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S U M M A R Y 

Migmatites and granitic-gneisses exhumed in Archean to Phanerozoic segments are former 
par tially molten cr ustal roots, display typical domes str uctures ranging in size from kilometres 
to decakilometres, and are often interpreted as resulting from the development of diapiric or 
conv ectiv e gravitational instabilities. In previous work (part I), we determined various regimes 
of gravity-driven segregation, by considering a thick continental crust heated from below and 

containing melt related heterogeneities. These heterogeneities, represented by inclusions of 
distinct densities and viscosities with respect to the ambient partially molten material, can be 
entrained into convection cells (in the ‘suspension’ and ‘layering’ regimes) and/or accumulate 
as clusters (in the ‘layering’ and ‘diapirism’ regimes). Here we further investigate the specific 
conditions that allow for the formation and preservation of domes resulting from diapirism at 
the top of conv ectiv e cells. We show that both the cessation of basal heating and the freezing 

of the buoyant inclusions density favour their stacking and preservation at ca . 15 km depth, 
within about 10 Myr. The buoyant inclusions form domes, 5–20 km in size, that also record 

sev eral conv ectiv e c ycles at v elocities ranging from 0.5–4 cm yr −1 . 3-D models demonstrate 
their radial geometrical nature. The influence of the size and concentration of the inclusions 
is also assessed, complementing the characteristics of crustal heterogeneity in driving its 
differentiation and the formation of migmatite domes. 

Key words: Composition and structure of the continental crust; Numerical modelling; Di- 
apirism; Dynamics: gravity and tectonics; Heat generation and transport; Rheology: crust and 

lithosphere; Melt se gre gation; Migmatite domes. 
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 I N T RO D U C T I O N  

omes cored by migmatites and granites, representing, respectively,
or mer par tially molten rocks and magmas, are ubiquitous str uctures
f Archean to Phanerozoic crustal roots (Whitney et al. 2004 ; Clos
t al. 2019 ). Many have been demonstrated to result from the devel-
pment of gravitational instabilities (Platt 1980 ; Ramberg 1981b ;
run 1983 ; Van Kranendonk et al. 2004 ; Zibra et al. 2020 ). Struc-

ural analysis indicates that such domes develop from the crustal
cale down to the decimetre scale with sometimes imbricated sub-
omes into larger domes (Weinberg & Schmeling 1992 ; Burg &
anderhaeghe 1993 ; Cruden et al. 1995 ; Vigneresse 1995 ; Ledru
t al. 2001 ; Vidal et al. 2009 ; Brown 2010 ; Kruckenberg et al.
011 ). In some cases, it has been argued that the str uctural, ther mal
nd geochronological data records crustal-scale convection of the
or mer par tiall y molten oro genic roots (Collins et al. 1998 ; Van
ranendonk 2011 ; Riel et al. 2016 ; Vanderhaeghe et al. 2018 ). 
C © The Author(s) 2023. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
In previous contributions, we presented how numerical modelling
ased on the VOF (volume-of-fluid) method was pertinent to capture
he detailed structural evolution of a heterogeneous crustal system
omposed of fluids with strain-rate and temperature-dependent vis-
osities, heated from below (Louis-Napol éon et al. 2020 , 2022 ). In
hese models, the heterogeneity of the orogenic crust was described
y inclusions of several 100 m in size, having distinct density and
iscosity with respect to the ambient bulk rock domain (called bulk
qui v alent domain ‘BED’). To justify this assumption, we used field
bservations suggesting that melt/crystal se gre gation in partially
olten rocks occurs by percolation at the centimetre to decametre

cale, as is attested by the presence of concordant to discordant
ranitic vein networks relative to the foliation of migmatites at this
cale (Sawyer 1994 ; Brown et al. 1995 ; Vanderhaeghe & Teyssier
001 ; Weinberg et al. 2015 ). These observations also corroborate
heoretical studies predicting that felsic crustal melts can migrate
ia porosity waves at characteristic scales of a few hundred metres
oyal Astronomical Society. This is an Open Access 
 https://creati vecommons.org/licenses/b y/4.0/ ), which 
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(Connolly & Podladchikov 1998 ; Edmonds et al. 2019 ; R äss et al. 
2019 ). The modelled inclusions aim at representing characteristic 
density and viscosity contrasts with respect to the ‘BED’. When this 
orogenic crust was heated from below for about 20 Myr, the melting 
front propagated upwards and these inclusions became mobile, not 
only se gre gating indi viduall y but also being able to be entrained in 
global diapiric or conv ectiv e flow. Our results led to the definition of 
four typical flow regimes that depend on the characteristic Rayleigh 
numbers of the unmolten ( Ra UM 

) and molten ( Ra PM 

) crustal do- 
mains ( cf . details below). At low Rayleigh numbers, the inclusions 
are found to se gre gate indi viduall y due to their density contrasts. 
Diapirism initiates for a Ra PM 

exceeding 10 2 and thermal convec- 
tion occurs for a Ra PM 

over 10 3 . For intermediate values of Ra PM 

and Ra UM 

, convection is associated with segregation of the inclu- 
sions that accumulate and form lay ers, w hereas for high Rayleigh 
numbers, the inclusions are maintained in suspension in the con- 
v ectiv e cells. In the suspension regime, domes can form but they 
are reworked owing to conv ectiv e motion, whereas in the layering 
regime, domes tend to flatten out as layers, with time. 

In the present contribution, we further explore the conditions 
required for the preservation of dome structures in a conv ectiv e 
context. We provide first a brief presentation of natural domes, 
describing the geodynamic settings within which they form and 
the smaller-scale melt transport processes they are associated to. 
The solved governing equations are then recalled, as well as our 
previous results (contribution part I), from which we select two 
specific configurations here. Then we present the results of new 

numerical experiments aimed at identifying additional conditions 
allowing for the preservation of domes within a convecting sys- 
tem. We test how the cessation of basal heating and the ‘freezing’ 
of the density of melt-related heterogeneities can actually favour 
dome formation. The parametric analysis is performed in 2-D, 
whereas the most pertinent configurations are extended in 3-D. 
The models insights on migmatite dome formation are then dis- 
cussed, together with our approach’s limitations and prospective 
work. 

2  G E O L O G I C A L  C O N S T R A I N T S  O N  

G N E I S S  D O M E S  A N D  M E LT  

S E G R E G A  T I O N - M I G R A  T I O N  

2.1 On the geodynamic context for gneiss dome formation 

Mantled-gneiss domes, first defined by Eskola ( 1948 ) to document 
the complex polyphased structures of nappes in the Scandinavian 
Shield, are ubiquitous features of exposed Archean to Phanero- 
zoic crustal continental roots (Whitney et al. 2004 ; Clos et al. 
2019 , and references therein). Gneiss domes are typically cored 
by migmatites and granitoids, surrounded (i.e. mantled) by lower 
grade metamorphic rocks. They are defined by concentric trajec- 
tories of foliation or gneissic layering. Such domes are identified 
from kilometric to crustal scale and are characterized by a map- 
view axial ratio ranging between 1:1 and 3.5:1 irrespective of the 
size of the dome. Gneiss domes might be grouped in linear belts 
or distributed in domes and basins structures, in so-called granite–
gneiss complexes of Archean, Proterozoic and Phanerozoic terranes 
(Fig. 1 ). 

Mechanical models for the development of gneiss domes com- 
prise (Burg et al. 2004 ; Yin 2004 ): 

(i) Fold interferences caused by shortening in horizontal and 
ortho gonal directions, e ventuall y associated with thrust duplexes 
(Ramsay 1967 ). These folds are characterized by mechanical cou- 
pling between the core gneisses and the surrounding metamorphic 
rocks. Such interferences are likely to occur in tectonicall y acti ve, 
thickened crust coe v al with active surface processes. 

(ii) Detachment-controlled isostatic flow induced by vertical 
variations in viscosity (Buck 1991 ). It is characterized by a symp- 
tomatic superimposition of ductile and brittle structures, rapid ex- 
humation associated with isothermal decompression of metamor- 
phic rocks in the detachment’s footw all, and b y supradetachment 
basins in the hanging wall (Wernicke 1985 ). 

(iii) Diapiric gravitational instabilities induced by an inverted 
density gradient (Ramberg 1981a ; Weinberg & Schmeling 1992 ; 
Cruden et al. 1995 ). These are a favoured mechanism for gneiss 
dome formation when melt is present. Indeed, the density of sil- 
icate melt and magma is about 10 per cent lower than in typical 
continental crustal rocks (see discussion in Vanderhaeghe 2009 ). 
Diapirs are characterized by strain markers indicative of flatten- 
ing at their top, dominant non-coaxial shearing along their flanks, 
coaxial radial stretching lineations or constriction in their core. 
Upwelling of the dome core is marked by cascading folds at its 
bordering boundaries (Kruckenberg et al. 2008 ; Clos et al. 2019 ). 
Diapiric flow is associated with near-isothermal decompression of 
the core rocks at a temperature exceeding the solidus, which might 
enhance dehydration-related partial melting (e.g. Duch ˆ ene et al. 
2006 ). 

These different models call upon distinct contributions of (i) sur- 
face processes related to plate tectonics induced topography and 
of (ii) buoyancy. Although petro-structural analyses provide char- 
acteristic length scales that are key to decipher the main forces at 
play, spacial arrangements point to the combined effects of grav- 
ity and tectonic forces (Vanderhaeghe et al. 2004 ; Kruckenberg 
et al. 2011 ). Foliation trajectories within migmatite terranes re- 
veal second order domes, designated as subdomes. Spectacular 
examples comprise the Archean Pilbara gneiss domes (Collins 
1989 ; Van Kranendonk et al. 2007 ; Clos et al. 2019 ; Roberts & 

Tikoff 2021 ), the Nassian Domain in Eburnean belt (Vidal et al. 
2009 ) and the Vaasa migmatite complex of the Svecofennian belt 
(Chopin et al. 2020 ) for the Proterozoic period. Phanerozoic ex- 
amples include the Carboniferous Velay dome of the Variscan 
belt (Ledru et al. 2001 ), the Jurassic Danba dome in the Song- 
pan Ganze terrane (Billerot et al. 2017 ), the Eoecene Thor-Odin 
dome of the Shuswap Metamorphic Core Complex in the Cana- 
dian Cordillera (Vanderhaeghe et al. 1999 ) and the Miocene Naxos 
dome of the Aegean domain (Kruckenberg et al. 2011 ). The Naxos 
subdomes have been interpreted either as reflecting bidirectional 
isostatic flow (Rey et al. 2011 ) or as a combination of convec- 
tive and diapiric gravitational instabilities (Vanderhaeghe et al. 
2018 ). 

