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Abstract

Determination of the stability of pyrope with quartz could provide theoretical pressure-
temperature (P-7) constraints on silica-saturated eclogites as well as near end-member pyrope-
bearing terrains. The lower-P-T stability of pyrope in the presence of quartz in the system MgO—
Al,0;-Si0; can be modeled by the reaction: 3 enstatite + 2 kyanite = 2 pyrope + 2 quartz.
Reaction reversals were experimentally obtained using a s-inch diameter piston-cylinder press
and a 1000-ton multi-anvil press. Besides natural quartz, all other starting materials, including
orthopyroxene, pyrope, and kyanite, were synthesized. The reaction has been bracketed at 1.50
GPa at 1040-1080 °C; 1.69—1.79 GPa at 1000 °C; 2.26 GPa at 920-940 °C; 2.90 GPa at 840—
860 °C. The bracketed boundary is higher in temperature and pressure than that calculated using
the newest dataset of Holland et al. (2018), particularly at higher pressures. Aluminum is usually
thought to be taken into orthopyroxene in the form of Mg-tschermak’s pyroxene (MgTs;
MgAl,SiOg) under these experimental P-T conditions. In contrast, the observed orthopyroxene

composition indicated the involvement of a non-stoichiometric component Mg-eskola pyroxene
(MgEs; Mgy 5L 5A1S1,05), an aluminous orthopyroxene with octahedral vacancies (L]). End-

member thermodynamic properties for MgEs as well as a mixing model for the ternary enstatite—
MgTs—MgEs solid solution have been derived. The thermodynamic calculations, employing the
mixing model, are in good agreement with the experimental brackets. The new model has
potential applications to constrain P-7 conditions of tectonic settings such as ultrahigh pressure
and ultrahigh temperature metamorphism.

Keywords: orthopyroxene - quartz - pyrope - non-stoichiometry - Mg-eskola pyroxene - Mg-

tschermak’s pyroxene
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Introduction

Pyrope (Mg3;Al,Si301,) is an important component in garnet. Determining the lower-
pressure-temperature (P-T7) stability of pyrope in the presence of quartz helps constrain the
stability of quartz-bearing eclogites and therefore the depths to which crustal rocks in high
pressure/ultrahigh pressure (HP/UHP) terranes can be transferred. It also defines the lower-
temperature stability of the nearly pure pyrope-bearing quartzites of the Dora Maira massif of the
Western Alps (e.g., Chopin 1984).

The P-T stability of pyrope in the absence of quartz has been well studied most recently
by Fockenberg (2008). Aside from the approximate boundary proposed by Hensen and Essene
(1971) and Hensen (1972), however, there has been no detailed study of the lower P-T stability
of pyrope in the presence of quartz.

In the chemical system MgO—Al,03-SiO; (MAS), the lower-P-T stability of pyrope with
quartz is defined by the reaction:

3 Mg,Si,06 + 2 AL SiOs = 2 Mg3AlLSi30; + 2 SiO, (1)
orthopyroxene kyanite pyrope quartz

Critical for the location of this reaction is the Al,O3 content in orthopyroxene (Opx). The
solubility of Al,O3 in orthopyroxene has long been of interest to petrologists for its potential
application to geothermobarometry. Accordingly, experimental investigations of alumina in
orthopyroxene as a function of P-T conditions and bulk compositions have been conducted over
decades (e.g., Boyd and England 1964; MacGregor 1974; Herzberg 1983; Aranovich and
Berman 1997; Hollis and Harley 2003; and references therein). In these studies, a common
assumption is that Al,Os is taken into orthopyroxene in the form of Mg-tschermak’s pyroxene

(MgAl1,S106=MgTs), and aluminous orthopyroxene is usually described as a binary enstatite—
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MgTs solid solution. The assumption appears reliable in silica-deficit systems such as in spinel
and garnet peridotites (e.g., Danckwerth and Newton 1978; Perkins et al. 1981; Gasparik and

Newton 1984). However, a nonstoichiometric component Mg-eskola pyroxene
(Mg sy sAIS1,06 = MgEs, where [ represents a vacancy) is predicted to be present in silica-

rich systems (Boyd and England 1960; Gasparik 1994; Fockenberg and Schreyer 1997).
Eskola (1921) introduced the terminology “pseudojadeite” to describe nonstoichiometric
molecules of pyroxene when documenting the eclogites of Norway (Day and Mulcahy 2007;

Kawasaki and Osanai 2015). Unlike the analogous nonstoichiometric Ca-eskola pyroxene (CaEs;
Cay 5Ly 5AIS1,06), which has been well investigated (e.g., Schroeder-Frerkes et al. 2016; and

references therein), the nonstoichiometric Mg-eskola orthopyroxene has rarely been addressed.
Boyd and England (1960) observed the variation in Mg/Si ratio and deviation of the
orthopyroxene composition from the enstatite-pyrope join to the direction of an excess of SiO,,
and related the variation to the saturation of silica in the environment. Sekine and Wyllie (1983)
also noted that aluminous orthopyroxene coexisting with SiO,-rich liquids appeared to have
excess Si0, and deviated from the enstatite-MgTs join. Fockenberg and Schreyer (1997)
synthesized excess-Si aluminous orthopyroxene in the system MAS with gels as the starting
materials. The Mg-deficiencies and Si-excess were supported by mineral compositions and cell
dimensions, while transmission electron microscopy confirmed the anhydrous nature of the
orthopyroxene. In light of these studies a new model is needed for aluminous orthopyroxene,
involving MgEs substitution as well as MgTs substitution.

