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Abstract: Decompression of deep, hot continental crust is the primary mechamism of
crustal melting, with major consequences for the geodynamics of orogens. Decompression
within thickened continental crust may be initiated by processes driven from above (erosion,
tectonic denudation) and/or below (crust/lithosphere thinning, buoyant rise of deep crust).
On a larger scale, decompression of subducted continental crust may add material, including
melt, to the overlying, non-subducting plate. This mechanism has the potential to produce
large amounts of melt because fertile material is continually conveyed into the mantle,
where it eventually buoyantly ascends and melts. Decompression-driven melting of conti-
nental crust may account for the high melt fractions (>20 vol.%) and great thickness
(20-30 km) inferred for the partially molten layer in orogenic crust. When high melt
volumes are present in the crust and/or the thickness of the partially molten layer is
large, the subsequent thermo-mechanical evolution of orogens is strongly influenced by
lateral {channel) and vertical (buoyant) crustal flow. For both lateral and vertical flow, the
presence of melt decouples deep crust from upper crust, and continental crust from
mantle lithosphere.

A major consequence of vertical crustal flow is the generation of migmatite-cored gneiss
domes that riddle most orogens. High-grade rocks in many domes record pressure—tempera-
ture—time (F'-7—{#) paths indicating near-isothermal decompression followed by cooling
from 7> 700°C to T < 350 °C in <2-5 Ma. Diapiric ascent of partially molten crust
accounts for the decompression rate and magnitude required to maintain a near-isothermal
path. We propose that gneiss domes are a signature of decormpression-and crustal melting,
and are therefore fundamental structures for onderstanding the thermo-mechanical evolution

of continental crust during orogeny. -

Construction of an orogen involves crustal
thickening, which occurs by tectonic shortening,
addition of mantle-derived magma and/or
thermal uplift of the continental lithosphere of
the non-subducting plate as it interacts with the
subducting/colliding plate. Crustal thickening
may also occur by transfer of deeply subducted
continental material from the downgoing plate
to the lower crust of the non-subducting plate,
During and following thickening, the nature
and magnitude of thermo-mechanical links
between mantle lithosphere and continental
crust and between deep crust and upper crust
depend in large part on the extent of partial
melting of the deep crust. Tt is therefore import-
ant to document the location {(depth), mechan-
isms and magnitude of crustal melting to
understand the degree of coupling or decoupling
‘between these different lithospheric layers.,
Volumetrically large amounts of melt are/
were present in modern and ancient orogens.
Seismic and magnetotelluric data have been

interpreted to indicate the presence of meli in
the deep crust of young orogens (Pyrenees:
Pous et al. 1995; Tibet: Chen et al. 1996;
Nelson er al. 1996; Hirn et al. 1997; Central
Andes and Tibet: Schilling & Partzsch 2001).
Geophysical data are consistent with ~20 vol.%
melt, which is likely crustally derived (Schilling
& Partzsch 2001), and which may coalesce to
form leucogranites (Brown ef al. 1996). In this
chapter, we explore the idea that some of the
partially molten crust in collisional orogens
may be derived from subducted continental
material. The decompression of deeply buried
or subducted continental crust is a possible
mechanism for large-magnitude, near-isothermal
decompression and extensive partial melting.
The following are some important questions
related to the origin and geodynamic evolution
of partially molten crust: What mechanism(s)
drive large-scale crustal melting? What are the
thermo-mechanical Hnks between continental
crust in the subducting v. non-subducting plates
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of a collision zone? What is the thermal, struc-
tural and petrological fate of partially molten
crust?

Partial melting of continental crust may occur
by heating and/or decompression. In this chapter,
we consider the evidence for and effectiveness of
different mechanisms for generating melt in
the deep crust. We focus on decompression
because exhumed migmatite complexes — in par-
ticular, those that experienced mica dehydration
melting — are commonly characterized by high-
temperature, near-isothermal  decompression
paths and show evidence for progressive melting
from high pressure (garnet stability field) to
lower pressures (cordierite stability field). In
addition, decompression at elevated tempera-
tures (>>700 °C) can cause dehydration melting
of common crustal protoliths {e.g. mica-rich
gneiss) to produce high melt fractions (e.g.
Brown 1994).

The results of thermochronology and thermal
modelling can be used to evaluate the con-
ditions necessary to maintain near-isothermal
conditions during decompression and to
examine the thermal effects of partially molten
regions that have risen from depth (=30 km)
to shallow (<15 km) levels of the crust, as in
the case of many migmatite-cored gneiss
domes. We discuss in particular the possibility
that regions of melt-bearing crust may rise
buoyantly as migmatitic diapirs to form gneiss
domes: domal structures cored by migmatite,
orthogneiss and granitoid that occur m most
Orogens.

