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Abstract Although the exhumation of high pressure (HP) and ultrahigh pressure
(UHP) rocks is an integral process in subduction, it is a transient process, likely
taking place during the perturbation in subduction zones. Exhumation of HP to
UHP rocks requires the weakening of a subduction channel and the decoupling of
the exhumed slice from the rest of the slab. Considering more than 60 occurrences of
HP to UHP units of Phanerozic ages, we propose three major types of subduction
zones:

Accretionary-type subduction zones exhume HP metasedimentary rocks by under-
plating. The exhumation is slow and can be long-lasting.

The serpentinite-type subduction zones exhume HP to UHP in a 1 to 10km thick
serpentinite subduction channel. The serpentinite matrix originates from both
subducted abyssal peridotites and hydated mantle wedge. Exhumation velocity is low
to intermediate and the exhumation is driven by the buoyancy and the low-viscosity
of the serpentinite.

The continental-type subductions exhume UHP rocks of continental origin. The
UHP rocks together with garnet-bearing peridotites form units from km-scale unit.
The exhumation is fast, short-lived and occurs at the transition from oceanic subduc-
tion to continental subduction. It is driven by buoyancy forces and asthenospheric
return flow.

Keywords Oceanic subduction « Continental subduction « Exhumation « HP to UHP
rocks « Subduction channel

occurrences of pelitic rocks metamorphosed under
eclogite facies conditions suggest that these rocks were
subducted to great depths before exhumed (Compagnoni
and Maeffo, 1973; Carswell, 1990). The discovery of
coesite in Alpine metasediments (Chopin, 1984) intro-
duced the term of UHP metamorphism and demonstrated
that continental crust can be subducted to a depth
greater than 100-120km. Most Alpine-type HP to
UHP-LT metamorphic rocks occur in peri-Pacific and

1 Introduction

Eclogites, HP-LT metamorphic rocks, have been
reported since the first petrological description by
Haiiy (1822) and recognized from many locations in
the world with ages ranging from Proterozoic to
Phanerozic times (e.g., Godard, 2001 for review). The
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peri-Mediterranean fold belts of Paleozoic to Tertiary
ages (Fig. 1) and are characterized by geothermal gra-
dients ranging between 4 and 10°/km (e.g., Maruyama
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Fig.1 Worldwide occurrences of HP and UHP massifs (modified after Liou et al., 2004; Tsujimori et al., 2006)

et al., 1996). The oldest UHP unit was described in the
Gourma area (eastern Mali) in the Pan-African belt and
dated at 620Ma (Caby, 1994; Jahn et al., 2001). The
oldest blueschist is also Late Proterozoic in age (Liou,
1990; Caby et al., 2008). The absence of older blue-
schists may be ascribed to overprinting by subsequent
metamorphism or probably to hotter Earth during
Archean and early Proterozoic time. The oldest law-
sonite eclogite (e.g., Tsujimori et al., 2006) and oldest
carpholite-bearing blueschist (Agard et al., 2005) are
both early to middle Paleozoic in age, which is indeed
compatible with decreased geothermal gradients to
6—7°/km in Phanerozoic subduction zones (Maruyama
et al., 1996). Valli et al. (2004) estimated a geothermal
gradient of 30°C/km for a Late Archean subduction
zone and Moyen et al. (2006) reported a 3.2 Ga garnet-
bearing amphibolite (1.2-1.5GPa) from an arguably
15°/km subduction zone, similar to those observed
during the Late Proterozoic (Maruyama et al., 1996).
The oldest reported HP metamorphism (750°C,
1.8GPa) was found in a 2.0Ga eclogite terrane of
Tanzania (Moller et al., 1995) likely formed as a result
of continental subduction (Collins et al., 2004). The
peak metamorphic condition indicates a moderate geo-
thermal gradient of about 12°C/km, comparable to
geotherms of modern subduction zones. In contrast,
the youngest UHP rock on Earth was found in Papua
New Guinea and is dated at 4 Ma (Baldwin et al., 2004).
These data show that a study of HP to UHP rocks of
various ages contributes to a better understanding of

the evolution of thermal regimes of subduction zones
since Precambrian time.

HP to UHP metamorphic rocks of continental or
oceanic origins occur in convergent zones (Ernst,
2001).The pressure-temperature-time (P-T-t) paths
suggest their subduction and subsequent return to the
Earth’s surface (e.g., Duchéne et al., 1997). Despite
the growing amount of data on surface horizontal dis-
placement, the vertical movements of the lithosphere
and exhumation processes are still in debate. Proposed
mechanisms for exhumation include channel flow
(Cloos, 1982), corner flow (Platt, 1986), extensional
collapse (Dewey et al., 1993), thrusting towards the
foreland (Steck et al., 1998), buoyancy assisted by
erosion and tectonic processes (Chemenda et al.,
1995), compression of a soft zone between two rigid
blocks (Thompson et al., 1997), serpentinite channel
(Guillot et al., 2001), and coaxial extension associated
with a decoupling fault (Jolivet et al., 2003).

Although these mechanisms may locally account for
the exhumation of HP to UHP rocks in specific subduc-
tion zones, a general understanding of the major processes
and associated settings that can explain the worldwide
exhumation of HP to UHP rocks is still missing.

Detailed studies of HP and UHP rocks including
kinematic analyses and dating of metamorphism provide
invaluable information of thermomechanical processes
in subduction zones (Coleman, 1971; Ernst, 1973). Such
information can also constrain possible mechanisms
of exhumation because different processes result in
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different styles of deformation and P-T-t paths of
exhumed rocks. Furthermore, the data from HP and UHP
rocks in conjunction with P-T-t paths predicted from
numerical modelling provide key information related to
the thermomechanical properties of subduction zones.
This paper reviews more than 60 occurrences of
HP to UHP units of Phanerozic ages (Fig. 1), their
protoliths, their P-T-t paths and their exhumation
rates, and discusses the important factors controlling
their exhumation and the possible significance of the
so-called “subduction channel” in subduction zones.

1.1 Subduction Types

Bally (1981) defined two contrasting types of con-
vergent zones: the Pacific- and Alpine-types. The
Pacific-type subduction is characterized by long-lasting
subduction of oceanic lithosphere. The Alpine-type
first involves the consumption of an oceanic domain,
similar to the Pacific-type subduction, followed by the
subduction of continental margins. The continents
involve in the Alpine-type could be large, such as those
in the Alps, Variscides, Himalaya, Dabieshan or the
Caledonides (Chopin, 1984; Lardeaux et al., 2001;
Guillot et al., 2003, Yang et al., 2003; Hacker, 2007).
Some continents are small, as those in Aegean (Jolivet
et al., 2003) and Kazakstan (Hacker et al., 2003). Based

Ocean floor
sediments

0 |

Trench accrefionary Vancouver Island

on the the lithology, the peak P-T conditions, and the
exhumation patterns of metamorphic rocks, we propose
three types of dominant subduction regime to explain
the different styles of exhumation observed: the accre-
tionary-type, the serpentinite-type and the continental-
type. The continental-type is similar to the Alpine-type
defined by Bally (1981). A subduction zone may evolve
from one type to others during its life and two different
types may co-exist along one subduction zone.