Thermal convection has been further advocated based (i) on a low 

geother mal g radient identified on the exhumed root of the Ecuador 
arc (Riel et al. 2016 ) and (ii) on the cyclic geochronological record 
of zircon grains from the core of the Naxos migmatite dome with 
a period of 1–2 Myr (Vanderhaeghe et al. 2018 ). On the other 
hand, thermomechanical models using po wer-la w crustal rheology 
ov er sev eral tens of millions years have also shown that convection 
can reasonably develop within thickened hot orogenic crust (Cao 
et al. 2016 ), in contexts such as the present-day Altiplano Puna 
(Babeyko et al. 2002 ). This study deals with better identifying the 
thermomechanical conditions by which domes may form within a 
convecting orogenic crust. 
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Figure 1. Examples of migmatite nested domes worldwide, with sizes ranging from 1 to 50 km: (a) the gneiss domes of the Archean Pilbara craton, Australia 
(after Collins 1989 ), (b) the internal structure of the Mt Edgar dome with geochronological data (after Roberts & Tikoff 2021 ; Vidal et al. 2009 ), (c) tonalite and 
granodiorite gneiss domes of the Palaeoproterozoic Nassian Domain, West Africa Craton, d) domes of the Vaasa migmatite complex in the Palaeoproterozoic 
Svecofennian belt (after Chopin et al. 2020 ), (e) the Velay dome of the Phanerozoic Variscan belt, (f) the Thor-Odin dome of the Shuswap Metamorphic Core 
Complex, Meso-Cenozoic Canadian Cordillera (after Vanderhaeghe et al. 1999 ) and (g) the Naxos dome of the Cenozoic Aegean domain (after Kruckenberg 
et al. 2011 ). Black lines with squares display low-angle detachment faults. 
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2.2 Melt and magma transfer through the continental 
crust 

Present day examples of large domains of partially molten continen- 
tal crusts are documented by geophysical data, below the Central 
Andes and the Tibetan plateaus (e.g. Schilling et al. 2006 ; Caldwell 
et al. 2009 ). These magmas probably come from both the mantle and 
the crust in proportions that may vary depending on the geodynamic 
setting (e.g. Thompson & Connolly 1995 ). Fur ther more, geophys- 
ical exploration methods at the crustal scale have been limited to 
resolutions greater than several kilometres, hence they cannot help 
e v aluate the total amount of currently active proportions of partial 
melting. Ho wever , dense seismic array experiments such as those 
deployed recently at Long Beach/California (Bianco et al. 2019 ) 
or in the Pyrenees/France (Lehujeur & Chevrot 2020 ) were able to 
obtain high resolution tomographic images and detected the pres- 
ence of fluids or gas down to approximately 10–15 km depth. Such 
teleseismic or local tomography seismic techniques aim at being 
applied to other areas and combined with gravity or magnetic data 
inversions (Chen et al. 2018 ; Spang et al. 2021 ), so that it should 
become possible in the mid-term to better estimate densities and 
fluid or melt fractions at mid-crustal depths. 

A variety of mechanisms appear to be involved in the transfer 
of melt and magma through the crust, including (i) perv asi ve or 
localized porous flow by percolation through a solid mineral matrix 
(Leitch & Weinberg 2002 ; Bachmann & Huber 2016 ), (ii) mass 
transfer of magmas and/or partially molten rocks by diapiric flow 

(Ramberg 1981a ; Schmeling et al. 2019 ) or (iii) localized transfer 
via dykes intruding the host rocks (Petford 1996 ). Some authors pro- 
pose that melt transfer through the crust is achieved essentially by 
dyking (Annen & Sparks 2002 ), others favour percolation through 
magmatic columns (Bachmann & Huber 2016 ), but actually all 
these mechanisms might act in concert at different crustal lev- 
els (Vanderhaeghe 2009 ). Structural and petrological analyses of 
migmatites as well as analytical investigation of the compaction 
of a liquid/solid system, indicate that percolation is efficient at the 
grain scale and is associated with silicate melt se gre gation at the 
centimetre to decametre scales as granitic veins networks (Brown 
1995 ; Sawyer et al. 1999 ; Vanderhaeghe & Teyssier 2001 ; Kisters 
et al. 2009 ; Weinberg et al. 2015 ). Melt migration out of the zone 
of partial melting might be impacted by heterogeneous deformation 
as indicated by the specific orientations of vein networks rooted 
in migmatites and feeding granitic plutons (Solar & Brown 2001 ; 
Vanderhaeghe 2009 ), which in turn display typical thicknesses of 
kilometric size (de Saint Blanquat et al. 2011 ). At shallower depths, 
crystallization of granitic magma is associated with preferred frac- 
tionation of the volatile phase within the last melt drops, and marks 
the transition from magmatic to hydrothermal fluid systems, which 
is an irreversible process (Balen & Broska 2011 ). 

Crustal melting and melt transfer in orogenic crust has indeed 
been debated for decades and is still dividing the community. This 
debate may be sketched as two extreme views: one that sees crustal 
melting as a product that migrates buoyantly towards the surface 
via the porous crustal media, leaving a residual denser lower crust 
behind (e.g. Cashman et al. 2017 ), and one that considers that the 
entire partially molten mixture is mobilized, itself subject to gravity 
driven flow at a scale ranging from the grain size to the crustal 
breadth (Vanderhaeghe 2009 ). Our approach here rather stems from 

this latter view, as already discussed in part I (Louis-Napol éon 
et al. 2022 ): it ensues from previous theoretical studies of melt 
flow through porous partially molten continental crust, that obtain a 
typical scale of a few hundred metres for melt pockets resulting from 
porosity waves propagation (Edmonds et al. 2019 ; R äss et al. 2019 ), 
a value which is also consistent with field analyses mentioned above 
(Brown 1995 ; Kisters et al. 2009 ; Brown 2010 ; To é et al. 2013 ). 
This set of information drove our choice of defining inclusions 
of several hundred metres in size that would actually represent a 
mixture of partially molten material resulting from melt se gre gation, 
propagation and migration processes at the subscale. We chose a 
diameter size of 600 m, so as to approximate the fact that partial 
melting occurs without melt extraction beyond this scale. In order to 
depict the influence of litholo gical hetero geneities, we consider two 
end-members, namely inclusions that are either denser and more 
viscous than the ambient fluid, which mimic mafic lithologies, and 
inclusions that are lighter and less viscous than the ambient fluid, 
which mimic felsic lithologies. Hence, as in Louis-Napol éon et al. 
( 2022 ), these inclusions characterize the heterogeneity scale of the 
partially molten crust. 

3  P H Y S I C A L  S E T U P  

3.1 Setup and qualitative description of the flow 

The physical domain, used here to represent a standard orogenic 
crust, has horizontal dimensions of 50 km × 50 km and a height 
of 35 km (a domain depth range [ −45, −10] km with origin set at 
the Earth surface), similarly to Louis-Napol éon et al. ( 2022 ). Fig. 2 
presents the schematic chronological stages of the system: 

(i) Initial stage: the temperature inside the domain is set to in- 
crease linearly from T C = 300 ◦C at depth −10 km to T H = 600 
◦C at depth −45 km. At time t = 0 Myr, the basal temperature is 
switched from T H = 600 ◦C to T H + = 1000 ◦C. First, heat diffuses 
from the base of the domain across the bulk equi v alent domain 
(BED, referring to material phase 1). 

(ii) Heating stage: as melting progresses upwards from the 
model’s base, convection initiates. Inclusions of contrasted den- 
sity and viscosity relative to the BED are set in the domain (black 
and white inclusions, for heavy, more viscous material phase 3, and 
light, less viscous material phase 2, respecti vel y). Prior to melting, 
their density and viscosity e volve similarl y to those of the bulk 
domain, with a standard po wer-la w strain-rate and temperature de- 
pendent rheology. Upon melting, and above a critical melt fraction 
M S , the material becomes Newtonian, with a viscosity and density 
dependent on the melt fraction (as in Louis-Napol éon et al. 2022 ). 
In that case, we can consider that, at the first order, the location 
of the M S boundary represents the melting front : it separates the 
unmolten medium (UM, where M < M S ) from the partially molten 
medium (PM where M > M S ). The equations and the numerical 
setup are further described in sections below. 

(iii) Cooling stage: the thermal boundary condition at the base 
is pro gressi vel y cooled down from T + H = 1000 ◦C to T H = 600 
◦C from time t 1 to time t 2 . The typical duration of this process 
spans 5–10 Myr, according to the estimation of how fast can an 
underlying mantle lithosphere thermally recover from a process of 
delamination or slab break-off; if heat diffusion dominates in a 
lithospheric mantle about 20 km thick, diffusion scaling provides τ
= H 

2 / κ ∼ 4 × 10 8 /10 −6 ∼13 Myr. During this cooling stage in our 
models (between t 1 and t 2 ), thermal convection ceases, diapirism 

may occur, and the system e ventuall y returns to rest. Note that 
during the cooling process, the materials revert to their unmelted 
densities and viscosities, except for the models labelled ‘freezing’ 
where the inclusions densities adopt another trend (as explained in 
Section 3.3 ). 
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(a)

(b)

(c)

Figure 2. (a) Scheme model setup. At time t = 0 Myr, the basal temperature is switched from T H = 600 ◦C to T H + = 1000 ◦C. Heat diffuses from the base 
across the bulk equi v alent domain (BED, phase 1). As melting occurs, phase 1 properties and rheologies evolve ( cf . Section 3.3 ) as two layers of unmolten (UM, 
b lue domain, w here the melt fraction M ≤ M s ) and partially molten material (PM, pink domain, where M ≥ M s ). The latter contains heterogeneities—black and 
w hite deformab le inclusions, corresponding to heavy more viscous material phase 3, and light less viscous material phase 2, respecti vel y. Thermal convection 
may develop at this stage. Then, the basal temperature is progressively cooled down to T H = 600 ◦C from time t 1 to time t 2 . Convection dies out until the system 

e ventuall y comes to rest. (b) Evolution of the local density and viscosity of each phase versus temperature (eqs 10 , 5 and 8 ), at strain rate ε̇ min = 10 −16 s −1 

for the UM viscosity. (c) Evolution of the local density in cases where we ‘freeze’ the light and heavy inclusions densities from time t 1 until the end of the 
simulation ( cf . Section 3.3 and eq. 11 ). 
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he heterogeneity of the partially molten domain is characterized
y the presence of deformable inclusions of distinct densities and
iscosities. These heterogeneous inclusions are supposed to have
ormed as a result from clustering melt percolation processes at the
ubscale, as ‘melt-pockets’ of typical sizes of ca . 600 m, a size that
s justified in previous Section 2 , and which will be discussed again
n Section 5 . They are labelled phases 2 and 3 (phase 1 corresponds
o the surrounding BED). 

.2 System of equations 

s in Louis-Napol éon et al. ( 2022 ), we consider the motion of a
uid with properties that may change due to partial melting, with

he development of spatial heterogeneities once a certain amount
f melt fraction is achieved. These heterogeneities are defined as
istinct fluid phases i , identified by their volume fractions C i (index
 = 1, 2, 3 defines the phase and 
∑ 3 

i= 1 C i = 1 ). More specifically,
 i = 1 inside phase i and 0 outside, the three compositions never
ix and we have sharp internal boundaries. The typical size of

hese internal boundaries is 1–2 grid cells. Viscosities and densities
re thus a function of C i and are arithmetically averaged at the
nter nal phase boundar y. Hence the problem can be described by
he following set of governing equations: 

∂C i 

∂t 
+ U · ∇C i = −∇ · ( U r C r ) , (1) 

 · U = 0 , (2) 

ref 
∂U 

∂t 
+ ρref U · ∇U = −∇ P + ˜ ρg + ∇ · [ ̃  μ( ∇U + ( ∇U ) T )] , (3) 

ref C p 

[
∂T 

∂t 
+ U · ∇T 

]
= 

1 

C A 
[∇ · ( ρref C p κ∇T ) + H r 

]
, (4) 

art/ggad388_f2.eps
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where U , P , T are the local velocity, pressure and temperature of 
the fluid, respecti vel y, and g is the gravitational acceleration. The 
term −∇( U r C r ) is artificially added to eq. (1) to reduce the effects of 
numerical smearing of the interface, and is specific to OpenFOAM’s 
VOF method; C r = C i · (1 − C i ) for instance in a situation with 
only two phases, and U r , designated by Berberovi ́c et al. ( 2009 ) 
as a ‘compression velocity’, is e v aluated at cell faces as a volume 
flux based on the maximum velocity magnitude in the interface 
re gion. This v elocity is obtained from a face interpolation using the 
‘normalized variable diagram’ (NVD approach Jasak et al. 1999 ). 