Crustal melting

A viable mechanism for melting in the deep crust
must account for: (1) the amount of anatectic
leucosome (=20 vol.%) observed in many
exhumed mid- to lower crustal terranes made
up of migmatites and other crustally derived
magmatic bodies (e.g. Brown 1994; Nyman
et al. 1995) as well as inferred for active
orogens (e.g. Schilling & Partzsch 2001); (2)
the near-isothermal decompression path recorded
by migmatites and other high-grade meta-
morphic rocks; and (3) the observation that, in
the case of many upper amphibolite facies mig-
matite terranes, the melt has not segregated on
a large scale from its source rocks. Because
high-temperature decompression paths are docu-
mented for many regional-scale migmatite ter-
ranes, this chapter focuses on melting during
decompression: the conditions and mechanisms
of decompression, and the consequences of this
process.
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Melt generation

In an active orogen, partial melting of crustal
rocks may occur at various stages during pro-
grade heating by water-saturated and water-
undersaturated (dehydration) melting, and/or
during isothermal decompression by dehydration
melting. Although water-saturated melting is
commonly discounted because of the predicted
low porosity (<1%) of deep crustal rocks,
water-saturated melting may account for partial
melting of mid-crustal terranes that are infiltrated
by water-rich fluid from crystallizing plutons
(Brown 1979; Montel et al, 1992) or deep-circu-
lating meteoric water (e.g. Wickham 1987), par-
ticularly 1n cases where tonalitic or trondhjemitic
leucosomes are produced from mica-bearing
source rocks (Whithey & Irving 1994). In the
absence of a major source of free fluid, water-
saturated melting driven by release of aqueous
fluids from dehydration of wet protoliths may
produce low fractions (<(10vol.%) of silicic
melts, assuming ~ 1 wt% free water and the solu-
bility of water in crustal melts (Holloway &
Blank 1994). These melts will likely crystallize
soon after segregation if temperature or pressure
decrease, as predicted by the negative slope of
water-saturated solidi in pressure—temperature
(P-T) space. Vapour-absent {dehydration) melting
can, however, produce greater amounts of granitic
melt (2060 vol.%; Clemens & Vielzeuf 1987;
Vielzeuf & Holloway 1988) that may remain
largely uncrystallized during ascent of the melt
or decompression of the melt and host rock.
Within a region, the melt fraction produced
during dehydration melting is a function of the
bulk composition of rocks that reached P—T con-
ditions sufficient for melting, and the volume of
fertile rock. Reaction curves for biotite dehy-
dration melting have a steep slope, and so are
encountered by P-T trajectories during steep
decompression or during heating and initial
decompression (Fig. 1). Once the solidus is
crossed, paths tend to be subparallel to the
solidus, on the melt-present side, perhaps owing
to a combination of thermal buffering by the
melt and dynamic effects of melt-enhanced
decompression (discussed in later sections). The
melt will not crystallize until it reaches much
lower pressures because of the steep dP/dT slope
of the solidus. Melting may also occur during the
late stages of decompression as water is released
from crystallizing melts, creating conditions for
water-saturated melting {Thompson 2000).

Melt segregation: mechanisms and scales

The observation that migmatite terranes contain
large fractions (20-40 vol.%) of crystallized
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Fig. 1. Pressure—temperature—time paths showing
near-isothermal decompression of: (1) Thor-Odin gneiss
dome, Shuswap complex, British Columbia (Norlander
et al, 2002); and (2) South Brittany migmatite terrane
(Audren & Triboulet 1993). Various reference solidi are
shown: water-saturated melting of a metapelitic rock
(dashed curve); dehydration melting of muscovite gneiss
(end-member muscovite + albite, and muscovite -
intermediate plagioclase); and dehydration melting of
biotite gneiss. Although shown as a line in the figure,
biotite dehydration melting defines a region in P—T space,
owing to solid solution in biotite. Most migmatite terrains
and gneiss domes did not exceed the upper stability of
biotite + plagioclase + guartz, as indicated by the lack of
orthopyroxene. Becanse some migmatites/gneiss domes
show evidence for late, low-pressure, high-temperature
growth of cordierite, two equilibria involving cordierite
are also shown (one solidus, one subsolidus).

silicic melt that has segregated on a centimetre
scale but has not drained far from its source has
fuelled a long debate about the connection, or
lack thereof, between anatectic migmatites and
granitoids {(Brown 1994, and references
therein). Much attention has been given to deter-
mining small-scale melt-segregation mechan-
isms and discussing how silicic melt, once
segregated from its source, might flow, coalesce
and pool to form larger-scale magma bodies,
such as orogenic leucogranites (Le Fort et al
1987; Inger & Harris 1993). Possible mechanisms
contributing to segregation and transport include
compaction (McKenzie 1984) and flow through
dykes/fractures (Clemens & Mawer 1992),
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shear zones (Brown & Solar 1998), or channéls
(Sawyer 2001).

