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ABSTRACT
Exsolution textures are observed in garnet and olivine crystals found in an orogenic garnet peridotite massif in the North Qaidam ultrahigh-pressure metamorphic (UHP) belt, northern Tibetan
Plateau, NW China. Exsolutions in garnet consist of densely packed rods of rutile, orthopyroxene, and
clinopyroxene. Exsolutions in olivine includes needles of ilmenite and Al-chromite. The occurrence
of pyroxene exsolution lamellae in garnet crystals suggests that the precursor phase originally must
have possessed excess Si, i.e., they were majoritic garnets that are stable only at very high pressures.
The exsolution of ilmenite and Al-chromite needles from olivine is also consistent with the peridotite
once being equilibrated at depths in excess of 200 km. Geotheromobarometric calculations using
matrix minerals of the peridotite yield re-equilibrium conditions of T = 960–1040 °C and P = 5.0–6.5
GPa. These observations and inferences, together with other petrological data and field observations,
allow us to conclude that the garnet peridotite in the North Qaidam UHP belt may represent mantle
materials exhumed form depths of greater than 200 km.

INTRODUCTION
Orogenic garnet peridotites that occur as lenses associated
with eclogites and other high-grade crustal rocks are volumetrically minor but tectonically significant components within many
ultrahigh-pressure (UHP) metamorphic terranes. Their ubiquitous occurrences within orogenic belts as a result of continental
collision (Medaris and Carswell 1990) and their deep origin
(>6 GPa) in some UHP terranes such as Dabie-Sulu of China
(Yang et al. 1993; Zhang R.Y. 2000), Western Gneiss Region
of Norway (van Roermund and Drury 1998; van Roermund et
al. 2000, 2002), Granulitgebirge of Germany (Massonne and
Bautsch 2002), and Alpe Arami of Italy (Dobrzhinetskaya et al.
1996; Green et al. 1997; Bozhilov et al. 1999) offer us a prime
opportunity for a better understanding of geodynamic processes
of continental collision, subduction, and exhumation both on a
regional scale and in a global context. Garnet peridotites of this
kind have, therefore, received much attention in recent years
(e.g., Liou and Carswell 2000).
It is not straightforward, however, to identify precisely the
original environment in which these peridotites were formed and
to determine accurately the primary conditions under which they
may have been equilibrated. This difficulty is because orogenic
peridotites are likely to have experienced complex equilibration
histories, and because they often lack pressure index minerals
such as coesite, diamond, etc. several model geothermometers
and geobarometers are available for peridotite systems in the literature, but uncertainties can be very large in these models (e.g.,
see Smith 1999 for a review). Even if these thermobarometers are
reliable, their estimated temperatures and pressures are likely to
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be minimum values because these peridotites must have experienced prolonged decompression and cooling histories during
exhumation. In this case, exsolution textures, if preserved in the
constituent minerals of these rocks, are valuable, and can provide
useful information on both the environment in which these rocks
might be originated and primary physical conditions under which
these rocks may have been equilibrated. Exsolution lamellae are
fine crystals that were dissolved entirely in their host mineral
structures at high temperatures (e.g., clino- and ortho-pyroxenes)
and pressures (e.g., majorite-pyroxenes) during formation, but
are produced when their host minerals lose the solubility as a
result of cooling to low temperatures or decompression to low
pressures (for summary, see Zhang and Liou 1999).
In this contribution, we report petrology and exsolution textures observed in the constituent garnet and olivine crystals of
an orogenic garnet peridotite from the Luliangshan area of the
North Qaidam Basin, northern Tibetan Plateau (Fig. 1A). The
garnet peridotite, which was described as a kimberlitic ultramafic
body by Bureau of Geology and Mineral Resources of Qinghai
Province (1991) and then recognized by Yang et al. (1994), occurs as several large lensoid blocks in an area of 500 × 1000 m2
within quartzofeldspathic gneisses (Figs. 1B and 1C). In fact,
this garnet peridotite body is a member of a newly recognized
ultrahigh-pressure (UHP) metamorphic belt (Song 2001; Yang et
al. 2002; Song et al. 2003a). Our observed exsolution textures,
along with other lines of evidence, allow us to conclude that the
garnet peridotite may represent materials exhumed from depths
in excess of 200 km during a continental collision event in the
early Paleozoic (495 ± 7 Ma by U-Pb single zircon method,
Zhang J.X. 2000; 459 ± 2.6 and 458 ± 10 Ma by Sm-Nd internal
isochron method, Song et al. 2003b). These observations also
offer implications for the regional tectonic evolution in particular
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F IGURE 1. (A) Geological map
of the North Qaidam UHP belt and
adjacent areas showing the tectonic units
in the North Tibetan Plateau, NW China.
(B) Geological map showing the locality
of the Luliangshan garnet peridotite
body. (C) Geological map of the garnet
peridotite showing locations of the
studied samples (modified after Bureau
of Geology and Mineral Resources of
Qinghai Province 1991).

