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INTRODUCTION
Migmatite-cored metamorphic core com-

plexes are common crustal-scale features that 
develop when thick, partially molten continen-
tal crust is exhumed beneath low-angle normal 
faults (detachments) by extension. They offer 
an opportunity to study deep crustal processes, 
contribute to the thermal and mechanical ree-
quilibration of orogenic crust, and, as we show 
here, record the kinematic boundary conditions 
prevailing during the fi nal stages of orogeny.

Physical and numerical experiments have 
shown that strain localization is essential to met-
amorphic core complexes (Buck, 1993; Lavier 
et al., 1999; Koyi and Skelton, 2001; Dykster-
huis et al., 2007; Gessner et al., 2007; Brun et 
al., 1994; Tirel et al., 2004; Wijns et al., 2005, 
Regenauer-Lieb et al., 2006). Upon extension, 
localized thinning of the upper crust is isostati-
cally compensated by the fl ow of ductile lower 
crust into the metamorphic core complex (Block 
and Royden, 1990; Wdowinski and Axen, 1992), 
requiring a low-viscosity lower crust (Brun et al., 
1994; Wijns et al., 2005). The viscosity of par-
tially melted rocks decreases dramatically with 
increasing melt fraction (Richet and Bottinga, 
1995; Scaillet et al., 1996; Baker, 1998) and, in 
the common case of fl uid-absent partial melting, 
density also decreases (Clemens and Droop, 
1998). As most fl uid-absent melting reactions 
have positive slope in pressure-temperature 
space, extension-induced decompression could 

be important in the structural and thermal devel-
opment of migmatite-cored metamorphic core 
complexes (Teyssier and Whitney, 2002; Whit-
ney et al., 2004). Very few studies have investi-
gated the role of partial melting in the develop-
ment of metamorphic core complexes (Tirel et 
al., 2004, 2008) and none includes temperature-
dependent melt fraction and/or melt fraction–
dependent viscosity and density.

We examine the thermal and mechanical 
evolution of metamorphic core complexes via 
a series of two-dimensional numerical experi-
ments in which the impacts of partial melting on 
temperature, density, and viscosity are accounted 
for. Because heat advection competes with the 
conductive cooling of the thinning crust, the role 
of extensional strain rates is also considered. We 
compare numerical experiments results with nat-
ural examples of migmatite-cored metamorphic 
core complexes and show that the position of the 
migmatite core within domes, the crystallization 
depth, the shape of particle fl ow paths (kinemat-
ics and fi nite strain), and pressure-temperature-
time (P-T-t) paths are critically dependent on 
extensional strain rates and melt fraction.

NUMERICAL EXPERIMENTS, CODE 
AND MODEL SETUP

We use Ellipsis, a Lagrangian integration 
point fi nite-element code, to solve the govern-
ing equations of momentum, mass, and energy 
in incompressible fl ow (Moresi et al., 2003). 
Figure 1 describes the geometry and thermome-
chanical state of our reference model (see the 
GSA Data Repository1 for details). In contrast to 
previous studies (Brun et al., 1994; Brun, 1999; 
Tirel et al., 2004, 2008; Wijns et al., 2005; Gess-
ner et al., 2007), the upper and lower crust in 

our models have the same rheology and density 
structures, so the depth of the brittle-ductile tran-
sition evolves with strain rate and temperature.

A melt function was implemented in Ellipsis 
to account for the thermal and mechanical effects 
of partial melting (O’Neill et al., 2006). The soli-
dus and liquidus are adjusted to obtain a peak 
melt fraction of 35% at the Moho (Fig. 1). The 
density of the partially melted region decreases 
linearly by 13% between the solidus and the 
liquidus (Clemens and Droop, 1998), whereas 
the viscosity decreases linearly by three orders 
of magnitude when the melt fraction increases 
from 15% to 30%. Rosenberg and Handy (2005) 
showed that signifi cant weakening occurs at 7% 
melt fraction. In our experiments, the melt frac-
tion increases up to 30% over a few kilometers 
only. Consequently, the results are not affected 
by shifting this critical melt fraction down to 
2%–12%. In the models, there is no segrega-
tion of the melt from its source, a reasonable 
approximation for many migmatite-cored meta-
morphic core complexes in which melt and solid 
fractions move en masse (Teyssier and Whitney, 
2002; Whitney et al., 2004).

