
Geological Society of America Special Papers

doi: 10.1130/0-8137-2373-6.365
 2003;373;365-384Geological Society of America Special Papers

 
W. G. Ernst
 
recrystallization, exhumation, and significance for ophiolite study
High-pressure and ultrahigh-pressure metamorphic belts- Subduction,
 
 

Email alerting services
cite this article

 to receive free e-mail alerts when new articleswww.gsapubs.org/cgi/alertsclick 

Subscribe
America Special Papers

 to subscribe to Geological Society ofwww.gsapubs.org/subscriptions/click 

Permission request  to contact GSAhttp://www.geosociety.org/pubs/copyrt.htm#gsaclick 

viewpoint. Opinions presented in this publication do not reflect official positions of the Society.
positions by scientists worldwide, regardless of their race, citizenship, gender, religion, or political
article's full citation. GSA provides this and other forums for the presentation of diverse opinions and 
articles on their own or their organization's Web site providing the posting includes a reference to the
science. This file may not be posted to any Web site, but authors may post the abstracts only of their 
unlimited copies of items in GSA's journals for noncommercial use in classrooms to further education and
to use a single figure, a single table, and/or a brief paragraph of text in subsequent works and to make 

GSA,employment. Individual scientists are hereby granted permission, without fees or further requests to 
Copyright not claimed on content prepared wholly by U.S. government employees within scope of their

Notes

Geological Society of America

 on January 6, 2013specialpapers.gsapubs.orgDownloaded from 

http://specialpapers.gsapubs.org/cgi/alerts
http://specialpapers.gsapubs.org/subscriptions/index.ac.dtl
http://www.geosociety.org/pubs/copyrt.htm#gsa
http://specialpapers.gsapubs.org/


365

Ernst, W.G., 2003, High-pressure and ultrahigh-pressure metamorphic belts—Subduction, recrystallization, exhumation, and signifi cance for ophiolite study, in 
Dilek, Y., and Newcomb, S., eds., Ophiolite concept and the evolution of geological thought: Boulder, Colorado, Geological Society of America Special Paper 373, 
p. 365–384. For permission to copy, contact editing@geosociety.org. © 2003 Geological Society of America.

Geological Society of America
Special Paper 373

2003

High-pressure and ultrahigh-pressure metamorphic belts—Subduction, 
recrystallization, exhumation, and signifi cance for ophiolite study
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ABSTRACT

Alpine-type orogenic belts are produced by short-lived subduction of an ocean 
basin and the underfl ow of continental crust, resulting in suturing. Old, relatively 
competent sialic basement and superjacent units characterize these complexes; ophi-
olites, chiefl y enriched mid-ocean ridge basalt and suprasubduction-zone complexes 
are common in some belts, but are rare in others. Metamorphism of deeply subducted 
(60–140 km) parts of the orogen ranges from high pressure to ultrahigh pressure , 
and is not paired. Coeval calcalkaline arc rocks are uncommon. In contrast, paired 
Pacifi c-type orogenic belts develop within and landward from long-lived subduction 
zones. They consist of an outboard trench + accretionary prism deposited on oceanic 
crust, and an inboard volcanic-plutonic continental margin or island arc. The trench 
assemblage consists of graywacke + shaley mélanges, minor but widespread deep-
water cherts and/or carbonates, and ubiquitous disaggregated ophiolites, especially 
normal mid-ocean basalt and ocean island basalt varieties, all recrystallized under 
high-pressure conditions at depths of 15–70 km. A massive, coeval calcalkaline arc 
dominates the subparallel terrane landward from the trench, and high temperatures 
characterize the associated metamorphism. In both high-pressure–ultrahigh-pres-
sure Alpine and high-pressure Pacifi c-type metamorphic terranes, outboard thrust 
faults chiefl y dip landward beneath the stable, nonsubducted plate, and fold vergence 
is seaward, refl ecting similar convergent plate-tectonic settings; inboard, antithetic 
thrusting characterizes some contractional realms. High pressures and low tempera-
tures in these belts attest to dynamic subduction-zone conditions. Because of their 
structural integrity, some Alpine-type microcontinents, island arcs, or continental 
promontories are carried down as much as 140 km, well into the brittle-ductile tran-
sition region, before decoupling from the sinking mantle lithosphere. In sharp con-
trast, incompetent Pacifi c-type graywacke + shale terranes generally separate from 
descending oceanic lithosphere at much shallower depths.

The ascent of packets of subducted material as thin aspect-ratio sheets 1–5 km 
thick, combined with normal faulting above and subduction-zone thrusting below, 
promotes conduction cooling and partial preservation of decompressing high-pressure 
and ultrahigh-pressure metamorphic complexes. Worldwide, subduction-zone terranes 
consist of dominantly of small masses of high-density mafi c blueschist-eclogite and/or 
anhydrous peridotitic lenses surrounded by voluminous, low-density quartzofeldspath-
ic ± serpentinitic material, hence the bulk terrane density is less than that of unaltered, 
dynamically displaced mantle; exhumation to mid-crustal levels is largely buoyancy 
driven. Partial preservation of high-pressure–ultrahigh-pressure relict phases refl ects 
rapid ascent combined with mineralogic armoring and a general lack of catalytic aque-
ous fl uid. Exposure of rising high-pressure and ultrahigh pressure metamorphic belts 
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CONTRASTS BETWEEN ALPINE- AND PACIFIC-
TYPE SUBDUCTION ZONES

Historical Development

With development of plate-tectonic theory in the 1960s, 
Earth scientists realized that submarine trenches mark zones of 
convergence, commonly between nonsubducted continental lith-
osphere and a descending oceanic plate (Isacks et al., 1968). That 
process has been called Circumpacifi c or Pacifi c-type subduc-
tion (type B subduction of Bally, 1981). Intracontinental, Alpine 
type orogenic belts (Bally’s type A subduction) were also rec-
ognized as ocean-margin suture zones (Dewey and Bird, 1970; 
Moores, 1970; Molnar and Tapponier, 1975). Amalgamation 
of continental, microcontinental, and/or island-arc crustal enti-
ties occurs in response to the underfl ow of oceanic lithosphere 
initially separating sialic crust-capped portions of plates. But, as 
emphasized by many workers (Fitch, 1972; Irwin, 1972; Coney 
et al., 1980; Jones, 1983; Howell, ed., 1985), pure convergence is 
possible only at specifi c sites along curvilinear consumptive plate 
boundaries, refl ecting the spherical nature of the globe-encircling 
plates; many terrane amalgams are sutured by oblique conver-
gence and/or nearly pure strike-slip motion.

Intact and tectonically disaggregated tracts of oceanic crust 
and mantle underpinnings characterize oceanic (principally nor-
mal mid-ocean ridge basalt [N-MORB] and ocean island basalt 
[OIB]) and island arc/continental margin (chiefl y enriched mid-
ocean ridge basalt [E-MORB] and island arc tholeiite [IAT]) 
environments. The open ocean varieties found in Pacifi c-type 
accretionary complexes have been subducted and are intensely 
metamorphosed, whereas some suprasubduction-zone (SSZ) arc 
ophiolites are only feebly recrystallized.

Pacifi c-Type Plate Junctions

Pacifi c-type convergent boundaries evolve where vast tracts 
of oceanic lithosphere are consumed without the introduction of 
signifi cant amounts of continental crust into the subduction zone, 
as is characteristic of the post-Paleozoic history of the eastern 
and western Circumpacifi c. This plate-tectonic situation gives 
rise to an outboard ophiolite-bearing, but largely metasedimen-
tary, accretionary trench complex, a medial, longitudinal forearc 
basin, and an inboard, coeval calcalkaline volcanic-plutonic 
arc. The relatively narrow trench section consists of a low-tem-
perature, low-heat-fl ow belt in which folds verge oceanward 

and outboard thrust faults roughly parallel the subduction zone, 
whereas the broad magmatic arc on the stable, nonsubducted 
plate is characterized by open folding and a high-temperature, 
high-thermal-fl ux regime (Miyashiro, 1961, 1967; Ernst et al., 
1970; Dickinson, 1972). The former is deposited exclusively on 
oceanic crust (e.g., Franciscan, Aleutian, and Chile-Peru trench 
systems); the latter is constructed on pre-existing basement of 
the continental margin or island arc ± older oceanic crust (e.g., 
Sierran, Indonesian, and Andean arcs).