In eq. ( 3 ), ρref and ̃  ρ are the reference and the local density, respec- 
ti vel y, whereas ˜ μ is the local dynamic viscosity. These quantities 
are detailed below. In eq. ( 4 ), H r = 

∑ 

i 
C i H 

r 
i is the total radioactive 

heating which depends on each phase i and H 

r 
i is the radioactive 

heating of phase i (in W m 

−3 ), κ( T ) is the thermal dif fusi vity (in 
m 

2 s −1 ), and C p ( T ) is the heat capacity (in m 

2 s −2 K 

−1 ). They are
prescribed to depend on temperature according to Whittington et al. 
( 2009 ), in a decoupled manner similar to (e.g. Gerya et al. 2008 , cf . 
Appendix A2 ). We solve for latent heating via the term C A as well 
as for spatial variations in C p on the right-hand side of eq. ( 4 ), to 
the difference of part I (Louis-Napol éon et al. 2022 ). In particular, 
C A ≈ 2 when T sol ≤ T ≤ T lig and C A = 1 otherwise, as explained in 
Appendix A2 . 

3.3 Rheologies for the unmolten and partially molten 

domains 

First, viscosities and densities are assigned to vary as a function of 
temperature and strain rate. As for the unmolten layer, the viscosity 
can be expressed as a consistency K eff , which depends on a power- 
law relationship with temperature and strain rate following standard 
extrapolation from rock lab experiments (Chen & Morgan 1990 ) : 

˜ μUM = K 

UM 

eff ( T ) [ max ( ̇ε min , ̇ε ) ] 
1 
n −1 , (5) 

with 

K 

UM 

eff ( T ) = 0 . 25 × 10 6 × (0 . 75 A ) −
1 
n × exp 

(
Q 

n RT 

)
, (6) 

where T is the local temperature, K 

UM 

eff is the consistency (in 
kg m 

−1 s −2 + 1/ n ) and corresponds to the dynamic viscosity when 
n = 1; ε̇ = 

√ 

( tr ( ̇ε2 ) − tr 2 ( ̇ε) / 3 ) / 2 , and ε̇ = ( ∇U + ( ∇U ) T ) / 2 is 
the strain-rate tensor; ε̇ min is a minimal value for the strain rate 
set to ε̇ min = 10 −16 s −1 ; R = 8.314 J mol −1 K 

−1 is the universal gas 
constant; Q = 1.54 × 10 5 J mol −1 is the acti v ation energy; n = 2.3 

(parameters for quartz, Ranalli 1995 ). A = 

3 ∑ 

i= 1 
C i A i is a constant 

pre-factor, where A i is defined for each phase i . 
As of the rheology of partially molten crustal rocks, a number 

of studies have shown that it drastically changes from a given melt 
fraction threshold M (Pinkerton & Stevenson 1992 ; Rosenberg & 

Handy 2005 ; Vanderhaeghe 2009 ). A few percent of melt are suffi- 
cient to cause a strength decrease of 2–3 orders of magnitude (Arzi 
1978 ; Van der Molen & Paterson 1979 ; Rutter et al. 2006 ). On the 
other hand, the transition from magma to partially molten rocks is 
marked by a decrease in viscosity of several orders of magnitude 
(Roscoe 1952 ; Vetere et al. 2010 ; Schmeling et al. 2012 ). Further- 
more, note that since there is no melt/solid extraction at the scale of 
our inclusions (but there might be at the subscale), their density is 
expected to decrease linearly with increasing melt fraction (see dis- 
cussion in Vanderhaeghe 2009 ). These behaviours are formalized in 
the following way, with a melt fraction first defined for each phase as 
M 

i = ( T − T i sol ) / ( T 
i 

liq − T i sol ) . For simplicity then we choose equal 
solidus and liquidus temperatures for all phases, with T sol = 600 ◦C 

and T liq = 1000 ◦C, hence, as in Louis-Napol éon et al. ( 2022 ), we 
also have a single melt fraction M such that: 

M = 

∣∣∣∣∣∣
0 if T < T sol , 

T −T sol 
T liq −T sol 

if T sol ≤ T ≤ T liq , 

1 if T > T liq . 

(7) 

When M exceeds M S (here M S = 0.3), viscosities then switch to 
a Newtonian law which depends on M and on a specific reference 
viscosity for each phase μ0 

i , as proposed by (Pinkerton & Stevenson 
1992 , cf . Fig. 2 b): 

˜ μPM = K 

PM 

eff ( T ) [ max ( ̇ε min , ̇ε ) ] 
1 
n −1 , (8) 

with n = 1 and 

K 

PM 

eff ( T ) = 

3 ∑ 

i= 1 
C i μ

0 
i exp 

[ ( 

2 . 5 + 

(
1 − M 

M 

)0 . 48 
) 

(1 − M) 

] 

. (9) 

For the densities in eq. ( 3 ), we use the Boussinesq approxi- 
mation and we define an additional melt-dependent density (sic 
temperature-dependent, Fig. 2 b) such as : 

˜ ρ = ρref × [1 − α( T − T ref )] , and 

ρref = 

3 ∑ 

i= 1 
C i [ ρ

S0 
i (1 − M) + ρL 0 

i M] , (10) 

where α is the thermal expansion coefficient assumed constant ( α
= 3 × 10 −5 K 

−1 ), T ref is the temperature imposed at the top of the 
domain (here T ref = T C = 300 ◦C at depth −10 km) and ρref is 
a local phase-dependent density which depends on C i , the phase 
volume fraction, and ρS0 

i , ρL 0 
i the reference unmolten and molten 

densities for each fluid phase i , respecti vel y. 
In some tests below, we assume that during cooling the density 

difference between the light and heavy inclusions ‘freezes’, as a 
first order proxy to simulate the influence of crystallization pro- 
cesses. This assumption means that sufficient volatile extraction 
occurred at the subscale that cannot be recovered if reheating oc- 
curs. Indeed, magma crystallization is invoked to be associated with 
devolatilization and in particular the release of H 2 O into the host 
rocks, which drives metasomatic alteration (Holloway 1976 ; Burn- 
ham 1979 ; Glazner 2019 ). This ‘freezing’ process is achieved by 
replacing ρref in eq. ( 10 ) by the following expression from time t 1 
(when basal cooling is applied) until the end of the simulation: 

ρref = C 1 × [ ρS0 
1 (1 − M) + ρL 0 

1 M] 

+ 

3 ∑ 

i= 2 
C i [ ρ

S0 
i (1 − M 

conv ) + ρL 0 
i M 

conv ] , (11) 

where M 

conv is the mean melt fraction in the conv ectiv e re gion at 
time t 1 . At this moment, the mean temperature in the convecting 
region reaches about 800 ◦C, therefore M 

conv = (800 ◦C − T sol )/( T liq 

− T sol ) = 0.5. The corresponding evolution of the inclusions and 
BED densities is displayed Fig. 2 (c). 

In summary, the unmelted viscosity of all materials is identical. 
Then upon melting they become Newtonian fluids where each ma- 
terial has a different viscosity, which varies with melt fraction. The 
same is true for densities. Note that upon cooling, materials can 
revert their viscosities and densities except for the models labelled 
‘freezing’ for which the density difference between the light and 
heavy inclusions remains constant and becomes melt-independent. 
Finally, all materials have the same melting law, which means that at 
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 given temperature, light and heavy inclusions and the BED have
he same melt fraction but different densities and viscosities. 

.4 Numerical implementation 

e use a VOF method implemented in the open source finite-volume
ode OpenFOAM, which we benchmarked in Louis-Napol éon et al.
 2020 ) with Ra yleigh–Ta ylor and Ra yleigh–B énard experiments
rom the literature. As in Louis-Napol éon et al. ( 2022 ), version
106 of OpenFOAM was used, in which we developed our own
olver multiMeltInterFoamv2 (with details in https://gitlab.com/
urelieLN/MultiMeltInterFoam ). Coordinates x and z refer to the
orizontal directions and y to the vertical direction. The mesh res-
lution used in the 2-D simulations is 250 × 175 for a domain size
f 49.4 km × 35 km in the horizontal and vertical directions, re-
pecti vel y. In the 3-D simulations the mesh resolution is 250 × 175

250 with a regular grid spacing, and the domain size is 49.4 km
35 km × 49.4 km in the ( x , y , z )-directions, respecti vel y. 
The boundary conditions at the base and at the top of the model

omain are the same in 2-D and in 3-D, with free slip at the base
nd no slip at the upper boundary ( y = −45 km and y = −10 km,
especti vel y), and we impose periodic lateral boundaries. 

Initially, the inclusions occupy the entire spatial domain, with
he same number of light and heavy inclusions (see Fig. 4 ). In two-
imensions, we use a staggered arrangement. The horizontal dis-
ance and vertical distance between the centres of two neighbouring
nclusions are assumed equal and set to L t = 3 r . Here, r = 600 m. In
-D, this leads to a theoretical volume fraction of all the inclusions
including light and heavy ones) equal to φ = πr 2 /L 

2 
t ≈ 0 . 35 . In

hree dimensions, we use a face-centred cubic lattice where the cube
ength is L t = (48) 1/3 r ≈ 3.63 r . Thus the volume fraction of all in-
lusions in 3-D is φ = 16 πr 3 / (3 L 

3 
t ) ≈ 0 . 35 , as in 2-D. Note that

he effect of φ on the forecoming results is discussed in Appendix C .
The simulations ran on the regional cluster CALMIP https://

ww.calmip.univ-toulouse.fr/ ; for the 3-D simulations, they lasted
 d on 36 cores for Configurations 1 and 2 (the configurations are
escribed in the next section). 

.5 Results obtained in part I: four flow regimes 

n Louis-Napol éon et al. ( 2022 ) we performed simulations that
onsidered only a heating step from time 0 to about 20 Myr. Our
arametric study led us to identify four main flow regimes (Fig. 3 ),
ound to occur depending on two Rayleigh numbers for the unmolten
nd partially molten domains, Ra UM 

and Ra PM 

, respectively : 

R a UM 

= 

2 
(

H T 
2 

)2 

κUM 

( 

ραg �T UM 

(
H T 
2 

)
2 ̃  K 

UM 

eff 

) n 

, R a PM 

= 

ραg �T PM 

(
H T 
2 

)3 

κPM ̃

 K 

PM 

eff 

. (12) 

They characterize the thermal state of each domain, supposed
o cover equally half the total crustal thickness, H T /2 (hence here
2.5 km). Note that to each Ra correspond distinct temperature
ifferences � T , thermal diffusivities κ , and consistencies K eff ( cf.
etails in Appendix A1 ). 

The four flow regimes were described in part I. Let us briefly
ecall here the main difference between the suspension regime and
he layering regime. Although convection occurs in both regimes,
he light inclusions in the suspension regime cannot form a stagnant
ayer because the local velocity remains large in the region near
he melting front where they could stack. This situation contrasts
ith that of the heavy and viscous inclusions, for which the bottom
oundary is fixed and remains a low-velocity boundary layer. In this
uspension regime, the actual low-velocity region (i.e. the boundary
ayer) is located above the melting front. This result is coherent with
 relati vel y small viscosity of the unmolten ambient rock (yielding
 larger Ra UM 

). 
In contrast in the layering regime, the viscosity of the unmolten

ayer above the melting front is large enough to mimic a rigid lid:
he viscosity gradient above the melting front is sharper, and the
ow-velocity boundary layer remains below the melting front. Thus,
ayering of the light inclusions at the top of the conv ectiv e cells is
avoured. 