1.2 Accretionary-Type Subduction

Forearc accretionary wedges (or prisms) develop in
front of intra-oceanic arcs or continental arcs (Fig. 2).
They are observed all along the Pacific subduction
systems including the west coast of the North America
(Alaskan—Cascades), the west coast of the South
American (Ecuador-Chile), Japan, and Suwalesi. They
also occur in the Barbados in the western Atlantic
Ocean and Makran in the northern Indian Ocean
(e.g., Lallemand, 1999). A major feature of accretion-
ary wedges is the stacking of oceanic sediments by
offscraping of the upper part of subducting plate or arc
rocks eroded from the upper plate depending on the
geometry of the buttress and the subduction angle
(Cloos, 1982; Platt, 1986; Moore and Silver, 1987,
Cloos and Shreve, 1988; Von Huene and Scholl, 1991)
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Fig. 2 (a) Schematic cross section through the Cascadia sub-
duction zone beneath the Vancouver Island (modified after
Hyndman, 1995). Note that the deep part of the accretionary
wedge is comprised of imbricate slices of ophiolites and sedi-
ments. (b) Schematic cross section through the South-Central
Chilean forearc based on reflection seismic data and offshore

geology (modified after Glodny et al., 2005). Note that the
paleoaccretionary wedge of Upper Paleozoic age show internal
structures compatible with underthrusting at the base and exten-
sion at shallow level. Upper Paleozoic blueschists (~0.8 GPa)
are being exhumed near the toe of the paleoaccretionary
wedge
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a: Near-perfect subduction

¢: Pro-wedge, retro-wedge and conduit
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Fig. 3 Schematic geometry of accretionary prism (modified
after Ernst, 2005). Note that the geometry controls the depth and
origin of HP rocks either from upper or lower plates, and the
exhumation trajectory. (a) In a narrow accretionary prism, a slab
is parallel to the buttress, which prevents the exhumation of HP
rocks. (b) In a wide accretionary wedge at shallow depth, the

(Fig. 3). The deepest part of an accretionary wedge is
close to the buttress and about 20km (ca. 0.6 GPa) in
present-day subduction zones, but in exceptional cases
about 40-60km (1.1-1.6 GPa) in Chile (Glodny et al.,
2005) and Cascadia beneath Vancouver Island
(Hyndman, 1995) (Fig. 2).

Numerical simulation of an accretionary wedge
(Beaumont et al., 1999; Allemand and Lardeaux, 1997,
Yamato et al., 2007) shows that the initial geometry of
a buttress or backstop (continental crust for active mar-
gin and arc crust for intra-oceanic subduction) affects
the shape of an accretionary wedge and consequently
the metamorphic pressures reached by the exhumed
rocks. When a slab is parallel to a buttress, deeply sub-
ducted rocks are prevented from exhumation (Fig. 3a).
On the other hand, a wide open wedge allows the exhu-
mation of deeply subducted rocks that originated from
the upper and lower plates (Fig. 3d). In intermediate
geometries, deeply subducted rocks are exhumed close
to the trench (pro-wedge exhumation), vertically (plug
uplift) and also near the buttress (retro-wedge exhuma-
tion) (Ernst, 2005).

The geometries shown in Fig. 3b, ¢ are condu-
cive for the exhumation of HP rocks during active oce-
anic subduction. As already discussed, accretionary
wedges are dominated by sediments derived from the
upper and lower plates and contain exhumed HP-LT
rocks. Two recent reviews by Tsujimori et al. (2006)
and Agard et al. (submitted) list more than 20 HP and
UHP massifs in the world belonging to this category

70 km

b: Pro wedge and plug uplift

Mantle
wedge

L70 km

L70 km

rocks are exhumed only from shallow depth. (¢) In an interme-
date model where an accretionary prism is wider than that in
Fig. 3b, but narrower than that in Fig. 3d. (d) An accretionary
wedge is wide at shallow and deep levels, which allow the exhu-
mation of HP rocks from great depths at front, middle and rear
of the wedge

(Table 1). All these units share many features, suggest-
ing that similar processes were in operation during
their metamorphism and exhumation of the HP rocks.
These features are summarized below.

The HP-LT rocks in accretionary-type subduction
zones are dominated by clastic sedimentary rocks with
no mantle-derived material, suggesting that the proto-
liths of HP-LT rocks are sediments deposited on the
sea floor and that the detritus of the sediments were
supplied from the upper and lower plates (Plate 1la,
Fig. 4a). For instance, upper crustal rocks of seamounts
underwent HP-LT metamorphism in the Himalaya
(e.g., Mahéo et al.,, 2006). The HP-LT unit in the
Himalaya also contains arc-derived material, suggest-
ing that the erosion of arc rocks was contemporaneous
during the seamount subduction (e.g., Lallemand and
Le Pichon, 1987; Von Huene and Cullota, 1989; Mahéo
et al., 2006). The exhumation of only upper crustal
rocks implies that lower crustal rocks of slabs are
deeply subducted.

The relative abundance of oceanic sediments and
upper oceanic crust in exhumed rocks varies from one
subduction zone to another. Centimetric to hectometric
blocks of mafic or ultramafic oceanic rocks is usually
observed in a calcsilicate matrix. In the case of the
Franciscan complex, this “melange” was previously
interpreted as a tectonic melange developed along the
subduction zone, leading to the concept of subduction
channel where a soft matrix allows rigid blocks to be
exhumed parallel to the subduction plane (Cloos, 1982;
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Plate 1 Field photographs of HP rocks in three subduction types.
(a) Accretionary type subduction. Block of an hectometric blue-
schist (bs) corresponding to an oceanic olistolith embedded in a
metasediemnatry matrix (sed) of Schistes Lustrés at Bric Bouchet,
Queyras in western Alps. The contact between the blueschist and
the metasediment is concordant and both recorded similar P-T con-
ditions. (b) Serpentinite type. Metric blocks of blueschists (bs) of
oceanic origin are embedded in a serpentinite matrix (ser). At the

local and regional scale, each blueschist block recorded different
peak metamorphic conditions in Northern Serpentinite mélange in
Cuba. (c¢) Continental subduction context. Coesite-bearing eclog-
itic block (ecl) corresponding initially to a basaltic dyke emplaced
in Permian sediment (sed) on the Indian continental margin. The
intrusive contact between the dyke and sediments is preserved at
the regional scale, and the Indian continental margin forms a coher-
ent UHP unit of 100 *50km at Tso Morari in western Himalaya
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Fig.4 (a) Nappes observed in the HP Franciscan complex. Note that the primary sedimentary contact between basalts and chert is
preserved (modified after Kimura et al., 1996). (b) Schematic succession of HP nappes in the Cycladic blueschist belt in Greece

