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ABSTRACT

Eclogite plays an important role in mantle convection and geodynamics in subduction zones. An
improved understanding of processes in the deeper levels of subduction zones and collision belts requires
information on eclogite rheology. However, the deformation processes and associated fabrics in eclogite
are not well understood. Incompatible views of deformation mechanism have been proposed for both
garnet and omphacite. We present here deformation behaviour of eclogite at temperatures of 1027—
1427 °C, confining pressures of 2.5-3.5 GPa, and strain rates of 1 x 107 s™' to 5x 107*s™'. We
obtained a power-law creep for the high temperature and pressure deformation of a ‘dry’ eclogite (50
vol.% garnet, 40% omphacite and 10% quartz) with A4 =102 "0 »n =35+ 04, AE=
403 + 30 KJ mol™" and AV =27.2 cm® mol™'. The two principal minerals of eclogite have greatly
different strengths. Progressive increase of garnet results in a smooth increase in strength. Analysis by
electron back-scattered diffraction shows that: (1) garnet displays pole figures with near random
distributions of misorientation angle under both dry and wet conditions; (2) omphacite shows
pronounced lattice preferred orientations (LPOs), suggesting a dominant dislocation creep mechanism.
Further investigation into the water effects on eclogite show: (3) water content does not influence the
style of omphacite fabric but increases slightly the fabric strength; (4) grain boundary processes
dominate the deformation of garnet under high water fugacity or high shear-strain conditions, yielding a
random LPO similar to that of non-deforming garnet, despite the strong shape preferred orientation
(SPO) observed. {110}[001] slip may dominate the deformation of rutile. Quartz displays complicated
and inconsistent LPOs in eclogite. These results are remarkably similar to observations from deformed

eclogites in nature.
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INTRODUCTION

Eclogite, typically consisting of omphacite and garnet
as the only major phases, is produced by crystallization
of a basaltic melt at high pressure or by metamorphism
of basalt or gabbro during subduction — in particular
remnants of subducted oceanic crust (e.g. Ringwood &
Green, 1966). Since its first introduction by Hiuy
(1822), eclogite has contributed to the birth of several
major concepts in metamorphism and been involved in
many geodynamic hypotheses during the last two
centuries (Godard, 2001). Eclogitization of subducted
oceanic crust during its reincorporation into the
mantle is a critical part of the cycle of mantle con-
vection that is still poorly understood. This eclogiti-
zation process and subsequent dehydration of
alteration minerals accumulated while at the surface
beneath the ocean have been cited as potentially in-
volved in the generation of earthquakes (e.g. Austr-
heim & Boundy, 1994; Kirby et al., 1996; Hacker
et al., 2003; Zhang et al., 2004). Eclogite has been
proposed to play an important role in the initiation of
subduction and delamination of the continental crust
(e.g. Bird, 1979; Kay & Kay, 1993; Seber et al., 1996;
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Ducea & Saleeby, 1998) and of the subducting oceanic
crust from the underlying lithosphere at both shallow
and great depths (e.g. Sacks & Secor, 1990; Philippot &
van Roermund, 1992; van Keken et al., 1996; Warner
et al., 1996). Those processes depend critically on
density contrast and flow property differences between
eclogite and continental rocks and between eclogite
and peridotite.

Eclogites also have been recognized as a reliable
marker of ultrahigh-pressure (UHP) metamorphic
environments in continental collision zones, with the
key discoveries of coesite (e.g. Chopin, 1984; Smith,
1984) and microdiamonds (e.g. Sobolev & Shatsky,
1990; Xu et al., 1992; Dobrzhinetskaya et al., 1995) in
deeply subducted crustal rocks, implying return to the
surface from depths exceeding 120 km. Evidence is still
accumulating that exhumation of rocks from even
greater depths may occur in subduction terranes (e.g.
Green et al., 2000; Green, 2005). Little is currently
understood of the processes responsible for such deep
subduction and exhumation and the roles it may play
in plate tectonics, continental growth, recycling of H,O
and other components back into the mantle, etc.
In particular, eclogites may be a key repository of
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information about these processes; they are more
refractory than more silicic rocks, hence they are more
likely to carry a ‘memory’ of their travels.

Extensive research has been conducted in the UHP
metamorphic complexes of continental collision zones
over the past two decades, with considerable focus on
eclogites. Studies have included an extraordinary
spectrum of topics and techniques including seismic
surveys, geochronology, thermobarometry, the search
for rare high-pressure minerals, geochemical investi-
gations involving Raman and Infrared spectroscopies,
determination of crystal structures and order/disorder
phenomena, solid—solution ranges, exsolution proces-
ses, fluid and mineral inclusion identification, chemical
zoning patterns and models of diffusion, element par-
tition coefficients, stable isotope fractionations, REE
patterns and investigation of deformation features
such as dislocation mechanisms, microtextures and
petrofabrics (for a small sample of these studies per-
taining to eclogites, see Smith, 1988; Coleman &
Wang, 1995; Hacker & Liou, 1998; Dobrzhinetskaya
et al., 2002). An improved understanding of tectonic
processes in the deeper levels of subduction zones and
collision belts requires information on the mechanical
behaviour of eclogite; however, there have been no
experimental studies of the rheology of eclogite except
a preliminary experimental investigation of the flow of
dry eclogite (Jin et al., 2001) and announcement of
discovery of a new faulting instability (Zhang et al.,
2004). It is therefore of great interest to explore in
detail the deformation behaviour (rheological proper-
ties, deformation microstructure, deformation mech-
anism, etc.) of eclogite at high temperature and
pressure.

In this paper, previous work on deformed eclogite,
and its constituent minerals — garnet and omphacite —
is first reviewed. Then, results of a systematic study of
the rheology of a relatively ‘dry’ eclogite are presented,
as well as effects of mineral fraction and water under a
wide range of temperature, pressure and strain rate
conditions. The fabrics of axially compressed and
sheared eclogites are analysed by electron back-scat-
tered diffraction (EBSD) to cast light on the defor-
mation mechanisms in garnet, omphacite, quartz and
rutile.

PREVIOUS STUDIES

Deformation of eclogite

Eclogite was not considered to be important in the
mantle until the bloom of studies of eclogites in sub-
duction zones and collision terranes two decades ago.
Previously, eclogite was mostly studied from the
mantle xenolith suite, in which they have largely been
interpreted as high-pressure igneous crystallization
products that have undergone little or no deformation.
This interpretation, combined with the existing body
of experimental evidence showing that garnet and

pyroxene are very strong minerals, limited the interest
in the study of the flow properties of eclogite. Eclogite
is stable at pressures in excess of ~1.2 GPa. At tem-
peratures sufficient for mineral reactions to proceed on
a reasonable laboratory time-scale and to establish
ductility of the constituent minerals (garnet and
pyroxene), pressures in excess of 2 GPa are required,
pressures outside the capacity of most conventional
machinery designed to induce deformation and meas-
ure stresses (such as the Paterson apparatus and most
Griggs deformation apparatus). No quantitative rhe-
ological data have been collected on eclogite except an
early attempt at temperatures below 400 °C (Rummel,
1969). There are also no data on the flow properties of
polycrystalline garnet and omphacite within the dis-
location creep regime. The modified Griggs-type
apparatus used here extends the range for controlled
deformation experiments to 3.5-4.0 GPa.