in the Earthʼs mantle in general in the context of geochemical
recycling.

GEOLOGICAL SETTING
The North Qaidam UHP belt extends from Dulan northwestward through Xietieshan and Luliangshan, to Yuka for about 400
km (see Fig. 1A for localities). To the south is the Qaidam Basin,
a Mesozoic intra-continental basin with a Precambrian crystalline
basement. To the north is the Qilian Terrain consisting of an imbricate thrust belt of Precambrian basement with thick Paleozoic
sedimentary sequences. The Qilian Terrain is bound further to
the north by an Early Paleozoic Pacific-type suture following
the definition of Ernst (2001) with well-exposed blueschists and
ophiolites (Wu et al. 1993; Song 1996).
The Luliangshan garnet peridotite is the largest outcrop
recognized so far along the entire Qaidam UHP Belt. As shown
in Figure 1C, it occurs as blocks of various sizes in an exposed
area of about 500 × 1000 m2 within felsic gneisses. Three rock
types are recognized in the field. Garnet peridotite comprises
about 80 vol% of the body. As clinopyroxene varies in abundance on various scales, the peridotite could be termed a garnet
harzburgite or lherzolite (see below). Dunite (with or without
garnet) (~15 vol%) and garnet pyroxenite (<5 vol%) make up
the rest of the rock body. Garnet peridotite and dunite apparently are interlayered on different scales determined by relative
abundances of olivine and pyroxene. Such layering could well be
inherited from primary igneous layering such as seen in layered
cumulates, but could also be of metamorphic origin. Detailed
petrology and geochemistry is needed for a better understanding
of the origin of the layering. Garnet pyroxenite occurs as veins
and crosscuts the apparent garnet peridotite layering (Fig. 1C).
No eclogite was found within the peridotite body.

Garnet peridotite

SAMPLE PETROLOGY

Garnet peridotite consists of garnet (~10–20 vol%), olivine
(~40–60 vol%), orthopyroxene (~15–25 vol%), clinopyroxene
(~5–15 vol%), and minor amounts of Cr-rich spinel, and shows
a coarse-grained granoblastic texture. Most garnet crystals are
porphyroblastic with varying grain size (3–10 mm) (Fig. 2a) and
few are poikiloblastic (1–2 mm) within the matrix. Almost all
the garnet crystals exhibit kelyphitized rims of clinopyroxene,
orthopyroxene, and spinel aggregates interpreted as resulting
from decompression (Fig. 2a). In some samples, some garnet
grains are replaced completely by the kelyphitic Opx + Cpx +
Spl assemblage. Electron probe microanalysis shows that these
garnets are Mg-Cr type with ~61–74 mol% pyrope, ~15–23
mol% almandine (+ spessartine), ~1.8–9.4 mol% uvarovite,
~0–4 mol% andradite, and ~ 4.2–6.6 mol% grossular. Most
olivine crystals are, to various extents, serpentinized. However, their original crystal shapes (mostly anhedral), grain size
(0.2–2 mm), and modes (20–60 vol%) are readily determined.
Based on texture and grain size, olivine can be divided into two
generations: the first generation is coarse-grained (>0.5 mm),
and is in equilibrium with coarse-grained garnet and the two
pyroxenes (Fig. 2b), whereas the second generation olivine is
usually fine-grained and fills the interstices of the first generation
minerals. Electron probe microanalysis shows that both generations of olivine in the studied samples is very magnesian with
a narrow compositional range (Fo90-91). Cr-rich spinel occurs
as fine-grained (5–100 μm) euhedral crystals scattered fairly
uniformly both in-between and as inclusions in major silicate
minerals; they are clearly the products of breakdown or exsolution of Cr-rich pyroxene and olivine. We thus infer that these
spinels are secondary and are not in equilibrium with garnet +
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F IGURE 2. Photomicrographs showing textures and mineral
assemblages in various rocks in the Luliangshan garnet peridotite body.
All are in cross-polarized, transmitted light. (a) Garnet lherzolite (2C28)
with porphyroblastic garnet; note the exsolution rods in garnet. (b) Garnet
lherzolite (2C42) showing the first generation of coarse-grained olivine
with exsolution rods. (c) Dunite (2C39) showing polygonal texture with
120° triple junctions. (d) Garnet pyroxenite with mineral assemblage of
Grt + Opx + Cpx + Phl. Mineral abbreviations are after Kretz (1983).

