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The South Tianshan high/ultrahigh-pressure (HP^UHP) meta-

morphic belt, NW China is characterized by extensive pelitic^felsic

schists with numerous blocks of eclogite, ultramafic rock and

marble.The pelitic^felsic schists preserve two generations of garnet-

bearing mineral assemblages: (1) an early generation that involves

garnet, phengite, glaucophane, and quartz/coesite with or without

paragonite; (2) a late generation that involves albite, hornblendic

amphibole, quartz and grossular-rich, pyrope-poor garnet. Early gen-

eration garnet has growth zoning involving core to rim increases in

pyrope content, coupled with increased or constant grossular content.

Pseudosection modeling of these growth zoning textures in three sam-

ples (T311,T314, andT316) reflects prograde paths and peak con-

ditions of c. 32 kbar at 550^5708C, c. 22.5 kbar at 5508C, and
c. 22^23 kbar at 540^5508C, respectively.These P^T estimates are

consistent with those recovered from eclogite blocks hosted by the

schists. Phase equilibrium modeling predicts that the early garnet

would have mainly grown in mineral assemblages involving lawso-

nite, jadeite and chloritoid, with or without coesite or carpholite, dis-

tinct from the assemblages now in the matrix. The post-peak

decompression of the pelitic^felsic schists is inferred to have involved

two stages.The early stage decompression is characterized by dehy-

dration reactions involving lawsonite and carpholite at P420 kbar,

coupled with mode and compositional changes of garnet, glaucophane

and phengite. The late-stage decompression after lawsonite

disappearance led to the rocks being fluid-absent. Under such

fluid-absent conditions, the solid transition of jadeite to albite

occurs at P�14 kbar, and hornblendic amphibole forms at 12^13

kbar. Most garnet grains are somewhat changed in composition, to

produce a pyrope-poor and grossular-rich outer rim. In contrast to

above-solidus conditions, decompression of the pelitic^felsic schists

at subsolidus conditions does not destabilize phengitic muscovite

and tends to preserve their peak mineral assemblages if there is no

intensive fluid infiltration. In the SouthTianshan belt, buoyancy of

subducted metasediments with respect to mantle rocks could be one

of the major reasons for fast exhumation of the HP^UHP rocks.

KEY WORDS: HP^UHP metamorphism; pelitic^felsic schist; phase

equilibria; P^T pseudosection; SouthTianshan

I NTRODUCTION
High-pressure accretionary terranes related to oceanic
subduction are generally dominated by felsic rocks consist-
ing of quartz, albite, phengitic and paragonitic mica and
glaucophane with or without garnet and/or epidote; for
example, in Oman (El-Shazly & Liou, 1991), the Seward
Peninsula (Thurston, 1985; Patrick & Evans, 1989), South
Sulawesi, Indonesia (Miyazaki et al., 1996) and North
Qilian, NW China (Wei & Song, 2008). These felsic rocks
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may have a greywacke precursor and commonly
contain mafic eclogite blocks and pelitic interlayers.
Mineral assemblages in the pelitic rocks, involving some
typical parageneses (e.g. glaucophaneþ chloritoid,
chloritoidþ talc and carpholiteþ garnet), as well as in
the mafic eclogites reflect low-T, high-P conditions within
the jadeite stability field (Miyazaki et al., 1996; Warren &
Waters, 2006; Song et al., 2007; Wei & Song, 2008).
However, the albite-rich felsic rocks are commonly
poorly studied because of their high-variance assem-
blages and a lack of available geothermobarometric tech-
niques. P^T estimates for the pelitic and felsic
compositions apparently contradict the extensive distri-
bution of albite and the absence of jadeite in the felsic
rocks (El-Shazly, 2001). Wei & Powell (2004, 2006) tried
to elucidate the phase relations for the felsic rocks in
the NKFMASH and NCKFMASH systems, but this
work lacked sophisticated mixing models for phases
such as amphibole and pyroxene. With more recent
advancement of the mixing models for amphibole (Diener
et al., 2007) and clinopyroxene (Green et al., 2007) it is feasi-
ble to calculate phase equilibria in geologically more
realistic systems (such as Na2O^CaO^K2O^FeO^MgO^
Al2O3^SiO2^H2O^TiO2^O, NCKFMASHTO) to exam-
ine the metamorphic evolution of rocks poorly ad-
dressed by conventional geothermobarometry (e.g. Powell
et al., 1998).
The high/ultrahigh-pressure (HP^UHP) belt within the

South Tianshan orogen, NW China, is similar to other
HP terranes in that it contains blocks of eclogite, marble
and serpentinite hosted within extensive pelitic^felsic
schists that have received little attention. Through the last
decade, the eclogites have been studied by many geologists
(e.g. Gao et al., 1999; Zhang et al., 2000, 2002a, 2005;
Klemd et al. 2002; Gao & Klemd, 2003; Wei et al., 2003;
Lin & Enami, 2006). Peak P^Tconditions recovered from
the eclogite assemblages using various approaches are in
the range of 500^6008C and 14^28 kbar. The presence of
coesite pseudomorphs, quartz and coesite exsolution lamel-
lae in omphacite, and magnesite (Zhang et al., 2002a,
2002b, 2005) indicates that at least some of the eclogites
reached UHP conditions. Zhang et al. (2003) inferred a
very high pressure of c. 50 kbar at 560^6008C on the basis
of magnesite and calcite inclusions in dolomite from a
metapelite in the west Muzaert area. Lu« et al. (2008)
reported inclusions of coesite and pseudomorphs after coe-
site in garnet from the pelitic schists in the east
Habutengsu area, consistent with pressures of 27^33 kbar
at 570^6308C. Using the pseudosection approach in the
NCKFMASH system,Wei & Powell (2006) obtained P^T
conditions of 14�5^16�5 kbar and 600^6508C for a repre-
sentative felsic rock (AK07) with a mineral assemblage
involving garnet, glaucophane, phengite, albite and
quartz. Although this P^Testimate is in accordance with

the presence of albite, it is not clear whether garnet and
phengite compositionally equilibrated with albite.
Hence, the two objectives in this paper are: (1) to

describe the petrography and mineralogy of representative
pelitic^felsic schist samples from the South Tianshan
orogen; (2) to interpret the phase relations and meta-
morphic evolution of the pelitic^felsic schists using a pseu-
dosection approach in the NCKMnFMASHO system.

GEOLOGICAL SETT ING
The Chinese Tianshan orogen stretches east^west for
c. 1500 km, separating the Junggar plate to the north and
the Tarim plate to the south. It is believed that the
Tianshan orogen was formed in the Late Paleozoic during
the tectonic amalgamation of the Tarim, Junggar and
Yil^CentralTianshan plates, and that theTertiary collision
between India and Eurasia played an important role in
reactivating the ancient tectonic structures (Coleman,
1989;Windley et al., 1990; Allen et al., 1992; Gao et al., 1995,
1998).
Windley et al. (1990) and Allen et al. (1992) recognized

two suture zones in the Chinese westernTianshan orogenic
belt: the Late Devonian^Early Carboniferous South
Tianshan suture zone, which marks the border of the
Tarim and Yili^Central Tianshan plates, and the Late
Carboniferous^Early Permian North Tianshan suture
zone, which marks the boundary between the Yili^
Central Tianshan plate and the NorthTianshan island arc
in the Junggar plate (see Fig. 1a). An elongate, pod-shaped
HP^UHP belt is distributed along the South Tianshan
suture zone for c. 200 km within China. It may be corre-
lated with the Atbashi eclogite belt in the SouthTianshan
area of Kirghizia (Sobolev et al., 1986; Tagiri et al., 1995)
and the Fan^Karategin blueschist belt in the South
Tianshan area of Tajikistan (Volkova & Budanov, 1999).
The South Tianshan HP^UHP belt in China is mainly
composed of felsic^pelitic schists that enclose lenses and
blocks of eclogite, ultramafic rock and marble (see
Fig. 1b). Trace and rare earth element (REE) characteris-
tics of the eclogites indicate mid-ocean ridge basalt
(MORB) to ocean island basalt (OIB) affinities (Gao &
Klemd, 2003; Ai et al., 2005). Thus, the HP^UHP belt is
inferred to constitute a subduction complex within an
accretionary wedge, developed along an active continental
margin similar to those of the ‘Cordilleran-type’ HP^LT
rocks formed by subduction of oceanic crust (Maruyama
et al., 1996). Gao & Klemd (2003) obtained two Sm^Nd
isochron ages of 343�44 Ma and 346�3 Ma from the
eclogites, and two 40Ar/39Ar plateau ages of 344�1 Ma
for crossite and 331�2 Ma for phengite from blueschists.
They concluded that the HP rocks were formed by the sub-
duction of a Paleozoic ‘South Tianshan Ocean’ at c. 344
Ma, then exhumed to shallower crustal levels during the
collision of the Tarim and Yili^Central Tianshan plates
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c. 331 Ma. In the context of ambiguous Sm^Nd and
40Ar/39Ar dates for low-T and high-P rocks (i.e. Kelly
et al., 1994; Li et al., 1994; Jahn et al., 2005), Zhang et al.
(2007) obtained more confirmative sensitive high-
resolution ion microprobe (SHRIMP) zircon U^Pb ages
of 233�4 to 226�4�6 Ma from four eclogite samples, con-
sistent withTriassic HP^UHP metamorphism.
To the north of the HP^UHP belt is a high-grade meta-

