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Is quartz a potential indicator of ultrahigh-pressure metamorphism?
Laser Raman spectroscopy of quartz inclusions in ultrahigh-pressure garnets
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Abstract: Laser Raman microspectroscopy was applied to quartz inclusions in coesite- and diamond-grade metapelites from
the Kokchetav ultrahigh-pressure metamorphic (UHPM) complex, Northern Kazakhstan, and diamond-grade eclogite xenoliths
from the Mir kimberlite pipe, Yakutiya, Russia to assess the quantitative correlation between the Raman frequency shift and
metamorphic pressure. Quartz crystals sealed in garnets have a higher frequency shift than those in the matrix. Residual pressures
retained by quartz inclusions depend on the metamorphic history of the garnet host. The Raman frequency shift of quartz inclusions
in garnet from coesite-grade and diamond-grade metamorphic rocks shows no systematic change with increasing peak metamorphic
pressures. The highest shifts of the main Raman bands of quartz were documented for monocrystalline quartz inclusions in garnets
from a diamond-grade eclogite xenolith. Calibrations based on experimental work suggest that the measured Raman frequency shifts
signify residual pressures of 0.1-0.6 GPa for quartz inclusions from coesite-grade metapelites from Kokchetav, 0.1-0.3 GPa
for quartz inclusions from diamond-grade metapelites from Kokchetav, and 1.0-1.2 GPa for quartz inclusions from the diamond-
grade eclogite xenoliths from the Mir kimberlite pipe. Normal stresses and internal (residual) pressures of quartz inclusions in garnet
were numerically simulated with a 3-shell elastic model. Estimated values of residual pressures are inconsistent with the residual
pressures estimated from the frequency shifts. Residual pressure slightly depends on P-T conditions at peak metamorphic stage.
Laser Raman microspectroscopic analysis of quartz is a potentially powerful method for recovering an ultrahigh pressure meta-
morphic event. Monocrystalline quartz inclusions yielding a residual pressure greater than 2.5 GPa might indicate the presence of a
former coesite.

Key-words: quartz, coesite, diamond, UHPM petrology, Raman spectroscopy, 3-shell elastic model, residual pressure.

1. Introduction for 18 complexes (Chopin, 2003). Unfortunately, the com-

plex metamorphic history of UHPM rocks often erases the

Ultrahigh-pressure metamorphic (UHPM) complexes are
common features of suture zones of lithospheric plates
(Chopin, 2003). Despite an extensive search for new
UHPM indicators, coesite and diamond remain the most
reliable indicators among others. Diamond inclusions are
quite rare and have been identified so far only in a limited
number of localities (Sobolev & Shatsky, 1990; Massonne,
1999; Mposkos & Kostopoulos, 2001; Van Roermund
et al., 2002; Mposkos & Krohe, 2006; Perraki et al.,
2006), whereas the presence of coesite has been confirmed
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peak metamorphic assemblages and prevents reliable esti-
mation of the peak metamorphic conditions.

Since the first findings of coesite, the high-pressure SiO,
polymorph in crustal rocks (Chopin, 1984; Smith, 1984), it
has become a very powerful mineral-indicator of ultra-
high-pressure metamorphism. Unlike diamonds, the pre-
sence of only one coesite inclusion undoubtedly provides
evidence for an UHPM origin of the host mineral
(Korsakov et al., 2004). However, due to the fast kinetics
of the coesite-to-quartz transformation (Mosenfelder &
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Bohlen, 1997; Perrillat et al., 2003 and references therein),
coesite rarely survives even when it is included in robust
minerals. In most cases, relics of coesite are present in the
core of polycrystalline quartz aggregates, surrounded by a
radial crack pattern. These partial or complete pseudo-
morphs of quartz after coesite are quite abundant over a
wide range of lithologies. They are sometimes used
together with other mineralogical indicators to prove that
the rocks experienced UHP metamorphic conditions
(Gilotti & Krogh Ravna, 2002).

