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Abstract

Shock metamorphism in meteorites provides evidence to support that some minerals
in meteorites underwent high pressures and high temperatures during impact. Plagioclase is a
typical constituent mineral in chondritic and Martian meteorites, and shock metamorphism of
plagioclase has been widely discovered. Lingunite (aluminosilicate hollandite with ~ 80 mol %
Na) is a typical shock-metamorphic phase of albitic plagioclase in strongly shocked meteorites,
and has been frequently discovered in or adjacent to the shock veins. However, its formation
condition remains unclear, and its formation mechanism is still under debate. Based on the flow
textures of lingunite, some previous studies suggested that lingunite crystallized from molten
plagioclase under high pressures (Gillet et al. 2000; Xie and Sharp 2004). Following this view,
subsolidus and melting phase relations of two feldspathic compositions, Ky,Naj gAlSi30g and
Ko.0sNag gsCag 10Al;1S12,90s (the latter is similar to that of the albitic plagioclase in meteorites),
have been studied by multi-anvil experiments mainly at pressure-temperature (P-T) conditions
of 22 GPa and 2273-2700 K, and the P-T conditions are typical for the shock veins in strongly

shocked meteorites.

The high-pressure and high-temperature (HPHT) experiments using Ky >Nay sAlSizOg
as starting materials yielded phase assemblages of hollandite + stishovite + jadeite or calcium
ferrite-type NaAlSiO4 at 2273 K below or above 22 GPa, respectively. Hollandite single phase
with a composition of Ky ,Nag sAlSi;Og was synthesized at 22 GPa and 2273 K. Partial melting
of Ky 2Nag sAlSizOg was achieved at ~ 23 GPa and 2575-2675 K. Stishovite is the liquidus phase,
and jadeite is the solidus phase. Due to the melting, hollandite released NaAISi;Og components,
and a jadeitic melt and stishovite were formed. Large-sized (20-50 pm) hollandite grains with

high Na contents of 63-82 mol % crystallized from the jadeitic melt during quenching.



The HPHT experiment using a starting material of K¢ osNag gsCag.10Al;.1S1290s yielded
a jadeite-bearing phase assemblage of jadeite + stishovite + hollandite + CAS phase at 22 GPa
and 2273 K. Partial melting of K¢ ¢sNag gsCa 10Al; 1Si290s was achieved at 22 GPa and 2475-
2700 K. The melting sequence is jadeite (the solidus phase), hollandite, CAS phase and finally
stishovite (the liquidus phase). Melting of stishovite was not observed in the experiments, and
melting of jadeite, hollandite and CAS phase probably produced jadeitic melts and stishovite.
Hollandite could contain 74-80 mol % Na plus Ca at 22 GPa and 2273-2500 K. At 22 GPa and
2273 K, CAS phase could contain only 35 mol % Na plus K, and was just a minor phase in the
subsolidus phase assemblage. In contrast, CAS phase could contain 62-71 mol % Na plus K at
22 GPaand 2475-2700 K, and became a major phase in the phase assemblages of partial melting.
Na-rich hollandite (Na/(K+Na+Ca), ~ 0.73) and Na-rich CAS phase (Na/(K+Na+Ca), ~ 0.69-
0.78) crystallized from the jadeitic melt during quenching. In the sample recovered at 22 GPa

and 2700 K, an intergrowth of CAS phase and stishovite was observed by Raman spectroscopy.

The experimental results indicate that both Na-rich hollandite and Na-rich CAS phase
can form in albite compositions at 22 GPa in two ways: (1) equilibrium formation in the stability
regions and (2) non-equilibrium formation as quench crystals during quenching. However, both
subsolidus and melting phase relations of Ky 0sNag gsCag.10Al;1.1Si2 90 can hardly elucidate the
occurrence of lingunite in strongly shocked meteorites, although compositionally lingunite-like
hollandite has been reproduced in this study. This is because lingunite-like hollandite is a minor
phase in subsolidus phase assemblages of albitic plagioclase, and kinetic factors are required to
be studied in order to interpret the dominant occurrence of lingunite in plagioclase-like grains,
which has been frequently found in strongly shocked meteorites, if lingunite formed via solid-
state transformation. On the other hand, if lingunite formed by liquid crystallization, CAS phase
should occur as quench crystals together with lingunite, while no CAS phase has been found in

the shock metamorphism of albitic plagioclase.
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Plagioclase in Martian meteorites has labradoritic compositions (e.g., Abs;Ans;Or,),
and a shock-metamorphic phase assemblage of CAS phase plus stishovite has been discovered
within labradorite-like grains in some Martian meteorites. In comparison to shock-metamorphic
CAS phase, the quench-formed CAS phase observed in this study exhibits similar appearance
under electron microscopic observation. The intergrowth of CAS phase and stishovite from the
jadeitic melt in this study resembles the shock-metamorphic phase assemblage of CAS phase
plus stishovite in some Martian meteorites. These similarities suggest that the CAS phase found
in Martian meteorites probably formed through a similar mechanism of liquid crystallization,
as proposed by Beck et al. (2004) and El Goresy et al. (2013). In this scenario, some labradoritic
plagioclase was completely melted at 22 GPa above 2700 K during collision, and subsequently,
CAS phase and stishovite crystallized from the labradoritic melt during quenching under high
pressures. Furthermore, crystallization duration of CAS phase during collision might be at the
same magnitude as that during quenching in the HPHT experiments of this study, based on the
similarity in grain sizes between the shock-metamorphic CAS phase in Martian meteorites and

the quench-formed CAS phase in this study.

An unknown AlL,SiOs phase was encountered in the melting experiment of K,Nag g-
AlSi30g at 22.5 GPa and 2650 K. Subsequently, phase relations of Al,SiOs have been studied
at 13-23 GPa and 2200-2800 K. The phase assemblage of corundum plus stishovite is stable at
14-23 GPa below 2500 K, and two novel Al,SiOs phases are stable above 2500 K at 14-17 and
17-23 GPa, respectively. Structural identification using X-ray and electron diffraction indicates
that the new Al,SiOs phase stable at 17-23 GPa and above 2500 K has a V;0s structure (C2/m),
and its lattice parameters have been preliminarily determined as a = 9.2964 A, b=4.7068 A, ¢

=6.6272 A and = 111.30°.

III



Contents

Chapter 1 Introduction

1.1 Constraints on the shock conditions of meteorites from static HPHT experiments ............ 1
1.2 Shock metamorphism of plagioclase in the shock veins of strongly shocked meteorites ... 4
1.3 Phase transitions of feldspars at HPHT ............cccooeiiiiiiiiieiicececeeee e 7

1.4 Unclear points on the shock metamorphism of plagioclase and strategy of this study ........ 9

Chapter 2 Subsolidus phase relations in the system KAISi;Os-NaAlSi;Os at 20-23 GPa

2.1 TEFOAUCLION ..ottt ettt ettt ettt e et e st eebeesabeesbeeesbeensaessseenseessseenseessseenns 11
2.2 Experimental MEthOAS ........coouiiiiiiiiiiiiieiiecieceeee ettt enee 12
2.3 Results and diSCUSSION ....c..eeruiiiiiieiiiieiieeieeieeeie et ereeiaeeteebeesseeebeessaeenseessseenseessseasseensnas 14
Tables and figures in CRAPLET 2 ..........cooviiiiiieiiiiieeieeeeee ettt e beesseeeebeens 18
Chapter 3

Melting experiments of Ko_zNao_sAlSig,Os and K0_05Nao,85Cao_10A11_1Si2,903 at~22 GPa

T B T (0T L1 15 (o ) o OSSR RRPRRP 29
3.2 Experimental MEthOdS ........ccvoiiiiiieiiiiiieiceieee ettt 29
3.3 Melting experiments of K2NaggAlSizOgat ~23 GPa .......cccvveviiiiiiiiieiieeeeeee 31
3.4 Subsolidus and melting experiments of Ko osNag ssCag 10Al; 1S12905 at 22 GPa. ................ 36
3.5 Quench crystals obtained in the partial melting of Ko 2Nag gAISi30g ....ccevevveerieriieniiennnnns 40
3.6 Quench crystals obtained in the partial melting of K¢ 0sNag ssCag 10Al;.1S12.005 ...eeveeneen. 42

3.7 Implications for the shock metamorphism of plagioclase in strongly shocked meteorites 45

Tables and figures in ChaPter 3 ...........oooviiiiiiiiiiee e e e et ereens 51

Chapter 4 New high-pressure forms of Al,SiOs

4.1 INEEOAUCTION ..ttt et ettt et et a et e e sae e bt et e e bt enbeentesaeenbeennens 63
4.2 Experimental MEthOAS ........coouiiiiiiiiiiiiieiiece ettt s 64
4.3 Structural identification of new AlpSiOs Phases .........cccveervieriiiiieiiiieiecieeee e 65
4.4 Phase relations of Al,SiOs at 13-23 GPa and 2200-2800 K ......cc.covvivirieirieieieenen 68
Tables and figures in ChAPEr 4 ............ccoooiiiiiiiiiiieeieeeeee et beestaeebeens 73

RETCIEIICES ... oo ettt e e e e e e e e et eeeeee e e e e e eaaaaaeseeeeerenasaaeseseeananes 87



Chapter 1

Introduction

1.1 Constraints on the shock conditions of meteorites from static HPHT experiments
Collisions among celestial bodies have repeatedly occurred throughout the history of

the solar system. The remaining small celestial bodies, asteroids, are accepted as the source of

most meteorites. Since meteorites recorded much information about the ancient impacts, studies

on meteorites are important to understand the impact history of the solar system.

The evidence of impact recorded in meteorites include fragmentation, deformation,
defects in minerals, shock veins and shock metamorphism. Shock metamorphism is commonly
discovered in or adjacent to the shock veins, and provides a clear evidence to support that a part
of minerals in meteorites underwent high pressures and high temperatures during shock events.
Recently, with the wide application of advanced micro-analytical techniques, like micro Raman
spectroscopy and transmission electron microscopy, plenty of shock-metamorphic phases have
been discovered. Based on the close observations of shock-metamorphic phases and the related
phase relations determined using kinetic or static high-pressure and high-temperature (HPHT)
experiments, the formation mechanisms of shock-metamorphic phases and the shock conditions

have been widely discussed and estimated.

Stoffler et al. (1991) systematically studied the shock effects in olivine and plagioclase,
and classified the shock stages of meteorites into six (S1-S6), among which the S6 stage (very
strongly shocked) typically corresponds to the phase transformation of olivine into ringwoodite.
Based on the classification of Stoffler et al. (1991), the meteorites containing ringwoodite were
ever exposed to high pressures of 45-90 GPa. Meteorites at the S5 (with maskelynite) and S6
shock stages, which can be called “strongly shocked meteorites”, are mainly focused on, in this

dissertation.



Shock veins, which were formed from a localized whole-rock melting resulted from a
shear heating, are common in strongly shocked meteorites. Generally, shock veins contain two
types of phase aggregates: (1) a fine-grained phase assemblage of aluminous garnet, magnesio-
wiistite, Fe-Ni and/or FeS droplets, and (2) coarse-grained fragments of minerals entrained into
the shock veins (e.g., Chen et al. 1996; Xie and Sharp 2007). The fine-grained phase assemblage
of aluminous garnet plus magnesiowiistite is considered to have crystallized from a whole-rock
melt at 20-24 GPa and 2300-2500 K (Chen et al. 1996; Gillet et al. 2000), based on the melting
phase relations of peridotite (Zhang and Herzberg 1994) and the Allende meteorite (Agee et al.
1995). The coarse-grained fragments of minerals are usually ringwoodite and akimotoite, which
formed via solid-state transformation from the original olivine and enstatite, respectively, and
the corresponding formation pressures are inferred to be 18-23 GPa (e.g., Chen et al. 2004b;
Xie and Sharp 2004; Ohtani et al. 2004; Ozawa et al. 2009), mainly based on the subsolidus
phase relations of Mg;Si04-Fe,Si04 (e.g., Katsura and Ito 1989) and MgSiOs (e.g., Sawamoto

1987), respectively.

For the same strongly shocked meteorites, the shock pressures inferred based on static
HPHT experiments are much lower than those inferred based on shock experiments (e.g., Chen
et al. 1996; Xie and Sharp 2004). Shock experiments have duplicated many shock-metamorphic
features observed in meteorites, such as fragmentation and planar deformation features (PDFs),
but none of high-pressure phases found in meteorites has been reproduced. The major limitation
of shock experiments is the extremely short shock durations (< 10 ps), and phase transitions of
minerals, such as olivine and enstatite, will not occur within such short shock durations because
of the sluggish kinetics (Sharp and DeCarli 2006). On the other hand, temperature effects were
not discussed in the shock calibration of Stoffler et al. (1991). The samples used in most shock-
recovery experiments are single crystals and igneous rock fragments, which are not porous, in

contrast to the originally porous meteorites, and shock experiments on nonporous samples result



in relatively low shock temperatures (Sharp and DeCarli 2006). Schmitt (2000) experimentally
demonstrated the importance of kinetics in shock metamorphism by the fact that the formation
of maskelynite occurred at relatively low pressures of 20-25 GPa in the shock experiments at
the elevated temperature of 920 K, compared with 25-30 GPa in the low-temperatures runs at

293 K and 35-45 GPa in the experimental study of Stoffler et al. (1991).

As mentioned above, none of high-pressure phases discovered in meteorites has been
reproduced via shock experiments. In contrast, the most common phase assemblage in the shock
veins, aluminous garnet plus magnesiowlistite, has been produced in static HPHT experiments
on peridotite (Zhang and Herzberg 1994) and the Allende meteorite (Agee et al. 1995), and the
samples recovered from experiments are texturally and compositionally similar to the observed
shock veins of strongly shocked meteorites (e.g., Chen et al. 1996; Xie et al. 2001). Compared
with the solid-state phase transitions in meteorites, the crystallization of shock veins involves
much small kinetic barriers, and this is why high-pressure melting phase relations can be used
to interpret the crystallization of shock veins (Sharp and DeCarli 2006). In the case of the solid-
state phase transitions of olivine in meteorites, the intracrystalline ringwoodite transformation
in olivine at 18-20 GPa and 1273-1673 K (Kerschhofer L et al. 1996; Kerschhofer L et al. 2000)
resembles the ringwoodite lamellae observed in strongly shocked meteorites (e.g., Chen et al.