Most of these segregation/transport models
involve consideration of how melt separates
from its source and disperses. In the discussion
below, we consider the implications for crustal
dynamics of melt not leaving the system: that
is, melt is segregated omly on a local scale
(1 cm to 100 m) and remains largely within the
source rocks. Although some melt may escape,
enough is retained for the migmatite complex
to be buoyant. In this case, the most significant
motion is not of the melt itself relative to its
source {matrix), but of melt and matrix relative
to less molten/more dense rocks. The generation
and partial retention of melt may strongly influ-
ence the subsequent P-T path and dynamics of
the partially molten rocks. We next consider
mechanisms that could produce decompression
melting of continental crust, before further dis-
cussing the implications for the thermo-mechanical
evolution of orogens.

Near-isothermal decompression paths
and mechanisms

In thickened orogenic crust, the movement of
high-grade metamorphic rocks {from the mid- to
iower crust towards the Earth’s surface commonly
occurs at near-isothermal conditions for a few to
> 10 kbar of decompression (=33 km) (Fig. 1).
In some terranes, decompression may be preceded
or accompanied by heating. High-temperature
decompression paths have been demonstrated
for migmatite terranes (e.g. Jones & Brown
1990; Whitney 1992; Audren & Triboulet 1993),
including migmatite-cored gneiss domes (Norlan-
der et al. 2002), and other high-grade rocks,
inchuding some ultrahigh-pressure terranes (e.g.
Su-Lu, China: Wang et al. 1993; Western Gneiss
Region, Norway: Dunn & Medaris 1989). P-T
paths estimated for many exhumed high-grade
metamorphic rocks as well as those calculated
by forward modelling for the thermal evolution
of thickened crust (England & Thompson 1984)
remain within ~50--80 °C of T, during a sub-
stantial portion of the decompression path.
These temperatures are within the uncertainty
range of most metamorphic temperature calcu-
lations (e.g. geothermometry based on cation
exchange), so it is not possible to discern details
of the paths other than that they remain at high
temperatore during decompression. :

For average values of thermal conductivity,
mantle heat flux, crustal heat production and other
factors related to deformation and metamor-
phic reactions, isothermal decompression is not
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predicted by thermal models for slowly erodmg
(<1mma~") orogens unless there is a gap in
time (~10-30 Ma) between maximum crustal
thickening and unroofing. This gap permits the
generation of radiogenic heat from buried crust
and relaxation of isotherms. For orogens with
little or no gap in time between- thickening and
denudation/decompression, elevated tempera-
tures can be maintained during decreasing T press-
ure if decompression is rapid (>1 mma . In
the following sections, we consider different
decompression mechanisms (Fig. 2) and discuss
whether each is likely to be a significant factor
in maintaining elevated temperatures during
decompression. We focus on mechanisms that
account for decompression on a regional scale
with magnitudes of >10km (and, in some
cases, tens of kilometres), such as commonly
observed in migmatite complexes, gneiss
domes and ultrahigh-pressure metamorphic ter-
ranes, so that we can better understand thermo-
mechanical links and feedback relationships
among orogenic processes operating at the
surface, at different levels within the continental
crust and within the mantle.

Erosion

Unroofing via erosion may account for large-
magnitude isothermal decompression if the ero-
sional products are removed from the system or
if there is a large lag time (>>10 Ma) between
crustal thickening (deep burial) and the initiation
of denudation. In the latter case, high-temperature
decompression and partial melting may oceur in
part because of the added crustal heat production
from buried radiogenic crost, following crustal
thickening (England & Thompson 1986). Rapid
erosion (=1-5mma™') in concert with tecton-
ismm (uplift, faulting; Fig. 2a) may account for
localized decompression, such as beneath alpine
glaciers and deeply incised rivers (e.g. Zeitler
et al. 2001), although, in the latter case, many
questions remain about how rivers or river
systems evolve (move) through time and influ-
ence exhumation over a region much greater than
that of the main incised chamnel. For regional-
scale, large-magnitude decompression of deep
crust, it is likely that other mechanisms are
responsible for near-isothermal decompression,
particularly in orogens in which there was no lag
time between crustal thickening and thinning/
decompression.

Low-angle normal faults

Detachment systems can lead to exhumation/
decompression of deep-seated rocks by crustal
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thinning during symmetric or asymmeiric exten-
sion (Lister & Davis 1989). For example, asym-
metric detachment systems may create a locus of
lower crust upwelling that is offset relative to the
normal fault break-away zone. Melting during
this initial decompression is likely; however,
given the low angle of the detachment, rocks
cool as they are exhumed in the footwall of the
detachment system, and therefore do not experi-
ence isothermal decompression (Fayon et al
2002). Therefore, detachment faults are unlikely
to account for the magnitude of decompression
observed in gneiss domes and other high-press-
ure terranes unless the faults were originally
higher angle (Buck 1988) or the rate of motion
on detachments is unusually fast.