Moving boundary conditions are imposed at 
both lateral ends of the model. We have tested a 
range of initial strain rates between 6 × 10−15 s−1 
and 2 × 10−16 s−1 (i.e., 25.5 mm/yr to 0.85 mm/yr 
at both sides). These strain rates are achieved for 
the fi rst increment of deformation and decrease 
as extension proceeds. Because deformation is 
strongly localized around the detachment fault, 
much higher strain rates are achieved around the 
metamorphic core complex.

METAMORPHIC CORE COMPLEX 
GEOMETRY, TEMPERATURE, AND 
PARTIAL MELT DISTRIBUTIONS

Figure 2 shows models deformed at rela-
tively slow (2 × 10−16 s−1) and fast (2 × 10−15 s−1) 
extension rates. In many dozens of trials with 
variations in physical and numerical param-
eters, modeling results are robust with respect 
to geometry and P-T-t evolution. Melt-absent 
experiments (Figs. 2A and 2B) illustrate the 
importance of extension rate. Fast extension 
promotes signifi cant heat advection (relief of 
isotherms, Fig. 2B) and internal deformation of 
material in the upwelling region, resulting in a 
wider metamorphic core complex. This latter 
result seems at odds with results from physical 
experiments, which suggest that fast extension 
leads to distributed surface extension (Brun et 
al., 1994; Brun, 1999). This discrepancy is likely 
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ABSTRACT
Two-dimensional thermomechanical experiments reveal that the crystallization versus 

exhumation histories of migmatite cores in metamorphic core complexes give insights into 
the driving far-fi eld extensional strain rates. At high strain rates, migmatite cores crystallize 
and cool along a hot geothermal gradient (35–65 °C km–1) after the bulk of their exhumation. 
At low strain rates, migmatite cores crystallize at higher pressure before the bulk of their 
exhumation, which is accommodated by solid-state deformation along a cooler geothermal 
gradient (20–35 °C km–1). In the cases of boundary-driven extension, space is provided for 
the domes, and therefore the buoyancy of migmatite cores contributes little to the dynamics 
of metamorphic core complexes. The presence of melt favors heterogeneous bulk pure shear 
of the dome, as opposed to bulk simple shear, which dominates in melt-absent experiments. 
The position of migmatite cores in their domes reveals the initial dip direction of detachment 
faults. The migmatitic Shuswap core complex (British Columbia, Canada) and the Ruby–East 
Humboldt Range (Nevada, United States) possibly exemplify metamorphic core complexes 
driven by faster and slower extension, respectively.
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due to the more realistic visco-plastic stratifi ca-
tion in our numerical experiments compared to 
the shear stress discontinuity at the sand-silicone 
contact in physical experiments.

With the melt function turned on (Figs. 2C
1
, 

2C
2
, 2D

1
, 2D

2
), the core complex broadens 

slightly (6%–12% wider), whether at slow or 
fast strain rates. Slow extension with melt (Figs. 
2C

1
 and

 
2C

2
) enhances upward motion of deep 

crust (Fig. 2A), resulting in larger exhumation of 
rocks that were once partially molten. Figure 2C

2
 

shows an antiform of crystallized partial melt that 
represents preferential exhumation of deep rocks 
in the detachment footwall. The solidus at 40 m.y. 
is relatively fl at and located at ~27 km depth. In 
contrast, fast extension (Figs. 2D