2004b; Ohtani et al. 2004).

Natural shock events could generate higher temperatures in meteorites during collision
and last for longer durations than those in artificial shock events. The higher temperatures help
to overcome the large activation barriers, and the longer durations are required for the formation
of high-pressure phases with sluggish kinetics. Consequently, phase relations determined under
static HPHT conditions describe the natural occurrence of high-pressure phases better than the
shock effects studied in shock experiments, and can be used to preliminarily constrain the shock

conditions of meteorites.



1.2 Shock metamorphism of plagioclase in the shock veins of strongly shocked meteorites

Plagioclase is the third important constituent mineral in strongly shocked meteorites,
in addition to olivine and enstatite. Based on plenty of reports, it is known that most plagioclase
in strongly shocked meteorites has albitic compositions similar to AbgsAn;oOs (Ab, albite; An,
anorthite; Or, orthoclase) (Chen and El Goresy 2000; Gillet et al. 2000; Tomioka et al. 2000;
Xie et al. 2001; Kimura et al. 2003; Ohtani et al. 2004; Miyahara et al. 2009; Ozawa et al. 2009;
Miyahara et al. 2013a), and the plagioclase in Martian meteorites has labradoritic compositions
similar to Abs7Ans;Or, (Chen and El Goresy 2000; Langenhorst and Poirier JP 2000; Beck et
al. 2004; El Goresy et al. 2013). The shock metamorphism of plagioclase is diverse and complex,

and full of mysteries.

1.2.1 Maskelynite

Maskelynite, the most common shock-metamorphic product of plagioclase in strongly
shocked meteorites, refers to shock-induced amorphous plagioclase. However, the definition of
“maskelynite” is still under debate. Researchers of shock experiments (e.g., Stoffler et al. 1991)
believe that plagioclase in strongly shocked meteorites has two types of amorphization: (1) the
solid-state transformation of plagioclase into diaplectic glass (maskelynite) and (2) the shock-
induced melting of plagioclase and the subsequent formation of normal glass. However, Chen
and El Goresy (2000) and El Goresy et al. (2013) pointed out that the maskelynite commonly
observed in strongly shocked meteorites is not a diaplectic glass but a glass quenched from a
shock-induced dense melt under high pressures, by summarizing and comparing the features of
natural and artificial diaplectic glass and maskelynite. As summarized by El Goresy et al. (2013),
“diaplectic glass is an amorphous mineral glass characterized by lack of evidence of melting or
flow-features, accordingly lack of smooth surfaces in reflected light and BSE-SEM, but depicts
shock-induced fractures and more importantly, planar elements or planar deformation features

(PDFs) oriented along distinct crystallographic planes of the pre-amorphized grains; in contrast

4



to diaplectic glass, maskelynite has smooth surface appearance in reflected light consistent with
a formation by melting and quenching under high pressures, thus welding and erasing all the
preexisting cleavage, cracks, shock-induced fractures and PDFs”. Detailed descriptions can be

seen in Chen and El Goresy (2000).

Regardless of the debate on the nature of maskelynite, it is known based on plenty of
reports that maskelynite in strongly shocked meteorites has similar compositions, relative to the
original plagioclase, and exhibits smooth surfaces with much less cracks, in contrast to other
minerals full of cracks (e.g., olivine and enstatite) (e.g., Gillet et al. 2000; Xie et al. 2001; Chen

et al. 2004a; Xie et al. 2006; Miyahara et al. 2013a; Miyahara et al. 2013b).

1.2.2 Liebermannite and Lingunite

KAISi305 hollandite (K hollandite) is the high-pressure polymorph of orthoclase at 9-
128 GPa (above ~ 20 GPa, hollandite II, Ferroir et al. 2006) (Ringwood et al. 1967; Urakawa
et al. 1994; Hirao et al. 2008). K hollandite has been named liebermannite, due to the discovery
of Koy.76Nag 14Cag 02Al; 03513 0005 hollandite in the Martian meteorite Zagami (Langenhorst and
Poirier 2000; Ma et al. 2015); Na hollandite has been named lingunite, due to the discovery of

Ko.0sNag 50Cag 12Al; 125128305 hollandite in the Sixiangkou meteorite (Gillet et al. 2000).

Lingunite has been frequently discovered in or adjacent to the shock veins of strongly
shocked meteorites, and shows similar compositions, relative to the original plagioclase (e.g.,
Mori 1994; Gillet et al. 2000; Tomioka et al. 2000; Ohtani et al. 2004; Ozawa et al. 2009). The
lingunite in the Tenham meteorites is in form of aggregates of nanocrystals (up to ~ 100 nm)
(Tomioka et al. 2000; Xie and Sharp 2007); the lingunite in the Sixiangkou meteorite reveals a
fine-grained network of bright and dark lamellae in maskelynite, and jadeite has also been found
in maskelynite in some rare cases (Gillet et al. 2000); lamellae of lingunite and jadeite coexists

with each other in the Yamato 74445 meteorite (Ozawa et al. 2009). The formation mechanism



of lingunite has been interpreted to be solid-state transformation (Tomioka et al. 2000; Xie and

Sharp 2007; Ozawa et al. 2009) or liquid crystallization (Gillet et al. 2000; Xie and Sharp 2004).

1.2.3 Jadeite

Similar to lingunite, jadeite has also been discovered in or adjacent to the shock veins
of strongly shocked meteorites (Gillet et al. 2000; Ohtani et al. 2004; Ozawa et al. 2009; Sharp
et al. 2015). It was reported that the jadeite in the meteorites, Yamato 791384, 74445 and 75100
and Sahara 98222, shows albitic compositions, similar to the original plagioclase (Kimura et al.
2000; Ohtani et al. 2004; Ozawa et al. 2009). Miyahara et al. (2013a) reported that the jadeite
in the meteorites Yamato 791384 and 75100 shows albitic compositions in electron microprobe
analyses, but shows jadeitic compositions in TEM-EDS analyses. Jadeite is in form of lamellae
in the Yamato 74445 meteorite, and is polycrystalline-like, particle-like and stringer-like in the
Sahara 98222 meteorite (Ozawa et al. 2009); some albitic grains within the shock veins of the

Yamato 791384 meteorite consist of jadeite nanocrystals (~ 200 nm) and amorphous materials.

No stishovite was detected in or around jadeite in strongly shocked meteorites (Kimura
et al. 2000; Ohtani et al. 2004; Ozawa et al. 2009; Miyahara et al. 2013a). This is not consistent
with the phase relations of albite (e.g., Akaogi et al. 2010). Kubo et al. (2010) studied kinetics
of the formation of jadeite and stishovite in amorphous plagioclase by solid-state transformation,
and elucidated the absence of stishovite in shock-metamorphic jadeite as a result of the sluggish

crystallization kinetics of stishovite.

1.2.4 Na-rich CAS phase
CAS phase, with a hexagonal barium ferrite-type structure (Gautron et al. 1999), was
first observed by Irifune et al. (1994) in continental materials under P-T conditions of mantle

transition zone. CAS phase was discovered in some Martian meteorites (El Goresy et al. 2013),



and the compositions are rich in Na, such as the K¢ 04Nagg3Cap20Al2.91Si2950;1 CAS phase in
the Zagami meteorite (Beck et al. 2004). The plagioclase in Martian meteorites has labradoritic

compositions (Chen and El Goresy et al. 2000; Langenhorst and Poirier 2000; Beck et al. 2004).

Na-rich CAS phase was observed to coexist with stishovite, and two textural settings
of Na-rich CAS phase plus stishovite were found: (1) equant crystals of Na-rich CAS phase co-
existing with stishovite clusters in a melt pocket of the Zagami meteorite (Beck et al. 2004) and
(2) Na-rich CAS phase and stishovite, respectively, dominating two spatially separated distinct
regions of the same large melt pool in the NWAS856 meteorite (El Goresy et al. 2013). Na-rich

CAS phase likely formed via liquid crystallization (Beck et al. 2004; El Goresy et al. 2013).

1.3 Phase transitions of feldspars at HPHT
Phase relations of feldspar end-members and K-Na feldspar solid-solutions have been

studied, which are important for understanding the shock metamorphism of plagioclase.

Orthoclase dissociates into a mixture of wadeite (K,Si40y), kyanite and coesite at ~
6.5 GPa and 973-1673 K, and with increasing pressure, the mixture constitute K hollandite
(KAI-Si305) at 9 GPa and 973-1673 K (Yagi et al. 1994; Urakawa et al. 1994). K hollandite
transforms into a monoclinic structure named hollandite II (Sueda et al. 2004) by a second-
order transition at ~ 20 GPa and room temperature (Ferroir et al. 2006), and the hollandite II

phase is stable up to 128 GPa even at high temperatures (Hirao et al. 2008).

Albite dissociates into jadeite and quartz at 2.6-3.2 GPa and 1273-1673 K (e.g., Birch
and LeComte 1960), and the phase assemblage of jadeite plus silica (e.g., Presnall 1995: up to
~ 3 GPa, quartz; 3-9 GPa, coesite; above 9 GPa, stishovite) is stable up to ~ 22 GPa at 1073-
2273 K, and transforms into calcium ferrite-type NaAISiO4 (Yamada et al. 1983) plus stishovite
with further increasing pressure (Yagi et al. 1994; Akaogi et al. 2010). Liu (1978) and Liu and
El Goresy (2007) reported that Na hollandite is stable in a narrow pressure range at ~ 21 GPa

7



and 1273-1773 K. Tutti (2007) claimed that Na hollandite was found as a minor phase together
with calcium ferrite-type NaAlSiO,4 and stishovite in laser-heated albite at ~22.5 GPa and 2273
K. However, Yagi et al. (1994) and Akaogi et al. (2010) did not recover any Na hollandite from
an albite composition at 21-23 GPa and 1073-2273 K. Kawai and Tsuchiya (2013) predicted by

ab initio calculation that Na hollandite is metastable.

K hollandite accommodates NaAlISi;Og component in the system KAISi;Og-NaAlSi;-
Og above 9 GPa, and the excessive NaAlSi;Og component relative to the solubility of NaAlSis-
Og component in hollandite exists in form of jadeite plus stishovite below ~ 22 GPa or calcium
ferrite-type NaAlSiOy4 plus stishovite above ~ 22 GPa (Yagi et al. 1994). The solubility of NaAl-
Si305 component in hollandite increases with increasing pressure up to ~ 22 GPa, and decreases
significantly after the dissociation of jadeite into calcium ferrite-type NaAlSiOy plus stishovite
(Yagi et al. 1994). Liu (2006) reported that the solubility of NaAlSi;0g component in hollandite
positively correlates with temperature. However, the maximal solubility of ~ 51 mol % reported
by Liu (2006) at ~ 22 GPa and 2473 K is not so different from the value of 40 mol % reported
by Yagi et al. (1994) at ~ 22 GPa and 1273 K, or the values of ~ 50 mol % reported by Akaogi

et al. (2005) and Liu et al. (2005) at ~ 22 GPa and 1673 and 1973 K, respectively.

Anorthite dissociates into a mixture of grossular garnet, kyanite and quartz at 2-3 GPa
and 1273-1673 K (e.g., Presnall 1995), and the phase assemblage of grossular garnet + kyanite
+ silica (e.g., Presnall 1995: up to ~ 3 GPa, quartz; 3-9 GPa, coesite; above 9 GPa, stishovite)
is stable up to 12-14 GPa at 1673-1773 K, and is replaced by the phase assemblage of grossular
garnet + CAS phase + stishovite (Gautron et al. 1996); the latter phase assemblage is stable up
to ~ 20 GPa at 1673-2473 K, and then transforms into the phase assemblage of Ca perovskite
+ CAS phase + stishovite above ~ 20 GPa at 1673-2473 K (Liu et al. 2012). The stability region
of the phase assemblage of Ca perovskite + kyanite + Ca; 33Al; 33512 3303 hollandite reported by
Gautron and Madon (1994) was not reproduced in the experiments of Gautron et al. (1996) and

Liu et al. (2012).



1.4 Unclear points on the shock metamorphism of plagioclase and purpose of this study
Although mechanisms of the shock metamorphism of plagioclase in strongly shocked
meteorites have been widely discussed, discrepancies and suspicious points can be easily found

among previous experimental and observation studies.

The shock metamorphism of albitic plagioclase, including maskelynite, lingunite and
jadeite, mostly shows similar appearance. Sharp and DeCarli (2006) mentioned that “optically,
the hollandite-structured plagioclase is isotropic and looks likel maskelynite (diaplectic glass)
or melted plagioclase (normal glass)”. On the other hand, coexistence among lingunite, jadeite
and maskelynite has been repeatedly reported (Gillet et al. 2000; Kimura et al. 2000; Ozawa et
al. 2009; Miyahara et al. 2013a; Sharp et al. 2015). Therefore, it is quite difficult to understand
why lingunite and jadeite formed from plagioclase via solid-state transformation (e.g., Tomioka
et al. 2000; Kubo et al. 2010), while maskelynite is a quench product of plagioclase melt under

high pressures (Chen and El Goresy 2000; El Goresy et al. 2013).

Recently, Ozawa et al. (2014) reported a formation of needle-like or skeletal-rhombic
grains of jadeite from an albitic melt in the Chelyabinsk meteorite; Ma et al. (2015) discovered
a new vacancy-rich and high-pressure clinopyroxene named tissintite together with labradoritic
maskelynite in the Martian meteorite Tissint, and proposed that tissintite formed as the liquidus
phase in a labradoritic melt, solely based on the phase diagram of albite. The SEM images given
by Ozawa et al. (2014) and Ma et al. (2015) clearly show coexistence of pyroxenes (jadeite and
tissintite, respectively) and maskelynite, and the maskelynite also looks like those coexisting
with lingunite and/or jadeite (e.g., Gillet et al. 2000; Miyahara et al. 2013a). If these pyroxenes
formed via liquid crystallization, as suggested by Ozawa et al. (2014) and Ma et al. (2015), why

did the lingunite and jadeite within similar maskelynite form via solid-state transformation?

