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ABSTRACT  Eclogites from the North Qilian suture zone are high-pressure low-temperature metamorphic rocks of
ocean crust protolith, and occur in both massive and foliated varieties as individual blocks of tens to
hundreds of metres in size. The massive type is weakly deformed and shows granoblastic texture
characterized by a coarse-grained peak mineral assemblage of Grt' + Omp' + Ph + Rt + Lws (or
retrograde Cz). In contrast, the foliated type is strongly deformed and shows a fine-grained retrograde
mineral assemblage of Grt*> + Omp? + Cz + GIn + Ph. Both total FeO and aegirine contents in
omphacite, as well as Xp[=Fe’ " /(Fe** + AIY")] in clinozoisite/epidote, increase significantly from
massive to foliated eclogites. Lattice preferred orientation (LPO) of omphacite, determined by electron
back-scatter diffraction analysis, is characterized by weak and strong SL-type fabrics for massive and
foliated eclogites, respectively. Clinozoisite/epidote also developed SL-type fabric, but different from the
LPOs of omphacite in <010> and <001 > axes, owing to their opposite crystallographic long and
short axis definitions. The transition of deformation mechanism from dislocation creep to diffusive mass
transfer (DMT) creep in omphacite and the concomitant retrograde metamorphism both are efficiently
facilitated when the original coarse-grained Omp' + Grt' + Lws assemblage is dynamically recrys-
tallized and retrogressed into the fine-grained Fe® ' -rich assemblage of Omp> + Grt> + Cz + Gin.
The DMT process with concomitant anisotropic growth assisted by fluids is considered to be an
important deformation mechanism for most minerals in the foliated eclogite. P—T estimates yielded
2.3-2.6 GPa and 485-510 °C for the massive eclogite and 1.8-2.2 GPa and 450-480 °C for the foliated
eclogite. The significant increase in total Fe and Fe’" contents in omphacite and clinozoisite/epidote
from massive to foliated eclogite suggests changes in mineral compositions accompanied by an increase
in oxygen fugacity during ductile deformation associated with exhumation. The LPO transition of
omphacite, clinozoisite and rutile from weak SL-type in massive eclogites to strong SL-type in foliated
eclogites is interpreted to represent the increment of shear strain during exhumation along the
‘subduction channel’.

Key words: exhumation; lattice preferred orientation; low-temperature eclogite; North Qilian suture
zone; oxygen fugacity; retrograde metamorphism and deformation.

commonly the case for eclogite formed at high tem-

INTRODUCTION peratures (> 600 °C) with minor or no hydrous phases.

Orogenic eclogites are HP-UHP metamorphic rocks of
basaltic/gabbroic protoliths with primarily a bi-min-
eralogical assemblage of garnet and omphacite. They
record a complete history of subduction-zone meta-
morphism and later processes associated with exhu-
mation. Because of the crystal habit and abundant
cleavages, the omphacite in the matrix is weak and
thus bears much of the strain during deformation, with
garnet mostly showing a passive response and rotation
(Zhang et al., 2006; Zhang & Green, 2007a,b). This is
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However, low-temperature (<550-600 °C) eclogite
may be more complex because of the presence of
hydrous phases such as sodic amphibole, epidote—
clinozoisite—zoisite, chlorite, phengite and lawsonite.
Previous studies of eclogite deformation have
contributed a great deal to the understanding of the
rheology of the subducting slab (e.g. Avé Lallemant,
1978; Buatier ef al., 1991; Ji & Martignole, 1994;
Karato et al., 1994, 1995; Godard & van Roermund,
1995; Cordier et al., 1996; Voegelé et al., 1998a,b; Prior
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et al., 2000; Mauler et al., 2000, 2001; Piepenbreier &
Stockhert, 2001; Brenker et al., 2002; Terry & Heidel-
bach, 2004; Storey & Prior, 2005; Zhang et al., 2006;
Zhang & Green, 2007a,b), seismic properties in the deep
crust (e.g. Bascou et al., 2001; Ji et al., 2003; Wang
et al., 2005) and exhumation process (e.g. Kurz et al.,
2004; Kurz, 2005). These studies have, however, mainly
focused on simple eclogite dominated by omphacite and
garnet. Deformational behaviour of hydrous phases in
eclogite remains poorly understood, and whether there
is any compositional change during deformation is
essentially unknown.

It is generally accepted that garnet from ‘dry’
eclogite is too strong to be deformed plastically
because of its extremely high Pierls stress to resist the
dislocation glide, thus having rather low dislocation
density even at high temperatures (Karato et al., 1994,
1995; Ingrin & Madon, 1995). However, garnet
showing a pronounced shape preferred orientation
(SPO) requires certain deformation mechanisms such
as grain boundary processes facilitated by diffusion
creep (den Brok & Kruhl, 1996; Terry & Heidelbach,
2004, 2006; Storey & Prior, 2005; Zhang et al., 2006;
Zhang & Green, 2007a,b) or dislocation creep pro-
moted by thermal or hydrolytic weakening (Ji &
Martignole, 1994; Cordier et al., 1996; Voegelé et al.,
1998a.,b; Wang & Ji, 1999; Su et al., 2003; Ji et al.,
2003). In contrast, plastically deformed features of
omphacite are more widely observed in nature, and a
number of experimental studies have been done on
both single crystal and polycrystalline diopside to
simulate deformation processes of omphacite (e.g. Avé
Lallemant, 1978; Raterron & Jaoul, 1991; Mauler
et al., 2000; Zhang & Green, 2007a). However,
application of these experimental results to natural
omphacite is not straightforward because they are
inadequate to explain the much greater strains obvious
in actual rocks. As a result, other factors including
lower melting point of omphacite relative to that of
diopside (Buatier et al., 1991; Godard & van Roer-
mund, 1995), high deviatoric stress (Philippot & Van
Roermund, 1992), and hydrolytic weakening (Lorimer
et al., 1972; Buatier et al., 1991; Su et al., 2003) have
been invoked to explain this apparent inconsistency.
Moreover, many studies on various LPOs (lattice
preferred orientations) of omphacite [L-type, S-type,
transitional SL- (S >L) and LS- (L > S) types originally
defined by Helmstaedt et al., 1972], combined with
TEM studies, suggest that dislocation creep is the
dominant deformation mechanism in omphacite with
the Burgers vectors of (100)<001>, {110} <001>
and {110}1/2<110> (van Roermund & Boland, 1981;
van Roermund, 1983; Ingrin et al., 1991; Raterron
et al., 1994). The development of LPOs has also been
theoretically simulated by applying both single and
multiple slip systems (e.g. Bascou et al., 2002).
However, the inferred slip system (010) <001 > from
the LPOs in terms of the single slip model has not been
observed as a dominant slip system so far. Some

researchers thus invoke diffusive mass transfer (DMT)
at grain boundaries to reconcile this difference (Go-
dard & van Roermund, 1995; Mauler ef al., 2001). In
addition, most authors believe that the variation
between L- and S-type fabric is caused by finite strain
geometry change rather than the temperature-induced
omphacite space group transformation (Helmstaedt
et al., 1972; Mauler et al., 2001; Brenker et al., 2002;
Kurz et al., 2004; Kurz, 2005).

Field and petrographic observations indicate that
plastic deformation is mostly associated with fluids
(e.g. veins and oriented hydrous phases). Hence, it is
possible that P-T-Xy,o variation and chemical
changes may in fact be important in facilitating the
deformation. However, little research exists on how the
chemistry of minerals may change in response to
plastic deformation. In this article, investigations on
the petrography, major-eclement composition of min-
erals, microstructure and LPOs of omphacite, clino-
zoisite/epidote, glaucophane, and rutile in low-T
eclogites from the North Qilian suture zone are
presented. These results allow us to characterize
deformation-induced micro-fabrics defined by newly
formed minerals and existing minerals under change
accompanied by the changing P-T-fo, conditions. We
then discuss the deformation mechanisms and the
relationship between fabrics and exhumation process.