Crustal thinning/collapse

Regional crustal thinning may drive decompres-
sion of the deep crust during collapse of
thickened crust (Rey 1993) (Fig. 2b), especially
if thinning is localized in a narrow region. Thin-
ning may involve the upper crust, lower crust, or
both. Decompression by thinning of thickened
crust and lateral flow of deep crust is slow if thin-
ning is restricted to the lower crust, but can be
significantly faster if the upper crust is extended,
thinned and/or rapidly eroded (Teyssier &
Whitney 2002). Because the rate of bulk thinning
likely decays with time; this mechanism may
initiate decompression, but acting alone it is unli-
kely to maintain near-isothermal conditions during
substantial decompression. Crustal thinning com-
bined with buoyancy may, however, produce the
ohserved and modelled pressure—temperature—
time (£—7'-1) paths.

Folding [buckling

Folding of the lithosphere under compression has
been shown to occur in oceanic lithosphere
(Wiessel et al. 1980; Gerbault 2000), and poss-
ibly also in continental lithosphere (Martinod &
Davy 1994; Burg ef al. 1994). Buckling theory
predicts the amplification of folds of a particular
wavelength, given appropriate viscosity con-
trasts and layer thicknesses. As an antiformal
buckle develops (Fig. 2c), a positive feedback
relation between folding and erosion may cause
an acceleration of fold amplification, resulting
in effective, localized lithospheric uplift. This
principle has been applied to the exhumation of
metamorphic rocks in the Namche—Barwa syn-
taxis of the eastern Himalayas (Burg er al
1997). The combined effect of fold amplification
and erosion may allow exhumation under near-
isothermal conditions, such as the P-T path
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Fig. 2. Some of the decompression mechanisms described in the text (a) erosion of uplifted rocks (may be coupled
with local faulting/crustal shortening); (b) crustal thinning associated with normal faulting (also shown are schematic
400 and 700 °C isotherms and a partially molten mid-crustat zone); (¢) crustal buckling (e.g. at orogenic syntaxes);
(d) exhumation of subducted continental crust; and (e) upwelling of a partially molten diapir with associated
downflow of denser rocks (upwelling may he driven by density inversion or triggered by removal of the upper crust
or thinning of the deep crust). '
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inferred for metamorphic rocks at the Namche -
Barwa and Nanga-Parbat syntaxes (Burg &
Podladchikov 2000). Buckling may therefore be
an effective mechanism of localization of litho-
spheric uplift. If this lithospheric uplift is accom-
panied by fast glacial and/or fluvial erosion, heat
will be advected upward and a positive feedback
relation between crustal softening and strain
localization will occur and lead to localized,
near-isothermal decompression.

Exhumation of ultrahigh-pressure rocks
(continental subduction)

Continental subduction provides a means of
burying and heating a large volume of fertile
material that is continually being replenished as
long as subduction is active. This mechanism
can produce large volumes of melt in orogens,
and results in the most dramatic examples of
large-magnitude decompression of continental
material. Ultrahigh-pressure (UHP) terranes rep-
resent continental material that has been sub-
ducted to depths of >>100-150 km and exhumed,
as shown by the presence of coesite and
diamond in metamorphosed supracrustal rocks
(Chopin 1984; Coleman & Wang 1995).

The largest-magnitude isothermal decompres-
sion in continenta] orogens is recorded by UHP
terranes (e.g. Zhang et al. 1997; Nakamura &
Hirajama 2000). UHP terranes now exposed at
the surface typically represent crustal slices
exhumed at/near the suture zone, and some are
in fault contact with blueschist and serpentinite
complexes (Dora-Maira, Western Alps; Dabie
Shan, China). The subducted crust that returns
to the surface as an identifiable UHP terrane
may have remained close to the subduction
zone and been exhumed via buoyancy-driven
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exhumation of a slice bounded below by a
thrust and above by a normal fault (Chemenda
et al. 1995) (Fig. 2d). Subducted continental
crust that does not experience a return path
near the suture may remain accreted to the base
of the overriding plate as slices of continental
crust and lithospheric mantle, or may be added
to the base of orogenic crust during melting of
buoyantly ascending crustal material. Highly
oblique subduction, such as proposed for the sub-
ducting continental lithosphere under Tibet (Tap-
ponnier ef al. 2001), may facilitate prolonged
burial /heating and delayed exhumation, creating
the right thermal conditions for melting during
ascent {Fig, 3).