FIGURE 3. Photomicrographs showing rutile, orthopyroxene and
clinopyroxene exsolutions in garnets from garnet peridotite. (a) Densely
packed rutile lamellae in garnet from Sample 2C42. Note the equilateral
triangle patterns defined by the exsolution needles (plane-polarized
transmitted light). (b) Ortho- and clinopyroxene lamellae in garnet from
sample 2C28 (plane-polarized transmitted light). (c) Hexagonal prismatic
basal sections of pyroxene lamellae in company with rutile needles in garnet
from sample 2C42 (plane-polarized transmitted light). (d) BSE image of
ortho- and clinopyroxene exsolutions in garnet from sample 2C28.

pyroxene + olivine of peak conditions. The Cr′ [Cr/(Cr+Al)] of
spinel is in the range 0.61–0.70.

tile lamellae are needles up to 500 μm long (Figs. 3a–3c) with
basal sections 0.5–3 μm (up to 5 μm) in diameter. BSE images
show that this garnet grain locally contains up to 1.0 vol% rutile
rods with an average of about 0.6 vol%. Detailed petrography
reveals that about half the rutile needles exhibit oblique extinction, which, as seen elsewhere (van Roermund 2000), is thought
to be possible high-pressure rutile polymorphs (van Roermund,
pers. comm. 2003). The rutile needles always occur in association with and locally intergrown with other silicate exsolution
lamellae as described below.
Pyroxene lamellae (up to 0.8 vol%) occur in close association with rutile needles in garnets from samples 2C28. They are
spindle-shaped in the long section and hexagonal in the basal
section (Figs. 3b). The amount of the pyroxene lamellae varies
in different garnet grains, but is up to 4.5 vol% in the BSE images (Fig. 3d). Pyroxene lamellae were also observed in garnets
from sample 2C42; they occur as hexagonal prismatic crystals
in association with rutile with their crystal planes parallel to
the three directions of the rutile rods (Fig. 3c). Orthopyroxene
(dark phase) and clinopyroxene (pale-grey phase) lamellae can
be readily distinguished on BSE images (Fig. 3d) and by electron
probe microanalysis (Table 1).
All these exsolution lamellae occur in parallel groups, each
being strictly oriented in one of the four directions corresponding to the isometric form {111} (i.e., octahedral planes), which
form a distinct equilateral triangle pattern in Figure 3a. The high
abundances and regular distributions with respect to crystallographic axes/planes suggest that the rods of rutile and pyroxene
in porphyroblastic garnets were generated by decompressioninduced exsolution, rather than by epitaxial replacement or
accidental inclusion.
Table 1 gives representative compositions of both matrix