As a consequence, understanding of eclogite rhe-
ology has been limited to inferences from micro-
structural observations and petrofabric measurements
and sparse experimental studies on single crystals of
garnet and pyroxene. Our previously reported pre-
liminary experimental investigation of the rheology of
dry eclogite has shown that eclogite has a strength
comparable with that of harzburgite because of the
weakness of omphacite, and garnet crystals behave
essentially as rigid bodies in eclogite (Jin et al., 2001).
This result is in good agreement with inferences of
many observations of naturally deformed eclogite
(e.g. van Roermund & Boland, 1981; Godard, 1988;
Godard & van Roermund, 1995). However, the
deformation processes and associated fabrics in eclo-
gite are not well understood. As is elaborated in detail
below, incompatible views of deformation mechan-
isms have been proposed for both garnet and
omphacite.

Deformation of garnet

Garnet is a major component of eclogite, and is also
present throughout all but the upper ~60 km of the
peridotitic upper mantle, becoming increasingly
abundant in the transition zone between 410- and 660-
km depths (e.g. Ringwood, 1991). Therefore, the
physical properties of garnet have important effects on
the rheology and dynamics of the subducted oceanic
lithosphere, especially the oceanic crust (which be-
comes eclogite in the shallow mantle and becomes
garnetite in the transition zone as the pyroxene is
progressively dissolved into garnet). Previous trans-
mission electron microscopy (TEM) studies on mantle
garnet have shown evidence of plastic deformation by
dislocation creep and were interpreted to indicate high
ductility of garnet of ultra-deep origin (Ando et al.,
1993; Doukhan et al., 1994; Prior et al., 2000). How-
ever, it is more common to observe much lower dis-
location densities in garnet (including majorite) than in
coexisting minerals in both naturally and experiment-
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ally deformed samples (e.g. Madon & Poirier, 1980;
van Roermund, 1983; Ingrin & Madon, 1995). Quan-
titative studies of garnet creep have been very sparse.
There exist only a limited number of experimental
studies on plasticity of garnet (Karato et al., 1995;
Cordier et al., 1996; Voegele et al., 1998; Wang & Ji,
1999, 2000). Karato et al. (1995) conducted a series of
studies on the plastic deformation of a suite of garnet
single crystals at high temperature and room pressure.
A unified rheological law for all the garnet studied was
proposed. Their results showed that the resistance to
plastic deformation in garnet is significantly higher
than for other minerals in the Earth’s mantle. They
found the creep strength of garnet single crystals is
largely controlled by the resistance to dislocation glide
rather than by recovery processes. Similar results were
achieved by Ji and colleagues. Wang & Ji (1999) ex-
trapolated their results on garnet single crystals to
natural conditions and estimated that garnet becomes
ductile at around 800-900 °C and that the rheological
contrast between garnet and clinopyroxene is minimal
at temperatures higher than that. Cordier ez al. (1996)
and Voegele et al. (1998) studied the plastic deforma-
tion of garnet single crystals under high confining
pressure (6.5 GPa). They suggested brittle deformation
of garnet below 1000 °C and ductile deformation
above 1000 °C, characterized by dislocation creep with
significant recovery. However, no correlation was
found between dislocation microstructure and hydrous
components in garnet.

Dislocation creep and diffusion creep of garnet have
been argued for and supported by various pieces of
evidence from previous studies. TEM studies revealed
the long lengths of the dominant Burgers vector of
garnet dislocations, 1/2<111> and <100> (Allen
et al., 1987). This, together with the high creep
strength of garnet determined in the laboratory, has
led to a generalized assumption that garnet remains
essentially rigid during natural deformation (Karato
et al., 1995). Garnet with strong shape preferred ori-
entation (SPO) has been proposed to deform by grain
boundary processes (e.g. den Brok & Kruhl, 1996;
Terry & Heidelbach, 2004, 2006; Storey & Prior, 2005).
However, discovery of dislocations in elliptically
shaped garnet led to the opposite argument that garnet
could deform by dislocation creep under high tem-
peratures (Ji & Martignole, 1994; Ji et al., 2003). Re-
cent EBSD studies revealed random distributions of
crystallographic preferred orientation (lattice preferred
orientations, LPO) of elliptical garnet from naturally
deformed eclogites (e.g. Wenk et al., 2001; Storey &
Prior, 2005). In contrast, weak LPO of flattened garnet
were also documented in deformed granulites
(Kleinschrodt & McGrew, 2000; Kleinschrodt &
Duyster, 2002). Currently, little is still understood
about how natural garnet is deformed and what
mechanism dominates the deformation processes —
dislocation creep, diffusion creep or grain boundary
processes.
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Deformation of omphacite

Omphacite is the other major constituent mineral in
eclogite and it clearly has been extensively deformed
in tectonic regimes. Deformation of omphacite at
temperatures as low as 500-600 °C and a low flow
strength compared with garnet was also suggested by
microstructural observations (van Roermund & Bo-
land, 1981; Philippot & van Roermund, 1992; Godard
& van Roermund, 1995; Mauler et al., 2001). How-
ever, previous extensive studies have shown high
strength for pyroxene (clinopyroxene: polycrystals:
Avé Lallement, 1978; Kirby & Kronenberg, 1984;
Boland & Tullis, 1986; single crystal: Raterron &
Jaoul, 1991; orthopyroxene: polycrystals: Raleigh
et al., 1971; Ross & Nielsen, 1978; single crystal:
Mackwell, 1991). In marked contrast to these results,
Stockhert & Renner (1998) reported preliminary de-
formation experiments on synthetic polycrystalline
jadeite (sodic clinopyroxene) aggregates at a pressure
of 3.5 GPa and a temperature of 800-900 °C. Their
data indicated a considerable strength difference
between jadeite and diopside-hedenbergite clinopy-
roxene. They questioned the high strength that has
been inferred for eclogites, which is also consistent
with the microstructure of natural eclogites — in which
omphacite with sutured grain boundaries forms an
interconnected network around apparently rigid gar-
net. The recent experimental study on omphacite
rheology of (Zhang et al. (2006) reached similar
conclusions.

An LPO with [001] parallel to X (greatest elongation
direction) and (010) parallel to the XY (foliation) plane
was found to be common in omphacite of natural
eclogites (e.g. van Roermund & Boland, 1981; Godard
& van Roermund, 1995; Mauler ef al., 2001; Bascou
et al., 2002; Brenker et al., 2002; Ji et al., 2003). This
pattern varies with the axial ratios of the shape fabric
ellipsoid and can be divided into S- and L-type fabrics
(Helmstaedt et al., 1972; Mauler et al., 2001). However,
the identified dominant glide systems in clinopyroxene
are (100)[001], {110}[001] and {110}1/2<110> (van
Roermund & Boland, 1981; van Roermund, 1983; In-
grin et al., 1991; Raterron et al., 1994). Because the
(010)[001] slip system has not been reported as a dom-
inant slip system in clinopyroxene, the observed om-
phacite fabrics cannot be explained by ‘easy slip’ on this
slip system, resulting in a disconnect between submi-
croscopic observations and macroscopic fabrics. This
has led to a debate over whether omphacite fabrics are
formed by a single slip system or multiple slip systems
(van Roermund, 1983; Buatier et al., 1991; Boundy
et al., 1992; Bascou et al., 2001; Brenker et al., 2002).
Other mechanisms, such as diffusion creep with con-
comitant anisotropic growth and dissolution, also have
been argued to contribute to such fabrics (Helmstaedt
et al., 1972; Godard & van Roermund, 1995; Mauler
et al.,2001). Another unsolved question is the variation
between L- and S-type fabrics. Omphacite space group
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transformation (Brenker ef al., 2002) and change of
strain regime (Helmstaedt et al., 1972; Mauler et al.,
2001) have been proposed for explanation of the fabric
variation. The latter has been tested successfully with an
anisotropic viscoplastic self-consistent model (Bascou
et al., 2001, 2002). All of these questions remain to be
answered by additional experimental work.