Active collisional orogens provide infor-
mation about the scale of continental subduction.
For example, geophysical studies of subcrustal
structure beneath the Himalayan orogen show
that a zone of low-density material resides
beneath Tibet as well as the western Himalayas
(Nelson et al. 1996; Van der Voo et al. 1999).
This zone comprises in part continental crust
from the subducted Indian plate (Zhao er al.
1893), as well as subducted continental material
from the Eurasian plate (Tapponnier et al. 2001).
In the western Himalayas—Hindu Kush—Pamir
zone of central Asia, geophysical evidence docu-
ments ongoing steep subduction of continental
lithosphere, including low-density crustal rocks
(the Indian continental margin). Tn this region,
earthquake hypocentres (Searle et al. 2001) and
tomographic images based on P-wave velocities
(Van der Voo et al. 1999) show a steeply
dipping region of continental lithosphere that
has descended into the mantle to ~300 km
depth. To the east, under southern Tibet, Indian
lithosphere is currently subducting at a shallow
angle (Zhao ef al. 1993; Owens & Zandt 1997).
Evidence from active and ancient orogens

Kunlun Suture
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Fig. 3. Tectonic model for continental subduction, decompression and partial melting. Advanced subduction of
continental material along multiple, sequential subduction zones {now sutured). Modified from the model of Tapponnier
et al. (2001). The oldest subducted continental material has risen buoyantly, melted and contributed to crustal thickening

of the Tibetan Plateau,
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suggests that continental subduction is a major
process in the evolation of orogens, and that
exhumation of subducted continental rocks may
be isothermal at high temperatures. The role of
melting in this process remains to be discussed
(see following section on ‘Partial melting in
orogens’).

Buoyancy /diapirism

Lower-density rocks underlying higher-density
rocks may rise buoyantly if rheological proper-
ties allow flow. During orogeny, a regional-
scale density inversion can be achieved in
~ several ways: (1) tectonic stacking of terranes/
thrust slices that are more dense than underlying
felsic basement; (2) subduction of continental
crust into the mantle; and (3) reduction in bulk
density of rocks by addition of felsic magma,
with no large-scale segregation of melt. One or
more of these situations, combined with the
fact that rocks are generally weak at depth
owing to elevated temperature and the presence
of even small amounts of melt, creates a con-
dition for gravitational instabilitics to develop
and grow (Fig. 2e). For the case of schist/
gneiss overlying granitic basement the density
contrast (~0.1-0.3 gem ™) is sufficient for
solid-state diapirism (Fletcher 1972; Soula et al.
2001).

The magnitude of decompression of rising
diapirs may be significant, as flow is along sub-
vertical trajectories for a significant portion of
the ascent. Once initiated, diapirism may be
self-sustained by a positive feedback relation
between decompression and melting. The pre-
sence of melt lowers the bulk density within
the diapir relative to its surroundings, enhancing
upward flow and decompression. Rise of par-
tially molten crust is accompanied by downflow
of surrounding rocks, which may be transformed
to granulite and eclogite that accumulate in the
tower crust.

The rate of decompression of deep crustal
rocks by buoyancy-driven flow will be higher if
diapirism is coupled with thinning of thickened
crust, particularly if the upper crust is removed
by extension, tectonic denudation and/or erosion.
The rising diapir may localize upper crustal
extension, or the removal of upper crust may
drive the buoyant rise of partially molten crust.
It is likely that these processes are coupled
because they involve a positive feedback relation
through the generation of melt (Teyssier &
Whitney 2002). The rise of diapirs comprising
partially molten crust can account for large-
magnitude, near-isothermal decompression if
the rate of ascent is fast enough to maintain

319

elevated temperatures and some melt remains
in the systermn.

Partial melting in orogens: mechanisms
and consequences

Two major processes that characterize collisional
orogens are crustal melting and the exhumation
of formerly deep continental material. These pro-
cesses may be genetically linked, as demon-
strated by the P—7-r histories of migmatite
complexes, and in particular migmatite-cored
gnciss domes that are observed in exhumed
orogens worldwide.

Migmatite diapirs and gneiss domes

In orogens, the geological expression of partially
molten crust that has experienced high-tempera-
ture, near-isothermal decompression is com-
monly a migmatite-cored gneiss dome. Gneiss
domes occur in orogens ranging in age from
Archaean through Cenozoic and in tectonic
setting from wide (hundreds to thousands of kilo- -
metres wide) orogens to narrow (<10 km wide)
shear zones. Well-documented examples occur
in the North American Cordillera, Ifimalayas
(Zanskar, Karakorum, Garwhal, South Tibet),
Pamirs, Alps (central Alps, Aegean region,
Anatolia), Iberian and French Variscides, the
Bering Sea region (Alaska, Russia), and the
Appalachians, as well as numerous domes in
Precambrian terranes.

