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Abstract

Continental crust (density ~2.8 g-cm™) resists subduction into the earth’s mantle (~3.3 g-cm™3)
because of buoyancy. However, more than 20 recognized ultrahigh-pressure (UHP) terranes have
been documented; these occurrences demonstrate that not only is continental crust subducted to
depths as great as 150 km, but also that some supracrustal rocks were then exhumed to the earth’s
surface. UHP terranes are composed of mainly supracrustal rocks that contain minor amounts of
minerals such as coesite or diamond, indicative of P > 2.5 GPa. In general, quartzofeldspathic units
are thoroughly back reacted, and only mafic eclogite lenses and boudins retain scattered UHP
phases. These index minerals are restricted to micron-scale inclusions in chemically and mechani-
cally resistant zircon, garnet, and a few other strong container minerals, and are difficult to identify
by conventional petrologic studies. The continental rocks were subjected to UHP metamorphism at
T ranging from ~700 to 950°C and P > 2.8 to 5.0 GPa, corresponding to depths of ~100 to 150 km.
These UHP units were subsequently exhumed to crustal depths and subjected to intense hydration
and amphibolite-facies overprint. Widespread Barrovian-type metamorphism in many collisional
orogens may mask an earlier, higher-pressure metamorphic history. We suspect that coesite-bearing
UHP rocks were once generated in the majority of exhumed collisional orogens.

The recent finding of coesite inclusions in rare Himalayan eclogites and country rock gneisses is
a typical example. We use the Himalayan model to illustrate UHP metamorphism and subduction of
continental crustal rocks to mantle depths and later Barrovian-type overprint during exhumation.
Himalayan UHP eclogites and adjacent gneisses were formed at mantle depths > 100 km at 46 to 52
Ma. These rocks were exhumed to crustal depths and subjected to Barrovian amphibolite- to granu-
lite-facies metamorphism; associated magmatism occurred at 30 to 15 Ma. The Himalayan metamor-
phic belt was domally uplifted and the mountain-building process initiated since 11 Ma, when
underthrusting of the Indian tectosphere beneath the Lesser Himalayas occurred.

Introduction

ULTRAHIGH-PRESSURE (UHP) metamorphism refers
to the metamorphism of crustal rocks (both conti-
nental and oceanic) brought to pressures high
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enough to crystallize index minerals such as coesite
at a minimum P > 2.7 GPa at T > 600°C and/or dia-
mond. Prior to the initial discoveries of coesite in
supracrustal rocks (Chopin, 1984; Smith, 1984),
coesite and diamond were thought to occur only
in meteorite impact craters and mantle xenoliths.
Figure 1 shows the relevant P-T conditions defining
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FIG. 1. P-T regimes assigned to various metamorphic types: (1) ultrahigh-P; (2) high-P; and (3) low-P. Geotherms of

5°C/km and 20°C/km are indicated. Stabilities of diamond, coesite, glaucophane, jadeite + quartz, aragonite, kyanite,

sillimanite, andalusite, paragonite, and the minimum meltings of granite and tonalite are shown. P-T boundaries of

various metamorphic facies [granulite, amphibolite, epidote amphibolite, greenschist, and subgreenschist facies] and

subdivision of the eclogite field into amphibole (Amp) eclogite, epidote (Ep) eclogite, lawsonite (Lw) eclogite, and dry

eclogite are indicated (for abbreviations, see Liou et al., 2000).

UHP, high-pressure (HP), and low-pressure (LP)
metamorphism; in addition, geotherms of about
5°C-km~! (extreme high P/T) and 20°C-km™' (old
plates) are illustrated.

The objective of the present article is to
present a summary to the literature of continental
crust subduction and UHP metamorphism and
illustrate recent petrochemical research of various
UHP rocks. To honor our teacher and mentor, W.
G. Ernst, on the occasion of his retirement, we
have prepared this review article to honor his
contributions to the studies of both HP and UHP

subduction-zone metamorphism and tectonics. We

emphasize the interactions between metamor-
phism and tectonics in continental collision belts
using the Himalayan orogen as an example. Distri-
bution and mineralogical and petrological charac-
teristics of other UHP terranes in the world are
also described. Similar reviews for recent mineral-
ogical-petrochemical-tectonic studies of global
UHP rocks are included in Chopin (2003), Zheng
et al. (2003), Rumble et al. (2003) and various
chapters of the book Ulirahigh-Pressure Metamor-
phism published by the European Mineralogical
Union and edited by Carswell and Compagnoni
(2003).
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The stabilities of coesite and other UHP minerals
in metamorphic regime require abnormally low geo-
thermal gradients, less than approximately 7°C-km™".
Such environments can be attained only by the sub-
duction of old, cold, oceanic crust—capped litho-
sphere + pelagic sediments or ancient continental
crust. Eclogites with compositions of mid-oceanic
ridge basalt (MORB) + H,O have been experimen-
tally studied (e.g., Schmidt and Poli, 1998; Okamoto
and Maruyama, 1999); the results shown in Figure 1
subdivide P-T regimes for the eclogite facies into
those for amphibole eclogite, epidote eclogite,
lawsonite eclogite, and dry eclogite. UHP and HP
metamorphism can be separated conveniently by
the P-T boundary for the quartz-coesite equilibrium.
Eclogitic rocks formed at pressures greater or less
than the transition boundary have been called “hot”
or “cold” eclogite, respectively. The equilibrium
boundary for the graphite-diamond transition
further subdivides UHP regimes into diamond grade
and coesite grade; for appropriate compositions and
Jfo2 and X, conditions, microdiamond * coesite
occur in diamond-grade UHP rocks.

We have classified global HP and UHP belts into
two types according to protoliths (Maruyama et al.,
1996). In active margins of the Pacific type,
protoliths for HP metamorphism consist of rock
assemblages forming an accretionary complex,
including bedded cherts, MORB-origin green-
stones, seamount fragments, and enclosing trench
turbidites. On the other hand, protoliths of the colli-
sion-type HP-UHP rocks include continental base-
ment complexes and the overlying sediment +
volcanoclastic rocks of a variety of tectonic settings.
Figure 2 is a schematic diagram showing the con-
trasting tectonic settings for accumulation of A-type
protoliths in a rifted continental margin, and B-type
protoliths in an active continental margin.

Most UHP rocks have A-type protoliths and are
characterized by occurrences of continental shelf
carbonates, bimodal volcanics, peraluminous sedi-
ments, and granite-gneiss basement rocks. Eclogites
and garnet peridotites, although volumetrically
small, are widespread in all recognized UHP ter-
ranes of the world. They are the most significant
components inasmuch as they preserve most com-
pletely UHP index minerals such as coesite and
microdiamond. These mafic-ultramafic rocks may
have originated from different tectonic settings and
were subjected to similar UHP metamorphism,
deformation, and retrogression along with the
enclosing granitic gneisses and supracrustal rocks.

Because of better preservation of the effect of UHP
metamorphism compared with adjacent gneissic
rocks, eclogites and garnet peridotites have received
the most intensive study; accordingly, they provide
important petrochemical and isotopic constraints on
tectonic models of continental subduction, collision,
and exhumation for UHP terranes.

Global Distribution of
UHP Metamorphic Terranes

Occurrences of UHP rocks have been increas-
ingly recognized and reviewed extensively (e.g.
Liou, 1999, 2002; Chopin, 2003, Carswell and
Compagnoni, 2003). Thus far, more than 20 UHP
terranes, shown in Figure 3, have been documented.
These UHP terranes lie within major continental
plate collision belts and extend for several hundred
km or more; many are in Eurasia, but a few are in
Africa, South America, or Antarctica. They share
common structural and lithological characteristics.
(1) UHP records are preserved mainly in eclogites
and garnet peridotites enclosed as pods and slabs
within gneissic units. A few of these rocks contain
minute inclusions of coesite in zircon, garnet, and
omphacite, and microdiamonds in garnet and zir-
con. (2) Most lithologies are continental in chemical
composition. (3) Exhumed UHP units are now
present in the upper continental crust as thin, sub-
horizontal slabs, bounded by normal faults on top,
and reverse faults on bottom, and sandwiched in
amongst HP or lower-grade metamorphic units.
(4) Coeval island-arc volcanic and plutonic rocks do
not occur, whereas post-collisional or late-stage
anorogenic granitic plutons are common in some
occurrences.