Dunite
Dunite is dominated by olivine (up to 95 vol%) with minor
amounts of garnet (0–3%) and two types of pyroxene (2–5%).
Most garnet crystals are porphyroblastic and Mg-rich with 69–75
mol% pyrope, 11–18% almandine, 3–8% grossular, 0.8–2.0%
spessartine, and 3–6% uvarovite. Olivine in the dunite shows
a homogeneous granoblastic texture with triple 120° junctions
(Fig. 2c), ranging from 0.5 to 1 mm in size. It contains slightly
higher Fo (Fo92-93) than in the garnet peridotite.
Garnet pyroxenite
Garnet pyroxenite is a minor component and occurs as dikes
2–5 m in thickness cross-cutting the layering of the massif. The
constituent phases are garnet (20–30 vol%), orthopyroxene (5–
10%), clinopyroxene (40–60%) and phlogopite (2–5%) with no
olivine observed (Fig. 2d). Garnets are also Mg-rich with 62–68
mol% pyrope, 21–24% almandine, 9.5–11% grossular, <1% spessartine, and 0.8–1.5% uvarovite. En content of orthopyroxene
ranges from 84 to 87 mol%, lower than that of orthopyroxene
in garnet lherzolite/harzburgite and dunite.

EXSOLUTION LAMELLAE IN GARNET
Three different varieties of exsolution lamellae are recognized
in garnet porphyroblasts of the garnet peridotite. They are (1)
rutile, (2) orthopyroxene, and (3) clinopyroxene. Back-scattered
electron (BSE) images with the assistance of Photoshop 6.0 were
used to estimate volume abundances of the exsolved phases.
Figure 3 shows abundant rutile lamellae exsolved from the
porphyroblastic garnet host of sample 2C42 and 2C28. The ru-
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TABLE 1. Compositions of matrix minerals and exsolved lamellae in garnet peridotites
Exsolution lamellae
C-O
2C28
2C28
2C28
2C28
2C42
2C42
2C28
Cpx
Ol
Cpx
Opx
Opx
Ilm
Grt
Wt% oxides
SiO2
42.11
57.82
55.13
40.60
41.90 56.94
54.19 40.15
54.18±0.18
57.03±0.39
57.54±0.51
0.02
42.20
TiO2
0.18
0.09
0.23
0.00
0.04
0.05
0.24
0.00
0.53±0.05
0.03±0.02
0.03±0.03
58.67
0.85
Al2O3
22.31
0.38
3.19
0.00
22.78
0.50
2.23
0.01
4.14±0.13
0.82±0.15
1.13±0.24
0.00
21.67
Cr2O3
1.44
0.15
1.26
0.04
0.62
0.26
1.75
0.05
1.36±0.16
0.19±0.04
0.19±0.01
0.12
0.62
FeO
9.69
5.52
1.75
9.31
10.52
6.34
0.63
8.60
1.70±0.18
6.16±0.17
6.26±0.58
33.38
10.13
MnO
0.43
0.11
0.07
0.10
0.44
0.16
0.00
0.05
0.06±0.04
0.13±0.04
0.18±0.01
0.44
0.42
NiO
0.03
0.08
0.04
0.36
0.00
0.08
0.03
0.28
0.05±0.03
0.05±0.02
0.01±0.01
0.17
0.00
MgO
19.57
35.78
15.76
50.54
19.33 34.76
16.73 50.11
15.68±0.21
34.71±0.41
34.81±0.31
8.72
19.44
CaO
4.33
0.20
21.32
0.00
4.06
0.24
23.49
0.11
19.97±0.36
0.23±0.03
0.16±0.06
0.01
4.31
Na2O
0.04
0.01
1.38
0.03
0.01
0.00
0.91
0.00
2.10±0.15
0.00±0.00
0.00±0.00
0.02
0.06
K2O
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.01
0.01±0.01
0.00±0.00
0.00±0.00
0.01
0.00
Total
100.13
100.15 100.13 100.98
99.70 99.33 100.20 99.37
99.95±0.34
99.33±0.19
100.29±0.20 101.56
99.70
Cations
O
12
6
6
4
12
6
6
4
6
6
6
6
12
Si
3.008
1.980
1.981
0.986
3.007 1.978
1.955 0.987
1.952±0.012 1.977±0.011
1.975±0.013
0.001
3.029
Ti
0.009
0.001
0.006
0.000
0.002 0.001
0.007 0.000
0.014±0.002 0.001±0.001
0.001±0.000
2.038
0.046
Al
1.879
0.019
0.135
0.000
1.927 0.021
0.095 0.000
0.176±0.003 0.034±0.006
0.046±0.010
0.000
1.833
Cr
0.081
0.008
0.036
0.001
0.035 0.007
0.018 0.000
0.039±0.004 0.005±0.001
0.005±0.000
0.004
0.035
2+
Fe
0.579
1.790
0.053
0.189
0.631 0.184
0.054 0.177
0.051±0.005 0.179±0.002
0.180±0.017
1.289
0.608
Mn
0.026
0.015
0.002
0.002
0.027 0.005
0.000 0.001
0.002±0.001 0.004±0.001
0.005±0.000
0.017
0.026
Ni
0.002
0.006
0.001
0.007
0.000 0.002
0.001 1.837
0.001±0.001 0.001±0.000
0.000±0.000
0.006
0.000
Mg
2.084
0.003
0.844
1.829
2.068 1.800
0.900 0.003
0.842±0.005 1.794±0.020
1.781±0.021
0.601
2.080
Ca
0.331
0.185
0.821
0.000
0.312 0.009
0.908 0.000
0.770±0.002 0.008±0.001
0.006±0.002
0.000
0.331
Na
0.004
0.001
0.096
0.001
0.001 0.000
0.064 0.000
0.160±0.009 0.000±0.000
0.000±0.000
0.002
0.009
K
0.001
0.000
0.000
0.000
0.000 0.000
0.000 0.006
0.000±0.000 0.000±0.000
0.000±0.000
0.001
0.000
Total
8.005
4.007
3.975
3.015
8.011 4.007
4.002 3.011
4.007±0.010 4.003±0.008
3.999±0.017
3.960
7.996
Notes: Abbreviations: Grt = garnet; Opx = orthopyroxene; Cpx = clinopyroxene; Ol = olivine; Ilm = ilmenite; C-O = calculated original garnet. The original composition of garnet in 2C28 is calculated from 94.7% averaged garnet plus 0.8 % TiO2, 4.5% averaged pyroxene exsolutions. Analytical errors in matrix minerals are < ±
2% for SiO2, Al2O3, FeO, MgO and CaO (except olivine and orthopyroxene), for TiO2, Cr2O3 and MnO < ± 10%, and Na2O, > ± 20% for garnet, olivine, orthopyroxene
but greater than ±10% for clinopyroxene. Errors of exsolution lamellae are 1σ.
Sample