To discuss the formation mechanisms of lingunite and jadeite, previous studies focused

on the micro textures and the compositions. However, as mentioned above, the appearance of
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maskelynite, lingunite and jadeite looks similar. Some TEM observations reveal nanocrystals
of lingunite, and the granular polycrystalline textures of lingunite can be consistent with either
solid-state transformation or liquid crystallization (Xie and Sharp 2004; Xie and Sharp 2007).
Almost all the previous studies reported that lingunite has similar compositions, relative to the
original plagioclase. However, the compositions of lingunite are likely bulk compositions, since
the grain sizes of lingunite are too small for EPMA analysis. Similarly, the grain sizes of shock-
metamorphic jadeite and Na-rich CAS phase are also insufficient for EPMA analysis (Beck et
al. 2004; El Goresy et al. 2013; Miyahara et al. 2013a). Relative to the shock metamorphism of
olivine and enstatite, not much information is available for inferring the formation mechanism

of lingunite and jadeite.

On the other hand, phase relations of feldspar end-members and K-Na feldspar solid-
solutions equilibrated under subsolidus conditions in previous experimental studies are unable
to explain the occurrence of maskelynite and lingunite and the absence of stishovite in the shock
metamorphism of albitic plagioclase. Only a few studies (Kubo et al. 2010; Kubo et al. 2016)

started to investigate kinetic factors in the shock metamorphism of plagioclase.

In this study, following the descriptions of maskelynite made by Chen and El Goresy
(2000) and EI Goresy et al. (2013), multi-anvil HPHT experiments have been made to test the
possibility that nature of the shock metamorphism of plagioclase in strongly shocked meteorites
is shock-induced melting and subsequent liquid crystallization. For this purpose, subsolidus and
melting phase relations of the typical albitic composition (AbgsAn;¢Ors) observed in meteorites
have been investigated at the typical P-T conditions of shock veins, ~ 22 GPa and 2200-2700
K. Particularly, the stability regions and occurrence of lingunite and Na-rich CAS phase have
been clarified, which help much to understand the natural occurrence of lingunite and Na-rich
CAS phase in strongly shocked meteorites. To make clear definitions, “lingunite” refers to the

Na-rich hollandite found in meteorites, and “Na-rich hollandite” is the experimental product.
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Chapter 2
Subsolidus phase relations in the system KAISi;Os-NaAlSi;Og at 20-23 GPa

2.1 Introduction

As mentioned in Section 1.2.2 and 1.3, lingunite is a typical shock-metamorphic phase
of plagioclase, and is usually rich in Na. In contrast to the frequent discovery of lingunite in the
shock veins of meteorites, hollandite with a Na content higher than 50 mol % has not yet been
synthesized. Liu (1978) and Tutti (2007) reported the synthesis of Na hollandite at ~ 22 GPa
and ~ 1273 and 2273 K, respectively, while neither of them provided clear evidence from XRD
to support the formation of Na hollandite in their DAC experiments, because of the considerable
overlapping among the XRD peaks of hollandite, calcium ferrite-type NaAlSiO4 (or jadeite),
and stishovite. On the other hand, the stability regions of Na hollandite proposed by Liu (1978),
Liu and Goresy (2007) and Tutti (2007) were not reproduced by Yagi et al. (1994) and Akaogi
et al. (2010). Several previous studies (Irifune et al. 1994; Yagi et al. 1994; Akaogi et al. 2005;
Liu et al. 2005; Ishii et al. 2012) demonstrated that the solubility of NaAlSi3Os in hollandite is
up to 50 mol % at 16-23 GPa and temperatures up to 2073 K in the system KAISi;O0s-NaAlSi;Og
and continental materials. Liu (2006) studied the phase relations in the system KAISi;Og-NaAl-
Si305 at 14-25 GPa and 1673-2673 K, and showed that the solubility of NaAISi3Os in hollandite
positively correlates with temperature. However, it can be found that the hollandite obtained at
22 GPa and 2273-2473 K in the experiments of Liu (2006) contains 40-50 mol % Na, showing
no compositional difference in comparison to those obtained at similar pressures but relatively
low temperatures below 2073 K in other previous studies. This likely suggests that the positive
temperature dependence of the solubility of NaAlSi;Og in hollandite shown by Liu (2006) does
not reveal the real situation. Therefore, in this chapter, phase relations in the system KAISi;0g-
NaAlSi;Og has been studied to clarify the effects of pressure and temperature on the solubility

of NaAlSi;Og in hollandite, particularly focusing those at 20-23 GPa and 1873 and 2273 K.
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2.2 Experimental methods
2.2.1 Starting materials

The starting materials are feldspathic glasses with compositions of K¢ 4sNag ssAlSi30g
and K ,Naj sAlSi3Os. To prepare homogenous glasses, mixtures of stoichiometrically weighed
chemicals, K,CO3, Na,COs, AlL,O;5 and Si0,, were first heated at 1273 K for 12 hours to remove
CO; and then melted twice in home-made Pt crucibles at 2000 K for 1 hour. About 15 mol %
K,CO3 was added into the chemical mixtures in advance to compensate the loss of K during
heating. Transparent glasses with bubbles were obtained by air quenching, and the compositions
were measured by electron probe micro-analysis. Table 2.1 lists compositions of the feldspathic

glasses. The glasses were crushed and ground, and then stored at 383 K before being used.

2.2.2 HPHT experiments

The HPHT experiments were performed in the Kawai-type multi-anvil high-pressure
apparatuses (Orange 1000 and 2000) installed at Geodynamics Research Center (GRC), Ehime
University. The pressure medium was an octahedron of Co-doped MgO with an edge length of
10 mm, and the truncation edge length of the tungsten-carbide anvil was 4 mm. The material of
heater was LaCrOs;. MgO and ZrO, were used as electrical and thermal insulators surrounding
Pt capsules and Mo electrodes, respectively. The schematic diagram of the 10/4 cell assembly

is shown in Figure 2.1a.

Pressures at room temperature were calibrated by observing the diagnostic changes in
the resistances of ZnTe (9.6 and 12.0 GPa), ZnS (15.5 GPa) and GaAs (18.3 GPa) induced by
the semiconductor-metal transitions under high pressures. Pressures at 1873 K were estimated
by the phase transitions of Mg,SiO4 between forsterite and wadsleyite at 15.0 GPa (Morishima
et al. 1994), Mg,Si04 between wadsleyite and ringwoodite at 21.4 GPa (Suzuki et al. 2000) and

MgSiO; between akimotoite and bridgmanite at 22.3 GPa (Fei et al. 2004). Figure 2.2 shows
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the pressure calibrations at room temperature and 1873 K. Pressures at 2273 K were estimated
by the phase transitions of MgSiO3 between majorite and bridgmanite at 21.5 GPa (Fei et al.
2004) and the decomposition of Mg,Si0; into bridgmanite and periclase at 23.0 GPa (Fei et al.
2004). The temperature was monitored by a Wo7Res;-W7sRe,s thermocouple. No correction was

made for the pressure effect on the electromotive force of the thermocouple.

In most of the HPHT experiments, the temperature was increased to the target value in
20 minutes, and the heating was kept for 12 hours and subsequently stopped by cutting off the
power supply. It was found that compositional zoning usually occurred in the hollandite grains,
when the heating durations were relatively short (e.g., 2 hours), in the HPHT experiments above
20 GPa. The samples heated for 9 and 12 hours comprise compositionally homogeneous grains
with sharp boundaries, indicating that the durations of 9 and 12 hours used in most of the HPHT

experiments were sufficient for phase equilibrium.

2.2.3 Analytical methods

Samples recovered from the HPHT experiments were embedded in epoxy resin and
polished for subsequent analyses. Phase identification was performed by a micro-focus X-ray
diffraction (XRD) apparatus (Rigaku MicroMax-007HF) using Cu Ka radiation. For electron
microscopic observation and compositional analysis, the samples were coated with osmium. In
the case of carbon coating, uncertainties in the thickness of the coating layer may result in some
variations in the quantitative values of elements and the weight totals. These variations can be
reduced by using osmium coating instead, because the thickness of the osmium coating layer
can be precisely controlled, which enables precise absorption corrections for the coating layer
(Ohfuji and Yamamoto 2015). Micro textures of the samples were observed in a field-emission
scanning electron microscope (FESEM, JEOL JSM7000F), and compositions of the samples

were measured using an energy dispersive X-ray spectrometer (EDS, Oxford Instruments X-
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Max") attached to the FESEM with working parameters of 15 kV, 1 nA and collection times of
30-50 s. Albite was used as the standard for Na, Al and Si, and adularia was used for K. To
avoid the serious evaporation of K and Na from the irradiated samples, compositional analysis
in area mode was used, when measuring the feldspar standard samples and the glassy starting
materials; point analysis was used when measuring the recovered samples. The EDS data were
processed by the software Aztec (Oxford Instruments Nanotechnology Tools Ltd.) using the

XPP method.

2.3 Results and discussion

Table 2.2 lists conditions and results of the HPHT experiments performed at pressures
of 20-23 GPa and temperatures of 1873 and 2273 K. Compositions of hollandite and some other
phases (jadeite, calcium ferrite-type NaAlSiO4 and stishovite) are shown in Table 2.3 and 2.4,

respectively.

Figure 2.3 shows micro textures of some typical samples with bulk compositions of
Ko2Nap gAlSi;05. K-bearing hollandite can be recognized by its high brightness and elongated
shape, and jadeite, calcium ferrite-type NaAlISiO4 (CF) and stishovite are dark. Jadeite behaves
as a matrix with inserted hollandite and stishovite grains in the phase assemblage of hollandite
+ jadeite + stishovite (Figure 2.3a and 2.3d). In Figure 2.3b, except hollandite and one marked
grain of CF, the matrix is dominated by tiny stishovite and CF, grain boundaries of which are
hardly recognizable. Figure 2.3¢ is a magnification of the same sample shown in Figure 2.3b,
revealing a texture composed of submicron stishovite and nanocrystals of CF. The duration of
12 hours was insufficient for the grain growth of CF and stishovite at 23 GPa and 1873 K. Yagi
et al. (1994) and Akaogi et al. (2010) also observed tiny CF grains in their samples obtained at
23 GPa. The CF grains obtained at 23 GPa and 2273 K have large sizes up to 10 pum (Figure

2.3f). Comparing Figure 2.3a and 2.3b with Figure 2.3d and 2.3f, respectively, it is found that
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the volume fraction of hollandite increases with increasing temperature from 1873 to 2273 K
at the same pressures, which is due to the fact that the hollandite obtained at 2273 K possesses

more Na, in comparison to those obtained at 1873 K and the same pressures (Table 2.3).

Figure 2.4 shows XRD patterns of some typical samples, including the typical phase
assemblages obtained in the HPHT experiments. High-pressure phase relations in the system
KAISi305-NaAlSi;Og at 1873 and 2273 K (Figure 2.5a and 2.5b) are modally consistent with
those at 1273 K (Yagi et al. 1994): hollandite + jadeite + stishovite below 22 GPa, hollandite +
CF + stishovite above 22 GPa, and hollandite in the single-phase region; the solubility of Na in
hollandite increases with increasing pressure up to 22 GPa, and decreases significantly after the
dissociation of jadeite into CF and stishovite, since the calcium ferrite structure is more capable
of accommodating Na than the hollandite structure (Yamada et al. 1984). Figure 2.5¢ shows a
positive temperature dependence of the solubility of Na in hollandite, in addition to the equally
significant pressure effect that the solubility of Na in hollandite varies significantly in the range
of 20-23 GPa, and the dissociation of jadeite changes the change trend of the solubility of Na
in hollandite from increase to decrease. The hollandite synthesized at 22 GPa and 2273 K using
the starting material of Ky,Naj sAlSi;Og (Figure 2.3e) is almost a single phase with 79 mol %
Na, similar to lingunite in terms of the Na content, and its XRD pattern (Figure 2.4b) reveals
the existence of stishovite in trace amounts. Jadeite dissociated into CF and stishovite at ~ 22
GPa at 1873 and 2273 K, consistent with the results of Akaogi et al. (2010). However, in this
study, the Clapeyron slope of jadeite dissociation is not discussed, since more accurate data are
needed to check the plausible temperature dependence of jadeite dissociation given by Yagi et
al. (1994) and Akaogi et al. (2010). Based on the compositional analyses (Table 2.4), jadeite
and CF are stoichiometric, and the K contents in jadeite and CF are below the detection limit;

stishovite contains a small amount of Al,O3 (< 2 wt %).
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Considering the positive temperature dependence shown in Figure 2.5¢, Na hollandite
is likely stable around 22 GPa only at temperatures above 2273 K. It is possible that the Na
hollandite found by Liu (1978) and Tutti (2007) in the DAC experiments formed locally at some
hot spots of laser heating where the temperatures were underestimated. Kawai and Tsuchiya
(2013) predicted that Na hollandite is metastable through ab initio calculation, although the

calculation was conducted at 0 K.

Figure 2.5b shows that the results of this study are quite different from those of Liu
(2006). The data of Liu (2006) may match the results of this study, if the former moves down
to lower pressures. This discrepancy is likely due to the fact that Liu (2006) did not do pressure
calibrations at high-temperature conditions. Liu (2006) suggested that pressure is unimportant
to the solubility of Na in hollandite at 22 and 25 GPa, because the latter had no large variation
at 1673-2273 K in his study. However, it can be clearly seen from the results of Liu (2006) that
the phase assemblage at 22 GPa is “hollandite II”” (to be discussed later) + jadeite + stishovite,
and the phase assemblage at 25 GPa is “hollandite II”” + CF + stishovite. Using two data across
a pressure interval of 3 GPa, Liu (2006) did not find the significant change of the solubility of
Na in hollandite before and after the dissociation of jadeite into CF and stishovite, which can
be seen in Yagi et al. (1994), Ishii et al. (2012) and this study, and therefore underestimated the

solubility of Na in hollandite.