The most reliable method for documenting the presence
of quartz and coesite is laser Raman microspectroscopy
(Scott & Porto, 1967; Sharma et al., 1981; Boyer et al.,
1985). Raman band positions of minerals are known to be
dependent on composition, pressure, and temperature.
Quartz is generally a virtually pure end-member and it is
stable over a wide range of metamorphic conditions.
Hence, it is a potential Raman geobarometer. The effect
of pressure and temperature on quartz Raman bands posi-
tions is experimentally well known (Hemley, 1987,
Schmidt & Ziemann, 2000). A quartz geobarometer has
been calibrated recently on metamorphic quartz from
quartz-eclogite, epidote-amphibolite, and amphibolite-
facies rocks (Enami et al., 2007). In this paper, we study
the application of the quartz geobarometer to coesite- and
diamond-grade metapelites from the Kokchetav complex,
Northern Kazakhstan and diamond-grade eclogite xeno-
liths from the Mir kimberlite pipe, Yakutiya, Russia.

2. Experimental techniques

Raman spectra were obtained using a Kaiser System
Hololab 5000R modular Raman microspectrometer
(f/1.8) (KOSI, Ecully, France). The microscope was fitted
with a 100x objective (PL Fluotar L, N.A. 0.75, W.D.
4.7 mm, Leica). Samples were excited using 45-50 mW
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of a 785 nm laser light from a diode laser (Toptica
Photonics AG, Martinsried/ Munich, Germany). The scat-
tered light is guided to the spectrograph through a confo-
cal, 15 pum aperture collection fibre. A back-illuminated
deep depletion Pelletier cooled CCD detector (Andor,
Belfast, Northern Ireland) operating at —70 °C was used
for the detection of the scattered light. The Raman signal
was collected in the spectral interval of 100-3100 cm ™'
with a spectral resolution of 4 cm™'. Further details of
the calibration procedure can be found in Hutsebaut
et al. (2005).

3. Samples

Five representative samples were chosen for this study
(Table 1): three samples of coesite-grade mica-schists
(K86, K26C, B01-3), one sample of a diamond-grade
garnet-kyanite-quartz rock (B9-04) from the Kokchetav
massif (Fig. 1.) and one sample of a diamond-grade
eclogite xenolith (TM90-1) from the Mir pipe (Yakutiya),
with different metamorphic history.

3.1. Coesite-grade micaschist samples K86, B01-3,
K26C from the Kokchetav massif

The mineral assemblage in the studied micaschists studied
here is: garnet + phengite + quartz £ kyanite. Rutile,
apatite, monazite, zircon and graphite are common acces-
sory minerals. Phlogopite and chlorite occur as retrogres-
sive breakdown products of garnet and kyanite. Garnet
porphyroblasts generally constitute 20-40 vol% of the
rock. They are subhedral, rounded, and equigranular with
a diameter ranging from 0.2 to 5.0 mm. Larger than 2 mm
porphyroblasts display a sharp optical boundary between
clear pinkish cores and reddish mantles and rims. The

Table 1. Mineral assemblages, P-T estimates and characteristic features of garnet porphyroblasts from coesite- and diamond-grade
metamorphic rocks from the Kokchetav Massif (Northern Kazakhstan) and eclogite xenolith from the Mir kimberlite pipe (Yakutiya).

peak P-T conditions

Sample Locality Mineral assemblage T,°C P, GPa Zoning pattern in garnet
K86 Kulet® Grt, Phe, Bt, Ky, Pse, Qtz/Coe, Ilm, Rut, Chl 600-650 3.2-3.8" Prograde

K26C Kulet® Grt, Phe, Qtz/Coe, Ilm, Rut, Chl 600-650 2.8-3.2¢ Homogeneous

BO1-3 Barchi-Kol® Grt, Phe, Ky, Qtz/Coe(? ), Gr, Ilm, Rut, Chl 600-650 1.6-2.4° Prograde

B9-04 Barchi-Kol® Grt, Phe, Bt, Ky, Qtz/Coe, Gr, Dia 950-1000 4—6'_1 Homogeneous

TM90-1 Mir pipe' Grt, Cpx, Dia, Qtz, Rut >1100-1200 >5) Homogeneous

N 53°00'14.3" E 69°30'16.1".
®Parkinson (2000).

°N 53°00'14.3” E 69°30'16.1".
dKorsakov et al. (submitted).
°N 53°09'12" E 68°40'14".
This study.

EN 53°09'07" E 68°40/59".

"Massonne (2003), Shatsky et al. (2005), Korsakov et al. (2005, 2007).

