
L
 6
2
  
1
s
t
 
p
a
g
e
s
 /
 1
 
o
f
 
5

The consequences of crustal melting | SHORT RESEARCH

INTRODUCTION

Despite its low density relative to mantle 
rocks, continental crust subducts into the 
mantle and returns to Earth’s surface (Chopin, 
1984). This process has operated in most 
Phanerozoic collisional orogens and continues 
into the present (Searle et al., 2001). In the past 
25 yr, much attention has been given to docu-
menting ultrahigh-pressure (UHP) mineral 
assemblages, including those containing coes-
ite and diamond, and to determining possible 
mechanisms and rates of exhumation (Che-
menda et al., 1995; Gerya et al., 2002; Gerya 
and Stöckhert, 2006). A missing factor in these 
discussions has been an evaluation of melting 
during continental subduction and the conse-
quences of deep crustal melting for exhuma-
tion of subducted continental crust and for the 
orogenic evolution of the nonsubducting plate. 
Using a thermal-mechanical model and natural 
examples, we discuss the consequences of con-
tinental subduction-related crustal melting for 
the evolution of orogens.

In many exhumed orogens, migmatite ter-
rains contain 20–40 vol% of crystallized melt, 
much of which is crustally derived (Teys-
sier and Whitney, 2002). These observations 
are consistent with geophysical studies that 

indicate the possibility of large amounts of 
partial melt in active orogens (Nelson et al., 
1996). The mechanisms by which such large 
amounts of melt are generated must involve 
dehydration melting reactions that are likely 
driven by heating and/or decompression, but 
it is unlikely that such large amounts of melt 
can be generated via classic models of crustal 
thickening and thermal relaxation (e.g., Eng-
land and Thompson, 1984). Models for deep 
crustal heating therefore commonly invoke 
replacement of colder upper mantle by hotter 
convecting mantle (e.g., by delamination or 
slab break-off), driving melting in the lower 
continental crust.

We explore an alternative model that 
involves partial melting of subducted continen-
tal crust, a scenario for which there is increas-
ing evidence (Zhong et al., 2001; Labrousse 
et al., 2002; Whitney et al., 2004a; Lang and 
Gilotti, 2007), although, at present, there are 
only a few studies in which geochronologic 
data show that magmatism and UHP metamor-
phism occurred contemporaneously (e.g., Wal-
lis et al., 2005). In continental subduction, melt 
may be generated in the deep section of the con-
tinental slab and enhanced by decompression 
melting when the buoyant crust ascends. The 
partially molten material may continue to rise 
buoyantly within the crust, creating migmatite 
diapirs (gneiss domes) and granitic intrusions 

within an overall context of lateral (channel) 
fl ow and orogenic plateau development.

NUMERICAL EXPERIMENTS

Previous numerical modeling studies have 
investigated the rates and mechanisms of 
continental subduction and have revealed the 
importance of ductile return fl ow of subducted 
material (Burov et al., 2001; Gerya et al., 
2002) and the competition between subduction 
(downward) and buoyancy (upward) forces 
(Warren et al., 2008). Numerical models help 
predict the likely modes by which continen-
tal slabs respond to thermal relaxation, partial 
melting, and viscous and gravitational forces. 
The purpose of our two-dimensional (2-D) 
numerical experiments is to investigate how a 
single continental slab evolves under the action 
of buoyancy forces, viscous forces, and partial 
melting. No kinematic or dynamic conditions 
are applied to the sides of the model, and we 
disregard erosion.