(modified after Forster and Lister, 2005)

Shreve and Cloos, 1986). Ocean Drilling Project in
the 80’s documented that gabbros and dolerites are
brecciated near ridges (Lagabrielle et al. 1981;
Lagabrielle and Polino, 1985) (Plate 1a) and that brec-
cias and olistoliths form by mixing of igneous rocks
and sediments on the sea floor. Earlier, mineralogical
studies suggested that lower metamorphic grade of the
matrix than mafic lenses, but this interpretation has
been questioned by recent studies showing that the
matrix metasediments and lenses record similar P-T
conditions (e.g., Kimura et al., 1996 for the Franciscan
complex; Agard et al., 2002 for the Western Alps;
Parra et al., 2002 for the Cyclades in Greece).

In term of geometry, several units are recognized in
exhumed rocks with a thickness varying from the hec-
tometre up to Skm (e.g., two to four units in Kimura
et al., 1996; Stanek et al., 2006). These units form
nappes thrust towards the paleo-trench with lower met-
amorphic units overlain by higher metamorphic units
(Fig. 4a). These nappes started to develop under
HP-LT conditions, generally under blueschist condi-
tions and ended under greenschist facies conditions,
suggesting that the early exhumation is accommodated
by thrusting (Fig. 4). Late extension that starts at the
ductile-brittle transition commonly affects the nappes
as documented in the Franciscan complex (Platt, 1986),
the Samana complex in Dominican Republic
(Goncalvez et al., 2000), the Cyclades in Greece
(Jolivet et al., 2003) and the Piedmont complex in the
western Alps (Tricart et al., 2004).

The maximum pressures recorded in exhumed rocks
vary from 0.7 to 2.0GPa and plot along geotherms
ranging between 5 and 14°/km, which are similar to
those of modern subduction zones (Fig. 5). Several
eclogites show pressures equivalent to a depth of about
75 km. This is much deeper than the maximum depth,
20—40km, observed in most active accretionary
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Fig.5 Compilation of P-T data for accretionary wedge context
(see Table 1 for abbreviations and references). Cold (4°/km, NE
Japan) and hot (8.5°/km, SW Japan) geotherms from Peacock
and Wang (1999). Lx-Ec: lawsonite eclogite; Ep-Ec: epidote
eclogite; Am-Ec amphibole eclogite, BS blueschist, Cpx-Gr
clinopyroxene granulite, Opx-Gr orthopyroxene granulite, EA
epidote amphibolite, AM amphibolite, GS greenschist

wedges. Another common feature of HP-LT rocks is
slow exhumation rates ranging between 1 and 5 mm/
year (Table 1), which are independent of subduction
velocities (e.g., Agard et al., submitted).
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1.3 The Serpentinite-Subduction
Channel

Recent petrological and geophysical evidence docu-
mented the presence of serpentinites in oceanic floor
(e.g., Mével, 2003) and along active subduction zones
(e.g., Furukawa, 1993; Maekawa et al., 1993; Bostock
et al., 2002; Seno and Yamasaki, 2003). Serpentine
minerals sensus lato display several distinctive charac-
ters: they contain up to 13 wt% of water and can be a
major host of fluid-mobile elements in deep subduc-
tion zones (e.g., Schmidt and Poli, 1998; Hattori and
Guillot, 2007) as they are stable under wide tempera-
tures and pressures down to a depth of 150-170km
(Ulmer and Trommsdorff, 1995). They have a low den-
sity, about 2600kg/m?, a low viscosity of about 4.10"
Pas, a high poisson ratio (0.29) and low shear modulus
(e.g., Moore and Lockner, 2007; Reynard et al., 2007;
Hilairet et al., 2007). These physical properties allow
serpentinites to be highly ductile to lubricate subduc-
tion planes (Guillot et al., 2001).

In paleo-subduction zones, serpentinites are com-
monly associated with HP-LT rocks and have been
considered as fragments of oceanic lithosphere, and the
contacts between eclogitic lenses and the matrix ser-
pentinites are interpreted to be primary (e.g., Coleman,
1971). For instance, the high-pressure Monviso massif
in the Western Alps has been considered as a continu-
ous sequence of the Tethyan oceanic lithosphere (ophi-
olite). However, recent studies show that this massif
represents a deep tectonic melange as individual eclog-
itic blocks record different P-T conditions (Fig. 6a)
(Blake etal., 1995; Schwartz et al., 2000, 2001). Sixteen
Phanerozic massifs are defined as serpentinite-type
subduction complexes (Table 2). The Zermatt-Saas unit
is included in this type because mafic bodies are inti-
mately associated with serpentinites, although it is not
a tectonic melange and has been interpreted as a com-
plete ophiolite sequence (e.g., Li et al., 2004).

HP-LT units exhumed in serpentinite-type subduc-
tion zones are dominated by highly sheared serpen-
tinites that contain blocks of metabasites (Plate 1b).
The blocks are weakly deformed and range in size
from metric to decametric. Some blocks are kilomet-
ric, as those in the Monviso massif, or centimetric, as
those in the Voltri massif. The metasediments (metach-
erts, metagreywackes, metapelites, marbles) are highly
deformed and minor in volume, less than 10% of the
massifs (Fig. 6b).