Note that only the layering regime allows for both convection and
ccumulation of the buoyant inclusions below the upper crust. They
rst stack as rounded shapes but then tend to flatten out over time
nd form a horizontal layer. Hence the purpose of this study part
I to test complementary conditions that favour the formation and
reservation of such domes. 

 R E S U LT S  

e select now two distinct configurations (see parameters Table 1 )
ithin those displayed in Fig. 3 : a Configuration 1 that lies in

he ‘suspension regime’ where the light heterogeneities are en-
rained in the conv ectiv e cells ( Ra UM 

= 100 and Ra PM 

= 3100),
nd a Configuration 2 that lies in the ‘layering regime’ where the
ight heterogeneities can se gre gate abov e the conv ectiv e cells (with
a UM 

= 13 and Ra PM 

= 3100; cf . Fig. 3 ; Louis-Napol éon et al.
022 ). Although there are several ways to switch from one regime
o the other, thanks to Rayleigh’s dimensionalization properties, we
ontrol this switch here by modifying only the unmolten material
iscosity . More specifically , the viscosity in Configuration 1 is set
.3 times smaller than in Configuration 2 [since, according to eq.
 5 ), the ratio of viscosities ˜ μUM is ∝ K 

UM 

eff which is ∝ Ra −1 /n 
UM 

via eq.
 A1 ) with n = 2.3 here]. Then for each configuration, we proceed
ith a series of tests, displayed in Table 2 . 2-D simulations are per-

ormed first : we test the onset and ending times of basal cooling and
hen the influence of freezing of the light inclusions upon cooling
details below). Finally, we select for each configuration the case
onsidered as the most efficient in producing domes, and perform
n equi v alent 3-D simulation. 

.1 Configuration 1 – suspension regime 

his configuration stands in the suspension regime according to
ig. 3 , and has density and viscosity parameters displayed in Table 1 .
he density and viscosity of the inclusions (phases 2 and 3) get
cti v ated when M > M S (here M S = 0.3, eqs 9 , 10 ). Note that the
ffect of the specific value of M S was discussed in Louis-Napol éon
t al. ( 2022 ; cf. their appendix A1). 

.1.1 Configuration 1 – No cooling 

ere, basal heating is maintained over the model’s time duration,
ver 20 Myr (model Config 1 ∞ ). Snapshots in time are displayed
ig. 4 (a). Thermal convection initiates around 4 Myr, and its vigour

ncreases over time, with the heavy and light inclusions being con-
inuously dragged into the convection cells. Although a majority
f the heavy inclusions deposit at the base of the model domain,
he light inclusions cannot se gre gate upwards. This vigorous con-
 ection re gime generates large homogenized cells of characteristic
idth of about 20 km, function of the system’s thickness, heating

ime duration, and density and viscosity properties ( cf. Rayleigh
umbers determined in Louis-Napol éon et al. 2022 ). 

https://gitlab.com/AurelieLN/MultiMeltInterFoam
https://www.calmip.univ-toulouse.fr/
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Figure 3. Flow regimes obtained in Louis-Napol éon et al. ( 2022 ) as a function of the unmolten and partially molten domains Rayleigh numbers ( Ra UM 

and 
Ra PM 

), after 20 Myr of basal heating. The BED (bulk domain, phase 1) remains motionless as long as Ra PM 

< 200, diapirism occurs when 200 < Ra PM 

< 

3000, and the suspension regime initiates when Ra UM 

> 10. The layering regime occurs at low Ra UM 

and Ra PM 

> 3000: convection is not vigorous and the 
inclusions can stack at ca. 20 km depth. Here we explore the conditions for which dome formation is favoured in the two latter regimes noted Configurations 1 
and 2. 
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4.1.2 Configuration 1 – With cooling 

Now, we pro gressi vel y reduce the basal heating, starting from time 
t 1 = 4.4 Myr until time t 2 = 9.4 Myr (Fig. 4 b) or 14.4 Myr (Fig. 4 c)
when the basal temperature returns to T = 600 ◦C. From time t 1 
onwards, the light inclusions above the melting front are still being 
stretched and attracted into the conv ectiv e flow, but some of them 

manage to accumulate below the rigid upper crust. Note, ho wever , 
that no dome is observed in these cases. The heavy inclusions, in 
turn, keep settling down at the base of the physical domain and form 

a layer. This layer is more heterogeneous and less compact than in 
the case without cooling (Figs 4 b and c versus Fig. 4 a). Indeed, 
the local viscosity increases in the BED when cooling is applied 
and thus some interstitial BED fluid remains in between the heavy 
inclusions. 

Complementary tests allow us to confirm the effect of cooling 
time with respect to the system’s dynamics: applying it sooner 
(before 4.4 Myr) impedes the development of thermal convection, 
whereas applying it over a longer period delays the interruption of 
convection, hence delays the stacking of the light inclusions below 

the upper crust ( cf. Figs 4 b and c). 
4.1.3 Configuration 1 – With cooling and freezing of the 
inclusions densities 

Now, we impose that the density of the inclusions becomes melt- 
independent from time t 1 . This option reflects the irreversibility 
of several crystallization processes (e.g. the extraction of most 
volatile fluids, cf. details in Section 2 ). Results are displayed in 
Fig. 4 (d). 

From time 9.4 Myr here, the buoyant inclusions start to form 

rounded shape clusters that accumulate below the rigid upper crust, 
around 15–20 km depth. These clusters display noticeable ribbon 
structures, that store more and more ‘white material’ over time (until 
20 Myr). Their characteristic size is about 5 km. 

The av eraged v ertical v elocities displayed in Fig. 4 (e) show os- 
cillations inherent to cyclic convective instabilities, and the slowing 
down of the systems dynamics upon cooling the base of the crust 
from 4.4 Myr onwards. Although the ‘freezing densities’ model 
also includes basal cooling, its velocities decrease more than twice 
as fast as the same model without ‘freezing’ (the dashed green 
line compares with the dotted red line). We interpret this as the 
freezing of the inclusions densities favouring their accumulation 

art/ggad388_f3.eps
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(a)

(b)

(c)

(d)

(e)

Figure 4. Configuration 1: Summary of the 2-D results. From top to bottom: (a) Config 1 ∞ , (b) Config 1 5 −1 0 , (c) Config 1 5 −15 and (d) Config 1 F 

5 − 10 (see 
Tables 1 and 2 for parameters). For each case, snapshots display temperature isocontours in Celsius degrees and, on the left half of the domain the viscosity 
distribution, and on the right half, the light and heavy inclusions in white and black, respecti vel y. (e) Time evolution of | U y | which denotes the spatial average 
of the absolute value of the vertical velocity. 
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Table 1. Parameters for Configurations 1 and 2: i is phase index ( i = 1 for the BED, i = 2 for the light and less viscous inclusions 
and i = 3 for the heavy more viscous inclusions); PM, partially molten; UM, unmolten material; ρL 0 

i and ρS0 
i are the reference 

densities used in eq. ( 10 ); H 

r 
i is radioactive heat production, μ0 

i and A i are viscosity pre-factors in eqs ( 9 ) and ( 6 ), respecti vel y 
(for Configurations 1 or 2, labelled in exponent). Fur ther more, n = 2.3, Q = 1.54 × 10 5 J mol −1 , R = 8.314 J mol −1 K 

−1 , α = 3 
× 10 −5 K 

−1 , so that Ra UM 

= 100 and Ra PM 

= 3100 in Configuration 1 and Ra UM 

= 13 and Ra PM 

= 3100 in Configuration 2. 

Fluid Density Density Production Viscosity Viscosity pre-factor Viscosity pre-factor 
(PM layer) (UM layer) (PM layer) (UM layer) (UM layer) 

i ρL 0 
i ρS0 

i H 

r 
i μ0 

i Config 1 : A 

1 
i Config 2 : A 

2 
i 

− (kg m 

−3 ) (kg m 

−3 ) ( μW m 

−3 ) (Pa s) (Pa −2.3 s −1 ) (Pa −2.3 s −1 ) 

1 2700 2800 1.75 8.7 × 10 16 3.2 × 10 −4 4.2 × 10 −5 

2 2500 2800 10 8.7 × 10 15 3.2 × 10 −4 4.2 × 10 −5 

3 2900 2800 0.9 8.7 × 10 17 3.2 × 10 −4 4.2 × 10 −5 

Table 2. Configurations names ( Config 1 and Config 2 ) distinguish options : the exponents indicate the onset and ending times of cooling 
at the bottom boundary ( ∞ = no cooling); ‘ F ’ refers to freezing of the inclusions density from cooling time t 1 ; (3-D) indicates a 3-D 

simulation. The models produce convection characterized by a ‘Cycle time’, for example the convection period, and ‘Velocity’, for 
example the mean markers velocity range. The two last columns display conv ectiv e cells temperature range (prior to the onset of cooling 
and measured from a non-e xhaustiv e selection of markers), and the final size of the domes when the system has come to rest. 

Simulation name Cooling period Convection properties Domes 
[ t 1 , t 2 ] (in Myr) Cycle time ( τ ) Velocity ( v rms ) [ T min , T max ; � T ] D 20Myr 

Configuration 1 Config 1 ∞ [ ∞ , ∞ ] 1.8 Myr 2–5 cm yr −1 [700, 850; 150] ◦C Ø; 
Config 1 5 − 10 [4.4,9.4] ” ” ” Ø; 
Config 1 5 − 15 [4.4,14.4] ” ” ” Ø; 

Config 1 F 

5 − 10 [4.4,9.4] ” ” ” 10 km 

Config 1 F 

8 − 13 (3-D) [8.0,13.0] 2 Myr 2–3 cm yr −1 [700, 900; 200] ◦C 10 km 

Configuration 2 Config 2 ∞ [ ∞ , ∞ ] 2 Myr 0.5–1 cm yr −1 [700, 850; 150] ◦C 5–10 km 

Config 2 7 − 12 [7.0, 12.0] ” ” ” 5–10 km 

Config 2 F 

7 − 12 [7.0, 12.0] ” ” ” 5–10 km 

Config 2 F 

7 − 12 (3-D) [7.0,12.0] 2 Myr 0.5–2 cm yr −1 [700, 900; 100] ◦C 5–10 km 
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at the upper and lower edges of the conv ectiv e domain, thus re- 
ducing gravitational contrasts and killing the buoyant instabilities 
faster. 

Ov erall, we observ e that in this Configuration 1, it is not suf- 
ficient to cool down the system to maintain the accumulated 
light inclusions ‘domes’ below the upper crust. We find it nec- 
essary to account for the ‘freezing’ of the inclusions density once 
cooling begins. This strong approximation is further discussed in 
Section 5.2 . 

4.1.4 Configuration 1 – Selected 3-D case 

The selected configuration in 3-D is named Config 1 8 −13 (3-D) (video 
via the link in Table 2 ). Initial and boundary conditions are sim- 
ilar to the 2-D cases. Here, basal heating decreases from t 1 = 8 
Myr to t 2 = 13 Myr, and the light inclusions density freezes from 

time t 1 . 
Snapshots in time are displayed Fig. 5 . The upper part of the 

figure presents the global geometry of the system in 3-D and its 
lower part displays 2-D profiles. At t = 5.4 Myr , con vection has 
started and 3-D cells form, of horizontal size of ca. 20 km. These 
conv ectiv e cells are responsible for the formation of large scale 
dome structures well visible at time t = 8.1 Myr. Then basal heat- 
ing reduces, and the large scale domes keep evolving while the 
light inclusions start stacking at 15–20 km depth (at t = 10.4 
and 14 Myr). In the later stages while the system cools down, 
the large scale domes vanish and the stacked small-scale domes 
maintain a rather heterogeneous texture with mixed light material 
and BED material. The typical size of these structures is about 
5 km. 