Water in eclogite

Water has been found to have a disproportionately
large influence on the mechanical and physicochemical
properties of silicates, such as lowering the solidus
temperature (e.g. Green, 1973; Poli & Schmidt, 2002),
reducing rheological strength (e.g. Griggs & Blacic,
1965; Griggs, 1967; Boland & Tullis, 1986), causing
rock failure (e.g. Raleigh & Paterson, 1965; Jung et al.,
2004; Zhang et al., 2004) and changing deformation
fabrics (e.g. Jung & Karato, 2001). Trace amounts of
hydroxyl (OH) have been detected spectroscopically in
many nominally anhydrous minerals (e.g. Griggs &
Blacic, 1965; Griggs, 1967; Bell & Rossman, 1992).
Specifically, eclogites with non-trivial OH contents
have been reported from both upper mantle (Aines &
Rossman, 1984; Smyth et al., 1991) and UHP terranes
(Langer et al., 1993; Katayama & Nakashima, 2003).
The solubility of OH in nominally anhydrous minerals
is pressure dependent (e.g. Ingrin & Skogby, 2000) and
provides an alternative to hydrous minerals for carry-
ing H,O to great depth.

Towards a better understanding of deformation
behaviour of eclogite under high temperature and
pressure conditions, a systematic experimental in-
vestigation has been undertaken into the rheology and
fabrics of eclogite at strain-rates of 1 x 107> s™'—
5x 107 57!, pressures of 2.5-3.5 GPa and tempera-
tures of 1027-1427 °C.

METHODS

Rheological experiments

The experimental starting materials of a ‘dry’ eclogite
were prepared from fresh, coarse-grained, coesite-

bearing eclogite of the Bixiling garnet peridotite—
eclogite complex, Dabie Mountains, Central China
(Jin et al., 2001). The natural eclogite was gently
ground to disaggregate it into individual crystals.
Mineral fractions were separated and individually
ground to ensure that the particles were around 30—
50 um and then recombined into synthetic eclogite.
The quartz grains are somewhat larger (50-100 pm),
which should have negligible effect on the rheology of
eclogite, given the small percentage of quartz present.
The starting materials were analysed by using a
microscope coupled to a Fourier Transform Infrared
spectrometer at 30004000 cm™' spectral range with
resolution of 2 cm™" by average 500 scans. The results
showed that garnet and quartz had hydroxyl concen-
trations below the resolution of the spectrometer;
omphacite contained about 100-200 p.p.m. hydroxyl,
and rutile had up to 6000 p.p.m. hydroxyl (see the ‘dry’
eclogite in Table 1).

A procedure was devised whereby specimens were
individually hot pressed in our modified 5-GPa Griggs
apparatus. Prior to hot pressing, the dried, well-mixed
powder was loaded and hand-compacted into a plat-
inum capsule (3-mm inner diameter and roughly 9-mm
length) with nickel foil disks placed within the capsule
at the top and bottom of the specimen. A small alu-
mina piston (3-mm diameter and ~1.4-mm length) was
placed on top of the upper Ni foil and within the
capsule to ensure a clean weld and to protect the
sample from decomposition or melting during welding.
Cesium chloride was cast between the encapsulated
sample and nickel sleeve to serve as the confining
medium, and the entire assembly was stored in a
vacuum oven at 110 °C for 212 h before insertion into
the high-pressure apparatus. All specimens were
annealed (isostatically hot pressed) in the deformation
apparatus at a pressure of 3 GPa and a temperature of
1027 °C for 12 h. After hot pressing, the samples
remained straight and cylindrical in the middle of the
nickel sleeve and the specimen length was reduced by
40-45% and diameter increased by ~5%. It is estab-
lished that this procedure produces fully dense
cylindrical polycrystalline specimens. Subsequent axial
compression experiments were first annealed as

Table 1. Composition and water concentra-

OH concentration” Whole-rock tion of startine materials

Material Mineral Chemistry Volume% (wt. p.p.m.) (wt %H-0) g :
‘Dry’ eclogite Garnet Pyry Alm,3Grog, 50 <10 ~0.01

Omphacite® Disglds 40 100~250

Quartz ~10 <10

Rutile ~0.5 £ 0.2 4000-6000
‘Wet’ eclogite Garnet Pyry;AlmyoGros; 50 0-300 ~0.1

Ompbhacite® DisoJdy; 49 1000-1300

Kyanite ~1 Not determined

Rutile ~0.3 £+ 0.2 6000-8000

The space group of omphacite is C2/c. "Water content was measured by a BRUKER A 590 microscope Fourier
Transform Infrared Spectrometer at Department of Chemistry, University of California, Riverside, USA. The water
content was calculated with the absorption coefficients in Bell ez al. (1995) for garnet and omphacite and Hammer & Beran
(1991) for rutile. Pyr, pyrope; Alm, almandine; Gro, grossular, Di, diopside; Jd, jadeite.
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Fig. 1. Experimental assemblies viewed in cross section. (a)
Assembly for axial compression experiments; (b) assembly for
shear experiments. The specimen is welded into a platinum
capsule, 9 mm x 3 mm, with a 1.4-mm high Al,O3 piston on top
(axial compression) or between halves of a 9-mm Al,O3 piston
cut at 45° in the middle. The capsule and surrounding sleeve of
cesium chloride (CsCl) sit on a 2.5-mm high Al,O; piston all
within a thick nickel sleeve (Ni). CsCl also surrounds the upper
Al,O3 deformation piston. The Ni sleeve on the inside and NaCl
on the outside are insulated from the (tapered) graphite furnace
(black) by fired pyrophyllite. Two PtggRho-Pt;oRh3, thermo-
couples in mullite tubes, one at either end of the specimen,
directly measure the axial temperature gradient during the
experiment. WC — tungsten carbide; Pb = lead. Arrow in upper
Al,Oj3 piston indicates method of deformation.

described and then subjected to constant piston velo-
city deformation (Fig. 1a).