Alpine-Type Plate Junctions

Alpine-type convergent boundaries form where subduction 
of an ocean plate results in the transport, arrival at a trench, and 
underfl ow of a continent, microcontinent, or island arc, generally 
beneath sialic crust surmounting a stable hanging-wall plate (the 
mantle wedge). The leading edge or salient of the sialic terrane 
may descend to considerable depths, conducted down by the sur-
rounding, oceanic lithosphere, because the overall density of the 
plate exceeds that of the underlying asthenosphere. Accompany-
ing subduction, the aggregate continental thickness is increased 
by underplating, crustal contraction, and amalgamation. Sutures 
are characterized by major collisional mountain belts, allochtho-
nous thrust sheets dipping under the nonsubducted plate, and a 
distinct paucity of calcalkaline igneous activity. Typical exam-
ples include the Urals, Alps, and Himalayas (Hamilton, 1970; 
Dal Piaz et al., 1972; Molnar et al., 1987; Burchfi el et al., 1989). 
Of course, it is possible for continental lithosphere to descend 
beneath young, hot—thus less dense—oceanic lithosphere (e.g., 
Oman and Sulawesi; Searle et al., 2001), but such confi gurations 
are less common because most oceanic plates are negatively 
buoyant relative to adjacent continental plates.

Intermediate-Type Plate Junctions

Plate-tectonic regimes transitional between these orogenic 
end-member types are well represented by the modern Indone-
sian archipelago (Hamilton, 1979; Maruyama et al., 1996). This 
complex suture zone is the product of Pacifi c + Australian litho-
spheric underfl ow beneath the Eurasian + Philippine Sea plates, 
and by initial stages of subduction/suturing of the Australian 
continental crust. The junction between the Arabian Peninsula 
and Iran represents another intermediate example (Boudier et al., 
1985, 1988; Chemenda et al., 1996; Gnos et al., 1997; Miller et 
al., 1998).

is a consequence of erosional decapitation and gravitational collapse of the subduction 
complex. Many exhumed high-pressure–ultrahigh-pressure sheets are of relatively 
small volume, and for these, only modest amounts of sedimentary debris are provided 
to successor basins.

Keywords: subduction zone metamorphism, high pressure, ultrahigh pressure, conti-
nental collision, Circumpacifi c subduction.
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Physical Models of Subduction

The thermal evolution of convergent plate junctions has 
been studied by many workers, chiefl y employing numerical 
simulations (Shreve and Cloos, 1986; Cloos and Shreve, 1988a, 
1988b; Beaumont et al., 1996, 1999; Stüwe and Barr, 1998), but 
also including experimental studies (Tapponnier et al., 1982; 
Chemenda et al., 1995, 1996). Thermotectonic architectures 
are a function of many input parameters, some only poorly 
constrained. Among them are the physical states of the converg-
ing lithospheric plates (temperatures, spatial confi gurations, 
viscosities, densities), rates of convergence, states and amount 
of sedimentary loading, extent of frictional dissipation, degree 
of hydration, fl uid expulsion and fl ow (channeled or pervasive), 
advective heat transport, kinetics of subsolidus reactions and of 
partial melting, and extents of coeval tectonic and surfi cial ero-
sion. In spite of uncertainties, widely recognized principles have 
emerged from such studies.

The computed thermal structures of convergent plate 
regimes have been investigated extensively (e.g., Oxburgh and 
Turcott, 1971: Anderson et al., 1978; Thompson and Ridley, 
1987; van den Beukel and Wortel, 1988; Peacock, 1990, 1992). 
A reasonable model of the thermal regime, presented by Turcotte 
and Oxburgh (1972), is shown in Figure 1. Rocks are poor ther-
mal conductors, so a descending lithospheric slab remains cool at 
all upper mantle depths relative to its surroundings, whereas the 
landward volcanic-plutonic arc occupies a broad thermal high 
in the nonsubducted mantle wedge + overlying crust. Thermal 
models such as that illustrated in Figure 1 account for paired Cir-
cumpacifi c outboard high-pressure (HP) blueschist-eclogite, and 

inboard high-temperature (HT) andalusite-sillimanite metamor-
phic belts. Geologic relationships and mineral parageneses for 
such terranes were fi rst emphasized by Miyashiro (1961, 1967) 
prior to the advent of plate-tectonic theory; his classic synthesis 
of the contrasting paired metamorphic belts of Japan is presented 
as Figure 2. As now recognized for the Japanese island arc and its 
Pacifi c-type paired metamorphic belts, the times of accretion of 
clastic sedimentary debris + off-scraped, far-traveled, pre-exist-
ing crustal fragments decrease monotonically seaward (Banno 
and Sakai, 1989; Nishimura, 1998).

Scale-model experiments and numerical simulations of 
subduction-zone environments describe various mass-transport 
scenarios, depending on different values of the physical param-
eters employed. During underfl ow, return of subducted lithotec-
tonic packets from great depths to mid-crustal levels also is a 
sensitive function of the physical characteristics of the rock units 
involved. For Circumpacifi c and Alpine accretionary wedges 
and contractional (collisional) mountain belts, both calculations 
and laboratory experiments realistically simulate the observed 
accumulation and suturing of the accreted sialic crust. Hacker 
et al. (2003a) have combined the computed thermal structures 
and observed metamorphic phase-equilibrium assemblages with 
measured geophysical properties of the oceanic crust and under-
lying mantle to provide quantitative models for lithospheric slabs 
subducting to depths of ~200 km.

Calcalkaline Arcs and Volcanic-Plutonic Belts

Landward calcalkaline arcs characterize the post-Paleozoic 
Circumpacifi c realm, attesting to the consumption of thousands 

sea level   trench      volcanic front

Convergent plate junction

Lithospheric plate shaded

0    100           200         300 km
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Figure 1. Computed thermal structure of a 
convergent lithospheric plate junction, after 
Turcott and Oxburgh (1972). Frictional dis-
sipation along the inclined Benioff-Wadati 
shear zone has been assumed, accounting for 
the thermal bulge in the nonsubducted plate. 
Advective heat transfer by rising calcalkaline 
magmas has not been included, but also would 
contribute to the measured high heat fl ow of 
volcanic-plutonic arcs. Downward defl ection 
of isotherms in the subducted slab is refl ected 
in the low heat fl ow observed in the vicinity of 
oceanic trenches.
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of kms of oceanic lithosphere. Bulk-rock isotopic signatures 
show that, although partially melted quartzofeldspathic + 
pelitic crust yields peraluminous, S-type granite and contributes 
to mature island-arc and continental-margin magmas (Castro 
et al., eds., 1999), the calcalkaline suite contains an impor-
tant contribution from the mantle wedge and/or subducted, 
eclogitized oceanic crust (DePaolo, 1981; Hawkesworth et 
al., 1993; Clift et al., 2001). These chemically intermediate 
volcanic and plutonic rocks represent new additions to the 
continental crust; other rock types represent mainly reworked 
material. Seaward, deposits of fi rst-cycle, volcaniclastic sedi-
ments derived from the arc form fringing accretionary aprons 
(Dickinson, 1971, 1972, 1976); these detrital sediments may 
overwhelm the forearc basin, spilling over into the trench and 
onto the approaching oceanic plate. Igneous rocks in the out-
board, Pacifi c-type subduction complex + accretionary wedge 
are exclusively tectonized ophiolites and other portions of the 
oceanic lithosphere (Coleman, 1977).

Granitoids and related volcanic rocks are rare in Alpine-
type complexes. Unlike Circumpacifi c convergent margins, 
plutons are not set back on the stable, nonsubducted plate; 

instead, small peraluminous bodies locally invade the root zone 
of the imbricate nappe edifi ce. Variable amounts of ophiolitic 
rocks occur in some compressional orogens, but tectonic frag-
ments of oceanic lithosphere are conspicuously missing from 
many contractional mountain belts, (e.g., Liou et al., 1996). The 
rarity of the ophiolite suite and calcalkaline arc rocks in some 
Alpine-type complexes refl ects the underfl ow of only small 
ocean basins. Most ophiolites are tectonically emplaced along 
convergent margins, so where limited lithospheric underfl ow 
takes place, fewer asperities (Cloos, 1993) are sampled; for 
this reason, oceanic material is uncommon in a some Alpine-
type orogenic belts (for instance: the Qinling-Dabie-Sulu belt, 
east-central China; the Pan African terrane; the Western Gneiss 
Region, SW Norway; the Eastern Alps). Large tracts of oceanic 
lithosphere must be returned to the deep upper mantle in order 
to generate the voluminous intermediate magmas and massive 
calcalkaline arc in the crust above a well-developed subjacent 
plumbing system (Ernst, 1971, 1999)

Metamorphic Belts

Coeval, paired metamorphic belts characterize Pacifi c-type 
subduction zones. Two examples are presented in Figure 3, illus-
trating the blueschist-eclogite HP terrane. The outboard subduc-
tion complex consists of units recrystallized at low temperatures 
and high pressures. Refl ecting its dynamic plate-tectonic setting 
within the subduction channel (directly below the hanging-wall 
lithosphere, which acts as a stress guide), oceanward vergence of 
folds is ubiquitous; shearing and foliation + lineation are typical, 
with recovered depths of metamorphism ranging up to 15–70 km 
(Bailey et al., 1964; Ernst, 1971; Aoya, 2001). Landward, calcal-
kaline granitoids are emplaced into a consanguineous volcanic 
cover series and underlying, pre-existing basement. Both volca-
nic and basement rocks exhibit widespread recrystallization at 
high temperatures and low pressures. Metamorphic parageneses 
refl ect the advective transport of heat introduced by rising mag-
mas, and consist of a series of superimposed regional contact 
aureoles surrounding individual plutons (Barton et al., 1988). 
Hornfels and open, cylindrical folding typify such mid- and 
upper-crustal metamorphic terranes (Ernst, 1992).