morphic belt that consists of garnet^sillimanite gneiss, bio-
tite^plagioclase gneiss, amphibolite, and a typical low-P
granulite assemblage that includes cordierite. There are
also extensive Paleozoic tonalitic^granitic intrusive rocks,
Late Silurian^Early Carboniferous volcanic rocks, and
some Middle Carboniferous^Late Permian neritic carbo-
nates and clastic rocks in the high-grade belt. Li & Zhang
(2004) published a SHRIMP zircon U^Pb age of 280^290
Ma for the low-P granulites. It is most likely that this
high-grade belt formed part of the active Paleozoic

continental margin, paired with the subduction^accretion-
ary complex now evident in the HP^UHP metamorphic
belt (Gao et al., 1998; Zhang et al., 2007).
To the south of the HP^UHP belt is a series of southern

Tianshan nappes that consist mainly of Silurian^
Ordovician carbonates and flysch of low metamorphic
grade, overthrust from south to north on a large scale.
The HP^UHP belt is separated from the high-grade belt
to the north and low-grade belt to the south by large-scale
ductile shear zones.

PETROGRAPHY AND MINERAL
CHEMISTRY
Three pelitic^felsic schists were selected from more than
50 samples for detailed studies of their petrography
and composition. Mineral and whole-rock X-ray fluores-
cence (XRF) analyses were obtained at the MOE Key

Fig. 1. (a) Tectonic framework of the western part of the Chinese Tianshan orogen; (b) schematic geological map of the South Tianshan
HP^UHP belt showing the distribution of eclogite and ultramafic blocks and sample localities.
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Laboratory of Orogenic Belts and Crustal Evolution of
Peking University. The minerals were analyzed using a
JXA-8100 microprobe in wavelength-dispersive mode
with 15 kV acceleration potential and 10 nA beam
current. Matrix corrections were carried out using
the PRZ correction program supplied by the manufac-
turer. Representative microprobe analyses for the three
samples are presented inTables 1^3.

Sample T311
This rock is a garnet^glaucophane^mica schist composed
of garnet (12 vol. %), glaucophane (8%), hornblendic
amphibole (5%), phengitic muscovite (18%), paragonite
(5%), epidote (2%), albite (6%), quartz (42%) and a
small amount of rutile, ilmenite and apatite. The modal
proportion of paragonite was estimated from backscattered
electron images.
Garnet in sample T311 mostly occurs as porphyroblasts

and is euhedral to subhedral with a grain size ranging
from 0�5 to 1�0mm across (Fig. 2a). It contains sparse inclu-
sions of quartz, phengite, rutile and apatite. Some quartz
inclusions are polycrystalline (Fig. 2b), or with radial frac-
tures (Fig. 2c), probably being pseudomorphs after coesite.
The analyzed garnet grain shows a clear zonation where
Xpy [¼ Mg/(Mg þ Fe þ Mn þ Ca)] increases from 0�08
in the core to 0�20^0�23 in the rim, as Xsps [¼Mn/(Mg þ
FeþMnþCa)] decreases from core to rim (see Fig. 3),
showing a pronounced ‘bell-shaped profile’ (after
Spear, 1993). Xalm [¼Fe/(MgþFeþMnþCa)] increases
from the core to the mantle portions of garnet, and
then decreases at the grain rim. Xgrs [¼Ca/
(MgþFeþMnþCa)] is almost constant from core to
rim with a value of 0�07^0�08. A garnet grain enveloped
by glaucophane has similar Xgrs to the garnet porphyro-
blasts but higher Xpy (0�26) at the grain rim (R3 in
Fig. 2d and Table 1). This garnet, which is relatively poor
in grossular and rich in pyrope, is similar to that with coe-
site inclusions (Fig. 4) described by Lu« et al. (2008). At the
outermost rim (less than 10 mm in width), garnet some-
times has distinct compositions involving lower
Xpy¼ 0�08^0�10 and higher Xgrs¼ 0�26^0�27 (see RL in
Figs 2a, 3 and 4, andTable 1).
Glaucophane is very coarse-grained, with a grain size of

5^6mm long and 2^3mm wide. It contains numerous
inclusions of garnet, muscovite and rutile, and usually
develops a hornblendic amphibole rind 0�2^0�4mm
thick (Fig. 2d). Glaucophane has X(gl) [¼Fe/(MgþFe)]
¼ 0�36^0�41, and Z(gl) (¼NaM4/2)¼ 0�96^0�82. Some
glaucophane grains have weak zonation with Z(gl) and Si
decreasing from core to rim. Hornblendic amphibole
occurs as rinds around glaucophane or as a symplectite
with albite; the former is mostly katophorite in composi-
tion (Leake et al., 1997), and the latter is barroisite (Fig. 5).
Phengitic muscovite has Si contents mostly in the range
3�36^3�41 per formula unit (p.f.u.), but muscovite grains

close to paragonite have lower Si of 3�31 p.f.u. (Table 1).
Albite is chemically close to the pure end-member, gener-
ally anhedral and forms grains 0�5^1�5mm across. Some
albite occurs in fine-grained symplectitic intergrowths
with hornblendic amphibole. Epidote or clinozoisite has
Fe3þ/(Fe3þþAl)¼ 0�10.

Sample T314
This rock is a garnet^glaucophane^albite schist composed
of garnet (18 vol. %), glaucophane (12%), albite (25%),
hornblendic amphibole (2%), phengitic muscovite (2%),
paragonite (8%), quartz (26%) and a small amount of
rutile and sphene. Secondary chlorite occurs both parallel
to and cutting the penetrative foliation.
Garnet in T314 is euhedral with grains 1^3mm in dia-

meter that are visibly zoned. The measured garnet grain
(Fig. 2f) has Xpy� 0�05 at the grain core, increasing to c.
0�12 at the grain rim. Xgrs increases from 0�09^0�10 at the
core to 0�17^0�19 at the grain rim. Xsps decreases from
core to rim, and Xalm changes only subtly between 0�70
and 0�75. The garnet grain is also characterized by
pyrope-poor and grossular-rich (Xpy� 0�06, Xgrs¼ 0�24^
0�25) compositions in some parts of its outer rim, which is
less than 10 mm in width (RL in Figs 2f, 3 and 4, and
Table 2). Garnet has numerous inclusions of quartz, para-
gonite, epidote, chloritoid, chlorite, and also grossular-rich
garnet (Fig. 2g and h). Chloritoid inclusions in garnet
have high XFe¼Fe/(MgþFe)¼ 0�86^0�87 (see Wei &
Song, 2008). Chlorite inclusions in garnet also have higher
XFe¼ 0�80^0�64, and are chemically distinct from chlorite
in the rock matrix with XFe¼ 0�45^0�47. A grossular-rich
garnet inclusion has Xgrs¼ 0�41 and Xpy¼ 0�06, distinct
from other garnet compositions (Fig. 4, and g-In in Fig. 2h
and Table 2). As shown in Fig. 2h, Fe-rich chlorite, zoisite/
epidote and grossular-rich garnet that occur together prob-
ably represent the products of lawsonite breakdown,
together with other ferromagnesian minerals such as chlor-
ite. Glaucophane has X(gl)¼ 0�34^0�45 and Z(gl)¼ 0�91^
0�99. The hornblendic amphibole overgrows glaucophane
or occurs as intergranular crystals. It has X(hb)¼ 0�46^
0�47 and Z(hb)¼ 0�48^0�49, being barroisite and kato-
phorite. Phengitic muscovite has Si¼ 3�26^3�28. Epidote
or clinozoisite has Fe3þ/(Fe3þþAl)¼ 0�10. Albite occurs
as anhedral poikiloblasts with grain size of 1^3mm, with
numerous inclusions of glaucophane, paragonite and
rutile (Fig. 2e).