K hollandite transforms to a monoclinic structure named hollandite IT (Sueda et al.
2004) via a second-order phase transition at ~ 20 GPa at room temperature (Ferroir et al. 2006).
Liu (2006) hypothetically modified the phase relations in the system KAISi305-NaAlSizOg by
taking the hollandite-hollandite II transition into account, but no evidence was given to prove
the occurrence of the unquenchable hollandite I phase in his products recovered from HPHT
conditions, and also the effects of temperature and Na substitution on the hollandite-hollandite

I transition were out of consideration. According to the Clapeyron slope reported by Nishiyama
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et al. (2005), pressures of the previous (Yagi et al. 1994; Liu 2006) and present experiments are
insufficient to trigger the hollandite-hollandite II transition at high-temperature conditions. On
the other hand, the effect of Na substitution was studied merely by some theoretical calculations
(Boffa Ballaran et al. 2009; Caracas and Boffa Ballaran 2010; Kawai and Tsuchiya 2013), and
is still unclear. Thus, it is unreasonable to accept both the phase relations reported by Liu (2006)
and the maximal solubility of Na in hollandite estimated by Liu (2006) based on the hollandite-
hollandite II transition at 20-25 GPa and 1673-2273 K. In this study, the phase relations without
the hollandite I phase are presented, based on the phase identification of the samples recovered
from HPHT conditions. Studies using in situ X-ray observation are required to investigate the

hollandite-hollandite II transition in the system KAISi;Og-NaAlSi;Og under HPHT conditions.

Lattice parameters and unit cell volumes of hollandite were calculated using 10-25
XRD peaks in a two-theta range of 15-100 degree. The calculated results are listed in Table 2.5
and plotted as functions of Na content in Figure 2.6. The lengths of a and ¢ axes and the unit
cell volume decrease with increasing Na content, because of replacing K (ion radius, 1.33 A)
by relatively small Na (ion radius, 0.95 A). The linearly fitted lattice parameters and unit cell
volume of hollandite are a (A) = 9.3302(22) — 0.0795(45) x Xna, ¢ (A) =2.7260(4) — 0.0147(9)
x Xna and V (A%) = 237.303(94) — 5.297(196) x Xna, where Xy, is Na/(K+Na). It can be seen
from Figure 2.6 that the lattice parameters of K hollandite in this study are comparable to those
of Yagi et al. (1994), but the extrapolations of lattice parameters to Na hollandite in this study
deviate from those of Yagi et al. (1994). Analytical uncertainties in XRD analysis likely affected
their results, since only four data of lattice parameters of hollandite with Na contents lower than
40 mol % were used for the linear regressions. Figure 2.6 also shows lattice parameters of the
Nay g0Cay.12Ko.08Al1 128128305 lingunite (Gillet et al. 2000) for comparison. The length of its a

axis matches the results of this study, while that of its ¢ axis is obviously smaller.
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Chapter 3
Melting experiments of Ko_zNao_sAlShOS and K0_05N30_35C30_10A11,1Siz_gOs
at ~22 GPa

3.1 Introduction

As mentioned in Section 1.4, mechanisms of the shock metamorphism of plagioclase
in strongly shocked meteorites, solid-state transformation or liquid crystallization, are under
debate. The shock-metamorphic products of albitic plagioclase, including lingunite, jadeite and
maskelynite, entrained in or adjacent to the shock veins are large polycrystalline grains, similar
to those of olivine and enstatite (Chen et al. 1996; Tomioka et al. 2000; Xie and Sharp 2007).
Thus, the lingunite and jadeite found in maskelynite likely formed by solid-state transformation,
like ringwoodite and akimotoite (e.g., Tomioka et al. 2000; Xie and Sharp 2007; Ozawa et al.
2009), otherwise it would be expected that the albitic melt did not mix with the surrounding
chondritic melt (Sharp and DeCarli 2006). On the other hand, the shock-metamorphic products
of albitic plagioclase show some evidence of melting (Chen and El Goresy 2000; Gillet et al.
2000; Xie and Sharp 2004; Miyahara et al. 2013). Kubo et al. (2010, 2016) studied the kinetics
about the amorphization of albitic plagioclase and the crystallization of jadeite, stishovite and
hollandite from the amorphized albitic plagioclase, and proposed the occurrence of jadeite and
lingunite via solid-state transformation in amorphized albitic plagioclase. In contrast, melting
experiments of Ky,NaggAlSi30g and K¢ ¢sNag ssCag 10Al; 1512905 have been performed in this
chapter to test the possibility that the lingunite found in strongly shocked meteorites formed by

liquid crystallization under high pressures.

3.2 Experimental methods
3.2.1 Staring materials

The starting materials are feldspathic glasses with compositions of K¢ ,NasAlSizOg
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and Ko ¢sNag gsCag 10Al;1Si290s. The preparation of glasses is described in Section 2.2.1, and
CaCO; was used when making the Ca-containing glass. Compositions of the feldspathic glasses
are listed in Table 2.1. The glasses were crushed and ground, and then stored at 383 K before

being used.

3.2.2 HPHT experiments
The multi-anvil high-pressure apparatuses mentioned in Section 2.2.2 were used for

the HPHT experiments.

To safely generate high temperatures up to 3000 K, the 10/4 cell assembly mentioned
in Section 2.2.2 was modified as follows: the outer and inner diameters of the LaCrO; heater
were reduced from 3 and 2 millimeters (Figure 2.1a) to 2.5 and 1.6 millimeters (Figure 2.1b,
2.1c and 2.1d), respectively; Re or graphite (surrounded by Re foil) capsules (Figure 2.1b, 2.1¢

and 2.1d) were used instead of Pt capsules (Figure 2.1a).

The pressure calibration follows those mentioned in Section 2.2.2. Due to the lack of
pressure markers available for HPHT quench-recovery experiments at high temperatures above
2273 K, the pressure calibration at 1873 K (Figure 2.2) was used to estimate the pressures of
the melting experiments. The temperature was monitored by a Wo;Res-W7sRe,s thermocouple.

No correction was made for the pressure effect on the electromotive force of the thermocouple.

3.2.3 Analytical methods
Structural, morphological and compositional analyses using XRD, FESEM and EDS,

respectively, are basically the same as those mentioned in Section 2.2.3.

In the compositional analysis, jadeite was quantified using the standards of jadeite (Na,
Al and Si) and wollastonite (Ca), and other phases including solid phases and quench crystals

were quantified using albite (Na, Al and Si), adularia (K) and wollastonite (Ca).
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A laser Raman spectrometer (Jasco NRS-5100gr, laser wave-length 532 nm) was also

utilized for structural analysis, especially for quench crystals. Each of the measurements lasted

120-300 s with a power of 5.6 mW.

3.3 Melting experiments of Ky ,NasAlSizOs at ~ 23 GPa

Three experimental runs were performed at ~ 23 GPa and ~ 2600 K using the starting
material of Ky,NagsAlSi;Og. Table 3.1 lists the experimental conditions and results. Table 3.2
lists compositions of the recovered products. The starting materials were partially melted in the
three runs, as shown in Figure 3.1, and the samples exhibit typical layered textures of partial
melting, which reflect the thermal gradient through the capsule. Figure 3.2 shows the samples
in detail. Quench crystals accumulate at the hottest part of each capsule, which were formed by
the rapid crystallization of melt during quenching. Stishovite is the liquidus phase followed by
hollandite. It is unclear why there is no stishovite at the interface between the solid phases and
the quench crystals in Run OS2813 (Figure 3.2¢). Table 3.2 shows that the melt of Run OS2809
and OS2835 has jadeitic compositions, and that of Run OS2813 is slightly depleted in Al; in
comparison to the starting material, the melt has enlarged Na/(K+Na) ratios (~ 0.93), while the

hollandite adjacent to the melt is depleted in Na (Na/(K+Na) ratios, 0.44-0.57).

An unknown Al,Si0s phase was found at the low-temperature (low-T) region of Run
0S2809 (Figure 3.2b), which has been identified to be V3Os type (Figure 3.3b). The structural
identification is described in Chapter 5. With decreasing temperature from 2650 to 2575 K at
22.5 GPa, jadeite appeared at the coldest part of Run OS2813 (Figure 3.2d). This indicates that
jadeite is the solidus phase in the phase assemblage of hollandite + jadeite + stishovite. A grain
of corundum was also found at the coldest part of Run OS2813 (Figure 3.2d), indicating that
the starting material has slightly excessive Al,O3 component, which resulted in the occurrence

of V30s-type Al,SiOs in Run OS2809. It is in agreement with the phase relations of Al,SiOs
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studied in Chapter 5 that V30s-type Al,SiOs was stabilized at the relatively high-T condition
of Run OS2809, while corundum coexisted with stishovite at the relatively low-T condition of

Run OS2813.

Considering the melting sequence of (1) jadeite, (2) hollandite and (3) stishovite and
the compositions of melt and hollandite at the high-T regions, the partial melting of (K¢ ,Nagg)-
AlSi30g5 at 22.5 GPa can be described by Reaction (1). In addition, Reaction (2) also makes
sense. The melting behavior of Ky ,Naj gAlSi;05 at 22.5 GPa is, to some extent, similar to those
of continental materials and a dry K-rich basaltic composition reported by Irifune et al. (1994)
and Wang and Takahashi (1999), respectively, that K is more compatible than Na at ~ 22 GPa,

and stishovite is the liquidus phase followed by hollandite.

Na-rich hollandite + jadeite + stishovite — Na-depleted hollandite
+ a jadeitic melt + stishovite ... (1)

Na-rich hollandite — Na-depleted hollandite + a jadeitic melt + stishovite ... (2)

An unknown Ky g4Naj 00Al2.94S13 0401 phase was observed at the low-T region of Run
0S2835 (Figure 3.2f), together with hollandite, jadeite and stishovite. The corresponding XRD
pattern (Figure 3.3¢) shows that the peaks except those of hollandite, jadeite, stishovite and Re
(capsule material) can be indexed to the structure of Ca-CAS phase clarified by Gautron et al.
(1999). It was found that the XRD peaks of the observed CAS phase shift to high angles relative
to those of Ca-CAS phase, which is probably due to the compositional difference between the
Ko.04Naj 00Al2.94S13 04011 phase and Ca-CAS phase (CaAlsSi,0,;). The Raman spectrum of the
Ko.04Naj 00Al2.94S13 04011 phase (Figure 3.8b) exhibits vibration modes similar to those of Ca-
CAS phase reported by Beck et al. (2004) and Zhai and Ito (2008). The vibration modes at 297,
640, 872 and 925 cm™ correspond to those of Ca-CAS phase at 280, 616, 851 and 910 cm™ in
Beck et al. (2004) and at 290, 624, 855 and 910 cm™ in Zhai and Ito (2008), respectively. The

compositional difference is also likely the reason to the differences in Raman shift between the
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Ko.04Naj 00Al2.94S130401; phase and Ca-CAS phase. Thus, the K 04Na 00Al».04513 04011 phase is
confirmed to be the Na end-member of CAS phase with an ideal composition of NaAl;Si;O0y;
(Akaogi et al. 2010). The vibration modes of hollandite and stishovite in the Raman spectrum
of the Na-CAS phase likely derived from the neighboring grains of hollandite and stishovite.
In addition, the non-ideal Al and Si numbers of the Na-CAS phase are likely attributed to the

inappropriate employment of compositional standards.

In this study, Na-CAS phase formed in an albitic composition. It can be expected that
some components rich in Na, Si and O must have been separated from the albitic composition,
and the rest part could form the more Al-rich Na-CAS phase. El Goresy et al. (2013) speculated
Reaction (3) to explain the formation of Na-CAS phase in labradoritic-albitic compositions in

strongly shocked meteorites.

3NaAlSi;0Os (lingunite) — NaAl;Siz;0;; (Na-CAS) + 4SiO; (stishovite)

+ NaySi,Os5 (melt) ... (3)

Figure 3.4 clearly shows that the Na-CAS phase is more close to the high-T region of
the capsule, compared with the jadeite located at the coldest part, suggesting the formation of

Na-CAS phase from jadeite at elevated temperatures, as described by Reaction (4).

3NaAlSi,O¢ (jadeite) — NaAl;3Si30,; (Na-CAS) + SiO; (stishovite) + NaSixOs (melt) ... (4)

It can be expected that stishovite has no contribution to the formation of Na-CAS phase
from jadeite. Also, the obtained Na-CAS phase contains trace K, suggesting that the KAISi;Og
component in the starting material might have a very limited contribution to the formation of
Na-CAS phase. The Na-rich melt generated by the formation of Na-CAS phase is supposed to

have mixed with the melt at the hottest part of the capsule.

Na-CAS phase is likely stable in a narrow pressure range around 22 GPa above 2473

K, based on the positive temperature dependence of the solubility of NaAl3Si;0,; component
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in CAS phase reported by Akaogi et al. (2010), although they did not expect a stability region

of Na-CAS phase.

It is proposed that the occurrence of Na-CAS phase in Run OS2835 does not contradict
the melting behavior described by Reaction (1) and (2), because it seems to be a branch reaction
mainly related with the jadeite that is excessive to the solubility of Na in hollandite. No evidence
indicates that the occurrence of Na-CAS phase resulted in a drastic depletion of Na in hollandite,
although Na-CAS phase is more stable than jadeite at high temperatures. Figure 3.4 shows that
hollandite is more refractory than Na-CAS phase. Therefore, Reaction (1) and (2) are able to
summarize the melting behavior of the phase assemblage of hollandite + jadeite + stishovite at
~ 22 GPa for (K,Na)AlSi3;Og compositions with Na/(K+Na) ratios up to at least 0.8. In addition,
pressure seems to be a key factor to the formation of Na-CAS phase in an albitic composition
at high temperatures, since Na-CAS phase occurred only at the relatively high-P condition of
Run OS2835. More studies are required to clarify the melting phase relations of (K,Na)AlSi;Og

under wide P-T conditions, especially for those of the end-members.