GEOLOGICAL SETTING

The North Qilian suture zone is an elongated
NW-stretching belt between the Alashan block, the
western part of North China Craton to the north, and
the Qilian-Qaidam block to the south, and is tran-
sected by the left-lateral strike-slip Altyn-Tagn Fault
system in the west (inset of Fig. la). It consists of
Early Palaeozoic subduction complexes including
ophiolitic mélanges, blueschists and eclogites, Silurian
flysch formations, Devonian molasse and Carbonif-
erous to Triassic sedimentary cover sequences
(Fig. 1a; see Song et al., 2007, 2009 for details). Three
high-pressure metamorphic slices A, B and C, which
trend sub-parallel to each other, are composed of
eclogite, blueschist, meta-pelite and meta-greywacke.
Eclogites of N- and E-type MORB or ocean island
basalt (OIB) protoliths commonly occur as tens-
to-hundreds-metre-sized blocks surrounded by blue-
schist, metapelite or metagreywacke (Song et al.,
2009). Previous thermobarometric calculations and
phase equilibrium analysis yield peak P-T conditions
of 2.10-2.65 GPa and 460-590 °C for the eclogite
(Song et al., 2007; Zhang et al., 2007; Wei et al.,
2009). Comparable results have also been obtained
from the eclogite facies metapelites, i.e. 2.15-2.6 GPa
and 470-540 °C (Song et al., 2007; Wei & Song,
2008). SHRIMP U-Pb dating of eclogitic zircon
yields ages of 489-464 Ma (Song et al., 2004, 2006;
Zhang et al., 2007), and Ar-Ar ages of glaucophane
and phengite from high-grade blueschists range from
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Fig. 1. Geological maps of the study area showing (a) middle part of North Qilian Suture Zone (after Song et al., 2007), (b) rock
assemblage of Baijingsi cross-section and (c) field occurrence for massive and foliated eclogites.

462 to 448 Ma (Liou et al., 1989; Wu et al., 1993, Meng, 2006; Song et al., 2007; Zhang et al., 2007) in
Zhang et al., 1997; Liu et al., 2006). All these data, eclogite and Mg-carpholite in metapelites (Song et al.,
combined with the recognition of lawsonite (Zhang &  2007), confirm that the North Qilian HP metamorphic
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belt is the product of ‘cold’ oceanic-type subduction
in the Early Palaeozoic (Song et al., 2000).

FIELD OCCURRENCE AND SAMPLE
PETROGRAPHY

The eclogite occurs as blocks of tens to hundreds of
square metres in size in the three HP slices A, B and C
(Fig. 1a). Their country rocks are blueschist to eclogite
facies metamorphosed greywacke and pelite with
blocks of serpentinite, marble and Fe-Mn-rich chert,
forming a typical mélange (Song et al., 2009). On the
basis of mineral assemblages, the North Qilian eclog-
ites can be divided into phengite-eclogite (Type I) with
a peak-stage mineral assemblage of Grt + Omp +
Ph + Rt £+ Cz and epidote-eclogite (Type II) with an
assemblage of Grt + Omp + Cz + Gln + Rt £
Qtz plus minor phengite and paragonite. Geochemical
analyses suggest that Type I eclogite has an E-type
MORB or OIB protolith, whereas Type II has an
N-type MORB or gabbroic protolith (Song et al.,
2006, 2009). Mineral abbreviations are after Whitney
& Evans (2010).

The samples were collected in the Baijingsi cross-
section, ~30 km to the east of Qilian Town (Fig. 1a).
Detailed petrology is given in Song et al. (2007) and
Zhang et al. (2007). In this cross-section (Fig. 1b),
most eclogites outcrop as individual 50-200 m~ sized
blocks, and are intercalated within metapelitic schist or
blueschist country rocks. Most sedimentary country
rocks are also eclogite facies metamorphosed with
mineral assemblages of Grt + Omp + Ph + GIn +
Ep + Qtz + Rt, Grt + Cld + Ph + GIn + Qtz +
Rt and Grt + Cld + Car + Ph + Qtz + Rt £ GIn
with peak conditions of 2.15-2.60 GPa and
495-540 °C (Song et al., 2007). These eclogites are
mostly epidote-eclogite (Type II), and can be subdi-
vided into massive and foliated ones on the basis of
field appearances and microstructures (Fig. 1¢).

Massive eclogite

The massive eclogite blocks commonly exhibit weak
foliation/lincation and varying extent of retrograde
overprinting. They show a typical granoblastic texture
with 20-30 vol.% idioblastic garnet (~2 mm in size)
uniformly distributed in the matrix of omphacite
(~45-60 vol.%) and minor Cz + Ph + Rt (Fig. 2a,b).
Omphacite, lawsonite and its pseudomorphs (rectangle-
shaped Cz + Pg aggregates) occur as inclusions in
idioblastic garnet, suggesting a peak metamorphic
assemblage of Grt + Omp + Lws + Rt + Ph (Song
et al., 2007; Zhang et al., 2007). In addition, some
garnet also contains orientated clinozoisite inclusions in
the core domain, suggesting that the deformation
occurred during progressive metamorphism in the
subduction zone.

Omphacite of the first generation (denoted as Omp')
shows a granoblastic texture with average grain size of

~0.5-1 mm; some grains are deformed, elongated, and
show undulatory extinctions, and subgrains
(Fig. 2c,d). Clinozoisite in the matrix is minor in
modal content and some of the grains are interpreted
as forming from lawsonite (Song et al., 2007; Zhang
et al., 2007; Wei et al., 2009). Rutile crystals are on
average ~100 um in average size, ~1-2% in modal
content, and occur both in the matrix and in garnet.
A second generation of fine-grained equigranular
(0.1-0.2 mm in size) glaucophane is also observed in
the matrix.

Some massive eclogite samples also contain orientated
Cz + Omp” (+ Gln) bands (Fig. 2e¢,f), probably devel-
oped during retrograde metamorphism. These bands cut
and overprint the early Grt + Omp' assemblage.

Foliated eclogite

In contrast, foliated eclogite samples (e.g. 2Q22, 2Q19,
08BSY-38, 08BSY-39) are strongly deformed with the
foliation defined by a fine-grained (0.05-0.1 mm in
width) mineral assemblage of Cz + Omp® + Gln.
Some of the foliated eclogites retain weakly strained
domains in which the first generation of coarse-grained
Grt' + Omp' + Phis preserved (Fig. 3a,b,h). Garnet
crystals in the weakly strained domains are euhedral,
rich in randomly orientated mineral inclusions, and are
partly replaced by late glaucophane or chlorite/epidote
along cracks. On the contrary, garnet (Grt?) in the
strongly deformed domains is somewhat elliptical and
contains orientated Cz + Omp inclusions that are
sub-parallel to the external foliation in the matrix
(Fig. 3g,h), suggesting syntectonic growth and in
equilibrium with matrix minerals of Omp? + Cz +
GIn. The modal content of garnet in the foliated
eclogite is ~10-15%, significantly less than that in the
massive eclogite.

Omphacite in the foliated eclogite shows two gen-
erations. Omp' of the first generation is coarse grained
and is present within the weakly deformed domains.
Omp’ of the second generation shows stretched
columnar or lenticular shape with an assemblage of
Cz + GIn (+Ph); these omphacite grains define the
lineation, micro-folds and the overall foliations in the
matrix (Fig. 3b—f,i). Both omphacite and clinozoisite
display straight foliation-parallel grain boundaries and
visible chemical zonation patterns, but lack disloca-
tion-related  intracrystalline  plasticity  features.
Fine-grained glaucophane is mainly distributed in the
matrix parallel to the foliation, whereas coarse-grained
glaucophane is oriented slightly oblique to the folia-
tion. Rutile (on average ~100 pum in size, 1-2 mod.%)
is evenly spread in the matrix with the long axis sub-
parallel to the foliation.

Whole-rock compositions

All studied eclogite samples were analysed for
bulk-rock major and trace elements to compare
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Fig. 2. Photomicrographs of massive eclogites from Baishiya area (sample: Q05-1). All images are in cross-polarized light. (a, b) The
garnet-rich eclogite showing an overall granoblastic texture with a weak foliation defined by coarse-grained Omp'. (c) Coarse Omp'
grain exhibiting subgrained microstructure. (d) Undulatorx extinction and subgrain microstructures of omphacite, which has the same
composition as coarse-grained Omp'. (¢) Elongated Omp? grains in the garnet-poor domain, fine-grained retrogressive clinozoisite

occurs within and between omphacite grains. (f) Shape preferred orientation of a clinozoisite band intercalated between two garnet-rich

domains, which indicates the fluid-assisted DMT creep.

compositional variation between massive and foliated
eclogites (see Song e al., 2010 for detailed analytical
details). In the SiO, v. total alkali (TAS) diagram, two
foliated eclogite samples (2Q22 & 08BSY38) plot in the

© 2011 Blackwell Publishing Ltd

trachybasalt (alkaline) field and all others in the sub-
alkaline basalt field (Fig. 4a). Table 1 shows that the
massive eclogite has higher AlLO5; (17.19-18.01 wt%)
and MgO (7.47-849 wt%), but lower Fe,Ost
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Fig. 3. Microstructures of the foliated eclogites from Baijingsi area except for (b) which came from Xiangzigou area in slice B west
of Qilian Town. (a) Development of a foliation after shear deformation is shown where randomly oriented coarse-grained

Omp' + Grt (first generation) are severely altered into the fine-grained mineral assemblage of Omp”> + Cz + Gln at relatively
lower P-T conditions. Note randomly oriented inclusions in porphyroblastic garnet. (b) The relict coarse-grained Omp' + Ph in the
foliated eclogite (m2Q22). (c—f) Four foliated eclogites in XZ section show a clear foliation and an increase of grain size, aspect
ratio and SPO of Omp and Cz from (c) to (). (c: 2Q22, d: 08BSY-38, e: 08BSY-39 and f: 2Q19). (g, h) Oriented Cz + Omp? inclusions
in the syn-tectonic garnet (Grt?) (foliated eclogite 2Q19). (i) BSE image showing elongated grains, long straight grain boundaries
between omphacite and epidote and chemical zonations along the foliation (2Q19). Optical photomicrographs are shown in
cross-polarized light except for (g) and (i) in backscattered electron image.