Sample T316
This rock is a garnet^glaucophane^albite schist composed
of garnet (10 vol. %), glaucophane (16%), albite (40%),
hornblendic amphibole (8%), phengitic muscovite (7%),
paragonite (3%), epidote (3%), quartz (12%) and a small
amount of rutile, sphene, chlorite and calcite.
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Fig. 2. Photomicrographs and backscattered electron images showing textural relationships in the pelitic^felsic schists, SouthTianshan HP^
UHP belt. (a) A subhedral garnet grain in sampleT311 indicating the location of the zoning profile (R1^R2) shown in Fig. 3 (plane-polarized
light). The inserted backscattered electron image (a^a) shows the difference in garnet rim compositions where the dark grey color represents
the pyrope-rich and grossular-poor compositions such as R1 and R2, and the light grey color shows the pyrope-poor and grossular-rich compo-
sitions such as RL inTable 1. (b) Cross-polarized light photomicrograph showing a polycrystalline quartz inclusion in the garnet grain shown
in Fig. 1a. (c) Garnet (sampleT311) with a quartz inclusion surrounded by radial fractures, implying a pseudomorph after coesite. (d) A large
glaucophane grain (sampleT311) with a corona of hornblendic amphibole and a garnet inclusion. R3 refers to the rim composition correspond-
ing to that in Table 1 (cross-polarized light). Paragonite occurs along cracks within the grain. (e) Large albite porphyroblasts with oriented
inclusions of glaucophane, paragonite and rutile in sampleT314 (cross-polarized light). (f) A garnet grain in sampleT314 with numerous inclu-
sions of quartz.The white line R1^R2 shows the location of the zoning profile in Fig. 3 and RL shows the location for the pyrope-poor and gros-
sular-rich analysis inTable 1 (plane-polarized light). (g, h) Backscattered electron images showing inclusions of quartz, chloritoid, paragonite,
chlorite, zoisite (epidote), apatite and grossular-rich garnet (g-In) in the garnet (f). (i) A subhedral garnet porphyroblast with a few inclusions
of quartz (sample T316). The white line RL1^RL2 shows the zoning profile location in Fig. 3 (plane-polarized light). (j) Cross-polarized light
photomicrograph shows inclusion-rich albite in a matrix consisting of glaucophane, phengitic muscovite, hornblendic amphibole, sphene and
chlorite (sample T316). ab, albite; ap, apatite; chl, chlorite; ctd, chloritoid; ep, epidote; g, garnet; gl, glaucophane; hb, hornblendic amphibole;
mu, phengitic muscovite; pa, paragonite; sph, sphene; zo, zoisite.
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Garnet in sample T316 has weak zoning involving
Xpy� 0�09 at the grain core, increasing to 0�11^0�12 at the
grain mantle and inner rim, and decreasing to c. 0�10 at its
outer rim. Xsps subtly decreases from core to rim, and Xgrs

ranges from 0�14 to 0�18 at the grain core and mantle,
subtly increases to c. 0�20 at inner rim, and then rapidly
increases to 0�25^0�27 (Figs 2i and 3, Table 3) at the
grain’s outer rim. These grossular-rich and pyrope-poor
garnet compositions at the outer rim (of 10^20 mm in
width) are similar to those measured in other samples
(Fig. 4). Glaucophane occurs as small grains 0�02^0�1mm
long, in agglomerates among albite poikiloblasts (Fig. 2j).
It has X(gl)¼ 0�40^0�46 and Z(gl)¼ 0�92^1�00.
Hornblendic amphibole occurs as coronae to glaucophane
or as intergranular crystals. It is barroisite or katophorite
with X(hb)¼ 0�30^0�39, and Z(hb)¼ 0�36^0�38. Phengitic
muscovite has Si¼ 3�30^3�32 p.f.u. Epidote or clinozoisite
has Fe3þ/(Fe3þþAl)¼ 0�06. This sample is characterized
by the presence of a large proportion of poikiloblastic
albite with numerous oriented inclusions of glaucophane,

rutile, hornblendic amphibole, paragonite and phengitic
muscovite (Fig. 2j).
Whole-rock XRF analyses for the three samples are

shown inTable 4. Compositionally, sample T311 is high in
Al2O3 and K2O content, close to being a pelite, whereas
samplesT314 andT316 have an affinity to Na2O-rich grey-
wacke. Herein, they are referred to as pelitic to felsic
schists. Each of them contains two types of amphibole
(glaucophane and hornblendic amphibole) and two types
of garnet classified simply as grossular-poor and grossular-
rich, in addition to phengite, albite and quartz. From a
petrographic point of view, all the minerals in each
sample could not be grouped into one paragenesis.
However, if the grossular-poor garnet, phengitic muscovite
and glaucophane are assumed to be of an early paragen-
esis, the hornblendic amphibole, probably along with the
grossular-rich garnet, should be of a later paragenesis. We
do not have clear evidence to group albite into one stage.
As shown in Fig. 4, the grossular-rich garnet compositions
in the later paragenesis for the three samples are similar,
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but their core and rim compositions drawn from the early
paragenesis are distinct.

PHASE EQU IL I BR IA AND P^T
EVOLUTION
For the mineral assemblages and compositions mentioned
above, the model system NCKMnFMASHO [Na2O^
CaO^K2O^MnO^FeO^MgO^Al2O3^SiO2^H2O^O
(Fe2O3)] was chosen to calculate P^T pseudosections for
the pelitic^felsic schists from SouthTianshan. Quartz and
a fluid phase that is assumed to be pure H2O, are consid-
ered to be in excess. TiO2 was omitted from our calcula-
tions because it is mainly present in the most common
accessory phases rutile and sphene, and incorporated only
in trivial amount in the main silicate minerals (see
Tables 1^3). MnO is included as it affects the stability
fields of garnet (Wei et al., 2004).

It is critical to generate an appropriate effective bulk
composition (Tracy, 1982; Vance & Holland, 1993; Stu« we,
1997) for the phase equilibrium calculations in the chosen
model system, because a rock may have had various equili-
brium domains, even on the thin-section scale (Powell,
1978). Thus, an XRFanalysis for a piece of rock generally
cannot be used to model well the phase equilibria observed
in a thin-section because of (1) fractionation consequent to
the growth of porphyroblasts, commonly evident as zoned
minerals, (2) the heterogeneous accumulation of some
minerals (e.g. mica-rich folia), and (3) the effect of retro-
grade metamorphism. There have been several methods
for calculating effective bulk compositions mainly related
to garnet growth (Marmo et al., 2002; Evans, 2004;
Tinkham & Ghent, 2005). The bulk-rock compositions
used in our calculation were generated by integrating
mineral compositions and modal abundance data for the
phases present, where only half of the modal abundance

Table 1: Selected microprobe analyses for sampleT311 from the SouthTianshan HP^UHP belt

Mineral: g-R1 g-R2 g-R3 g-RL g-C gl-C gl-R hb mu-1 mu-2 pa ep ab

SiO2 37�90 37�21 38�53 37�66 36�95 56�14 54�15 46�74 51�71 49�66 46�76 38�92 67�25

TiO2 — 0�04 — 0�06 0�07 0�01 0�21 0�36 0�26 0�39 0�03 0�15 —

Al2O3 22�05 21�93 22�07 21�61 21�28 12�13 12�77 12�57 27�75 29�55 38�66 29�35 19�4

Cr2O3 — 0�01 — 0�02 0�02 0�04 0�03 0�04 0�05 — — 0�03 0�02

FeO 31�54 32�31 30�63 28�18 33�30 10�75 12�16 14�5 2�22 2�32 0�27 4�86 0�07

MnO 0�18 0�32 0�13 1�07 4�21 0�04 0�03 0�03 0�01 — — 0�09 —

MgO 5�85 4�99 6�68 1�99 1�92 8�88 9�18 9�85 3�30 2�67 0�16 0�03 0�02

CaO 2�51 2�58 2�69 8�76 2�62 0�53 2�14 7�21 — 0�02 0�2 23�69 0�01

Na2O — — — — — 7�79 6�76 4�4 0�74 0�49 7�81 — 0�19

K2O — — — — — 0�01 0�09 0�32 10�19 10�33 0�7 0�02 12�67

Total 100�02 99�39 100�73 99�35 100�37 96�32 97�52 96�02 96�23 95�43 94�59 97�14 99�63