The initial geometry is difficult to reconstruct
because original contacts are no longer recognized in
exhumed rocks. Nevertheless, it has been evaluated in
two well studied locations; the Monviso and Voltri
massifs in the Alps (Fig. 6). The Monviso massif is
composed of six west-dipping tectono-metamorphic
units of metabasalts and metagabbroic rocks, each of
which is separated by west dipping normal shear zones
containing serpentinites (Lombardo et al., 1978;
Schwartz et al., 2000; Guillot et al., 2004; Fig. 6a). The
basal unit is serpentinites with 400 m in thickness. The
serpentinites that originated from lherzolite and minor
harzburgite and dunite, are cut by sheared dykes of
rodingitized gabbro and basalt. The serpentinite layer
commonly contains metric to hectometric lenses of
foliated eclogitic gabbro, ferrogabbro and metamor-
phosed plagiogranite. Considering the geometry, this
basal serpentinite unit likely had an initial size of about
50km x 10km (Schwartz et al., 2001; Guillot et al.,
2004). Five other units are composed of discontinuous
layers of intensely deformed and recrystallized
metagabbros. These metagabbros contain minor ultra-
mafic cumulates and hydrated mantle peridotites
(Messiga et al., 1999). Locally, greenschists and
banded glaucophane-epidote metabasalts retain the
pillow lava texture. The upper part of the massif
exposes thin layers of carbonate-bearing micaschists
(Schistes Lustrés) interbedded with the metabasites.
The thickest section (~1.2km) is composed of basalt
breccia, pillow lavas, metagabbro and slices of serpen-
tinites in upward direction. The serpentinites were
metamorphosed under blueschist facies conditions.
The Monviso massif is thus similar to a dismembered
ophiolitic massif, yet each unit records different P-T
conditions.

The Voltri massif in the western Alps is more akin
to a mélange zone observed in British Columbia
(Tsujimori et al., 2006) Cuba (Garcia-Casco et al.,
2002), Dominican Republic (Krebs et al., 2008), and
Turkey (Altherr et al., 2004). It is surrounded by highly
sheared serpentinites and consists of chaotic mixture
of meter-sized blocks of metagabbros, metabasites,
métasediments and also serpentinites in the matrix of
schistose chlorite-actinolite (Fig. 6b) (Vignaroli et al.,
2005; Frederico et al., 2007). The serpentinte matrix
both in the Monviso and Voltri massifs record HP con-
ditions (Auzende et al., 2006).

Geochemical and petrological data suggest that
mafic blocks in 18 serpentinite-type subduction com-
plexes were derived from the subducted oceanic plate
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Fig.6 (a) Lithological map of the central part of the Monviso in
Western Alps (after Schwartz et al., 2001). At the regional scale,
a network of normal shear zone underline by sheared serpen-
tinites or sheared metasediments separated several metabasite
blocks recording contrasted P-T conditions. The basal serpen-
tinites unit (on the right side) forms a thick (400 m) serpentinite
melange containing metric blocks of metabasalts, metagabbros

of metasediments. CT: Costa Ticino; PG: Passo Galarino; LS:
Lago Superiore; TU: Tour Real; VM: Viso Mozzo; SP: Basal
Serpentinite; 7U: (b) Geological and structural map of the Erro
Tobio serpentine mélange (Southwestern Alps). Note the diver-
sity of lithologies included in the serpentinite matrix (modified
after Frederico et al., 2007)
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(Table 2). The possible exception is the eclogitic blocks
of andesite origin dredged near the Omachi forearc
serpentinite diapir (Izu-Bonin arc) (Ueda et al., 2004).

Serpentinites in oceanic subduction zones mostly
originated from abyssal peridotites and their hydration
likely took place during the ridge hydrothermal activ-
ity, such as those in Java, Iran, and the Alps. Some
serpentinites were derived from hydrated mantle
wedges (Turkey, Australia, Mariana, Izu-Bonin) or
both (Northern serpentinite mélange in Cuba and
Dominican Republic) (Table 2).

Regarding the metamorphic conditions, most eclog-
itic blocks reached HP between 1.8 and 2.5 GPa and
relatively low temperatures, which defines paleogeo-
thermal gradients lower than 10°C/km (Fig. 7). Two
localities provide evidence for deeper P-T conditions,
at 3.2 and 4GPa, respectively (SAJ, RSJ; Table 2;
Fig. 7), as deduced from garnet peridotite blocks
embedded in the serpentinite melange.

In the Western Alps and in the northern serpen-
tinite mélange in the Dominican Republic, the maxi-
mum pressure of each block varies from 1.0 to 2.3 GPa
(Schwartz et al., 2000; Frederico et al., 2007; Krebs
et al, 2008), suggesting that their juxtaposition
unlikely took place during exhumation. The meta-
morphic ages of different blocks show ranges in age;
+4Ma in the Voltri massif in the western Alps
(Frederico et al., 2007), =15 Ma in the Monviso mas-
sif (e.g., Guillot et al., 2004) and 40 Ma in the Rio
San Juan complex in Dominican Republic (Krebs et
al., 2008). These variations likely reflect different
depths and different times of metamorphism for
blueschists or eclogitic blocks within the subduction
channel. Finally exhumation velocities vary between
3 and 10 mm/year, which are faster than those recorded
in accretionary wedge environment (Table 2). Again
the exhumation velocity remains independent of the
subduction velocity (e.g., Agard et al., submitted for
publication).

1.4 Continental-type Subduction

The discovery of coesite and microdiamond in sub-
ducted crustal rocks (Chopin, 1984; Smith, 1984;
Sobolev and Shatsky, 1990) demonstrated that conti-
nental rocks can be subducted to depths of at least
100km. Such UHP rocks have now been documented
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Fig. 7 Compilation of P-T data for serpentinite subduction
channel context (see Table 2 and Fig. 5 for abbreviations and
references). Grey area: stability field of antigorite after Ulmer
and Trommsdorff (1995)

in most Phanerozoic mountain belts around the world
(Fig. 1) but the mechanism by which these rocks were
exhumed are still debated. This problem is not trivial
because of the large sizes of some HP-UHP terranes
(>50,000km? in China and Norway), the large vertical
displacement during their exhumation and the preser-
vation of index minerals or assemblage (Grasemann
et al., 1998; Hacker, 2007).

The protoliths of UHP rocks are predominantly
upper continental crust (Table 3), such as granite
gneisses, and metasedimentary rocks (quartzites,
metapelites, and marbles). Mafic plutonic rocks are
present in subduction zones, but they correspond to
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intrusions in shallow continental crust prior to the sub-
duction as shown in Plate 3. The Caledonian UHP
eclogites of Norway are considered to have originated
from the lower crustal granulites of Precambrian age.
However, the eclogitized granulites are associated with
Precambrian gabbros, anorthosites and peridotites
(Tucker et al., 1991). The occurrence of gabbro and
peridotite with contemporanous gneiss suggests that
these rocks were probably present in the continent-
ocean transition where the lower crust is thin or totally
absent. If this hypothesis is confirmed, it reinforces the
idea that only the upper crust is exhumed.