A failure to include MgEs for aluminous orthopyroxene in a silica-rich system would

result in systematic errors in Al,O3 isopleths of orthopyroxene and in deduced P-T conditions



78

79

80

81

82

&3

&4

&5

86

87

88

&9

90

91

92

93

94

95

96

97

98

99

100

(e.g., Arima and Onuma 1977; Baba 1999; Hollis and Harley 2003), particularly at high
pressures.

In this study, these deficiencies are remedied by direct experimental reversal of reaction
(1) in the range of 740—1100 °C and 1.5-3.3 GPa using piston-cylinder and multi-anvil presses.
The experimental results are compared with the calculated reaction boundary using the existing
dataset of Holland et al. (2018). Evidence for variation in MgEs component in mineral
composition and unit-cell parameters is also presented before proposing a new mixing model for

aluminous orthopyroxene and discussing its potential applications to tectonic settings.

Experimental methods

Starting materials

Besides natural quartz, the phases pyrope, Opx, and kyanite in the starting mixtures were
synthesized from appropriate mixtures of reagent-grade SiO,, Al,O3 (Aldrich, lot no. 2121CL),
and MgO (Aldrich, lot no. 05225DR) or Mg(OH), (Alfa Aesar, lot no. G07X026). The Si0O, was
made from silicic acid (J.T. Baker, lot no. 926407) heated overnight in air to 1100 °C, producing
amorphous silica or weakly crystalline cristobalite (Jenkins 2011). Although all these minerals
are anhydrous, water was added in the form of distilled water or from the breakdown of
Mg(OH), as a flux improving the reaction rate during synthesis. After weighing according to
stoichiometry, reagents were mixed thoroughly under acetone in an agate mortar. The detailed
conditions and products of synthesis are listed in Table 1.

Three kinds of starting mixtures were prepared for reaction reversal experiments. All
mixtures had the same assemblage of phases (pyrope, quartz, Opx, and kyanite) but with

different Opx starting compositions: Al-free, medium-Al, and high-Al Opx. Each sample was
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prepared by sealing ~6 mg of the starting mixture in a platinum (Pt) capsule along with 1-3 wt%
water to guarantee appreciable reaction while avoiding the total dissolution of quartz. The water
was added into the capsule using a syringe and finally reached the desired amount by
evaporation on a Mettler-Toledo AG245 balance which has a precision of + 0.02 mg.
Apparatus and methods

Experiments below 2.5 GPa were conducted in a non-end-loaded '2-inch diameter piston-
cylinder press with NaCl/pyrex as pressure media. The accuracy of pressure measurement is
estimated to be £ 0.05 GPa. The K-type chromel-alumel thermocouple was used to measure
temperature. The uncertainties are estimated to be + 5 °C for reversed runs using 1.5 mm outer
diameter (OD) Pt capsules and = 10°C for mineral synthesis runs using 4.0 or 5.0 mm OD Pt
capsules (e.g., Jenkins 2011).

In consideration of the relatively high temperature of this study, a double-sleeve
NaCl/pyrex (Fig. 1a), instead of a single-sleeve NaCl, pressure cell was adopted. Pressure
correction for the NaCl/pyrex media was made against the experimentally determined boundary
of 2 ferrosilite = fayalite + quartz at 1000 °C. Synthetic ferrosilite and fayalite along with natural
quartz were used as starting materials. The boundary of nominal pressure was bracketed between
1.49 and 1.51 GPa (Fig. 1b), which indicated a friction correction of -6% compared to 1.41 GPa
as determined by Bohlen et al. (1980).

Experiments above 2.5 GPa were performed in a 1000-ton multi-anvil press with 18/11
mm octahedra made of castable MgO pressure media (Walker et al. 1990). A recalibration for
pressure was done at 830 °C (Cheng et al. under review) against reaction boundaries of quartz =
coesite (Bose and Ganguly 1995) and albite = jadeite + quartz (Holland 1980). K-type

thermocouples were used to measure temperature. A pressure uncertainty of + 0.1 GPa and a



124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

temperature uncertainty of + 10 °C were adopted (Corona et al. 2013). Pt Capsules with 1.5 mm
OD and ~ 6 mm length were used.
Analytical methods

Powder X-ray diffraction (XRD) patterns were measured on a Panalytical PW3040-MPD
X-ray diffractometer. Operating conditions were 40 kV and 20 mA using Cu Ka radiation with a
graphite diffracted-beam monochromator. All run products were mounted on a zero-background
oriented quartz plate as a thin smear and scanned over the range of 5-60 °20 with a step size of
0.05 °20 and counting times of one second per step. Rietveld refinements were obtained using
the GSAS-EXPGUI package (Toby 2001; Larson and Von Dreele 2004) to make quantitative
phase analysis and to measure unit-cell parameters. Rietveld refinements were initiated using the
structures of pyrope (la3d) from Novak and Gibbs (1971), quartz (P3,21) from Levien et al.
(1980), enstatite (Pbca) from Nestola et al. (2006), and kyanite ( P1 ) from Comodi et al. (1997).
Convergence criterion was set to 0.03. The background was modeled using the shifted
Chebyschev (function 1) with 6 terms. The profile peak cutoff was 0.002 with the default
function 2. The zeropoint was refined against quartz (ap = 4.9139 A, ¢y = 5.40595 A), used as an
internal standard for the other phases. A preferred orientation 610 plane was refined for Al-free
and medium-Al Opx. Unit-cell parameters for the synthetic phases are listed in Table 2.