1
 and 2D

2
) pro-

duces larger heat advection that also corresponds 
to upward motion of the partial melt layer. After 
4 m.y., the solidus is located at <10 km depth and 
the partial melt antiform is cored by a region of 
>30% melt at shallow levels. Despite the symme-
try of kinematic boundary conditions, the crystal-

lized migmatite cores are systematically shifted 
in the domes toward the hanging wall. This shift 
(cf. Burg et al., 2004) does not exist in experi-
ments (not shown) in which a circular rheologi-
cal anomaly was used as a strain localization 
agent. We conclude that the shift is linked to the 
initial dip direction of the planar zone of weak-
ness, which therefore plays an important role 
in the evolving geometry and the asymmetry of 
migmatite-cored metamorphic core complexes. 
In nature, this shift can be used to infer the dip 
direction of the original detachment fault.

The exhumation magnitude of the solidus, 
and the crystallization versus exhumation and/
or deformation history, are the most fundamen-
tal differences between models extending at 
fast and slow strain rates. Initially at a depth of 
37 km, fast extension brings the solidus ~7 km 
to the surface in a few million years (Fig. 2D

2
). 

In this case, cooling and crystallization of par-
tially molten crust occurs after the bulk of defor-
mation accommodating the exhumation of the 

dome, possibly even after extension has stopped, 
as the solidus recedes downward during cooling 
of the crust. In contrast, slow extension brings 
the solidus slowly ~27 km to the surface over a 
few tens of millions of years (Fig. 2C

2
). In this 

case, a large volume of migmatite is advected 
upward through a quasi-static solidus (blue 
region in Fig. 2C

2
), as rocks are exhumed faster 

than the solidus. In the latter case, the bulk of 
deformation accommodating the dome exhuma-
tion occurs after crystallization, and partial melt-
ing is restricted to P > 600 MPa (>~22 km). This 
contrasted crystallization versus exhumation 
and/or deformation history suggests that solid-
state deformation is dominant in slow extension 
metamorphic core complexes, whereas weakly 
deformed domes are expected in fast extension 
metamorphic core complexes, as crystallization 
and cooling postdate the bulk of exhumation of 
the dome. The contrasting crystallization versus 
exhumation and/or deformation history also sug-
gests that low-pressure partial melting (P < 400 
MPa, i.e., <~15 km) requires fast extensional 
strain rates, whereas melts restricted to medium 
to high pressure (P > 600 MPa) are prevalent in 
slow extension metamorphic core complexes.

To test the role of buoyancy in the upward fl ow 
of the low-viscosity layer, we ran experiments in 
which melting was not accompanied with den-
sity decrease. These experiments confi rm that, as 
long as space for metamorphic core complexes 
is provided by boundary-driven extension, the 
buoyancy force is secondary to strain rate (Brun 
et al., 1994; Tirel et al., 2004, 2008; Wijns et al., 
2005; Gessner et al., 2007). In a system driven 
by far-fi eld horizontal extension, upward fl ow 
in metamorphic core complexes is determined 
mainly by a dynamic feedback between exten-
sion of the upper crust and the necessity for the 
low-viscosity lower crust to fi ll the zone of exten-
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Figure 1. Model geometry, parameters, and boundary conditions, showing solidus and liq-
uidus, geotherm, melt fraction, viscosity, and locations of markers used to track tempera-
ture and pressure (T, P) history, fl ow paths, and fi nite strain. Weak prismatic region dipping 
45° simulates detachment fault in upper crust. Crust has solidus and liquidus with positive 
dP/dT that is representative of fl uid-absent partial melting reactions (Clemens and Droop, 
1998). Contrasting color between upper and lower crust acts as strain marker. 

Figure 2. All models have recorded 25% extension following 40 m.y. of extension at strain rate of 2 × 10−16 s−1 (A, C) and 4 m.y. of 
extension at strain rate of 2 × 10−15 s−1 (B, D). A, B: Models with melt function turned off, and (C1, D1) models with melt function turned 
on contoured for temperature, and melt fraction (C2, D2). Flow paths of deeper grid nodes are shown as thick white lines. 
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sion effi ciently (Wdowinski and Axen, 1992); 
isostasy rather than buoyancy drives exhumation. 
Contrasting results can be expected when volume 
forces, due to lateral variation in gravitational 
energy, drive extension. In such a case, space 
for metamorphic core complexes is provided 
by internal redistribution of masses (Rey et al., 
2001), in which case the buoyancy of the melted 
lower crust is of fundamental importance.