N 62°31'42.07" E 113°59'38.34".
JTomilenko et al. (2005).
*Tomilenko et al., (20053).
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Fig. 1. Cut and polished surfaces of hand-specimens of coesite- (a—c)
and diamond-grade (d) metamorphic rocks from the Kokchetav
massif.

small garnet grains and the mantles and the rims of the
large garnet porphyroblasts contain numerous microscopic
rutile rods. These rods are generally less than 1 pm wide
and 5 pm long. Coesite-grade micaschist samples have a
zonal distribution of SiO, inclusions. Monocrystalline
quartz inclusions predominantly occur in the core.
Coesite or quartz pseudomorphs after coesite dominate in
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the external zone of the garnet porphyroblasts. Other inclu-
sions comprise in decreasing order of abundance: rutile,
ilmenite, kyanite, phengite, phlogopite, coesite, graphite,
apatite and chlorite.

The three mica-schist samples (K86, B01-3, K26C)
were selected because of their different garnet chemistry
(Table 2) and metamorphic history (Korsakov et al.,
submitted).

3.1.1. Sample K86

The sample K86 contains large garnet porphyroblasts with
a manganese-rich core (MnO up to 12 wt%, Table 2.).
Abundant euhedral monocrystalline quartz inclusions
(Fig. 2), similar to those described by Parkinson (2000),
are present. The external zone of the garnets is rich in relics
of coesite surrounded by a polycrystalline quartz shell, and
in polycrystalline quartz inclusions, representing pseudo-
morphs after coesite.

3.1.2. Sample K26C

Garnet porphyroblasts from the sample K26C also contain
abundant quartz inclusions. No prograde zoning in the
garnet porphyroblasts was observed. MnO content is less
than 1 wt% (Table 2). Coesite relics are present in the core
of the garnet porphyroblasts. Monocrystalline quartz inclu-
sions also occur (Fig. 3). Quartz grains behave optically as
a single grain (see Korsakov et al., submitted). A weak
birefringent halo is observed around some quartz

Table 2. Representative microprobe analyses of garnet porphyroblasts from coesite- and diamond-grade metamorphic rocks from the
Kokchetav Massif (Northern Kazakhstan) and eclogite xenolith from the Mir kimberlite pipe (Yakutiya). c, core; r, rim.

K86 K26C BO1-3 B9-04 TM90-1

Sample c r c r c r c r c r Cpx
SiO, 36.49 37.05 37.36 37.26 36.88 37.48 38.32 38.35 41.10 41.12 54.90
TiO, 0.03 0.00 0.02 0.00 0.00 0.02 0.08 0.07 0.02 0.02 0.10
Al, O 20.34 20.79 20.75 20.64 20.55 20.82 21.31 22.09 22.90 22.87 6.20
FeO 26.44 38.40 33.91 36.76 34.32 35.51 25.68 25.22 15.40 15.43 2.30
MnO 12.47 0.29 0.98 0.36 3.87 0.50 0.35 0.37 0.34 0.35 0.03
MgO 0.68 2.95 3.09 3.65 2.74 3.95 6.49 6.36 16.30 16.33 13.30
CaO 2.62 0.64 3.64 1.30 1.33 1.16 7.13 7.04 3.80 3.79 16.70
Na, O 0.10 0.05 0.00 0.00 0.05 0.01 0.05 0.05 0.04 0.04 3.80
K, O 0.00 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.04
Total 99.18 100.17 99.74 99.97 99.74 99.47 99.41 99.55 99.90 99.95 97.37
Si 3.01 3.00 3.01 3.00 3.00 3.02 2.99 2.98 3.00 3.00 2.03
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.98 1.98 1.97 1.96 1.97 1.98 1.96 2.02 1.97 1.97 0.27
Fe 1.82 2.60 2.28 2.48 2.33 2.39 1.68 1.64 0.94 0.94 0.07
Mn 0.87 0.02 0.07 0.02 0.27 0.03 0.02 0.02 0.02 0.02 0.00
Mg 0.08 0.36 0.37 0.44 0.33 0.47 0.76 0.74 .77 1.78 0.73
Ca 0.23 0.06 0.31 0.11 0.12 0.10 0.60 0.59 0.30 0.30 0.66
Na 0.02 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.27
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Alm 0.61 0.86 0.76 0.82 0.78 0.79 0.56 0.55 0.31 0.31 —

Spes 0.29 0.01 0.02 0.01 0.09 0.01 0.01 0.01 0.01 0.01 —

Pyr 0.03 0.12 0.12 0.15 0.11 0.16 0.25 0.24 0.59 0.59 —

Grs 0.08 0.02 0.10 0.04 0.04 0.03 0.20 0.19 0.10 0.10 —
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Fig. 2. Garnet porphyroblasts from the Kulet micaschists, eastern
Kokchetav (sample K86). Abundant monocrystalline quartz inclu-
sions are seen as small black spots in transmitted light photomicro-
graph (a) and BSE image (b). Quartz pseudomorphs after coesite,
surrounded by dense radial crack patterns, can be recognized in the
external mantle and rim zones. Compositional zoning with Mn-rich
irregular core is observed (b). (¢)—(d) Plane-polarized and cross-
polarized light photomicrographs of low-pressure monocrystalline
quartz in the Mn-rich core. There is no optical halo around this type
of quartz inclusions.