O 12 12 12 12 12 23 23 23 11 11 11 12�5 8

Si 2�98 2�96 2�99 3�00 2�98 7�87 7�57 6�89 3�41 3�31 3�02 3�01 2�98

Ti 0�00 0�00 0�00 0�00 0�02 0�04 0�01 0�02 0�00 0�01

Al 2�04 2�06 2�02 2�03 2�02 2�00 2�11 2�18 2�16 2�32 2�94 2�68 1�01

Cr 0�00 0�00 0�00 0�00 0�00 0�01 0�00 0�00 0�00

Fe3þ 0�00 0�02 0�02 0�00 0�01 0�00 0�14 0�23 0�00 0�00 0�00 0�31 0�08

Fe2þ 2�07 2�13 1�96 1�88 2�24 1�26 1�28 1�55 0�12 0�13 0�02 0�00 0�00

Mn 0�01 0�02 0�01 0�07 0�29 0�01 0�00 0�00 0�00 0�01

Mg 0�69 0�59 0�77 0�24 0�23 1�85 1�91 2�16 0�33 0�27 0�02 0�00 0�00

Ca 0�21 0�22 0�22 0�75 0�23 0�08 0�32 1�14 0�00 0�01 1�96 0�01

Na 2�12 1�83 1�26 0�10 0�06 0�98 1�03

K 0�00 0�02 0�06 0�86 0�88 0�06 0�00 0�00

X(phase) 0�23 0�20 0�26 0�08 0�08 0�40 0�40 0�42

Y(phase) 0�07 0�07 0�08 0�26 0�08 0�96 0�82 0�40 0�10

X(g)¼Xpy¼Mg/(FeþMnþMgþCa), X(gl, hb)¼ Fe2þ/(Fe2þþMg). Y(g)¼Xgrs¼Ca/(FeþMnþMgþCa), Y(gl, hb)
¼ (Na/(NaþCa))M4. Y(ep)¼ Fe3þ/(Fe3þþAlVI). G-R1, -R2, -A correspond to labels in Fig. 4; -in, inclusion in garnet, -C,
core; -R, rim; —, not analyzed because of low content50�1%. The mineral formulae were calculated with the program
AX (Holland; http://www.esc.cam.ac.uk/astaff/holland/ax.html).
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of zoned garnet is taken into account (Carson et al., 1999;
White et al., 2003;Warren & Waters, 2006). The calculated
effective bulk-rock compositions in the model system
NCKMnFMASHO are shown in Table 4; these mostly
approximate to the XRF analyses. The higher contents of
Al2O3 in samples T314 and T316 may reflect preferential
sampling of textural domains relatively rich in mica and
garnet in the preparation of the thin-sections. The bulk-
rock compositions generated with this approach are appro-
proate to model the phase equilibria from the pre-peak to
the peak stage of metamorphism (Warren & Waters, 2006).
P^T and P^M(H2O) pseudosections are used here to

establish the phase relationships of the pelitic^felsic rocks
in South Tianshan. As pointed out by Powell & Holland
(2008), pseudosections involve a forward calculation of
mineral equilibria for a given rock composition. They do
not merely give the conditions of formation of a mineral
assemblage, and commonly allow sections of P^T paths to
be deduced from the way that mineral proportions and
mineral compositions are interpreted to have evolved
during the textural evolution of a rock. P^M(H2O) pseu-
dosections are appropriate to assess evolving mineral
assemblages in terms of changes in water content during
decompression.
Pseudosection calculations were performed using

THERMOCALC 3.30 (Powell et al., 1998, updated July
2006), using the November 2003 updated version of
the Holland & Powell (1998) dataset (file tcds55.txt).

Activity^composition relationships were updated from
those presented for garnet (Wei et al., 2004), epidote
(Holland & Powell, 1998), chlorite (Holland et al., 1998),
clinopyroxene (Green et al., 2007), amphibole (Diener
et al., 2007), paragonite and phengitic muscovite (Coggon
& Holland, 2002), biotite (Powell & Holland, 1999), albite
(Holland & Powell, 1996), and chloritoid and carpholite
(Wei & Powell, 2004). Lawsonite, kyanite, quartz are pure
end-member phases.

Pseudosection for a garnet^
glaucophane^mica schist (sample T311)
The NCKMnFMASHO P^T pseudosection calculated for
the garnet^glaucophane^mica schist (sample T311) is pre-
sented in Fig. 6a. It is dominated by tri- and quadrivariant
fields with a few di- and quini- variant fields that should
have been ‘witnessed’ by the bulk-rock composition.
Unfortunately, it does not include a P^T field appropriate
to the inferred early generation mineral assemblage invol-
ving glaucophane, garnet, phengitic muscovite and quartz.
An alternative approach involves recovering P^T infor-

mation recorded by the compositional zoning in garnet.
Isopleths of the pyrope and grossular contents in garnet
are shown in Fig. 6a, and the core^rim profile C^R1
(Fig. 3) predicts that garnet growth could have occurred
along a P^T vector from 27�7 kbar at 4988C to 32�4 kbar
at 5528C, with the garnet mainly having grown in the
mineral assemblage gl^g^jd^car^law^coe. Zoning
recorded by the other half of the grain (profile C^R2,
Fig. 3) indicates a similar P^T vector, but with subtly
lower grade peak conditions. The rim composition of the
garnet grain enveloped in glaucophane predicts higher
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Fig. 4. Ternary diagram with apices almandineþ spessartine, grossu-
lar and pyrope showing the garnet compositions in the pelitic^felsic
schists and their comparison with the garnet in eclogite from the
South Tianshan HP^UHP belt (field labelled EC, Wei et al., 2003).
Samples H601 and Ak07 are from Lu« et al. (2008) and Wei & Powell
(2004). C, R and RL refer to the analyses at core, rim and outermost
rim of garnet grain corresponding to those in Fig. 3 and Tables 1^3.
In, grossular-rich garnet inclusion in sampleT314.
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grade P^Tconditions of 32 kbar at 5688C (g-R3, Table 1).
Thus, peak conditions for sample T311 can be inferred to
have involved P� 32 kbar and T¼ 550^5708C. The simi-
larity of the garnet compositions between samples T311
and H06-1 (Fig. 4), with the latter containing coesite inclu-
sions in garnet (Lu« et al., 2008), and the observed pseudo-
morphs after coesite in garnet (Fig. 2b and c) support
these predictions made using phase equilibria modeling.
Contours of H2O contents saturated with respect to the

mineral assemblages shown in Fig. 6a indicate that the
modeled prograde P^T vector cuts isopleths of decreasing
H2O content, reflecting conditions appropriate for the
rock having remained fluid-present along the prograde
path. Successive mineral assemblages would have evolved
through dehydration reactions (Guiraud et al., 2001;
Clarke et al., 2006), presenting an optimal case for the infer-
ence of equilibrium conditions.
Like those for the South Tianshan eclogites (Klemd

et al., 2002; Zhang et al., 2003) and also for the most UHP
rocks in the other terranes (Carswell & Zhang, 2000), the

post-peak decompression paths for the pelitic^felsic schists
are inferred to have been dominated by rapid, nearly iso-
thermal processes, although ‘ideal’ isothermal decompres-
sion is probably not reasonable. For an isothermal process,
the mineral assemblage evolution could be well illustrated
in the P^X pseudosections. Figure 6b is a P^M(H2O)
pseudosection, which is appropriate to discuss mineral
assemblages evolving with variation in H2O content. As
shown in Fig. 6b, a decompression path from the inferred
peak condition (P) would deviate from H2O-saturated
conditions and enter the H2O-absent assemblage gl^g^jd^
car^law, assuming that all water released during prograde
dehydration had been lost from the rock (Guiraud et al.,
2001) and there was no water infiltration. At P� 27 kbar,
the rock would regain H2O-saturated conditions, and,
with further decompression, equilibria would evolve along
the H2O-saturation line to lower M(H2O). As pressure
continues to decrease, mineral assemblage changes pre-
dicted by the modeling include (1) glaucophane growth
and (2) decreasing modes of carpholite, lawsonite and

Table 2: Selected microprobe analyses for sampleT314 from the SouthTianshan HP^UHP belt

Mineral: g-C g-R g-RL g-In gl hb mu pa ctd chl-m chl-in ep ab

SiO2 36�85 38�02 37�58 38�37 57�63 48�61 49�41 46�06 24�40 26�66 23�92 39�83 66�96

TiO2 0�07 0�01 0�09 0�12 — 0�27 0�23 0�05 — 0�02 0�01 0�20 —

Al2O3 21�31 21�15 21�36 22�07 11�82 12�88 30�53 38�51 40�99 19�56 21�07 29�73 19�27