2C42
Grt

2C42
Opx

2C42
Cpx

2C42
Ol

Matrix
2C28
Grt

2C28
Opx

host minerals and exsolution lamellae analyzed using a JEOL
JXA-8100 Electron Probe Microanalyzer at Peking University.
Analytical conditions were optimized for standard silicates and
oxides at 15 kV accelerating voltage, with 20 nA beam current
and an ~1 μm beam spot for all the elements. Routine analyses
were obtained by counting for 20 seconds at peak and 5 seconds
on background. Repeated analysis of natural and synthetic mineral
standards yielded precisions better than ±2% for most elements.
Garnet grains in all types of rocks are fairly homogeneous
without obvious core-rim zoning. High concentrations of TiO2
(0.16–0.20 wt%) and Na2O (up to 0.08 wt% with an average of
0.04 wt%) have been detected in matrix porphyroblastic garnets
(Table 1). Exsolved orthopyroxene rods contain slightly higher
Al2O3 (0.9–1.2 wt%) than the matrix orthopyroxene. Exsolved
clinopyroxene rods, on the other hand, contain higher jadeite
component (XJd = 0.14) than the matrix clinopyroxene (XJd =
0.03–0.10). Based on the estimated amount and compositions
of various exsolution lamellae, we have calculated the original
(prior to exsolution) garnet composition 2C28 (see Table 1
note for calculation procedure). Compositions of the majoritic
garnet may be defined by four end-members: Mg3Al2Si3O12,
Ca2Na(SiAl)Si3O12, M3(MTi)Si3O12, and M3(MSi)Si3O12 (Zhang
and Liou 2003). The precursor garnet for this sample contains 0.9%
Ca2Na(SiAl)Si3O12, 2.0% M3(MSi)Si3O12, 4.6% M3(MTi)Si3O12,
and 92.4% Mg3Al(+Cr)2Si3O12.