Run products, with different starting Opx, near the reaction boundary and at the stability
field of Opx and kyanite were prepared for electron microprobe analysis. Samples were mounted
in epoxy and polished with diamond grit in steps down to 0.5 um (Jenkins and Corona 2006).
The analysis of individual Opx was done on a JEOL 8900 Superprobe operated at 15 kV and 10
nA. Semi-quantitative EDS (energy dispersive X-ray spectroscopy) analysis was done before

selecting points for quantitative WDS (wavelength dispersive spectroscopy) analysis.
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Experimental results

Reaction boundary

Reaction directions were assessed by comparing powder XRD patterns of run products
with the starting materials and calculating weight percent of phases using Rietveld refinement.
Only runs with appreciable changes in main XRD peak heights were accepted. Table 3 lists the
experimental conditions and products while Fig. 2 shows the results in P-T space. Because the
reaction rate was low and the amount of kyanite and quartz could change due to the change of
composition of orthopyroxene, only changes in proportions of the dominant phases
orthopyroxene and pyrope were adopted as the main criterion to determine the reaction direction.
The reaction was bracketed at 1.50 GPa at 1040-1080 °C; 1.69-1.79 GPa at 1000 °C; 2.26 GPa
at 920-940 °C; 2.90 GPa at 840-860 °C; and with coesite half-bracketed at 3.30 GPa at 780 °C
because the nucleation of talc interfered with the growth of orthopyroxene at lower temperatures.
These results are lower in pressure than the uncorrected “piston out” reversal bracket of Hensen
(1972) (Fig. 2).
Compositional reversals in the Al,O; contents of orthopyroxene

Experimental reversals of the Al,Os contents of orthopyroxene were determined with two
or three kinds of starting orthopyroxene: Al-free, high-Al, and medium-Al. As shown in Fig. 3,
there is a range in Al,Os contents, indicating lack of complete equilibration. The equilibrium
contents were estimated from the overlap in the re-equilibrated run products conducted at the
same condition near the reaction boundary. The population of Al,O3 contents was also used to
narrow the estimation. The approach gives an estimation of Al,O; contents in orthopyroxene of

12.5+ 1.5 wt% at 1.50 GPa and 1060 °C, ~10.5 + 1.0 wt% at 1.69 GPa and 1000 °C, ~7.2 £ 1.2
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wt% at 2.26 GPa and 920 °C, and ~6.0 + 1.0 wt% at 2.90 GPa and 840 °C. This is the first study

to report composition data for this reaction.

Discussion

Thermodynamic modeling with the current model for aluminous Opx

A thermodynamic calculation was done to model this reaction employing the program
THERMOCALC v3.45 (Powell et al. 1998) and the latest version (ds633, Holland et al. 2018) of
the thermodynamic dataset of Holland and Powell (2011). Aluminum is usually assumed to be
taken into orthopyroxene in the form of Mg-tschermak’s molecule under these experimental P-T
conditions. Therefore, a mixing model for the binary enstatite-MgTs solid solution was initially
adopted. The modeled results turn out to be good at lower pressures but fail to fit the
experimental brackets at higher pressures (Fig. 2). If this is due to omission of an Mg-eskola
substitution, then it may suggest a need to improve the mixing model of aluminous
orthopyroxene.
Non-stoichiometric pyroxene

Stoichiometry is usually a criterion used to evaluate and accept data for mineral
composition analysis (e.g., Hensen and Essene 1971; Lee and Ganguly 1988). However, it may
mistakenly exclude the presence of non-stoichiometric components which occupy fewer cations
than stoichiometric components. Plotting all data of orthopyroxene composition of this study on
a ternary En-MgTs-MgEs diagram indicates that most pyroxenes show some departure from
stoichiometric En-MgTs join towards the non-stoichiometric (vacancy-bearing) MgEs (Fig. 4).

Opx involves increasing ratio of MgEs/MgTs with the increase of pressure. This may be

accounted for by introducing the MgEs (Mg-eskola pyroxene, Mg, sL1y sAlSi,0¢) substitution as
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well as the well-known MgTs (Mg-tschermak’s pyroxene, MgAl,SiOg) substitution for En
(enstatite, Mg,S1,0¢). The nonstoichiometric molecule may enhance the stability of the
aluminous orthopyroxenes. This requires derivation of end-member thermodynamic properties
for MgEs as well as a mixing model for the ternary En—-MgTs—MgEs solid solution.
Estimation of molar volume of MgEs

Before setting up a new mixing model, the molar volume of MgEs was estimated from
the mineral composition and unit-cell volumes of this study (Table 5) as well as from the data of
Fockenberg and Schreyer (1997). Because the composition of orthopyroxene is not
homogeneous in this study, the average values of ~40 analyses for each run product were
adopted to obtain an estimation of aluminum content per six oxygen atoms and the molar
fractions of the three end members. The unit-cell parameters of orthopyroxene were determined
from Rietveld refinements of the powder XRD patterns. The volume was presumed to be
additive according to the equation:

Vopx = VEnXEn + VMers&mers + VMgesXMgEs
where V; represents molar volume and X; molar fraction of component i.
Thus, a linear relationship between Xyviges and Viges Xyges could be derived.
y=ax

where:
Y = VmgesXmges = Vopx — VEnXEn — VMeTsXMeTs

X = XMgEs

a= VMgEs
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The slope should be VygEs, the molar volume of MgEs. Using volumes of En and MgTs from
Holland and Powell (2011) and letting the line go through the origin, the linear fitting of y = ax
gave a value of 5.927 + 0.111 J/bar for Vyggs (Fig. 5).
New model for aluminous orthopyroxene with vacancies

The ternary En—-MgTs—MgEs solid solution may be described by extending the simple

En—MgTs mixing model, using the three end-members whose structural formulae are, with [

denoting a vacancy:

Component Site
M2 Ml T
En Mg Mg Si,
MgTs Mg Al AlSi
MgEs O % Mg% Al Si,

Mixing is described in terms of ideal mixing on the octahedral (M2, M1) and tetrahedral (T) sites
for configurational entropy and a regular solution to describe departures from ideality. The site
fractions, in terms of two compositional variables y (= xami, mole fraction of Al in the M1) and

Z (= 2xgmp) are

Xomz = Z/2 Xmgmz = 1— z/2
Xam1 = Y XmgM1 = 1-Y
Xar = Y/2—2z/2 XsiT = 1-y/2+2/2

and end-member proportions given by

PEn = 1- y
Pmgrs = Y — 2
ngEs = Z

The ideal activities are expressed as
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1

Qagn =  XmMmgM2 XMgM1 (xsiT)?
1 1 1
aMgTs — —1 XMgM2 XAIM1 (xarr)* (xsiT)4
3
1 1 1
amges = 2 (Xam2)? (ngMZ)E xam1 (Xsit)?

The T-site terms have been additionally raised to the power of i to impose a quarter of the usual

entropy of mixing to accommodate for short-range ordering on the tetrahedral and octahedral
sites. It was found (Holland and Powell, 2011) that complete Al-Si disorder does not allow

fitting of aluminous opx compositions in the many MAS system equilibria considered, whereas
reduction to " of configurational entropy satisfied the experiments well. The non-ideal mixing is

taken as a regular solution of the 3 end-members, with values

WEn,MgTs = 18.5-0.12P (kD
WEn,MgEs = 145-0.17P (kD
WMgTsMgEs — —15.0 (k])

The thermodynamic properties of the MgEs end-member and w values were determined
by fitting the experimental data for the reaction 3 enstatite + 2 kyanite = 2 pyrope + 2 quartz
along with several other MAS equilibria by monte-carlo optimisation. The molar volume of the
MgEs end-member used here (5.927 J/bar) is derived from cell volume data presented as above.

All other components to the Gibbs energy of MgEs were determined from a summation
approximation (Gyggs = %GMgTS + %GErl - EGFO). Although, in principle, the parameters could
be derived solely from the experiments of this study, the allocation of Al to two different
pyroxene substitutions requires modification of the MgTs end-member enthalpy of formation
relative to the Holland & Powell (2011) dataset. The set of equilibria used in fitting was

pyrope Opx quartz kyanite (This study)

pyrope quartz Opx sillimanite (Hensen and Essene 1971; Perkins 1983)
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forsterite (Fo) pyrope spinel Opx (Danckwerth and Newton 1978; Gasparik and Newton 1984)
Opx spinel forsterite (Gasparik and Newton 1984)

Opx pyrope (Perkins et al. 1981)

cordierite + quartz + Opx + sillimanite (Newton, pers comm, in Holland and Powell 2011)

and this assures compatibility with the tc-ds633 dataset of Holland et al. (2018). Results from the
monte-carlo fitting indicated that silica-deficient assemblages (those with spinel, forsterite,
sapphirine) have very little MgEs component while those coexisting with quartz contain
significant amounts.

The mixing properties (Wgn,mgTs, Wen,MgEs) Were quite closely constrained by the
equilibria involved, with wgp, mgts being a little larger than in the earlier models so as to
accommodate more MgEs and less MgTs component in pyroxenes. The value for Wygrs mgks
was less well constrained and was set to -15 kJ, the same as the analogous wcars cags (Holland
and Powell 2011). The enthalpy of formation of MgTs needed adjusting by -2.25 kJ relative to
the dataset value, and the new MgEs end-member required adjusting by 35.0 kJ relative to the
sum %MgTs + ZEn - zFo.

As can be seen in Fig. 6, the revised calculated curve is in greater agreement with the
experimental brackets.