Cr2O3 0�02 0�05 — 0�03 — 0�02 — — 0�03 0�01 0�03 0�01 —

FeO 31�09 30�87 28�81 23�21 11�20 12�88 2�19 0�24 24�56 24�73 38�17 4�71 0�07

MnO 5�95 0�43 1�99 0�69 — 0�10 0�10 0�03 0�61 0�08 0�33 — 0�04

MgO 1�13 2�92 1�48 1�54 8�91 8�83 2�51 0�12 2�18 15�65 5�33 0�07 0�02

CaO 3�67 6�55 8�61 14�46 0�09 6�19 0�03 0�11 0�03 0�14 0�02 23�78 0�04

Na2O — — — — 8�24 5�00 0�49 8�32 0�02 0�21 0�12 0�03 12�1

K2O — — — — 0�02 0�34 10�09 0�41 — 0�11 0�03 — 0�04

Total 100�09 100�01 99�93 100�50 97�91 97�74 95�56 93�85 92�82 87�17 89�03 98�35 98�53

O 12 12 12 12 23 23 11 11 6 14 14 12�5 8

Si 2�98 3�02 3�00 2�99 7�94 7�03 3�28 3�00 1�00 2�82 2�67 3�03 2�98

Ti 0�00 0�00 0�01 0�01 0�03 0�01 0�00 0�00 0�00 0�013

Al 2�04 1�98 2�01 2�03 1�92 2�20 2�39 2�95 1�99 2�44 2�77 2�67 1�01

Cr 0�00 0�00 0�00 0�00 0�00 0�00 0�00 0�00

Fe3þ 0�00 0�00 0�00 0�00 0�00 0�19 0�02 0�00 0�00 0�00 0�00 0�30 0�00

Fe2þ 2�11 2�05 1�92 1�52 1�29 1�69 0�11 0�01 0�85 2�19 3�56 0�00 0�00

Mn 0�41 0�03 0�14 0�05 0�01 0�01 0�00 0�02 0�01 0�03 0�00

Mg 0�14 0�35 0�18 0�18 1�83 1�90 0�25 0�01 0�13 2�47 0�89 0�01 0�00

Ca 0�32 0�56 0�74 1�21 0�01 0�96 0�00 0�01 0�00 0�02 0�00 1�94 0�00

Na 2�20 1�40 0�06 1�05 0�00 0�04 0�03 0�00 1�04

K 0�00 0�06 0�85 0�03 0�02 0�00 0�00

X(phase) 0�05 0�12 0�06 0�06 0�41 0�47 0�86 0�47 0�80

Y(phase) 0�11 0�19 0�25 0�41 0�99 0�49 0�10

X(ctd, chl)¼ Fe2þ/(Fe2þþMg); others are the same as for Table 1.
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jadeite through successive dehydration reactions. The mea-
sured Si ¼ 3�36^3�41p.f.u. in most phengite is consistent
with P¼ 25^27 kbar at T¼ 5608C, which would match
phengite recrystallization to this decompression stage. A
pronounced step in dehydration is predicted to occur

when the carpholite-bearing assemblage was replaced by
paragonite-bearing equilibria at P� 24 kbar. Lower Si
contents (3�31p.f.u.) in phengite occurring with paragonite
could reflect continuous changes in phengite composition
at this stage. Decompression in the quadrivariant

Table 3: Selected microprobe analyses for sampleT316 from the SouthTianshan HP^UHP belt

Mineral: g-C g-M g-R g-RL2 gl hb mu pa ep ab chl

SiO2 36�93 38�07 37�74 38�13 55�86 47�9 48�58 47�00 38�85 67�91 26�99

TiO2 0�05 0�08 0�05 — — 0�16 0�36 0�06 0�18 0�00 0�01

Al2O3 20�32 21�38 21�65 22�2 11�17 10�08 27�96 39�03 31�24 19�29 20�19

Cr2O3 0�06 — 0�01 — 0�07 0�04 — — — — 0�01

FeO 32�47 31�63 29�92 28�29 13�31 14�74 2�79 0�15 2�90 0�12 21�83

MnO 2�62 1�4 0�86 0�37 0�09 0�16 0�06 — — — —

MgO 2�21 2�83 2�67 2�52 8�53 11�01 2�71 0�21 0�06 — 18�42

CaO 5�14 5�36 7�11 9�23 0�95 7�86 0�02 0�09 23�44 0�01 0�03

Na2O — — — — 7�82 4�14 0�74 7�33 0�03 12�09 —

K2O — — — — 0�06 0�33 10�38 0�98 0�01 0�03 0�07

Total 99�84 100�76 100�02 100�75 97�86 96�41 93�61 94�85 96�70 99�45 87�55

O 12 12 12 12 23 23 11 11 12�5 8 14

Si 2�98 3�01 3�00 2�99 7�82 7�05 3�32 3�02 3�00 2�99 2�79

Ti 0�00 0�01 0�00 0�02 0�02 0�00 0�01 0�00 0�00

Al 1�93 1�99 2�03 2�05 1�84 1�75 2�25 2�95 2�84 1�00 2�46

Cr 0�00 0�00 0�01 0�01 0�00

Fe3þ 0�10 0�00 0�00 0�00 0�06 0�25 0�00 0�00 0�19 0�00 0�00

Fe2þ 2�09 2�09 1�99 1�85 1�50 1�57 0�16 0�01 0�00 0�00 1�89

Mn 0�18 0�09 0�06 0�03 0�01 0�02 0�00

Mg 0�27 0�33 0�32 0�29 1�79 2�42 0�28 0�02 0�01 2�84

Ca 0�44 0�45 0�61 0�78 0�14 1�24 0�00 0�01 1�94 0�00 0�00

Na 2�12 1�18 0�10 0�91 0�00 1�03

K 0�01 0�06 0�91 0�08 0�00 0�00 0�01

X(phase) 0�09 0�11 0�11 0�10 0�46 0�39 0�40

Y(phase) 0�15 0�15 0�20 0�26 0�92 0�35 0�06

Notes are the same as for Tables 1 and 2.

Table 4: Whole-rock compositions of pelitic^felsic schists from the SouthTianshan HP^UHP belt (wt%)

Sample SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 LOI Total

XRF analyses

T311 69�33 0�55 12�94 1�11 3�93 0�12 2�24 1�34 1�95 2�91 0�18 2�48 99�08

T314 65�62 0�73 11�85 2�31 7�98 0�23 2�24 2�03 4�90 0�07 0�26 1�35 99�58

T316 62�93 0�54 13�63 2�40 6�20 0�12 3�16 1�34 6�07 0�74 0�17 1�94 99�25

Effective bulk-rock compositions in NCKMnFMASHO calculated from mineral modes and microprobe analyses

T311 71�08 13�33 0�42 5�28 0�09 2�52 1�42 2�28 2�07 1�50 100�00

T314 64�91 16�13 0�46 7�47 0�07 2�44 2�01 4�84 0�27 1�40 100�00

T316 62�33 17�03 0�76 5�92 0�07 2�89 2�40 6�68 0�80 1�14 100�00
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assemblage gl^g^jd^pa^law is also predicted to have
involved further dehydration through the replacement of
jadeite and lawsonite by glaucophane and paragonite. The
limit of H2O-saturated equilibria has an inflection at
P� 21�5 kbar (Fig. 6b) where the rock is predicted to have
a H2O content of 5�03 (mol %)çabove or below 21�5

kbar, H2O-saturated equilibria occur at higher M(H2O)
values. If there was H2O infiltration to saturate the assem-
blage with water, further decompression is predicted to be
accompanied by an evolutionary path along the H2O
saturation line at conditions involving higher M(H2O).
Changes predicted in the rock include omphacite replacing

Fig. 6. (a) P^T pseudosection for sample T311 from the South Tianshan HP^UHP belt in the system NCKMnFMASHO
(þ quartzþphengitic muscoviteþH2O) with a bulk composition calculated on the basis of normalized mole proportions as SiO2¼76�64,
Al2O3¼8�47, CaO ¼ 1�65, MgO ¼ 4�06, FeO¼ 5�10, K2O¼1�42, Na2O¼ 2�38, MnO¼ 0�08, O¼ 0�20. (b) P^M(H2O) pseudosection at
T¼ 5608C with quartz and phengitic muscovite, but not H2O, in excess for sample T311. The trivariant fields are patterned with grey vertical
lines, quadrivariant fields are unshaded, quinivariant fields are more lightly shaded, and hexa-variant fields are more darkly shaded. The bold
dotted line in (b) refers to the H2O saturation line. The pseudosections are contoured with isopleths of Xgrs (gr08^gr40) and Xpy (py03^py26)
in garnet, Si content in phengite (s3�20^s3�41) and H2O content (h9�91^h4�76) for the corresponding mineral assemblages. The H2O content
refers to 100H2O/(Na2O þCaOþK2OþMnOþFeOþMgOþAl2O3þ SiO2þH2OþO, on a mole basis). Projection of the garnet composi-
tions is shown as dark or light grey circles with the labels C, R1, R2, R3 and RL corresponding to those in Fig. 3 and Table 1. car, carpholite;
jd, jadeite; ky, kyanite; law, lawsonite; o, omphacite; other mineral abbreviations are the same as in Fig. 2.
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jadeite at P� 20�5 kbar, and appearance of hornblendic
amphibole, biotite and albite at pressures, respectively, of
c. 13,12 and 11 kbar. However, this retrograde mineral asso-
ciation has not been observed in the rock. It seems more
likely that decompression after lawsonite disappeared was
accompanied by water-absent conditions (Fig. 6b). Under
such conditions, the appearance of albite either from
omphacite or more probably from jadeite would have
occurred at P�14 kbar, at higher pressures than that for
the appearance of albite at H2O-saturated conditions.
The late-generation garnet compositions with