Fig. 3. Monocrystalline quartz inclusions in coesite-grade meta-
morphic rocks. (a-b) Plane-polarized and cross-polarized light
photomicrographs of coesite inclusions coexisting in the same garnet
area with monocrystalline quartz inclusions in garnet from a micas-
chist (sample K26C). (c—d) Plane-polarized and cross-polarized light
photomicrographs of partial quartz pseudomorph after coesite with
coesite relics in the core of the inclusion.
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inclusions. We did not find any correlations between the
halo size and intensity and the size of the quartz inclusions.
Large anhedral quartz inclusions (up to I mm in size) occur
also in the core of such garnet porphyroblasts. No halo was
observed around the large anhedral inclusions. Rare relics
of coesite occur within the same growth zone and were
identified by Raman spectroscopy. The mantle regions of
these garnets contain quartz inclusions with palisade
textures indicative of pre-existent coesite and relics of
coesite (Fig. 3) coexisting side by side with both euhedral
and anhedral monocrystalline quartz inclusions. Around
some of these inclusions intense radial fracturing has
been developed in the garnet host, whereas only very
small barely visible cracks occur around others. Coesite
relics in the studied samples are surrounded by a visible
palisade quartz corona (Fig. 3). The thickness of the corona
is highly variable even within the single samples.

3.1.3. Sample BOI-3

Garnet porphyroblasts from the sample BO1-3 preserve a
prograde zonation in their core. They are characterized
by a significantly lower Mn-content (only up to 5 wt%,
Table 2) compared to garnets from sample K86. Almost all
quartz inclusions are characterized by an optical birefrin-
gent halo varying in intensity (Fig. 4). Some quartz inclu-
sions are surrounded by radial crack patterns (Fig. 4f—e).
Similar features (e.g., an optical halo and crack patterns)
were observed around ‘‘monocrystalline’’ coesite inclu-
sions in garnet from diamond-bearing clinozoisite gneisses
(Korsakov et al., 2007).

3.2. Diamond- and coesite-bearing
garnet-Kyanite-quartz-rock B9-04, from the
Kokchetav massif

Garnets from the sample B9-04 (Fig. 5) exhibit similarities
in their morphology with the garnets of the sample K86
described above (Fig. 2). They have homogeneous cores
whereas slight variations in their composition occur in
narrow (~100 um) external zones (Shatsky et al., 1995;
Korsakov et al., 1998; Hermann et al., 2001; Korsakov
et al., 2002; Korsakov & Hermann, 2006). Diamond and
coesite inclusions identified in the garnet porphyroblasts
point to peak metamorphic conditions of P~4-6 GPa and
T~950-1000 °C (Sobolev & Shatsky, 1990; Hermann
et al., 2001; Korsakov et al., 2007). Higher peak meta-
morphic conditions of P~6—8 GPa and 7' = 1100 °C have
been reported by Ota et al. (2000), Massonne (2003) and
Dobrzhinetskaya et al. (2006). Monocrystalline quartz
inclusions occur in the core of garnet porphyroblasts simi-
larly to the coesite-grade samples. Polycrystalline quartz
inclusions (up to 200 um in size), representing pseudo-
morphs after coesite, occur predominantly within the
external garnet zone. Intergrowths of monocrystalline
quartz with diamond were found as inclusions in some
garnets (Fig. 5c—d). No optical birefringent halo was
observed around the quartz inclusions in the sample
B9-04. Similar behaviour of monocrystalline quartz
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100 um

Fig. 4. Photomicrographs of high to ultrahigh (?) pressure mono-
crystalline quartz inclusions in garnet porphyroblast (sample BO1-3).
An optical birefringent halo with different intensity is observed
around quartz inclusions (a)—(d). Weak halo also can be seen for
partly exposed quartz inclusions (f)—(e). This inclusion is surrounded
by radial crack patterns.

inclusions was observed in diamond-bearing samples from
the Rhodope Massif, Greece (Mposkos et al., 2009).