Garnet peridotites have been described in UHP ter-
ranes in Phanerozoic continent-continent collision
zones, including Dabie-Sulu terrane in China,
Kokchetav massif in Kazakhstan, Western Gneiss
Region in Norway, Alpe Arami in Switzerland and in
the Palaeozoic belt of Europe (e.g., Medaris, 1999).
They are classified into two types (e.g., Brueckner and
Medaris, 2000; Zhang et al., 2000): (a) garnet peridot-
ites originated from mantle wedges and tectonically
incorporated within the subducting slab at great depth
before its exhumation; (b) plagioclase-bearing cumu-
late ultramafic rocks emplaced at the base of the conti-
nental crust prior to the subduction and metamorphosed
to garnet peridotites. In both cases, garnet peridotites
are associated with continental rocks and their exhu-
mation is explained by decoupling of the continental
slice from the descending oceanic lithosphere due to
the positive buoyancy of sialic continental rocks within
the subduction channel (Van der Beuckel, 1992; Ernst,
1999, 2005).

The thickness of UHP domains varies widely. In the
Western Alps, the Dora Maira UHP unit is 200m in
thickness and covers a surface area of about 25km?. In
contrast, the Lower Paleozoic metamorphic domain in
China forms an essentially continuous HP-UHP belt
extending more than 4000km from Quinlin to Dabie
(Yang et al., 2003) with a thickness of 5 to 10km
(Hacker et al., 2000). Similarly, recent geochronologi-
cal data confirm that the Western Gneiss Region in
Norway forms a continuous HP-UHP unit of 200 x
400 x 5-10km (Hacker, 2007; Young et al., 2007).

Primary magmatic texture in metamorphosed gran-
ite and volcanic rocks indicate locally low strain
(Michard et al., 1993; de Sigoyer et al., 2004). High
strain zones are found in most UHP units, such as the
Dora Maira massif in the Alps (e.g., Michard et al.,
1993), the Sulu and Dabie Shan massifs in China (e.g.,

Hacker et al., 2000; Zhao et al., 2005) and the Tso
Morari and Kaghan units in Himalaya (e.g., Guillot
et al., 2007). The evidence also indicates local high
strain zone between these exhumed units from the
dowgoing slabs. Based on the observation of the
Himalayan UHP Tso Morari massif, Guillot et al.
(2000) suggested, that the decoupling is controlled by
the normal faults inherited from earlier rifts, making
an upper crustal block easily dislodged from the rest of
the subducting slab. This interpretation is analogous to
that suggested by Jolivet et al. (2005) that the brittle to
ductile transition of deformation plays an important
role in decoupling the upper crust from the rest of the
subducting lithosphere.

The progressive metamorphism of the Precambrian
granulites in the Caledonian nappes of the Bergen Arc
in Norway demonstrates the role of fluid circulation
for eclogitization (Austrheim, 1994; Jolivet et al.,
2005). Perhaps because of the presence of fluids, index
minerals are poorly preserved in many UHP rocks of
continental origin. This makes it difficult to define the
boundary of an UHP domain. In fact, UHP rocks com-
monly record pressures ranging from about 2.5 GPa up
to P > 7 GPa and temperatures varying between 500°C
and 1335°C (Fig. 8). However, most UHP rocks of
continental origin record pressures between 2.5 and
4.0GPa (e.g., Hacker, 2006), and the UHP conditions
are mostly recorded in garnet-bearing peridotites. The
evidence suggests that mantle peridotites record an
earlier event before their incorporation into the sub-
duction channel due to an asthenospheric return flow
(Fig. 8) (e.g., Spengler et al., 2006; Gorczyk et al.,
2007).

UHP minerals are rarely preserved and mostly
occur as relict in other minerals, such as coesite in gar-
net or omphacite or diamond in zircon. Nevertheless,
their occurrence requires specific conditions, such as
rapid cooling during decompression, rapid exhuma-
tion, fluid-absent condition during the exhumation and
little deformation. These conditions are only locally
attained so that the evidence for UHP conditions is
only retained in lenses. UHP metamorphism records
low geotherms ranging from 5 to 10°/km in most ter-
ranes, and down to 3.5°/km in the Forbidden Zone in
China (Liou et al., 2000).

The P-T-t paths of UHP rocks are characterized by
isothermal decompression until crustal depths (1.0 to
0.5 GPa). The absence of significant heat loss during the
exhumation indicates their rapid exhumation, greater



Exhumation Processes in Oceanic and Continental Subduction Contexts: A Review 191

Fig.8 Compiled P-T data for UHP rocks in continental ~ 7.0 230
and oceanic subduction complexes (see Table 3 for RH
abbreviations of locations and references, and Fig. 5 — BO
for mineral abbreviations). The arrows show the D
. . S £
asthenospheric upwelling of garnet peridotites before - 8 p
their integration in the subducting channels I A
— .g’ v NWGR
o
— o
L
so £ 200
—170
5.0
TIAD >
= S
m —
a 3
o ) .
o | w Dlampnd- 3
= eclogite Q
2 - o
g o4 3
a O 5
0 e
40 135
EG
- Dry
eclogite
3.0 —100
a0 1 T T 1 T T 1 70
400 600 800 1000 1200 1400

Temperature (°C)



192

S. Guillot et al.

than 3 mm/year (Duchéne et al., 1997; Grasemann et al.,
1998). Estimated exhumation velocities in other UHP
rocks of continental origin are also high, faster than
6 mm/year, reaching possibly up to 80 mm/year in the
Alps and the Himalaya (Parrish et al., 2006) (Table 3).
As for other types of subduction zones, the exhumation
velocity is independent of the subduction velocity.

2 Discussion

2.1 Subduction Environments and
the Timing of Exhumation

The common feature of the exhumation in the accretionary
wedge environment and in the serpentinite-subduction
channel environment is that both involve the subduction
of oceanic lithosphere. The development of an accretion-
ary wedge additionnally requires the offscraping of sedi-
ments derived from the lower plate or erosion of the
upper plate. In the Western Alps, large proportions of
these sediments (up to 50%) are exhumed, whereas only
small fractions (<1%) of oceanic rocks are (Guillot et al.,
2004; Agard et al.,, submitted). The metamorphosed
oceanic rocks, blueschists-eclogites, are slowly exhumed
(~ few mm/year) during active oceanic subduction. The
peak pressures of those exhumed rocks are generally
lower than 2.2 GPa, whereas peak pressures in serpen-
tinite-subduction channel may reach the coesite stability
field (2.8 Gpa, ZS; Fig. 7). The latter may contain garnet
peridotites that were equilibrated at even higher pressures
(~4Gpa, RSJ; Fig. 7). Exhumation of sedimentary rocks
lasts for a long time ranging from 25Myr (Alpine
Schistes Lustrés) to 100Myr (Chile), whereas the exhu-
mation of oceanic crust is commonly brief, less than
15-20Myr (Agard et al., submitted). These authors have
shown that the exhumation of oceanic lithosphere may
occur shortly after the inception of subduction (Chile,
Franciscan, Makran), in the midst of convergence (SE
Zagros, NW Himalaya), or during the late stages of
subduction (Western Alps, New Caledonia). Exhumed
oceanic rocks are commonly associated with serpen-
tinites. Exhumation velocities are also low, ranging
between 1 and 5Smm/year. Exceptionally fast exhuma-
tion (~10mm/year) in the western Alps is associated
with later continental subduction (Agard et al., 2002;
Guillot et al., 2004). The exhumation rates are inde-

pendent of the subduction rates, confirming a decou-
pling between the subducting plate and the zone of
exhumation.