About 20 axial compression experiments were
undertaken to determine the flow law for ‘dry’ eclogite
at 2.5-3.5 GPa and 1027-1427 °C (Table 2). The
strain rates investigated overall fell in the range of
1 x107°-5 x 10~* s™'. An additional ~10 axial com-
pression experiments were conducted to investigate the
effects of mineral fraction and water (Table 3). The
latter includes a series of axial compression experi-
ments on ‘wet’ eclogite containing up to 300 p.p.m.
H,O in garnet and 1000-1300 p.p.m. H>O in ompha-
cite (see the ‘wet’ eclogite in Table 1). Experiments
were also carried out to investigate fabric development
during high shear strain in ‘dry’ eclogite (Table 3).
Specimens for high shear strain experiments were
prepared by placing thin (~300-um thick) slices of hot-
pressed ‘dry’ eclogite between the halves of a 9-mm
long Al,O3 rod cut at a 45° angle in the middle. They
were then assembled for deformation runs like the
axial compression experiments under similar P-T
conditions (Fig. 1b).

All experiments were conducted in a 5-GPa modified
Griggs-type apparatus (Tingle ez al., 1993). It has been
shown that this apparatus provides accurate and
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Table 2. Experimental conditions and mechanical results of
rheological experiments on ‘dry’ eclogite.

Expt No. P (GPa) T (°C) i Strain o (MPa)
GBI190 3.0 1227 4.6x 1074 37% 853
GBI192 3.0 1327 4.6x107* 41% 413
GBI193 3.0 1427 4.6x107* 45% 0 (molten)
GBI19%4 3.0 1177 4.6x107* 24% 1175
GB200 3.0 1227 4.6x107° 18% 440
GB202 3.0 1227 13x107* 18% 500
GB203 3.0 1027 12-hour anneal

GB209 3.0 1227 13x107* 14% 560
GB220 3.0 1277 4.6x107* 16% 559
GB242 3.0 1327 4.6x107° 32% 222
GB244 3.0 1327 1.3x107* 21% 323
GB246 3.0 1327 4.6x107* 25% 455
GB247 2.5 1227 4.6x107* 18% 565
GB249 35 1227 4.6x107* 19% 1010
GB252 2.6 1227 46x 107 23% 570
GB261 3.0 1177 4.6x107° 19% 650
GB263 3.0 1027 13%x107° 23% 1019
GB267 3.0 1127 13x107* 25% 1102
Flow law: i = 1033103550 4exp(%§]“no])

precise rheological data at pressures up to 4.3 GPa
(Bai & Green, 1998). The apparatus is equipped with a
servo-controlled hydraulic drive and automated pres-
surization system. Data acquisition of pressure, load,
temperature and displacement are also made through
a computer. For the experiments described here,
modifications were made to the sample assembly and
graphite furnace to reduce the longitudinal tempera-
ture gradient typically to <15 °C over the specimen
length; in exceptional circumstances, the temperature
difference recorded by the two thermocouples differed
during the experiment by as much as 30 °C.

EBSD analyses

Electron Back-Scattered Diffraction (EBSD) is an ad-
vanced technique for microstructure studies of metals
and minerals in SEM. It is capable of determining the
complete crystallographic orientation of individual
grains or subgrains with a spatial resolution of ~1 um
and with an absolute angular resolution of ~1° (Prior,
1999). In principle, it is applicable to transparent and
opaque crystalline solids of any crystal symmetry,
including those that are optically isotropic. Thus, it
provides a much more powerful tool than conventional
universal-stage optical analysis, yielding more exten-
sive and precise data obtained more quickly for study
of LPOs in minerals and rocks.

For each specimen, a doubly polished thin section
was cut parallel to the specimen axis. The section
surface was polished with a 0.06-um colloidal silica
permanent suspension and then lightly carbon coated.
The EBSD technique was used to measure the LPOs of
omphacite and/or garnet in a Philips XL30 scanning
electron microscope, using 20-kV accelerating voltage
and 15-mm working distance with 70° tilting of thin
sections. HKL CHANNEL 5 software was used to index
electron back-scattered patterns. The reference
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Table 3. Experimental conditions and

Expt. group Expt. no. Material* T (°C) (s Strain ¢ (MPa) H,O (wt%) mechanical results of comparison experi-
Group 1 Composition effect GB219  Omphacitite (0) 1254 46x 10 21% 307 0.02 ments.
GB250  Eclogite (23) 1227 4.6% 107 16% 528 0.015
GBI190 Eclogite (50) 1227 46x107* 37% 853 0.01
GB251 Eclogite (68) 1227 46x107* 16% 1148 0.005
GB201 Garnetite (90) 1227 46x 107 <10%  >1746 <0.001
GB222 Harzburgite 1227 24x107* 12% 656 ND
Group II Water effect GB224 Eclogite (50) 1227 46x107* 20% 402 2.7
GB258 Eclogite (50) 1227 13%x107* 39% 280 1.0
GB275 Eclogite (50) 1227 4.6%107* 23% 761 0.1
GB304 Eclogite (50) 1227 13x107* 13% 575 0.1
GB284 Eclogite (50) 927 13x107* 31% 1572 0.1
Group IIT Shear expt. GB320 Eclogite (50) 1227 "2~4x 1073 3.7 375 0.01
GB321 Eclogite (50) 127 2~5% 107 5.5 360 0.01

The values in brackets are volume percentage of garnet in eclogite. "Constant piston advancing velocity is 0.6 gm s™'. ND,

not determined.

coordinates (XYZ) were determined according to the
deformation regime of individual experiments (axial
compression: XY = normal to specimen long axis,
Z = specimen long axis; simple shear: XY = shear
plane, X = shear direction, Z = normal to shear
plane). Pole figures were projected with equal area in
the lower hemisphere and contoured with a half width
of 20° and a cluster size of 5°. The orientation of each
identified crystal in this study was collected and con-
firmed manually to ensure precision of measurements.
Orientations of ~100-200 grains were collected for
omphacite, quartz and rutile, while 200-300 orienta-
tion data were collected for garnet.

RESULTS

Deformation microstructures

Optical examination of the hot-pressed ‘dry’ eclogite
specimens (Fig. 2a,b) showed well-equilibrated micro-
structures with dominant grain size of 30-50 um
for garnet and omphacite, and 50-100 ym for quartz.
A weak foliation defined by slight flattening of
quartz and omphacite perpendicular to the cylinder
axis was observed. Optical microstructures of moder-
ately deformed ‘dry’ eclogite specimens (Fig. 3a) show
a strong foliation defined by obviously deformed
omphacite and greatly elongated quartz. Undulatory
extinction and subgrain boundaries are common in
both omphacite and quartz grains. After 40-45%
strain, quartz grains are up to 100-150-ym long,
showing a characteristic aspect ratio of 1:3 to 1:5. In
runs at 1027 °C, small amounts of recrystallization of
quartz were observed and/or partial transformation to
coesite. Omphacite crystals are up to 50-100-um long
with characteristic aspect ratio of 3:5 to 1:3. Garnet
shows no obvious elongation and behaves like essen-
tially rigid bodies within the matrix of elongated
omphacite and quartz, a texture essentially identical to
the ‘dry’ natural eclogite used to prepare the specimens
and very similar to many other deformed natural
eclogites (e.g. Godard, 1988; Mauler et al., 2001;
Piepenbreier & Stockhert, 2001). In contrast to the

typical deformation microstructure in moderately de-
formed ‘dry’ eclogite, the experimentally deformed
‘wet’ eclogite develops a distinct foliation defined by
both flattened garnet and omphacite (Fig. 3b). High
magnification images of the garnet in such specimens
revealed clear evidence of recrystallization near the
edge of crystals and apparent ‘sliding off” of the new,
small, garnet into the foliation (Fig. 3c). In high shear
strain ‘dry’ experimental specimens, approximately
monomineralic banding of garnet, omphacite and
quartz is observed, together with significant grain size
reduction of garnet (Fig. 3d). In some areas of these
highly strained specimens, the garnet is strung out into
the foliation, reminiscent of the small garnet ‘sliding
off” of large garnet in ‘wet’ eclogite. Thus, ‘dry’ speci-
mens subjected to low-to-moderate strain, in which the
garnet is widely separated from one another, show no
deformation or recrystallization of garnet whereas at