ILMENITE AND AL-CHROMITE PRECIPITATES IN OLIVINE
Ilmenite [(Fe,Mg)TiO3] rods are abundant in the first generation of large olivine crystals from the garnet peridotite. These

rods are well oriented, densely and homogeneously packed, and
parallel to [010] of the olivine host (Figs. 4a and 4c). The rods are
20–100 μm in length and 0.3–1.5 μm in width/thickness. Some
rods are up to 3 μm in diameter in their basal sections, which
allows precise analysis of their compositions unaffected by the
host olivine. Concentrations of the ilmenite rods vary in different
grains as well as in different samples; BSE images show that the
ilmenite exsolutions in some host olivines make up to ~1.18%
(Fig. 4b) and 0.92% (Fig. 4c) of the total surface area. This result
suggests that the olivine can have as much as 0.69 wt% and 0.53
wt% TiO2, respectively. Compositional analyses show that these
ilmenite rods are characterized by high TiO2 (58.7–59.2 wt%)
and MgO (8.7–12.4 wt%) (Table 1), which yields the following
structural formula: (Na0.001Fe0.645Mg0.300Ni0.005Mn0.010)Ti1.02O3.
Needle-like Al-chromite precipitates are also found in the
first generation of large olivine grains from the garnet peridotite.
They occur either in individual olivines or in association with
ilmenite rods. In contrast to the ilmenite rods, Most Al-chromite
needles are long (50–300 μm) but too thin (~1 μm) to be analyzed
properly (Figs. 4e and 4f). Figure 4e shows that Al-chromite
needles occur in four groups of directions: one major group is
parallel to the olivine [010]: one group parallel to [001] as dotted
points on the (001) plane, and the other two groups intersect the
[010] rods with a ~60° angle between the two groups. We also
observed the [001] group of Al-chromite rods perpendicular to
[010] ilmenite rods (Fig. 4c). A BSE image (Fig. 4f) shows that
Al-chromite needles can amount to 0.6 vol% in some olivine
grains. An EDS (energy dispersive spectrometer) spectrum (inset
of Fig. 4f) shows that these needles have strong Al and Cr peaks,
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FIGURE 4. Photomicrographs of Cr-spinel and ilmenite precipitates
in olivines from garnet peridotite. (a) Image of ilmenite precipitates in
olivine in sample 2C28 (plane-polarized transmitted light). (b) BSE
image of ilmenite rods in sample 2C28. (c) Image of ilmenite and Crspinel precipitates in olivine of sample 2C42 (plane-polarized transmitted
light). (d) BSE image of c. (e) Four oriented groups of Cr-spinel rods
in olivine of sample 2C38 (plane-polarized transmitted light). (f) BSE
image of e with accompanying EDS spectrum in the insert.

but relatively weak Fe peak. The structural formula of the Alchromite is (Mg,Fe)(Cr,Al)2O4.

DISCUSSION
Ultrahigh-pressure origin—evidence from garnet exsolutions
We have identified three different exsolution lamellae in garnets
from the Luliangshan garnet peridotite, North Qaidam. These are
rutile, orthopyroxene, and clinopyroxene. The orientation of these
needles and their topotaxial relationships with the host garnet suggest that all these needles are exsolution phases from their parental
garnet rather than trapped or replaced inclusions.
Supersilicic garnet, majorite or majoritic garnet, is a rare
mineral that occurs in nature (e.g., Ringwood et al. 1992) but
has been well-demonstrated experimentally to be stable at pressures in excess of 5 GPa (Ringwood and Major 1971; Akaogi
and Akimoto 1977; Irifune 1987; Irifune et al. 1994). Pyroxene
exsolutions from garnets provide direct evidence for the existence
of majoritic garnets in rocks from UHP belts, which has been
interpreted as a crucial indication of continental subduction to,
and exhumation from, the mantle at depths greater than 180 to
200 km (van Roermund and Drury 1998; Ye et al. 2000). Under
UHP conditions, garnet becomes Al-deficient and deviates from
normal garnet stoichiometry (Moore and Gurney 1985). In this
case, dissolution of pyroxene into garnet requires excess Si to
reside in octahedral sites to replace Al3+ (+ Cr3+) in converted
majoritic garnet. This transformation can be expressed by the