Accretionary wedge and serpentinite subduction
channel environments show two other major differ-
ences: the lithology and types of HP rocks. In accre-
tionary wedge environment, HP rocks mostly originate
from metasediments and form kilometric slices with
continuous P-T conditions, frequently with higher
pressure slices thrust over the lower pressure ones. On
the other hand, serpentinite subduction channel is
dominated by metabasites embedded in a sheared ser-
pentinite matrix. These metabasite blocks record dif-
ferent P-T conditions, common in a tectonic mélange.

Note that an accretionary wedge and a serpentinite
subduction channel may coexist in a single subduction
zone at a given time, and exhumed rocks in these two
settings may occur in close proximity in a subduction
complex as shown in the Western Alps and the
Franciscan (Fig. 9).

The continental-type subduction is accompanied by
the exhumation of UHP rocks that were buried down to a
depth between 100 and 200km along cold geotherms.
UHP rocks are exhumed rapidly (>6mm/year) under
isothermal conditions at the transition from oceanic sub-
duction to continental collision. HP-UHP domains from
1km to maximum 10km thick nappe stacks over large
surface areas (>50,000km?). Continuous UHP rocks of
greater than 50km in length are exposed in the Tso
Morari area in the Himalaya, the Western Gneiss Region
in Norway and Quinlin-Dabie in China. Due to its thick-
ness and is positive buoyancy, the entire continental lith-
osphere cannot enter the subduction zone and stops
within a couple of millions years after the initial contact
of the continent with the trench. In the Himalaya, the
thick buoyant upper Indian crust was blocked after 10
million years of continental subduction. It separated from
the rest of the lithosphere and started to be stacked as
nappes, which resulted in the high topographic relief in
the area (Guillotetal.,2003). Similarly in the Caledonides,
Hacker (2007) estimates that the UHP slab exhumed
from mantle to crustal depth between 400 and 390Ma.

As already discussed, accretionary wedge and ser-
pentinite subduction channel can coexist in one sub-
duction zone as observed in the Franciscan complex,
the northern subduction complex in Dominican
Republic, and the Western Alps. In other cases, serpen-
tinite subduction channel may coexist with continental
subduction, such as in Indonesia. The Alpine massif is
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Fig. 9 (a) Schematic relationship between accretionary wedge
and serpentinite subduction channel. The boundary between the
serpentinite subduction channel is defined by the 650°C iso-
therm. (b) Detail of the serpentinite subduction channel. It forms
a ~60km long (from 40 to 100km depth) soft channel between
the dry (rigid) subducted oceanic lithosphere and the dry (rigid)
mantle wedge. It is made of a melange of serpentinites deriving
the hydrated oceanic lithosphere and from the hydration of the

probably the best exemple to depict the relationships
between the three subduction types. Along a west-east
traverse an accretionary wedge (the Schistes Lustés
unit), a serpentinite channel (the Monviso unit) and a
continental subduction unit (the Dora Maira unit) coex-
ist. Several studies suggested that they correspond to
the continuous evolution of a paleo-subduction zone
from the Mid-Cretaceous to the Eocene (Agard et al.,
2002; Schwartz et al., 2007; Yamato et al., 2007).
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mantle wedge and contains exotic blocks of metabasalts,
metasediments and metaggabros, mainly derived from the sub-
ducting oceanic lithosphere but also from the above arc system
(e.g., Hattori and Guillot, 2007). Due to the low viscosity and
low density of serpentinite mineral and the triangle shape of the
serpentinite channel, the dowgoing material is progressively
entrained upward (Guillot et al., 2001; Schwartz et al., 2001;
Gerya et al., 2002)

2.2 Essential Role of a Decoupling Zone

The opposite trajectories of exhumation and subduction
require a decoupling zone within the subducting slabs.
In fact, most of the subducted lithosphere is going down
while only slices of their upper decoupled part make
their way back to the surface, at certain time periods at
the most (Agard et al., submitted). In oceanic subduction
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zones, the existence of a décollement layer is suggested
at the ductile-britle transition. In accretionary wedge
environment, the HP units form a nappe stack system
thrusting in the direction of the paleo-trench with the
lower grade metamorphic units at structurally lower lev-
els (Fig. 4b). This observation is consistent with the off-
scraping of the upper sedimentary layer in analogue
models (Von Huene and Scholl, 1991; Glodny et al.,
2005). In the case of serpentinite type subduction zones,
several possible mechanisms contribute to the formation
of the decoupling zone. Fluid migration in deep frac-
tures is suggested to contribute to the formation of
decoupling zones based on the occurrences of veins
filled with eclogitic minerals (Philippot and Kienast,
1989). This field observation is compatible with geo-
physical data, suggesting dehydration-induced embrit-
tlement of the subducting slab (Yamasaki and Seno,
2003). A serpentinized layer prior to subduction may
become a decoupling zone between the oceanic crust
and underlying lithospheric. This is compatible with the
occurrence of boudinaged eclogitized metabasalts in
serpentinites (e.g., Coleman, 1971; Philippot and Van
Roermund, 1992; Blake et al., 1995; Schwartz et al.,
2001; Vignaroli et al., 2005; Tsujimori et al., 2006).

In continental subduction zones, flat eclogitic ductile
shear zones are documented, particularly in Norway
(Jolivet et al., 2005). The shearing may exceeds the
strength of the binding force of rocks and results in
separating the buoyant upper crust from the denser lith-
osphere along a decollement. It is probable that quartzo-
feldspathic upper crustal rocks at depths greater than
100km are hot enough to be separated from the rest of
sialic lithosphere (Stockert and Renner, 1998). The pro-
posed interpretation is significantly different from the
model suggesting that the whole crust is decoupled
from the subducting slab and exhumed by buoyancy
forces (e.g., Chemenda et al., 1995). In contrast, our
proposed model follows the concepts of Cloos (1982)
and Platt (1986) suggesting the presence of a decou-
pling zone within the upper part of the subducting slab.