In this section, classical (Ernst and Liou, 2000),
less intensively studied (Liou, 1999), and recently
recognized UHP terranes are described below.
Lithological and tectonic characteristics including
index minerals, P-T conditions, size, and peak
metamorphic ages of these UHP terranes are sum-
marized in Table 1.

Classical UHP Terranes

Several classical UHP terranes including (1) the
Dora Maira massif of the Western Alps (Chopin,
1984), (2) the Western Gneiss Region of Norway
(Smith, 1984), (3) the Dabie-Sulu terrane of east-
central China (Wang et al., 1989), (4) the Kokchetav
massif of northern Kazakhstan (Sobolev and

Shatsky, 1990), and (5) the Bohemian massif
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FIG. 2. Schematic cross-section contrasting the tectonic setting of generation and exhumation of (A) Collision (A)-

type and (B) Pacific (B)-type HP-UHP metamorphic belts. Characteristics of the Pacific type include subduction of

oceanic lithosphere and development of an accretionary complex, forearc basin, huge tonalite-trondhjeimite-granitoid

(TTG) belt, and volcanic arc. Collision-type belts, which are associated with continental collision, lack those character-

istics, and the high-P belt is generally of a much large extent (after Maruyama et al., 1996).

(Bakun-Czubarow, 1991) have been well studied
and extensively reviewed (e.g. Ernst and Liou,
2000). Except for the Dora Maira massif, occur-
rences of microdiamond in these UHP terranes have
been reported; petrochemical characteristics of
these terranes are summarized below.

Dora Maira massif, Western Alps. The Dora Maira
massif consists of Late Paleozoic and older conti-
nental basement rocks, metamorphosed under UHP
and HP conditions as a result of Mesozoic—Cenozoic
convergence of the European and African plates (for
a recent review, see Compagnoni and Rolfo, 2003).
The HP + UHP belt is a stack of four major units
separated by low-angle faults. These units have
been affected by Cenozoic HP metamorphism and
later re-equilibration at lower pressures. The UHP

unit consists of dark- and light-colored eclogites,
pyrope quartzite with phengite schist and jadeite-
rich rock inclusions, as well as orthogneiss country
rocks and undeformed metagranites. Boudins of
pyrope quartzite contain UHP relics such as coesite
and other UHP minerals. This entity was subdivided
into two metamorphic subunits: (a) a coesite-bear-
ing, UHP subunit contains kyanite-eclogites with
relict coesite and coesite pseudomorphs, and has
estimated peak P-T conditions of 3.7 GPa and
790°C, within the diamond stability field (Schertl et
al., 1991); and (b) a lower-P eclogite subunit was
metamorphosed at 1.5 GPa and 500°C. The time of
UHP/HP metamorphism has been considered to
have culminated between 90 to 125 Ma, and retro-
graded between 35 to 41 Ma. However, recent
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SHRIMP dating of zircons extracted from gneiss,
schist, pyrope inclusion, and pyrope quartzite indi-
cates the occurrence of 240-275 Ma old zircon
cores and newly formed 35 Ma rims for some zircons
(Gebauer et al., 1997). Thus, UHP metamorphism
must have taken place during Oligocene time, with
an estimated exhumation rate of 2 to 2.4 cm-yr~'.

Western Gneiss Region, Norway. The Western
Gneiss Region lies within an Early Paleozoic colli-
sion zone; the gneissic unit, about 300 km long and
150 km wide, consists of interlayered pelite and
migmatite, marble, quartzite, and amphibolite, with
tectonic inclusions of gabbro and peridotite (for a
recent review see Carswell and Cuthbert, 2003). The
gneissic unit exhibits mainly amphibolite-facies
assemblages, but relics of HP assemblages also
occur. Eclogite boudins are widespread. Coesite was
first reported from Grytting (Smith, 1984); several
new localities of coesite and coesite pseudomorphs
have been recognized recently in both eclogites and
the adjacent gneissic rocks (Wain, 1997; Cuthbert et
al., 2000; Wain et al., 2000; Carswell et al., 2003).
Microdiamond grains 20-50 microns across have
been described from residues separated from two
gneisses (Dobrzhinetskaya et al., 1995); the associ-
ated kyanite-eclogites contain inclusions of coesite
pseudomorphs in garnet. Relict majoritic garnets
showing exsolution of pyroxene lamellae in peridot-
ite bodies have been recently discovered on the
islands of Otrogy and Flemsoy (van Roermund and
Drury, 1998; van Roermund et al., 2000). These
peridotite bodies originally must have had an even
higher-pressure, deeper-mantle origin, probably
within a rising mantle diapir at ~1700 Ma. In these
garnet peridotites, diamond inclusions in symple-
tetic spinel after garnet have been discovered (van
Roermund et al., 2002). Radiometric ages for eclog-
ites of the Western Gneiss Region are 408-425 Ma
for the peak metamorphism, and 374-378 Ma for
the retrogressive mid-crustal metamorphic over-
printing (for review, see Carswell et al., 1999). Car-
swell et al. (2003) provide new petrographic
evidence and a review of the latest radiometric age
data, and conclude that the UHP metamorphism of
eclogites occurred at 400-410 Ma, significantly
younger than the previous, widely accepted age of
425 Ma. A two-stage exhumation process is sug-
gested: an initial exhumation to about 35 km depth
by about 395 Ma at a mean rate of about 10 m-Ma™!,
and subsequent exhumation to 8-10 km by about
375 Ma at a much slower rate of about 1.3 m-Ma™".

The suture zone occupied by UHP/HP rocks of
the Western Gneiss Region reflects collision of the
eclogite-bearing Greenland sialic crust-capped
lithospheric plate with Fennoscandia during the
Caledonian orogeny (Gilotti, 1993; Krogh and
Carswell, 1995; Brueckner and Medaris, 1998).
Inclusions of coesite pseudomorph in garnet and
omphacite from kyanite eclogites have been
recently documented in the East Greenland eclogite
province (Gilotti and Ravna, 2002); this new UHP/
HP terrane is remote, but has excellent exposures
and requires close examination.

Dabie-Sulu terrane of east-central China. The
Dabie-Sulu terrane occupies a Triassic collision
zone between the Sino-Korean and Yangize plates
(for a recent review, see Hirajima and Nakamura,
2003). The central UHP coesite-bearing eclogite
belt (P = 2.7-5 GPa) is flanked to the north by a
migmatite zone (P < 2 GPa), and to the south by a
belt of blueschist, epidote amphibolite, and eclog-
ite-facies rocks (P = 0.5-1.2 GPa). Prevalent rock
types include felsic gneiss, orthogneiss, marble, and
quartzite. Protolith ages range from Proterozoic to
Ordovician, but the majority of reported ages are
Neoproterozoic (Li et al., 1993; Hacker et al., 2000).
Blocks, boudins, and layers of eclogites and garnet
peridotites occur as enclaves in gneisses in the UHP
unit. The Dabie-Sulu UHP rocks show several char-
acteristics. (1) Widespread coesite with hydrous
minerals such as talc, zoisite/epidote, and phengite
occur in eclogites. (2) Two distinct types of mantle-
and crustal-derived garnet peridotites are present.
(3) Abundant exsolution textures were identified in
UHP minerals from garnet peridotite and eclogite.
(4) Diamond separates from both eclogite and garnet
peridotite have been reported from few restricted
regions (e.g., Xu et al., 1992, 2003). Some of these
findings are not confirmed by thin-section observa-
tion and extensive studies of mineral inclusions in
zircon (for review, see Liou et al., 2002). (5) Some
garnet peridotites record much higher pressure than
associated coesite-bearing eclogites, reaching 5-6
GPa (Yang et al., 1993; Zhang R. Y. et al., 2000,
2003). (6) Various isotopic age dating methods for
UHP minerals and rocks from Dabie-Sulu terrane
gives 220-240 Ma (Li et al., 1993; Hacker et al.,
2000).