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; 
O’Neill et al., 2006). We summarize here the 
main model characteristics; details about den-
sity, rheology, and thermal structures, includ-
ing parameter values, are in a supplementary 
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document.1 Our model is made of visco-plastic 
material, and we use a temperature- and stress-
dependent viscosity for stresses below the yield 
stress and a depth-dependent plastic branch 
above the yield stress. For the continental 
crust and the mantle, we use dislocation creep 
parameters of quartz-rich rocks and olivine, 
respectively (see supplementary material [[see 
footnote one]). In our models, the rheology of 
crust also involves diffusion creep, since this 
mechanism of deformation becomes important 
under low differential stress, high-temperature 
conditions, and when partial melt is present. 
The geotherm results from radiogenic heat 
production in the continental crust, a constant 
mantle heat fl ux, and a constant temperature 
at the surface. Each material has a solidus 
and liquidus over which its viscosity linearly 
decreases over two orders of magnitude for the 
mantle (Hirth and Kohlstedt, 2003) and three 
orders of magnitude for the crust (e.g., Richet 
and Bottinga, 1995). The bulk of the decrease 
occurs between 3% and 8% melt for the mantle 
and between 20% and 30% melt for the crust. 
Signifi cant weakening likely occurs at ~7% 
melt (Rosenberg and Handy, 2005). From the 
solidus to the liquidus, the density decreases by 
13% for both the crust and the mantle; given 
the melt fractions reached in our models, den-
sity commonly drops by less than 5%.

Our model starts with a continental slab 
having a tip that reaches 110 km depth (Fig. 1). 
The thermal state of the slab results from a far 
velocity fi eld that pushes the continental litho-
sphere at a velocity of 7 cm/yr, a reasonable 
rate based on modern plate-velocity measure-
ments. Models run at slower rates (e.g., 2 cm/
yr) do not differ signifi cantly from the results 
for the 7 cm/yr rate. No force other than grav-
ity is applied to the model. This is a simpli-
fi ed case in which the continental slab stops at 
110 km, such as might occur when shortening 
steps over to another zone; model results are 
also applicable to the case where the subcrustal 
mantle continues subducting, as Moho temper-
atures would remain essentially the same. Our 
interest is in the dynamic behavior of the con-
tinental part of the slab when it stops subduct-
ing and is subjected to thermal relaxation and 
partial melting associated mainly with internal 
heat generation and conductive heating from 
the overlying mantle wedge.

In the model, the buoyancy of the partially 
melted continental slab induces an upward vis-

cous fl ow that is confi ned to the slab by the litho-
spheric mantle on either side (Fig. 1). The rheol-
ogy of the subducted crust signifi cantly infl uences 
the particle paths of the partially molten crust 
and, therefore, the interaction of melt with the 
continent of the overlying plate (Figs. 1–2).

Upward Flow of Partially Molten Crust

In the model, no extension is applied at 
the boundaries, and therefore the upward fl ow 

of crust is controlled by buoyancy and rheol-
ogy. The crustal melt from the slab is confi ned 
to the slab and ponds at the Moho. The over-
lying crust is extruded horizontally into the 
weak lower crust of the overlying continent 
and displaces Earth’s surface upward to form 
an orogenic plateau and the Moho downward 
to accommodate the infl ux of material into the 
lower crust (Fig. 1). The volume of melt in the 
slab controls the rate of these processes, which 
can be accomplished in less than 10 m.y. when 
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Figure 1. Ellipsis models showing evolution of continental lithosphere subducted to a depth of 

110 km. Time in millions of years is indicated in the lower left of each panel; each panel is con-

toured for temperature (white) and melt fraction (black). Decompression melting occurs in the slab; 

partially molten crust is indicated by the light color at the base of the subducted slab. Buoyancy 

induces an upward viscous force that is confi ned to the slab by the stronger lithospheric mantle 

above and below.

1GSA Data Repository item 2009283, parameters 
and other information about the model setup and 
implementation, is available at www.geosociety.org/
pubs/ft2009.htm, or on request from editing@geoso-
ciety.org, Documents Secretary, GSA, P.O. Box 9140, 
Boulder, CO 80301-9140, USA.
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large volumes of melt (>75%) are present. For 
lower melt fractions (<38%), the time scale for 
buoyancy-driven fl ow is a few tens of millions 
of years. The combination of melt-driven bulg-
ing and lower-crustal extrusion contributes to 
the construction of the orogen.