Xpy¼ 0�08^0�10 and Xgrs¼ 0�26^0�27 closely match the
H2O-absent assemblage hb^gl^g^pa^ab^(muþq) at
P¼11�8^12�7 kbar and M(H2O) ¼ 4�87^5�61 (mol %).
The mineral assemblage observed in sample T311 has a
water content of 5�14mol % consistent with these predicted
conditions, and only subtly higher than the M(H2O)
value predicted for lawsonite breakdown.
The compositional variation in the zoned glaucophane

crystal in which Z(gl) decreases from 0�96 to 0�82 (core to
rim) is in agreement with the values predicted for the
decompressional path, but the measured X(gl)¼ 0�36^
0�41 lies closer to values predicted for the H2O-absent
assemblage hb^gl^g^pa^ab^(muþq). The measured
Z(hb)¼ 0�15^0�34 in the hornblendic amphibole reflects
lower pressure conditions.
In summary, compositional zoning in garnet in sample

T311 records a progressive metamorphic process at UHP
conditions. Paragonite and glaucophane mainly formed
during early stage decompression in the stability field of
lawsonite. The formation of albite, hornblendic amphibole,
and later grossular-rich garnet indicates recrystallization
at H2O-absent conditions at P¼14^12 kbar.The Si content
in phengite reflects an early stage of the decompression.
The main minerals at present forming sample T311 do not
reflect an equilibrium state at the inferred peak P^Tcondi-
tions; they reflect substantial recrystallization along the
decompression path.

Pseudosection for a garnet^glaucophane
schist (sample T314)
The NCKMnFMASHO P^T pseudosection calculated for
the garnet^glaucophane schist (sample T314) is presented
in Fig. 7a. This pseudosection is distinguished from the
others (Figs 6a and 8a) by the presence of chloritoid-
bearing equilibria at P� 21^25 kbar and T55708C.
Pyrope and grossular zoning measured in the garnet
grain can be modeled along a P^T vector from 21�7 kbar
at 4828C (point C, Fig. 7a) to maximum P conditions at
23�8 kbar and 5268C (point M, Fig.7a), and to peak condi-
tions at 22�5 kbar and 5538C (point R, Fig. 7a). Garnet
growth would have occurred in the quadrivariant assem-
blages gl^g^jd^ctd^law and gl^g^jd^pa^law, consistent
with the inclusions observed in garnet involving chloritoid,
paragonite and the probable lawsonite breakdown-related

aggregates consisting of epidote, Fe-rich chlorite and
Ca-rich garnet. This prograde P^T path recovered from
garnet zoning is characteristic of an increase in both pres-
sure and temperature during the early stage of garnet
growth, followed by a continued temperature increase at
constant or decreasing pressure conditions. However, it is
possible that the prograde P^Tvector continued at coupled
increasing pressure and temperature conditions to a peak
(point P, Fig. 7a) followed by isothermal decompression to
the peak conditions (point R, Fig. 7a) recovered from the
mineral compositions (as shown by the bold dashed
arrow). In this case, garnet compositions in the outer
mantle and rim could be interpreted as having been modi-
fied by metamorphic reactions in the early decompression
stage.
Contouring of the H2O content saturated with respect to

the various mineral assemblages suggests that the probable
P^T vector C^M^P (Fig. 7a) would progress to succes-
sively lower H2O contents, and that the mineral assem-
blage would evolve as the P^T conditions changed.
However, isothermal decompression from this probable
peak (P) without any fluid ingress would initially place
the rock in water-absent conditions (Fig. 7b). A change
from carpholite to chloritoid-bearing equilibria at
P� 24�5 kbar is coupled with a large step in water content,
substantially dehydrating the rock along its modeled
decompression path. Further notable dehydration is pre-
dicted to occur as chloritoid-bearing assemblages give way
to the paragonite-bearing assemblages at P� 23�5 kbar.
Continued decompression in the assemblage gl^g^jd^pa^
law is still dominated by dehydration reactions, until law-
sonite is no longer stable. A prediction from this diagram
is that garnet rim compositions should have been affected
by these dehydration reactions. When lawsonite was con-
sumed at P� 22�6 kbar, the rock is predicted to have had
a H2O content of 3�83 (mol %). In the absence of water
ingress, further decompression is predicted to have
occurred in the H2O-absent assemblage gl^g^jd^pa. At
P�14 kbar, albite is predicted to replace early jadeite,
and hornblendic amphibole predicted to form at P�12
kbar. Late-stage garnet in this rock has higher Xgrs (0�24^
0�25) and lower Xpy (c. 0�06) that best match the modeled
values in the H2O-absent assemblage gl^hb^g^pa^ab^bi
at P�11 kbar and M(H2O) ¼ 5�44^5�57 (mol %). The
mineral assemblage observed in sample T314 has a H2O
content with M(H2O)� 4�83. Both this H2O content and
the late garnet rim compositions in the context of the mod-
eled mineral equilibria are consistent with some water
infiltration into the rock having occurred during the later-
stage decompression.
Measured glaucophane and hornblendic amphibole

compositions are close to those predicted by the pseudosec-
tion (Fig. 7b) at P¼11�8 kbar and M(H2O) ¼ 4�80 in the
H2O-absent assemblage hb^gl^g^pa^ab. The Si content
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measured in phengitic muscovite (3�26^3�28 p.f.u.) matches
assemblages modeled at P¼16�4^18�6 kbar at T¼ 5538C
in the H2O-saturated assemblage gl^g^o^pa (Fig. 7a).
However, equivalent isopleths of Si content in phengite
extend to higher pressure conditions (P420 kbar) in the
H2O-absent assemblage gl^g^jd^pa, closer to the pressure
estimates recovered from the garnet rim compositions.

Pseudosection for a garnet^
glaucophane^albite schist (sample T316)
The NCKMnFMASHO P^T pseudosection calculated for
the garnet^glaucophane^albite schist (sampleT316) is pre-
sented in Fig. 8a. Compared with the pseudosections for
the other two samples, there are much larger P^T ranges
for jadeite- and albite-bearing equilibria as a result of ele-
vated Na2O content in the model bulk-rock composition.
Pyrope and grossular contents measured in garnet reflect

a more restricted P^T vector from 22�5 kbar at 5328C
(point C, Fig. 8a) to maximum pressure conditions at 22�8
kbar and 5438C (point M, Fig. 8a), and peak conditions
at 22 kbar and 5508C (point R, Fig. 8a) in the mineral
assemblage gl^g^jd^pa^law. The Si content measured in
phengite (3�30^3�32) is consistent with a similar pressure
range of 21^23 kbar at T¼ 540^5508C. As in the other
samples, mineral assemblages along this inferred prograde
P^T vector are predicted to have evolved progressively
through dehydration reactions. When the P^T vector
moved to the boundary of lawsonite stability at P� 22
kbar, the rock is predicted to have had a H2O content of
3�83 (mol %).Without fluid ingress, the post-peak decom-
pression path would place the rock under fluid-absent con-
ditions, entering the H2O-absent assemblage gl^g^jd^pa
(Fig. 8b). At P�14 kbar, the transition from jadeite to
albite would occur, and the hornblendic amphibole is

Fig. 7. (a) P^T pseudosection for sample T314 from the South Tianshan HP^UHP belt in the system NCKMnFMASHO
(þ quartzþphengitic muscoviteþH2O) with a bulk composition calculated on the basis of normalized mole proportions as SiO2¼70�64,
Al2O3¼10�34, CaO ¼ 2�34, MgO ¼ 3�96, FeO¼ 7�18, K2O¼ 0�19, Na2O¼ 5�10, MnO¼ 0�07, O¼ 0�19. (b) P^M(H2O) pseudosection at
T¼ 5538C with quartz and phengitic muscovite in excess for sample T314. The bold dotted line in (b) refers to the H2O saturation line.
Projection of the garnet compositions is shown as dark grey circles with the labels C, M, R1, R2 and RL corresponding to those in Fig. 3 and
Table 2. P refers to the probable peak P^Tconditions for the rock. Other explanations are the same as in Fig. 6.