Eclogites in the Huwan shear zone from the
northwestern Dabie Mountains have SHRIMP U/Pb
dates of 309 + 3 Ma (Sun et al., 2002) suggesting a
discrete Carboniferous subduction/collision
between North and South China. Farther to the west
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in North Qinling, inclusions of microdiamond were
discovered in zircons from both eclogite and its
gneissic country rocks (Yang et al., 2002a);
SHRIMP U/Pb dating of zircons from granitic gneiss
yielded 507 + 38 Ma for metamorphic rims and
1200-1800 Ma for relic magmatic or old cores, sug-
gesting an Early Paleozoic UHP metamorphic event.
These new data suggest that episodic subduction
and collision of continents occurred during stages of
closures of paleo Tethys prior to the well-docu-
mented major Triassic continent-continent collision
for the Dabie-Sulu terrane.

Kokchetav massif. The Kokchetav massif, north-
ern Kazakhstan, is the type site for the UHP
diamond-eclogite regional metamorphic facies
(Sobolev and Shatsky, 1990; Parkinson et al., 2002;
Shatsky and Sobolev, 2003). Diamonds occur as
minute inclusions in garnet, diopside, and zircon
porphyroblasts in marble, pyroxene-carbonate-gar-
net rock, and garnet-biotite gneiss and schist. Inclu-
sions of coesite and coesite pseudomorphs occur in
garnet and zircon from eclogite and diamond-bear-
ing gneiss. The UHP/HP unit extends NW-SE for at
least 80 km, and is about 17 km wide. The UHP slab
is structurally overlain by a weak- to low-grade
metamorphic unit and is underlain by a low-P meta-
morphic andalusite-staurolite facies unit (Kaneko et
al., 2000). The UHP slab is composed of felsic
gneiss with locally abundant eclogite lenses and
minor orthogneiss, metacarbonate, and rare garnet
peridotite, with a range of Proterozoic protolith ages.
A well-constrained P-T-time path deduced from
mineral inclusions and SHRIMP geochronology of
zircons is illustrated in Figure 4. Zoned zircons from
diamond-bearing gneiss yield the following ages: a
quartz-bearing inherited core with 1100-1400 Ma
as the protolith age, coesite-bearing mantle with 537
+ 9 Ma for UHP metamorphism, and the plagio-
clase-bearing rim with 507 + 8 Ma for amphibolite-
facies overprint (Katayama et al., 2001). Many
diamond-grade marbles contain clinopyroxene with
exsolution lamellae of quartz, K-feldspar, phengite,
and phlogopite (Katayama et al., 2002; Zhu and
Ogasawara, 2002), and titanite with coesite lamellae
(Ogasawara et al., 2002); these occurrences suggest
that UHP metamorphism occurred at P > 6 GPa and
1000°C.

C~13 isotopic data of diamond suggest biogenic
sources; inclusions of water, carbonate, and nano-
metric oxide in diamonds indicate that metamorphic
microdiamonds in this and other UHP terranes were
precipitated from C-O-H supercritical fluids (e.g.,

Stockhert et al., 2001). Ogasawara et al. (2002)
further suggested a two-stage growth mechanism for
microdiamonds. Masago et al. (2003) reported nega-
tive 180 values (-3.9 per mil) for minerals in eclogite
and whiteschist of the Kokchetav Massif, similar to
the Chinese UHP rocks first described by Yui et al.
(1995). The Kokchetav Massif is the second recog-
nized UHP region that preserves a significant effect
of the interaction of cold meteoric water with the
protolith prior to subduction.

Saxonian Erzgebirge, Germany. The Erzgebirge
Crystalline Complex (ECC) at the northern margin of
the Bohemian massif is in fault contact with a low-
grade Paleozoic sequence at its margins (for a recent
review, see Massonne and O’Brien, 2003). The
Variscan ECC consists of abundant gneisses that
include numerous lenses of eclogites. The “Gneiss-
Eclogite Unit” at the core of this massif contains
UHP rocks typified by inclusions of coesite pseudo-
morph in garnets from eclogite (Schmadicke, 1991)
and inclusions of microdiamonds in garnet, kyanite,
and zircon from gneisses (Massonne, 1999). Thus
far, the diamondiferous gneisses seem to occur only
in a 1 km long strip near the eastern shore of the
Saidenbach Reservoir. Diamond micro-inclusions
occur exclusively in garnet, kyanite, and zircon of
several gneissic rocks. Besides completely pre-
served diamonds with grain sizes between 1 to 25
pm, partially graphitized diamonds and graphite
pseudomorphs after diamond occur. Such microdia-
mond inclusions in garnet and zircon are similar to
those in Kokchetav diamondiferous biotite gneiss.
Some of these inclusions contain additional fluid-
bearing phases including apatite, phengitic mica,
and possible fluid inclusions; the morphologies of
inclusions and mineral associations suggest that
microdiamonds from both the Erzgebirge and the
Kokchetav were crystallized from supercritical flu-
ids under UHP conditions (Stockhert et al., 2001;
Hwang et al., 2001; Dobrzhnetskaya et al., 2001,
2003).

Schmadicke et al. (1995) reported Sm-Nd isoch-
rons for garnet-Cpx-WR at 360 £ 7 Ma for eclogite
and 353 + 6 Ma for garnet pyroxenite from Erzge-
birge UHP rocks. °Ar/3°Ar spectra of phengite from
two eclogite samples give plateau ages of 348 + 2
and 355 + 2 Ma. Diamond-bearing zircons yield
SHRIMP U/Pb dates at 336 = 2 Ma (Massonne,
2001). Such similarity in ages for garnet peridotites
and eclogite enclosed in gneiss suggests a coeval
Variscan UHP in-situ metamorphism of the ECC
around 340-360 Ma.
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FIG. 4. A. Schematic diagram showing the growth of detrital zircon (stage 1) through subduction (stage 2 and peak
stage 3) and exhumation (stage 4) of supracrustal rocks. Mineral inclusions in various stages of zircon growth are shown.
B. SHRIMP U-Pb dating of zoned zircons from a Kokchetav diamond-bearing gneiss yields a well constrained P-T-time

path (for details, see Katayama et al., 2001).

Less Intensively Studied UHP terranes

Several UHP terranes described below, except
for the Maksyvtov Complex, have received less
intensive study mainly due to remoteness and diffi-
cult access, despite their long recognition.

Maksyutov Complex, Southern Urals. The
Maksyutov Complex is an elongated (10 x 120 km)
N-S belt between the Russian and Siberian cratons
in the southern Ural Mountains (Coleman and Wang,

1995; Dobretsov et al., 1996), and contains blocky

graphitized diamond(?) in pelitic schist (Leech and
Ernst, 1998). The complex is the locality from which
quartz aggregates within garnet exhibiting radial
cracks were first recognized as coesite-pseudo-
morphs by Chesnokov and Popov (1965), nearly 20
years prior to the independent finding of coesite
inclusions by Chopin (1984) and Smith (1984). The
eclogite-bearing unit contains boudins of eclogite,
layers of eclogitic gneiss, and rare ultramafic bodies
within host metasedimentary mica schist and
quartzite.
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Some Maksyutov eclogites were recrystallized at
594-637°C with a minimum pressure from 1.5 to
1.7 GPa (Beane et al., 1995; Leech and Ernst, 1998)
or up to 2.7 GPa if coesite pseudomorphs (Ches-
nokov and Popov, 1965; Dobretsov and Doretsova,
1988) are indeed present. However, subsequent
studies have not revealed the occurrence of inclu-
sions of coesite or coesite pseudomorph in garnet
and zircon (Beane et al., 1995; Shatsky et al., 1995).
Leech and Ernst (1998) described unusual graphite
aggregates (up to 13 mm edge length) that may be
diamond pseudomorphs. This suggestion was based
on the blocky morphology of the cuboid graphite
aggregates cross-cutting rock foliation, pressure
shadows, biogenic isotopic signatures, and other
spectroscopic characters similar to those graphi-
tized diamonds from the Beni Bousera massif.
Recent study of several microdiamond inclusions in
garnet has yielded further suggestive possibility that
the eclogitic unit of the Maksyutov Complex experi-
enced diamond-grade UHP metamorphism (Bostick
etal., 2003). The UHP/HP metamorphism with peak
metamorphic ages of 370-374 Ma (Shatsky et al.,
1995; Beane and Connelly, 1998) may be related to
the collision of the Russian platform with a fragment
of the Siberian craton during Devonian time, but
was affected by the Triassic collision of the Kazakh-

stan block with the Russian platform (e.g., Matte,
1998).