As shown in Figure 3.1, the Re capsules have long dimensions, implying large effects
of the thermal gradient. It is suggested by the occurrence of jadeite at the coldest parts of Run
0S2813 and OS2835 that these regions were under subsolidus conditions. On the other hand,
two phenomena indicate that only the coldest parts with jadeite were likely under subsolidus
conditions or just at the solidus conditions. One is the occurrence of Na-CAS phase at the low-
T region of Run OS2835. As mentioned above, the formation of Na-CAS phase in an albitic
composition is accompanied by partial melting. Therefore, the low-T phase assemblage of Run
0S2835 containing Na-CAS phase should not be regarded as a subsolidus phase assemblage.
As shown in Table 3.2, the other phenomenon is that the hollandite adjacent to the melt has the
relatively low Na contents of 44-57 mol %, because of the melting, while the hollandite became

enriched in Na, up to 60-75 mol % with decreasing temperature along the thermal gradient from
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the high-T to low-T region in each capsule. This is contrary to the solid-solution behavior under
subsolidus conditions described in Section 2.3 that the solubility of Na in hollandite positively
correlates with temperature at a constant pressure. According to Reaction (1) and (2), hollandite
becomes depleted in Na with melting proceeding (increasing temperature above the solidus),
and conversely, hollandite becomes enriched in Na with condensation proceeding (decreasing
temperature toward the solidus). Thus, it is suggested by the negative temperature dependence
of the solubility of Na in hollandite that the hollandite at the low-T regions of the three runs is

also the product of partial melting.

The “subsolidus” hollandite at the coldest parts of Run OS2813 and OS2835 contains
69 and 75 mol % Na, respectively (Table 3.2), close to but less than the maximal solubility of
Na in hollandite obtained under subsolidus conditions, ~ 80 mol % at 22 GPa and 2273 K (see
Section 2.3). Considering the P-T conditions of these two runs (Table 3.1: OS2813, 22.5 GPa
and 2575 K; 0S2835, 23.5 GPa and 2675 K), one may suppose that the “subsolidus” hollandite
buffered by jadeite and stishovite even has Na contents lower than the just-mentioned maximal
solubility obtained at a similar pressure of 22 GPa and a relatively low temperature of 2273 K,
thus, the temperature differences through the capsules can be as large as 300-400 K. However,
such large temperature gradients are not expected, because the low-T grains could not grow up
to 10-20 um (Figure 3.2b, 3.2d and 3.2f) at relatively low temperatures like 2273 K within the
short durations of 30 and 90 minutes (Table 3.1), according to the synthesis experience at 20-
23 GPa and 2273 K mentioned in Section 2.3. A possible interpretation to the issue about the
composition of hollandite can be that the actual pressures of the melting experiments are likely
lower than the nominal values estimated by the pressure calibration at 1873 K, due to the high-
T heating at ~ 2600 K, and the solubility of Na in hollandite significantly decreases from the
maximal value with decreasing pressure from ~ 22 GPa, according to the pressure dependence

of the solubility of Na in hollandite described in Section 2.3.
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3.4 Subsolidus and melting experiments of Ky 9sNag s5Cag.10Al1.1Si290s at 22 GPa

A subsolidus experiment (Run OS2892, see Table 2.2) was performed at 22 GPa and
2273 K using two starting materials of Ky 2Nag gAlSi30g and K¢ ¢sNag gsCag 10Al; 1S12.90s. Table
2.3 and 3.3 list compositions of the recovered products. Figure 3.5 shows micro textures of the
recovered samples. The composition of K,NajgAlSi;Og turned into a phase assemblage of
Ko.22Nag 77Alp 99513 010s hollandite + trace CF + trace stishovite. This result is comparable to
those described in Section 2.3. The composition of K¢ ¢sNag gsCag 10Al; 1S12.90g became a phase
assemblage of jadeite + stishovite + hollandite + CAS phase. The hollandite contains 58 mol %
Na and 16 mol % Ca, with 74 mol % K substituted by Na and Ca, similar to the (Ko22Nag77)-
Alp99Si3010s hollandite obtained in the other capsule in terms of the substitution proportion of
K. The CAS phase contains 66 mol % Ca, 31 mol % Na and 3 mol % K, while this Na (in fact,
NaAl;Si304;) content is obviously lower than the solubility of NaAl;Si;O;; component in CAS
phase estimated by Akaogi et al. (2010), ~ 70 mol % at 22 GPa and 2273 K. This discrepancy
is resulted from the fact that Akaogi et al. (2010) investigated the solid solutions of CAS phase
in the system CaAl4Si,0,,-NaAl;Si;0;;, while the CAS phase was synthesized using an albitic
composition in this study. The formation of Na-CAS phase in an albitic composition requires
partial melting, as mentioned in Section 3.3. Similarly, Na-rich CAS phase does not form in an

albitic composition under subsolidus conditions.

On the other hand, the incorporation of NaAl;Si30;; component in the CAS phase
indicates that some components rich in Na, Si and O, such as the speculated Na,Si,0Os shown
in Reaction (3) and (4), have been separated. However, probably due to the small amount, these
components were not found. Figure 3.5b clearly shows that jadeite has the absolute advantage
in abundance over other phases. Thus, although the Ca content of jadeite is low (Table 3.3), a
large amount of Ca is supposed to be trapped in jadeite. As a result, the Ca-bearing CAS phase

occurred just in a small amount, and so did the components rich in Na, Si and O. The separated
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Na, Si and O could be absorbed by other phases, if the amounts are small. Figure 3.5¢ and the
corresponding elemental mappings show that the CAS phase exists only at the area neighboring
the capsule, where the temperature is slightly higher than that of the inside area. In addition, no

evidence of melting was found in the capsule.

Four melting experiments were conducted at 22 GPa and 2475-2700 K with the starting
composition of K¢ ¢sNag gsCag 10Al; 1S12.90s. The experimental conditions and results are listed
in Table 3.1. The samples are small, but the grains are large (10-20 um), thus low-magnification
observation plus elemental mapping exhibits both micro textures of the whole samples and the
distribution of each phase, as shown in Figure 3.6. Each phase can be easily recognized by its
characteristic element, that is, hollandite is K-bearing; jadeite or melt, Na; CAS phase, Ca and

Al; stishovite, Si.

Figure 3.6a shows that the phase assemblage obtained at 22 GPa and 2475 K is quench
crystals (at the hottest part of the capsule) + stishovite + CAS phase + hollandite + jadeite (at
the coldest part), which is the same to the subsolidus phase assemblage obtained at 22 GPa and
2273 K, except for the quench crystals. Therefore, the temperature of 2475 K is supposed to be
slightly higher than the solidus temperature. With increasing temperature from 2475 to 2700 K
at 22 GPa, jadeite did not occur at 2500 K (Figure 3.6b), and hollandite was almost used up at
2600 K (Figure 3.6¢), and only a thin layer of CAS phase survived behind a stishovite layer at
2700 K (Figure 3.6d); the volume fraction of melting increased from ~ 35 % at 2500 K to ~
60 % at 2700 K. The melting sequence has shown that jadeite is the solidus phase followed by
hollandite and then CAS phase, and stishovite is the liquidus phase. The textural difference
between Figure 3.6a and 3.6b can be hardly explained by the negligible temperature difference
between Run 0S2908 (2475 K) and 0S2909 (2500 K). Either of the temperatures was possibly
misestimated by the thermocouple. But even so, a solidus temperature of ~ 2400 K is acceptable

for the composition of K¢ gsNag ssCag 10Al;.1S12.905g at 22 GPa.
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Table 3.3 lists compositions of the recovered products. In contrast to the phases formed
at the subsolidus condition of 22 GPa and 2273 K, the phases formed at temperatures above the
solidus have compositional changes as follows: the jadeite formed at 22 GPa and 2475 K has a
similar composition, which is stoichiometric, and contains trace Ca and undetectable K; more
Na (72 mol % versus 58 mol %) and less Ca (8 mol % versus 16 mol %) have been incorporated
in the hollandite formed at 22 GPa and 2475 and 2500 K (the actual temperature difference is
larger, as discussed above); the CAS phases are rich in Na, ~ 65 mol %, much higher than the
Na content of 31 mol % obtained at 22 GPa and 2273 K, and have become a dominant phase in
the phase assemblages of partial melting at 22 GPa and 2475-2600 K. The CAS phase survived
at 22 GPa and 2700 K has a composition of Ky sNag s4Cag40Al3 3551263011, which is depleted
in Na and enriched in Ca and K, in comparison to the CAS phases formed at 22 GPa and 2475-
2600 K. The stishovite obtained in the five subsolidus or melting experiments contains trace Al,
and the K, Na and Ca contents in the stishovite are below the detection limit. The melt generated
at 22 GPa and 2600 and 2700 K has jadeitic compositions with ~ 4 mol % K, ~ 87 mol % Na
and ~ 9 mol % Ca (normalized). The melt generated at 22 GPa and 2500 K has a composition
of Ko 03Na; 28Cag 0sAly76512.0706, Which is obviously depleted in Al and slightly enriched in Na
(92 mol %, normalized). Due to the small amounts, compositions of the melt generated at 22

GPa and 2475 K and the hollandite formed at 22 GPa and 2600 K were not measured.

It is verified by the enrichment of Na in CAS phase above the solidus temperature that
the formation of Na-rich CAS phase in an albitic composition requires partial melting. The Al-
depleted (Na- and Si-enriched, in other words) jadeitic melt generated at 22 GPa and 2500 K
implies that the melting of jadeite partly followed the melting behavior described in Reaction
(4), and some components rich in Na, Si and O have been released into the melt. It can be seen
from Table 3.3 that the Na content of CAS phase slightly increased from 63 mol % at 2475 K

to 68 mol % at 2600 K, although Na behaved less compatible than Ca and K. This indicates that
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the melting of CAS phase did not occur at 22 GPa and 2475-2600 K. The Ca solved in the melt
likely derived from jadeite and hollandite. The melting of CAS phase began in the temperature
range of 2600-2700 K at 22 GPa, as indicated by the depletion of Na in CAS phase (Table 3.3)
and the reduction of the volume fraction of CAS phase at 22 GPa and 2700 K (Figure 3.6d). A
large amount of CAS phase was melted at 22 GPa and 2700 K, while the generated melt still
kept a stoichiometrically jadeitic composition, similar to that generated at 22 GPa and 2600 K
(Table 3.3), indicating that the partial melting of Na-rich CAS phase likely generated a jadeitic
melt, similar to that of Na-rich hollandite (Reaction (2)). To describe the partial melting of Na-
rich CAS phase at 22 GPa and 2700 K, a simplified reaction is made, as shown in Reaction (5).
It should be pointed out that Ca is preserved completely in Reaction (5), which is unrealistic

for the real melting process.

4C3.0,3N8.0,7A13,3Si2,7011 (CAS) — 3C21().4Na().6A13,4Si2,6011 (CAS) + NaAlSi206 (rnelt)

+ Al,O3 component (probably in melt or solid phases) + SiO; (St) ... (5)

It seems that the partial melting of K sNag ssCag 10Al;.1S12905 at 22 GPa and 2475-
2700 K did not consume stishovite. In fact, more stishovite was formed from the partial melting
of Na-rich hollandite and CAS phase during the proceeding of melting, as revealed by Reaction
(2) and (5). The volume fraction of stishovite seems to have increased with the proceeding of

melting from 2475 to 2700 K at 22 GPa, as shown in Figure 3.6.

The positive temperature dependence of the solubility of Na (NaAl;Si30;; component)
in CAS phase at 22 GPa and 2475-2600 K is similar to the solid-solution behavior of (Ca,Na)-
CAS phase under subsolidus conditions, which was reported by Akaogi et al. (2010). At 22
GPa, the solubility of Na in CAS phase reached the maximal value of 68 mol % at 2600 K. The
maximal solubility likely increases with increasing pressure to 23.5 GPa, since Na-CAS phase

has been synthesized at 23.5 GPa and 2675 K (Run OS2835).
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Jadeite was melted up at 22 GPa and 2500 K, while hollandite did not lose Na during
the proceeding of melting from 2475 to 2500 K at 22 GPa, although Na behaved less compatible
than Ca and K. The melting of jadeite indicates the beginning of partial melting, and therefore
the solubility of Na in hollandite at 22 GPa reached the maximum of 72 mol % at 2500 K, since
the solubility of Na in hollandite positively correlates with temperature at a constant pressure
under subsolidus conditions (see Section 2.3). In the binary or ternary systems, all the hollandite
obtained at ~ 22 GPa in the temperature range above 2273 K and below the solidus temperature
has similar substitution proportions of K, 75-80 mol %, as indicated by the K(,NasAlSi;Og
and K 3Nag 55Cag.16A1;1 11S12.8005 hollandite obtained at the subsolidus condition of 22 GPa and
2273 K (see Section 2.3 and 3.4) and the K 5Nag 75Alp.99S13,010s and (Ko 20Nag 72Cag.07Al1.06)-

Si».940g¢ hollandite obtained at the solidus conditions.

3.5 Quench crystals obtained in the partial melting of K, ,NasAlSizOs
The partial melting of Ky ,Na, gAlSi305 was achieved at ~ 23 GPa and ~ 2600 K (Table

3.1), and the jadeitic melt (Table 3.2) has crystallized during quenching (Figure 3.1).

Figure 3.2a, 3.2¢, 3.2¢, 3.7a and 3.7b show micro textures of the quench crystals found
in the partial melting of K(,Nag gAlSi30s. It can be seen that columnar crystals with large sizes
up to 20-50 um almost fill up the melting regions. Compositional analyses (Table 3.2) show
that these crystals have hollandite-like compositions with high Na/(K+Na) ratios (0.75-0.83)
and abnormally high Al/(Al+Si) ratios (0.28-0.32 versus the normal value of 0.25 for (K,Na)-
AlSi30s hollandite). Quench crystals form under extremely non-equilibrium conditions, and the
diffusion of constituent is insufficient. Consequently, quench crystals have compositions which
may deviate from the equilibrium composition. Rapid crystallization during quenching also led

to the scattered compositions of the hollandite-like quench crystals shown in Table 3.2.

Figure 3.3a shows the XRD pattern of the quench crystals of Run OS2809, and the

peaks can be interpreted by a mixture of hollandite and CF. The quench crystals of Run OS2835
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were also identified by XRD, and a similar result was obtained. Figure 3.8a shows the Raman
spectrum of the large quench crystals of Run OS2835, and the vibration modes are comparable
to those of the hollandite synthesized in Run OS2741 (Table 2.2). The large quench crystals of
Run OS2809 were also identified using Raman spectroscopy, and a similar result was obtained.
The structural evidence proves that the large quench crystals obtained in the partial melting of

Ko.,Nag §AlSi;0g are hollandite-structured.