FINITE STRAIN, FLOW, AND P-T-t 
PATHS IN METAMORPHIC CORE 
COMPLEXES

Although various metamorphic core com-
plexes have similar shapes, their internal defor-
mation differ signifi cantly, as seen by contrasted 
fl ow paths and fi nite strains recorded by a passive 
grid (Fig. 2). In experiments with no melt, the 
bulk of the metamorphic core complex region 
is involved in a combination of counterclock-
wise rotation (dominant in Fig. 2A), top to the 
left heterogeneous simple shear, and pure shear 
(dominant in Fig. 2B). Counterclockwise rota-
tion is the consequence of the interplay between 
asymmetric simple shear and isostasy, which 
produces a horizontal exhumation gradient (Fig. 
2A). The top right corner of the grid is caught 
in the detachment zone, recording a top-to-the-
right shearing. Prominent early upward motions 
and later minor horizontal motion characterize 
the fl ow path of the lowermost grid nodes (Figs. 
2A and 2B). In melt-present experiments, the 
later horizontal motion is more developed and 
heterogeneous bulk fl attening dominates the 
fi nite strain of the grid, except in the vicinity 
of the active segment of the detachment fault, 
where top to the right simple shear dominates. 
Away from the active segment of the detach-
ment, there is a strong contrast between the bulk 
simple shear that dominates the fi nite strain in 
melt-absent fast extension experiments, and the 
bulk pure shear that dominates in slow extension 
melt-present experiments.

P-T-t paths are very sensitive to strain rate 
(Fig. 3). At low extensional strain rate (Figs. 
3A and 3C), P-T-t paths follow decompression 
and cooling along a geothermal gradient in the 
range of 20–35 °C km−1, with similar shapes in 
experiments with or without partial melting. 
In all experiments, the 20 km marker, located 
structurally above the detachment fault (i.e., in 
the hanging wall), records near isobaric heat-
ing. This heating is due to the advection of hot 
material that occurs under the hanging wall. 
At higher strain rate (Figs. 3B and 3D), most 
P-T-t paths show an episode of near isothermal 
decompression before an episode of decompres-
sion and cooling along a hotter geothermal gra-
dient (35–65 °C km−1). Deep markers have P-T-t 
paths crossing from the kyanite to the sillimanite 
stability fi eld, whereas shallower markers cross 
from the kyanite to the andalusite stability fi eld. 

At high strain rate, and when melt is present, 
some P-T-t paths show a sudden change from 
near isothermal decompression to near isobaric 
cooling (Fig. 3D), consistent with the observed 
change in direction of the rocks’ fl ow paths.

FIELD EXAMPLES OF FAST AND SLOW 
MIGMATITE-CORED METAMORPHIC 
CORE COMPLEXES 

Metamorphic core complexes in the North 
American Cordillera share fi rst-order charac-
teristics, but in detail display a wide range of 
styles that could be linked to the tempo and 
duration of extensional deformation, as well 
as the volume of melt involved. The formation 
of most of the metamorphic core complexes 
in the northern Cordillera (Nevada, United 
States, to British Columbia, Canada) involved 
crustal melting, whereas metamorphic core 
complexes in Arizona and southern California 
developed in a solid-state crust and are domi-
nated by a simple shear detachment zone (cf. 
Fig. 2B). The Ruby–East Humboldt Range 
migmatite-cored metamorphic core complex in 
the Basin and Range (Nevada) and the Shuswap 
migmatite-cored metamorphic core complex in 
the Canadian Cordillera exemplify some of the 
contrasting features that develop under differ-
ent conditions of melt and extension rate. The 
geometry, P-T evolution, and extension and/or 
exhumation rates of the Shuswap core complex 
closely match our models of fast extension in 
the presence of melt. In this migmatite-cored 
dome, crystallization of leucogranite and mig-
matite leucosome occurred between 60 and 
52 Ma (Vanderhaeghe et al., 1999; Hinchey et 
al., 2006), followed by rapid cooling through 
mica 40Ar/39Ar closure temperatures at 49–48 