Alpine subduction complexes contain abundant, pre-exist-
ing continental massifs, as well as penetratively deformed, 
superjacent autochthonous and allochthonous entities. Meta-
morphic belts of the Alpine type are not paired (Frey et al., 
1974). High-pressure subsolidus recrystallization is the rule, 
with parageneses comparable to those of Circumpacifi c sub-
duction complexes. A generalized map of the Alps is illustrated 
in Figure 4. Some contractional orogens include tectonic slices 
that retain scattered mineralogic relics including coesite and 
microdiamond—commonly as inclusions in tough, unreactive 
container phases such as zircon and garnet. These rare inclu-
sions attest to ultrahigh pressures (UHP) and somewhat higher 
temperatures, but prograde geothermal gradients are similar 
to those that characterize Pacifi c-type subduction complexes 
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Figure 2. Compilation of the paired metamorphic belts of Japan, from 
Miyashiro (1961, 1967). Narrow, seaward ophiolitic HP metamorphic 
terranes are juxtaposed against broad, landward calcalkaline arcs and 
associated HT metamorphic belts.
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(Chopin, 1984; Smith, 1984; Sobolev and Shatsky, 1990; Cole-
man and Wang, 1995). Pressure-temperature conditions refl ect 
situations where an old segment of continental crust—annealed 
and, thus, well bonded to the oceanic lithosphere—enters the 
subduction zone and descends to depths of 60–140 km before 
decoupling from the downgoing plate. For such terranes, HP-
UHP recrystallization results. HP, HT, and UHP metamorphic 
conditions are compared in Figure 5.

Summary of Subduction-Zone Metamorphic Features

Circumpacifi c convergence zones are characterized by wide-
spread blueschist-eclogite belts, tectonic mélanges, and abundant 
dismembered ophiolite complexes, refl ecting the underfl ow of 
thousands of kms of ocean lithosphere. Zones of continental 
underfl ow, on the other hand, tend to involve the consumption 
of relatively small intervening ocean basins, and the descent of 
sialic crust prior to amalgamation. Table 1 lists the contrasting 
lithologic natures of Alpine- and Pacifi c-type subduction-zone 
assemblages. Metamorphic prograde and retrograde pressure-
temperature paths followed by such terranes during subduction 
and later exhumation are topologically similar, but some intracra-
tonic contractional complexes retain relics of ultrahigh-pressure 
metamorphism (P

max
 = 2.5–4.0 GPa), whereas recovered out-

board Circumpacifi c orogens typically consist of only high-pres-
sure belts (P

max
 = 0.6–1.8 GPa). Both types are extensively retro-

gressed, but because HP belts tend to have formed at shallower 
depths during subduction, their exhumation commonly involves 
less complete back reaction due to low-temperature, more slug-
gish transformations compared with high-temperature back reac-
tion rates overprinting UHP complexes.
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tings of Pacifi c-type HP metamorphic 
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subduction depths, now recovered, and 
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(1970). B: Franciscan complex of west-
ern California, after Bailey et al. (1970). 
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ROLE OF AQUEOUS FLUIDS IN SUBDUCTION-ZONE 
SETTINGS

General Statement

Consumption of an oceanic plate allows the subduction of 
entrained sediment and its basaltic basement. Rocks are either 
offl oaded into the accretionary prism at shallow depths, as is most 
of the weak, low-density sedimentary prism, or returned to the 
upper mantle, as is most of the strong, high-density oceanic crust. 
Where microcontinental salients are entrained in the downgoing 
oceanic lithosphere, transport to the site of subduction leads to 
underfl ow, and continental crust may be carried beneath the non-
subducted plate to considerable depths. Regardless of whether the 
descending materials are unconsolidated sediments or old, strong 
quartzofeldspathic crust, pressure within the slab rises with sub-
duction depth, whereas temperature only gradually increases in 
most subduction zones. H

2
O, and CO

2
 may be added to relatively 

dry portions of the downgoing plate, and are driven off from the 
more volatile-rich parts (Peacock, 1995; Bebout, 1996). Shallow-
level, pre-eclogitic stages of these reactions have been treated 
quantitatively by Frey, ed. (1987) and Ernst (1990). Attending 
deeper subduction of crustal lithologies, the remaining H

2
O is 

sequestered exclusively in relatively refractory silicate phases 
(Schreyer et al., 1987; Poli and Schmidt, 1997; Ernst et al., 1998). 
During exhumation, volatiles gain access to ascending low-density 
masses, or diffuse away from them, depending on the composition, 
pressure-temperature trajectory, average grain size, permeability, 
and extent of shearing of the various units. Some expelled fl uids 
rise into and through the overlying mantle wedge, whereas the rest 
migrates back up the conduit provided by the subduction channel 
(Cloos, 1984; Reck, 1987; Vrolijk, 1987; Vrolijk et al., 1988).

Evolution of H
2
O and the Generation of Calcalkaline Arcs

Attending subduction, low-grade lithologies lose most of their 
volatiles at shallow depths during prograde recrystallization. At 
depths greater than ~50 km, clinoamphibole-bearing metabasaltic 
crust and the serpentinized peridotite underpinnings of the oceanic 
lithosphere comprise the most signifi cant dehydrating rock types 
(Liu et al., 1996). Under equilibrium conditions, the devolatiliza-
tion of Ca-amphiboles and serpentine minerals should begin at 
~70–80 km depth; however, at low temperatures, reactions are 
sluggish on the time scale of plate descent, so fl uid expulsion prob-
ably reaches a maximum at somewhat greater depths. Persistence 
of lower pressure phase assemblages during pressure overstepping 
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Figure 4. Generalized regional setting of the Alps, after Ernst (1971), a HP-UHP metamorphic belt, showing di-
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The Ticino and Tauern thermal highs represent Miocene metamorphic culminations involving granitoids and kya-
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appears to be characteristic of some deeply subducted terranes 
where H

2
O is absent (Austrheim, 1990, 1998). Thus, long-con-

tinued descent of thousands of kms of Pacifi c-type oceanic litho-
sphere may provide the greatest proportion of deep-seated aqueous 
fl uid rising through the subduction channel, as well as diffusing 
into the overlying mantle wedge. Hydrous fl uid-induced partial 
melting of the refertilized mantle hanging wall (and/or the eclog-
itic oceanic crust) evidently results in generation of the calcalkaline 
suite making up the massive volcanic-plutonic arc set back 100 ±  
50 km from the convergent plate junction (Drummond and Defant, 
1990; Kushiro, 1990; Hawkesworth et al., 1993; Morris, 1995; 

Clift et al., 2001; Hickey-Vargas et al., 2002). Concentrations of 
incompatible, large-ion-lithophile, and light rare earth elements, 
87Sr//86Sr initial values, and epsilon Nd ratios in volatile-bearing arc 
volcanic and plutonic rocks argue for the partial fusion of garnet-
bearing protoliths attended by an aqueous fl uid.

Closure of a relatively small oceanic basin prior to continen-
tal subduction provides lesser amounts of volatiles derived from 
the descending oceanic lithosphere, explaining the general lack 
of H

2
O-mediated generation of calcalkaline arc rocks in Alpine-

type compressional belts. The fl uid fl ux under UHP conditions is 
probably curtailed by the arrival, profound underfl ow, and sutur-
ing of sialic crust, because biotite and white mica—the principal 
hydrous phases present in metamorphosed quartzofeldspathic + 
pelitic rock types—remain stable at great depth, and do not devol-
atilize unless temperatures exceed ~800 °C. Accordingly, sub-
duction is not expected to generate a substantial calcalkaline arc, 
but might involve partial melting of over-thickened continental 
crust, producing modest amounts of peraluminous, S-type gran-
itoids as recycled material. Real continental growth—as opposed 
to the recycling of pre-existing sialic materials—appears to be 
the result of clinoamphibole ± serpentine dehydration within the 
descending oceanic lithosphere, followed by volatile-induced 
partial fusion of the metasomatized mantle wedge ± descending 
amphibolitic/eclogitic oceanic crust (Ernst, 1999).