Pressure-Temperature (P-T) Paths

In the model, rocks experience varying 
amounts of heating relative to decompression, 
depending on the maximum depth of subduction 
of the rock and its position in the slab (Fig. 2). 
Particles at the bottom of the slab experience 
heating: either heating during decompres-
sion, followed by a near-isothermal phase of 
decompression for particles subducted to depths 
>90 km, or near-isobaric heating followed by 
decompression and cooling (Fig. 2). Particles 
adjacent to the mantle wedge have complex 
paths, including convection within the partially 
molten region (e.g., the path starting at 76 km). 
The 110 km rock at the top of the slab remains 

entrained in the mantle and stays at high temper-
ature without signifi cant decompression. Such 
a process would contribute to mixing of conti-
nental and mantle material and would infl uence 
the geochemical character of the mantle. The 
shallowest rocks that were tracked in the model 
(40 km) are not incorporated into the partially 
molten region and experience only heating as 
they are extruded into the lower crust of the 
overriding continent. These results are consis-
tent with those of previous modeling studies 
that show that exhumation of subducted crust 
is assisted by a reduction in effective viscosity 
(e.g., Burov et al., 2001; Gerya et al., 2002), as 
would occur during crustal melting.

Continental rocks exhumed from the coesite 
stability fi eld exceed typical solidus tempera-
tures (~700 °C) during decompression if bulk 
composition and exhumation rate are suitable 
for partial melting. Rocks subducted to <80 km 
may partially melt depending on maximum sub-
duction depth and position in the subducted slab. 
The fact that some high- and ultrahigh-pressure 

terrains contain large volumes of migmatite 
(Carswell et al., 2003) and others do not is likely 
related in part to these differences.

A PARADIGM FOR OROGENY

Our numerical model consists of a single 
continental subduction zone and examines the 
paths and consequences of partial melting in this 
zone for evolution of the orogen as a whole. To 
understand the evolution of wide orogens that 
contain evidence for large volumes of partially 
molten crust, we can also consider the effects of 
deep burial of continental crust at various scales, 
including continental subduction.

At convergent plate boundaries character-
ized by relative forward motion of the trench/
collision zone (Royden, 1993), orogens widen 
by propagation of crust- or lithosphere-scale 
thrusting away from the subduction zone into 
the overriding plate. This orogenic double 
wedge (cf. Willett et al., 1993) consists of the 
subduction/collision zone, in which deforma-
tion concentrates over time, and an inboard 
region (back-arc or inboard continental region), 
in which deformation propagates away from 
the plate-boundary zone (Fig. 3). Large-scale 
thrusting at the long-lived suture (subduction) 
and thrusting inboard from the suture both have 
consequences for high-grade metamorphism, 
partial melting, and the thermal-mechanical 
evolution of orogens.

A requirement for development of a wide 
orogen by inboard thrusting is the presence 
of weak regions, such as a continental mar-
gin that evolved via terrane accretion (North 
American Cordillera) or a collision zone that 
involved a previously rifted margin (Alps). 
This scenario applies to the growth of col-
lisional and Cordilleran-style orogens, e.g., 
modern Himalaya-Tibet and the ancient North 
American Cordillera and European Variscides. 
In the case of Himalaya-Tibet, subduction of 
Indian lithosphere beneath Eurasia created a 
south-verging thrust zone (orogenic wedge). 
Northward growth of the Tibetan Plateau may 
have occurred in part by progressive thrusting 
(Willet et al., 1993; Tapponnier et al., 2001), 
although other plateau growth models have 
been presented (e.g., England and Houseman, 
1989; Molnar et al., 1993). In the North Ameri-
can Cordillera, subduction occurred along an 
east-dipping subduction zone, but deformation 
propagated eastward into the continent, and a 
large orogenic plateau likely developed (e.g., 
Whitney et al., 2004b). The principle of large-
scale inboard thrusting, albeit more modest 
in magnitude than in collisional systems and 
unlikely to involve mantle, may be applicable 
to western North America and may have con-
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Figure 2. Pressure-temperature (P-T) paths for 