(a)

' E_‘_. P T X
1027°C, 12 hours q?‘ 200um ™
BRI f0c7c 12hous B

Samples- GEZ03

Fig. 2. Microstructures of synthetic eclogite (after Jin et al.,
2001). The part figure (a) shows that specimens remained
approximately upright and retained cylindrical geometry after
hot pressing at 3 GPa, 1027 °C for 12 h; The part figure (b)
shows that specimens subjected only to pressurization and
annealing developed a weak foliation defined by quartz and
omphacite perpendicular to the cylinder axis — attributed to the
~40% uniaxial shortening imposed during pressurization (to
remove porosity) followed by heating at high pressure (specimen
GB203; (a), crossed polarizers; (b), reflected light).
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Fig. 3. Microstructures of experimentally deformed eclogites (the shortening direction is oriented N-S in panels a—c; the shearing
direction is oriented E-W in panel d). Deformed experimental specimens developed a foliation defined by flattened omphacite and
quartz grains in dry eclogite (a: specimen GB192) and a foliation defined by both flattened omphacite and garnet grains in wet eclogite
(b: specimen GB275). Panel (c) shows a detail of flattened garnet in panel b; such garnet is made of a tail-like stream of recrystallized
garnet flowing off rigid older garnet. Panel d shows highly elongated omphacite and quartz grains in a sheared specimen (GB321).
Significant grain size reduction is observed in garnet. All panels are back-scattered electron SEM images of polished surfaces. Gt,
garnet; Omp, omphacite; Qz, quartz; Ky, kyanite. Scale bars: 50 pum.

high strains, in which extreme deformation of quartz
and omphacite have swept garnet together into gar-
netite bands, the same ‘dry’ material exhibits recrys-
tallization similar to that shown in ‘wet’ specimens at
low strains with widely separated garnet. We attribute
the recrystallization of dry garnet to probable high
local strains where garnet has been squeezed together,
generating dislocations locally, a process that appar-
ently occurs in ‘wet’ garnet in response to the much less
severe local stresses caused by omphacite sliding across
their surfaces. These deformation microstructures
correspond closely to different types of deformation
microstructures observed commonly in naturally
deformed eclogite samples (e.g. Godard & van Roer-
mund, 1995; Ji et al., 2003; Mainprice et al., 2004;
Zhang & Green, 2006).

Experimental results

At high temperatures and pressures, plastic deforma-
tion of many materials often occurs by a power-law
creep. The constitutive relation is well described by an
empirical equation of form:

&= Ad”"exp[—(Q/RT)], (1)

where A4 is the pre-exponential factor related with
material, n is the stress exponent related to the
deformation mechanism (n = 3-5 for dislocation
creep and n ~1 for diffusion creep), é is the strain
rate, o is the steady-state flow stress, R is the gas
constant, 7 is the absolute temperature, Q = AG =
AH — TAS. AG is the activation Gibbs Free Energy,
AH = AE + PAV is the activation enthalpy, and
AE, AV, and AS are activation energy, activation
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volume and activation entropy, respectively (see
Poirier, 1985; Green & Borch, 1987 for discussion of
activation parameters).

To determine the rheological parameters for ‘dry’
eclogite at high pressure, several series of experiments
at constant strain-rate or constant temperature
were carried out at confining pressure of 2.5-3.5 GPa
(Table 2). A first series of experiments was performed
on eclogite at constant temperatures and different
strain rates of 4.6x 107 s !, 1.3x10%s™! and
4.6 x 107 s7!, respectively. A log-log plot of strain
rate v. stress for those experiments is shown in
Fig. 4(a), yielding a stress exponent, n = 3.5 £ 0.4
and a pre-exponential factor, 4 = 10°>**1° A second
series of experiments was carried out on eclogite at
constant strain rates and different temperatures of
1177, 1227, 1277 and 1327 °C, respectively. A semi-log
plot of strain rate v. inverse temperature is shown in
Fig. 4(b), yielding an activation enthalpy, AH =
485 + 30 KJ mol™'. Optical microscopy showed that
melting begins around 1327 °C at the grain boundaries
of quartz and omphacite and progresses into the
interior of omphacite grains and omphacite-garnet
grain boundaries with increasing temperature.
Experiment GB193 conducted at 1427 °C, showed no
measurable flow stress and displayed 20 vol.% glass
after quenching. A third group of eclogite experiments
was conducted to assess the effect of pressure on flow
strength at 1227 °C and 4.6 x 107* s~ '. A steady in-
crease of flow strength with pressure was suggested
with an activation volume of ~27 cm® mol™" (Fig. 4c).
An increase of pressure of 1 GPa has approximately
the same effect as an increase of temperature of 100 °C
within the explored P-T window. Therefore, the acti-
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For comparison, several additional experiments
were conducted under similar conditions (3 GPa,
4.6 x 107* 57!, 1227 °C) on polycrystalline omphacite,
polycrystalline garnet, intermediate compositions,
harzburgite and ‘wet’ eclogite. These experiments yiel-
ded creep strengths of ~300 MPa for polycrystalline
omphacite, > 1746 MPa for polycrystalline garnet and
~650 MPa for harzburgite (Table 3, expt. Group I). A
steady increase of eclogite flow strength with garnet
content is indicated in Fig. 4(d). However, examina-
tion of the most garnet-rich samples after deformation
generally showed that the alumina inner piston also
was deformed, suggesting that the measurements of
stress on the specimens of ~90% garnet may constitute
only a lower bound on polycrystalline garnet strength.
Adding H,O to eclogite reduced the flow strength
(Table 3, expt. Group II).

In summary, our results suggest that the two prin-
cipal minerals of eclogite have greatly different
strengths; the creep strength of ‘dry’ eclogite appears to
be comparable with that of harzburgite within experi-
mental error, but 2-3 times that of polycrystalline
omphacite and no more than half that of polycrystal-
line garnet. Progressive increase of garnet fraction in
the sample results in a smooth increase in strength.
Water reduces the flow strength of eclogite as well as
causes variation of the deformation microstructures.