Typically, more than one dome is present in a
region, they are elongate and aligned parallel to
the sirike of the orogen, and they are characterized
by a core of anatectic migmatites, orthogneiss and/
or granitoids surrounded by high-grade meta-
sedimentary rocks. In some orogens, there is a
characteristic spacing between gneiss domes, €.g.
40-50km in the northern Cordillera, and
25 + 5 km in the northern Appalachians (Fletcher
1972). The short dimension of gneiss domes
ranges from ~4 km (Naxos, Greece; Baltimore,
USA) to 60 km (Velay, Massif Central, France),
but most domes have a short diameter of
15-25 km.

The origin of gneiss domes has been debated
for more than 50 years (Eskola 1949). Their
origin has been ascribed to diapirism (Berner
et al. 1972; Ramberg 1980; Calvert et al
1999), crustal shortening (Ramsay 1967,
Burg ef al. 1984; Rolland et al. 2001), exten-
sion (Chen et al. 1990; Brun & Van Den
Driessche 1994; Escuder Viruete ef al. 2000),
or more complicated models invoking both
contraction and extension (Lee er al. 2000},
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crustal flow/extrusion (Beaumont ez al. 2001), or
extension-controlled upwelling  of partially
molten crust (Vanderhaeghe et al. 1999), In
recent years, diapirism has been rejected as a
general mechanism for the generation of gneiss
domes because in many cases the structural
doming event is believed to post-date partial
melting/magmatism (e.g. Lee ef al 2000
Rolland ez af, 2001).

In most orogens, the crustal structure beneath
gneiss domes is not known, but in southern
Tibet, seismic profiles suggest that the partiaily
molten (high conductivity, low seismic velocity)
mid-crust extends to the base of the Kangmar
dome (Nelson er al. 1996). Recent papers have
suggested links between the deep crust of the

- southern Tibet and the Himalayan wedge, includ-
ing flow of ductile Tibetan crust into the Himala-
yan wedge (Beaumont et al. 2001; Grujic et al.
2002).

An example of the relationship between decom-
pression and doming is found in the Shuswap
metamorphic core complex, British Columbia,
where a series of elongate gneiss domes are
aligned along the strike of the belt near its
castern margin. These domes are approximately
I5km across their short axis, are located
~40--50 km apart, and include the Frenchman’s
Cap, Thor-Odin, Pinnacles and Valhalla domes.
The high-grade core of the Thor-Odin dome
expetienced near-isothermal decompression from
P = 10 kbarto P < 4 kbar (Norlander et al. 2002).
The dome is defined in part by the transition
from migmatitic rocks that retain a coherent
metamorphic layering, to migmatites dominated
by the granitic fraction and characterized by lack
of a coherent solid framework (Vanderhaeghe
et al. 1999).

Isothermal decompression of
migmatite domes

The advection of partially molten material from
>30 km depth towards the Earth’s surface is a
significant agent of heat transfer during
orogeny. The temperature—time history at shal-
lower levels depends on the final emplacement
depth of the diapir and the geothermal gradient
of the upper crust: these are controlled by surfi-
cial processes and upper crustal deformation
(e.g. extension, erosion). Thermal modelling
can be used to evaluate the conditions required
for near-isothermal decompression and to exa-
mine the thermal effects of migmatite diapirs
following ascent to the upper crust. '

We used time-dependent thermal modelling to
quantify the relationship between isothermal
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decompression of a diapir and cooling rates
(Fig. 4). The advection—diffusion equation is sol-
ved in two dimensions using an explicit finite-

 difference method (e.g. Noye 1982). These

models illustrate the thermal response of a
diapir rising from the deep crust to the mid-
dle crust and do not address the mechanical
issues of emplacement of diapirs into the rigid
upper crust. Despite the mechanical Himitations,
important information regarding the relation-
ship between pressure—~temperature (P—T) and
temperature—time  (7-#) paths is obtained
through this analysis. The predicted T—¢ paths
(Fig. 5) can be compared to observed paths
(Fig. 1) to evaluate the exhumation history.

The diapir is modelled as a piston 15 km wide
with an initial temperature of 775 °C (Fig. 4a).
The diapir ascends from a depth of 30 km at a
constant rate to mid-crustal levels. Points within
the diapir are advected vertically; exhumation
rates investigated by the model were 2, 3, 10,
15 and 20 km Ma~!. The more rapid rates are
consistent with rates recorded by rocks exposed
in migmatite-cored domes (e.g. Brown &
Dallmeyer 1996; Calvert et al 1999). The
initial geothermal gradient is non-linear, with
an increase in temperature from 320 °C at
15km to 550 °C at 16 km. Below this interval,
which represents the base of a rigid upper
crustal lid, the geothermal gradient changes to
10°Ckm™". The results shown in Fig. 4 illus-
trate the cffects of the diapir stopping at the
base of the upper crustal lid (Fig. 4b) and pier-
cing the upper crustal lid (Fig. 4c).