The transition from oceanic to continental underfl ow is 
exemplifi ed by the Indonesian Archipelago (Hamilton, 1979; 
Snyder et al., 1996). The strongly curved portion of the Austra-
lian-Eurasian suture between Timor and Seram-Irian Jaya is the 
site of underfl ow of old, cool continental crust; farther west along 
the Sumba-Java-Sumatra segment of the convergent boundary, 
oceanic lithosphere is diving beneath Indonesia. As evident 
from Figure 6, the Sunda-Banda inner volcanic arc is extremely 
active west of Timor, where oceanic lithosphere descends under 
Indonesia; volcanic activity declines eastward toward the Weber 
Deep, and the strongly curved portion of the arc is characterized 
by magmatic near-quiescence where Australian continental crust 
sinks beneath the Eurasian plate. In this easternmost part, the 
minor volumes of extrusive rock appear to be contaminated by 
assimilation of Australian passive margin sediments, as well as 
due to incorporation of continental crust (Charlton, 1991; Hilton 
et al., 1992; van Bergen et al., 1993). Generation of primary 
calcalkaline melts attending the subduction of hydrated oceanic 
crust-capped lithosphere in contrast to recycled volcanics associ-
ated with the downgoing, refractory micaceous sialic crust seems 
to explain the difference in volcanism laterally along the arc.

Cenozoic uplift and exposure of HP rocks in the eastern part 
of the suture zone refl ect decoupling and ascent of subducted, 
largely quartzofeldspathic, low-density materials along the plate 
junction. As discussed in the section dealing with exhumation, the 
rise of sheet-like slabs of blueschist refl ects rupturing and acceler-
ated sinking of the oceanic lithosphere (Widiyantoro and van der 
Hilst, 1996); this ascent probably has been aided by a decrease in 
stress along the base of the buoyant, ductile continental material as 
it warmed within the upper mantle (Ernst et al., 1997).
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TABLE 1. GENERALIZED LITHOLOGIC COMPARISON OF PHANEROZOIC SUBDUCTION-ZONE REGIMES 

Protoliths Alpine-type 
(high pressure–ultrahigh pressure) 

Pacific-type 
(high pressure) 

Shallow-marine strata platform carbonates, orthoquartzites reef (atoll) limestones 

Clastic wedges generally thin, well-stratified, multi-cycle siliciclastics, 
peraluminous shales 

arc-derived, voluminous, first-cycle graywackes, 
muddy olistostromes 

Deep-sea sedimentary rocks uncommon deep-water carbonates widespread bedded cherts, Mn-nodules, deep-
water carbonates 

Igneous rocks mostly suprasubduction zone basalt + enriched-
MORB 

mostly normal-MORB + seamounts (OIB) 

Basement granitic gneiss complexes oceanic lithosphere 

Ore deposits kuroko-type (massive sulfides) mid-ocean ridge origin 

Age of rock formations* ancient to young exclusively young 

Tectonics oceanward vergence of nappes, thrustfaults, late-
stage backfolding 

oceanward vergence of nappes, thrust faults. 
Rare antithetic thrusting 

Rapid exhumation during final collisional suturing episodic, erratic 

   

Petrology Alpine-type 
(high pressure–ultrahigh pressure) 

Pacific-type 
(high pressure) 

Typical maximum pressure 2.6–4.0 GPa (ultrahigh-pressure) 0.6–1.8 GPa (high-pressure) 

Associated coeval calcalkaline 
volcanic-plutonic belt 

rare and small, or absent outboard: absent or very minor; inboard: in all 
cases, huge 

Degree of retrogression ultrahigh pressure almost complete, high pressure 
incomplete 

high pressure incomplete 

Unaltered mantle fragments garnet lherzolite spinel ± plagioclase lherzolite, harzburgite, dunite 

Associated, coeval serpentinite 
bodies 

uncommon or common outboard: ubiquitous 

inboard: uncommon or common 

Coeval paired belts absent invariably present 

   *Young—generation of the lithologic section ~0–200 m.y. prior to time of underflow. 
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Figure 6. Eastern Sunda-Banda Arc, an example of 
convergence and exhumation of a transitional Alpine-
Pacifi c-type belt, after Hamilton (1979) and Snyder 
et al. (1996) The plate-tectonic setting and exhumed 
blueschists (horizontal-lined pattern) are indicated. 
The 5 km isobath outlining the Weber Deep (WD), 
is shown by the closed dashed contour. Australian 
continental crust is subducting beneath the Timor-
Seram-Irian Jaya section of the Indonesian suture 
zone; this eastern portion of the arc is typifi ed by only 
minor calcalkaline igneous activity. The vigorous 
Sunda-Banda inner volcanic arc (asterisks—active 
volcanoes) lies chiefl y west of Timor, where oceanic 
lithosphere of the Australian plate is descending be-
neath the Eurasian plate.
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Kinetics of Metamorphic Hydration-Dehydration Reactions

Evidence of widespread disequilibrium during subduction-
zone metamorphism (e.g., Frey et al., 1974; Rubie, 1990; Hacker, 
1996; Austrheim, 1998) highlights the need for quantitative 
experimental data on reaction rates. Judging from the study of HP 
and UHP complexes, the presence or absence of aqueous fl uid 
largely controls the rate at which reactions occur, and the extent 
to which they approach completion (Leech, 2001). Although the 
kinetic effect of H

2
O is well known, and specifi c mechanisms for 

catalysis have been proposed (e.g., Rubie, 1986), little is known 
quantitatively about the dependence of reaction rates and mecha-
nisms on fl uid concentrations + chemistries in systems with very 
low fl uid-rock ratios attending subduction of oceanic crust, an 
accretionary prism, or a microcontinental terrane.

The ease with which aqueous fl uids gain access to, or 
egress from subducting lithosphere and ascending segments of 
low-density crustal material is a function of rock composition, 
permeabilities, deformation, grain size, and availability of vola-
tiles. These parameters refl ect the past geologic histories and 
dynamics of lithotectonic units moving along a convergent plate 
junction. Based on computational thermal modeling (Peacock, 
1992, 1995; Ernst and Peacock, 1996; Hacker et al., 2003a) and 
laboratory phase-equilibrium studies (Vielzeuf and Holloway, 
1988; Schreyer, 1995; Massone, 1995; Liu et al., 1996; Patiño 
Douce and McCarthy, 1998), the evolving thermal structure of 
a convergent plate junction, including subducting oceanic crust 
± sedimentary load or continental material, as well as the pres-
sure-temperature stability fi elds of the mineral assemblages for 
the major rock types are well understood. Almost unknown are 
the rates at which mineralogic transformations take place, and 
the conditions and tectonic realms under which volatile con-
stituents are evolved and consumed. In the absence of aqueous 
fl uid, low-pressure phase assemblages can be retained under 
prograde HP-UHP conditions (Austrheim, 1990; Zhang and 
Liou, 1997), and scattered HP-UHP relics can survive encased 
in unreactive container minerals under retrograde low-pressure 
conditions (Hirajima et al., 1993; Liou and Zhang, 1996).

EXHUMATION OF HIGH-PRESSURE–LOW-
TEMPERATURE SUBDUCTION COMPLEXES

General Considerations

Most recognized HP and UHP terranes appear to be relatively 
tabular or sheet-like (Ernst et al., 1997). These tectonic slices have 
survived exhumation-induced decompression and recrystallization 
while retaining scattered relics of their high- to ultrahigh-pres-
sure histories. The return toward shallow crustal levels occurs in 
response to one or more of several processes: tectonic contrac-
tion or wedge extrusion (Maruyama et al., 1994, 1996); buoyant 
body-force propulsion (Ernst, 1970, 1988; England and Holland, 
1979; Hacker, 1996; Hacker et al., 2000); corner fl ow in front of 
a hanging wall backstop (Cowan and Silling, 1978; Cloos and 

Shreve, 1988a, 1988b; Cloos, 1993); and extensional or erosional 
collapse (Platt, 1986, 1987, 1993; Ring and Brandon, 1994, 1999). 
Because some relatively old, descending oceanic plates and deep-
sea trenches appear to be retreating oceanward more rapidly than 
the encroaching nonsubducted lithosphere (Molnar and Atwater, 
1978; Seno, 1985; Busby-Spera et al., 1990; Hamilton, 1995), 
compression of continental fl akes in the jaws of a convergent 
junction cannot account for the ascent of subduction complexes. 
Moreover, although faulting associated with extensional collapse 
and/or erosion helps uncover formerly deeply buried terranes, this 
mechanism is incapable of explaining major pressure discontinui-
ties observed across boundaries between subducted and nonsub-
ducted lithologic units (Ernst, 1970; Ernst et al., 1970; Suppe, 
1972), because differential uplifts exceeding the thickness of the 
continental crust would be required. However, buoyancy coupled 
with erosional decapitation and mass wastage, provides a viable 
mechanism for the exhumation of low-density sections carried to 
profound depths. Numerical simulations, laboratory scale models, 
and geologic fi eld relationships demonstrate the operation of this 
process, as described farther on.