EBSD ANALYTICAL RESULTS

Fabrics of hot-pressed ‘dry’ eclogite

Figure 5 shows representative LPOs of garnet,
omphacite and quartz in a hot-pressed ‘dry’ eclogite.

distribution of orientation with a narrow distribution
density ranges [0.5-1.5 in multiples of random dis-
tribution (mrd)] (Fig. 5a,b). The misorientation angle
distributions are also corresponding to theoretically
random distributions (Fig. 5c). In contrast, a fairly
weak S-type LPO is observed in omphacite: [001]
axes form a broad girdle approximately parallel to
the foliation; [010] axes are approximately normal
to the foliation (Fig. 5d,e). Our results revealed
also near random distribution fabrics in quartz

(Fig. 5f,g).

Fabrics of compressed experimental ‘dry’ eclogite

The LPOs of all four minerals were analysed in our
experimental ‘dry’ eclogites. These eclogites have been
subjected to axial compression deformation under
various temperature and strain rate conditions with
limited strains (14-41%) as described in the previous
section.

Figure 6 shows representative LPOs of garnet from
four deformed dry eclogites as fabric diagrams of the
<100>, <111> and <110> axes. All garnet pole
figures have similar narrow distribution density ran-
ges (0.5-1.5 in mrd) (Fig. 6a—h). The misorientation
angle distributions are corresponding to theoretically
random distributions (Fig. 6i-1). No correlation
was found between garnet fabrics and changes of
experimental conditions or the amount of plastic
strain.

The LPOs of omphacite from eight deformed dry
eclogites are plotted as fabric diagrams of poles of
{110} as well as [100], [010] and [001] axes in Fig. 7.
Our results show typical S-type fabrics of varying
strength in omphacite: [001] axes form a girdle

© 2007 Blackwell Publishing Ltd
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Fig. 5. Fabrics of garnet, omphacite and
quartz in a typical hot-pressed ‘dry’ experi-
mental specimen (GB203, 3 GPa, 1027 °C,
12-h cooking). Panels a and b are raw data
and contoured lower-hemisphere equal-area
projections of garnet lattice preferred orien-
tations (LPO) expressed as <100>, <111>
and <110> pole figures (n = 217 grains).
Panel c is histogram of the relative frequency
of misorientation angles. Black: misorienta-
tion data between neighbouring points;
White: misorientation data between ran-
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—— Random (theoretical)
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domly chosen points; Curve: theoretical
distribution from a random set of orienta-
tions. Panels d and e are contoured lower-
hemisphere equal-area projections of om-
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poles to {110} well as [100], [010] and [001]
axes (n = 108 grains). Panels f and g are
contoured lower hemisphere equal-area
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approximately parallel to the foliation with multiple
concentrations; poles of {110} and [010] axes are
approximately normal to the foliation but the [010]
fabric is more pronounced; [100] axes are relatively
widely spread. They have small LS-indices between
0.153 and 0.415, confirming that they are S-type fabrics
(see Ulrich & Mainprice, 2005 for introduction of
LS-index). The causes of imperfection in these S-type
fabrics can be attributed to slightly heterogeneous
deformation and the relatively low accumulated
strain. These results are also identical to the S-type
omphacite fabrics of natural eclogites (e.g. Helmstaedt
et al., 1972). Variation of temperature or strain rate
appears to have little effect on omphacite fabrics
(Fig. 7a-h).

Although rutile is only an accessory mineral, it does
show indications of plastic deformation in our
experimentally deformed eclogites. Therefore, we
managed to measure its fabrics from several samples in
spite of its low abundance. Figure 8(a—c) shows rep-
resentative LPOs of rutile from three experimentally
deformed eclogites as fabric diagrams of the <100 >,
[001] axes and poles of {110}. A consistent fabric was
found in rutile: [001] axes form a girdle approximately
parallel to the foliation with multiple concentrations;
[100] axes and poles of {110} are approximately nor-
mal to the foliation.

Quartz composes only 10% of the experimentally
deformed specimens but shows the largest aspect ratio
in its crystal shapes, implying that it has absorbed very
large strains. Figure 8(d—i) shows representative LPOs
of quartz from six deformed dry eclogite specimens as
fabric diagrams of the ¢[0001] axis and a < 11-20 > axes.
Unlike all other minerals, our results revealed compli-
cated and inconsistent fabrics in quartz throughout the
studied samples.

© 2007 Blackwell Publishing Ltd

Fabrics of compressed experimental ‘wet eclogite

The LPOs of garnet and omphacite in experimentally
deformed ‘wet’ eclogites were investigated for com-
parison. These eclogites have been subjected to
deformation with limited strains (23-31%) as des-
cribed in detail in our eclogite faulting paper (Zhang
et al., 2004). Only those eclogite samples deformed
without faulting were selected for EBSD analysis.
Figure 9 shows two representative LPOs of garnet
from experimentally deformed wet eclogites as fabric
diagrams of the <100>, <111> and <110> axes.
Random distributions of garnet orientation were also
observed with a low-density range (0.6-1.4 in mrd)
in spite of the strong SPO of garnet (Fig. 9a—d). The
misorientation angle distributions also correspond to
theoretically random distributions (Fig. 9e—f). The
LPOs of omphacite from the same eclogites show the
same S-type fabric in omphacite as those of experi-
mentally deformed dry eclogites (Fig. 9g—j). Increas-
ing the water content of omphacite by a factor of
10 caused no change on the style of omphacite
fabric. However, the calculated LS-indices are relat-
ively smaller than those of omphacite LPOs in
dry eclogites, suggesting that water has facilitated
the deformation of omphacite with better-orien-
ted omphacite crystals relative to the macroscopic
strain.

Fabrics of experimentally sheared ‘dry’ eclogite

The LPOs of garnet and omphacite from two experi-
mentally sheared ‘dry’ eclogites were also analysed for
comparison. These eclogites have been subjected to
deformation under temperature and strain rate con-
ditions comparable with the axial compression
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compressed experimental ‘dry’ eclogites.
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gles. Black: misorientation data between
neighboring points; White: misorientation
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Curve: theoretical distribution from a ran-
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experiments but with large shear strains (y = 3-6)
(Table 3, expt. Group III). Figure 10 shows the
LPOs of garnet as fabric diagrams of the <100>,
<111> and <110> axes. Again a similar random
distribution of garnet was observed with a low-density
range (0.5-1.7 in mrd) (Fig. 10a—d). The misorienta-
tion angle distributions correspond to theoretically
random distributions (Fig. 10e—f). No correlation was
found between garnet fabric and changes of experi-
mental conditions as well as the amount of strain.
The LPOs of omphacite from these sheared eclogites

show a strong LS-type fabric: [001] axes are near
parallel to the shearing direction; [010] axes are
normal to the foliation, poles of {110} concentrate at
45° to the foliation; [100] axes concentrate near the
centre of the plot (Fig. 10g—j). Their corresponding
LS-indices are 0.607-0.654, close to LS-indices (0.55-
0.60) of typical LS-type fabrics of omphacite from
VPSC simulations of simple and pure shear defor-
mation (Ulrich & Mainprice, 2005). Thus, ‘dry’
deformation to very high strains, despite the obvious
recrystallization of garnet (Fig. 3d), produces no
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Fig. 7. Fabrics of omphacite from eight ~
axially compressed experimental ‘dry’ eclog- »
ites. Panels a—h are contoured lower-hemi- -«
sphere equal-area projections of omphacite =
lattice preferred orientations (LPO) ex- Al
pressed as fabric diagrams of poles to {110} X
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width of 20° and cluster size of 5°. They are -
typical S-type fabrics with small LS-indices
(0.153-0.415). Grey scale: pole figure density
(mrd). S: foliation, vertical EW plane. N is
the number of measured grains.