Pressure-temperature —time paths calculated
for various points within the diapir, according
to the second model (the diapir pierces the
upper crust) and an exhumation rate of
20km Ma ™!, are illustrated in Fig. 5a. These
results show that, even at extreme exhumation
rates, a rock at the top of the diapir (initial
depth = 30 km) loses heat to the surroundings
during decompression, and therefore records
cooling during decompression. In contrast, rocks
within the diapir (initial depth = 35 or 39 km)
retain heat for a longer period of time during
decompression, resulting in a component of
near-isothermal decompression. The numerical
experiments therefore predict that rocks within
a diapir initiating within the deep crust maintain
significantly high 7 (>700 °C) during decom-
pression to shallow mid-crustal levels. Once
the diapir is emplaced at a shallow level, the
associated cooling paths predict a range of
cooling rates from 24 °C Ma ' to as high as
400 °CMa ' (Fig. 5b). Both models shown in
Fig. 4b and c predict greatest cooling rates of
400 °C Ma™" during exhumation for rocks at
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INITIAL CONDITION

100
200
300
400
500
600 |
700

Temperature (°C)

Depth (km)

-15 0 15
Horizontat distance (km)

DIAPIR STOPS AT BASE OF UPPER CRUST

-+ 100

-15 0 15
DIAPIR PIERCES UPPER CRUST

-15 0 15
Horizontal distance (km)

Fig. 4. (a) Initial conditions for time-dependent numerical experiments, The initial geothermal %radient is determined
using a heat production value 0of 9.6 x 107* wW kg ! for the upper crust and 5 x 107° wW kg™ for the fower crust. The
boundary between the upper and lower crust is located at 15 km (arrow). The diapir is modetled as a piston, the top of which
is injtially at 30 km depth and moves vertically at a given rate. Ty, for points within the piston is 775 °C. Boundary
conditions are constant basal heat flux and constant surface temperature, Ty = 20 °C. (b) Diapir is exhumed to the base
of the upper crust at 20 km Ma ™. Dashed contours show position of isotherms after advection (1 Ma); black contours
represent thermal structure afier 5 Ma of cooling at7 = 6 Ma. Contour interval = 200 °C. (¢) Diapir is exhumed to a position
within the upper crust at a rate of 20 km Ma ™. Contours are the same as in (b). In both models, rocks near the top of the
diapir record the greatest cooling, but the magnitude of cooling is greater in the case where the diapir pierces the upper crust.
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Fig. 5. (a) Depth (pressure)—temperature diagram showing model results for a particle point located at the top of the diapir
(initial depth, Z; = 30 km), a point 5 km below the top of the diapir (Z; = 35 k) and a point 9 km below the top

(Z; = 39 km). The decompression rate for all three cases is 20 km Ma~". The top of the diapir cools continuously
during decompression, but the points modelled within the diapir experience near-isothermal decompression until the
diapir pierces the upper crust, at which point the diapir experiences isobaric cooling. The grey shaded region illustrates
the approximate location of dehydration melting reactions involving biotite. (b) The 77 plot corresponding to the same
conditions as in {a) with similar fabels and line styles. This T—¢ diagram illustrates the rapid cooling rates of the

modelled processes.

the top of the diapir. Following exhumation, the
cooling rate slows to 24 °C Ma ™!, The average
cooling rate recorded for a rock at the top of the
diapir is 56 °CMa™". A rock within the diapir,
however, records a slower average cooling rate
of 40 °C Ma . These cooling rates are consist-
ent with observed cooling rates determined by
thermochronology of migmatite-cored domes
(e.g. Calvert ef al. 1999; Vanderhaeghe et al.
1999).

Observed P-T—t paths for migmatite-cored
domes suggest rapid isothermal decompression
of the deep crust. Calculated P-T-r paths
further support buoyancy-driven flow as a
viable mechanism for rapid exhumation of
these deep rocks. To understand how these
domes develop in orogens requires addressing
the general question of partial mielting during
orogenesis. In this chapter thus far, we have
emphasized the importance of decompression ~
specifically isothermal decompression — and
the tectonic/thermal fate of partially molten
crust. We have focused on relatively small-
(crustal-) scale observations, but will now con-
sider larger- (lithosphere-) scale processes that
might contribute to melting of continental crust.
By doing so, we can address the fundamental
question of how and why the deep crust of
orogens attains such high melt fractions over
such a great crustal thickness (Nelson er al
1996; Schilling & Partzsch 2001).