The composition of the pyroxenes may be found from the THERMOCALC output, as shown
in Appendix 1, where the values for xygrs = ¥y — z and Xxyggs = Z are given as output and the
total Al (pfu) is Al = 2y — z. Comparing these with the experimental results, the agreement is
good at high temperatures, but calculated Al contents are much lower at 800—900°C. This may

be due to sluggish diffusion at lower temperatures which prevents the alumina content from
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reaching the equilibrium compositions, but further investigation is needed to understand this
inconsistency between the calculated and observed Al,O; contents at lower temperatures.
Implications for Opx in silica-rich systems
(1) UHP whiteschist from the Dora-Maira Massif

The Dora-Maira Massif is well-known for being the first record of coesite in a
metamorphic terrane, indicating UHP conditions, in the pyrope-coesite rocks reported by Chopin
(1984). There were several approaches used to estimate the peak metamorphic P-T condition of
Dora-Maira Massif. Chopin and Schertl (1999) constrained the peak metamorphism to 3.7 GPa
and 790 °C by combining the garnet-clinopyroxene-phengite geobarometer with the garnet-
clinopyroxene geothermometer for the UHP eclogite, while Nakamura and Banno (1997) gave
an estimation of P-T from 3.3 GPa and 760 °C to 3.4 GPa and 830 °C for the eclogite using a
garnet-omphacite-kyanite-coesite geothermobarometer. But a problem for those
geothermometers is the estimation of Fe*"/Fe*" of pyroxenes which is usually based on mineral
stoichiometry. At such P-T conditions, there should be a significant quantity of
nonstoichiometric end members, such as CaEs, in the clinopyroxene. Thus, estimation of
Fe**/Fe*" by stoichiometry can be highly problematic and could produce non-negligible errors for
P-T estimation (Proyer et al. 2004). Another important approach is the combination of Si-in-
phengite barometry with the dehydration reaction from talc + kyanite to pyrope + coesite + H,O
(Chopin 1985; Massonne and Schreyer 1989; Schertl et al. 1991). However, dissolved solutes in
the fluid could change the activity of H,O (ay, o) and thus shift the reaction boundary to lower
temperatures. The solutes are usually assumed to be salts (mainly alkali chlorides) and gases
(mainly COy,) at low pressures, but substantial amounts of host-rock oxide components (mainly

silicates and aluminosilicates) are also predicted at high pressures (Hermann 2003; Sverjensky et
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al. 2014; Manning 2018). Such complex mixtures of solutes make it hard to estimate ay, o and
determine the reaction boundary at UHP conditions. Coggon and Holland (2002) estimated the
P-T conditions (3.3 GPa and 721°C) of these rocks using both a pseudosection and multiple-
reaction thermobarometry by lowering ay, o to 0.5 on the basis of stable isotope thermometry (C.
Chopin personal communication, in Coggon and Holland 2002). However, their result rests on
assuming the ay, o as 0.5.

Reaction (1) involving coesite, namely the reaction of Opx + kyanite to pyrope + coesite,
in the system MAS is water-free and thus knowledge of ay,  is not needed for applying this
reaction to geological settings. The calculated reaction boundary, employing the model of Opx
from this study, could provide a minimum estimation of peak metamorphic temperature.
Combination of this reaction with the Si-in-phengite barometer (Si = 3.55; Schertl et al. 1991)
gives an estimation of 3.6 GPa and 725 °C (Fig. 7).

The Si-in-phengite barometer for Si = 3.55 gave a lower pressure of 3.3 GPa in the
recalibration of Coggon and Holland (2002), partly because the Parigi phengites in the Dora
Maira massif contain Ca, Na, Fe, and T1i as well as some A-site vacancies and a small
trioctahedral component. Applying this pressure to reaction (1) will give a temperature of 775 °C
(Fig. 7), which is higher than the 721 °C value of Coggon and Holland (2002) and indicates the
ay,o could not have been lower than 0.5.

(2) Sapphirine-quartz-Opx assemblage at ultrahigh-temperature conditions

The sapphirine-quartz assemblage is a benchmark criterion for ultrahigh-temperature (UHT)
metamorphism which is defined as a subdivision of granulite facies metamorphism with
temperature > 900 °C and pressure in the range of 0.7-1.3 GPa (Harley 1998a, 2008; Kelsey

2008; Kelsey and Hand 2015). The aluminous orthopyroxene coexisting with sapphirine + quartz
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could give an essential constraint for the peak-temperature estimation because of the relatively
sluggish diffusion of Al compared to Fe-Mg exchange during cooling (Aranovich and Podlesskii
1989; Harley 1998b; Hollis and Harley 2003). However, MgTs was assumed to be the only
component carrying alumina, which could introduce some undesired errors for the Al-in-Opx
thermometer. As shown in Fig. 8, the new model involving MgEs gives more closely-spaced
isopleths of Al,O3 in orthopyroxene coexisting with sapphirine and quartz in the system MAS.
The new model would, for example, result in temperature that are 50 °C (or more) higher in the
range of 1100-1200 °C, depending on the Al,Oj; in orthopyroxene. The ternary En—-MgTs—MgEs
orthopyroxene model could revise the quantitative P-T estimations for UHT metamorphism

involving aluminous orthopyroxene and other aluminous phases in a silica-rich system.

Conclusion

Reversed experiments were conducted to constrain the lower-P-T stability of pyrope in
the presence of quartz in the system MgO—Al,0;—S10,. The reaction, 3 enstatite + 2 kyanite = 2
pyrope + 2 quartz, was also modeled using the thermodynamic data of Holland et al. (2018),
which yielded a curve that deviates systematically to lower pressures at lower temperatures
compared with the experimental brackets. The finding in this study that the pyroxenes showed
departure from stoichiometry towards an excess of silica, along with evidence from previous
studies (Sekine and Wyllie 1983; Fockenberg and Schreyer 1997), suggests that the Mg-Eskola
substitution may be enhancing the stability of the aluminous enstatites.