Zermait-Saas area, Western Alps. In contrast to
most other UHP terranes in which the protolith is
continental crust, eclogites and metasediments at
Lago di Cignana of the Western Alps were derived
from oceanic crust and constitute the ophiolite
sequence of the Zermatt-Saas zone. Inclusions of
coesite and coesite pseudomorphs occur in tourma-
line and garnet of manganiferous quartzite, and in
omphacite and garnet of the underlying mafic eclog-
ite (Reinecke, 1991). The metasediments are mainly
garnet-phengite-quartz schist, with variable
amounts of garnet-clinopyroxene quartzite, and
piedmontite-phengite-quartz schist. Eclogites and
retrograded eclogites with preserved UHP mineral
parageneses consist of garnet, omphacite, glau-
cophane, zoisite, phengite, and dolomite. Zoned gar-
nets preserve prograde quartz crystals in their cores
and coesite inclusions in mantles and rims. Coesite
inclusions are much more common in omphacite
than in garnet. UHP conditions were estimated at
2.6-3.0 GPa and 590-630°C. Sm-Nd isotopic anal-
yses of eclogites yield UHP metamorphism at 52 +
18 Ma (Bowtell et al., 1994), consistent with a

Tertiary age of eclogitization recently established for
Alpine metamorphism in the Western Alps
(Gebauer et al., 1997).

Thus far, the recognized areal extent of the
coesite-bearing rocks is ~ 2 km2. The apparent
thickness of the UHP slice does not exceed a few
hundred meters. This area is the best example for
subduction of oceanic lithosphere to mantle depth,
and later exhumation as a fragmented tectonic slab.
Similarly, the Allalin metagabbro, part of the oce-
anic Piemonte zone, contains magnesite + talc +
kyanite + garnet recrystallized at ~600°C and 3.5
GPa, with an estimated geothermal gradient of 5-
6°C-km™; however, inclusions of coesite or coesite
pseudomorphs have not been reported from the
Allalin metagabbro.

Mali, Africa. Eclogitic rocks in the Pan-African
collision zone cropping out in northern Mali contain
inclusions of coesite in omphacite from mafic nod-
ules within a calc-silicate layer enclosed in impure
marble, and coesite pseudomorphs in garnets from
the surrounding eclogitic metasediments (Caby,
1994). These UHP eclogitic mica schists have P-T
estimates of 700-750°C and > 2.7 GPa; phengite
yields a well-defined plateau 3°Ar/*9Ar age of 1045
+ 9 Ma. Recent Sm/Nd ages of 620 Ma were
obtained by Jahn et al. (2001) for peak UHP meta-
morphism. This may be the oldest UHP terrane in
the world.

The coesite-bearing UHP eclogitic unit about 3
km thick lies within an internal nappe as a flat, thin
slice bounded on the top by a thick passive-margin
shaly formation, and on the bottom by low-grade
greenschist-facies phyllites. Caby (1994) suggested
that a large portion of the terrigenous metasediments
of passive-continental-margin affinity of the West
African plate was subducted eastward to mantle
depths (>90 km) beneath an oceanic domain. Colli-
sion of the West African plate with an island arc
resulted in a low-angle, westward subhorizontal
extrusion of this subducted slice of sialic materials
to its present position. The coesite-bearing eclogite
unit may also crop out 1500 km to the south in Togo,
where kyanite-bearing eclogites occur as part of the
passive-margin assemblage.

Makbal (480 Ma) and Atbashy (270 Ma), Kazak-
hstan. The Tian-Shan is divided into three mountain
ranges—northern, middle, and southern. Within the
Kyrgyzstan Tian-Shan, UHP eclogite localities with
coesite pseudomorph inclusions in garnet and
omphacite from the northern and southern Tian-
Shan represent Caledonian and Hercynian orogenic
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belts, respectively (Tagiri and Bakirov, 1990; Tagiri
et al., 1995). The Makbal Formation in the western
Kyrgyz Ridge of the northern Tian-Shan consists of
quartzose schist alternating with pelitic schists
intercalated with thin layers or lenses of marble,
eclogite, and amphibolitized eclogite. Tagiri and
Bakirov (1990) found inclusions of coesite pseudo-
morphs in garnet from a garnet-chloritoid-tale schist
with a peak metamorphic assemblage of coesite +
almandine + chloritoid + talc + phengite (Si = 3.42
p.f.u) + phlogopite + rutile. Makbal coesite-grade
eclogite has a paragonite K/Ar age of 480 Ma.

The eclogite-bearing complex of Atbashy Ridge
from the southern Tian-Shan is composed of pelitic
and siliceous schists alternating with thin UHP
eclogitic layers, and is unconformably overlain by
Upper Paleozoic molasse and silicic volcanic rocks.
Inclusions of coesite pseudomorphs occur in
omphacite cores and in garnet. Eclogites from the
Atbashy area preserve prograde and retrograde
paths with a peak metamorphic condition at 660°C,
2.5 GPa. The Atbashy coesite-eclogites yielded a
Rb/Sr mineral isochron age of 270 Ma (Tagiri et al.,
1995).

Central Indonesia UHP terrane. The pre-Tertiary
basement of the Indonesian region comprises a vari-
ety of imbricate terranes, mélange, ophiolite, and
variably metamorphosed accretionary complexes;
some contain HP to UHP metamorphic rocks result-
ing from the collision of an Australia-derived conti-
nent with Eurasia (Parkinson, 2003). HP rocks
including eclogites and garnet peridotites are widely
distributed in Cretaceous accretionary complexes.
Many of these rocks occur as imbricate slices of car-
bonate, quartzite, and pelitic schist of shallow-
marine or continental-margin parentage, interthrust
with subordinate mafic schist and serpentinite;
some yield mica K/Ar ages of 110-120 Ma (Parkin-
son, 2003).

HP and UHP rocks are sporadically exposed as
tectonic blocks throughout the Cretaceous accre-
tionary complexes. They include eclogite, garnet-
glaucophane rock (P = 1.8-2.4 GPa, T = 580-
620°C), and jadeite-garnet quartzite (P > 2.7 GPa, T =
720-760°C) in Bantimala, southwest Sulawesi,
eclogite and garnet granulite in west-central
Sulawesi, eclogite and jadeite-glaucophane-quariz
rock (P ~2.2 GPa, T ~530°C) in central Java, Mg
chloritoid-bearing whiteschists (P ~1.8 GPa) in
southeast Kalimantan, garnet lherzolites in east-
central Sulawesi (P = 2.2-2.8 GPa, T = 1000-
1100°C), west-central Sulawesi (P = 1.6-2.0 GPa, T =

1050-1100°C), and garnet pyroxenite (P ~2 GPa, T
~ 850°C) in Sabah, northeast Borneo. Evidence for
UHP rocks include: (1) inclusions of coesite in
zircon and coesite pseudomorphs in jadeite from
jadeite quartzite and eclogite of the Bantimala
Complex of south Sulawesi (Parkinson, 2003); and
(2) P-T estimates of peak-stage recrystallization at
2.7-3.5 GPa and 1000-1100°C for most garnet
peridotites (Kardarusman and Parkinson, 2000).
Many of these rocks were probably recrystallized in
a N-dipping subduction zone at the margin of the
Sundaland craton in the Early Cretaceous. Exhuma-
tion may have been facilitated by the collision of a
Gondwana continental fragment with the Sundaland

margin at ~120-115 Ma.

