples of a large-scale anatectic sys-
tem that developed in a late orogenic stage. It hosts abundant and diverse granitoid rocks that have been
emplaced at the end of the collision and throughout the late-orogenic collapse. These granitoids are formed
in two stages (Laurent et al., 2017): (1) metamorphism and limited, water-present partial melting during
340–314 Ma, and (2) high-temperature, extensive biotite breakdown melting at 310–300 Ma, finally leading
to the collapse and formation of the Velay dome itself at 305–300 Ma. These granitoids are sourced from the
orthogneisses and paragneisses of the local orogenic crust and have been measured with P-T conditions of
5–6 kbar, 720–750 ∘C, and 4–5 kbar, 750–850 ∘C, for the two stages, respectively (Barbey et al., 1999; Bouilhol
et al., 2006; Couzinié et al., 2014; Montel et al., 1992; Mougeot et al., 1996). Volumetrically minor enclaves of
gabbroic to dioritic rocks, vaugnerites, are ubiquitously hosted within the granitoids. The vaugnerites have
high-K to shoshonitic affinities and are rich in incompatible trace elements, taken as evidence for having
their source in the metasomatized lithospheric mantle (Couzinié et al., 2016). The vaugnerites are generated
throughout the 340–300 Ma period but seem to have a peak in their generation rate at circa 315–305 Ma
(Couzinié et al., 2014; Laurent et al., 2017), slightly before the collapse and formation of the Velay dome. The
40 Myr period of sustained high heat flux and crustal anatexis requires a long-lived thermal anomaly, and,
also, a mechanism to explain the incubation period of 340–310 Ma before the more extensive melt produc-
tion commences. The apparent lack of orogenic root underneath the eastern French Massif Central (Averbuch
& Piromallo, 2012) suggests that removal of the lithospheric mantle after the collision could have contributed
this extra heating. We suggest that our model presented above provides the mechanism for this mantle litho-
sphere removal and explains the spatiotemporal relations of the mantle and crustal melts in the Velay dome
granite-migmatite complex. The mantle melts of our models represent the vaugnerite magmatism, and the
lower crustal melts directly and indirectly, via advective heating, contribute to the granitic magmatism and
increased geotherm at the upper crustal levels.

Our model agrees well with the above-mentioned observations from the Velay dome region of the Variscan
orogeny but could be more generally applied to other orogenies that show marks of orogenic collapse, as well.
The new model for the formation of orogenic granite-migmatite belts presented here shows the importance
of the interaction between mantle and crustal processes and suggests less straightforward cause-and-effect
relationships than existing conceptual models: the asthenospheric upwelling associated with the orogenic
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collapse is not a passive upwelling caused by the lithospheric extension, nor does it need to be the primary
initiator of the high-temperature metamorphism of the lower crust, as commonly suggested (e.g., Liu & Shen,
1998; Sonder & Jones, 1999). Instead, in our models, such upwelling postdates the beginning of the crustal
anatexis that is initiated by convective downwellings that thin the lithosphere by SSC and plays an important
role only once the lower crust is sufficiently weakened by the partial melts. Though dating of these prograde
metamorphic events from the geological record might prove difficult for geochronology, we note that the
mantle-derived magmatism intervening crustal plutonism requires some concurrency of mantle and crustal
melt extraction. This requirement is fulfilled in the described model. Dome-like structures at the bottom of
the crust can be formed after the foundering of the lithospheric mantle (cf. Figure 5e) causing lateral variation
in the degree of partial melting within the crust.

4.2. Feedback Mechanisms
The extraction rates of mantle and crustal melts are critical for the positive feedback effect between melt weak-
ening and lithosphere removal to work. If all crustal melts are extracted at the same rate as they form, there
will be no melt present in the lower crust to cause the rheological weakening, and thus, the positive feedback
effect is disabled. Immediate extraction of mantle melts does not have an equally dramatic effect, although
retention of mantle melts does favor stronger thinning of the lithosphere and more extensive lower crust
melting. Consequently, the process of granite-migmatite belt formation, mantle lithosphere detachment, and
orogenic collapse can be brought to a halt by early melt extraction. Variations in melting history (fast/slow
production of melts) and/or in melt extraction threshold values (lithology, deformation-enhanced extraction)
could perhaps explain why some orogenies (e.g., Uralides and Trans-Hudson orogeny) have not experienced
orogenic collapse but instead have a structure of an arrested orogeny with relatively thick crust underlain by
mechanically intact lithosphere (Artemieva & Mooney, 2001; Leech, 2001). Strength increase due to early melt
extraction might provide a mechanism for stopping a self-sustaining delamination process also in other set-
tings. Further studies are needed to resolve how sensitive the initiation and halting of full mantle lithosphere
removal is to melt extraction rates. Our models used melt percolation thresholds of 8% (for crustal rocks) and
0/∞% (for mantle rocks). These values directly affect the melt extraction rates, and variation in these values
is likely to affect the behavior of the models: Higher percolation thresholds will allow the mantle lithosphere
removal to progress further before melt removal slows down the process (cf. models M100 and M110).