WEI et al. SOUTH TIANSHAN PELITIC-FELSIC SCHIST

1985

 at Pennsylvania State U
niversity on Septem

ber 16, 2016
http://petrology.oxfordjournals.org/

D
ow

nloaded from
 

http://petrology.oxfordjournals.org/


predicted to appear at P�12 kbar. The grossular-rich rim
compositions in garnet with Xpy� 0�10 and Xgrs ¼ 0�25^
0�27 best match P¼12�5^13 kbar in the H2O-absent assem-
blage gl^g^o^pa^ab. The mineral assemblage observed in
sample T316 has a H2O content of c. 3�97 (mol %), only
subtly higher than the M(H2O) predicted to have accom-
panied lawsonite breakdown (Fig. 8b).

DISCUSS ION
Peak P^T estimates of the pelitic^felsic
schists
The southTianshan eclogite belt has extensive pelitic^felsic
schists that enclose eclogite blocks. P^Testimates recovered
from the eclogites provide critical context for the pelitic^
felsic schists, to which common geothermobarometric tech-
niques cannot be easily applied. The eclogite assemblages
reflect T¼ 500^6008C on the basis of various versions of
the garnet^omphacite thermometer and modeling using
the P^T pseudosection approach, but pressure estimates

vary widely (between 14 and 28 kbar) on the basis of bar-
ometers based on jadeite content in omphacite (Gao et al.,
1999), pseudosection approaches (Wei et al., 2003) and the
garnet^omphacite^phengite barometer (Klemd et al.,
2002; Zhang et al., 2002a; Lin & Enami, 2006). Pressure
estimates less then 20 kbar, based on the jadeite content in
omphacite, are minimum estimates in the absence of
albite (Carswell & Harley, 1990). In addition, the applica-
tion of the pseudosection approach (Wei et al., 2003) may
have underestimated pressure conditions if the garnet and
phengite compositions are not fully considered and the
equilibration of mineral assemblages was incorrectly evalu-
ated (Wei et al., 2009). Generally, the garnet^omphacite^
phengite barometers of Waters & Martin (1993) and
Krogh Ravna & Terry (2004) yield pressure estimates for
low-Teclogite assemblages considerably closer to the results
recovered by modeling of garnet rim and phengite compo-
sitions on the P^T pseudosections (Wei et al., 2009),
although El-Shazly (2001) proposed that the garnet^
omphacite^phengite barometer would overestimate

Fig. 8. (a) P^T pseudosection for sampleT316 from the SouthTianshan HP^UHP belt in the system NCKMnFMASHO (þ quartzþphengi-
tic muscoviteþH2O) with a bulk composition calculated on the basis of normalized mole proportions as SiO2¼67�69, Al2O3¼10�90, CaO
¼2�78, MgO ¼ 4�67, FeO¼ 6�00, K2O¼ 0�56, Na2O¼ 7�03, MnO¼ 0�06, O¼ 0�31. (b) P^M(H2O) pseudosection atT¼ 5508C with quartz
and phengitic muscovite in excess for sampleT316.The bold dotted line in (b) refers to the H2O saturation line. Projection of the garnet compo-
sitions is shown as dark grey circles with the labels C, M, R, RL1 and RL2 corresponding to those in Fig. 3 and Table 3. Other explanations
are the same as in Fig. 6.
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pressure. Pressure estimates up to c. 28 kbar for the
Tianshan eclogites are supported by the presence of UHP
minerals such as coesite pseudomorphs, quartz and coesite
exsolution lamellae in omphacite and magnesite (Zhang
et al., 2002a, 2002b, 2005). Thus, eclogite assemblages
should reflect P¼ 20^28 kbar atT¼ 500^6008C.
P^T estimates for the widespread pelitic^felsic schists

cluster in three distinct groups: c. 50 kbar at 560^6008C
(Zhang et al. 2003), 27^33 kbar at 570^6308C (Lu« et al.,
2008), and 14�5^16�5 kbar at 600^6508C (Wei & Powell,
2006). The present study on the three representative sam-
ples T311, T314 and T316 gives peak P^Testimates of c. 32
kbar at 550^5708C, c. 22�5 kbar at 5538C, and 22^23 kbar
at 540^5508C, respectively. These conditions are consistent
with the P^T estimates made using the eclogite assem-
blages. The ultrahigh-pressure estimate for sample T311 is
supported by the presence of pseudomorphs after coesite
in garnet and the discovery of coesite inclusions by Lu«
et al. (2008) in the intercalated rocks. The chloritoid inclu-
sion in garnet in sampleT314 is consistent with the presence
of parageneses of chloritoid and glaucophane, or poten-
tially also chloritoid and jadeite, supporting the low-T,
high-P conditions constrained by the garnet growth zona-
tion (Okay, 2002;Wei & Powell, 2006;Wei & Song, 2008).
Using the P^T pseudosection approach in the

NCKFMASH system, Wei & Powell (2006) obtained a
P^Testimate of 14�5^16�5 kbar and 600^6508C for sample
AK07 by assuming that albite was in equilibrium with
glaucophane, garnet and phengite. However, the garnet
rim composition (Xpy ¼ 0�12 and Xgrs ¼ 0�14) and Si con-
tent in phengite (3�41^3�43 p.f.u.) best match equilibria
modeled at 22^25 kbar at 5508C in the P^T pseudosection
calculated for the sample, in good agreement with the
above P^Testimates for the three samples discussed.
The South Tianshan eclogite belt is dominated by HP

pelitic^felsic schists (22^25 kbar at 540^5508C), but con-
tains UHP slices or blocks that recorded greater depths,
although these HP and UHP rocks have not been well
defined because of poor outcrop and difficult access. The
pelitic^felsic schists seem most likely to be cofacial with
the eclogite blocks, but experienced more extensive recrys-
tallization during decompression.

Prograde P^T path from garnet zonation
Most garnet grains in the pelitic^felsic schists preserve
extensive compositional zoning, involving core to rim
increases in pyrope content coupled with constant or
increasing grossular content. Some grains have pro-
nounced ‘bell-shaped profiles’ in spessartine content, com-
monly interpreted to represent growth-dominated zoning
(e.g. Spear, 1993). Using garnet isopleth thermobarometry,
involving plotting compositional isopleths of garnet as con-
tours on a P^T pseudosection (e.g. Zeh & Holness, 2003;
Evans, 2004; Kim & Bell, 2005; Gaidies et al., 2006;
Le Bayon et al., 2006; Wei & Song, 2008), prograde P^T

paths were derived for the three Tianshan samples (Figs
6a, 7a and 8a). P^T conditions modeled from Si content
in phengite are mostly in agreement with those con-
strained from garnet compositions. Garnet growth is inter-
preted to have occurred in mineral assemblages involving
chloritoid, lawsonite, jadeite, coesite and potentially also
carpholite, which are distinct from those now observed in
the matrix. This focuses attention on implications drawn
from the high-P phase equilibria modeling, but there are
several points that support our interpretation of the pro-
grade history: (1) chloritoid occurs as inclusions in garnet;
(2) coesite has been reported from pelitic schist inter-
layered with rocks like sample T311 (Lu« et al., 2008) and
probable pseudomorphs after coesite have been observed;
(3) jadeite stability seems possible considering the extensive
distribution of albite; (4) aggregates involving Fe-rich
chlorite, grossular-rich garnet and epidote most probably
reflect the presence of lawsonite and another ferromagne-
sian mineral in sample T314. Similar lawsonite pseudo-
morphs consisting of zoisite/epidote and paragonite have
also been reported in the eclogite (Gao et al., 1999). These
observations suggest that the prograde path for the pelitic
^felsic schists should have occurred within the stability
fields of lawsonite, jadeite, chloritoid, and possibly carpho-
lite or coesite. Phase equilibrium modeling can explain
why these minerals might not survive, if the rocks were
subjected to post-peak decompressional paths such as
shown in Figs 6^8.