Recently Recognized UHP Terranes

Several new UHP terranes were recently identi-
fied, inasmuch as they contain partially preserved
trace index minerals in strong containers such as
zircon or garnet. In fact, zircon has been considered
to be the best container and many new terranes were
discovered through positive identification of inclu-
sions of coesite or coesite pseudomorphs, or
diamond in zircons. Detailed examination of mineral
inclusions in core, mantle, and rims of zircon sepa-
rates from eclogites and their enclosing country-
rock gneisses have yielded both prograde and
retrograde P-T-time paths for various UHP terranes
mentioned above (see Katayama et al., 2001 for
details; also see the section on the Himalayan eclog-
ite for an example).

The latest recognized UHP terranes include the
following: (1) coesite in the French Massif Central
(Lardeaux et al., 2001); (2) coesite and diamond
from the Greek Rhodope metamorphic province
(Mposkos and Kostopoulos, 2001); (3) coesite
pseudomorphs in the Northeast Greenland Eclogite
Province (Gilotti and Ravna, 2002); (4) coesite in
granulite-facies overprinting eclogites of Southeast
Brazil (Parkinson et al., 2001); (5) coesite in Hima-
layan eclogite from the Upper Kaghan Valley, Paki-
stan (O’Brien et al., 2001; Kaneko et al., 2003) and
coesite from the Tso-Morari crystalline complex of
India (Mukherjee et al., 2003); (6) coesite inclusions
in gneissic rocks from the North Qaidam belt, west-
ern China (Yang et al., 2001; Song et al., 2003); (7)
diamond inclusions in garnets of eclogite and gneiss
from North Qinling (Yang et al., 2002a); (8) inclu-
sions of quartz pseudomorphs and minor coesite in
garnets of mafic eclogites from the Lanterman

Range in Antarctica (Ghiribelli et al., 2002); (9)
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inclusions of calcite pseudomorphs after aragonite +
magnesite in dolomite in metapelites from the west-
ern Tian-Shan inferred as metamorphism in a UHP
region of dolomite decomposition (Zhang L. et al.,
2002); and (10) inclusion of possible coesite
pseudomorphs in garnet, lamellar inclusions in gar-
net, kyanite, and high sodium content of garnet from
eclogites of the Chuacus Complex of north-central
Guatemala (Solari et al., 2003). The results of petro-
chemical and geochronological data for these new
terranes are summarized below. The Himalayan
UHP terrane in the Upper Kaghan Valley and the
Tso-Morari complex are used to illustrate the pro-
cesses of continental subduction and collision in a
later section.

French Massif Ceniral. The French Massif Cen-
tral in the western part of the Variscan Belt has
experienced Late Silurian—Early Devonian to Late
Carboniferous orogenic events (e.g., Matte, 1986).
High-pressure metamorphic rocks occur mainly in
the upper gneissic unit within the leptyno-amphibo-
lite group. The latter consists of an association of
metagreywacke, mica schist, metabasalt, leptynite,
metagranite, and peridotite. Eclogites are associated
with silicic and mafic HP granulites (Lardeaux et
al., 2001) and also with spinel and/or garnet lherzo-
lites (Gardien et al., 1990). Inclusions of coesite and
coesite pseudomorphs occur in garnets of kyanite-
bearing eclogite (Lardeaux et al., 2001). Only two
coesite grains are preserved as relics; most coesite
grains are completely transformed into polycrystal-
line radial quartz (palisade texture) or into polygonal
quartz surrounded by radial cracks. Metamorphic
temperatures were estimated to be 740-780°C, and
subsequent amphibolite-facies overprinting at
750°C at 1.5-1.7 GPa during decompression. UHP
metamorphism occurred between 420 and 400 Ma
(Paquette et al., 1995); *°Ar/>?Ar data from amphib-
ole separates from retrogressed eclogites yielded

339 + 4 Ma (Costa et al., 1993).

Northeast Greenland Caledonides. The first evi-
dence for UHP metamorphism in the Greenland
Caledonites was reported from kyanite eclogites and
associated host gneisses on an island in Jokelbugt
(Gilotti and Ravna, 2002). Inclusions of quartz
pseudomorphs exhibiting palisade structure and
radiating fractures occur in garnet and omphacite of
eclogites and in garnet of the host gneisses. P-T esti-
mates of peak-stage metamorphism of eclogite at
~972°C and 3.6 GPa lie well within the coesite sta-
bility field. SHRIMP U/Pb dates of 403 + 5 Ma for

zircon rims from HP metapsammite and 404 + 4 Ma

for zircons from anatectic melt derived from
metapelite are coeval with the estimated ages of
exhumation of UHP terranes in the Scandinavian
Caledonides described in a previous section

(McClelland and Gilotti, 2003).

Neoproterozoic nappes in Southeast Brazil.
Neoproterozoic nappes of Southeast Brazil consist
mainly of coarse-grained kyanite-garnet granulite
with intercalations of impure quartzite, calc-silicate
rock, and minor lenses and sills of mafic-ultramafic
rocks, including eclogite. Early eclogitic phases
were strongly obliterated during granulite-facies
overprinting during a major Pan-African continent
collision at 640-630 Ma (Campos Neto and Caby,
1999). Rare ultramafic lenses consist of phlogopite-
orthopyroxene rocks and garnet clinopyroxenite.
Cores of granulite boudins retain eclogitic assem-
blages; some quartz inclusions within the mantle
regions of zoned garnet porphyroblasts are sur-
rounded by intense radial fractures, suggestive of
the former presence of coesite. In fact, coarse-
grained zircons in some granulites contain numer-
ous micro-inclusions of K-feldspar + kyanite + coes-
ite, as confirmed by Raman spectroscopy (Parkinson
et al., 2001). Many exsolution microstructures
observed in other UHP terranes also occur. This
area represents the first coesite-grade UHP rocks in
the Americas, and it can be correlated with the Mali
UHP terrane of equatorial Africa (Caby, 1994). It
has been suggested that eclogitic assemblages and
probable UHPM components may be present in sev-
eral other correlative nappe systems at the margins
of the Sao Francisco craton in Brazil.

Chuacus Complex, north-central Guatemala. HP
eclogites within banded gneisses, schists, and
migmatites of the Chuacus Complex contain relict
textures and mineralogical features that suggest
UHP metamorphism (Solari et al., 2003). These
include inclusions of possible coesite pseudomor-
phs in garnet and kyanite, lamellar inclusions of
rutile/ilmenite in garnet, high sodium content of
some garnets (up to 1200 ppm), and preliminary P-
T estimates of 700-800°C, and 2—-3 GPa. Although
K-Ar dating of mica and hornblende yield ages of
48-72 Ma possible for amphibolite facies retrogres-
sion, regional and structural data support a pre-
Mesozoic age for the multi-stage HP-UHP recrystal-
lization. Such a discovery opens up a new interpre-
tation regarding the tectonic evolution of Maya-
Chortis-Oaxaquia microcontinental blocks forming
the structural backbone of Mesoamerica.
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Greek Rhodope. The Greek Rhodope Metamor-
phic Province (RMP) at the border between Greece
and Bulgaria represents a syn-metamorphic nappe
system of Alpine age that was formed during the
Cretaceous to Mid-Tertiary collision of Apulia and
paleo-Europe. The Kimi nappe complex comprises
crustal eclogites, leucocratic orthogneisses, pelitic
gneisses, and volumetrically minor mantle-derived
ultramafic rocks; these units contain many mineral-
ogical indicators of UHP metamorphism (Mposkos
and Kostopoulos, 2001). The ultramafic lithologies
include garnet spinel-bearing lherzolite and layers
of spinel-garnet clinopyroxenite, garnet pyroxenite,
and clinopyroxene garnetite. These rocks were sub-
jected to UHP recrystallization at P-T conditions of
~1200°C and >3.0 GPa. The pelitic gneiss contains
microdiamond inclusions in garnet porphyroblasts
as well as rods or needles of silica, rutile, biotite,
and apatite in sodic garnet, suggesting the prior
occurrence of majoritic garnet. The growth of such
supersilicic garnet was suggested to be at a pressure
of ~7 GPa. Inclusions of polycrystalline quartz
aggregates surrounded by radial cracks occur in
eclogitic garnet. Exsolution lamellae of quartz in
eclogitic clinopyroxene also indicate an UHP pre-
cursor of supersilicic clinopyroxene.