Liu (2006) obtained a Kg 504)Nag 46(6)Al1.30(7)S12.79(5)Os hollandite in a partial melting of
Ko2Nag gAlSi;Og at 22 GPa and 2673 K, and regarded it as a solid phase. It can be seen that the
strange hollandite obtained by Liu (2006) resembles the quench crystals of hollandite obtained
in this study, both texturally and compositionally. Therefore, the former is not a solid phase but

a quench product.

The CF revealed by XRD has small sizes of ~ 3 um, as shown in Figure 3.7a. The CF
grains were carefully searched and then analyzed by EDS, and the compositions are CF-like, as
shown in Table 3.2. Jadeite appeared as the solidus phase at the coldest parts of the capsules,
as described in Section 3.3, while CF crystallized from the jadeitic melt during quenching. This
likely indicates that the dissociation of jadeite into CF and stishovite has a positive Clapeyron
slope, as suggested by Akaogi et al. (2002) and Kawai and Tsuchiya (2012). The pressures of ~
23 GPa used in the melting experiments of K, ,Naj gAlSi3Og are close to the phase boundary at
1273-2273 K reported by Akaogi et al. (2010). It seems that jadeite was stabilized at the solidus
temperature, while CF crystallized from the jadeitic melt, when the P-T condition of the melt

entered into the stability region of CF at relatively low temperatures during quenching.

Besides the quench crystals of hollandite and CF, quench products in another type were
found in the melting regions, which are named “rest” tentatively. Only compositions of the rest
were analyzed by EDS, and electron-beam damages were found at the analyzed areas after the

analyses. As shown in Table 3.2, the rest has highly Na- and Si-enriched compositions, such as
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Ko.03Na; 54Alp 32511 8705 (Run OS2835), and the contents of K and Al in the rest are quite low,
in comparison to the content of K in the quench crystals of hollandite and the content of Al in
the jadeitic melt, respectively. From the compositions of the jadeitic melt, the hollandite quench
crystals and the rest, it is expected that large amounts of K and Al in the jadeitic melt helped to
form the hollandite quench crystals with abnormally high Al/(Al+Si) ratios during quenching,

and the rest was left with compositions enriched in Na and Si.

3.6 Quench crystals obtained in the partial melting of Ky ¢sNay 35Cag.10Al1.1Si2.90s
The partial melting of Ko.05Nag.ssCag 10Al; 1812905 was achieved at 22 GPa and 2475-
2700 K (Table 3.1), and the jadeitic melt (Table 3.3) has crystallized during quenching (Figure

3.6).

Figure 3.6 clearly shows the distributions of phases and elements in the partial melting
of Ko 0sNag gsCag 10Al;.1S12.90s. Micro textures of the melting regions are shown in Figure 3.7¢
and 3.7d. It can be seen that columnar quench crystals have grain sizes of 2-10 pm, and the rest
dominates large volumes in the melting regions. The elemental mappings of Figure 3.6 indicate
that the jadeitic melt transformed into two parts during quenching, Al-bearing quench crystals
and the rest highly enriched in Na. Table 3.3 shows that the rest has highly enriched Na and Si
and highly depleted K, Ca and Al, such as K¢ 02Na; 45Cag.05Al39S1; 8105 (Run OS2909), similar

to the rest found in the partial melting of K, ,Naj gAlSi;Os.

The Al-bearing quench crystals are compositionally divided into two types, hollandite-
like and CAS-like (Table 3.3). Due to the compositional differences, the two types of quench
crystals are recognizable in the elemental mappings. As shown in Figure 3.6b and 3.6d, the K-
rich areas in the melting regions reflect the hollandite-like quench crystals, and the green color
(representing Al) at the K-rich areas are deeper than those at the rest and lighter than those of

the CAS-like quench crystals. The hollandite-like quench crystals have high Na contents, such
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as Ko .14Nag 72Cay.10Al; 155128705 (Run OS3007), and the slightly high Al/(Al+Si) ratios possibly
resulted from the incorporation of Ca. The CAS-like quench crystals also have high Na contents
(Na/(K+Na+Ca) ratios: 0.78, Run 0S2909; 0.67, Run 0S2911; 0.69, Run OS3007). The CAS-
like quench crystals obtained in Run OS2909 and OS3007 have respective compositions of
Ko.04Nag g4Cag20Al 8481305011 and Ko gsNag 57Cag 20Al2 46513 40011, and the Al and Si numbers
of these compositions are incompatible with the molar totals of K, Na and Ca, if these CAS-
like quench crystals are CAS-structured. In addition, it is also shown in Figure 3.6b and 3.6d
that the CAS-like quench crystals are more abundant than the hollandite-like quench crystals.
Figure 3.7¢ and 3.7d show that the hollandite-like quench crystals are 3-5 times larger than the

CAS-like quench crystals.

Figure 3.8a shows Raman spectra of the hollandite-like quench crystals found in Run
052909 and OS3007, and the main vibration modes are comparable to those of the hollandite
synthesized in Run OS2741 (Table 2.2). The structural evidence proves that the hollandite-like
quench crystals are hollandite-structured. Raman spectra of the CAS-like quench crystals found
in Run 0S2909 and OS3007 are shown in Figure 3.8b, and Raman spectra of the CAS phases
coexisting with stishovite and the jadeitic melt are also shown as references. It is likely that the
neighboring stishovite was involved in the Raman measurements conducted on the crystals of
CAS phases, so that vibration modes of stishovite appear in the Raman spectra of CAS phases
(Figure 3.8b: Run 0S2909, CAS; Run OS3007, CAS). Figure 3.8b shows that the CAS-like
quench crystals have vibration modes comparable to those of the CAS phases, and the vibration
modes at ~ 298, ~ 634, ~ 868 and ~ 920 cm! correspond to those of Ca-CAS phase at 280, 616,
851 and 910 cm™ in Beck et al. (2004) and at 290, 624, 855 and 910 cm™ in Zhai and Ito (2008),
respectively. The differences in Raman shift are probably due to the compositional differences.
Ca-CAS phase (CaAlsSi,0,;) was analyzed in the previous studies, while the CAS phases and

the CAS-like quench crystals analyzed in this study contain large amounts of Na, and also the
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corresponding Al and Si numbers are quite different from those of Ca-CAS phase, because of
the incorporation of Na in the CAS structure. The structural evidence proves that the CAS-like

quench crystals are CAS-structured.

Vibration modes of stishovite can be seen in the Raman spectrum of the quench crystals
of CAS phase found in the melting region of Run OS3007, as shown in Figure 3.8b. However,
no compositionally stishovite-like quench crystals were found. An intergrowth of CAS phase
and stishovite during quenching is suggested by the Raman spectrum showing vibration modes
of both CAS phase and stishovite, and probably interprets the compositional abnormality of the
quench crystals of CAS phase found in Run OS3007 (Table 3.3): the Si number of 3.40 is much
higher than the normal values of 2 and 3 for Ca- and Na-CAS phases, respectively; the molar
deviations of Al and Si (0.16 and 0.14, respectively) are 1-2 times larger than those of any other
quench crystals (e.g., Run 0S2909, Q CAS, A1 0.07, Si 0.05). The large molar deviations of Al
and Si may suggest inhomogeneous distributions of the quench-formed stishovite among the

quench crystals of CAS phase.

The quench crystals of stishovite only appeared in Run OS3007, among the seven runs
performed in this study (Table 3.1), based on the phase identifications using XRD (mainly used
in the partial melting of K 2Nay gAlSi;0s, because of the large sizes of the melting regions) and
Raman spectroscopy. The intergrowth of quench-formed CAS phase and stishovite in Run OS-
3007 is likely related to the capsule material of Re, while diamond was used as capsules in the
other runs performed using the composition of K ¢sNag ssCag 10Al; 1S1290s. The cooling rates
affected by the capsule materials may have affected the formation of quench crystals. Relative
to Re, diamond may have higher thermal conductivity at HPHT, so that the cooling duration (in
other words, the crystallization duration during quenching) in Run OS3007 might be slightly
longer than those of the other runs using diamond capsules. In comparison to Al-bearing phases

like hollandite and CAS phase, stishovite may have a sluggish kinetics of crystallization, even
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in the case of liquid crystallization, thus the relatively long cooling duration of Run OS3007

was necessary for the crystallization of stishovite from the jadeitic melt.

In addition, vibration modes of stishovite do not appear in the Raman spectrum of the
quench-formed hollandite in Run OS3007 (Figure 3.8a), indicating no intergrowth of quench-
formed hollandite and quench-formed stishovite. Relative to hollandite-like compositions (e.g.,
(K,Na)AlSi;0g), jadeitic compositions (e.g., NaAlSi,O¢) are depleted in Si; relative to CAS-
like compositions (e.g., NaAl3Si30y;), jadeitic compositions are enriched in Si. This may simply
interpret why stishovite crystallized from the jadeitic melt during quenching only together with
CAS phase, because the formation of stishovite needs excessive Si components, which might

be generated by the formation of CAS phase in the jadeitic melt during quenching.

3.7 Implications for the shock metamorphism of plagioclase in strongly shocked
meteorites

As described in Chapter 2 and 3, both Na-rich hollandite and Na-rich CAS phase can
form in albitic compositions at ~ 22 GPa by two ways: (1) equilibrium formation in the stability

regions and (2) non-equilibrium formation as quench crystals during quenching.

For the typical albitic composition of plagioclase in meteorites, AbgsAn;(Ors, a large
amount (~ 80 mol %) of potassium in hollandite can be substituted by Na (and Ca) only within
a narrow pressure range at 22 GPa above 2273 K below the solidus temperature of ~ 2400 K.
But even so, Na-rich hollandite is not a dominant phase in the phase assemblage of AbgsAn;(Ors
at 22 GPa and 2273-2400 K. At temperatures below 2273 K, hollandite is just a minor phase in
the phase assemblage of AbgsAn;¢Ors, due to the low substitution proportions in hollandite at
relatively low temperatures (e.g., Yagi et al. 1994; Ishii et al. 2012). Therefore, the subsolidus
phase relations of AbgsAn;¢Ors cannot interpret the formation of lingunite in albitic plagioclase

in strongly shocked meteorites, because jadeite should be more abundant. If lingunite formed
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via solid-state transformation, studies such as Kubo et al. (2010, 2016) are needed to investigate
the kinetic factors of the crystallization of each phase in the phase assemblages of AbgsAn;(Ors.
Partial melting of AbgsAn;oOrs at 22 GPa also cannot be the interpretation, because previous
observations did not show any evidence for partial melting. Also, CAS phase is quite dominant
in the partial melting of AbgsAn;oOrs at 22 GPa, while CAS phase has never been discovered

in the shock metamorphism of albitic plagioclase in strongly shocked meteorites.

Na-rich hollandite and Na-rich CAS phase can form as quench crystals in jadeitic melt
at 22 GPa, as shown in Chapter 3, although neither hollandite nor CAS phase is the liquidus
phase in the composition of AbgsAn;¢Ors at 22 GPa. The experimental results suggest that the
crystallization behavior of the jadeitic melt is mainly controlled by Al, and also K and Ca, and
the energy barrier for the crystallization of aluminosilicate in the jadeitic melt seems lower than
those of stishovite and jadeite (and calcium ferrite-type NaAlSiO4), and even K and Ca in minor
amounts are decisive for the crystallization of hollandite and CAS phase, respectively. It should
be pointed out that the crystallization of Na-rich hollandite and Na-rich CAS phase occurred in
the partial melting of AbgsAn,(Ors, while partial melting is not supported by the appearance of
the shock metamorphism of albitic plagioclase. Based on the experimental results of this study,
it can be expected that if a complete melting of AbgsAn;¢Ors occurs, the crystallization behavior
of the albitic melt will not change, that Ca-bearing and Na-rich CAS phase crystallizes together
with stishovite during quenching, and K-bearing and Na-rich hollandite solely crystallizes. This
is because the difference between the jadeitic melt and the albitic melt is just a silica component,
briefly speaking, as shown in Table 2.1, 3.2 and 3.3, which should not affect too much. At 22
GPa, both Na-rich hollandite and Na-rich CAS phase occur in an albitic melt during quenching.
However, no CAS phase has been discovered in the shock metamorphism of albitic plagioclase.
Therefore, a complete melting of AbgsAn;oOrs and the subsequent quenching at 22 GPa may
not interpret the formation of lingunite in strongly shocked meteorites, but it is still necessary

to investigate the effect of pressure on the crystallization behavior of albitic melt.
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Although the formation of lingunite was not interpreted by the experimental results of
this study, the crystallization of Na-rich CAS phase in the partial melting of AbgsAn;¢Ors helps
to understand the shock metamorphism of labradoritic plagioclase in some Martian meteorites.
As mentioned in Chapter 1, the plagioclase in Martian meteorites has a typical composition of
Abs7Ans Or,, and the corresponding shock metamorphism includes maskelynite, Na-rich CAS
phase and stishovite (Chen and El Goresy 2000; Beck et al. 2004; El Goresy et al. 2013). Also,

Ca-rich lingunite was discovered in addition to Na-rich CAS phase and stishovite.

The composition of Abs7Ans;Or; has an Al/(Al+Si) ratio of 0.3775, similar to those of
the jadeitic melt shown in Table 3.2 and 3.3, about 0.33. The crystallization behavior of a
labradoritic melt is probably similar to that of the jadeitic melt, and CAS phase and stishovite
may crystallize from the labradoritic melt during quenching. This basically matches the
coexistence of Na-rich CAS phase and stishovite in the Martian meteorite Zagami (Beck et al.
2004). Some experiments are needed to confirm whether the CAS phase formed in a labradoritic
melt can be rich in Na. However, in the natural cases, due to the small grain sizes, it is difficult
to measure compositions of the shock-metamorphic CAS phases precisely (Beck et al. 2004; El
Goresy et al. 2013). The trace K in Abs;Ans;Or; likely resulted in the occurrence of hollandite

nearly the CAS phase and stishovite in the Martian meteorite Zagami (Beck et al. 2004).