model rocks at different subduction depths and 

positions relative to the top and bottom of the 

subducted slab. (A) P-T paths for particle loca-

tions shown in the inset; P-T paths for particles 

at the top of the slab, near the mantle wedge, 

are shown separately in B. P-T paths for the 

Dora Maira (DM; Schertl et al., 1991) and West-

ern Gneiss (WG; Carswell et al., 2003) ultrahigh-

pressure (UHP) terranes are shown for refer-

ence, the latter of which contains abundant 

migmatite surrounding UHP rocks.
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tributed to the building of the plateau via par-
tial melting of the deeply buried continental 
crust. Whether entrained by lithosphere-scale 
thrusting (rocks are colder but reach greater 
depths before melting) or crustal-scale thrust-
ing (rocks are hotter and melt at shallower 
depths), the fate of continental crust is to melt.

In orogens with wide intracrustal or litho-
spheric imbrication, thrust propagation ends 
when cold, thick lithosphere is encountered. 
Lateral and vertical growth of the orogen may 
cease soon after, and collapse may unfold via 
gravity or a change in boundary conditions 
(slowing of convergence, slab rollback). The 
Cordilleran orogen, for example, switched from 
contraction- to extension-dominated processes 

in the Early Tertiary. The orogenic plateau col-
lapsed diachronously in the Tertiary, and the belt 
of metamorphic core complexes is the expres-
sion of crustal fl ow and fi nal exhumation of the 
partially molten crust at the end of orogeny.

Continental subduction at a long-lived 
suture will not result in melting of continen-
tal crust if (1) geothermal gradients are low 
(5–15 °C/km); and (2) the subducted crust is 
largely composed of dry (granulite) rocks. In 
these cases, the buoyancy of the continental 
crust also drives intraslab channel fl ow, albeit 
at a slow rate. Moderate thermal relaxation of 
the slab unfolds over a few tens of millions 
of years, preserving a narrow mountain belt. 
Therefore, orogens with little or no inboard 

thrusting remain narrow (e.g., Appalachians) 
and do not develop a plateau underlain by par-
tially molten crust.

This paradigm for orogeny accounts for 
the growth of orogens that widen in a direction 
away from the main plate boundary (subduc-
tion zone or collision suture) and relates the 
processes of continental subduction and crustal 
melting to lower-crustal fl ow and plateau devel-
opment in the overriding plate (i.e., orogenic 
width). In addition, this paradigm may also 
account for observations in exhumed orogens 
that contain UHP relics in migmatite and gran-
ite (e.g., parts of the Variscan belt and the West-
ern Gneiss region, Norway), the occurrence 
of UHP rocks in the overriding plate of some 
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orogens ( Greenland Caledonides; Gilotti and 
 McClelland, 2007), and differential preserva-
tion of UHP assemblages in different orogens.

ACKNOWLEDGMENTS

This research was partially supported by 
National Science Foundation grant EAR-
0409776 to  Teyssier and Whitney.

REFERENCES CITED

Burov, E., Jolivet, L., Le Pourhiet, L., and an Poliakov, A., 2001, 
A thermomechanical model of exhumation of high 
pressure (HP) and ultra-high pressure (UHP) metamor-
phic rocks in alpine-type collision belts: Tectonophysics, 
v. 342, p. 113–136, doi: 10.1016/S0040-1951(01)00158-5.

Carswell, D.A., Brueckner, H.K., Cuthbert, S.J., Mehta, K., 
and O’Brien, P.J., 2003, The timing of stabilisation and 
exhumation rate for ultra-high pressure rocks in the 
Western Gneiss Region of Norway: Journal of Meta-
morphic Geology, v. 21, p. 601–612, doi: 10.1046/j.1525
-1314.2003.00467.x.

Chemenda, A.I., Mattauer, M., Malavieille, J., and Bokun, 
A.N., 1995, A mechanism for syn-collisional rock exhu-
mation and associated normal faulting—Results from 
physical modeling: Earth and Planetary Science Letters, 
v. 132, p. 225–232, doi: 10.1016/0012-821X(95)00042-B.