(8.50-9.38 wt%) and CaO (7.38-8.77 wt%) than the
foliated eclogite. In the primitive mantle normalized
(Sun & McDonough, 1989) multi-element diagram
(Fig. 4b), the two alkaline basaltic samples (2Q22 &
08BSY38) show patterns consistent with present-day
OIB and others are similar to N-type MORB. There-
fore, the geochemistry suggests that protoliths of
massive and foliated eclogites are fragments of ocean
crust that derived from ocean ridge and near ridge
seamount or OIB (Song et al., 2009).

LATTICE PREFERRED ORIENTATION

Foliation and lineation of samples were determined by
the SPO of minerals. Each sample was cut parallel to

the XZ plane (X: parallel to the lineation, Z: normal to
foliation) for measuring the LPO of minerals. Thin-
sections were made and coated with a 2-5 nm thick
carbon layer to prevent charging under SEM. The
subsequent electron back-scatter diffraction (EBSD)
measurements were carried out in the Environmental
SEM Laboratory, China University of Geosciences
(Wuhan) (Nordlys-II & Channel 5.0 HKL EBSD sys-
tem and Quanta 2000-type SEM) and Tectonophysics
Laboratory, SEES of Seoul National University
(Nordlys-II & Channel 5.0 HKL EBSD system and
JEOL JSM-6380 SEM), using 20 kV accelerating
voltage, 60 nm spot size and 15.0 mm working dis-
tance with 70° tilting of specimen. Electron back-
scattered patterns (EBSPs) were captured by Nordlys

© 2011 Blackwell Publishing Ltd
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IT Detector and indexed with HKL CHANNEL 5.0 soft-
ware. In order to acquire LPO precisely, EBSPs were
indexed manually.

For the measurement of LPOs, crystals only in the
relatively flat foliation were chosen for indexing;
inclusions in garnet or grains near garnet where the
foliation is disturbed were excluded. In addition, it is
difficult and not necessary to distinguish clinozoisite
from epidote because of their structural similarity and
compositional miscibility. Therefore, the LPO of
clinozoisite is used to represent LPOs of both clino-
zoisite and epidote. Representative LPOs of garnet,
omphacite, clinozoisite/epidote and rutile are obtained
from one massive eclogite (Q05-1) and four foliated
eclogites. They are shown in the pole figures
(Figs 5-8). The misorientation index (M-index) is ap-
plied to compare their LPO strengths (see appendix for
details).

Garnet fabrics

The limited observations make it difficult to provide
reliable LPO data for garnet in the foliated eclogite.

© 2011 Blackwell Publishing Ltd

The random LPO of garnet in massive eclogite
(Fig. 5), like published garnet LPO data (e.g. Zhang
et al., 2006; Zhang & Green, 2007a,b), is consistent
with high rigidity and isometric crystal structure of
garnet.

Omphacite fabrics

Omphacite from the massive eclogite (sample Q05-1)
shows a weak SL-type fabric (M-index = 0.07) that is
characterized by <001> axis weakly distributed in a
girdle in the foliation with maximum subparallel to
lineation, and by <010> axis distributed subnormal
to the foliation (Fig. 6a). This weak LPO is consistent
with the weak foliation observed microscopically, but
could be influenced to some extent by deformed,
locally distributed Omp® of the second generation
(Fig. 2). The {110} and <100> of omphacite are
fairly scattered with a weak concentration normal to
the foliation and perpendicular to lineation within the
foliation, respectively. This weak SL-type fabric can be
regarded as the product of deformation in transpres-
sion with a large component of axial compression
(Bascou et al., 2002).

In the four foliated eclogite samples (2Q19, 2Q22,
08BSY-38 & 08BSY-39), omphacite exhibits much
stronger SL-type LPOs than that in the massive
eclogite (Fig. 6b—e). These characteristics indicate that
simple shear is prevalent in the deformation process
(Bascou et al., 2002; Zhang et al., 2006). The M-indi-
ces of omphacite in the four foliated samples range
from 0.20 to 0.22, which are significantly higher than
that of massive eclogite and suggest stronger shear
strain in foliated eclogites.

Clinozoisite/epidote fabrics

The epidote group minerals (monoclinic, with a space
group P2;/m) are ubiquitous hydrous phases in low-T'
eclogite. However, the rheological property and LPO
of epidote group minerals are rarely studied. We
measured LPOs of clinozoisite from the one massive
and four foliated eclogite samples (Fig. 7). All samples
show that <010> axis is concentrated nearly parallel
to the lineation with a weak girdle along the foliation,
<001 > axis aligned normal to the foliation with a
strong maximum, and {110} aligned nearly parallel to
the foliation. This LPO can also be termed as SL-type
fabric. Similar to omphacite, the M-index of clinozoi-
site in massive eclogite (M = 0.07) is significantly
lower than that in the four foliated -eclogites
(M = 0.18-0.20). These values are also able to suggest
the increment of shear strain from massive to foliated
eclogite. However, most clinozoisite in the massive
eclogite occurs as the second generation in the
deformation bands with Omp? (Fig. 2e,f) and the
SL-type fabric may reflect the shear deformation
overprinting.
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Table 1. Major and trace elements for massive and foliated eclogites.

Q98-114* Q98-116" Q98-118* Q05-1 2Q19 2Q22 8BSY38 8BSY39 Q98-126" Q98-128*

Sample Massive Massive Massive Massive Foliated Foliated Foliated Foliated Foliated Foliated

Major elements (wt% )

SiO, 47.04 48.33 49.42 50.39 48.07 48.57 44.95 45.45 47.99 45.78
TiO, 0.90 1.15 0.82 0.61 1.78 2.71 293 1.44 1.64 1.56
AlLO5 17.22 18.01 17.19 17.81 14.62 13.46 13.36 15.66 15.87 16.14
Fe,05t 8.70 8.50 8.77 9.38 10.73 10.58 10.59 10.48 10.91 12.19
MnO 0.18 0.17 0.25 0.13 0.17 0.16 0.19 0.16 0.21 0.20
MgO 8.29 7.80 8.49 7.47 5.92 7.64 8.95 6.65 6.63 7.15
CaO 8.77 8.85 7.38 8.07 11.88 9.69 9.13 12.20 8.61 7.95
Na,O 2.90 1.69 2.70 3.56 2.68 3.10 3.22 335 2.80 1.80
K>O0 0.46 2.25 1.12 0.12 0.34 1.95 2.04 0.20 1.15 1.00
P,Os5 0.13 0.22 0.18 0.14 0.11 0.61 0.73 0.21 0.25 0.25
LOI n.a. n.a. n.a. 2.38 4.27 2.11 3.65 4.62 n.a. n.a.
Total 94.61 96.97 96.32 100.06 100.56 100.59 99.75 100.41 96.06 94.01
Trace elements (ppm)