In the Martian meteorite NWAS856, stishovite- and CAS phase-dominated regions were
observed in a large melt pool (El Goresy et al. 2013). The occurrence of stishovite-dominated
region possibly derived from an active crystallization of stishovite as the liquidus phase in the
labradoritic melt, which further suggests that the stishovite-dominated region had a relatively
low cooling rate. Otherwise, CAS phase should crystallize together with stishovite, as shown
in Run OS3007, because the crystallization of stishovite in either a jadeitic melt or a labradoritic

melt will cause an increase of Al in the residual part of the melt.
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Different cooling rates of the shock veins may highly affect the shock metamorphism
of plagioclase. Some previous studies proposed that the occurrence of high-pressure phases in
or adjacent to the shock veins is due to the high-temperature conditions. In the case of the shock
metamorphism of plagioclase, a complete melting of plagioclase could be achieved at the local
pressure spikes, where very high temperatures could be generated, due to the closure of porous
areas (Sharp and DeCarli 2006; Beck et al. 2007). These compacted and melted areas are the
so-called “melt pockets”. The melt pockets of plagioclase far away from the shock veins were
rapidly quenched by the surrounding cold minerals, and then became glass (maskelynite), while
the melt pockets of plagioclase in or adjacent to the shock veins were relatively slowly cooled,

which insured sufficient durations for the crystallization of aluminosilicates from the melt.

The composition of AbgsAn;¢Ors was not completely melted at 22 GPa and 2700 K,
suggesting that the peak temperatures of labradoritic melt pockets were probably much higher
than 2700 K, if stishovite is assumed to be the liquidus phase in labradoritic compositions. As
modeled by Sharp et al. (2015), a 1.6 mm shock vein with starting temperatures (in other words,
peak temperatures) of 3500 and 2500 K can be solidified at ~ 2273 K within ~ 1.9 s and 750 ps,
respectively; the 1.6 mm shock vein can be cooled down from 3500 K to 1500 K within ~ 5 s,
and the temperature of 1500 K is proposed to be a lower limit for the back transformations of
shock-metamorphic high-pressure phases (like ringwoodite and lingunite) under low pressures
within a duration of ~ 4 s. Similarly, based on the model given by Sharp et al. (2015), for small-
scaled melt pockets (e.g., 10-200 pm), much shorter durations than ~ 1.9 and ~5 s are required
to solidify the melt pockets and preserve the shock-metamorphic high-pressure phases under
low pressures, respectively. In the melting experiments of this study, the melting regions of the
samples have similar dimensions, relative to the melt pockets. Just after the moment that heating
was stopped by cutting off the power supply, the thermocouple reflected that the temperature
jumped from target temperatures like 2700 K down to 400-500 K immediately. Although it is

difficult to know the cooling rates of the samples, the quenching did not last for more than 0.2-
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0.3 s. Such durations are comparable to those inferred for natural shock events, ~0.01-1 s (e.g.,
Beck et al. 2005). It can be seen that the micro textures of the quench-formed CAS phase (plus
stishovite) (Figure 3.7c and 3.7d) are close to those observed in the Martian meteorites Zagami
and NWAS856 (Beck et al. 2004; El Goresy et al. 2013). The active nucleation of CAS phase in
the labradoritic melt was likely due to the relatively high contents of Al and Ca, in comparison
to the limited nucleation of CAS phase in albitic melt. Durations for the crystallization of CAS
phase from the labradoritic melt in the Martian meteorites might be at the same magnitude as

those of the melting experiments of this study.

Figure 3.9 summarizes the experimental conditions and results listed in Table 3.1. The
subsolidus phase assemblage of AbgsAn;oOrs at 19-22 GPa is jadeite + stishovite + hollandite
+ CAS phase. The solidus temperatures of AbgsAn;oOrs at 19 and 22 GPa are ~ 2400 and ~
2475 K, respectively, close to those of KLB-1 peridotite (Zhang and Herzberg 1994), while the
liquidus temperature of AbgsAn;oOrs at 19-22 GPa seems to be at least 100 K higher than that
of KLB-1 peridotite (Zhang and Herzberg 1994). Therefore, if the melting phase relations of
KLB-1 peridotite are used to infer the P-T conditions of shock veins, and if oligoclase melted
completely at 19-22 GPa during impact, the oligoclase could be hotter than the shock veins. On
the other hand, the liquidus temperature of oligoclase at 19-22 GPa is close to those of olivine
and pyroxene, 2700-2900 K. Whole-rock melting might occur above the liquidus temperatures
of both chondritic and feldspathic compositions during impact, which consequently triggered
the formation of shock veins and maskelynite, and the peak temperature could be high enough
to melt the grains of olivine and pyroxene surrounding the shock veins, partially or completely.
However, individual melting of olivine and pyroxene is relatively rare (Miyahara et al. 2009),
compared with that of plagioclase. Most MgSiOs-rich glasses discovered in shocked meteorites
are suggested to be the amorphized MgSiOs-rich perovskite named bridgmanite (Tschauner et
al. 2014). It is unexpected that the shock-vein temperature selectively melted the surrounding

oligoclase and ignored the surrounding olivine and pyroxene. Thus, the shock-vein temperature
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may be not essential for the melting of oligoclase during impact, and a localized heating within
oligoclase is expected. Such a process has been described in detail in Sharp and DeCarli (2006)
and Gillet and El Goresy (2013) that due to the low shock impedance of feldspar, the refracted
shock waves among minerals with different shock impedance may collide in feldspar and cause
localized pressures much higher than the continuum shock pressure. After the localized pressure
goes down and equilibrates the continuum shock pressure, the waste heat can lead to localized
high temperatures like ~ 3000 K and melt the compressed feldspar. Later, the feldspathic melt
can be cooled down by heat transfer to the surrounding minerals. The cooling rate dominates
the formation of quench product, maskelynite by an ultrafast cooling or crystalline phases by a
cooling in ~ 0.1-1 s. To further understand the melting of feldspar and also the whole rock, the

kinetics must be considered.
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Chapter 4

New high-pressure forms of Al,SiOs

4.1 Introduction

Kyanite (Al,SiOs), the high-pressure polymorph of andalusite and sillimanite, is a
typical metamorphic mineral in Al-rich eclogites, and also occurs in subducted continental and
sedimentary materials (e.g., Irifune et al. 1994; Ono 1998; Schmidt et al. 2004). Kyanite is
stable up to 12-13 GPa at 1273-1900 K, and dissociates into corundum and stishovite with

further increasing pressure (e.g., Irifune et al. 1995; Ono et al. 2007).

Ahmed-Zaid and Madon (1991, 1995) ever obtained a V3Os-type Al,SiOs in the DAC
experiments performed at 40-70 GPa and ~ 2500 K using natural samples of kyanite, grossular
and pyrope as starting materials, and proposed it as a possible host mineral of aluminum in the
lower mantle. However, this V3Os-type Al,Si0s has never been experimentally reproduced, and
remains mysterious (Kesson et al. 1995; Funamori et al. 1997; Miyajima et al. 1999; Liu et al.
2016). On the other hand, Oganov and Brodholt (2000) investigated a series of Al,SiOs phases
including the hypothetical V3Os type via ab initio calculation, and contradicted the V3;Os-type
Al SiOs reported by Ahmed-Zaid and Madon (1991), based on the large discrepancies in the
lattice parameters and density of V;Os-type Al,SiOs between the experimental values and the

calculated results.

Recently, an unknown Al,SiOs phase was found in a melting experiment of (Ko 2Nay 5)-
AlSi30g at 22.5 GPa and 2650 K, which is structurally different from andalusite, sillimanite and
kyanite. This unknown Al,SiOs phase was subsequently reproduced by multi-anvil experiments,
and its structure was studied by X-ray and electron diffraction. Meanwhile, phase relations of

AL SiOs were investigated at 13-23 GPa and 2200-2800 K.
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4.2 Experimental methods
4.2.1 Starting materials

Two kinds of starting materials were used: (1) synthetic kyanite and (2) oxide mixtures
of quartz and corundum. The kyanite was synthesized at 7 GPa and 1673 K using an 18/11 cell
assembly with a graphite tubular heater. The starting materials were stored at 383 K and sealed
in Re capsules before HPHT experiments. No attention was paid to avoid the starting materials
being moistened by water in air during sample loading, and no hydrous phase was found in the
recovered samples. The trace water in the starting materials may have helped the grain growth

of the products.

4.2.2 HPHT experiments

The multi-anvil high-pressure apparatuses mentioned in Section 2.2.2 were used for
HPHT experiments. The modified 10/4 cell assembly mentioned in Section 3.2.2 was used, and
MgO and LaCrOs were used as electrical and thermal insulators surrounding Re capsule and

Mo electrodes, respectively. Figure 2.1d shows the schematic diagram of the 10/4 cell assembly.

The HPHT experiments were made at 13-23 GPa and 2200-2800 K. Table 4.1 lists the
experimental conditions and results. Due to the lack of pressure markers available for HPHT
quench-recovery experiments at 2200-2800 K, the pressure calibration at 1873 K (Figure 2.2)
was used to estimate the pressures at 2200-2800 K. A Woy;Res-W7sRe,s thermocouple was used
to monitor the temperature, and no correction was made for the effect of pressure on the electro-
motive force of the thermocouple. In a few runs, the thermocouples broke during compression
or reported abnormal temperature values during heating, then the temperatures were estimated

based on the repeatable power-temperature relationships.

64



4.2.3 Analytical methods
Structural, morphological and compositional analyses using XRD, FESEM and EDS,
respectively, are basically the same as those mentioned in Section 2.2.3. Figure 4.1 shows XRD

patterns of some typical samples.

For electron microscopic observation and compositional analysis, the polished samples
were coated with carbon. Back-scattered electron images of some typical samples are shown in
Figure 4.2. Quartz and corundum were used as the standards for Si and Al, respectively. Table

4.2 and 4.3 list compositions of the recovered products.

For structural identification using electron diffraction, thin films were cut out from the
top surface of the samples using a focused ion beam (FIB) system (FEI' ™ Scios). Selected area
electron diffraction (SAED) was performed within a transmission electron microscope (TEM,

JEOL JEM-2100F).

4.3 Structural identification of unknown AL SiOs phases

The unknown Al,SiOs phase found in the melting experiment of K¢ ,Nag sAlSizOs (see
Section 3.3) was successfully reproduced using the same composition at 17-23 GPa and 2500-
2800 K, as supported by the XRD patterns shown in Figure 3.3b and 4.3a. The peaks at 20.49°,

21.46°, 28.82° and 33.03° are characteristic for this unknown Al,SiOs phase.

Using the crystallographic parameters of the hypothetical V3Os-type Al,SiOs reported
by Oganov and Brodholt (2000), the XRD pattern of the unknown Al,SiOs phase was basically
identified, as shown in Figure 4.3a, and preliminary lattice parameters were calculated. Then,
plenty of SAED patterns of the unknown Al,SiOs phase (some are shown in Figure 4.5a) were
interpreted with attempts. It was clarified by Asbrink (1980) and Hong and Asbrink (1982) that
the structure of V3Os has two modifications with space groups of P2/c (No. 13) or C2/c (No.

15). Oganov and Brodholt (2000) considered that remarkable pairs of face-sharing octahedra
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tend to be occupied by Al rather than Si to reduce the cation-cation electrostatic repulsion, and
then chose C2/c for V30s-type Al,SiOs. When interpreting the SAED patterns, it was found that
d values of the diffraction spots matched the d values calculated using C2/c, while C2/c could
not satisfy the SAED patterns. By testing other monoclinic space groups, it was found that C2 (No.
5), Cm (No .8) and C2/m (No. 12) could interpret the SAED patterns, revealing the diffraction

rule that the present hkl spots must have h + k = 2n (n is an integer), as shown in Figure 4.5a.

Oganov and Brodholt (2000) reported three configurations of lattice parameters for the
hypothetical V3Os-type Al,SiOs. Following the diffraction rule that h + k = 2n (n is an integer)
for hkl diffraction, the three configurations yield the same diffraction patterns (both XRD and
SAED), and the only difference is in the hkl index. Since the crystallographic parameters of the
unknown Al,Si0s phase, including the space group and the lattice parameters, were determined
preliminarily, based on those reported by Oganov and Brodholt (2000), it is definitely suggested
that the unknown Al,SiOs phase synthesized at 17-23 GPa and 2500-2800 K possesses a V30s-
type structure. However, at this stage, it is difficult to find out the appropriate lattice parameters,
because a key SAED pattern needs to be taken along the b axis. Also, more work is required to

further determine the space group of V3Os-type Al,SiOs.

The space group of C2/m and the “Cell choice 2 (a configuration of lattice parameters
given by Oganov and Brodholt (2000)) were tentatively chosen for V;Os-type Al,SiOs, and the
lattice parameters were calculated using 15 XRD peaks in a two-theta range of 15-75 degree.
Table 4.4 list the observed and the calculated d values. Table 4.5 list lattice parameters of V30s-
type Al,SiOs. The lattice parameters are a = 9.2964 A, b = 4.7068 A, ¢ = 6.6272 A and B =
111.30°. If 4 is chosen as the Z number, V;Os-type Al,SiOs is 1.3 % less dense than the iso-
chemical mixture of corundum and stishovite. The lattice parameters and the (relative) density
of V30s-type Al,SiOs in this study agree with the theoretically calculated results of Oganov and

Brodholt (2000), and contradict those reported by Ahmed-Zaid and Madon (1991).
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At 14-17 GPa and 2550-2750 K, another unknown Al,SiOs phase was found. Figure
4.3b shows the corresponding XRD patterns. It was found that this Al,SiOs phase structurally
differs from andalusite, sillimanite, kyanite and V;0s-type Al,SiOs. To make a clear definition,
it is tentatively named “6-Al,Si0s”, if andalusite, sillimanite, kyanite are regarded as a-, B- and
v-Al,SiOs, respectively. Similarly, ViOs-type Al,SiOs is e-Al,SiOs. Using the software Dicvol
04 (Boultif and Louér 2004), the XRD pattern of 5-Al,SiOs (Figure 4.3b) can be indexed to a
triclinic cell with lattice parameters a = 6.7695(35) A, b = 10.9624(25) A, ¢ = 10.5225(45) A,
o =125.392(35)°, p = 138.549(35)° and y = 58.733(30)°. The unit cell volume of 3-Al,SiOs is
416.15 A°, and the density is 3.880 g/cm’, if the unit cell contains six formula units (Z = 6).
The present XRD pattern indexing of 8-Al,SiOs satisfies its SAED patterns (Figure 4.5b), and
the latter shows no specific diffraction rules, indicating that the space group is likely P1 (No.