For both Pacifi c- and Alpine-type underfl ow of graywacke + 
shaley mélange, or a promontory of continental crust well bonded 
to the mantle lithosphere, entrance of increasing amounts of low-
density material into the subduction zone reduces the negative buoy-
ancy of the descending but coherent plate. This in turn may result 
in rupture and separation of the high-density oceanic lithosphere 
from the sialic crust at intermediate upper mantle depths—a realm 
where the lithosphere is in extension (Isacks et al., 1968). Breakoff 
of the oceanic slab (Sacks and Seacor, 1990; von Blanckenburg and 
Davies, 1995) increases the effective buoyancy of the up-dip quartz-
ofeldspathic subduction complex; this rupture allows sialic sheets 
no longer attached to the oceanic lithosphere “anchor” to ascend 
back up the subduction channel (van den Beukel, 1992; Davies and 
von Blanckenburg, 1998). Exhumation also may be enhanced by a 
shallowing of the decoupled, buoyant, and rebounding continental 
lithosphere (Ernst et al., 1997). Also, the low-density continental 
lithosphere should rise as a consequence of the reduction of shear 
force acting along its base as the slab gradually warms in the upper 
mantle and passes through the brittle-ductile transition (Stöckhert 
and Renner, 1998). Devolatilization of the oceanic lithosphere would 
also produce embrittlement and weakening of the crustal section.

Previous studies (e.g., Ernst, 1971; Chopin, 1987) have dem-
onstrated that deep subduction of low-density material accounts 
for the generation of Pacifi c- and Alpine-type metamorphic belts. 
A major petrotectonic problem consists of clarifying how these 
complexes have returned to shallow crustal levels while pre-
serving relics of HP and UHP phase assemblages. The two-way 
movement of terranes along subduction zones was recognized 
long ago (Ernst, 1970; Suppe, 1972; Willett et al., 1993). Two end-
member convergent plate junction confi gurations, both of which 
may involve large components of arc-parallel slip, are emphasized 
here: (1) subduction of a weak, Pacifi c-type graywacke + shale 
complex carried down on oceanic lithosphere; and (2) Alpine-
type suturing of a relatively strong continent, microcontinent, or 
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island arc beneath a nonsubducted lithospheric plate. The former 
gives rise to HP accretionary prisms that mark the Pacifi c Rim 
(Miyashiro, 1967). The latter involves underfl ow of salients or 
peninsulas of old continental crust, thoroughly imbedded in cool, 
oceanic lithospheric plates (Yin and Nie, 1993; Ernst and Liou, 
1995). The rocks descend relatively rapidly, generating the charac-
teristic HP-UHP mineralogy of contractional complexes (Peacock, 
1995; Ernst et al., 1997). In a contrasting type of attempted sub-
duction of muddy mélange, where the low-density materials are 
extremely incompetent and very poorly coupled to the descending 
lithosphere, upper plate collision/indentation occurs instead (Ellis, 
1996); the East Taiwan ophiolite and Lichi mélange constitute an 
example of this type of aborted subduction (Liou et al., 1977; Page 
and Suppe, 1981; Ho, 1986).

The Thin-Slab Hypothesis

Rocks are good thermal insulators, hence it is exceedingly 
diffi cult for such materials to cool rapidly during exhumation. 
Because of this poor thermal conductivity, how can deeply buried 
but buoyant masses decompress rapidly without passing through 
more normal, low-pressure crustal pressure-temperature realms? 
All surviving HP-UHP complexes exhibit ubiquitous overprint-
ing characteristic of granulite-, amphibolite-, and greenschist-
facies conditions. In the presence of an aqueous fl uid, adiabatic 
ascent would be expected to result in relatively high-temperature 
annealing and thorough obliteration of pre-existing HP and UHP 
mineral assemblages. Of course, lack of H

2
O would decrease the 

rate of retrogression. Nevertheless, heat must be withdrawn from 
decompressing complexes as they are exhumed, or mineralogic 
evidence of their former HP and/or UHP confi gurations would 
not be retained in even fragmentary fashion.

The rare preservation of high- and ultrahigh-pressure rel-
ics is favored by continued subduction-induced refrigeration 
tectonically beneath the rising HP-UHP complex, and coeval 
extensional faulting against the overlying, cooler hanging-wall 
plate (Hacker and Peacock, 1995). In such cases, relatively thin 
slices of material would lose heat along both upper and lower 
surfaces by thermal conduction during ascent. Some subduction 
complexes rise virtually adiabatically, whereas others appear to 
have nearly retraced the prograde pressure-temperature trajectory 
during decompression (Rubie, 1984; Ernst, 1988; Ernst and Pea-
cock, 1996). Proposed relationships, shown diagrammatically in 
Figure 7, apply to the exhumation of both HP and UHP terranes. 
Forces acting on a sheet of subducted low-density material are as 
follows (Platt, 1987): (A) Descent of the sialic slab occurs only 
if shear forces caused by underfl ow (F

s
) overcome the combined 

effects of buoyancy (F
b
) and frictional resistance along the upper 

wall of the subduction channel (F
r
). In this case, 

 F
s
 > F

b 
sinθ + F

r
. (1)

(B) Ascent of a slice of the low-density material occurs in 
cases where buoyancy is positive and exceeds the combined 

effects of shearing along the slab base and resistance to move-
ment along its upper surface. For this situation, 

 F
b
 sinθ > F

s
 + F

r
. (2)

The hanging wall acts as a tectonic guide, so rising crustal 
materials are accreted seaward from the volcanic-plutonic arc.

Underfl ow of a basaltic crust-capped plate carrying a passive 
load of sediment, or closure of an oceanic basin, ultimately may 
result in the entrance of sialic material into the subduction zone. 
Heating and volatile expulsion cause a weakening of the subducted 
crust. Decoupling and ascent of a portion of this low-density sec-
tion occurs provided buoyancy is positive, and exceeds the resis-
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Figure 7. Schematic diagram portraying forces during active subduc-
tion, assuming structural integrity of the downgoing plate prior to slab 
breakoff, after Ernst et al. (1997). A: Deep burial and thermal structure 
of a subducted wedge of low-density material. B: Subsequent decom-
pression and cooling of a rising slice of this buoyant HP-UHP material. 
Accompanying ascent of the thin HP-UHP sheet (thickness exagger-
ated for clarity), cooling of its upper margin takes place where it is 
juxtaposed against the lower temperature hanging-wall plate; cooling 
along the lower margin of the sheet takes place where it is in contact 
with the lower temperature, subducting-refrigerating lithospheric plate 
(see Fig. 1). Tectonic exhumation of low-density slices requires ero-
sive denudation and/or gravitational collapse driven by the buoyant 
root at depth. The resolution of forces acting on the low-density slab in 
stages depicted in 7A and 7B are discussed in the text. Abbreviations 
are: A—asthenosphere; L—lithosphere.
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tance to differential movement. For the HP and/or UHP mineral 
assemblages to be partly preserved on exhumation, the rising slab 
must be suffi ciently thick to promote buoyancy-driven ascent, yet 
thin enough that heat is effi ciently removed by thermal conduc-
tion across the sheet boundaries—the upper normal and lower 
reverse faults (Fig. 7). Such shear senses are required by observed 
structural relations and derived cross-sections, for example, in the 
Franciscan Complex (Ernst, 1970; Suppe, 1972; Platt, 1986; Jayko 
et al., 1987), the Western Alps (Henry, 1990; Compagnoni et al., 
1995; Michard et al., 1995), the Sanbagawa Belt (Kawachi, 1968; 
Ernst et al., 1970; Banno and Sakai, 1989), the Kokchetav Massif 
(Kaneko et al., 2000; Ishikawa et al., 2000; Ota et al., 2000), and 
the Dabie-Sulu Belt (Hacker et al., 1995, 1996, 2000; Webb et al., 
1999). A cross-section of the 1–2 km thick UHP sheet documented 
from the Western Alps is illustrated in Figure 8. Similar, remark-
ably thin allochthonous UHP sheets have been described from the 
Kokchetav Massif (Kaneko et al., 2000; Ishikawa et al., 2000; 
Maruyama and Parkinson, 2000; but see Theunissen et al., 2000), 
and the Western Gneiss Region of southwest Norway (Robinson 
and Terry, 1998; Terry et al., 2000a, 2000b).