Li 33.09 20.93 40.03 2.98 28.06 10.27 8.70 15.07 20.87 42.75
Sc 29.11 30.09 28.73 11.19 28.02 20.06 21.20 34.76 33.95 38.20
\Y% 187.62 201.17 198.61 150.18 221.20 224.00 245.60 271.80 218.75 247.94
Cr 446.42 327.42 313.27 7.74 181.87 198.38 212.80 225.20 277.61 162.38
Co 63.74 42.59 34.75 17.69 36.16 41.42 53.02 34.68 43.89 41.21
Ni 168.87 122.12 90.33 8.74 79.30 99.90 190.78 87.76 115.69 56.26
Cu 125.72 52.23 674.12 29.40 52.86 45.80 54.26 56.96 52.76 51.71
Zn 95.96 76.79 131.87 72.42 86.52 124.98 137.44 86.92 81.95 76.29
Ga 14.55 16.84 14.95 16.42 16.00 20.96 20.72 20.30 14.78 15.58
Rb 6.07 37.56 20.93 3.46 3.79 31.30 43.12 4.81 17.32 22.18
Sr 256.62 372.24 210.63 466.00 255.90 751.40 702.20 254.80 124.15 301.09
Y 18.46 20.14 17.84 15.68 28.22 19.85 23.30 26.96 29.32 30.97
Zr 54.62 79.19 64.21 118.60 86.56 203.00 249.60 96.86 116.02 102.63
Nb 4.47 8.88 431 3.82 3.01 56.18 71.98 4.42 4.15 3.95
Cs 0.19 1.04 0.67 0.05 1.09 0.49 0.82 0.35 1.74 1.40
Ba 66.63 389.94 167.87 135.82 43.88 596.00 589.40 45.46 87.80 261.90
La 5.98 10.72 10.61 12.14 4.60 25.08 33.58 4.41 4.90 7.12
Ce 13.90 23.80 22.85 23.16 13.47 48.10 65.34 12.29 15.18 18.24
Pr 1.90 3.10 2.88 2.75 2.18 5.89 7.70 1.88 2.49 2.68
Nd 8.27 12.70 11.35 11.42 11.51 25.82 32.98 9.85 11.99 12.39
Sm 2.28 3.16 2.71 2.28 3.48 5.76 7.04 3.01 3.69 3.66
Eu 0.85 1.12 0.97 0.80 1.23 2.02 2.24 1.08 1.32 1.29
Gd 2.87 3.73 3.15 2.27 4.28 5.40 6.42 3.84 4.67 4.80
Tb 0.50 0.63 0.53 0.36 0.74 0.73 0.86 0.65 0.82 0.84
Dy 335 4.00 3.36 2.25 4.72 3.78 4.44 4.21 5.31 5.62
Ho 0.74 0.81 0.71 0.46 0.95 0.63 0.73 0.83 1.18 1.25
Er 2.15 2.23 1.98 1.42 2.78 1.58 1.85 2.46 3.43 3.70
Tm 0.33 0.33 0.29 0.22 0.39 0.20 0.23 0.35 0.50 0.58
Yb 2.10 2.07 1.82 1.48 245 1.14 1.29 2.24 3.14 3.79
Lu 0.32 0.31 0.27 0.23 0.35 0.15 0.17 0.32 0.46 0.57
Hf 1.53 2.08 1.76 2.68 2.72 4.67 5.30 2.33 291 2.73
Ta 0.25 0.52 0.24 0.19 0.18 2.67 3.46 0.28 0.27 0.23
w 0.17 0.39 0.18 0.85 0.41 1.17 1.88 0.58 0.08 1.17
Pb 4.85 13.57 3.50 1.78 2.26 2.31 3.29 1.35 0.73 25.36
Th 1.01 1.83 230 1.75 0.23 3.05 4.31 0.24 0.34 1.02
U 0.32 0.50 0.56 0.48 0.12 0.85 1.10 0.09 0.11 0.31

“Data from Song et al. (2009).

08BSY-39, 0.15 for 08BSY-38 and 0.17 for 2Q19),
<001 > axes becomes more concentrated close to the
Rutile is volumetrically minor, but geochemically lineation.

significant in eclogite for understanding high field
strength elements geochemistry during subduction
zone metamorphism. Rutile belongs to the tetragonal
crystal system and to the highest symmetry point
group (4/mmm) in which <100> and <010> axes  The chemical compositions of minerals are acquired
are equivalent. All samples show SL-type fabric in using a JEOL JXA-8100 electron probe micro-analyzer
which <001 > axes are distributed as a girdle with the (EPMA) at Peking University. The EPMA was
maxima close to the lineation, whereas <110> operated at 15 kV acceleration voltage, 10 nA beam
and <100> axes are distributed nearly normal to the = current and 1-5 um spot size. Relevant standard
foliation (Fig. 7). With the increment of shear minerals (from SPI corp. US) were used for calibra-
strain confirmed by a gradual increase of the tion. Representative mineral analyses and calculation
M-index (M = 0.08 for Q05-1, 0.10 for 2Q22, 0.10 for details are given in Tables 2-5.

Rutile fabrics

CHEMICAL VARIATIONS OF ECLOGITIC
MINERALS AND P-T-Fo, CONDITIONS

© 2011 Blackwell Publishing Ltd
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Fig. 5. Lattice preferred orientation of garnet from the massive eclogite (Q05-1). E-W is lineation; N-S is foliation normal. (a)
Scattered figure. (b) Contoured figure in lower hemisphere. Contours in pole figures and numbers in legend correspond to the multiples
of uniform distribution. Pole figure was drawn using the half width of 20° and cluster size of 5°.

Garnet

Almost all porphyroblastic garnet in low-7 eclogite
possesses core-to-rim compositional variation (Song
et al.,2007; Zhang et al.,2007; Wei et al.,2009). Garnet
in the massive eclogite is rounded and euhedral with
randomly oriented inclusions of Omp + Lws (or
pseudomorphs) + Cz + Ph + Qtz. Garnet in the
foliated eclogite, on the other hand, is elongated and has
orientated inclusions of Omp + Cz (Fig. 3g,h),
suggesting its syntectonic growth during shear defor-
mation. The representative compositions of garnet in
both massive and foliated eclogite are given in Table 2.
Asshown in Fig. 9, garnet from the massive eclogite has
higher CaO (or grossular; Grs 24.3-27.5 mol.%) than
garnet in the foliated eclogite (Grs 19.7-22.6 mol.%),
whereas FeO + MgO decreases accordingly with a
similar Mg/Fe range. Similar compositional trends
have also been observed between massive and foliated
lawsonite eclogites from Guatemala (Tsujimori ef al.,
20006).

Some garnet in the foliated eclogite exhibits compo-
sitional profiles of decreasing CaO from the core (Grs
26.92-24.02 mol.%) to the rim (Grs 20.66—22.49
mol.%) with increasing MgO + FeO (Fig. 9). This
feature is opposite to the high CaO bulk composition of
the foliated eclogite (Table 1), suggesting that chemical
variation of garnet from massive to foliated eclogite is
not controlled by whole-rock composition but by
metamorphic equilibrium (more proportion of epidote
occurs) during shear deformation.

Omphacite

The compositions of omphacite in massive and foli-
ated eclogites are much different (Table 3). Figure 10

© 2011 Blackwell Publishing Ltd

shows a systematic and distinct compositional varia-
tion with increasing shear strain is observed. With
increasing intensity of deformation, both Xg. [Fe/
(Fe + Mg)] and Yg [Fe*"/(Fe*" + AIYY] in om-
phacite increase significantly from massive to foliated
eclogites (Fig. 10a). In massive eclogite samples (e.g.
Q05-1), Omp? of the second generation that is elon-
gated along the strongly deformed micro-shear zones
contains much higher total FeO content (5.69-6.93
wt%) than that in the weakly deformed Omp' grains
(FeO 3.36-4.806 wt%) (Fig. 10b). In the foliated
eclogite samples (e.g. 2Q22), the fine-grained Omp? in
the matrix contains higher contents of FeO and
aegirine (Ae)-component than coarse-grained Omp'
that retain in the lens-shaped, weakly strained
domains (Fig. 10c). The increasing Fe’>* or Ae com-
ponent in the Omp? implies an increase in oxygen
fugacity of the system during shear deformation and
retrograde metamorphism.

Clinozoisite/epidote

Chemical compositions of clinozoisite are given in
Table 4 and mainly belong to clinozoisite with X,
[Fe*"/(Fe** + Al'Y)] <0.2. Ferric iron in epidote
group minerals was recalculated assuming two-site
ordering with a total of six silicon, aluminium and
ferric cations per 12.5 oxygen. Similar to omphacite,
Fe*™ or Xg. in clinozoisite also increases from massive
to foliated eclogite (Fig. 11).