3.3. Diamond-bearing eclogite xenolith from the Mir
kimberlite pipe, Yakutiya

This rock consists of garnet and strongly altered clinopyr-
oxene (Tomilenko et al., 2005). Only monocrystalline
quartz and needles of rutile were identified as inclusions
in garnet porphyroblasts (Fig. 6).

All quartz inclusions (up to 100 pm) in garnet are euhe-
dral. They are surrounded by a very intense halo (Fig. 6).
Tiny radial cracks occur at apices, probably formed due to
expansion of quartz inclusions. Exposed at the thin-section
surface the inclusions lose the halo and the residual pres-
sure is partly eliminated. Sometimes, these cracks are filled
with fluid (Tomilenko ez al., 2005).

3.4. Raman spectroscopic study of euhedral
monocrystalline quartz inclusions

Representative Raman spectra of monocrystalline quartz
inclusions of the sample K86 are presented in Fig. 7a.
There is no measurable shift of the main quartz Raman
bands (Table 3). Raman spectra correspond well with
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Fig. 5. Monocrystalline (Qtz) and polycrystalline (Qtz-P) quartz
inclusions in diamond-grade metamorphic rocks. (a—b) Plane-polar-
ized and cross-polarized light photographs of garnet porphyroblast
with abundant monocrystalline quartz inclusions in the core. A
polycrystalline quartz inclusion is identified within the external
zone of garnet porphyroblast. (c—d) Plane-polarized and cross-polar-
ized light photographs of representative monocrystalline quartz
inclusion from the core of garnet crystal (no cracks or an optical
halo can be seen). (e—f) Plane-polarized and reflected light photo-
graphs of an intergrowth of monocrystalline quartz and diamonds
included in garnet.

Fig. 6. Photomicrographs of rutile needles (a—b) and euhedral mono-
crystalline quartz inclusions surrounded by a very intense optical
birefringent halo (c—d) in diamond-bearing eclogite xenolith from
Mir kimberlite pipe (Yakutiya).
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Fig. 7. Representative Raman spectra of monocrystalline euhedral
quartz inclusions in garnet porphyroblast. A low residual pressure
for quartz inclusions was measured for sample K86 (a), high residual
pressures were documented for samples K26C (b), BO1-3 (c) and
TMO90-1 (d).

spectra collected at ambient conditions (Scott & Porto,
1967). There is a significant upshift of the main quartz
Raman bands for all quartz inclusions in garnets from the
samples K26C and BOI1-3 (Table 3). Representative
Raman spectra are shown in Fig. 7b, c, respectively. The
highest shift of the main quartz band (up to 471 cm ™ ') was
measured for an unexposed quartz inclusion. For inclu-
sions partly exposed at the surface the shift is lower
(around 467-468 cmfl); however, these values are still
higher than those for ambient pressure.

There is no measurable shift for the quartz inclusions in
garnet from diamond-grade metamorphic rocks from the
Kokchetav massif (Table 3). Raman spectroscopic study of
the quartz inclusions in garnet from the eclogite xenolith

A.V. Korsakov, M. Perraki, V.P. Zhukov, K. De Gussem, P. Vandenabeele, A.A. Tomilenko

revealed that they exhibit the highest upshift of the main
quartz band, up to 474 cm™ ' (Fig. 7d and Table 3). This is
the absolute maximum upshift reported so far for mono-
crystalline quartz inclusions in garnet.

4. Theoretical consideration and a 3-shell
elastic model

The transformation of coesite to quartz and internal (resi-
dual) pressure in the inclusions can be modelled by
a three-shelled composite sphere in linear elasticity.
This model is presented below. Similar models but
with different initial conditions were developed by
Nishiyama (1998).