Fig. 6 displays tracers trajectories in 3-D and their properties, 
showing the following features: 

(i) The conv ectiv e c ycles periods are τ ≈ 2 Myr, lasting from 

about 5–12 Myr. 
(ii) The local velocity magnitude is 2 –3 cm yr −1 with a maxi- 

mum of 10 cm yr −1 during the convecting period, reducing to a few 

mm yr −1 after 13 Myr. 
(iii) The tracers temperature difference over two cycles ranges 

between ca. 700 and 900 ◦C. 

4.2 Configuration 2 – layering regime 

We consider now Configuration 2, where the viscosity of the un- 
molten layer is chosen 2.3 times larger than in Configuration 1 ( cf. 
parameters in Table 1 ), so that the system’s dynamics shifts towards 
the so-called layering regime identified in Louis-Napol éon et al. 
( 2022 ). With such a smaller Ra UM 

, we expect reduced convection 
vigour and velocities with respect to Configuration 1. 

4.2.1 Configuration 2 – No cooling 

This model case ( Config 2 ∞ ) accounts for basal heating over the 
entire model duration, for example 20 Myr. Snapshots in time are 
displayed in Fig. 7 (a). In contrast to Configuration 1, the light and 
heavy inclusions are able to escape from the conv ectiv e cells and 
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Figure 5. Configuration 1 , 3-D model Config 1 F 

8 − 13 (3-D). Top rows: six snapshots in time in 3-D view display light less viscous (white) and heavy more 
viscous (black) inclusions, and isotherm T = 720 ◦C (iso-surface associated to the melting front). Bottom rows: snapshots in 2-D set in the z = 25 km plane, 
with temperature isocontours, the viscosity (left half of model domain), and the light (white) and heavy (black) inclusions (right half of the model domain). 
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orm layers below the upper crust and at the bottom of the domain,
especti vel y. This behaviour is typical of the layering regime (Louis-
apol éon et al. 2022 ). A closer look at the temporal evolution of

he layer formed by the light inclusions reveals that it is strongly
eformed by the conv ectiv e flow. Ov er time, this layer adopts a flat
hape, destroying the dome structures. 
.2.2 Configuration 2 – With cooling 

ow, we pro gressi vel y reduce the basal heating, starting from time
 1 = 7 Myr until time t 2 = 12 Myr (Fig. 7 b). This cooling time
s delayed with respect to Configuration 1 (where t 1 = 4.4 Myr)
ecause we need to let time for a few convection cycles to develop,

art/ggad388_f5.eps
https://www.youtube.com/watch?v=_1vI5Nmrd8s%26list=PLCdeVmWEruk22N4GDS5mrEk0nNkJbTwFu%26index=1%26ab_channel=Aur%C3%A9lieLouis-Napol%C3%A9on
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(a)

(b)

(c)

(d)

Figure 6. Configuration 1: Time evolution of some markers in the 3-D model Config 1 F 

8 − 13 (3-D). Their initial location is marked by circles in frame (a). 
(a) 3-D trajectory, (b) depth, (c) temperature and (d) local v elocity magnitude. Here, the conv ection revolving period is about 2 Myr, with mean velocities of 
2–3 cm yr −1 , and maximum velocities of 10 cm yr −1 . Temperatures vary by almost 200 ◦C around about 800 ◦C. 
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else convection is inhibited. As expected, thermal convection pro- 
gressi vel y dies out and the layer of light inclusions formed at 18 km 

depth becomes less deformed over time. Hence, irregular structures 
of light inclusions of characteristic sizes ca. 5 km are preserved, but 
form neither flat layers nor dome structures. 

4.2.3 Configuration 2 – With cooling and freezing properties of 
inclusions 

We impose now that the density of the white inclusions is maintained 
fixed from t 1 , as tested in Configuration 1. Results are displayed in 
F ig. 7 (c). F rom time ca . 15 Myr, domes become clearly visib le, 
and reach about 18 km depth at t = 19.3 Myr. Note also that 
some domains of the BED fluid remain trapped within the domes, 
illustrating the preservation of the system’s heterogeneity. Here 
again, the typical size of the domes is 5 km. 

4.2.4 Configuration 2 – Selected 3-D case 

The selected configuration in 3-D is named Config 2 F 

7 − 12 (3-D) 
(video via the link in Table 2). Initial and boundary conditions are 
similar to the 2-D case, with basal cooling from t 1 ≈ 7 Myr until t 2 
≈ 12 Myr, and freezing of the inclusions density from time t 1 . 

Snapshots in time are displayed in Fig. 8 , with 3-D views in its 
upper part and 2-D vertical profiles in its lower part. In this layering 
re gime, the conv ection vigour is significantly reduced compared to 
that in the suspension regime (Configuration 1). This can be seen 
when comparing the mean vertical velocity between both configu- 
rations (see e.g. Figs 6 d and 9 d), which dif fer b y almost a factor 
2, as well as when comparing the viscosity ranges, for instance 
around 20 km depth. Here, because convection initiates later, the 
light inclusions se gre gate and cluster under the melting front prior 
to 5 Myr, and these clusters display a somewhat rounded shape of 
about 2–5 km in size ( cf. 2-D profiles at 5 and 6 Myr), despite the 
dev elopment of conv ection. After 14 Myr and as the system cools 
down, heterogeneous structures of sizes 2–5 km still lie at 18–22 km 

depth. 
Fig. 9 displays some markers trajectories in 3-D view and their 
properties, which allow to deduce the following information: 

(i) The period of the conv ectiv e c ycles appears irre gular ranging 
in τ ≈ 1 −2 Myr, and lasts from about 5–12 Myr. 

(ii) The local velocity magnitude is 0 . 5 –2 cm yr −1 with a maxi- 
mum at 5 cm yr −1 , reducing to a few mm yr −1 after 12 Myr. 

(iii) The tracers temperature during three cycles varies between 
700 and 900 ◦C, but the amplitude from one cycle to the other 
reaches about 100 ◦C. 

5  S Y N T H E S I S  A N D  D I S C U S S I O N  

5.1 Models synthesis 

The models presented above demonstrate the possibility for par- 
tially molten crust material to stack in the form of domes at depths 
around 15 km, provided an appropriate range of rheological and 
boundary conditions. In general, these domes have a size of approx- 
imately 5–10 km, they form and stabilize within about 10 Myr, and 
the y record sev eral thermal peaks which reflect conv ectiv e motion. 
Such convecting cycles provide an explanation for the cyclic pre- 
cipitation/dissolution record of sampled zircons on Naxos Island 
(Vanderhaeghe et al. 2018 ). 

Accounting for crustal convection is necessary if one wishes 
to explain the observation of low thermal gradients over broad 
migmatite domains, as mentioned in Section 2 . For instance let us 
recall Riel et al. ( 2016 ) conclusions for the El Oro Triassic metased- 
imentary complex in Ecuador: pressure and temperature estimates 
show a gradient of ca . 10 ◦C km 

−1 in the 7–8 km thick garnet- 
bearing migmatitic lower crust. According to petrological and geo- 
chemical indicators, melts produced during biotite-breakdown (5–
15 vol. per cent melt) were trapped and perv asi vel y distributed in 
these rocks. Riel et al. ( 2016 ) could not explain such a low thermal 
gradient with neither dif fusi ve nor upw ard melt transfer processes 
and hence concluded that crustal convection must have occurred. 
Fur ther more, Vanderhaeghe et al. ( 2018 ) provided analytical esti- 
mates of the minimum viscosity required for convection to develop 
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(a)

(b)

(c)

(d)

Figure 7. Configuration 2: Summary of the 2-D results. From top to bottom: (a) Config 2 ∞ , (b) Con f ig 7 −12 
2 and (c) Config 2 F 

7 − 12 (see Tables 1 and 2 for 
parameters). For each case, snapshots display temperature isocontours, in the left half of the model domain the viscosity distribution, and, in the right half, the 
light and heavy inclusions in white and black, respecti vel y. (d) Time evolution of the average velocity. 
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Figure 8. Configuration 2 : Time evolution of the flow in the 3-D model Config 2 F 

7 − 12 (3-D) (‘layering’ regime, basal heating and cooling, and freezing 
inclusions density), in 3-D (top panels) and 2-D vertical sections (bottom panels). Same legend as Fig. 5 . 
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over a range of thicknesses of the Naxos crust (Greece). Our models 
here show that convection can indeed develop over thicknesses up 
to about 20 km in the lower crust within about 10 Myr of basal 
heating. 

The two configurations tested above also display differences in 
terms of domes dynamics. We summarize here the main differences, 
considering the 3-D models (which account for basal cooling and 
freezing of inclusions density): 

(i) In the suspension regime (Configuration 1), the domes have 
sizes of about 10 km. Cyclic revolution records thermal oscillations 
around 700–900 ◦C over periods of ca . 1.5 Myr, starting 4–5 Myr 
after the onset of basal heating. Vertical rms velocities are of the 
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(a)

(b)

(c)

(d)

Figure 9. Configuration 2: Time evolution of three markers in the selected 3-D model Config 2 F 

7 − 12 (3-D). Their initial location is marked by circles in frame 
(a). (a) 3-D trajectory, (b) depth location, (c) temperature and (d) local v elocity magnitude. The conv ectiv e revolving period is about 2 Myr, at a velocity in the 
range 0.5–2 cm.yr −1 , maximum velocities reach 5 cm yr −1 , and temperatures v ary b y 100 ◦C in the range [700, 900] ◦C. Convection ceases at time t ≈ 12 Myr. 
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rder of 2–4 cm yr −1 . The domes shape is formed by aggregated
ight inclusions with enclosed pieces of the BED with layers of
ifferent properties. They adopt their final shape from time ca .
0 Myr and reach an exhumation depth of ca . 12–15 km after
0 Myr. 

(ii) In the layering regime (Configuration 2), domes have smaller
izes of about 2–5 km, similar thermal variations are slightly lower
ut occur over a similar range around 800 ◦C, starting at ∼5 Myr
fter the onset of basal heating. Vertical rms velocities stand in
he range of 0.5–2 cm yr −1 . The domes have a more homogeneous
omposition, and they reach depth 15–18 km after 20 Myr. 

The suspension regime is likely to correspond to orogenic con-
exts in which the crust heats up enough to undergo vigorous thermal
onvection. Such a configuration can be associated with a generally
ow viscosity behaviour and rather high Rayleigh numbers, that ap-
lies rather well to ancient geodynamic contexts. The formation of
ome structures is fav oured w hen accounting for the following ad-
itional processes: (i) an appropriate timing of the subsequent basal
ooling and (ii) sufficient melt extraction at the inclusions subscale
o that the inclusions density becomes ‘melt-insensitive’ at the sev-
ral Myr time-scale. Hence the modelled domes, represented by a
igh concentration of white inclusions, should be seen as a hetero-
eneous mixture between initial crustal compositions and partially
olten material. 
The layering regime produces smaller dome structures, and is

haracterized by generally greater viscosities and lower Rayleigh
umbers than Configuration 1. The dynamics are significantly
lower (e.g. mm yr −1 as opposed to cm yr −1 in the suspension
egime), which better corresponds to present-day geodynamic con-
exts; such moder n par tially molten cr ustal roots would still have
ime to mature thermally prior to an external tectonic forcing (e.g.
ateral extension). These domes can remain stuck at mid-crustal
evel for some time before lateral extensional tectonics drive further
xhumation to the surface. 