Sodic amphibole

Sodic amphibole is a ubiquitous hydrous phase and is
glaucophane (GIn) in all studied samples. Some
glaucophane grains invariably possess compositional
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{110}

08BSY-39
n=350
M=0.21

08BSY-38
n =487
M=0.20

Fig. 6. Lattice preferred orientations of omphacite in one massive and four foliated eclogites. Pole figures are presented in the
upper hemisphere and equal area projection where E-W direction is lineation and foliation is shown as horizontal line. (a) Weak
SL-type fabric of the massive eclogite (Q05-1). (b—¢) Strong SL-type fabrics of the four foliated eclogites. N is the number of grains,
M is the M-index of LPO. Contours in pole figures and numbers in legend correspond to the multiples of uniform distribution. Pole
figure was drawn using the half width of 20° and cluster size of 5°.
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<001>

2Q22
n=237
M=0.20

08BSY-39
n=250
M=0.18

08BSY-38
n =268
M=0.22

2Q19
n=272
M=021

Fig. 7. Lattice preferred orientation of clinozoisite/epidote for one massive and four foliated eclogites. Pole figures are presented
in the upper hemisphere and equal area projection where E-W direction is lineation and foliation is shown as horizontal line. The
LPOs of <010> and <001 > axes in clinozoisite show a remarkable contrast with the LPOs of those axes in omphacite. N is the
number of grains, M is the M-index of LPO. Contours in pole figures and numbers in legend correspond to the multiples of
uniform distribution. Pole figure was drawn using the half width of 20° and cluster size of 5°.
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Q05-1
n=152
M=0.08

2Q22
n=186
M=0.10

08BSY-39
n=19%4
M=0.10

08BSY-38
n=187
M=0.15

2Q19
n=197
M=0.17

— 3
C
C
'
(e) l

Fig. 8. Lattice preferred orientation of rutile for the one massive and four foliated eclogites. Pole figures are presented in the upper
hemisphere and equal area projection where E-W direction is lineation and foliation is shown as horizontal line. SL-type fabric and
strengthening of <001> maxima parallel to lineation are clearly exhibited, which agrees with shear strain increases from Q05-1
through 2Q22, 08BSY-39, 08BSY-38 to 2Q19. N is the number of grains, M is the M-index of LPO. Contours in pole figures and
numbers in legend correspond to the multiples of uniform distribution. Pole figure was drawn using the half width of 20° and cluster
size of 5°.
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Table 2. Representative composition of garnet in both massive and foliated eclogite.

Sample Massive eclogite Foliated eclogite
Q05-1 Q05-3 2Q27 2022 2Q19 2Q24 QL-33

SiO, 38.48 39.01 38.51  38.04 39.04 38.73 38.57 38.52 38.34 38.97 38.47 38.10 3831 38.17 38.14 38.74 38.28 38.90 38.47 39.25
TiO, 0.06 0.18 0.09  0.00 0.04 0.00 0.03 0.12 0.12 0.01 0.04  0.01 0.01 0.02  0.05 0.00 0.08 0.02  0.08 0.08
AlLO5 21.59 21.52 2170 21.74 21.54 22.19 21.90 21.49 22.00 21.63 2175 21.54 2140 21.05 21.72 21.85 21.53 2145 21.20 21.59
Cr,04 0.06 0.00 0.04  0.04 0.08 0.05 0.02 0.03 0.04 0.00 0.06 006 0.02 000 0.03 0.03 0.06 0.14  0.07 0.00
FeO 2524 2480 2551 25.13 2568 2564 2650 27.26 2599 2567 2651 2648 2676 2454 26.15 2626 2888 2791 2720 2521
MnO 0.45 0.54 0.29 0.29 0.25 0.44 0.34 0.51 0.35 0.59 0.51 0.67 0.85 0.96 0.65 0.22 0.40 0.16 0.42 0.25
MgO 5.02 5.45 4.81 5.51 5.16 4.61 4.50 3.13 4.15 6.12 4.99 4.50 443 6.49 5.14 543 3.49 4.85 4.35 591
CaO 9.03 8.77 9.72 898 9.10 9.29 9.06 9.59 9.16 7.13 7.66 818 767 776 781 8.09 7.97 772 1.56 7.92
Na,O 0.00 0.06 0.04  0.07 0.04 0.02 0.01 0.05 0.04 0.08 0.11 003 0.00 0.07 0.03 0.07 0.00 0.00  0.02 0.05
K>,O0 0.00 0.00 0.00  0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00  0.03 0.01
Total 99.93 100.33 100.73 99.80 100.93 100.97 100.94 100.70 100.19 100.20 100.10 99.57 99.45 99.06 99.73 100.69 100.69 101.15 99.41 100.27
Calculation using 12 oxygen

Si 3.00 3.02 2.99 297 3.01 2.99 2.99 3.01 2.99 3.02 3.00 3.00 3.02 2.99 2.99 3.00 3.00 3.01 3.03 3.03
Ti 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00
Al 1.98 1.96 1.98  2.00 1.96 2.02 2.00 1.98 2.02 1.97 200 1.99 1.99 1.95  2.00 1.99 1.99 1.96 1.97 1.96
Cr 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Fe’ ™" 0.01 0.00 0.06 0.10 0.02 0.00 0.03 0.00 0.00 0.00 0.01 0.02 0.00 0.11 0.03 0.03 0.00 0.00 0.00 0.00
Fe? " 1.64 1.60 1.60 1.54 1.64 1.66 1.69 1.78 1.69 1.66 1.72 1.73 1.76 1.50 1.68 1.66 1.89 1.80 1.79 1.63
Mn 0.03 0.04 0.02  0.02 0.02 0.03 0.02 0.03 0.02 0.04 0.03 004 0.06 006 0.04 0.01 0.03 0.01 0.03 0.02
Mg 0.58 0.63 0.56  0.64 0.59 0.53 0.52 0.36 0.48 0.71 058 053 052 076  0.60 0.63 0.41 0.56  0.51 0.68
Ca 0.75 0.73 0.81 0.75 0.75 0.77 0.75 0.80 0.77 0.59 0.64 0.69 0.65 0.65 0.66 0.67 0.67 0.64 0.64 0.66
Na 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.02 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01
K 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00
Sum 8.00 7.99 8.02  8.03 8.01 8.00 8.01 7.99 7.99 8.00 8.00  8.01 7.99  8.04 8.0l 8.01 8.00 8.00 798 7.99

Garnet profile of foliated eclogite 2Q22 from core (left) to rim (right)

SiO, 37.73 38.07 37.87 37.98 37.89 37.84 37.94 38.06 38.05 37.92 38.10 38.37 38.94
TiO, 0.10 0.17 0.15 0.18 0.14 0.09 0.10 0.13 0.10 0.10 0.00 0.06 0.00
AlLO4 21.19 21.11 21.09 21.45 21.26 21.60 21.06 21.26 21.22 21.18 21.71 21.82 22.11
Cry,03 0.03 0.06 0.01 0.06 0.04 0.05 0.05 0.06 0.00 0.08 0.01 0.01 0.02
FeO 27.73 28.32 28.69 28.32 28.65 28.99 28.88 29.53 29.49 29.10 27.84 27.53 25.17
MnO 1.76 1.65 1.43 1.41 1.01 0.75 0.61 0.50 0.41 0.49 0.51 0.28 0.10
MgO 2.06 2.34 247 2.17 2.30 2.22 2.69 2.85 3.17 3.37 4.13 4.67 6.39
CaO 9.38 9.13 8.54 9.30 9.01 8.61 9.02 8.04 7.94 7.84 7.85 7.95 7.48
Na,O 0.05 0.14 0.04 0.07 0.01 0.04 0.06 0.07 0.05 0.04 0.00 0.03 0.02
K>0 0.01 0.06 0.00 0.02 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.03
Total 100.04 101.05 100.3 100.96 100.33 100.2 100.43 100.49 100.43 100.15 100.15 100.75 100.25
Calculation using 12 oxygen

Si 3.00 2.99 3.00 2.99 3.00 3.00 2.99 3.00 3.00 2.99 2.99 2.98 3.00
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00
Al 1.98 1.95 1.97 1.99 1.98 2.02 1.96 1.98 1.97 1.97 2.01 2.00 2.01
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe’ " 0.02 0.07 0.02 0.02 0.00 0.00 0.05 0.01 0.02 0.03 0.01 0.04 0.00
Fe?' 1.83 1.80 1.89 1.84 1.90 1.92 1.86 1.94 1.92 1.90 1.81 1.75 1.62
Mn 0.12 0.11 0.10 0.09 0.07 0.05 0.04 0.03 0.03 0.03 0.03 0.02 0.01
Mg 0.24 0.27 0.29 0.25 0.27 0.26 0.32 0.34 0.37 0.40 0.48 0.54 0.73
Ca 0.80 0.77 0.72 0.78 0.76 0.73 0.76 0.68 0.67 0.66 0.66 0.66 0.62
Na 0.01 0.02 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00
K 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00

Ferric iron was determined by stoichiometry following Droop (1987).

zoning with increased Xp. [Fe**/(Fe*™ + Mg)] and
Yre [F&*T/(Fe*™ + AIYY] towards the rim (Son
et al., 2007). In addition, both Fe’" and Fe’' in
glaucophane increase slightly from massive to foliated
eclogite with increasing shear strain (Table 5).