The end-member thermodynamic properties for MgEs as well as a mixing model for the
ternary En—-MgTs—MgEs solid solution have been derived. The derivation included the data from

this study as well as those of many previous experiments in the system MgO—-Al,03-S10,, thus



331

332

333

334

335

336

337

338

339

340

341

342

343

17

assuring compatibility with the tc-ds633 dataset of Holland et al. (2018). The calculated curve is
now in quite good agreement with the experimental brackets of this study.

The new model has potential applications to constrain the P-T conditions of both UHP
whiteschists and UHT pelites. It also calls for the necessity to include MgEs as well as CaEs in
pyroxenes in silica-rich systems to achieve better thermodynamic modeling for high-pressure

and high-temperature metamorphism.
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THERMOCALC output, as illustrated below at the indicated P-7 conditions. The total Al content is

calculated as Al = 2y-z, and the corresponding wt% of Al,Os is given for comparison with the

data in Figure 3.

P(kbar) T(°C) y(opx) z(opx) wt% Al,O;
29.6329 841.055 0.06973 0.06722 1.84
28.6847 850.000 0.07066 0.06696 1.89
26.0830 875.000 0.07469 0.06486 2.15
23.6421 900.000 0.08197 0.06056 2.63
21.4642 925.000 0.09325 0.05507 3.34
19.5920 950.000 0.1085 0.04987 4.25
18.0121 975.000 0.1275 0.04567 5.32
16.6471 1000.000 0.1509 0.04234 6.60
15.6410 1025.000 0.1772 0.04094 7.97
14.9691 1050.000 0.2051 0.04138 9.37
14.5566 1075.000 0.2341 0.04325 10.80
14.3518 1100.000 0.2637 0.04633 12.22
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Table 1 Phase synthesis conditions and products

Mineral Bulk composition P T H,O t  Products and comments

(GPa)  (°C)  (wt%) (h)

Pyrope” Mg;AlLSi304, 2.50(5) 850(10) 4 96 pyrope; two treatments
Al-free Opx Mg,Si,06 2.50(5) 850(10) 4 48 Opx

medium-Al Opx® (Mg, sAlg2)(SiisAlp2)Os 1.60(5) 1040(10) 4 24  Opx (96%), sapphirine (4%)

high-Al Opx (Mg 7Alp3)(S11.7Alp3)O6  1.60(5) 1450(10) 0 3.5 Opx (92%), sapphirine (8%)
kyantie AlLSiOs 2.00(5) 850(10) 4 40 kyanite

fayalitec® Fe,Si04 0 (vac) 900(10) 0 72 fayalite

ferrosilite FeSiO; 2.00(5) 900(10) 0 42 ferrosilite

Uncertainties in the last digits of pressure (P), temperature (T), and given in parentheses; phase abundance listed in wt% via Rietveld
refinement

*Pyrope was made from oxides and 10 wt% of seeds which were made at 2.5 GPa and 1050 °C for 96 hours within two treatments.
®Medium-Al Opx was made from oxides and 10 wt% of Al-free Opx

‘Fayalite was made by placing a mixture of Fe°, Fe203, and SiO2 of fayalite bulk composition into a graphite crucible, sealing this
crucible in an evacuated fused-silica tube, and heating at 900°C for 72 h.

dFerrosilite was made from an appropriate mixture of fayalite and quartz.
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Table 2 Unit-cell parameters of synthetic phases listed in Table 1.

Phase Unit-cell dimensions and volume

a(A) b(A) c(A) a(®) p°) y(°) VA%
Pyrope 11.45(4) 11.45(4) 11.454) 90 90 90 1502.6(2)
AF Opx  18.23(4) 8.816(2) 5.177(2) 90 90 90 831.8(4)
MA Opx  18.195(4) 8.743(1) 5.179(1) 90 90 90 824.0(2)
HA Opx  18.176(3) 8.729(1) 5.1803(2) 90 90 90 821.9(2)

kyantie  7.121(1)  7.848(3) 5.571(3) 90.03) 101.2(1) 105.96(6) 293.2(2)

Uncertainties in the last digits of unit-cell parameters given in parentheses

AF Al-free, MA medium-Al, HA4 high-Al

The results are average values from GSAS Rietveld refinements based on three to five powder
XRD analysis of starting materials, with quartz (ag = 4.9139; ¢y = 5.40595 A) as an internal

standard for refinement.



Table 3 Results of selected experimental reversals on reaction (1).