Finally, 3-D models are necessary to consider since they capture
he inherent 3-D dynamics and rounded structure of the compo-
itional domes, as opposed to the 2-D models which can only re-
roduce 2-D tubular-like structures. Configuration 1 reproduces the
ormation of nested small domes into a larger upwelling dome (a
onvection cell). Fur ther more, in both configurations, convection
nd dome structures display 3-D ‘radial’ patterns that are compa-
able to the stretching lineations observed in natural examples ( cf .
itations in Section 2 and cf . Louis-Napol éon 2020 ). 

.2 Limits of the modelling appr o ximations 

ur models make a number of assumptions which deserve dis-
ussion, prior to extrapolation to real geodynamic systems. Some
arameters choices have not been discussed in detail because first,
 large number of individual parameters have already been varied
nd tackled in previous studies (see below); secondly, for many of
hese parameters a precise value is not achievable given the variety
nd non-linearity of felsic rocks beha viour; third, w e are looking
or key trends rather than detailed values that would not bring fur-
her insight on the major controls on migmatite dome formation.
onetheless, w e ha ve tested the influence of a number of parameters

 for instance the conditions for polydiapirism and the influence of a
hird dimension on Ra yleigh–Ta ylor and Ra yleigh–B énard instabil-
ties were tested in Louis-Napol éon et al. ( 2020 ). The distribution of
he inclusions within the model domain and a variety of viscosities
ere tested in Louis-Napol éon et al. ( 2022 ). Let us address below
ther important factors dealing with the inclusions properties: melt
raction dependent rheology and the inclusions concentration. We
lso discuss the role of the boundary conditions. 

.2.1 Other parameters that determine the suspension and 
ayering regimes 

n this study, we selected two configurations that onl y dif fer b y
heir ‘unmolten’ viscosity so that one falls in the suspension regime
nd the other in the layering regime. Configuration 1 has smaller
nmolten viscosity hence thinner stiff lid than Configuration 2;
onsequently, convection occurs over a thicker layer, the ef fecti ve
a UM 

is higher and the rms velocity higher than in Configuration
. This leads to relati vel y slower segregation of light inclusions
eneath the upper crustal lid, with respect to Configuration 2. In
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paper part I (Louis-Napol éon et al. 2022 ), we explored a number 
of other parameters that led us to the regime diagram of Fig. 3 . Let 
us recall below the other key parameters that control the system’s 
evolution : 

(i) The Stokes number St , defined as the ratio of the characteris- 
tic response time of the inclusions τ incl to the characteristic time of 
the conv ectiv e flow τ flow , influences the system’s evolution. If St �
1, inclusions are likely to follow the local flow, whereas if St � 1 
they will move independently. As a rough estimate, we can write St 
= τ incl / τ flow with τ incl = 2 ρr 2 /(9 μ) and τ flow = ( H T /2)/ v flow , where 
v flow = 

√ 

αg�T ( H T / 2) characterizes the conv ectiv e flow v elocity. 
Using ρ = 2700 kg m 

−3 , r = 600 m, μ = 10 17 Pa s, H T = 45 km, 
α = 3 × 10 −5 K 

−1 , g = 9.81 m s −2 , � T = 400 K, we obtain St ≈
5 × 10 −12 . This shows that the inclusions inertia is negligible here 
and cannot be responsible for the se gre gation or layering processes. 
Moreover, we can compute the inclusions characteristic Stokes ve- 

locity v s = 

2 
9 

�ρgr 2 

μ
and characteristic residence time τ s = ( H T /2)/ v s . 

With �ρ = 200 kg m 

−3 and the values giv en abov e, we obtain v s 
≈ 5 cm yr −1 and τ s ≈ 0.5 Myr. We showed in Louis-Napol éon 
et al. ( 2022 ) that in our setting of conv ectiv e flow, with St ≈ 5 ×
10 −12 and a buoyancy ratio � < 10, our models stand in the so 
called ‘dust-like’ regime according to Pato ̌cka et al. ( 2020 ); in this 
regime the inclusions tend to se gre gate within a characteristic time 
3 τ s , which approaches 1.5 Myr here. Since this time duration is 
shorter than the time over which convection develops in our models 
(about 4 Myr), the inclusions have time to segregate and/or form 

layers. 
(ii) The viscosity and density ratios between the inclusions and 

the surrounding material (BED) control whether the inclusions are 
able to se gre gate into layers ef ficientl y. The sensiti vity of these 
parameters was only superficially explored in Part I. Investigating 
the influence of viscosity and density ratios in more detail is needed, 
but stands beyond the scope of this study. 

(iii) The intensity of convection is affected by the volume of 
buoyant melt generated. This depends on the solidus and liquidus 
temperatures. T sol and T liq are linearly linked to M and M s and 
intervene in the Rayleigh numbers via the melting front temperature 
T ( M = M s ). Hence varying T sol and T liq is equivalent to varying M s 

and Ra . In fact Appendix A1.1 in part I (Louis-Napol éon et al. 
2022 ), displays a sensibility analysis on M s for M s = 0.1 and 0.3 
(see case I 0 M 1 H 0 versus I 0 M 1 H 5 in Table A2), and shows that the 
main behaviours remain. However it would be useful to test phase 
dependent melting rates ( M( T i liq , T 

i 
sol ) ). 

All these parameters influence the boundaries between the sys- 
tem’s flow regimes ( cf. Fig. 3 and convection onset time. Although 
here w e ha v e only inv estigated the conditions for dome formation 
b y simpl y v arying the viscosity as a switch between the suspension 
and layering regimes, it is clear that other parameters impacting 
the inclusions density , viscosity , as well as the thermal state, also 
modulate this transition from one regime to the other. 

5.2.2 Melt properties – influence of the inclusions size and 
concentration 

We have explained our strong assumption of how our modelled in- 
clusions are supposed to capture melt percolation processes at the 
scale greater than several hundred metres. Although we relied on 
the sizes predicted by previous studies ( cf . Section 3 ), further work 
requires to better constrain the conditions by which this assumption 
holds. Although the threshold M S = 0.1 or 0.3 was shown not to 
drastically change the system’s dynamics (Louis-Napol éon et al. 
2022 ), this ‘structure’ of melt hetero geneity obviousl y requires an 
appropriate amount of felsic and hydrated minerals with respect to 
mafic components, to ensure not onl y suf ficientl y low overall vis- 
cosity, but also sufficient fluid pressure and density contrasts for 
melt se gre gation processes at the inclusions subscale (via porosity 
waves, e.g. R äss et al. 2019 ) or continuous percolation (Deubelbeiss 
& Kaus 2008 ; Brown 2010 ; Parmigiani et al. 2014 ). Several param- 
eters actually have competing influences and addressing them here 
escapes the scope of this contribution. Nevertheless, future stud- 
ies should improve our understanding of these intermediate scale 
processes. 

We also tested how the concentration and size of the inclusions in- 
fluences the layering regime and the formation of a layer of buoyant 
material at ca. 15 km depth, in Appendix C . Below a certain amount 
of inclusions, their presence does not influence the general flow and 
se gre gation dynamics, whereas above a maximum amount, they 
block the flow and impede se gre gation (consistent with e.g. Lavorel 
& Le Bars 2009 ; Harada et al. 2012 ). In Appendix C, we explain 
that an increase in the inclusions concentration φ tends to reduce 
the thickness of the convecting layer. Indeed, settling of the heavy 
inclusions occurs over a thicker lay er (F ig. C1 ) while the melting 
front remains deeper (Fig. C2 ): both effects reduce the thickness of 
the conv ectiv e layer. This in turn decreases the Rayleigh number of 
the unmolten region, reducing convection intensity and favouring 
the layering of light inclusions. 

5.2.3 The crust’s heterogeneity upon melting 

Our Configurations 1 and 2 assume a relati vel y complex dependency 
of the rheology on melt fraction. Ho wever , such a switch in rheology 
from a temperature and strain-rate po wer-la w relationship (eq. 6 ) to 
a melt fraction dependency (eq. 9 ) has become common practice in 
numerical geodynamics (e.g. Gerya et al. 2008 ; Perchuk et al. 2011 ; 
Schenker et al. 2012 ; Gerbault et al. 2018 ). Here we showed the 
key role of the crust’s heterogeneity in the formation of migmatite 
domes. 

It would be interesting to carry a comparative study with other 
modelling approaches of partial melting continental crust. Such 
studies usually seek other purposes, such as mobile belt geodynam- 
ics in Archean and Proterozoic times (Sizova et al. 2015 ; Piccolo 
et al. 2019 ) or high pressure exhumation patterns in continental 
collision belts (Perchuk et al. 2011 ; Burov et al. 2014 ). Other the- 
oretical models investigate multi-scale melt segregation processes 
(R äss et al. 2019 ; Schmeling et al. 2019 ; Culha et al. 2020 ; Schmel- 
ing et al. 2023 ) with advanced computational tools in order to deal 
with high resolution scales. It would be useful to investigate how 

these approaches also reproduce the se gre gation of partially molten 
felsic domes above a conv ectiv e crust, in comparison to field esti- 
mates of dimensions and timing associated to migmatite terranes 
(e.g. Ledru et al. 2001 ; Riel et al. 2016 ; Vanderhaeghe et al. 2018 ). 
Such a comparison will help to confirm the requirements obtained 
in our study, regarding both the compositional heterogeneities and 
the boundary conditions. 

5.2.4 The influence of the boundary conditions 

The lateral boundaries were kept fixed in our models, consistent 
with the assumption that the orogenic system is in a transitional 
stage between continental convergence and post-orogenic collapse. 
Actually such a transitional stage may last several tens of millions 
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f years, as has been proposed in several ancient orogenic belts,
ased on geochronological data (Ganne et al. 2014 ; Laurent et al.
018 ; Gerbault et al. 2018 ). This shows that the diapiric rise of
artially molten rocks from the core of orogenic roots, for example
ri ven b y gravitational instabilities, could indeed be a standard pro-
ess of the orogenic c ycle. Nev ertheless, lateral e xtension has also
een shown to play a strong control on final exhumation through
he more resistant upper crust (Whitney et al. 2004 ; Schenker et al.
012 ). Sev eral studies hav e tackled the competition between lateral
tectonic’ forces and buoyancy over the orogenic cycle, but this is-
ue stands beyond the scope of this study. Top surface erosion and
edimentary processes were not accounted for here. However they
bviously play a role in exhumation, by adding or removing a ver-
ical force component that may not be uniform along the horizontal
op surface, as has been shown by numerous studies before (e.g.
vouac & Burov 1996 ; Willett 1999 ; Burov et al. 2003 ; Gerbault
t al. 2003 ). Hence these processes should be considered if a more
recise model of the exhumation rates of specific domes is carried
ut. 