We assume that a system consisting of j, layers is
formed at the pressure P, and temperature T,. The first
substance occupies a sphere of the radius r;, the second
occupies the shell 7; < r < r,, the j-th substance occupies
the shell 7;,_; <7 < r;,. We also assume that all processes
are slow, so that the temperature will be uniform and the
body will maintain mechanical equilibrium. The tempera-
ture of the formation is high and the stress tensor o
relaxes to an isotropic form: o,. = ggg = 0,, = —Py.
The radial displacement in initial stage is expressed by
the formula

ug = Agr, Aoy = —Po/(3Ky))

where K,; is the bulk modulus in the j-th substance in initial
state. Let the system change to an environment with the
pressure P and temperature 7. We assume that during this
change the system has the behaviour of an elastic body.
Below we indicate the component a,, of stress tensor as g,
and 69y = 0, as g;. It is well known (Zhang, 1998), that the
conditions of equilibrium give the expression for radial

Table 3. Mean Raman shift (v) of the main bands of monocrystalline euhedral quartz for coesite- and diamond-grade metamorphic rocks from
the Kokchetav Massif and Mir kimberlite pipe. Pressure shifts of the Raman modes (dv/dP) of a-quartz after Hemley (1987) and calculated

values of residual pressure (P;, GPa) based on the calibration.

v, (dv/dP) K86 K26C BO1-3 B9-04 TM90

cm” ! cm” Y/GPa v P; v P; v P v P, v P;
128 55+£02 - - - - - - - - - -
206 19.9 £ 0.7 209 0.15 217 0.55 220 0.70 207 0.05 231 1.26
265 3.5+0.1 264 -0.29 266 0.29 267 0.57 265 0.00 269 1.14
355 -12+07 - - - - 353 1.67 - - -
394 —0.09 £ 0.03 - - - - 393 11.11 - - 393 11.11
401 —0.09 £ 0.03 - - - - - - - - 400 11.11
450 4.6 £0.1 - - - - 454 0.87 - - - -
464 8.0+0.2 464 0.00 468 0.50 469 0.63 464 0.00 474 1.25
696 7.0 £0.6 - - - - 700 0.57 - - 704 1.14
808 59+0.7 - - 809 0.17 - - - - 812 0.68
1162 —-3.1+0.3 - - - - 1157 1.61 - - 1156 1.94
Optical halo n.d. medium medium to strong n.d. very strong
Radial crack pattern n.d. tiny tiny n.d. tiny
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displacement u(r) = Cyr + C,/r* in each layer. In our case
it is more convenient to write for the j-th substance

3
i1
u= (A, +Bjr—3>r

In this notation the total displacement is wur = u + up.
For the stress tensor we have

3
r._
o =3K;(Aoj + 4 — &) — 4G"Bjjr—3l

3
7
0, =3K;(doj + 4; — &) + zc;j-ijr—3

where g; is the coefficient of linear expansion due to tem-
perature change and phase transformation; A, B and C are
three constants and G is shear modulus. Note that &; can be
written as & = (poj/pj)l/3 — 1, where p,; is the substance
density at initial temperature 7 and zero pressure and p; is
the substance density at final temperature 7 and (may be)
another phase state also for zero pressure.

The conditions of finiteness of displacement in the cen-
tre, continuity of radial displacement # and normal stress
tensor component g, at the boundary between layers and
the condition on the outer boundary of the body may be
expressed thus:

B =0

Aj+Bw=4;+1+B;+1, j=1,...,50—1

3Kj(4; + Aoy — &) — 4G;Byw;

= 3K 1(Aj1 + Aojir1 — &11) — 4GB,
j:17"'7j0_1

3Kjo(4jo +Aojo — &0)4GjoBjowjo = —P

where w; = 73

g / rj3 We solve this system numerically.

5. Results of numerical modelling

We consider that (a) the system consists of pyrope and
coesite at Ty and P,, with coesite being completely
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replaced by a-quartz and (b) at the final stage the garnet-
host is at ambient conditions 7 = 293 K and P = 10~*
GPa.

The mechanical properties of coesite (index coe),
a-quartz (index grz) and pyrope are given in Table 4.

In the diagram of Fig. 8, the dependence of the residual
pressure in quartz P;, on T, for different P, is given. The
residual pressure is high (more than 3 GPa) due to the
expansion during the coesite-to-quartz phase transition.
Note that in the absence of the coesite-to-quartz transfor-
mation residual pressure does not exceed 1.5 GPa.

Garnet composition has a slight effect on its elastic
properties (Bass, 1995). Our calculations showed that
changes in the mechanical properties of garnet had little
effect on internal pressures.

In Fig. 9 the dependence of stresses o,, 0, and ¢ on a
radius for the case Py = 6 GPa, Ty = 1300 K, r; = 10 pum,
r» = 1 mm are shown. The value G corresponds to the pure
pressure without shear stress. Note that in our case ¢ is
constant inside a layer, but can be different in different
layers, as also derived by experimental data. The optical
measurements show large deformation of the pyrope near
the inclusion, but the pressure measurements show small
pressure up to the inclusion. The highest pressure in quartz
is related to phase transition.