2.3 A Weak Subduction Channel
Required for the Exhumation of HP
to UHP Rocks

Fluids released from subducting slabs during progres-
sive metamorphism facilitate the lubrication of the
subduction plane but also assist the formation of low

strength metamorphic minerals, such as lawsonite and
phengite (Stockert and Renner, 1998). In the case of
accretionary-type subduction zones, these weak miner-
als can form high-strain shear zones, which localize the
deformation and separates an exhumed block from the
rest of the subducting slab. Moreover, lenses and blocks
surrounded by shear zones remain relatively free from
deformation and preserve HP mineral assemblages dur-
ing exhumation. This concept is particularly pertinent to
rigid metabasite blocks in a soft matrix of serpentinites
in a serpentinite subduction channel (Fig. 10) (Blake
et al., 1995; Schwartz et al., 2001; Gerya et al., 2002;
Frederico et al., 2007). In the exhumation of continental
rocks, the role of a weak zone has not been adequately
addressed because buoyant continental rocks is consid-
ered to be sufficient for their exhumation of UHP rocks
(e.g., Chemenda et al., 1995; Ernst, 2006), but the occur-
rence of serpentinites along the interface between the
Tso Morari UHP unit and the overlying rigid mantle
wedge (e.g., Guillot et al., 2001) suggest that a lubricat-
ing weak zone may be important in the exhumation of
continental rocks.

The occurrence of garnet-bearing peridotites further
supports the presence of a weak subduction channel.
They are exhumed in an oceanic subduction zones in
two locations: Higashi-Akaishi peridotite body in the
Sanbagawa metamorphic belt in Japan and the Cuaba
peridotites in the Rio San Juan complex in Dominican
Republic. They are probably extreme cases where
buoyant partly hydrated mantle facilitated the exhuma-
tion of deep rocks. Numerical models of Gorezyk et al.
(2007) show that the steady state subduction does not
result in the exhumation of garnet-bearing peridotites,
but that hydration of deep mantle wedge modifies its
rheology to allow the upwelling of the asthenospheric
mantle wedge and subsequent retreat of the subducting
slab. Slab retreat would induce exhumation of a deep-
seated melange from a depth of 100—150km that con-
sists of UHP mafic rocks (subducted oceanic
lithosphere), anhydrous peridotites, hydrated and par-
tially molten peridotites of the mantle wedge.

2.4 Major Driving Forces
for the Exhumation

It is easy to understand the cause of burial metamor-
phism, but the causes of exhumation are less easily
understood. Exhumation of HP to UHP metamorphic
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rocks requires a combination of several factors; buoy-
ancy of rocks, a mechanism to reduce the boundary
forces between these rocks, the descending lithosphere
(Jolivet et al., 2005), erosion of overlying rocks, thrust-
ing associated with normal faulting, and return flow
inside the subduction channel. Metamorphism and flu-
ids play an important role in changing the density of
rocks, the balance of forces (Hacker, 1996; Le Pichon
etal., 1997) and softening of eclogitized rocks (Hacker,
1996; Jolivet et al., 2005).

In the following paragraphs we will discuss these
physical parameters for the exhumation of HP to UHP
rocks in oceanic or continental context.

In a subduction zone, two types of forces contribute
to the exhumation of HP to UHP rocks: the boundary
forces related to the subduction zone itself and the
internal forces induced by the density difference
between the subducting slab and the surrounding rocks.
The eclogitization of oceanic crust makes it denser
than the surrounding mantle peridotites, and further

The implication of the continental lithosphere within the sub-
duction increase the buoyancy, allowing the final exhumation
of the accretionary wedge and the serpentinite channel. Slices of
upper continental rocks incorporate mantle peridotites and
exhumed rapidly within the suture zone

promotes the subduction process. This implies that the
exhumation of metamorphosed oceanic crust requires
other factors than buoyancy. In accretionary wedges,
metasediments with low densities (ca. 3,000 kg/m?) are
not easily subducted with dense metabasic rocks
(>3,200kg/m*), which leads to their decoupling from
the subducting salb and underplating at the base of the
accretionary wedge. Platt (1986, 1987) proposed that
this underplating process coupled with shallow exten-
sion would allow HP rocks to be exhumed to upper
crustal levels. We argue against this proposal. First,
most modern sedimentary accretionary wedges are not
deep enough to produce HP rocks. The formation of
these HP rocks requires unusually deep accretionary
prisms. Secondly, exhumation frequently occurs
during a short period in a given subduction zone
(~15Myr; Agard et al., 2006; Agard et al., submitted),
suggesting that such a steady-state regime suggested by
Platt would not lead to the exhumation of HP rocks.
Fig. 3d shows the schematic section of the present-day
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Cascadia accretionary wedge beneath the Vancouver
Island (Fig. 2a), but it must be noted that no exhuma-
tion is happening at present within the active Cascadia
accretionary wedge. This confirms that the exhuma-
tion of HP rocks likely takes place during the perturba-
tion of subduction zones as suggested by Agard et al.
(2006) and others. The perturbations include a change
in subduction velocity or subduction angle, and dock-
ing of a seamount, an arc or a continental block.

Within a serpentinite subduction channel, the exhu-
mation of dense mafic rocks is facilitated by low density
(2,600kg/m?) and low viscosity of serpentine minerals.
Low density of serpentinites results in diapiric ascent of
serpentinites in the Mariana forearc (Fryer et al., 1999).
Buoyancy of serpentinites likely contributed to the
exhumation of Monviso massif in the Alps. The average
density of the entire Monviso massif including eclogites
is about 2,850kg/m’, which is lower than anhydrous
mantle peridotites. Moreover, the low viscosity of ser-
pentinite induces a dynamic flow inside the subduction
channel (Schwartz et al., 2001; Gerya et al., 2002;
Hilairet et al., 2007). A return flow within the serpen-
tinite subduction channel can exhume dense eclogitic
blocks (Cloos, 1982). This return flow is enhanced by
the progressive dehydration of serpentinites at the depth
where the subducting slab reaches the temperature of
650-700°C (Fig. 11). The temperature of 650-700°C is
reached at a depth of about 100km, ~2.8 GPa, which
coincides with the maximum pressures recorded in
eclogites in serpentinite melanges (Fig. 7).