In terms of numerical boundary conditions, periodic conditions
material and temperature) were imposed on the lateral boundaries;
 e show ed their ne gligible impact on the dev elopment of conv ectiv e

ells (their characteristic width) in Louis-Napol éon et al. ( 2022 ). 
Finally, commenting on our ther mal boundar y conditions at the

ase of the models; we made two strong assumptions: (1) a sud-
en heating from 600 to 1000 ◦C at the model initiation time and
2) a pro gressi ve cooling back to 600 ◦C from 5 Myr to 10 or
5 Myr on-wards. For approximation (1), we assumed that litho-
phere slab-breakoff, delamination or flowing underlying magmas
ccurs below the crust within several million years, consistent with
an Hunen & Allen ( 2011 ) and Duretz & Gerya ( 2013 ) (see also
iscussion in Garzanti et al. 2018 ). One must consider that although
he initiation of slab break-off or delamination takes time, extra heat
ctually reaches the base of the orogenic crust only at its ultimate
tage. Alternati vel y, basal heating may also occur via underplat-
ng of basaltic magma from the mantle, especially in subduction
one mountain belts. In any case this process can be considered to
ccur much faster than the subsequent cooling event ( cf. approxi-
ation 2). Approximation (2) in turn, for example cooling assumed

o occur over ca. 5 to 10 Myr, is consistent with Davies & von
lanckenb urg ( 1995 ), b ut could actually occur over a much longer
eriod (e.g. Ueda et al. 2012 ). Actually, application of cooling
rom below causes an inversion of the temperature profile such that
eat tends to flo w do wnwards from the crust into the mantle. This
eads the base of the crust to become more viscous than the middle
f the crust, which may potentially induce other gravity instabil-
ties (not occurring here since the black inclusions remain denser
han the BED). Alter native boundar y conditions to simulate oro-
enic cooling would have been to reduce the thermal flow instead
f temperature (e.g. Thompson & Connolly , 1995 ), or to stretch
he bottom boundary, which requires to increase the model’s size.
onetheless, let us mention that a lithosphere’s thermal state dur-

ng a continental orogenic cycle is certainly not uniform neither in
pace nor time, and that lateral mass transfer within the crust (lateral
ow) and below it (resuming slab advance as opposed to slab re-

reat) may lead to insulating layers at different levels of lithospheric
olumns. 

Despite their imperfections, the thermal boundary conditions of
ur models are shown to strongly control the development and
reservation of migmatite domes. Shorter heating time would tend
o prev ent conv ectiv e motion, and longer heating time would in-
ibit diapirism. Hence they stand as critical conditions for dome
ormation. We acknowledge that the global thermal evolution of
n orogenic system should then better be tackled with larger scale
odels, that incorporate the entire lithosphere and asthenospheric

omains and can then account for self-consistent lithospheric de-
amination and/or slab-break off processes (e.g. Schott et al. 2000 ;
eda et al. 2012 ; Burov et al. 2014 ). However such large scale
odels also require to consider the orogens entire evolutionary his-

ory, requiring more precise thermal constraints from field data in
rder to validate specific geodynamic scenarii. They also remain
ubmitted to limitations imposed by mesh resolution. 

.3 Insight on the conditions for the formation of 
igmatite domes worldwide 

ne may wonder how to transpose the controlling parameters dis-
layed by our models to field observations. The answer is twofolds,
n terms of the observable spatial dimensions and time-scales first,
nd then in terms of the implications on the rheological properties
nd the boundary conditions of the system. First, domes of sizes
0–100 km, such as in the Archean Pilbara craton, the Palaeopro-
erozoic Eburnean and Svecofennian belts and even in the Palaeo-
oic Variscan belt (Velay area), likely formed in war mer cr usts,
onsistent with a higher geothermal gradient (Brown & Johnson
018 ; Vanderhaeghe et al. 2019 ) and/or the persistence of thick
rogenic crust for several tens of Myr (Harley 2016 ; Laurent et al.
018 ; Guergouz et al. 2018 ; Turlin et al. 2018 ). As of small scale
omes, such as those of Thor-Odin in the Shuswap MCC or Naxos
n the Aegean domain (Kruckenberg et al. 2011 ; Vanderhaeghe
t al. 2018 ), the models consistently indicate that thermal convec-
ion and diapirism occurred over a relati vel y short time-window of
–10 Myr. This timing indicates a relati vel y short thermal destabi-
ization process, such as slab-break-off or lithospheric delamination
ollowed by rapid thermal re-equilibration, prior to a drastic change
n the lateral tectonic forces (which controls subsequent orogenic
volution, e.g. in the Aegean domain). 

Second, our models confirm that an orogenic crust can convect
nd develop dome structures considering a reasonable range of den-
ity contrasts (100 kg m 

−3 ) and viscosities locally as low as 10 16 Pa
. This mixing process (con vection) follo w ed by gra vitionall y dri ven
e gre gation, occurs ov er sev eral millions years, and may explain the
agmas variabilities that are found in migmatite domes worldwide,
ith cyclic aggregation of molten material coming from below. A

loser comparison between models and data requires further knowl-
dge from the geological record: (i) measured field lineations can
rovide indications on the symmetry of the domes shapes, (ii) zir-
on dating and other geochronology data can provide a more precise
iming of vertical (P,T) motions from the centre of the domes to their
orders and (iii) mineralogical and fluid inclusions studies can help
dentify the (P, T, X) conditions associated with the ongoing meta-

orphic reactions, melting and crystallization, during the medium’s
eformation (from the domes core to their edges, and from deep to
hallow depths). This in turn, can help to better identify the appro-
riate density and viscosity of elementary volumes representative
f the physical scales at play (and link the grain scale and the crustal
cale). 

 C O N C LU S I O N  

ur models show the general importance of considering the com-
ositional heterogeneity of continental crust upon melting. Melting
rocesses involve thermodynamic exchanges at multiple scales, and
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several geodynamic studies in the community now incorporate such 
multiscale mechanisms, via the implementation of a two-phase flow 

formalism. Here we approximated the subscale melt se gre gation 
processes by their first order properties, for example heterogeneity 
at the intermediate scale of several hundred metres. This allowed 
us to assess how gravitational dynamics together with the heating 
history can lead to the development and preservation of migmatite 
domes. 

In our study part I (Louis-Napol éon et al. 2022 ), w e show ed that 
when convection occurs in partially molten crust, it tends to destroy 
any se gre gated dome made of the lighter products of partial melting. 
We had found an intermediate regime in which buoyant partially 
molten rocks can accumulate and form a horizontal (‘stratified’) 
layer at the base of the upper crust. 

Here in this part II, we complemented this geodynamic con- 
text by exploring additional factors allowing for the formation and 
preservation of dome shaped structures in a convecting system. We 
achieved this by accounting for the following conditions: 

(i) Basal heating for about 5–10 Myr prior to the return to stan- 
dard basal temperature during another 5–10 Myr. A faster evolution 
of this thermal condition impedes the development of convection, 
while a slower evolution impedes the preservation of kilometric 
scale dome structures. Such timing is consistent with estimates of 
the typical timing of lithospheric delamination or break-off during 
oro genic e volution. 

(ii) Non-reversible density of partially molten material when 
reaching its peak metamorphic grade facilitates the preservation 
of dome structures instead of layered structures (at the base of the 
upper crust). 

(iii) In cases of a vigorous conv ectiv e re gime in the lower crust 
(‘suspension’ regime, Configuration 1), domes of sizes of about 
10 km or more can form. This regime applies to a ‘hot’ felsic 
crust (Louis-Napol éon et al. 2022 ). Motion velocities reach several 
cm/yr. 

(iv) In contrast when the system is set in the ‘layering’ regime 
(Louis-Napol éon et al. ( 2022 ), for example the bulk crust is more 
viscous (Configuration 2), smaller scale dome structures are pre- 
served, of sizes rather close to 5 km. Moreover, these small domes 
have a more homogeneous composition made of buoyant material, 
in comparison to those of Configuration 1. In this regime, the sys- 
tem achieves moderate velocities (about 0.5 cm yr −1 or less) that are 
consistent with present-day transitional tectonics velocities (switch 
from compressional to tensile tectonics). 

Further work is still required to improve our understanding of the 
constraints on migmatite dome formation, and future models should 
account for (i) moving the lateral boundaries and considering ero- 
sion/sedimentation surface processes on more global time and space 
scales, (ii) small scale se gre gation processes that depend on com- 
positional thermodynamics. Although our models reproduced both 
small ( ≤5) km and large ( ≥20 km) dome sizes, coherent with cooler 
orogenic settings in the Phanerozoic than in the Archean, an im- 
proved model fit to data requires further information on the detailed 
chronology and compositions associated with those terranes. Geo- 
logical mapping and mineralogical compositions at different scales 
will help to better constrain and extrapolate properties known at the 
grain scale (transport of volatile species), to the metre (compaction 
and fracturing processes) and kilometric scales (mixed heteroge- 
neous or homogeneous textures), and finally to the crustal scale. 
Precise geophysical imaging would also help visualize how these 
domes are actually anchored at depth, and where their heavier, 
deeper counter-parts have gone. 
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arzanti , E. , Radeff, G. & Malus à, M.G., 2018. Slab breakoff: a critical
appraisal of a geological theory as applied in space and time, Earth-Sci.
Rev., 177, 303–319. 

erbault , M. , Henrys, S. & Dav e y, F., 2003. Numerical models of litho-
spheric defor mation for ming the Souther n Alps of New Zealand, J. geo-
phys. Res., 108 (B7), doi:10.1029/2001JB001716. 

erbault , M. , Schneider, J., Reverso-Peila, A. & Corsini, M., 2018.
Crustal exhumation during ongoing compression in the Variscan Maures-
Tanneron Massif, France-Geological and thermo-mechanical aspects,
Tectonophysics, 746, 439–458. 

erya , T. , Perchuk, L. & Burg, J.-P., 2008. Transient hot channels: perpetrat-
ing and regurgitating ultrahigh-pressure, high-temperature crust–mantle
associations in collision belts, Lithos, 103 (1–2), 236–256. 

lazner , A.F. , 2019. The ascent of water-rich magma and decompression
heating: a thermodynamic analysis, Am. Mineral.: J. Earth planet. Mater.,
104 (6), 890–896. 

uergouz , C. , Martin, L., Vanderhaeghe, O., Th ébaud, N. & Fiorentini,
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Louis-Napol éon , A. , Gerbault, M., Bonometti, T., Thieulot, C., Martin, R. & 

Vanderhaeghe, O., 2020. 3-d numerical modelling of crustal polydiapirs 
with Volume-Of-Fluid methods, Geophys. J. Int., 222 (1), 474–506. 
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P P E N D I X  A :  A D D I T I O NA L  

N F O R M AT I O N  O N  T H E  N U M E R I C A L  

S S U M P T I O N S  

irst, let us recall that the VOF method is well known to preserve
aterial properties at material phases interfaces. Note that in our

umerical setup here, while the inclusions can change their volume
ue to break-up or coalescence, the total mass of each phase is
onserved in the domain. In Louis-Napol éon et al. ( 2020 , fig. G.1),
e performed tests of mass conservation on multila yer Ra yleigh–
aylor problems (including those in Weinberg 1992 ) and Rayleigh–
enard problems: the mass of each phase was conserved within
0 −6 per cent. 

1 Complementary description of the Rayleigh numbers 
or the crustal flow regimes 

n Louis-Napol éon et al. ( 2022 ) we found that distinct flow regimes
ould be identified depending on two Rayleigh numbers for the
nmolten and partially molten domains, Ra UM 

and Ra PM 

: 

R a UM 

= 
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, R a PM 
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κPM ̃
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. (A1) 

In detail, � T UM 

is the temperature difference between T 0 o at
he Earth surface (0 ◦C) and T M s at the melting front (here set
o 720 ◦C), � T PM 

is the temperature difference between T 1000 ◦ at
he bottom of the computational domain (1000 ◦C) and T M s at
he melting front. As for the thickness of the thermal convection
e gions, and since the y are not known a priori , we simply take
alf the depth separating the Earth surface and the bottom of the
omputational domain, namely H T 

2 . κUM 

and κPM 

are the thermal
if fusi vities computed with the characteristic mean temperature in
ach layer, namely κUM 

= κ(( T M s + T 0 o ) / 2) and κPM 

= κ(( T M s +
T 1000 ◦ ) / 2) , respecti vel y. Finall y, we estimate the viscosity using the
heologies described in Section 3.3 : ∣∣∣∣∣∣∣

˜ K 

UM 

eff = 0 . 25 × 10 6 × (0 . 75 A ) −
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n × exp ( Q 

n R T UM 
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eff = μ0 
1 × exp 
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2 . 5 + 
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)0 . 48 
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(1 − M S ) 
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, 
(A2) 

here T UM 

is the characteristic mean temperature in the unmolten
ayer, T UM 

= ( T M s + T 0 o ) / 2 = (720 + 0) / 2 = 360 o C. In addition,
 e ha ve H T = 45 km, � T UM 

= 720 K, � T PM 

= 280 K, and ˜ K 

UM
eff 

nd ˜ K 

PM 

eff depend on the input parameters ( cf . eqs 6 , 9 and Table 1 ).