Lanterman Range, Antarctica. The Lanterman
Range in northern Victoria Land of Antarctica con-
sists of several metamorphic complexes. The Gate-
way Hills Metamorphic Complex is a thin
discontinuous belt more than 50 km long, consisting
of mafic and ultramafic rocks including lenses and
pods of eclogite within felsic gneiss. Some less foli-
ated eclogites contain inclusions of coesite and
coesite pseudomorphs in garnet porphyroblasts as
confirmed by in situ Raman spectroscopy, as well as
radial fractures around the inclusions (Ghiribelli et
al., 2002). The eclogites were subjected to UHP
metamorphism at T > 850°C and P > 2.9 GPa, then
amphibolite-facies overprinting during isothermal
decompression. The UHP event is dated by Sm/Nd
and 238U/2%Ph data at 500 Ma, *°Ar/*°Ar ages of
490-486 Ma for Ca-amphibole (amphibolite-facies
overprinting) suggest rapid cooling, with an average
exhumation rate of 3—4 km_Ma! for the UHP ter-
rane (Di Vincenzo and Palmeri, 2001).

Western Tian-Shan, China. Caledonian eclogites
of the western Tian-Shan, China have been classi-
fied into three types (Zhang L. et al., 2002). Type |
eclogite pods are layered with mafic blueschists and
Type II eclogites preserved pillow structures,
whereas Type IlI eclogites are banded with marbles.

This 200 km long eclogite-bearing belt extends
westward to connect with the Atbashy UHP belt in
Kazakhstan (Tagiri et al. 1995). Reported UHP evi-
dence includes inclusions of coesite pseudomorphs
in garnets from Type I and III eclogites, quartz
exsolution lamellae in omphacite from Type 11
eclogites, and relict magnesite within matrix dolo-
mite in Type III eclogites (Zhang, J. X. et al., 2002;
Zhang L. et al., 2002). P-T estimates of the peak
UHP stage of metamorphism are T = 500-600°C
and P = 2.6-2.7 GPa (Wei et al., 2003).

North Qaidam Mountains, western China. Many
lenses and layers of garnet peridotite and eclogite
occur in an amphibolite-facies terrane in the North
Qaidam Mountains along the northeastern rim of the
Qaidam Basin. This belt comprises mainly felsic
gneiss, quartz schist, garnet-bearing gneiss,
amphibolite, and minor eclogite + garnet peridotite;
it extends westward for more than 1000 km to the
Altun Mountains and was displaced by the left-lat-
eral Altyn-Tagh fault. At the eastern end of this
UHP belt at Dulan, occurrences of coesite inclu-
sions in zircon separates from paragneiss, inclusions
of coesite pseudomorph in garnet and omphacite of
eclogites, quartz rods in eclogitic omphacite, and
P-T estimates of eclogites (P = 2.87-3.17 GPa, and
T = 631-687°C) demonstrate that this is a typical
UHP metamorphic terrane (Yang et al., 2001; Song
et al., 2003a, 2003b). The Dulan eclogites have an
Sm-Nd mineral isochron age of 497 + 87 Ma and a
SHRIMP U/Pb zircon age of 495 Ma (Yang et al.,
2002b).

Altun Mountains, western China. This UHP ter-
rane, about 200 km long in the southern margin of
the Altun Mountains, is the western extension of the
North Qaidam belt. Eclogitic lenses and blocks of
various sizes together with garnet-lherzolite and cli-
nopyroxenite are enclosed within an Early Protero-
zoic sequence of amphibolite, amphibole schist,
garnet-bearing granitic gneiss, and pelitic schist.
Garnet lherzolite contains magnesite that reacted to
form dolomite; P-T estimates of the peak magnesite-
bearing assemblage yield P > 3.6 GPa and 850°C
(Liu et al., 2001). Garnet porphyroblasts include
exsolution lamellae of clinopyroxene and rutile sim-
ilar to that of eclogite reported by Ye et al. (2000) as
majoritic garnet. The associated eclogites contain
inclusions of coesite pseudomorphs in garnet with
characteristic radial fractures; this together with the
exsolved quartz rods in omphacite and P-T esti-
mates of 820-850°C and 2.8 to 3.2 GPa provide
additional evidence for UHP (Zhang J. X. et al.,
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FIG. 5. A simplified tectonic map of the western Hima

laya, Hindu Kush, Pamir, Karakoran, and western Tibet mod-

ified after Figure 3 of Searle et al. (2001). This map shows the locations of eclogite and UHP eclogites from both Hima-

layan and North Qaidam, Indus Suture Zone (ISZ) ophiolit

2001). An Sm/Nd mineral isochron for eclogitic
garnet, omphacite, and the whole rock yields 500 +
10 Ma, whereas an U/Pb isochron for zircon sepa-
rates from eclogite gives an age of 504 = 5 Ma
(Zhang J. X. et al., 2000).

North (Qinling Mountains, central China. Lenses
and blocks of eclogitic rocks in northern Qinling are
enclosed in amphibolite-facies gneiss and garnet-
bearing quartz + phengite mica schist. Inclusions of
coesite in eclogitic garnet (Hu et al., 1995) and
microdiamonds in zircon separates from both eclog-
ite and gneiss (Yang et al., 2002a) have been
recently reported. Although individual outcrops are
no more than a few meters wide, the belt of eclogites
extends more than 10 km. P-T estimates of amphib-
olitized, coesite-bearing eclogite yield T = 590-
758°C and P > 2.6 GPa. An Sm-Nd isochron for gar-
net, omphacite, rutile, amphibole, and whole-rock
yields 400 £ 16 Ma. Microdiamonds were recently
discovered as inclusions in zircon from both eclogite
and its gneissic country rocks (Yang et al., 2002a);
SHRIMP U/Pb dating of zircons from granitic gneiss
yields 507 + 38 Ma for peak UHP metamorphism
(Yang et al., 2002a). These data indicate that two

es and major structures.

discrete collision events occurred between the
North China and Yangtze cratons: (1) an Early Pale-
ozoic North Qinling UHP suturing; and (2) a Triassic
suturing along the Dabie-Sulu UHP-HP belt. The
Early Paleozoic belt extends westward to the North
Qaidam—Altun Mountains for more than 4000 km
(Yang et al., 2002b).

Himalayan UHP Eclogites

The Himalayan orogen has long been considered
a classic locality of continental collision between
the Indian and Eurasian continents (Fig. 5). Several
eclogite-facies HP rocks in the Himalayas have
been reported since the late 1980s (e.g., Chaudary
and Ghazanfar, 1987; Pognante and Spencer, 1991;
de Sigoyer et al., 1997; Lombardo and Rolfo, 2000).
Inclusions of coesite were recently discovered in
omphacite and garnet in several Himalayan eclog-
ites from the upper Kaghan Valley, Pakistan
(O’Brien et al., 2001; Kaneko et al., 2003). Subse-
quent findings of additional coesite localities in the
Tso Morari area (Sachan et al., 2001; Mukherjee et
al., 2003) have established the presence of a UHP

belt in the Himalayas, an active ongoing collision
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since the Eocene (Massonne and O’Brien, 2003).
However, UHP relics are volumetrically very minor
constituents of the metamorphic belts dominated
mostly by later Barrovian overprintings. In these
rocks, hydration related to Barrovian-zone metamor-
phism has resulted in remarkably pervasive recrys-
tallization during the later exhumation; this event
has almost entirely masked the preceding UHP
record.