Code® Nominal P Corrected P T t  Products and comments
(GPa) (GPa) O (M

14, Al 1.60(5) 1.50(5) 940(5) 72 Opx growth

15, A2 1.60(5) 1.50(5) 980(5) 72 Opx growth

16, A3 1.60(5) 1.50(5) 1020(5) 72  Opx growth

17, A4 1.60(5) 1.50(5) 1040(5) 72 Opx growth

19, A5, A33  1.60(5) 1.50(5)  1060(5) 24 Unclear®

A34, A36

49, A30 1.60(5) 1.50(5) 1080(5) 24 Pyrope growth
A37 1.65(5) 1.55(5) 1080(5) 24 Pyrope growth
50 1.70(5) 1.60(5) 1100(5) 24 Pyrope growth
48, 429 1.80(5) 1.69(5) 1000(5) 24 Opx growth
23, A9 1.80(5) 1.69(5) 1100(5) 24 Pyrope growth
46, A26 1.90(5) 1.79(5) 1000(5) 24 Pyrope growth
3 2.00(5) 1.88(5) 820(5) 72 Opx growth

1 2.00(5) 1.88(5) 860(5) 48 Opx growth
25,424 2.00(5) 1.88(5) 1000(5) 24 Pyrope growth
27,A13 2.10(5) 1.97(5) 1000(5) 24 Pyrope growth
26, A12 2.20(5) 2.07(5) 1000(5) 24 Pyrope growth
28, Al4 2.40(5) 2.26(5) 900(5) 24 Opx growth

31,A17,425  2.40(5) 226(5)  920(5) 24 Opx growth

6 2.40(5) 226(5)  820(5) 48 Opx growth
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30, Al6

29, A15
34,422

53, A35,428
32

55

36

38

37

2.40(5)
2.40(5)
2.50(5)

2.90(10)

2.90(10)

2.90(10)

2.90(10)

3.30 (10)

3.30 (10)

3.30 (10)

2.26(5)
2.26(5)
2.35(5)
N. A.
N. A.
N. A.
N. A.
N. A.
N. A.

N. A.

840(5)
940(5)
900(5)
820(10)
840(10)
860(10)
880(10)
780(10)
760(10)

740(10)

48

48

48

48

24

48

48

29

Opx growth
Pyrope growth
Opx growth
Opx growth
Opx growth
Pyrope growth
Pyrope growth
Pyrope growth
Talc nucleation

Talc nucleation

Uncertainties in the last digits of pressure (P), temperature (T), and given in parentheses.

N.A. not applicable.

*Multiple runs were conducted at most P-T conditions with different starting materials, especially

those near the reaction boundary. The number code (XX) indicates Al-free Opx. The AX code

indicates medium-Al Opx, while the italic 4X indicates high-Al Opx.

®Five runs were conducted at this condition, but contradictory results were produced (3 for Opx

growth but 2 for pyrope growth), which may indicate a condition very near to the reaction

boundary.
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Table 4 Average composition of run-product orthopyroxene measured from electron microprobe

and unit-cell parameters derived from Rietveld structure refinements.

Average values

Unit-cell parameters of Opx*

eode Al/60 Xen Xugrs Xwmges a(@A) b(A) c(A) V(A) Va(/bar)
19 037 078 0.15 0.08  18.191 8.736 5.176 822.623 6.192(195)
A33 040 076 0.17 0.07  18.192 8737 5.178 822.985 6.195(186)
A36 049 071 020 0.10  18.176 8.724 5.177 820.932 6.180(185)
48 030 0.80 0.10 0.09  18.161 8.743 5.170 820.885 6.179(171)
A29 047 072 0.19 0.09  18.185 8.737 5.179 822.892 6.194(227)
31 0.12 091 0.02 007 18216 8.798 5.175 829.413 6.243(235)
Al7 036 078 0.14 0.08 18193 8751 5.178 824.332 6.205(138)
A25 042 073 0.15 0.1  18.182 8.746 5.178 823.302 6.197(209)
53 0.15 088 0.03 0.10 18221 8.803 5.180 830.853 6.254(316)
A35 038 077 0.15 0.08 18201 8765 5.177 825956 6.217(171)
A28 043 073 0.16 0.10 18212 8.759 5.177 825.798 6.216(382)
34 0.13 09 004 006 18213 8799 5.178 829.787 6.246(246)
Al5 035 077 0.12 0.1 18191 8756 5.177 824.618 6.207(140)

Uncertainties in the last digits of unit-cell volumes are given in parentheses, while typical values

with uncertainties of Xyrs and Xyggs are shown in Figure 6.

*Quartz was used as the internal standard, with ag =4.9139 A and ¢y = 5.40595 A.

®The molar volume ¥y, (J/bar) = Ve (A) - 102 - N - 103/ Z = 0.0075 * Veen (A?), where N»

represents the Avogadro constant, and Z, the number of formula units per unit cell for

orthopyroxene, is 8.
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Figure Captions
Figure 1 a Schematic diagram of the double-sleeve NaCl-pyrex pressure cell for the 2 inch
diameter piston cylinder. b Powder XRD patterns showing the progressive development of
ferrosilite against fayalite + quartz with increasing pressure from the starting mixture at 1000 °C,

used to calibrate the sample pressure for the assemblage.

Figure 2 Reversal experiments for reaction (1). Open circles represent growth of orthopyroxene,
while solid circles represent growth of pyrope. Half-filled circle represents no clear reaction, and
squares represent the nucleation of talc. Most experiments were repeated with 1-3 different
starting materials, especially those near to the boundary. The dashed line represents the modeled
boundary based on the binary enstatite—MgTs solution model of orthopyroxene from Holland et
al. (2018), while the dotted line represents the uncorrected “piston out” reversal bracket of
Hensen (1972). The quartz-coesite boundary is that of Bose and Ganguly (1995) which is

adopted by Holland and Powell (2011).