Phengite

Phengite is the only potassium-rich mineral in eclogite
and can be stable over a wide range of P-T conditions,
partly because it is not involved in most of the meta-
morphic reactions except for Si increase with pressure.
The Si content of phengite in our studied samples

© 2011 Blackwell Publishing Ltd

(both massive and foliated) shows no statistically sig-
nificant difference (e.g. 3.41 £+ 0.03 within analytical
error), suggesting the possibility that the chemical
composition of phengite may have not been re-equili-
brated during retrograde metamorphism and shear
deformation (Table 5).

P-T estimates

Imperfect equilibrium relationships among coexisting
minerals in a given rock sample will inevitably result in
large uncertainties in estimated ‘equilibrium’ P-T
conditions. Nevertheless, the Grt-Omp-Ph (-Ky)
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Table 4. Representative composition of clinozoisite/epidote in both massive and foliated eclogite.

Sample Massive eclogite Foliated eclogite
QO05-1 2Q27 2Q22 2Q19 08BSY-38 08BSY39 QL33

SiO, 38.39 38.52 38.83 38.11 38.09 38.14 38.20 37.87 37.93 38.09 38.13 38.32 37.85 38.26 38.31 38.16 38.25
TiO, 0.09 0.09 0.13 0.12 0.19 0.09 0.06 0.06 0.00 0.11 0.05 0.07 0.06 0.03 0.09 0.11 0.16
AlLO5 28.65 28.84 28.66 29.55 28.68 25.80 26.25 25.37 24.54 2595 26.19 27.40 27.23 25.69 2597 27.57 26.18
Cr,04 0.01 0.03 0.03 0.07 0.03 0.05 0.02 0.03 0.06 0.08 0.06 0.09 0.00 0.03 0.03 0.03 0.00
FeO 6.24 5.39 5.69 5.23 5.59 9.76 8.65 10.05 10.78 9.49 8.97 7.45 7.63 9.74 8.90 7.22 8.92
MnO 0.00 0.00 0.00 0.04 0.17 0.09 0.07 0.07 0.15 0.12 0.04 0.09 0.06 0.01 0.03 0.00 0.19
MgO 0.13 0.08 0.15 0.24 0.07 0.04 0.06 0.14 0.00 0.08 0.11 0.15 0.11 0.05 0.03 0.15 0.02
CaO 23.58 24.00 23.74 23.43 24.01 23.13 23.35 23.18 23.24 23.25 23.40 23.62 23.53 23.46 23.63 23.47 23.37
Na,O 0.00 0.02 0.07 0.03 0.01 0.01 0.04 0.01 0.00 0.02 0.02 0.04 0.03 0.03 0.01 0.00 0.02
K>,O0 0.00 0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.03 0.03 0.01 0.01 0.02 0.00 0.00 0.01
Total 97.09 96.97 97.31 96.82 96.84 97.13 96.70 96.78 96.70 97.22 97.00 97.24 96.51 97.32 97.00 96.71 97.12
Calculation using 12.5 oxygen

Si 2.98 2.99 3.01 2.96 297 2.99 3.00 2.99 3.00 2.99 2.99 2.99 2.98 3.00 3.01 2.99 3.00
Al"Y 0.02 0.01 0.00 0.04 0.03 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.02 0.00 0.00 0.01 0.00
Al 2.61 2.63 2.61 2.67 2.61 238 2.43 2.35 2.29 238 241 2.50 2.50 2.37 2.40 2.53 242
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Fe’ " 0.40 0.35 0.37 0.34 0.36 0.64 0.57 0.66 0.71 0.62 0.59 0.49 0.50 0.64 0.58 0.47 0.58
Mn 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01
Mg 0.02 0.01 0.02 0.03 0.01 0.01 0.01 0.02 0.00 0.01 0.01 0.02 0.01 0.01 0.00 0.02 0.00
Ca 1.96 2.00 1.97 1.95 2.01 1.95 1.97 1.96 1.97 1.95 1.97 1.97 1.98 1.97 1.99 1.97 1.96
Na 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations 7.99 8.00 8.00 8.01 8.01 7.99 7.99 7.99 7.99 7.99 8.00 8.01 8.01 8.00 7.99 7.99 7.99
Xre 0.13 0.12 0.12 0.11 0.12 0.21 0.19 0.22 0.24 0.21 0.20 0.16 0.17 0.21 0.19 0.16 0.19

3+

Total Fe as Fe’ .

geothermobarometry of Ravna & Terry (2004) is a effi-
cient method to compare calculated P—T values among
samples (Table 6). Interestingly, the massive eclogites
yield 23-26 kbar and 485-510 °C, which is within the
lawsonite stability field. On the other hand, the foliated
eclogites yield 18-22 kbar and 450480 °C, which is well
within the epidote-eclogite field. These differences are
statistically significant and are consistent with the petro-
graphy showing an apparent P-T decrease with increas-
ing plastic deformation from massive to foliated eclogites.

Oxygen fugacity

Figure 12 suggests that, to a first order, there must be a
systematic increase in oxygen fugacity (fo,) in response
to the plastic deformation as manifested by the texture
and mineral compositional change from massive to
foliated eclogites. This feature is also observed in other
HP terranes, for example, zoned omphacite, glauco-
phane, and/or epidote in eclogite from Turkey (Davis
& Whitney, 2006). We thus estimated fo, by consid-
ering the garnet-epidote equilibrium reaction:

8Ca3ALSi301; + 4Fe3t Al,Si30y; + 6H20 + 30,
almandine fluid

_ 12Ca,Fe** AL, Si301,(OH)

~ epidote(Xr, = 0.33)
using THERMOCALC v.3.33 with updated database (file

tcdsS5.txt) of Holland & Powell (1998), and assuming
unit H,O activity. The above reaction is a valid

grossular
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description that is consistent with the production of
epidote at the expense of garnet (Figs 2 & 3) with an
associated Ca/Fe (precisely Ca/[Fe+ Mg]) reduction
in garnet (Fig. 9). The calculation procedure is the
same as described by Donohue & Essene (2000). These
latest updated solid-solution models, database and
program, as well as the extremely low Fe’* content in
garnet allow this oxygen barometer to be potentially
applicable to our samples. It is, however, not
straightforward to obtain precise fo,values for the two
types of the eclogites and to compare fo, values at
different pressures because of temperature and pres-
sure uncertainties inherited from thermobarometric
estimates (Table 6), on which the estimated fo, values
depend. Nevertheless, the differences in the calculated
fo, values between the two eclogite types are signifi-
cant. Figure 12 shows the curves for both massive and
foliated eclogites in logfo,—7 space at the temperature
range of 400-600 °C for two fixed pressures of 24 kbar
and 19 kbar, which correspond to the calculated
pressures for massive and foliated eclogites (Table 6).
The foliated eclogites are obviously more oxidized than
the massive eclogites by ~2 log fo, units for the two
pressures in each diagram, and both are 24 log fo,
units above the fayalite-magnetite—quartz oxygen
buffer.

This highly oxidized condition in eclogite was also
reported in Qinglongshan of Sulu UHPM terrane
(Mattinson et al., 2004). The reaction of almandine
and lawsonite (Fig. 12) occurs in higher fo, condition
than that of pure almandine (Fig. 12a,b). This differ-
ence is remarkable at low temperature and decreased
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Table 5. Representative composition of glaucophane (Gln) and phengite (Phn) in both massive

and foliated eclogite.