The finding of HP-UHP evidence has led to new
insights into the Himalayan tectonic model.
England and Houseman (1986) showed that, in a
model of homogeneous thickening of the Hima-
layan-Tibet boundary, the maximum crustal thick-
ness should be less than 70 km. However, the
occurrences of coesite-bearing eclogites and
gneisses in the Himalayan orogen cannot be
explained by a homogeneous thickening of the crust,
but rather by continental subduction as described
below. According to available geochronological
data, (e.g., Treloar et al., 2003) the exhumation rate
of the Himalayan UHP rocks has been estimated to
range from ~1 cm-yr~' (O’Brien et al., 2001) to >3
cm-yr~! (Treloar et al., 2003; Massone and O’Brien,
2003). These estimates are higher than those calcu-
lated from other UHP-HP terranes. This requires
tectonic emplacement of the UHP-HP Himalayan
slab into shallow crust, following isostatic rebound
due to slab decoupling between the Indian continent
and the oceanic crust initiated during the Middle
Eocene. UHP rocks from both the Kaghan Valley

and Tso-Mori are described below.

Kaghan Valley. The Kaghan nappe, in the north-
western Himalayan syntaxis, lies between the Indus
suture (also called main mantle thrust: MMT) to the
north and the main central thrust (MCT) to the
southwest (Pognante and Spear, 1991; Spencer,
1993) (Fig. 5). The Cretaceous Kohistan island-arc
sequence lies north of the Indus suture. It developed
as a result of intra-oceanic subduction. The main
central thrust separates an underlying Salkhala unit
from an overlying higher Himalayan crystalline
(HHC) unit. The Kaghan nappe consists mainly of
granitic gneiss and paragneiss, with minor inter-
calated layers of amphibolite, marble, and quartzite.
Eclogites are preserved in the cores of mafic
boudins (less than 1 m thick) in gneiss, and are
significantly overprinted by amphibolite assem-
blages. They contain fine-grained (< 1 mm) garnet
and omphacite, together with aggregates of quartz,
chains of rutile rimmed by titanite, and mm-sized
phengitic micas overgrown by randomly oriented

amphiboles up to 1 cm in length. Coesite and coesite
pseudomorphs occur as inclusions in omphacite,
and show the characteristic palisade-quartz aggre-
gate texture; fractures radiating from these inclu-
sions are characteristically developed in the host
pyroxene.

Garnet pyroxene—phengite barometry was
applied to the eclogites, and yielded peak P-T con-
ditions of 2.7-2.9 GPa and 690-750°C (O’Brien et
al., 2001) (Fig. 6). Retrograde textures are common
in the eclogites, including symplectic intergrowths
of augite, amphibole, and plagioclase after omphac-
ite; thermobarometric analyses of these assemblages
yielded 1.0-1.3 GPa and 600-710°C (Kaneko et al.,
2003). On the other hand, the dominant granitic
gneisses and metapelites of the higher Himalayan
crystalline unit contain typical Barrovian-zone
amphibolite-facies assemblages, represented by
kyanite- and staurolite-bearing garnetiferous
metapelites (Treloar, 1995). Extensive overprinting
has mostly obliterated the peak assemblages; matrix
minerals of the gneisses yielded P-T conditions of
0.7-1.1 GPa and 600-700°C (Treloar, 1995), con-
sistent with retrogression of the eclogites. However,
relict coesite is preserved as inclusions in zircon;
the inclusions are ovoid and approximately 10 pm in
diameter (Fig. 7A). This discovery of coesite-bear-
ing zircons from Himalayan quartzofeldspathic
gneisses demonstrates subduction of Indian conti-
nental crust to the depths of UHP conditions
(Kaneko et al., 2003).

Geochronological studies using Sm/Nd (garnet-
omphacite), Rb/Sr (phengite), and U/Pb (rutile, zir-
con) methods suggest that the eclogite-facies event
took place at 40-50 Ma (Tonarini et al., 1993; Spen-
cer and Gebauer, 1996). “°Ar/*?Ar cooling ages for
hornblende and mica from gneisses were reported to
be ~43 Ma and ~25 Ma, respectively (Chamberlain
et al., 1991). Recent SHRIMP U/Pb dates of zoned
zircons with mineral inclusions formed at different
stages indicate the ages of non-UHP mineral-bear-
ing mantle domains of zircon and UHP mineral-
bearing rims are at about 50 and 46 Ma, respectively
(Kaneko et al. 2003). A new U-Pb age of 44 = 1.1
Ma was obtained for rutile from Kaghan coesite-
bearing eclogite (Treloar et al., 2003); this together
with available data implies that exhumation of the
UHP rocks from mantle depth to mid-crustal level
occurs within a few million years.

Tso Morari. The Tso Morari crystalline dome is
located between the Indus suture zone on the north,
bordered by the Zildat detachment fault, and the
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FIG. 6. P-T estimates of peak- and retrograde-stage metamorphism for coesite-bearing eclogites and the country-rock

gneisses from the Kaghan Valley and Tso Morari.

Zanskar sedimentary unit on the south (de Sigoyer et
al. 1997). The dome represents an internal massif of
the northern part of the higher Himalaya. The Tso
Morari area has been considered a typical Indian
Tethyan margin because of a stratigraphic succes-
sion similar to the Nimaling antiform in the core of
the dome; a metamorphic basement consists of Cam-
bro-Ordovician augen gneisses (Stutz, 1988). This
complex is covered by a metasedimentary series of
Cambrian to Devonian quartzite, schist, and con-
glomerate, and is overlain by Lower Carboniferous
to Triassic marble and metapelite. Eclogites occur
as lenses or irregular bodies within the basement
and cover gneisses, and are strongly overprinted by
amphibolite-facies assemblages. de Sigoyer et al.
(1997) reported peak P-T conditions for the eclog-
ites at 1.7-2.3 GPa and 520-640°C (Fig. 7). How-

ever, relics of coesite 30-80 pm in size were

recently found as inclusions in garnet (Sachan et al.,
2001; Mukherjee et al., 2003) typified by radial
fractures (Figs. 7B and 7C); for the SiO, inclusions,
a characteristic Raman spectrum is centered at 523
cm’! (Fig. 7D). The country rock metasediments
with jadeite + chloritoid + paragonite + garnet
assemblages have peak P-T estimates of 1.8-2.2
GPa and 500-600°C, and record retrogression at the
eclogite-blueschist facies transition of 1.3-1.8 GPa
and 490-590°C (Guillot et al., 1997).

The geochronology of the Tso Morari eclogites
has been extensively studied and subdivided into
three different stages (de Signoyer et al., 2000).
Eclogitization at ~55 Ma was obtained by Lu-Hf and
Sm-Nd methods on garnet, omphacite, glaucophane,
and the whole rock. An amphibolite-facies overprint
occurred at 47 Ma, judging by Rb/Sr dating on
phengite, apatite, and whole rock from metapelites.
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FiG. 7. A. Inclusions of low-P phases (quartz and muscovite) at core and coesite at rim from zircon separates of
gneissic rocks from Kaghan Valley (Kaneko et al., 2003). B. Photomicrograph of coesite inclusion in garnet from Tso

Morari eclogite showing thin palisade quartz around coesite and radial fractures in host garnet (from Fig. 2 of Mukherjee
et al., 2003). C. Inclusion of coesite in eclogitic garnet from Tso Morari (from Fig. 2 of Mukherjee et al., 2003). D. Laser
Raman spectra of coesite inclusion in zircon separates of Figure 7A.

40Ar/39Ar ages of biotite and muscovite at ~30 Ma
suggest that the Tso Morari unit rose to upper crustal
levels and recrystallized at the end of the exhuma-
tion (de Signoyer et al., 2000). Recent SHRIMP
U/Pb dating of zoned zircons from country gneissic
rocks to eclogite from the Tso Morari yields 48 + 1
Ma for the peak eclogite-facies metamorphism and
protolith ages of 700 + 6 Ma to 1668 + 14 Ma (Leech
et al., 2003), consistent with the 46 + 1 Ma UHP
ages for Kaghan eclogite (Kaneko et al., 2003). Dif-
fusion modeling of garnet overgrowth composition
steps by O’Brien and Sachan (2000) yields an exhu-
mation rate of 23—45 mm-yr~! from the UHP stage to

low greenschist-facies stage occuring within about 3
Ma (45-48 Ma) (Massone and O’Brien, 2003). The
similarity in the tectonic setting, lithologies, and
UHP ages suggest they belong to a single UHP belt.