2 Simplified diffusivity, heat capacity and latent heat for 
he temperature equation 

ere, κ( T ) the thermal dif fusi vity (in m 

2 s −1 ), and C p ( T ) the heat
apacity (in m 

2 s −2 K 

−1 ) are prescribed to depend on temperature
ccording to Whittington et al. ( 2009 ), in a decoupled manner and
imilar to, for example Gerya et al. ( 2008 ): 

( T ) = 

∣∣∣∣∣∣
(

567 . 3 

T 
− 0 . 062 

)
× 10 −6 if T < 846K, 

(0 . 732 − 1 . 35 × 10 −4 T ) × 10 −6 if T > 846K, 

(A3) 

 p ( T ) = 

∣∣∣∣ 902 . 7 + 0 . 387 T − 22 . 6 × 10 + 6 T −2 if T < 846 K, 

1037 . 6 + 0 . 146 T − 216 . 7 × 10 −6 T −2 if T > 846 K. 
(A4) 

In addition, latent heating is accounted for via the dimensionless
pparent heat capacity C A in the temperature equation. It is defined

s C A = 1 + 

L 

C p 

∂ M 

∂T 
, where L is the latent heat (in m 

2 s −2 ), C p is

he heat capacity (in m 

2 s −2 K 

−1 ), M is the melt fraction and T is
emperature (in K) (Ulvrov á et al. 2012 ). Here, we define M using

q. ( 7 ), hence we have 
∂ M 

∂T 
= 

1 

T liq − T sol 
when T sol ≤ T ≤ T liq and

 otherwise. This leads to 

 

A ( T ) = 1 + 

∣∣∣∣∣∣
0 if T < T sol , 

St if T sol ≤ T ≤ T liq , 
0 if T > T liq , 

(A5) 
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(a) (b)

Figure B2. Time evolution of (a) the melting front depth and (b) the mean vertical velocity, for a series of tests with various initial radii r of the inclusions. 

Figure B1. Zoom on the inclusions in conv ectiv e cells. Their diameter is 
3–4 grid cells, for example about 300–400 m. 
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where St = 

L 

C p ( T ) × ( T liq − T sol ) 
is the Stefan number. In this 

work, St ∼ 1 since L ≈ 4 × 10 5 m 

2 s −2 , C p ≈ 1200 m 

2 s −2 K 

−1 and 
�T = T liq − T sol = 400 K. 

A P P E N D I X  B :  I N F LU E N C E  O F  T H E  

I N C LU S I O N S  S I Z E  O N  T H E  ‘ L AY E R I N G ’  
R E G I M E  

Here, we test the influence of the inclusions radius r on the devel- 
opment of a layer of light inclusions at the the top of the convection 
cell. Therefore, we choose a model case set in the layering regime, 
hence we reduce further the viscosity pre-factor for the unmolten 
layer with respect to configuration 1 ( cf . eq. 6 , Table 2 ). Namely 
here, A i = 7.81 × 10 −6 Pa −2.3 s −1 (corresponding to case H 7 in 
paper part I). The inclusions radius is varied from r = 150 m to r = 

1200 m. The volume fraction of the inclusions is kept constant, at 
φ ≈ 0.35. The results are presented around time t = 10 Myr, which 
appears as the typical time for dome formation. 

In general, we observe that all inclusions entrained in the convec- 
tive cells progressively adopt a similar equivalent diameter (around 
3–4 mesh cells, that is 300–400 m, see Fig. B1 ). This shows that the 
size of the inclusions is controlled by the local shear rate, indepen- 
dently of their initial radius. 

The temporal evolution of the melting front depth and of the 
mean v ertical v elocity are display ed in F ig. B2 : it is roughly similar 
for all cases. As for the mean vertical velocity, a slow increase 
occurs during the early stage t ≤ 5 Myr until thermal convection 
is triggered. After 5 Myr, it increases (together with convection- 
induced oscillations) and a plateau is reached at about 10 Myr, 
set in the range [0.25–0.75] cm yr −1 . We see that for r ≥ 200 m, 
the mean vertical velocity becomes roughly independent of r . In 
contrast, for r ≤ 150 m, differences are observed, especially at the 
onset of convection where the mean velocity is two to three times 
larger than in the other cases. 

Fig. B3 shows that the melting front (red isotherm) reaches a 
depth of about −25 km in all cases, after 10 Myr. Under the melting 
front, heterogeneities se gre gate both upwards (for the light white 
ones) and downwards (for the black heavy ones), but some also still 
get dragged into the con vection cells. W ith increasing radius, the 
se gre gation of the w hite lay er at ca . 25 km depths becomes more 
pronounced, while less inclusions remain in the conv ectiv e cells. 
The thickness of the white material layer becomes roughly similar 
(2–3 km) over time, except for r ≤ 200 m, where the formation 
of the white inclusions layer is not systematic: after checking that 
mass is conserved, we conclude that the inclusions are undersized 
with respect to the mesh resolution (a cell size is about 100 m 

here). 

A P P E N D I X  C :  I N F LU E N C E  O F  T H E  

I N C LU S I O N S  C O N C E N T R AT I O N  O N  

T H E  ‘ L AY E R I N G ’  R E G I M E  

The concentration of inclusions characterizes the heterogeneity of 
the partially melting orogenic crust, and we present here tests that 
highlight its influence on dome formation. First, we display a de- 
tailed parametric analysis for one typical model case of the layering 
regime, and then one specific test for configuration 2 presented in 
the main text. 

C1 Variation of the inclusions concentration in the 
‘lay ering’ r egime case: 2-D sim ulations 

Here, we vary the inclusions concentration ( φ, or volume frac- 
tion) by changing the distance between inclusions while keeping 
the inclusions radius fixed, r = 600 m. Recall that in 2-D, the theo- 
retical volume fraction of all inclusions (the light and heavy ones) 
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Figure B3. Influence of the inclusions radius on the preservation of the light inclusions layer at ca . 10 Myr (case H 1 M 1 H 7 , fixed φ ≈ 0.35). Snapshots display 
temperature isocontours in Celsius degrees and, on the left (right) half of the domain the viscosity distribution (light and heavy inclusions in white and black, 
respecti vel y). 
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s φ = πr 2 /L 

2 
t . φ varies here in the range [0.1; 0.35]. The other

odel parameters are those of case H 7 ( cf . Fig. 3 ), which differs
rom configuration 1 by the unmolten layer pre-factor viscosity A i 

 7.81 × 10 −6 Pa −2.3 s −1 (main text Table 2 ). 
The results are displayed around time 10 Myr in Figs C1 and
2 . As in the previous appendix, the inclusions are seen to achieve
 roughly similar size due to break-up and coalescence within the
onv ectiv e flow, and independently of the initial volume fraction.

art/ggad388_fb3.eps
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(a) (b)

Figure C1. Time evolution of (a) the melting front depth and (b) the mean vertical velocity, for models in which φ varies in the range [0.1,0.35]. Here, the 
inclusions radius r = 600 m. Stacking of the light inclusions occurs when concentration exceeds the critical value φ = 0.275. 
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Ho wever , we observe a strong influence of the volume fraction on 
the development of a light inclusions layer at ca . 20 km depths. 
Below φ = 0.275, no layer of light inclusions is maintained. This 
is correlated with a significant change in the average velocity | U y | 
between cases with φ > 0.275 and cases with φ < 0.275. This 
velocity is two to three times larger when φ < 0.275 than when 
φ > 0.275 (Fig. C1 ). A transition occurs: below φ = 0.275, con- 
vection is barely affected by the inclusions and remains vigorous. 
The light inclusions are entrained in the conv ectiv e re gion. Abov e 
φ = 0.275, convection is reduced and a layer of light inclusions can 
form. 

An explanation for the φ-transition stems from considering the 
thinning of the ef fecti v e conv ection layer. Indeed at large φ, the 
settling of the heavy inclusions observed in Fig. C2 occurs over 
a greater thickness, and the melting front observed in Fig. C1 is 
located deeper: both effects act to reduce the thickness of the con- 
v ectiv e layer. This in turn decreases the Rayleigh number of the 
unmelted region, reducing the convection intensity and favouring 
the layering of the light inclusions. 

Let us roughly estimate this decrease in Rayleigh number between 
cases with φ = 0.1 and 0.35. Therefore, we assume that both light 
and heavy inclusions are stacked into a single layer of length 50 km 

(that of the computational domain) and of height h 

φ

l . The thickness 
of the convection layer h 

φ
conv can be estimated as h 

φ
conv = H − h 

φ

l , 
where H is the height of the computational domain. In 2-D, we obtain 
a ratio of inclusions layer thicknesses 
h φ= 0 . 35 

l 

h φ= 0 . 1 
l 

= 3 . 5 . This leads to a 

ratio of the convecting layer thicknesses h φ= 0 . 35 
conv 

h φ= 0 . 1 
conv 

= 

H−h φ= 0 . 35 
l 

H−h φ= 0 . 1 
l 

≈ 0 . 72 , 

and thus a ratio between Rayleigh numbers Ra φ= 0 . 35 

Ra φ= 0 . 1 = (0 . 72) 3 ≈
0 . 38 . Hence at high inclusions volume fraction, the local Rayleigh 
number reduces by more than a factor three and significantly reduces 
the convection intensity. 

Another interpretation might also stem from expressing the ef- 
fective viscosity of the medium as a Krieger–Dougherty expo- 
nential function of φ (Krieger & Dougherty 1959 ); however this 
demonstration requires additional tests that we leave to future 
studies. 

C2 The influence of φ on configuration 2 − 3-D 

simulations 

This ultimate test is based on the 3-D simulation Config 2 F 

7 − 12 

(3 - D), where the inclusions concentration is lowered to φ = 0.16. 
Results Fig C3 are in agreement with observations made in 2-D for 
low φ (Figs C1 and C2 ). At this φ value below the 0.275 transition, 
no dome is observed anymore and the rms v ertical v elocity is two 
to three times larger than in the reference case (compare with Fig. 9 
for φ = 0.35). This 3-D simulation confirms the existence of a 
φ-transition for domes formation. 
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Figure C2. Influence of the inclusions concentration φ ( H 1 M 1 H 7 , r = 600 m). Snapshots at ca . 10 and 15 Myr: for φ > 0.275, the white inclusions layer 
remains despite convection underneath. Temperature isocontours in Celsius degrees and, on the left (right) half of the domain the viscosity distribution (light 
and heavy inclusions in white and black, respecti vel y). 
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(a)

(b) (c)

Figure C3. Configuration 2 with a lower concentration of inclusions, φ = 0.16 ( and here, t 1 = 10 Myr and t 2 = 15 Myr). (a) Time evolution of the flow with 
3-D views and 2-D vertical profiles along plane z = 25 km (see legend of Fig. 5 ). (b) 3-D trajectory of some markers with initial location ( x , y , z ) = (25, −40, 
25), (35, −22, 25) and (40, −37, 30) marked by circles. (c) Markers depth location, temperature and velocity over time. 
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