A decrease in bulk density of the continental lithosphere after 
slab breakoff results in a shallowing of the subduction angle, and 
may be partly responsible for the late doming recognized in some 
exhumed convergent plate junctions. This late-stage exhumation 
also may be aided by continuing accretionary underplating, coupled 
with isostatic uplift and extensional collapse (Platt, 1986, 1987, 
1993). Another unloading mechanism involves the antithetic fault-
ing typical of some compressional orogens, in which double ver-
gence is produced during terminal stages of the buoyant ascent of 
low-density crust and its erosional removal (e.g., Dal Piaz et al., 1972; 
Ring and Brandon, 1994, 1999; Beaumont et al., 1996, 1999).

Where thin HP-UHP slices (1–5 km thick, and tens to 
≥100 km in lateral dimensions) are exhumed during continued 
subduction + refrigeration, the ascending sialic complex approxi-
mately follows the prograde metamorphic pressure-temperature 
path in reverse, but on its high-temperature side. Such pressure-
temperature trajectories have been documented, for instance, in 
HP and UHP terranes of the California Coast Ranges and the 
Western Alps (e.g., Ernst, 1988; Chopin et al., 1991; Coleman and 
Wang, 1995). For thick, more nearly equidimensional ascending 
bodies (>10 km thick?), the ratio of cooling surface to mass is 
low, and interior portions probably remain suffi ciently hot during 
decompression for the complete obliteration of all evidence of 
deep-seated metamorphism, and in some cases for partial melting 
to ensue; such exhumed masses would not retain precursor HP-
UHP phases, and would not be recognized as ever having been 
deeply buried. Intermediate conditions between subduction-zone 
refrigeration and adiabatic exhumation evidently caused minor 
partial fusion in the ascending microdiamond-bearing Kokchetav 
Massif of northern Kazakhstan (Sobolev and Shatsky, 1990), and 
possibly in parts of several other UHP complexes (Cuthbert and 
Carswell, 1990; Carswell et al., 2000).

But are subduction complexes buoyant enough to overcome 
the traction of the oceanic plate carrying them downward? The 

one-atmosphere densities of unaltered oceanic crust, ~3.0, conti-
nental material, ~2.7, and anhydrous mantle, ~3.2, increase with 
elevated pressure, refl ecting the progressive transformation of 
framework silicates to layer-, chain-, and orthosilicates. Typical 
HP and UHP mineralogic assemblages and computed ambient 
rock densities appropriate for burial depths of ~100 km (Ernst et 
al., 1997) are: metabasaltic eclogite, ~3.6; eclogitic quartzofeld-
spathic gneiss, ~3.0; and garnet peridotite, ~3.3. Completely 
transformed to a dense assemblage, K-feldspar + jadeite + 
coesite-bearing granitic gneiss nevertheless remains less dense 
than garnet or spinel lherzolite, whereas metabasaltic eclogite 
is considerably denser than the mantle. Thus, at any reasonable 
subduction depth, HP-UHP sialic crust is buoyant relative to 
the surrounding mantle and tends to rise, whereas eclogitized 
oceanic crust is negatively buoyant and continues to sink. This 
relationship explains why exhumed HP and UHP terranes world-
wide consist of >85%–90% felsic materials, and contain only 
small proportions of mafi c and anhydrous ultramafi c lithologies. 
It also accounts for the volumetrically minor presence of ophiol-
itic complexes, except for thoroughly serpentinized masses, in 
exhumed subduction complexes.

The process illustrated in Figure 7 is geometrically some-
what similar to the slab-extrusion model that Maruyama et al. 
(1994) proposed to account for the Dabie-Sulu UHP Belt of 
east-central China, as well as tectonic models advanced for the 
Franciscan Complex, the Himalayas, and the Alps (e.g., Ernst, 
1970; Burg et al., 1984; Burchfi el and Royden, 1985; Merle and 
Guillier, 1989; Wheeler, 1991). Explicit to the present scenario, 
however, is the dominance of buoyancy-driven return of the HP-
UHP metamorphosed sheet of continental crust or accretionary 
prism back up the subduction zone (rather than compression), 
followed by extensional collapse and erosion (e.g., see; England 
and Molnar, 1993; Platt, 1986, 1987, 1993).

Numerical and Scale-Model Convergent Plate Junctions

The laboratory behavior of a sheet of low-density material 
resting on a dense, sinking slab has been experimentally mod-
eled by Chemenda et al. (1995, 1996) employing proportional 
scaling factors combined with a simple three-layer convergent 
system. Underfl ow of the structurally coherent, continent-like 
sheet progresses until buoyancy exceeds the frictional resistance 
to decoupling from the downgoing plate; at this stage, the low-
density material begins to return surfaceward along the subduc-
tion channel. The modeled subduction and exhumation processes 
are similar to the inferred dynamics of Alpine- and Pacifi c-type 
convergent margins illustrated in Figure 7. The simplifi ed experi-
ments of Chemenda et al. duplicate the overall imbricate architec-
ture of the Himalayas and many other convergent plate junctions 
described in the literature. Finite-element computations of contrac-
tional orogens also produce familiar structures (Beaumont et al., 
1996, 1999). Contrasting tectonic architectures refl ect the variable 
extents of underplating and erosion-enhanced exhumation, as well 
as different physical and dynamic input parameters.
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PETROTECTONIC CONTRASTS BETWEEN ALPINE- 
AND PACIFIC-TYPE METAMORPHIC BELTS

Petrologic and tectonic mechanisms proposed to explain the 
origin, plate-tectonic setting, and pressure-temperature evolution 
of Circumpacifi c and Alpine-type metamorphosed complexes 
must account for the wealth of observations regarding such ter-
ranes (Banno, 1964; Banno and Sakai, 1989; Bailey et al., 1964; 
Frey et al., 1974; Liou et al., 1994, 1995; Coleman and Wang, 
1995; Dobretsov et al., 1995; Maruyama, 1997; Hacker et al., 
2003a). Some of these differences are summarized in Table 2.

(1) Disrupted ophiolitic lithologies are present in both out-
board Pacifi c- and Alpine-type belts. Although many exceptions 
occur, they consist chiefl y of open-ocean N-MORBs + OIBs in 
Circumpacifi c subduction-zone terranes, and E-MORBs + IAT 
suprasubduction-zone complexes in Alpine-type belts (Dilek et 
al., eds., 2000).

(2) UHP metamorphic complexes are developed within old, 
relatively cool continental crust and are confi ned to intraconti-
nental Alpine-type orogenic terranes, whereas HP metamorphic 
terranes frame the Pacifi c Rim, and are present in many intracra-
tonic compressional sutures as well.

(3) Quartzofeldspathic ± pelitic lithologies constitute the 
most abundant rocks in both HP and UHP metamorphic belts. 
Pacifi c-type orogens consist of low metamorphic grade ophiol-
ite + metagraywacke + metashale mélanges. High metamorphic 
grade continental equivalents, representing older protoliths, 

include para- and orthogneisses, paraschists, migmatites, and 
metagranitoids, followed by lesser amounts of metabasaltic 
rocks and metacalcareous platform strata characterize some 
Alpine-type orogens.

(4) Mafi c and ultramafi c SSZ rocks are of minor volumet-
ric abundance in many but not all collisional orogens, whereas 
tectonized MORB + OIB ophiolites are ubiquitous in Circum-
pacifi c belts. In either case, similar to high- and ultrahigh-pres-
sure metamorphic rocks, they mark the sites of convergent plate 
junctions.

(5) For UHP terranes, massive metamafi c rocks contain 
most of the surviving relict ultrahigh-pressure silicate phases. 
Metacarbonates carry very rare UHP minerals; schistose 
metapelites and gneissose quartzofeldspathic lithologies gen-
erally lack UHP silicates, although exceedingly rare coesite 
and/or diamond micro-inclusions in garnet and zircon have 
been described (Liou and Zhang, 2002). For HP belts, metaba-
saltic and metagabbroic lithologies preserve minerals and phase 
assemblages indicating elevated pressures more completely 
than do quartzofeldspathic and pelitic lithologies; metacherts 
typically do not contain diagnostic HP phases, and if initially 
present in marbles, aragonite is rarely preserved.