6. Discussion

Coesite-to-quartz transformation is accomplished with sig-
nificant volume changes; very high residual pressures can
be preserved in ‘“‘monomineralic’’ (following the defini-
tion of Parkinson, 2000) coesite inclusions, as well as in
partly transformed coesite (Parkinson & Katayama, 1999;
Sobolev et al., 2000; Ye et al., 2001; Korsakov et al.,
2007). The Raman shift of quartz was recently tested on
natural samples in order to estimate the effect of peak
metamorphic pressure on residual pressure within the
quartz inclusions (Enami et al., 2007). For different
UHPM complexes the maximum upshift of the main
Raman quartz bands (up to 477 cm™ ') was documented
for partly transformed coesite inclusions (Korsakov et al.,
2007), corresponding to residual pressures of up to 1.6
GPa, (using the calibration of Hemley, 1987). Unlike
Enami et al. (2007), we found no correlation between the
residual pressure and the size of the inclusions.

Table 4. Elastic properties of coesite, quartz and pyrope after Bass (1995), Fei (1995) and Holland & Powell (1990). Here and below the
temperature is measured in kelvins and pressure, K and G — in GPa, density — in g/cm’. In inclusion Epy = {(2.14.1075—
0.02PIK} )(T — Top) + 1.1.10%(T* — 7§)/2} and host garnet py= (2.141050.02P/K2py)(TT0) + 1.1108(T2T20)/2/3 The radius of coe-

site/quartz inclusion is #; = 10 pm, the radius of pyrope host is , = 1 mm. Note, that in case | /r, << 1 a concrete value of this ratio does
not influence the results.

Coesite Quartz Pyrope
K, GPa 113.7 37.8 150 + 5.3P - 0.02T
G, GPa 61.6 443 90 + 1.5P -0.01T

p, glem’ 6.009/(2.064 + 2.2 107 (T - 298)) 6.009/(2.269 + 2.2 1077 (T - 298))
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Fig. 8. Dependence of the residual pressure in coesite inclusions P;,
on T, for different P, without phase transitions (dashed lines) and
quartz inclusions (solid line) formed after complete transformation to
quartz of original coesite inclusions.

Ye et al. (2001) mentioned that for polycrystalline
quartz pseudomorphs after coesite the Raman shift can
reach 470 cm ™', corresponding to a residual pressure of
~0.9 GPa. According to our numerical modelling, assum-
ing the complete coesite-to-quartz transformation, the
internal pressure for quartz pseudomorphs should be
around 3.0 GPa (depending on P, and Ty). The radial
crack patterns around coesite inclusions in different miner-
als were interpreted to result from pressure release within
the inclusion (Gillet et al., 1984; Van der Molen & Van
Roermund, 1986; Nishiyama, 1998; Zhang, 1998).
Recently, it was shown that even when exposed at the
thin-section surface, coesite inclusions in UHPM garnet
from the Kokchetav massif still preserve high residual
pressures up to 0.5 GPa (Korsakov et al., 2007).
Therefore, it is unlikely that cracks around the inclusions
can cause complete relaxation of residual pressure. So far,
quartz inclusions with residual pressure above 1.7 GPa and
shift above 477 cm™' have not been documented for
natural samples. This can be explained by the fact that
most UHPM complexes underwent near isothermal
decompression during the initial stage(s) of exhumation;
therefore plastic deformation of the host garnet at
T~800-900 °C is quite possible (Chen et al., 1995;
Karato et al., 1995; Kleinschrodt & Duyster, 2002;
Katayama & Karato, 2008).

Quartz inclusions in garnets from the eclogite xeno-
lith preserved the highest values of residual pressure
~1.5 GPa and shift of the main quartz Raman bands.
This is probably related to the very fast uplift of the
eclogite xenolith by kimberlite melts compared to the
exhumation rate of UHPM complexes (Canil &
Fedortchouk, 1999; Kelley & Wartho, 2000; Grégoire
et al., 2006). Mineral assemblages of this sample
formed in the diamond stability field (Tomilenko
et al., 2005) at T = 1100-1200 °C and P > 5 GPa;
therefore the degree of transformation of coesite-to-
quartz should not be significant. Kinetics of the

A.V. Korsakov, M. Perraki, V.P. Zhukov, K. De Gussem, P. Vandenabeele, A.A. Tomilenko
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Fig. 9. Calculated radial (o,) and tangential (o,) stress in garnet host
and quartz inclusion, originally trapped as coesite at P, = 6 GPa,
To = 1300 K, r; = 10 um, r, = 1 mm.

coesite-to-quartz transformation are very fast at tempera-
tures above 400 °C (Mosenfelder & Bohlen, 1997,
Perrillat et al., 2003) but the absence of dense radial
crack patterns makes this transition unlikely during uplift.
The exact P-T conditions of the coesite-to-quartz trans-
formation in the eclogite xenolith are unknown.