Chopin, C., 1984, Coesite and pure pyrope in high-grade 
blueschists of the Western Alps—A 1st record and some 
consequences: Contributions to Mineralogy and Petrol-
ogy, v. 86, p. 107–118, doi: 10.1007/BF00381838.

England, P., and Houseman, G., 1989, Extension during conti-
nental convergence, with application to the Tibetan Pla-
teau: Journal of Geophysical Research, v. 94, p. 17,561–
17,579, doi: 10.1029/JB094iB12p17561.

England, P.C., and Thompson, A.B., 1984, Pressure-temper-
ature-time paths of regional metamorphism. 1. Heat-
transfer during the evolution of regions of thickened 
continental crust: Journal of Petrology, v. 25, p. 894–928.

Gerya, T.V., and Stöckhert, B., 2006, Two-dimensional 
numerical modeling of tectonic and metamorphic his-
tories at active plate margins: International Journal of 
Earth Sciences, v. 95, p. 250–274, doi: 10.1007/s00531
-005-0035-9.

Gerya, T.V., Stöckhert, B., and Perchuck, A.L., 2002, Exhuma-
tion rates of high-pressure metamorphic rocks in sub-
duction channels: A numerical simulation: Tectonics, 
v. 21, 1056, doi: 10.1029/2002TC001406.

Gilotti, J.A., and McClelland, W.C., 2007, Characteristics of, 
and a tectonic model for, ultrahigh-pressure meta-

morphism in the overriding plate of the Caledonian 
orogen: International Geology Review, v. 49, p. 777–797, 
doi: 10.2747/0020-6814.49.9.777.

Hirth, G., and Kohlstedt, D.L., 2003, Rheology of the upper 
mantle and the mantle wedge: A view from the experi-
mentalists, in Eiler, J., ed., Inside the Subduction Fac-
tory: American Geophysical Union Geophysical Mono-
graph 138, p. 83–105.

Labrousse, L., Jolivet, L., Agard, P., Hebert, R., and Anderson, 
T.B., 2002, Crustal-scale boudinage and migmatization 
of gneiss during their exhumation in the UHP province 
of Western Norway: Terra Nova, v. 14, p. 263–270, doi: 
10.1046/j.1365-3121.2002.00422.x.

Lang, H.J., and Gilotti, J.A., 2007, Partial melting of 
metapelites at ultrahigh-pressure conditions, Green-
land Caledonides: Journal of Metamorphic Geology, 
v. 25, p. 129–147, doi: 10.1111/j.1525-1314.2006.00687.x.

Molnar, P., England, P., and Martinod, J., 1993, Mantle dynam-
ics, uplift of the Tibetan Plateau, and the Indian Mon-
soon: Reviews of Geophysics, v. 31, p. 357–396, doi: 
10.1029/93RG02030.

Moresi, L., Dufour, F., and Mülhaus, H.B., 2003, A Lagrang-
ian integration point fi nite element method for large 
deformation modeling of viscoelastic geomaterials: 
Journal of Computational Physics, v. 184, p. 476–497, 
doi: 10.1016/S0021-9991(02)00031-1.

Nelson, K.D., and 27 others, 1996, Partially molten middle 
crust beneath southern Tibet: Synthesis of Project 
INDEPTH results: Science, v. 274, p. 1684–1688, doi: 
10.1126/science.274.5293.1684, doi: 10.1126/science.274
.5293.1684.

O’Neill, C., Moresi, L., Müller, D., Albert, R., and Dufour, F., 
2006, Ellipsis 3D: A particle-in-cell fi nite-element hybrid 
code for modelling mantle convection and lithospheric 
deformation: Computers & Geosciences, v. 32, p. 1769–
1779, doi: 10.1016/j.cageo.2006.04.006.

Richet, P., and Bottinga, Y., 1995, Rheology and confi gura-
tional entropy of silicate melts, in Stebbins, J.F., McMil-
lan, P.F., and Dingwell, D.B., eds., Structure, Dynamics 
and Properties of Silicate Melts: Reviews in Mineralogy, 
v. 32, p. 67–93.