Ma (Teyssier et al., 2005). The migmatite core is 
shifted toward the eastern detachment (Colum-
bia River), suggesting that this fault zone acted 
as an east-dipping rolling hinge that separated 
the cool and thick foreland crust to the east 
from the partially molten crust in the hinterland 
(Teyssier et al., 2005). The P-T-t path of dome 
rocks records near-isothermal decompression 
from 800–1000 MPa to <500 MPa at ~750 °C 
(Norlander et al., 2002) under partial-melt con-
ditions, indicating that melt crystallized at low 
pressure (cf. Figs. 2D

2
 and 3D).

In contrast, the Ruby–East Humboldt Range 
migmatite-cored metamorphic core complex 
records a protracted history of extension and 
exhumation that may have started as early as 
the Late Cretaceous and continued during the 
Eocene to the middle to late Oligocene, when 
the bulk of metamorphic core complex develop-
ment occurred (e.g., Sullivan and Snoke, 2007; 
McGrew et al., 2000). Partial melting in the lower 
crust, synchronous with extension and exhuma-
tion, is evidenced by late Eocene and middle Oli-
gocene granitic plutons, dikes, and sills strongly 
transposed into the extensional mylonitic fabric 
(Wright and Snoke, 1993). In the migmatite dome, 
metamorphic assemblages record, from ca. 85 
Ma to ca. 55 Ma, a fi rst episode of synchronous 
partial melting decompression and cooling from 
>900 MPa and 800 °C to 700 MPa and 650 °C, 
along a path subparallel to the kyanite-sillimanite 
transition (McGrew et al., 2000), compatible with 
slow exhumation and crystallization at depth. 
From ca. 55 to ca. 40 Ma, decompression devel-
oped under near constant temperature from 700 
MPa and 650 °C to 300 MPa and 600 °C. Accord-
ing to our experiments, this  second episode is 
 compatible with faster exhumation. Between 35 
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and 22 Ma, the third episode of extension, the 
main metamorphic core complex phase, involved 
coeval decompression and cooling along a tem-
perature gradient of 40 °C/km (McGrew et al., 
2000); according to our experiment, this suggests 
a slower extension rate.

CONCLUSIONS
Numerical experiments reveal fi rst-order pet-

rological and structural features that can be iden-
tifi ed in the fi eld to gain insights into the geo-
metrical and thermal conditions controlling the 
development of metamorphic core complexes. 
Major differences exist between two end-mem-
ber classes of migmatite-cored metamorphic core 
complexes. Faster migmatite-cored metamorphic 
core complexes have weakly deformed migma-
tite cores that record high-temperature decom-
pression and partial melting before cooling along 
a high geothermal gradient (~35–65 °C km−1). 
Slower migmatite-cored metamorphic core com-
plexes have migmatite cores that crystallize at 
high pressure (>600 MPa) before accumulating 
a large amount of solid-state deformation during 
coeval decompression and cooling along a cooler 
thermal gradient (~20–35 °C km−1). A predicted 
shift of the migmatite core toward the hanging 
wall is due to strain localization imposed by a 
detachment fault. The original dip of the detach-
ment fault can be inferred from this shift. The 
variety in styles observed in metamorphic core 
complexes can possibly be linked to the tempo 
and duration of extensional deformation, as well 
as the volume of melt involved. The Shuswap 
and Ruby–East Humboldt Range are proposed 
as possible examples of faster and slower mig-
matite-cored metamorphic core complexes.
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