(6) Postmetamorphic products of erosion are present but do 
not necessarily occur as giant sedimentary deposits adjacent to 
either Alpine- or Pacifi c-type mountain belts.

(7) Coeval calcalkaline volcanic-plutonic belts are con-
spicuously absent in Alpine-type terranes, but are ubiquitous, 

TABLE 2. PRESSURE-TEMPERATURE-TIME HISTORIES OF HIGH- AND ULTRAHIGH-PRESSURE METAMORPHIC COMPLEXES* 

Terrane  
Characteristic 

Franciscan 
Complex, 

eastern belt 

Sanbagawa 
Besshi + Oboke 

nappes 

Dabie-Sulu Belt, 
coesite-eclogite 

unit

Kokchetav 
Massif, UHP unit 

Dora Maira 
Massif, l. 

Venasca nappe 

W. Gneiss 
Region, Fjordane 

Complex 

protolith formation age 120–145 Ma 150–250 Ma 1.3–2.9 Ga 2.2–2.3 Ga ~300 Ma 1.6–1.8 Ga 

temperature of 
metamorphism 

250 ± 75 °C 300–625 °C 750 ± 75 °C 900 ± 75 °C 725 ± 50 °C 775 ± 75 °C 

depth of metamorphism 15–35 km 20–70 km 90–125 km ~140 km 90–110 km 90–130 km 

time of metamorphism 100–120 Ma 100 ± 10 Ma 235 ± 5 Ma 531 ± 3 Ma 35-40 Ma 400–410 Ma 

upper crustal annealing 95 Ma (?) 70 ± 10 Ma 220 ± 5 Ma 525 ±3 Ma 30 Ma ~395 Ma 

rise time to upper crust 15 ± 5 m.y. 30 ± 10 m.y. 15 ± 5 m.y. ~6 m.y. 3–4 m.y. 10 ± 5 m.y. 

exhumation rate
†
 1–3 mm/yr 2–3 mm/yr 6–8 mm/yr >18 mm/yr >20 mm/yr 8–12 mm/yr 

coesite inclusions absent absent relatively 
abundant 

rare relatively 
abundant 

rare 

diamond inclusions absent absent very rare relatively 
abundant 

absent very rare 

epidote blueschists rare common present rare present absent 

lawsonite, aragonite, 
jadeite + quartz 

law common, 
arag, jad + qtz 

rare 

law rare, arag, 
jad + qtz absent 

absent absent law, arag, jad + 
qtz rare 

absent 

areal extent 675 × 25 km >700 × 35 km >400 × 75 km ~120 × 10 km 225 × 60 km 350 × 70 km 

max. thickness of HP or 
UHP units 

5–10 km  >5 km 5 km (?) 1–3 km 1–2 km >1 km (?) 

   *After Coleman and Wang (1995), Harley and Carswell (1995), Beane et al. (1995), Ernst and Peacock (1996), Hacker et al. (2000), and 
Rubatto and Hermann (2001). 

†
Average exhumation rates estimated by dividing depth of ultrahigh-pressure (UHP) metamorphism by time of ascent to 10–15 km crustal

depth. 
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immense, and paired with an outboard subduction complex in 
Pacifi c-type belts.

(8) Rocks of the volcanic-plutonic arc may preserve a 
semicontinuous record of igneous activity marking landward 
HT belts of the Pacifi c Rim, whereas the exhumation of seaward 
blueschist-eclogite terranes in general is capricious and episodic 
in both Alpine- and Pacifi c-type subduction complexes.

(9) Well-dated Alpine-type terranes preserving scattered 
UHP relict phases have been exhumed to midcrustal levels at 
remarkably rapid ascent rates (Amato et al., 1998; Purchuk et al., 
1998; Webb et al., 1999; Rubatto and Hermann, 2001; Hermann 
et al., 2001; Hacker et al., 2003b), approaching or exceeding 
5–20 mm/yr. Radiometric data provide fewer constraints for the 
decompression of HP belts, but in general they also seem to have 
decompressed rapidly, although perhaps not as fast (1–3 mm/yr) 
as UHP terranes (Ernst, 1988; Itaya and Takasugi, 1988; Dall-
meyer and Takasu, 1991).

DISCUSSION

How are the petrotectonic features of Alpine and Pacifi c-type 
metamorphic belts enumerated in the previous section accounted 
for by the inferred dynamic generation and exhumation histories 
of convergent plate junctions?

(1) Oceanic lithosphere is thrust into subduction complexes 
by convergent plate motion, and develops in continental margins 
or island arcs by back- and intra-arc spreading. These processes 
are similar in Circumpacifi c and contractional orogens, hence 
contrasts in the nature of associated ophiolites in HP and UHP 
metamorphic belts is a function of haphazard events. N-MORB 
and OIB suites seem to be most abundant in Pacifi c-type sub-
duction zones, refl ecting the sampling of an extensive tract of 
converging oceanic crust with its numerous lithospheric asperi-
ties, such as fracture zones, seamounts, hot spots, and spreading 
ridges. In contrast, consumption of a small ocean basin disfavors 
incorporation of abundant slices of oceanic crust + uppermost 
mantle because the brief underfl ow of oceanic lithosphere is lim-
ited by continental amalgamation; in such cases, SSZ ophiolites 
and E-MORBs can be as important as N-MORBs and OIBs. But, 
because of the tectonic imbrication of ophiolitic materials from 
both stable (nonsubducted), and descending plates, numerous 
contrary examples exist in consumptive suture zones.

(2) Mechanical analyses suggest that, provided it is well 
bonded to the downgoing lithosphere, sialic crust several km or 
more thick may be readily subducted if it enters a convergent 
plate junction (Molnar and Gray, 1979; England and Holland, 
1979; Beaumont et al., 1996, 1999). A favorable geologic envi-
ronment for ultrahigh-pressure metamorphism would involve 
insertion of a narrow tongue of continental crust into the subduc-
tion zone as an integral part of an old, thermally relaxed, largely 
oceanic slab (Ernst and Liou, 1995). The existence of UHP 
metagranitoids and quartzofeldspathic gneisses (e.g., Sobolev 
and Shatsky, 1990; Biino and Compagnoni, 1992; Wallis et al., 
1997) demonstrates that low-density continental material may be 

carried to depths of at least 60–140 km. HP-UHP metamorphism 
is a consequence of this process, and is independent of lithology; 
however, the deep-seated sequestration of buoyant quartzofeld-
spathic rocks is a prerequisite for the later body-force-driven 
ascent of at least a portion of the HP-UHP terrane. Large, coher-
ent masses of eclogitic oceanic crust remain negatively buoyant, 
so continue sinking into the deep mantle. Thus, resurrected UHP 
complexes essentially are restricted to zones of continental and 
microcontinental suturing—the plate-tectonic environment of 
Alpine-type subduction.

Pacifi c-type subduction of a quartzofeldspathic accretionary 
prism or shaley mélange involves the geologically simultaneous 
underfl ow of a longitudinal belt of low-density material. Inser-
tion of a voluminous section of ductile graywacke ± shale into 
the convergent plate junction almost certainly would terminate 
subduction unless offl oading and/or decoupling of the low-den-
sity material occurs. Because of weak bonding between the rela-
tively incompetent sedimentary section and the sinking oceanic 
lithosphere, decoupling, ascent, and accretion would be expected 
to take place episodically at relatively shallow depths compared 
to UHP metamorphosed terranes.

(3) Lithospheric slabs descend to depths of 650 km or 
more along inclined Benioff-Wadati zones, so where underfl ow 
exceeds a few cm per year, HP and even UHP recrystallization 
are inevitable (Peacock, 1995); however, oceanic crust trans-
formed to eclogite-facies mineral assemblages is denser than 
mantle peridotite, and garnet lherzolite is slightly denser than 
plagioclase- and spinel-bearing peridotite, so the oceanic crust 
+ mantle will continue sinking after these phase transformations 
occur. In contrast, where a suffi ciently large volume of low-
density sialic material is subducted, buoyancy can overcome 
frictional resistance and permit ascent after disengagement from 
the downgoing plate. Accordingly, both recovered contractional 
UHP complexes and Circumpacifi c HP terranes consist chiefl y 
of sialic bulk compositions, possessing an aggregate density 
considerably less than that of the mantle they displaced during 
subduction. Metamorphosed ophiolitic complexes represent a 
volumetrically minor portion of HP and UHP terranes because, if 
the latter contained a substantial complement of eclogitized oce-
anic crust, it would not be suffi ciently buoyant to return to crustal 
levels (Ernst et al., 1997).