Figure 3 Compositional reversals in the Al,O3 contents (wt%) of orthopyroxene in starting
materials and run products near the reaction boundary. Ranges bounded by arrows indicate the
interpreted Al,O; contents of orthopyroxene at equilibrium. Note that the values are not mean
and standard deviations but are based on the extent of compositional overlap from different

starting composions as well as the population of Al,O3; contents observed (see text).

Figure 4 En-MgTs-MgEs ternary diagrams showing the mole fraction of the three components

of orthopyroxene under different P-T conditions: (a) starting orthopyroxene, (b) 1.50 GPa and
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1060 °C, (¢) 1.69 GPa and1000 °C, (d) 2.26 GPa and 920 °C, and (e) 2.90 GPa and 840 °C. The
ternary diagrams have been drawn using packages ggplot2 and ggtern in R (Wickham 2016;

Hamilton and Ferry 2018).

Figure 5 Xyigr—VMmgEsXmges diagram showing the linear derivation of the molar volume of MgEs

as discussed in the text. The data are from this study and Fockenberg and Schreyer (1997).

Figure 6 P-T diagram showing calculated cures with and without MgEs, and the experimental
brackets. The upper values indicate average and standard deviation of the mole fraction of MgTs
(Xmgts), and the lower values indicate those of MgEs (Xwgks), respectively, based on the

interpreted ranges in Figure 3.

Figure 7 P-T diagram showing the Si-in-phengite barometer with Si = 3.55 and reactions Opx +
kyanite = pyrope + coesite and talc + kyanite = pyrope + coesite + H,O. The Si-in-phengite
barometer is from Massonne and Schreyer (1989) and Si = 3.55 in phengite (dashed line) is
according to Schertl et al. (1991). The Opx + kyanite reaction (black line) is calculated using the
new model for orthopyroxene from this study. The talc + kyanite reaction (grey line) is
calculated based on the activity model of Holland et al. (2018) assuming ay, =1. The
experimental constraint for the talc + kyanite reaction is from Chopin (1985) in which the solid
circle represents decline of talc + kyanite, open circles growth of talc + kyanite, and half-circles

represent no obvious reaction.
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Figure 8 Calculated P-T diagram showing the Al,Oj; isopleths (dashed lines) in orthopyroxene in
the MAS assemblage orthopyroxene + sapphirine (Sa) + quartz (Qz), with MgEs and without
MgEs. The upper and lower boundaries are the reactions Opx + sillimanite (sill) = sapphirine +
quartz and cordierite (Crd) = sapphirine + Opx + quartz, respectively. Numbers indicate total

Al,O3; wt% content in Opx.



34

Figure 1
a b T'=1000 °C
< NaCl sleeve B T
pyrex sleeve
« sintered Al,O4
£ Pt shield = W P =1.53 GPa
] capsule surrounded 2
& by SrCO5 powder g I P=1.51GPa|
graphite furnace - m
crushable MgO 7 P=149 Gpai
I P =1.45GPa|
TaaT WMMM
— 6.0— L 1
——8.0—— 10 15 20 25 30 35 40

—12.2 mm—— °20,CuK a



Figure 2

Pressure (GPa)

4.00

@
o
It

2.00

1.00

35

—— experimental result of this study
——— modelling after Holland et al. (2018)
------ experimental result of Hensen (1972)

pyrope + coesite

pyrope + quartz

700

Temperature (°C)



a

g
(¢}
W

P-T condition (GPa, °C)

2.90, 840 2.26, 920 1.69, 1000 1.50, 1060

Starting

36

V. VAR 0\
AN\ DR 20\ AMMM&%A A

74+1.2
| -

\74 W AIRER N N
LRI NN NAA 2N

O® 00@@089@00 OO

OO RGBS

0 2 4 6 8 10 12 14 16 18

Al,O; contents of in Opx (wWt%)

Starting Opx /. Al-free ¥V high-Al < medium-Al



Figure 4

Starting Opx
A Al-free
v high-Al
< medium-Al

1.50 GPa
1060 °C

Starting

37



38

Figure 5
®  This study
0.7 — (@] Fockenberg & Schreyer (1997)
linear fitting ®
i
=
>
n
LIJ —
o
=
>
0.3 —
01 —
o]
| | | | | |
0.00 0.02 0.04 0.06 0.08 0.10

XMgEs

0.12



Figure 6

Pressure (GPa)

4.00

w
o
o

2.00

1.00

39

experimental result
——— calculation without MgEs
calculation with MgEs

pyrope + coesite

coesite
quartz

0.10 £ 0.02
0.09+0.03

pyrope + quartz

XmgTs = 0.07 £ 0.01
Xmges = 0.10 £0.02 AN
IR K

0.19+£0.02

I 0.10 £ 0.05
0.17 £0.02
0.07 £0.02—™
Opx + kyanite o

Temperature (°C)



Figure 7

40

40 —

3.5 —

Pressure (GPa)
I

3.0 —

o

600

700

Temperature (°C)

900



Figure 8

1.4

-
N

Pressure (GPa)
o

0.81

41

— with MgEs

— without MgEs

A . ‘\
| \ % Sa Opx Sill ‘ >

- * Crd

1100 1150 1200 1250 1300
Temperature (°C)