Coesite-grade micaschist samples have a zonal distribu-
tion of SiO, inclusions. Quartz occurring in Mn-rich garnet
cores was found to have low residual pressure, formed
during a prograde stage of metamorphism (Fig. 10a-b).
This is in a good agreement with the results of Udovkina
(1985) and Parkinson (2000). The quartz crystals with
higher internal pressure could also have formed during a
prograde stage of metamorphism (Fig. 10c—f). However,
the coexistence of these inclusions with coesite relics in the
same growth zone of garnet porphyroblasts suggests that
most probably they were trapped as coesite (Fig. 3). This
hypothesis is further supported by the presence of quartz-
diamond intergrowths included in garnet porphyroblasts
from diamond-grade metamorphic rocks (Fig. Se—f). It is
worth noting that abundant coesite inclusions were found
in the same thin section (Korsakov ef al., 2007). A recent
investigation of ““‘wet’” and ‘“‘dry”’ transformation of coe-
site to quartz was performed by Lathe et al. (2005). They
found that the transformation rate of “‘wet’’ coesite is more
than ten times higher than that of the ““dry’ coesite at
the same conditions. This difference may explain why
some coesite crystals in our samples were completely
converted to quartz, whereas others remained intact.
However, in this case the coexistence of monocrystalline
quartz and coesite within the same growth zone of garnet
porphyroblasts can be explained only if fluid had been
distributed extremely heterogeneously and had very low
mobility at the UHPM stage.
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Fig. 10. BSE images of garnet porphyroblasts and P-T paths for coesite- (a—d) and diamond-grade (e—f) metamorphic rocks from the
Kokchetav massif plotted on metamorphic facies diagram (after Liou ez al., 1998; Okamoto & Maruyama, 1999). The P-T stages indicated
along the path of the coesite- and diamond-grade metamorphic rocks are based on petrologic data of Parkinson (2000), Theunissen et al.
(2007) and Hermann et al. (2001), Korsakov ez al. (2007), respectively. Thick arrows indicate the different stages of garnet growth. A very
low subduction-zone geothermal gradient of 5 °C/km is also shown. Metamorphic facies abbreviations are: AM = amphibolite; Amp-
EC = amphibolite-eclogite; BS = blueschist; EA = epidote amphibolite; EC = eclogite; EP-EC = epidote-eclogite; GR = sillimanite-
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pellyite; and ZE = zeolite.
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7. Concluding remarks

Euhedral monocrystalline quartz inclusions in garnets
from metamorphic rocks recrystallized under diamond-
and coesite-facies conditions, that

(a) are not exposed at the polished thin-section surface,

(b) lack strong radial crack patterns,

(c) have a coesite shape or a negative crystal shape of

the garnet host and
are surrounded by a birefringent halo,
might be potential UHPM indicators.

High residual pressures of 0.8—1.2 GPa in euhedral
monocrystalline quartz inclusions with the above-men-
tioned characteristics are derived from the Raman shift of
the main quartz band varying from 469 to 474 cm™'. The
stronger the birefringent halo around such inclusions, the
higher is the upshift of the main quartz Raman band.
Numerical modelling indicates that complete transforma-
tion of coesite to quartz should create significantly higher
residual pressure of approximately 3.0 GPa. The absence
of such inclusions in natural samples may indicate that
plastical deformation of the host garnet during a retrograde
metamorphic stage reduces the residual pressure within the
inclusion.

Summarizing the results of this study, we suggest that:

e Monocrystalline quartz inclusions with residual
pressure up to 1.2 GPa (shift of the main quartz
Raman band up to 474 cm ') might be considered
as indirect evidence for UHPM conditions.

e Monocrystalline quartz inclusions with residual
pressure above 2.5 GPa would clearly indicate that
these quartz inclusions were coesite, which trans-
formed to quartz.
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