coupled substitution of VIMg (or Ca) + VISi → 2VIAl and VIIINa +
VI
Si → VIIICa + VIAl (Sobolev et al. 1971).
Experimental studies have also shown that garnet can contain
high Ti, Na, and P contents under very high pressures (Ringwood and Lovering 1970; Tompsom 1975; Zhang et al. 2003),
which explains the close association of abundant TiO2 lamellae
with exsolutions of Na-rich clinopyroxene in our samples. Experimental studies and field observations demonstrate that with
increasing pressure, the solubility of pyroxene in garnet increases
(Irifune et al. 1986; Ono and Yasuda 1996), and Ti (including
Na and P) concentrations in garnet also display a positive pressure dependence (Tompsom 1975, Zhang et al. 2003). The high
concentrations of rutile (about 1.0 vol%) and pyroxene exsolutions suggests the existence of a (Ca2Na)(AlTi)Si3O12 component
in the precursor garnet crystals, which may arise through the
substitution Ti + Na → Al + Ca and Mg (or Ca) + Ti → 2Al at
ultrahigh pressures.
As expected, the Ti (including Na and P) content in the bulk
Mg-Cr-type garnet peridotite is much lower than those in eclogites metamorphosed from basaltic rocks (e.g., MORB and OIB)
and in garnet peridotite from Fe-Ti-type cumulate intrusions.
Considering the high amount of pyroxene exsolutions (up to
4.5 vol%) and octahedral Si + Ti contents in the original garnet
plus all the above observations, we conclude that the original
garnet or majoritic garnet from garnet peridotite in the North
Qaidam UHP belt may have been formed at pressures about 7
GPa. That is, the garnet peridotite body may have been exhumed
from mantle depths in excess of 200 km.
Ultrahigh-pressure origin—evidence from olivine exsolutions
Ilmenite and chromite precipitates in olivines were described
by Dobrzhinetskaya et al. (1996) from the Alpe Arami massif.
From TEM electron diffraction patterns, these authors suggested
that the (Fe,Mg)TiO3 rods have three different structures previously unrecognized. They proposed that the originally unexsolved
phase was the high-pressure perovskite-structured polymorph of
ilmenite formed at a minimum depth of 300 kilometers or even
in the transition zone (i.e., 410–660 km) (Green et al. 1997b),
where the olivine may then be wadsleyite. FeTiO3 exsolution rods
also have been reported in olivines from the Chaijiadian garnet
lherzolite, Sulu UHP terrane of eastern China (Hacker et al. 1997).
The interpreted ultra-deep origin of these peridotites has triggered
some heated debates on their tectonic implications in recent years
(Hacker et al. 1997; Pfiffner and Trommsdorff 1998; Trommsdorff
et al. 2000; Risold et al. 2001). The more-recent discovery of
high-pressure C2/c clinoenstatite (Bozhilov et al. 1999) in the Alpe
Arami peridotites lends strong support for their ultra-deep origin
and exhumation from a minimum depth of 250 km.
Titanium, Cr, Al and Fe3+ are trace metals usually unmeasured
in olivines. Dobrzhinetskaya et al. (1999) showed experimentally that the solubility of TiO2 in olivines increases markedly
with increasing pressure and temperature. TiO2 in olivine was
undetected at 5 GPa and 1400 K. With increasing pressure from
8 to 12 GPa and temperature from 1400 to 1700 K, TiO2 content
in olivines increases from 0.4 to > 1.0 wt%. Tinker and Lesher
(2001) concluded from their experiments that olivine containing
0.6 wt% TiO2 may have originated from depths of > 300 km (>10
GPa). Our observation of 0.92–1.18 vol% (Fe, Mg)TiO3 exsolu-
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tion lamellae (corresponding to 0.53–0.69 wt% TiO2) in olivine
indeed points to very high-Ti precursor olivine in the garnet
peridotite of this study, which perhaps can be explained only by
the ultra-high pressure (>7 GPa) origin of the original olivine.
The significant amount of geikielite (MgTiO3) component in