In the continental-type subduction environment, the
upper crust is firmly attached to the sinking litho-
sphere. Furthermore, sialic crustal rocks remain
buoyant during subduction because their density is not
significantly modified during subduction. Main
hydrous phases, phengite and mica, are stable even
during UHP metamorphism. Decoupling of a crustal
slice from the descending slab requires the buoyancy
forces exceeding the strength of the upper crust, which
may occur at a depth of 90 to 140km (Fig. 12b).
Buoyancy difference between the continental rocks
and oceanic lithosphere likely results in the separation
of the two by thrusting along the subduction plane and
normal faulting at shallower depth (Figs. 12a, b).
Finally, the detachment of oceanic lithosphere further
enhances the buoyant exhumation of the continental
crust and sinking of the oceanic lithosphere (Fig. 12d)
(Van der Beuckel, 1992; Davies and von Blanckenburg,
1995). However, this last model implies large uplift

during exhumation incompatible with exhumation
occurring beneath sea level as observed for exemple in
Himalaya (e.g., Guillot et al., 2003) or in the Alps
(e.g., Tricart et al., 2004).

2.5 Other Factors Contributing
to Exhumation

Several other factors contribute to the exhumation of
HP to UHP rocks. Slab retreat has been invoked as
an important cause for the exhumation of HP rocks
in the Mediterranean domain as it creates an exten-
sional regime for the exhumation (e.g., Gautier et al.,
1999; Jolivet et al., 2003). As previously discussed,
slab retreat and associated back-arc extension are
suggested to explain the exhumation of deep seated
garnet-peridotites in the Dominican Republic (Gorczyk
et al., 2007) and also the world youngest eclogite in
Papua New Guinea (Monteleone et al., 2007). In the
numerical model developed by Gorczyk et al. (2007),
the role of asthenospheric upwelling is essential in
rapid exhumation of deep-seated garnet-bearing peri-
dotites. Similarly, the occurrence of majoritic garnet in
the Western Gneiss Region of Norway (Van Roermund
et al., 2001) and the recent discovery of coesite possi-
bly replacing stishovite in non-metamorphic chromi-
tite in southern Tibet (Yang et al., 2007) suggest that
rocks originated from the deep upper mantle (>300 Km)
are exhumed within suture zones. Exhumation of such
deep rocks near the the mantle transition zone suggest
a large-scale convection in the upper mantle.
Subduction angle is also important in controlling the
production and exhumation of HP and UHP rocks.
Guillot et al. (2007) estimated that the initial angle of
continental subduction was greater than 40° in the west-
ern Himalayan syntaxis. Such a steep subduction is dis-
played in tomographic images to a depth of 200-300km
beneath the Hindu Kush and supported by seismic stud-
ies (Negredo et al., 2007). The evidence suggests that
the UHP metamorphic rocks are being formed in the
slab beneath the Hindu Kush at present (Searle et al.,
2001). In contrast, tomographic images and seismic data
show that the Indian continent subducted at a gentle
angle of 9° beneath southern Tibet, reaching a depth of
less than 80km (<2.0-2.5 GPa), which precludes the for-
mation of UHP rocks in the area (Guillot et al., 2008).
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Fig. 11 Evolution of a subduction of oceanic lithosphere that
formed at slow spreading ridge (after Gorczyk et al., 2007).
The numerical model shows that the subduction produces a
wide subduction channel composed of serpentinites because
oceanic lithosphere formed at a slow-spreading ridge contain
abundant serpentinites. The numerical model predicts two
kinds of serpentinites within the subduction channel: (a) incom-
ing hydrated abyssal peridotites and (b) hydrated, forearc man-
tle peridotites. The maximum depth of circulating material in
the serpentinite subduction channel reaches a depth of 60km
(~2GPa) and a temperature of 740°C, which corresponds to

the upper stability limit of serpentine minerals (Ulmer and
Trommsdorff, 1995). Progressive hydration of the mantle
wedge modifies its rheology allowing the upwelling of the
asthenospheric mantle wedge and subsequent retreat of the
subducting slab. Slab retreat would induce exhumation of deep-
seated melange from a depth of 100-150km that consists of
UHP mafic rocks (subducted oceanic lithosphere), anhydrous
peridotites, hydrated and partially molten peridotites of the
mantle wedge. This deep-seated melange would not reach the
surface and stops at about 20km depth beneath the already
exhumed serpentinite melange
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Fig. 12 Summary of UHP models (modified after Young et al.,
2007). (a) Exhumation of subducted oceanic rocks by local
extension. This model cannot exhume rocks from a depth greater
than 100km because a horizontal extension of greater than
200km at crustal level is requires. Extrusion of delaminated
dowgoing slab due to buoyancy forces with thrusting at the base
and normal faulting at the top (Ernst, 2001, 2005). This model

The important role of steep subduction in the for-
mation and subsequent exhumation of UHP rocks is
further illustrated in the Alpine and Himalayan sys-
tems. The subducted European continental margin
shows up to 1.2 GPa and 450°C in the central part and
up to 3.5 GPa and 750°C in the southern part, suggest-
ing that the dip steepened from 40° to 70° southward
(e.g., Carry, 2007). As for the Himalayan system, the
dips of subducting plate change along a transform fault
and the exhumation of UHP rocks occur near the trans-
form fault.

3 Conclusions

The P-T-t paths and protoliths of HP and UHP meta-
morphic rocks provide information relevant to a better
understanding of subduction zones. The combination
of data from metamorphic rocks with numerical mod-
els draws the following salient results:

— The exhumation of HP to UHP rocks including those
originated from continental rocks is an integral part
of subduction processes.

— Exhumation of rocks requires mechanically weak
subduction channels that are comprised of sediments,
hydrated peridotites or partial melt.

A
Y

explains incorporation of deep mantle garnet peridotites.
(b) Diapiric ascent of delaminated UHP rocks combined with
horizontal compression in overlying plate (e.g., de Sigoyer et al.,
2004). (c) Separation of continental rocks from descending
oceanic lithosphere followed by flexural rebound of the UHP
unit (Young et al., 2007)

— The driving forces for exhumation are a combination
of buoyancy and channel flow coupled with under-
plating of slabs. The former is the dominant force for
the exhumation of continental rocks, whereas the lat-
ter prevails for the exhumation in oceanic subduction
zones.

— Exhumation velocities are independent of plate
velocities: (1) slow (<5mm/year) exhumation of
HP-LT metasediments (P < 2.5GPa, T < 600°C) is
a long-lasting process, in an accretionary prism;
(2) slow to intermediate velocity (1 < v < 10mm/
year) exhumation of HP to UHP (< 3 GPa < 650°C)
oceanic rocks is a discontinuous, transient process
within a serpentinite subduction channel; (3) fast
exhumation (up to 40 mm/year) of UHP (up to 6 GPa,
900°C) continental units is extremely short-lived
(<10My) and occurs in the mantle wedge combined
with both asthenospheric return flow and buoyancy
forces.

— Other parameters that affect the exhumation of HP to
UHP rocks include slab retreat, and subduction dip
angle. UHP rocks are not produced in subduction
zones with gentle subduction angles.
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