LPO in garnet, exactly as was found for the recrys-
tallization of garnet in ‘wet’ eclogite. We thus conclude
that the recrystallization of garnet in both cases is
driven by the same process, local plastic deformation
imposed at the surfaces of the grains that results
in rapid organization of dislocations into bound-
aries that then can readily slide and roll as strain
progresses.

© 2007 Blackwell Publishing Ltd

DISCUSSION

Eclogite rheology

Microstructural observations (flattened omphacite and
quartz crystals, strong foliation, undulatory extinction,
etc.) in the optical microscope and the measured stress
exponent of n = 3.5 indicate that our experimental



108 J. ZHANG & H. W. GREEN

<110>

0

i 3.09

GB267
N =102 grains

Rutile

0.02

‘ 255

GB200
N =118 grains

(©) :\f a

GB209
N =106 grains

[0001] [0001]

(9

(d)

)
@

Quartz

N=112
0.13
. 242
Fig. 8. Fabrics of rutile and quartz from
GB209 axially compressed experimental ‘dry’ eclog-
N=121 ites. Panels a—c are contoured lower-hemi-
sphere equal-area projections of rutile lattice
Voo preferred orientations (LPO) expressed as
5 i 209 fabric diagrams of the <100>, <110> and
i [001] axes with half width of 20° and cluster
size of 5°. Panels d—i are contoured lower-
GB244 hemisphere equal-area projections of quartz
N =125 LPO expressed as fabric diagrams of the

c[0001] axis and a<11-20> axes with half
width of 20° and cluster size of 5°. Grey
scale: pole figure density (mrd). S: foliation,
vertical EW plane.

‘dry’ eclogite was deformed in the dislocation creep
regime. The remarkable similarities of deformation
microstructures and fabrics between the experimentally
deformed samples and naturally deformed samples
suggest that they have the same deformation mecha-
nisms even though laboratory deformation is as much
as 10 orders of magnitude faster than in nature. The
deformation of ‘dry’ eclogite is accommodated by the
weaker phases of omphacite and quartz so long as
strains are sufficiently small that garnet does not col-
lide; thus garnet behaves like rigid inclusions. This
correlates with the pronounced omphacite fabric and a
near random garnet fabric from the same eclogite.
Experiments conducted separately on polycrystalline
omphacite and garnet further demonstrate the great
contrast in the creep strengths of these two minerals
under both dry and wet conditions, and show that the
strength of eclogite falls between the strengths of the
end-member phases. The experiments on compositions
of 23% and 68% garnet confirm the general trends.

Our data suggest that under comparable conditions
omphacite is weaker than Ca-Mg clinopyroxene (Bys-
tricky & Mackwell, 2001; Dimanov et al., 2003), but
stronger than polycrystalline jadeite (sodic clinopy-
roxene) (Stockhert & Renner, 1998), supporting the
arguments of Stéckhert & Renner (1998) that sodic
clinopyroxene could be weaker than Ca-Mg clinopyr-
oxene (Zhang et al., 2006). Omphacite creep strength is
also significantly lower than that of eclogite and close to
that of wet clinopyroxenite, which suggests that regions
in subducting slabs with significantly different ratios of
garnet to omphacite will have strain partitioned into
omphacite-rich domains. The weakness of omphacite
also explains why eclogites from environments of
‘UHP’ metamorphism have experienced large defor-
mations rather than remaining undeformed internally.
The similarity in strength of eclogite and harzburgite as
a consequence of the weakness of omphacite compen-
sating for the high strength of garnet also resolves the
contradiction between laboratory measurements on
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garnet and pyroxene and inferences made previously
from studies of eclogites in subduction-zone complexes
(e.g. van Roermund & Boland, 1981; Godard & van
Roermund, 1995; Karato et al., 1995).

A significant decrease in creep strength and a
pronounced change of deformation microstructure
(elongated garnet crystals) has been observed in
experimentally deformed eclogites because of the
presence of water. Therefore, our data on the ‘dry’
eclogite provide only an upper bound for the rheology
of eclogite. Natural sodic clinopyroxene commonly
contains hundreds to thousands of p.p.m. hydroxyl in
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their structures while other pyroxene (diopside and
enstatite) normally exhibit much less (tens to a few
hundred p.p.m.) (Smyth ez al., 1991; Katayama &
Nakashima, 2003; Su et al., 2004). This difference may
contribute partially to the low flow strength of sodic
pyroxene as well as the chemical composition differ-
ence. It has also been shown recently that precipitation
of water from such pyroxene induces melting at grain
boundaries and causes high pressure faulting, which is
a viable new mechanism for intermediate depth
earthquakes within hot subducting oceanic crust
(Zhang et al., 2004).
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Fig. 10. Fabrics of garnet and omphacite
from two representative sheared experimen-
tal ‘dry’ eclogites. The format is exactly the
same as for Fig. 9. S: foliation, vertical EW
plane; L: lineation, EW direction.

Deformation mechanism

Garnet deformation mechanism

The deformation mechanisms of natural garnet have
been debated for years. The long Burgers vectors and
high creep strength of garnet determined in the
laboratory have led many to believe that garnet
remains essentially rigid during deformation (e.g. Allen
et al., 1987; Karato et al., 1995). This general
assumption appears to explain very well subhedral-to-
irregular garnet found in many crustal and mantle

rocks (e.g. Godard, 1988). However, discoveries of
some garnet with elliptical shapes challenged this
argument and an opposite argument has been ad-
vanced that garnet could deform by dislocation creep
under high temperatures despite the generally low
density of dislocations in those garnet (Ando et al.,
1993; Doukhan et al., 1994; Ji & Martignole, 1994; Ji
et al., 2003). In conflict to the latter argument are the
weak or random LPOs of those elliptical garnet (Wenk
et al., 2001; Ji et al., 2003; Storey & Prior, 2005).
Numerical simulations of LPO development in garnet
using the visco-plastic self-consistent model produce
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strong characteristic LPOs for both axial compression
and simple shear deformation (Mainprice et al., 2004).
It is therefore difficult to explain weak garnet LPOs
with dominant dislocation creep deformation, given
the large plastic strain inferred from those elliptical
garnet.