the ilmenite rods suggests Mg substitution for Fe in ilmenite is
expected at high pressures (Bozhilov et al. 2003).
Furthermore, the densely packed Al-chromite rods (up to
0.6 vol%) suggest that some of the first generation of olivines
originally were rich in Cr and Al. The four groups of oriented
Al-chromite needles imply that the original structure of the host
olivine may have been spinelloid (wadsleyite-type). Olivinewadsleyite transformation experiments have demonstrated that
trivalent cations such as Cr and Al can be stored better in wadsleyite (β-olivine) structures with a coupled substitution of 2Cr (+
Al) for Mg + Si at very high pressures (Gudfinnsson and Wood
1998). Al-chromite precipitates with similar composition also
have been observed in olivine inclusions in diamond, which are
believed to be exsolved products during the phase transformation
of wadsleyite to olivine (Brenker et al. 2002). These observations
in olivines, taken together with evidence from garnet exsolutions discussed above, strongly suggest that the garnet peridotite
originated at depths greater than 7 GPa.
P-T Path of the garnet peridotite
With the recognition of relict Ti-rich majoritic garnet, the
garnet peridotite in the North Qaidam UHP belt can be traced
back to origination depths >200 km. High concentrations of
ilmenite and Al-Chromite exsolutions in the first generation
of coarse-grained olivines suggest originally high Ti-Cr-Al
compositions, and also imply possible higher pressure conditions at greater than 7 GPa based on experiments for solubility
of TiO2 in olivine (Dobrzhinetskaya et al. 1999; Tinker and
Lesher 2001). On the other hand, application of Al-in-Opx
geothermobarometer of Brey and Köhler (1990) and Grt-Ol
geothermometer of OʼNeill et al. (1979) to matrix-host minerals
(Table 1) in the garnet peridotite yields P = 5.0–6.5 GPa and
T = 960–1040 °C, and, in garnet-bearing dunite, P = 4.6–5.3
GPa and T = 980–1130 °C. This calculated pressure range,
if reliable, can only represent the minimum values because
of the subsequent re-equilibration during exhumation (e.g.,
exsolution effects). Using the Al-in-Opx geobarometer and
the two-pyroxene thermometer (Brey and Köhler 1990), we
obtained P-T conditions for the vein-like garnet pyroxenite
as P = 3–3.5 GPa and T = 850–950 °C, which are obviously
lower than that of garnet-lherzolite and garnet-bearing dunite.
Thus, based on the P-T evolution of the garnet peridotite, we
suggest the following multistage exhumation history for the
North Qaidam garnet peridotite, as shown in Figure 5: Stage
I, origin and metamorphism at depths greater than 200 km
within a subduction zone (although its ultimate petrogenesis is
beyond the scope of current study); Stage II, uplift with the UHP
continental crust and re-equilibration at depths of 3–3.5 GPa
(about 100 km) where the vein-like garnet pyroxenite forms;
and Stage III, exhumation to the upper crustal levels during
which garnets break down to a symplectite of clinopyroxene
+ orthopyroxene + spinel.
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FIGURE 5. P-T path of the Luliangshan garnet peridotite. Stage
I: P-T estimates from exsolutions in garnets and olivines and from
geothermobarometric calculations of matrix minerals of sample 2C42 and
2C28. Stage II: P-T estimates from geothermobarometric calculations of
matrix mineral of vein-like garnet pyroxenite. Stage III: P-T estimates
from breakdown of garnets into kelyphitic Cpx + Opx + Spl ± Amp.
T(BKN) and P(BKN) are temperature and pressure curves calculated by
geothermobarometer of Brey and Köhler (1990), and T(O'Neill) is temperature
curve by Grt–Ol geothermometer of OʼNeill and Wood (1979). The lines
labeled 1, 3, and 5% Px are isopleths of pyroxene dissolved in garnet (after
von Roermund et al. 2001).
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