In support of this conclusion, all described UHP and HP 
terranes consist dominantly of low-density materials, with mafi c 
± anhydrous ultramafi c rock types constituting <10%–15% by 
volume (Banno, 1964; Bailey et al., 1964; Frey et al., 1974; 
Coleman and Wang, 1995; Lennykh et al., 1995; Hacker et al., 
1996; Maruyama et al., 1996; Leech, 2001). This refl ects the 
buoyancy-driven ascent process that allows slices of profoundly 
subducted sialic terranes to be returned toward midlevels of the 
continental crust.

(4) The incompetence of shaley mélange + graywacke-rich, 
imbricated subduction complexes compared with old continental 
crust promotes the tectonic insertion of portions of the under-
lying oceanic crust ± serpentinized harzburgite basement into 
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downgoing Pacifi c-type terranes; many such mafi c-ultramafi c 
complexes have decoupled at shallow depths from the sinking 
oceanic lithosphere, and are sequestered along the inboard trench 
wall or nonsubducted continental margin. In contrast, the struc-
tural integrity of descending Alpine-type continental entities in 
some cases (but not the Western Alps) disfavors tectonic incor-
poration of disaggregated ophiolitic materials into the coherent 
HP-UHP complex. In both Alpine and Pacifi c types, variably 
hydrated peridotite of the overlying mantle wedge remains in a 
tectonically elevated position, and in some occurrences caps the 
subduction complex as an allochthonous sheet.

(5) Quartzofeldspathic + pelitic schists and gneisses contain 
abundant white mica ± biotite—rather refractory hydrous phases 
stable under UHP conditions (Hermann and Green, 2001). Such 
rocks in general are strongly foliated, whereas carbonates, cherts, 
and coarse-grained mafi c igneous rocks are massive and nearly 
anhydrous. The former are relatively permeable to aqueous fl uids 
compared to the latter. Thus, once formed, the retention of UHP 
relics is kinetically favored in massive, dry eclogites, imperme-
able siliceous schists, and a few marbles, but disfavored in more 
sheared, permeable, hydrated sialic units. The absence of H

2
O, 

and closed-system recrystallization in situations where UHP rel-
ics are preserved, is supported by the anomalously low pre-sub-
duction δ13C and δ18O values measured in Dabie-Sulu belt UHP 
coesite eclogites and their constituent minerals (Yui et al., 1995; 
Baker et al., 1997; Rumble, 1998; Zheng et al., 2000). Dry condi-
tions are also suggested by laboratory kinetic studies of the trans-
formation of coesite to quartz which indicate that, on decompres-
sion at moderate temperatures, H

2
O contents of ~400 ppm in 

SiO
2
 are suffi cient to cause rapid, complete transformation to the 

low-pressure polymorph (Mosenfelder and Bohlen, 1997). For 
this reason, only very rare relict coesite has been discovered as 
micro-inclusions in zircons from Dabie-Sulu quartzofeldspathic 
gneisses (Tabata et al., 1998). The same situation holds for other 
UHP metamorphic terranes.

Blueschist belts have been subjected to pressure-temperature 
conditions less extreme than those attending UHP complexes, 
hence devolatilization is incomplete during prograde recrystalli-
zation, and retrogression is widespread attending decompression 
(Dal Piaz et al., 1972; Frey et al., 1974; Ernst, 1988; Banno and 
Sakai, 1989). Lower temperatures of HP metamorphism impede 
back-reaction, thus in many cases the low-pressure mineralogic 
overprint is incomplete. In contrast to silicate re-equilibration, the 
transformation of aragonite to calcite is exceedingly fast (Carlson 
and Rosenfeld, 1981), so orthorhombic CaCO

3
 is only preserved 

in dry rocks subjected to very low-temperature retrograde paths.
(6) In order to elucidate possible decompression pressure-

temperature trajectories allowing partial preservation of high- 
and ultrahigh-pressure relict phases, exhumations of both Alpine- 
and Pacifi c-type fault-bounded terranes have been numerically 
modeled (Ernst and Peacock, 1996) as extensional along the 
upper surface of a thin sheet while subduction-refrigeration con-
tinues along the lower thrust surface (Fig. 7). The process does 
not require the wholesale exhumation of a lithospheric plate, the 

entire continental crust, or even the full thickness of a quartz-
ofeldspathic accretionary prism, and certainly not the structur-
ally overlying mantle wedge. Thus, postmetamorphic erosional 
debris, although considerable in some cases (e.g., the Bengal fan 
and the Songpan-Ganze fl ysch basin), need not be voluminous in 
either Pacifi c- or Alpine-type orogens.

(7) Circumpacifi c subduction is a long-continued process 
involving thousands of kms of underfl ow of an oceanic plate, so 
suffi cient time is available for the landward development of cal-
calkaline magmas at great depths, and maturation of the mantle 
hanging-wall plumbing system. The pressure-overstepped dehy-
dration of abundant clinoamphiboles in the downgoing oceanic 
slab at depths exceeding 70–80 km (probably reaching a maxi-
mum near ~100 km due to sluggish devolatilization attending 
rapid subduction at low temperatures) would provide suffi cient 
H

2
O necessary to generate compositionally intermediate magmas 

through partial fusion of the oceanic crust and/or the undepleted 
mantle wedge (Drummond and Defant, 1990; Kushiro, 1990; 
Hawkesworth et al., 1993; Morris, 1995; Ernst, 1999). The gen-
eration and rise of these hydrous melts—apparently produced by 
this process—results in the construction of an andesitic-granitic 
arc inboard from the Pacifi c-type convergent plate junction on 
the stable, nonsubducted plate. In contrast, continental subduc-
tion in many cases involves relatively short-lived underfl ow of 
old, thermally relaxed oceanic lithosphere, so suffi cient time may 
not have elapsed to develop a substantial volcanic-plutonic arc 
on the nonsubducted plate prior to amalgamation. During descent 
and suturing, layer silicates that dominate the sialic crust remain 
stable to subduction depths of at least ~140 km; thus, the arrival 
of continental crust at a convergent plate junction and its deep 
underfl ow would severely reduce the evolution of aqueous fl uids 
at UHP depths—the pressure-temperature realm where calcalka-
line magmas are generated.

(8) Long-sustained lithospheric underfl ow characteristic of 
Pacifi c-type subduction zones produces a massive, well-preserved 
andesitic-granitic arc typifi ed by HT metamorphism in the spa-
tially associated pre-existing crust, because magmas move up into 
the nonsubducted plate semicontinuously. In contrast, seaward 
subduction-zone metamorphic complexes of both Alpine- and 
Pacifi c-type descending plates disengage from the downgoing 
lithosphere episodically; return of low-density material to mid-
crustal levels is a sensitive function of the changing geometry and 
physical properties of various units constituting the architecture of 
the convergent junction. Accordingly, only fragmentary portions 
of such blueschist-eclogite belts are erratically exhumed.

(9) The described petrotectonic features are compatible with 
the proposed formation, pressure-temperature evolution, and 
buoyancy-propelled tectonic exhumation + exposure through 
erosion and/or gravitational collapse of Alpine and Circumpacifi c 
terranes (e.g., Ernst, 1970; Platt, 1986, 1987, 1993; Maruyama, 
1997), as well as the formation of massive calcalkaline arcs 
inboard from Pacifi c-type plate junctions. The kind of materials 
carried down subduction channels, the extent of deep-seated 
devolatilization, and the rates of transformation strongly infl uence 
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the nature of HP and UHP metamorphic belts. Exhumation of 
the subducted complexes to mid-crustal levels appears to be 
density driven, and the ascent in most cases is relatively fast. 
Because H

2
O-rich Pacifi c-type subduction packages displace 

relatively small volumes of dense mantle ± serpentinized ultra-
mafi c material, they ascend at a few mm/yr—more slowly than 
do deeply subducted, rapidly exhumed Alpine-type complexes. 
Exhumation rates of 5–20 mm/yr, averaged over more than 
5–20 m/yr, and seemingly required by UHP geochronologic data 
(Liou and Zhang, 1995; Dobretsov et al., 1995; Gebauer, 1996; 
Gebauer et al., 1997; Blythe, 1998; Purchuk et al., 1998; Grase-
mann et al., 1998; Lin and Roecker, 1998; Webb et al., 1999; 
Wheeler et al., 2001: Rubatto and Hermann, 2001) substantially 
exceed currently measured uplift and erosion rates in the Hima-
layan orogenic belt (Le Fort, 1996; Searle, 1996), but are margin-
ally compatible with rates of exhumation of ~4 mm/yr calculated 
by Genser et al. (1996) for the Eastern Alps.
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