1) or P-1 (No. 2).

XRD patterns of the 8-Al,SiOs obtained in Run 0OS2986, OS2988 and OS2991 are
somehow different from each other (Figure 4.4), especially in the peak intensity. The 3-Al,S10s
synthesized at 14-17 GPa and 2550-2750 K has large grain sizes of 50-100 um, as shown in
Figure 4.2e, so that the grains of 6-Al,SiOs are highly oriented, which resulted in the fact that
among the XRD patterns shown in Figure 4.4, the relative peak intensity is variable, and not
all the peaks in one pattern appear in the other patterns. It can be seen from Table 4.6 that most
of the d values are repeatable, indicating that the samples have the same structure. The d values
of V30s-type Al>SiOs reported by Ahmed-Zaid and Madon (1991) are also listed in Table 4.6
for comparison. Although some of their data are similar to those of this study, it is difficult to
infer that their V3Os-type Al,SiOs is likely the 6-Al,SiOs obtained in this study, because much

less diffraction was observed in their study, even with X-ray powder diffraction.
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4.4 Phase relations of ALLSiOs at 13-23 GPa and 2200-2800 K

Figure 4.2 shows micro textures of some typical samples. Run OS3006 yielded a fine-
grained mixture of kyanite, corundum and stishovite at 14.2 GPa and 2200 K (Figure 4.1a and
4.2a), indicating that the phase boundary of kyanite dissociation extends to higher pressures
and temperatures than those studied previously (Irifune et al. 1995; Ono et al. 2007). In Run
0S3004, the starting material of kyanite was completely melted at 13 GPa and 2675 K, and the
recovered quench crystals are shown in Figure 4.2b. It is strange that the bulk composition of
the quench crystals deviate from Al,SiOs (Table 4.3: Al; 7,S1;2105), which implies a partial
melting of the starting material. However, the observed sample shows a complete melting, and
no additional Al component was found. Since this melted sample was not contaminated, it is
still regarded as a useful sample. V;Os-type Al,SiOs was synthesized at 17-23 GPa and 2500-
2800 K. It was found that when using the starting material of oxide mixtures, the obtained V3Os-
type Al,SiOs contains residual corundum and stishovite, especially those obtained at relatively
low-temperature conditions, as shown in Figure 4.1c and 4.2¢; when using the starting material
of kyanite, the recovered samples show no coexistence of two different phase assemblages: the
synthesized V3;0s-type Al,SiOs is pure, as shown in Figure 4.1d and 4.2d, and the recovered
mixture of corundum and stishovite contains no V3Os-type Al,SiOs, as shown in Figure 4.1b.
In the case of the synthesis using the starting material of oxide mixtures, the initial chemical
inhomogeneity was difficult to eliminate within limited durations even at high temperatures,
due to the sluggish kinetics, and the Al- and Si-bearing components, in forms of corundum and
stishovite, respectively, could survive at different sides of the reaction band, as shown in Figure
4.2¢. Because of the high-temperature heating, the samples of 3-Al,SiOs synthesized at 15-16

GPa and 2550-2750 K have large grain sizes of 50-100 um, as shown in Figure 4.2e.

Figure 4.6 shows phase relations of Al,SiOs at 13-23 GPa and 2200-2800 K. Based

on the experimental results, preliminary phase boundaries have been drawn. At 13 GPa, kyanite
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is stable up to 2400 K, and the solidus temperature at 13 GPa is ~ 2500 K. The phase boundary
of kyanite dissociation has a positive Clapeyron slope (e.g., Irifune et al. 1995; Ono et al. 2007).
In this study, kyanite dissociated into a mixture of corundum and stishovite at 14.2 GPa and
2200 K. This agrees with the experimental results of Irifune et al. (1995) and Ono et al. (2007),
and the difference in pressure is ~ 1 GPa between the result of this study and the extrapolated
phase boundaries of the two previous studies. The mixture of corundum and stishovite are stable
at the low-temperature side at 14-23 GPa, while the newly discovered 5-Al,SiOs and V30s-type
Al,S105 dominate the high-temperature side at 14-17 and 17-23 GPa, respectively. It seems that
the phase boundary between V3Os-type Al,SiOs and the mixture of corundum and stishovite
has a positive Clapeyron slope, and the transition pressure is described as P (GPa) = 0.03T (K)
— 55.75. The phase boundary between 6-Al,SiOs and the mixture of corundum and stishovite
also likely has a positive Clapeyron slope. The triple point of 5-Al,SiOs, V3Os-type Al,SiOs
and the mixture of corundum and stishovite is located at 16.5 GPa and 2400 K, and the triple
point of 3-Al,SiOs, kyanite and the mixture of corundum and stishovite is located at 14 GPa
and 2250 K. The phase boundaries drawn in Figure 4.6 are preliminarily determined, and more
systematic experiments using low-pressure cell assemblies are needed to further constrain the

phase boundaries.

Table 4.2 shows that both the obtained 6-Al,SiOs and V3Os-type Al,Si0s have ideally
stoichiometric compositions of Al;SiOs. Due to the small grain sizes, most of the stishovite in
the mixture of corundum and stishovite was not analyzed by EDS. Due to the high-temperature
heating, the stishovite within V;0s-type Al,SiOs has relatively large grain sizes (e.g., Figure
4.2¢), and the compositions were measured by EDS. Table 4.3 shows that the stishovite within
V30s-type AlLSiOs (except Run 0S2954) contains trace Al (< 2 wt %). As shown in Table 4.1,
the starting material of Run OS2868 is Si-rich (AlSi; 50¢) relative to Al,Si0Os, and the product

is a mixture of V30s-type Al>SiOs and stishovite. Run OS2868 indicates that there are no other
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phases with compositions between Al,SiOs and SiO, within the stability region of V;Os-type
AL SiOs. It was found that corundum grew faster than stishovite at the same condition, as shown
in Figure 4.2a and 4.2¢. Some corundum formed with stishovite at relatively low-temperature
conditions has grain sizes available for compositional analysis. Table 4.3 shows that corundum
coexisting with stishovite, 5-Al,SiOs or V3Os-type Al,SiOs could contain 10-15 wt % Si0O, at
15-23 GPaand 2375-2550 K. Systematic studies are needed to investigate the effects of pressure

and temperature on the solubility of SiO; in corundum.

Run OS2852 was performed with the composition of Al,Si; sO¢ at 21.3 GPa and 2800
K, and a phase assemblage including V;Os-type Al,SiOs, stishovite and an unknown Al,Si,07
phase was obtained after the HPHT experiment (Table 4.1). Figure 4.7 shows the micro texture
and elemental mappings of the recovered sample. Table 4.2 shows compositions of the V30s-
type Al,SiOs and the Al,Si,07 phase. Ahmed-Zaid and Madon (1991) and Schmidt et al. (1997)
also found Al,Si,07 phases in their experiments, but only few details were reported. Schmidt et
al. (1997) proposed that kyanite dissociated into the Al,Si,07 phase and corundum at 18 GPa
and ~ 2773 K. The formation condition of the Al,Si,O7 phase in this study is comparable to that
reported by Schmidt et al. (1997). Due to the excessive SiO, component in the starting material,
corundum did not occur in Run OS2852, because the corundum generated by the dissociation
of AL,SiOs has been used up by reacting with the excessive SiO, component. V30s-type Al,SiOs
coexisted with the Al,S1,07 phase in Run OS2852, indicating that the P-T condition was located
at the phase boundary between V3;0s-type Al,SiOs and the mixture of the Al,Si,0O7 phase and
corundum. The latter phase assemblage is likely stable at high-temperature conditions beyond

the stability region of V;0s-type Al,SiO:s.

As shown in Figure 4.6, quite different from Irifune et al. (1995) and Ono et al. (2007),
Schmidt et al. (1997) and Liu et al. (2006) reported that the phase boundary of the dissociation

of kyanite has a moderate Clapeyron slope, and kyanite is stable at 16-17 GPa and ~ 2300 K.
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The large discrepancy was considered to be resulted from experimental uncertainties, such as
the low precision of pressure calibration (Schmidt et al. 1997; Ono et al. 2007) and the effect
of water (Liu et al. 2006). However, it can be clearly seen that the pressure difference is as large
as 3-4 GPa at ~ 2300 K, comparing the phase boundaries of Schmidt et al. (1997) and Liu et al.
(2006) with the extrapolated phase boundaries of Irifune et al. (1995) and Ono et al. (2007).
Such large discrepancy can be hardly interpreted by experimental uncertainties. In this study,
kyanite dissociated into corundum and stishovite at 14.2 GPa and 2200 K, and the experiments
produced mixtures of corundum and stishovite at 14-17 GPa and 2000-2375 K. These results
agree with the phase boundaries of Irifune et al. (1995) and Ono et al. (2007), and are in conflict

with the results of Schmidt et al. (1997) and Liu et al. (2006).

To understand the large discrepancy mentioned above, it is necessary to check the two
previous studies, Schmidt et al. (1997) and Liu et al. (2006), in detail. Schmidt et al. (1997)
made misleading descriptions about the phase identification of the recovered samples. It is quite
unclear whether all the recovered samples were analyzed using XRD, or some of them were
analyzed only by electron microprobe analysis; two experiments (1k-20 and 1k-8) at 14.5 GPa
and 1273 K and 14.5 GPa and 1573 K, respectively, were directly prepared for XRD, whether
phase assemblages of the other samples were identified via an indirect way, such as electron
microprobe analysis or identification based on color and hardness. Schmidt et al. (1997) should
have provided the XRD patterns and the electron microscopic images of the recovered samples,
otherwise it is quite difficult to understand the phase transitions observed in their study, because
a mixture of synthetic stishovite, Al,Os (likely corundum) and natural kyanite was used as the
starting material, which might have some effects on the phase transitions and the micro textures.
Another possibility is that the kyanite obtained by Schmidt et al. (1997) at ~ 16 GPa and ~ 2300
K was actually the newly discovered 6-Al,SiOs or V3Os-type Al,SiOs, but was misrecognized

as kyanite only based on electron microprobe analysis. It can be seen from Figure 4.6 that the
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temperature of ~ 2300 K is ~ 100 K lower than the transition temperature of ~ 2400 K at 16-17
GPa. Schmidt et al. (1997) mentioned that the nominal temperatures given by thermocouples
were measured at the coldest parts of the capsules, and the temperature gradients were ~ 100 K
over the capsule length. Therefore, the actual temperatures of their experiments can be close to
2400 K, similar to the transition temperatures estimated in this study at 16-17 GPa. Schmidt et
al. (1997) obtained kyanite at ~ 14 GPa and 1273-1573 K, which is not so different from Irifune
et al. (1995) and Ono et al. (2007), and the pressure difference is ~ 2 GPa, still can be explained
by experimental uncertainties. However, Schmidt et al. (1997) probably obtained 5-Al,SiOs or
V;0s-type Al»SiOs at 16-17 GPa and ~ 2400 K, thus their moderate Clapeyron slope is likely a

mistake made by misrecognizing 6-Al,SiOs or V30s-type Al,SiOs as kyanite.

Liu et al. (2006) also did not provide clear evidence to prove the acquisition of kyanite
in their experiments. It was claimed that kyanite could not be detected by X-ray, due to the very
low proportion. Liu et al. (2006) showed a back-scattered electron image of a sample containing
kyanite. It can be seen from the image of Liu et al. (2006) that the phase assemblage is almost
corundum plus stishovite, and the grain of kyanite is quite small, ~ 2 pm in diameter. Such small
grain size could be hardly available for precise compositional analysis. Also, it is quite difficult
to distinguish kyanite from corundum and stishovite, based on the compositional contrast in the
back-scattered electron image. Liu et al. (2006) analyzed only 3-4 grains of kyanite in each of
the kyanite-containing samples, which is likely due to the low proportion. If the kyanite in their
samples was rare and small, and could not be detected using XRD, it is quite difficult to believe
the occurrence of kyanite in their experiments. Liu et al. (2006) probably obtained mixtures of
corundum and stishovite only, thus their data could not be used to determine the phase boundary

of kyanite dissociation.

It is difficult to make a direct comparison between Ahmed-Zaid and Madon (1991) and

this study, since the pressures are quite different. However, their DAC experiments might have
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large uncertainties in both pressure and temperature. As mentioned by Ahmed-Zaid and Madon
(1995), the temperature uncertainty could be as large as 800 K, and the pressure was measured
by an indirect way of using calibrated strain gauges attached to the steel body of the cell. They
reported V30s-type Al,SiOs and the Al,Si,07 phase, but the structural information of their new

phases is different from those of this study. It is still unclear what kinds of products they found.

Garnet and bridgmanite are, respectively, the host minerals of Al in the pyrolitic upper
and lower mantle (e.g., Irifune and Ringwood 1987; Irifune 1994; Liu et al. 2016). In MORB
compositions, clinopyroxene and garnet possess most of Al under the upper mantle conditions
(e.g., Irifune and Ringwood 1993); under the lower mantle conditions, in addition to aluminous
bridgmanite, NAL phase (e.g., Sanehira et al. 2006) and/or CF phase (Yamada et al. 1983) occur
as Al-bearing phase(s) from the garnet-perovskite transformation at 23-27 GPa (e.g., Oguri et
al. 2000), and can be stable up to 50 GPa (Perrillat et al. 2006) and 120 GPa (Hirose et al. 2005),
respectively. The stability region of V30s-type Al,SiOs is located at the high-temperature side
beyond the geotherm. On the other hand, Oganov and Brodholt (2000) suggested that the V;Os-
type phases does not satisfy Pauling’s second rule (sum of the electrostatic bond valences on
the anion should be equal to the anion’s valence), so that the structure of V;0s-type Al,SiOs
made by Al and Si octahedra must undergo distortions, which may destabilize the structure; in
contrast, aluminosilicates with large and electropositive cations, such as KAISi;Ogz hollandite,
can be more stable. Therefore, V3Os-type Al,SiOs is unlikely a host mineral of Al in the mantle.
Considering the severe stability region of V30s-type Al,SiOs, it may form from a low-pressure

polymorph of Al,SiOs during a strong impact.
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