Buoyant return of subducted
continental crusi

The contribution of continental subduction to
melting in orogens requires further consider-
ation. In the mid- to deep crust of the southern
Tibetan Plateau, it is difficult to explain the pre-
sence of the amount of melt inferred (20 vol.%)
by simple heating during crustal shortening, as
the mantle is not unuswvally hot beneath this
part of Tibet (Nelson et al. 1996; Chen et al.
1996). In addition, the rapid rate of underthrus-
ting (subduction) of Indian crust beneath
Burasia (55-60mma™'; Patriat & Achache
1984; Le Pichon ef al. 1992) and the estimated
low temperature at the Indian plate moho at the
modern suture (inferred from heat flow data;
Gupta 1993) suggest that the lower crust of the
subducting Indian continent is at moderate tem-
peratures (<<800 °C; Henry et al. 1997). Nelson
ef ol (1996) proposed that crustal heat pro-
duction in 70 km thick continental crust caused
partial melting in the Tibetan crust. This mechan-
ism, however, requires the presence of a free
agueous fluid for flux melting, and this combi-
nation of variables (enough time for heat pro-
duction to promote regional-scale melting, the
presence of abundant aqueous fluids) is unlikely.
However, decompression due to thinning, exten-
sion, or buoyant rise of deep crust (including sub-
ducted Indian or Eurasian continental material)
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(Fig. 3) may account for large degrees of melting
without the presence of water-rich fluid and
without the presence of elevated temperatures
(i.e. =800 °C). '

The UHP terranes identified at the Earth’s
surface represent a small fraction of the total
volume of suhducted continental material. For
example, the amount of Indian continental crust
that is estimated to have been buried/subducted
beneath the Eurasian plate cannot be accounted
for by the amount of crustal thickening in the
Himalayas. Some of the missing crust has
likely flowed under southern Tibet. Although
some subdocted continental crust may become
dense enough to sink into the mantle as eclogite
(Le Pichon ef al. 1992), some crust may remain
less dense than the surrounding mantle rocks
(Hermann 2002) and can rise buoyantly. The
question of the fate of subducted continental
crust is related to the present discussion
becanse the buoyant rise of subducted continen-
tal crust may contribute to partial melting in col-
lisional orogens, by providing source rocks for
partial melting during decompression and/or by
influencing decompression mechanisms in the
overlying (non-subducting) crust.

1t is unclear at present whether exhumed UHP
rocks were partially melted during ultrahigh-
pressure metamorphism. Some UHP terranes
contain abundant migmatites (e.g. Dabie Shan),
but the general view is that the partial melting
occurred in a later event, unrelated to UHP meta-
morphism (Coleman & Wang 1995). Further-
more, geochemical studies in some exhumed
ultrahigh-pressure terranes suggest that the conti-
nental material was ‘old, cold, and dry
{Coleman & Wang 1995) prior to subduction.
Sharp et al. (1993), however, proposed that the
stable isotope values of UHP schists from the
Dora Maira Massif indicated equilibration with
a melt, possibly represented by kyanite +

~ jadeite + garnet + quartz layers in the schists
(Schreyer ef al. 1987). We believe the relation-
ships among UHP metamorphism, exhumation
of UHP rocks and partial melting deserve
further investigation, but, whether or not
exhumed UHP terranes experienced partial
meliing, it is reasonable to propose that some
subducted continental material has sufficient fer-
tility and reaches P-T conditions appropriate for
partial melting during deep subduction and/or
decompression.

Sumnmary

Large-magnitude (> 10 km), regional-scale de-
compression that is nearly isothermal at ele-

" vated temperatures (>700 °C) may be driven
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by a variety of mechanisms, including surficial
and deep crust/mantle processes that may influ-
ence each other through feedback relationships.
If decompression is a necessary condition for
large-scale melting of continental crust, then a
significant source of material and/or a major
driving force for melting in collisional orogens
may be subducted continental material. The
transfer of continental material, including melt,
from the subducting plate to the non-subducting
plate may result in decompression-driven partial
melting, with the melt accumulating in the non-
subducting plate. The large volume of melt in a
layer within the thickened crust fundamentally
changes the balance between tectonic and buo-
yancy forces in a collisional orogen and results
in mechanical decoupling of continental crust
and lithospheric mantle. Within continental
crust, upper and deep levels may initially be
mechanically coupled (e.g. if decompression is
driven by surficial or other upper crustal pro-
cesses), but these too become decoupled
through time as partial melting proceeds and
the deep crust flows laterallty (channel flow)
and/or vertically (diapirism). The rise of par-
tially molten crust and associated downflow of
denser country rocks signifies decoupling of oro-
genic crust from the mantle lithosphere and of
deep crust from upper crust.

We thank Olivier Vanderhaeghe for his commenis on the
paper, and acknowledge reviews by Mike Brown and J.-L.
Vigneresse. In particular, the helpful suggestions of Mike
Brown improved the discussion of migmatites and melting
relationships. This work was partially supported by NSF
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