Massive eclogite (Gln)

Foliated eclogite (Gln)

Massive eclogite (Phn)

Foliated ecogite (Phn)

Sample Q05-1 2Q27 2Q22 2Q19 QL33 Q05-1 2Q27 2022 2Q19 QL-33
Si0, 58.00 58.08 57.85 5747 5698 57.18 5726 5776 5749 5795 50.67 5134 5248 4986 5136 50.69 5121 5189 5027  50.72
TiO, 001 005 000 000 005 000 007 000 004 007 026 022 030 010 024 022 02 021 020 012
ALO; 1136 1161 1144 1158 11.10 1088 10.66 11.09 1125 1142 2738 2679 2835 28.12 2612 2553 2689 2772 2686 27.73
Cr,04 006 003 005 015 00l 008 004 000 006 005 002 002 004 017 001 014 000 002 006 010
FeO 611 595 611 594 976 882 974 881 840 681 143 152 121 129 317 257 168 255 258 146
MnO 007 011 006 005 000 009 003 002 002 005 000 004 004 008 000 004 003 004 005 00l
MgO 1312 1312 1302 1333 1084 1191 1225 1190 1161 1281 352 360 363 322 311 339 342 333 333 352
CaO 135 104 132 135 074 141 080 084 110 140 002 002 00l 00l 00l 00l 000 002 000 0.00
Na,O 749 727 702 694 751 696 720 7.1 712 716 080 071 094 058 054 079 087 079 049 086
K,O 005 002 002 003 003 003 002 002 003 003 1037 1047 977 1024 1034 1033 1019 991 1073  10.17
Total 9762 9728 9689 9684 97.02 97.36  98.07 97.55 97.12 9775 9447 9473 9675 93.67 9490 9371 9455 9648 9457 94.69
o) 23 23 23 23 23 23 23 23 23 23 11 11 11 11 11 11 11 11 11 11
si 784 783 784 777 785 780 773 783 785 782 340 343 341 337 345 345 343 341 340 339
Al 181 184 183 18 181 175 169 177 181 182 216 217 217 224 207 205 212 215 214 218
Ti 000 00l 000 000 00l 000 00l 000 000 00l 00l 00l 00l 00l 00l 00l 00l 00l 00l 00l
Cr 001 000 001 002 000 00l 000 000 00l 00l 000 000 000 00l 000 00l 000 000 000 0.0l
Fe'* 014 028 026 038 027 038 071 046 026 024

Fe’* 055 039 043 030 085 063 039 054 070 053 008 009 007 007 018 015 009 014 015 008
Mn 001 00l 00l 00l 000 00l 000 000 000 00l 000 000 000 000 000 000 000 000 000 000
Mg 264 264 263 269 223 242 246 240 236 258 035 036 035 032 031 034 034 033 034 035
Ca 020 015 019 020 011 021 012 012 016 020 000 000 000 000 000 000 000 000 000 000
Na 196 190 181 18 201 18 18 18 18 18 010 009 012 008 007 010 011 010 006 0.1
K 001 000 000 00l 00l 00l 000 000 00l 00l 08 08 08 088 08 090 087 083 092 087
Cations  15.17 1505 1504 1502 1512 1505 1500 1499 1505 1508 700 699 695 698 698 701 699 697 702  7.00

Fe ™ in Gln is maximum ferric recalculated on the basis of 13 total tetrahedraly and octahedraly co-ordinated cations and 46 charges (Robinson ez al., 1982).

Alm + Sps

> 0.50
0.35

¥
0.30

i ;
0.10 0.15
Prp

® Massive eclogite + Chemical zoning of Grt

= ’ i in foliated eclogite (2Q22)
O Foliated eclogite

Fig. 9. Diagram showing rim compositions of garnet between
massive and foliated eclogite. A compositional profile of garnet
from the foliated eclogite (2Q22) is also presented.

to higher temperature. In addition, the fo, condition
for the reaction of almandine, kyanite and diopside
approximates to that of pure almandine. Both reac-
tions show higher oxidized conditions for the foliated
eclogite than for the massive eclogite. However, lawso-
nite may be largely decomposed to form clinozoisite,
hence, the oxidation reaction of almandine and lawso-
nite may be limited in a lesser extent.

DISCUSSION AND CONCLUSIONS

Deformation mechanisms of minerals in Low-T eclogite

The deformation mechanism of low-T eclogite is
expected to be much more complex than that of
medium- to high-7 eclogites due to the presence of
hydrous phases and its multiphase assemblages. As the
low temperature at eclogite facies conditions could also
severely restrict the dislocation activity (Godard & van
Roermund, 1995), other deformation mechanisms such
as fluid-facilitated DMT process may compete with
dislocation creep.

Both field observations and experimental studies
have shown that fluids play an essential role in the
deformation of rocks and minerals in both brittle and
ductile regimes (Green & Jung, 2005). For example, in
the case of brittle deformation of rocks in deep sub-
duction zones, fluids from the dehydration of serpentine
can serve as a medium to reduce the effective stress by
elevating the pore-pressure and triggering faulting (i.c.
earthquakes) even at high pressures up to 6 GPa (Jung
et al., 2004; Jung, 2009), via dehydration embrittlement
(Jung & Green, 2004). In the case of ductile deforma-
tion, the dissolved ‘fluids’, especially water, can reduce
the flow strength of minerals significantly through
water- or hydrolytic-weakening, and thus facilitating
plastic deformation (Green & Jung, 2005 and references
therein). Water is also known to enhance dynamic
recrystallization of olivine (Jung & Karato, 2001) and
significantly influence LPO of olivine and orthopyrox-
ene (Jung et al., 2006, 2010; Jung, 2009).

© 2011 Blackwell Publishing Ltd
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Fig. 11. Histogram showing the increase of Xp. of clinozoisite
from massive to foliated eclogites. All Fe is Fe** and Fe’*-Al
substitution is considered.

In our samples, the presence of large amounts of
hydroxyl-bearing minerals like clinozosite and glau-
cophane indicates that these low-T eclogite samples are
rather ‘wet’, containing at least 3 wt% of water as
inferred from lawsonite inclusions (Song et al., 2007;
Zhang et al., 2007; Wei et al., 2009).

Omphacite deformation mechanisms

Glide- or recovery-controlled dislocation creep with
Burgers vector (100)<001>, {110}<001> and
{110}1/2< 110> is considered to be the predominant
deformation mechanism in omphacite (Godard & van

© 2011 Blackwell Publishing Ltd

Table 6. P-T estimates of eclogites calculated using the
Grt-Omp-Phn geothermobarometry of Ravna & Terry (2004).

Sample Rock type T (R-2000) Fe** = Na-
Al-Cr
P (kbar) T (°C)
Q05-1 Massive eclogite 23.0 480
Q05-3 Massive eclogite 25.6 497
2Q27* Massive eclogite 259 508
Qo1 Massive eclogite 24.5 498
2Q22-1 Coarse relics in foliated eclogite 23.4 454
2Q22-4 Foliated eclogite 19.4 476
2Q19-1 Foliated eclogite 19.9 431
2Q19-2 19.8 493
2Q19-3 17.3 476
2Q24 Foliated eclogite 20.2 443
Q5-45 Foliated eclogite 18.4 453

“Data from Song et al. (2007).

Roermund, 1995; Zhang et al., 2006). This mechanism
can produce many micro-structures of intra-crystalline
plasticity including optically observed deformation
twins, undulatory extinction, deformation bands, kink
bands, subgrains, and dynamic recrystallization, as
well as dislocation substructures consisting of free
dislocations, loops, networks, dislocation walls recog-
nized in TEM images (Buatier et al., 1991; Philippot &
Van Roermund, 1992; Godard & van Roermund,
1995). Some of these features were observed in our
massive eclogite samples, including undulatory
extinction and dynamic recrystallization (Fig. 2¢,d).
These observations and the LPOs of omphacite
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Fig. 12. Log fo,—T diagrams calculated assuming (a) 24 kbar and (b) 19 kbar conditions. The soild and dashed lines show the
massive and foliated eclogite, respectively, which stand for the reaction Ep = Grs + Alm + H,O + O, with their specific mineral
activities. The dotted-dashed lines represent the hematite—magnetite (HM) oxygen buffer and fayalite-magnetite—quartz (FMQ)

oxygen buffer as labelled in diagrams.

(Fig. 6a) suggest that dislocation creep is expected to
be a dominant deformation mechanism of omphacite
in the massive eclogite. However, the foliated eclogites
showed elongated and orientated crystals of ompha-
cite, glaucophane and epidote, and these minerals
commonly possess chemical zoning and lack intra-
crystalline dislocation characters such as undulatory
extinctions, kink bands and subgrains. The straight
foliation parallel grain boundaries are firmly indicative
of dissolution and removal of material along the grain
contacts (Fig. 3i, also see Blenkinsop, 2000). The
increased amount of hydrous minerals (e.g. epidote
and glaucophane) from massive to foliated eclogite
suggests that water is pervasively participated in the
deformation processes. Therefore, the SL-type LPOs
are likely developed by fluid-assisted DMT creep with
dissolution and concomitant anisotropic growth (see
Godard & van Roermund, 1995; Mauler et al., 2001).