Underplating of mafic magmas from the mantle at the CMTZ has been suggested to promote crustal melt-
ing (Annen & Sparks, 2002; Laube & Springer, 1998; Petford & Gallagher, 2001). However, in order to produce
observed melt volumes within the crust, enough heat must be transferred from the mantle. This requires semi-
continuous or periodic underplating of mantle melts. Our results indicate that this supply is dependent on the
processes that take place at the lithosphere-asthenosphere boundary. Advection of underplating magmas
leaves behind a residue that diminishes further supply of melts. This process is sensitive to the amount of water
in the mantle: high water content causes more extensive mantle melting, and thus higher amounts of under-
plating and crustal melting, and also stronger contrasts in viscosity and buoyancy between the fertile mantle
and the depleted mantle. The shielding layer of this depleted mantle will be more effective in this case and
will prevent further mantle melting and underplating efficiently. Our parameterization of density decrease as
a function of melt depletion follows Schutt and Lesher (2006) who considered dry phases. If removal of light
hydrous phases (mica and amphibole) from the residue would lead to its density increase instead, this would
lead to less buoyant layer of depleted shield, and possible faster or more extensive removal of the lithospheric
mantle. The depleted shielding layer is likely to form, anyway, at some later point, after the consumption of
hydrous phases from the source.

Our models show that purely mantle-dominated processes can cause crustal anatexis assuming postcolli-
sional SSC at the asthenosphere-lithosphere boundary and the positive feedback between mantle/crustal
melting and further lithosphere thinning by melt weakening. Other processes suggested to be the heat source
for granite-migmatite belt formation, such as increased radiogenic heating in the thickened crust, are not
necessary. Should they take place, however, their effect would promote the crustal melting but would not
remove the positive feedback effect between melting and lithosphere thinning observed in our models. For
example, Maierová et al. (2016) used crustal scale numerical models to study the gravitational overturn of
the thickened orogenic crust in hot, large orogens, such as the European Variscides, with a relaminated fel-
sic lower crust. They showed that the gravity overturn happens even with minor gravity inversion in the crust
and that the consequent exhumation of the lower crust is enhanced by rheological weakening due to partial
melting. Our models have significantly less detailed description of the crust, but these results can be seen as
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complementary to each other: The mantle processes described here provide additional heat for the melt-
ing of the (lower) crust, and buoyancy-driven exchanges within the crust described by Maierová et al. (2016)
form the final crustal structure of the orogen with the heterogeneous, partially molten, middle crust and its
polyphase tectonic history. Similarly, even though a postcollisional slab break-off at shallow level could be a
potential cause for increased basal heating of the crust, our results show that it is not necessary to explain the
crustal anatexis and mafic magmatism.

5. Conclusions

We have investigated numerically the sensitivity of lithosphere stability to melt-induced weakening in a
postcollisional lithosphere. Our models show that partial melting of the lowermost crust—caused by the
increased geotherm by convective thinning of the lithosphere and sublithospheric SSC underneath it—can
lead to positive feedback by melt weakening and to the foundering of the whole lithospheric mantle in to the
asthenosphere, leading to mantle- and crust-derived late-orogenic magmatic activity.

This process explains the generation of those granite-migmatite zones that show long-lived partial melting
of the crust followed by extensive plutonism and intervening mantle-derived magmatism. Furthermore, it
provides an explanation for the observed relationships between asthenospheric upwelling, extension, and
orogenic collapse following crustal anatexis: the orogenic collapse need not to be driven by the astheno-
spheric upwelling or the partial melts in the crust formed during the collision. Instead, thinning of the
thickened orogenic lithosphere is enhanced by fluids in the asthenosphere, subducted during and before the
collision, leading to increased geotherm and partial melting of the lower crust. Partial melts weaken the litho-
sphere and drive further thinning, and thus further melting. This positive feedback causes loss of lithospheric
mantle and extensive crustal melting, both of which drive orogenic collapse. Progressive removal of the litho-
spheric mantle provides a heat source for the crustal anatexis, and simultaneously explains the generation of
late-orogenic mantle-derived magmas.

Underplating of mantle-derived melts below the crust is found to increase initial crustal melting rates, but to
have a close-to-neutral effect in overall crustal melting on timescales of the whole collision and postcollisional
relaxation. The source regions of these underplating melts become refractory and form a high-viscosity layer
that inhibits further mantle melting and brings lithosphere foundering to a halt.
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