Continental Subduction And Collision
(the Himalayan Model)

Continental subduction and UHP metamorphism
at 45 to 52 Ma

The Himalayan orogeny was controlled princi-
pally by subduction of the Indian continental crust
beneath the Asian continental lithosphere; this may
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estimates of northeastward motion of the Indian plate. The doming event was responsible for the mountain-building

processes for the High Himalayan Mountain chain.

provide a present-day analog for UHP metamor-
phism. So far, numerous tectonic models for the
Himalayan orogeny have been proposed (for a
review, see Hodges, 2000); most contributions have
focused on the dynamics of unusual crustal thicken-
ing (up to 75 km) that resulted in a regional Bar-
rovian-zone metamorphic sequence. In general, the
closure of Neo-Tethys to form the Indus suture was
followed by the India-Asia continental collision at
52-50 Ma (Fig. 8). Both Asian and Indian margins

were thickened and metamorphosed, and the intra-

oceanic convergence generated a continental suture
(e.g., Rowley, 1996). During the infant stage of the
Himalayan orogeny (~80-50 Ma), a Pacific-type
arc-trench system was produced, and huge, multiple
volcanic/plutonic calc-alkaline arcs formed, cored
by the Kohistan-Ladakh and Trans-Himalayan
batholiths. Pacific-type subduction formed a Creta-
ceous accretionary complex along the southern
margin of the Kohistan-Ladakh arc; the accretionary
complex contains 80 Ma blueschists (e.g.,
Anczkiewicz et al., 2000). Granitic arc-magmatism
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continued until 50 Ma at Ladakh (Weinberg and
Dunlap, 2000), when collision was initiated at the
western syntax and propagated to the SE. Since
then, subduction of the Indian continent has
occurred, and the India-Asia convergence rate dras-
tically decreased from 19 to 5 cm-yr~! at about Mid-
dle Eocene time (e.g. Klootwijk et al., 1992).
Continental collision closed the intervening ocean
and terminated arc magmatism (Fig. 8); hence 45
Ma lacustrine deposits on the Indian subcontinent
contain detritus derived from the Asian mainland.

Recent seismologic studies of the ongoing Hima-
layan orogeny have provided important constraints
on its tectonic evolution. In the western Himalaya,
the Hindu Kush region is seismically most active,
with abundant intermediate-depth seismicity
(Pegler and Das, 1998). The seismic zone extends to
a depth of 100-250 km, and steepens with increas-
ing depth. A seismic reflection profile through the
region shows the presence of subducted continental
crust and a trapped oceanic basin at depth. On the
basis of the available seismic data, Searle et al.
(2001) proposed a continental subduction model for
the formation of UHP metamorphic rocks beneath
the Hindu Kush. Their model suggests that a cold
lower crust of the Indian block comprising Precam-
brian granulite-facies basement and a cover
sequence of Paleozoic—Lower Mesozoic supraconti-
nental sediments was subducting beneath the Hindu
Kush; subsequently the crustal rocks underwent
UHP metamorphism at about 150 km depth and
~800-900°C at 4-6 GPa. Kaneko et al. (2003)
obtained a sinking rate of 1.2-1.6 cm-yr~! for the
downgoing Indian crust to ~110 km depth, based on
SHRIMP U/Pb ages of zoned zircon in UHP rocks
from the Kagan Valley. These data suggest a time-
integrated subduction angle of 18-22°, similar to
the estimated angle of the present Moho between the
Himalaya foreland and southern edge of the Tethyan
Himalaya (Zhao et al., 1993). The timing of UHP
metamorphism at 46 Ma (Kaneko et al., 2003) is
synchronous with that of the rapid cooling (Wein-

berg and Dunlap, 2000) of the youngest plutons of
the Ladakh batholith.

Barrovian metamorphic overprint at >30-15 Ma

The Himalayan orogeny involves crustal thick-
ening that resulted in a regional Barrovian-type
kyanite-sillimanite series metamorphism. This
metamorphism is well documented in metapelites of
the Higher Himalaya (including the Zanskar Hima-
layan series) and the north Himalayan gneiss

domes. Most Oligocene kyanite-grade rocks were
metamorphosed at P = 0.6-1.0 GPa and T = 450-
600°C; Early Miocene sillimanite-grade rocks were
formed at higher T (650-770°C) but lower P (0.4—
0.7 GPa). The U/Pb and Sm/Nd geochronology in
the Zansker and Lahoul regions yields ~37-29 Ma
for regional Barrovian-type kyanite-grade metamor-
phism (e.g., Vance and Harris, 1999; Walker et al.,
1999). The *°Ar/3?Ar cooling ages of muscovite in
the metapelites yield 22-21 Ma (Walker et al.,
1999) and overlap those in the Himalayan leucog-
ranite (24-17 Ma: Searle et al., 1988). Monazite
from sillimanite-bearing metapelites of the greater
Himalayan series in the Everest region yielded U/Pb
ages of 32 Ma (Simpson et al., 2000); monazite U/Pb
ages of 23 Ma from sillimanite-cordierite—bearing
granitic gneiss represent the timing of cordierite-
grade low-P metamorphism related to crustal
melting.

The kyanite- and staurolite-bearing mineral
assemblage occurs as a retrograde phase of the Tso
Morari eclogitic metapelites (Guillot et al., 1997) in
the largest gneiss dome of the Himalayan chain.
10Ar/39Ar plateau ages of 31-29 Ma from low-Si
muscovite and biotite of retrograded metapelites
represent thermal relaxation at upper crustal levels
(de Sigoyer et al., 2000). A series of gneiss domes
(north Himalayan gneiss domes) that are mantled by
Barrovian-type kyanite-grade metamorphic rocks
can be traced for at least 2000 km; their cooling age
is similar to the Barrovian overprint of the Tso
Morari UHP eclogites.

Domal uplift and mountain-building since 11 Ma

The uplift of the higher Himalayas apparently
occurred in the Late Miocene, as documented by
sedimentary flooding demonstrated on ODP Leg
116, by on-land geology, and by climate change in
central Asia. Drilling of the distal Bengal fan in the
central Indian Ocean revealed that the sedimenta-
tion rate drastically increased at 10.9 Ma (Amano
and Taira, 1992). Paleontological evidence suggests
that glaciation began in the higher Himalayas at
about 7 Ma (Lakhanpal et al., 1983). The loess-
paleosol sequence of the Chinese Loess Plateau is
known to have formed by eolian transport of parti-
cles from the inland deserts of northwestern China
and possibly, Central Asia. In recent years, uplift of
the Himalayan-Tibetan Plateau (Manabe and Broc-
coli, 1990; An et al., 2001) and changes in land-sea
distribution (Ramstein et al., 1997) have been
considered principal driving forces for long-term
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Cenozoic climatic change. A very surprising result
has just been published in Nature (Guo et al., 2003),
which recounts the discovery of a 22 Ma old loess
deposit in Gansu Province, and the onset of Asian
desertification has been linked to the uplift of the
Tibetan Plateau.

The doming event at 15-11 Ma is also suggested
by mica 4°Ar/3?Ar thermochronology of the Kangmar
dome (Maluski et al., 1988; Lee et al., 2000). This
doming event raised the Himalayan Mountain chain
more than 5 km in elevation; active erosion has con-
tinued and thick flysch sequences have accumu-
lated in the Bengal fan. The major driving force for
the domal uplift is not well understood. The
Miocene underthrusting of the Indian tectosphere
beneath the Lesser Himalayas may have elevated
the Higher Himalaya.

These data clearly show a two-step exhumation
process for the Himalayan UHP and high-grade
metamorphic terrane. (1) Emplacement of the Hima-
layan high-grade metamorphic rocks at shallow
crustal levels occurred at > 30 to 20 Ma, when no
topographic mountain building was apparent, and
(2) Himalayan mountain building began at 10.9 Ma,
when extensive surface erosion commenced. Figure
8 schematically shows such events together with the
paleogeography of the Indian and Eurasian conti-
nents since 80 Ma.
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