Rosenberg, C.L., and Handy, M.R., 2005, Experimental defor-
mation of partially melted granite revisited: Implica-
tions for the continental crust: Journal of Metamor-
phic Geology, v. 23, p. 19–28, doi: 10.1111/j.1525-1314
.2005.00555.x.

Royden, L., 1993, Evolution of retreating subduction bound-
aries formed during continental collision: Tectonics, 
v. 12, p. 629–638, doi: 10.1029/92TC02641.

Schertl, H.-P., Schreyer, W., and Chopin, C., 1991, The pyrope-
coesite rocks and their country rocks at Parigi, Dora 
Maira Massif, Western Alps: Detailed petrography, 
mineral chemistry and P-T path: Contributions to Min-
eralogy and Petrology, v. 108, p. 1–21, doi: 10.1007/
BF00307322.

Searle, M., Hacker, B.R., and Bilham, R., 2001, The Hindu 
Kush seismic zone as a paradigm for the creation of 
ultrahigh-pressure diamond- and coesite-bearing conti-
nental rocks: The Journal of Geology, v. 109, p. 143–153, 
doi: 10.1086/319244.

Tapponnier, P., Zhiqin, X., Roger, F., Meyer, B., Arnaud, N., 
Wittlinger, G., and Jingsui, Y., 2001, Oblique stepwise 
rise and growth of the Tibet Plateau: Science, v. 294, 
p. 1671–1677, doi: 10.1126/science.105978.

Teyssier, C., and Whitney, D.L., 2002, Gneiss domes and 
orogeny: Geology, v. 30, p. 1139–1142, doi: 10.1130/0091
-7613(2002)030<1139:GDAO>2.0.CO;2.

Wallis, S., Tsuboi, M., Suzuki, K., Fanning, M., Jiang, L., and 
Tanaka, T., 2005, Role of partial melting in the evolution 
of the Sulu (eastern China) ultrahigh-pressure terrane: 
Geology, v. 33, p. 129–132, doi: 10.1130/G20991.1.

Warren, C.J., Beaumont, C., and Jamieson, R.A., 2008, Deep 
subduction and rapid exhumation: Role of crustal 
strength and strain weakening in continental subduc-
tion and ultrahigh-pressure rock exhumation: Tectonics, 
v. 27, TC6002, doi: 10.1029/2008TC002292.

Whitney, D.L., Teyssier, C., and Fayon, A.K., 2004a, Isother-
mal decompression, partial melting and exhumation 
of deep continental crust, in Grocott, J., McCaffrey, 
K.J.W., Taylor, G., and Tikoff, B., eds., Vertical Coupling 
and Decoupling in the Lithosphere: Geological Society, 
London, Special Publication 227, p. 313–326.

Whitney, D.L., Paterson, S.R., Schmidt, K.L., Glazner, A.F., 
and Kopf, C., 2004b, Growth and demise of continen-
tal arcs and orogenic plateaux in the North American 
Cordillera: From Baja to British Columbia, in Grocott, J., 
McCaffrey, K.J.W., Taylor, G., and Tikoff, B., eds., Vertical 
Coupling and Decoupling in the Lithosphere: Geologi-
cal Society, London, Special Publication 227, p. 167–175.

Willett, S., Beaumont, C., and Fullsack, P., 1993, Mechani-
cal model for the tectonics of doubly vergent com-
pressional orogens: Geology, v. 21, p. 371–374, doi: 
10.1130/0091-7613(1993)021<0371:MMFTTO>2.3.CO;2.

Zhong, Z., Suo, S., You, Z., Zhang, H., and Zhou, H., 2001, 
Major constituents of the Dabie collisional orogenic belt 
and partial melting in the ultrahigh-pressure unit: Inter-
national Geology Review, v. 43, p. 226–236, doi: 10.1080/
00206810109465010.

MANUSCRIPT RECEIVED 8 JUNE 2009
REVISED MANUSCRIPT RECEIVED 14 AUGUST 2009
MANUSCRIPT ACCEPTED 25 AUGUST 2009

Printed in the USA