Nonetheless, it remains unclear whether this mecha-
nism can effectively produce the LPOs as dislocation
creep does, as the latter is generally regarded as the
most likely mechanism to produce the LPO. In addi-
tion, as dislocation microstructures can be much more
readily be changed or eradicated than LPO fabrics
with as little as 1% strain (Durham et al., 1977), the
rare dislocation creep features in foliated eclogites
could be due to dislocation recovery during the final
stage of deformation. We thus cannot rule out the
possibility of dislocation creep as another important
deformation mechanism of omphacite in the foliated
eclogites. Indeed, water can enhance both dislocation
creep by hydrolytic weakening and diffusion creep by
grain boundary fluid film to transport dissolved
materials. These two processes are likely to take place
in parallel. At low-temperature conditions (e.g. in our
case), DMT creep seems to be more favoured because

© 2011 Blackwell Publishing Ltd
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it requires lower stress compared to temperature-
dependent dislocation creep. Also, the presence of
abundant fluids can facilitate the DMT and mineral
growth to induce a higher strain rate.

On the other hand, it needs confirmation whether
deformation regimes can indeed be inferred from the
observed LPOs produced by DMT creep. Bascou et al.
(2002) used an anisotropic viscoplastic self-consistent
model to simulate the development of various
omphacite LPOs controlled by dislocation glide in
response to the change in deformation regime. Kurz
et al. (2004) and Zhang et al. (2006) have further
confirmed that dislocation creep is the predominant
deformation mechanism. Nevertheless, there seems to
be no difference between fabric types produced by
dislocation creep and DMT creep under the same
deformation geometry, if the type of LPO is essentially
controlled by deformation and finite strain geometry
(Mauler et al., 2001).

Moreover, the observed microstructures suggest the
possible change of deformation mechanism from dis-
location creep (dynamic recrystallization) in massive
eclogites to DMT creep (syntectonic growth along the
foliation) in foliated eclogites during exhumation.
Dynamic recrystallization has decreased the grain size
of omphacite, and further facilitates the later grain-
size-dependent DMT creep through the effect of water
most probably released from lawsonite breakdown
during decompression-dominated retrograde meta-
morphism. As shear progresses, the syntectonic
anisotropic growth can further enhance grain aspect
ratios (Fig. 3c—f).

Clinozoisite/epidote deformation mechanism

As an analogue to omphacite in monoclinic crystal
symmetry, clinozoisite/epidote bears edge-sharing
[AlO¢] octahedral chains along <010 > axis bridged by
single tetrahedral [SiO4] and double tetrahedral [Si,O-]
in the <001 > axis. These structural properties imply
that the octahedral chains in <010> direction and
single and double tetrahedra in <001 > direction of
clinozoisite/epidote would correspond to those tetra-
hedral chains in <001 > direction and octahedra in
<010> direction of omphacite, respectively. There-
fore, we can interpret the apparently reverse LPOs of
<010> and <001> axis between omphacite and
clinozoisite (Figs 6 & 7) as resulting from their opposite
crystallographic axis definitions. In both massive and
foliated eclogites, clinozoisite displays features of
chemical zoning and lack of intra-crystal plasticity,
which also implies that the fluid-assisted DMT creep
may enhance the deformation and anisotropic
growth of water-bearing clinozoisite grains with
increasing shear strains (Fig. 3c—f). In addition, for
the same reasons as for omphacite, we cannot totally
rule out dislocation creep as another important
deformation mechanism for clinozoisite, and further
work is needed.

© 2011 Blackwell Publishing Ltd

Rutile deformation mechanism

A series of experimental results (Blanchin ez al., 1990)
shows that the dominant slip systems such as
<101>{101} and <O001> {110} in rutile become
important above ~600 °C. It is nonetheless uncertain
whether these slip systems operate in low-7" eclogites.
However, for the similar reasons discussed above, we
prefer DMT creep as probably an important defor-
mation mechanism for rutile in equilibrium with other
minerals.

Variation of mineral composition and oxygen fugacity
during shear deformation

In general, prograde metamorphism is accompanied by
a series of dehydration reactions that release volatiles
(e.g. H,O and CO,), whereas retrograde metamor-
phism involves hydration. The weakly deformed
massive eclogite may represent the weak transpression
region, probably owing to heterogeneous strain during
shear deformation. In some samples, two generations
of mineral assemblages can be distinguished. The first
generation consists of Grt' (up to 30 vol.%) + Omp'
with minor Ph + Rt + Lws (inclusions in garnet)
showing a coarse-grained granoblastic texture. Clino-
zoisite is rare (<2 mod.%) and has relatively low FeO,
which is believed to be transformed from lawsonite by
decompression (Song et al., 2007). The P-T and
oxygen fugacity calculation yields relatively higher
pressure (lawsonite-eclogite facies) and lower oxidizing
condition than for the foliated eclogites (Fig. 12). The
second generation of high-Fe Cz + Omp® occurs
when micro-shear zones/bands locally overprint the
first generation during retrograde process, while the
deformation of the massive eclogite eventually
produces weak SL-tyPe fabrics of omphacite (with
overprinting of Omp' and Omp?), clinozoisite and
rutile.

The foliated eclogites, on the contrary, exhibit much
stronger deformation by microstructures and LPO
fabrics. The progressive increment of shear strain is
apparent petrographically and is also obvious from
both SPOs and LPOs of omphacite, clinozoisite and
rutile with SL-type fabrics. Besides, mineral assem-
blages, mineral compositions and oxygen fugacity of
the foliated eclogites also differ from the massive
eclogites. The decrease of modal omphacite and garnet
is apparently compensated by the increase of hydrous
phases such as clinozoisite and glaucophane through
hydration processes during shear deformation
(Fig. 3a,b). The syn-tectonic growth of garnet
(Fig. 3g,h) reveals its equilibrium with the fine-grained
matrix through decreasing CaO and increasing total
FeO. P-T estimation (1.7-2.2 GPa) and redox calcu-
lations (more oxidized condition than massive eclogite)
thus reflect retrograde epidote-eclogite facies condi-
tions. The higher total FeO and Fe’" in Omp? and
clinozoisite from the foliated eclogites suggests that (i)
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the retrograde metamorphism was effectively pro-
moted by plastic deformation and (ii) the apparent
oxygen fugacity increase was likely associated with
fluid participation during exhumation.

Implications for exhumation through subduction channels

As documented by previous studies, deformation of
minerals in eclogite could happen either during burial
or exhumation processes. The LPO and SPO of
omphacite can help reconstruct slab-deformation
evolution and exhumation processes (Kurz et al., 2004;
Kurz, 2005). The prevalent SL-/LS-/L-type LPO of
omphacite in eclogites probably implies that exhuma-
tion is related to low-angle corner (‘subduction chan-
nel’) sub-parallel extrusion. The S-type fabric of
omphacite in the massive eclogite is generally associ-
ated with uniaxial-flattening or transpression strain
during slab subduction, which has been demonstrated
by previous studies (Boundy et al., 1992; Kurz et al.,
2004; Neufeld ef al., 2008). A recent experimental
study on the deformation of omphacite (Zhang et al.,
2006) shows that S-type LPO was developed when the
sample was uniaxially compressed and SL-type LPO
was developed when the sample was deformed in
simple shear. The SL-type fabric of omphacite, clino-
zoisite and rutile of the North Qilian eclogites can thus
be interpreted as the development of LPO in a simple
shearing process along the ‘subduction channel’. The
random distributed, rounded euhedral crystals of gar-
net from the massive eclogite (Fig. 2a), combining its
prograde growth at increasing P—T conditions (Wei
et al., 2009), suggests a weak stress/strain during
subduction. Therefore, the variation of omphacite,
clinozoisite and rutile fabrics from weak SL-type in the
massive eclogite to strong SL-type in the foliated
eclogite is more likely to represent the increment of
shear strain during exhumation, while a transition of
deformation geometry from subduction to exhumation
could be expected.
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APPENDIX

M-index (misorientation index) is a method for quan-
tifying the LPO fabric strength based on distribution
of uncorrelated misorientation angles proposed by
Skemer et al. (2005). M-index is defined by

M= %/ |RT(6) — R°(6)|d6

to describe the difference between the observed distri-
bution of uncorrelated misorientation angles R°(0)
(obtained from EBSD data) and distribution of un-
correlated misorientation angles for a random fabric
RT(0). It ranges from 0 (random fabric) to 1 (single
crystal fabric) and is insensitive to and less dependent
on the parameters specified for its calculation and
grain number (> 150), respectively.

Received 8 May 2010, revision accepted 22 February 2011.

© 2011 Blackwell Publishing Ltd