Our results appear to resolve this conflict. Firstly,
the mechanical data confirm the great strength of
garnet under dry conditions. Garnet is at least four-six
times stronger than omphacite and twice as strong as
harzburgite. It is therefore not surprising to find ran-
dom LPOs in the round garnet from naturally and
experimentally deformed dry eclogites. Secondly, our
results demonstrate the great effect of water on
deformation behaviour of garnet. Previous experi-
mental study has shown that OH abundance in pyrope
increases to 1000 p.p.m. at pressure of 5-7 GPa and
then dehydrates at higher pressures (Withers et al.,
1998). The discovery of high hydroxyl content and
sodic amphibole exsolutions in garnet from UHP rocks
provides evidence for the participation of water in the
processes of garnet dynamics including deformation
(Langer et al., 1993; Song et al., 2005). Our mechan-
ical data suggest that trace amounts of structurally
bonded hydroxyl may have a disproportionately large
influence on the mechanical properties of garnet.
Garnet shows indications of strong flattening in the
experimental wet eclogite, indicating that the
mechanical strength of garnet has been greatly reduced
because of the presence of water in the system. How-
ever, EBSD analysis of those elongated garnet shows
the same random LPOs as for garnet in the ‘dry’
eclogites. The analyses of natural elliptical eclogitic
garnet yields similar results (Storey & Prior, 2005;
Zhang & Green, 2006). The mismatch between LPO
and SPO of ‘wet’ garnet suggests that intracrystalline
dislocation creep did not dominate the deformation of
garnet. Other mechanisms must be the cause of the
elongated shape of garnet. Back-scattered imaging
shows that natural lenticular garnet is often made of
numerous subgrains, suggesting grain-boundary sli-
ding processes assisted by subgrain formation and
rotation have dominated the plastic deformation in-
stead of dislocation creep (Storey & Prior, 2005; Zhang
& Green, 2006). Similarly, we observed repeatedly
apparent sliding off into the foliation of recrystallized
superficial layers of experimental garnet in the experi-
mental ‘wet’ eclogites (Fig. 3c), suggesting that the
majority of strain in garnet is accomplished by grain-
boundary sliding as well. Similar observations after
very large strains imposed on ‘dry’ eclogite (Fig. 3d)
suggest that the same process can operate in ‘dry’
eclogite, but only after extreme deformation of the
weaker phases has brought garnet together and gen-
erated high local contact stresses.

In summary, it is clear that water causes significant
changes in the flow properties of garnet in eclogite.
Dry garnet is very strong and resistant to plastic flow
at all temperatures examined here and can only flow
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after very large strains under conditions where
recrystallization induces extensive grain-boundary sli-
ding similar to that found in wet eclogites at smaller
strains. No evidence was found of bulk dislocation
flow of garnet either in experiments or in nature. In all
cases, no garnet LPO develops, regardless of the
amount of bulk strain.

Omphacite deformation mechanism

Our experiments have produced microstructures and
deformation fabrics of omphacite remarkably similar
to those found in natural eclogites, suggesting that they
have the same deformation mechanisms even though
laboratory deformation is as much as 10 orders of
magnitude faster than in nature. Our experiments
clearly are incompatible with diffusion creep based on
the rheological measurements. Moreover, the presence
of strong LPOs in omphacite lacking extensive
recrystallization unambiguously indicates dislocation
creep as the dominant deformation mechanism in the
experimentally deformed eclogites. This mechanism
also is in agreement with microstructural observations
(flattened omphacite crystals, strong foliation, undu-
latory extinction, a high density and wide variety of
dislocations, etc.) (Zhang et al., 2006).

As for naturally deformed eclogites, numerous pre-
vious studies have demonstrated that dislocation creep
is a major deformation mechanism in omphacite (van
Roermund & Boland, 1981; van Roermund, 1983;
Godard & van Roermund, 1995; Brenker et al., 2002;
Ji et al., 2003; Zhang et al., 2006). However, diffusion
creep may occur in fine-grained omphacite as sugges-
ted by a few studies (Philippot & van Roermund, 1992;
Godard & van Roermund, 1995; Mauler et al., 2001).
Both mechanisms have been shown analytically cap-
able to produce the observed omphacite LPOs in nat-
ural eclogites (Bascou et al., 2001, 2002; Mauler et al.,
2001). The experimental results demonstrate that the
observed omphacite LPOs could arise solely from
dislocation creep in omphacite, removing the need to
postulate complicated diffusion-based models. Previ-
ous work on polycrystalline omphacite has shown that
both S- and L-type omphacite fabrics can be produced
by combined slip systems of (100)[001], {110}[001] and
{110}1/2< 110> (Zhang et al., 2006).

The results also show that S-type fabric and its
mesoscopic foliation develop under conditions of axi-
ally-symmetric shortening whereas L-type fabric and
its mesoscopic lineation develop under conditions of
general strain, with L parallel to the greatest elonga-
tion. Because omphacite space group transformation is
not involved during the experiments, it is concluded
that the variation between S- and L-type omphacite
fabric seen in nature arises from variation of the
geometry and orientation of the finite strain ellipsoid,
as would be expected from symmetry arguments (Pa-
terson & Weiss, 1961). The control of fabric by strain
and rotation rather than stress or crystallography is
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clearly demonstrated by the simultancous rotation of
the L-maximum and the lineation defined by crystal
elongation towards the shear plane with progressive
strain in shear experiments. It is also consistent with
the prediction of computer simulations and observa-
tions of high-temperature mantle eclogite xenoliths
(Bascou et al., 2001, 2002; Ulrich & Mainprice, 2005).

Rutile deformation mechanism

Our results reveal a consistent LPO in rutile from ex-
perimentally deformed dry eclogite: [001] forms a girdle
near the foliation plane and maxima of <100> and
{110} approximately parallel to foliation. This fabric is
compatible with fabrics discovered in rutile of many
natural eclogites suggesting a result of dislocation glide
on {110}[001] (Mauler et al., 2001). This slip system has
been observed to be active in laboratory experiments on
rutile single crystals. The other operating slip system is
the {101} <101 > slip system, which is less active with
increase of temperature (Blanchin et al., 1990).

Quartz deformation mechanism

The deformation mechanism and LPO of quartz are
often complicated because of it having a large number
of available slip systems. The dominant slip systems in
quartz vary significantly as a function of temperature,
differential stress, strain rate and presence of water in
the lattice and along grain boundaries (Tullis, 2002).
Hirth & Tullis (1992) identified three regimes of dis-
location creep in experimentally deformed quartz
aggregates. It undergoes basal glide at low tempera-
tures [slip along the (0001) plane in any of the 3 a
directions], prismatic slip at moderate temperatures
(slip along the prism planes in any of the 3 a direc-
tions), and c-slip at high temperatures (slip along the
prism planes in the ¢ direction).

This study provides insight into the quartz defor-
mation mechanism at temperatures and pressures
much higher than those previous studies. Quartz ap-
pears to be the weakest mineral in eclogite as suggested
by its large grain aspect ratio after deformation. It is
expected to develop strong high-temperature LPO
(Hirth & Tullis, 1992). However, the results failed to
provide evidence of strong fabric development. In-
stead, complicated and inconsistent quartz LPOs were
observed. Similar phenomena are also observed in
quartz from natural eclogites (Binns, 1967, Mauler
et al., 2001). It has often been attributed to late static
recrystallization and recovery processes during retro-
gression. It is not possible to use this effect to explain
the quartz fabrics because the deformation experi-
ments were conducted at constant temperature, pres-
sure and strain rate conditions and then quenched to
300 °C in a few seconds. Because the same is seen in
natural and experimental eclogites, it is concludes that
this is a normal product of quartz deformation under
this regime in which it is a minor phase distributed

amongst much stronger phases. Clearly, several slip
systems have been activated simultaneously in all or
most quartz crystals, with different ones activated in
crystals of different orientation. The implication is that
the critical resolved shear stress becomes similar for
many slip systems in quartz at high pressure.
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