Post-peak decompression of the
pelitic^felsic schist
The post-peak P^T paths are interpreted to have been
controlled by decompression without pronounced cooling
or heating (isothermal decompression; ITD) on the basis
of late-stage garnet, albite and hornblendic amphibole,
although the strictly ITD paths shown in Figs 6^8 are
somewhat contrived. Two stages of decompression are
inferred. During the early stage of decompression, mineral
assemblage evolution is interpreted to have been controlled
by dehydration related to the breakdown of the water-rich
phases such as carpholite and lawsonite. At T¼ 550^
5608C, all carpholite could be consumed through continu-
ous reactions such as carþ jd¼paþglþ law at 24^25
kbar, and lawsonite subsequently consumed through con-
tinuous reactions such as lawþ jd¼glþpaþ ep at 20^22
kbar. During this early decompression, the modal propor-
tions of glaucophane and paragonite are predicted to have
increased at the expense of jadeite, and the compositions
of the outer rims of garnet grains may have been modified
(such as in samples T314 and 316) with the observed rim
compositions closely matching those predicted for the law-
sonite-out line. However, in some samples such as T311,
garnet growth zonation is well preserved. The Si content
in phengite mostly reflects pressure conditions at the meta-
morphic peak or early stage decompression.
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Following the breakdown of lawsonite, further isother-
mal decompression, without fluid ingress, is predicted to
have led to water-absent conditions in the Tianshan sam-
ples from the contours of the H2O isopleths in the pseudo-
sections. Under such fluid-absent conditions, albite
replaces jadeitic omphacite at P�14 kbar, and hornblendic
amphibole appears at P¼12^13 kbar, distinct from the
water-saturated conditions where albite is usually stable at
much lower pressure conditions (Figs 6b and 7b). It seems
that a solid transition from jadeitic pyroxene to albite
could have occurred under these fluid-absent conditions,
although this process might have been catalyzed by the
presence of fluid (Holland, 1980). From this point of view,
it is reasonable to conclude that most of the albite, espe-
cially the albite poikiloblasts that have inclusions of glau-
cophane, rutile, phengite and paragonite, could be
interpreted as the products of jadeite breakdown, although
this interpretation has been criticized by El-Shazly (2001).
The late-stage garnet with high grossular and low

pyrope contents could be modeled to have coexisted with
albite, hornblendic amphibole and glaucophane under the
H2O-absent conditions. The present water contents of the
three Tianshan samples are similar to, or only subtly
higher than those predicted for lawsonite breakdown, but
apparently lower than the values of water saturation
under conditions of 12^13 kbar for the stability of horn-
blendic amphibole and albite. This is consistent with lim-
ited water infiltration having occurred, which favors the
preservation of early stage assemblages and also the forma-
tion of albite.

Retrogression of the HP^UHP
pelitic^felsic schists and gneisses
In many HP^UHP terranes (e.g. Western Gneiss Region,
Norway; Dabie Shan, China; Dora Maira Massif,Western
Alps; Adula Nappe, Central Alps; Erzgebirge, Bohemian
Massif), the post-peak retrogression is more intense in peli-
tic^felsic schists and gneisses than in the enclosed mafic
eclogites (e.g. Cuthbert & Carswell, 1990; Wang et al.,
1990; Schertl et al., 1991; Schmadike et al., 1992). This phe-
nomenon is commonly attributed to either (1) retrograde
reactions in pelitic^felsic rocks releasing fluids upon
depressurization, whereas mafic rocks require fluids for
retrogression (e.g. Heinrich, 1982; Auzanneau et al., 2006)
or (2) retrograde reactions in pelitic^felsic rocks being
kinetically faster than the equivalent reactions in mafic
rocks (e.g. Schreyer, 1995). The experimental study of
Auzanneau et al. (2006) has shown that the transition of
felsic eclogitic rocks into amphibolite-facies assemblages
under suprasolidus conditions (T¼ 800^9008C) would
release fluid-rich melts through the phengite dehydration
melting reaction phengitic muscoviteþ omphaciteþ
quartz¼biotiteþplagioclaseþ garnetþmelt. Generally,
the melt- (or fluid)-releasing progressive reactions are
interpreted to easily reach an equilibrium state, resulting

in intensive obliteration of the early mineral assemblages
(Guiraud et al., 2001; White et al., 2001). Moreover, the
migration and crystallization of such melts could trigger
the retrogression of the mafic eclogites. Thus, the HP^
UHP pelitic^felsic rocks should have been intensively or
completely replaced by lower pressure assemblages during
decompression at temperatures above the solidus if the
rocks contained phengite in the peak stage. These pelitic^
felsic rocks do not require fluid infiltration for their decom-
pressional changes, distinct from the retrogression of
mafic eclogite assemblages.
Decompression of the HP^UHP pelitic^felsic rocks

under subsolidus conditions as shown in Figs 6^8 can be
divided into two stages. The early stage is dominated by
the dehydration of carpholite and lawsonite, resulting in
considerable changes in the mineral assemblage and com-
positions. The later-stage decompression after lawsonite
disappears is characteristic of fluid-absent conditions.
With the exception of the solid-state transition of jadeite
to albite, the HP^UHP assemblages tend to be preserved.
During this subsolidus decompression the phengitic mus-
covite remains stable and commonly keeps the composi-
tions of peak or early decompression stages until it
transforms into biotite at lower pressures.

Tectonic implications
The SouthTianshan HP^UHP belt has been interpreted to
have formed by the northward subduction of Paleozoic
south Tianshan oceanic crust (Gao et al., 1998; Gao &
Klemd, 2003). Mafic eclogites with OIB, enriched (E)-
MORB and normal (N)-MORB affinities represent basalts
formed at seamount settings within the ocean. Similar to
the evolution of ‘Cordilleran-type’ blueschists formed by
oceanic subduction (Maruyama et al., 1996), these basalts
were dismembered and intermingled with greywackes
within an accretionary wedge during the continuous sub-
duction of oceanic crust. The present study has suggested
that both the seamount basalts and greywacke sediments
were subducted to depths of 70^100 km, and returned
from these depths to the surface.
Using the thermodynamic dataset of Holland & Powell

(1998), densities calculated for samples T314 and T316 are
2�93^3�03 g/cm3 at P^T conditions of 23 kbar and 5508C,
and 3�08 g/cm3 for sample T311 at 32 kbar and 5608C. At
the same P^T conditions, the density calculated for eclo-
gite of MORB composition ranges from 3�25 to 3�31g/cm3,
similar to or somewhat denser than the mantle rocks at
the same depth (Hermann, 2002). Thus, the subducted
sediments are buoyant at mantle depths and this might
provide a driving force for fast exhumation of the HP^
UHP rocks, especially the enclosing eclogite blocks (Platt,
1993; Rubatto & Hermann, 2001). The post-peak P^T
paths of the South Tianshan eclogites and pelitic^felsic
schists involved near-isothermal decompression (see Figs
6^8 and Gao & Klemd, 2003), indicating that these rocks
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were rapidly and adiabatically uplifted to a lower crustal
level and recrystallized at epidote- to amphibolite-facies
conditions. The subsequent exhumation of the South
Tianshan HP^UHP rocks from the lower crust is inferred
to have resulted from large-scale thrusting in the later
stage of collision (Gao et al., 1998), accompanied by an
overprint of greenschist-facies metamorphism.
Most oceanic subduction-related HP accretionary ter-

ranes around the world are dominated by felsic^pelitic
metasediments. Buoyancy of the subducted metasediments
with respect to mantle rocks could be one of the major rea-
sons for rapid exhumation of such HP terranes.

CONCLUSIONS
Pelitic^felsic schist assemblages, which are prevalent in
most oceanic subduction-related HP accretionary terranes
but are mostly poorly studied because of lack of available
geothermobarometric techniques, can be well modeled
using the pseudosection approach. Contours of composi-
tion isopleths for minerals such as garnet and phengite
can be used to derive prograde and retrograde P^T paths
of metamorphism. Pelitic^felsic schists in the South
Tianshan HP^UHP belt recorded peak P^Tconditions of
22^32 kbar and 540^5708C, consistent with the P^T esti-
mates recovered from eclogite blocks enclosed in the
schists. A post-peak decompression is interpreted to have
involved two stages: an early stage decompression char-
acterized by dehydration reactions mainly involving car-
pholite and lawsonite breakdown, and a subsequent
decompression controlled by fluid-absent conditions.
Fluid-absent conditions favor the preservation of early
stage minerals, and the solid transition of jadeite to albite
at higher pressures than would occur in fluid-saturated
conditions. Decompression of the pelitic^felsic rocks at
sub-solidus conditions did not destabilize early phengitic
muscovite, which records high-P conditions in the
absence of a pronounced fluid infiltration. The pelitic^
felsic schists and the enclosing eclogite blocks in the South
Tianshan HP^UHP belt share cofacial metamorphic evo-
lutional histories. The subducted metasediments might
provide a driving force for fast exhumation of the HP^
UHP rocks.
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