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Abstract

Phase relations of NaAl;Si;0,, and NaAlSi;Og were explored at pressures of 20.5-23.5 GPa and temperatures of 2373 and
2573 K by multianvil experiments. For NaAl;Si;0,, a new phase, which is tentatively named NAS phase, was obtained
at 22.5 GPa, 2373 and 2573 K and also at 23.5 GPa, 2573 K. NAS phase was found to be isostructural to CaAl,Si,0;
(CAS) phase, but have smaller lattice parameters. The other phase assemblages obtained for NaAl;Si;0;, at 2373 K are
jadeite + corundum + stishovite and NaAlSiO, calcium ferrite-type (CF) phase + corundum + stishovite. Our results suggest
that NAS phase is stable around 23 GPa above 2373 K, while its stability region is much narrower than that of CAS phase
in both pressure and temperature. Based on our results, the CAS—NAS solid solution with a Na/Ca ratio close to that of
the Na-rich CAS phase (74:26) found in the shocked Martian meteorites can be stabilized around 23 GPa at temperatures
below 2373-2573 K. For NaAlSi;Oy, the phase assemblages of jadeite + stishovite and CF phase + stishovite were obtained
at 20.5-23.5 GPa and 2373 K, while partial melting occurred at 2573 K, accompanied by the liquidus phase assemblages
of stishovite + NAS phase and stishovite 4+ corundum at 22.5 and 23.5 GPa, respectively. Stishovite and NAS phase are the
residual solid phases in the partial melting of NaAlSi;Oq. This result is supportive to the previous inference that the phase
assemblage of stishovite + Na-rich CAS phase observed in the melt pockets of the shocked Martian meteorites was formed
by a rapid crystallization of a high-pressure labradorite melt.

Keywords Aluminosilicate - Hexagonal CaAl,Si,O,, phase - Hexagonal NaAl;Si;O,, phase - Phase relation - Multianvil
experiment

Introduction

Experimental studies showed that CaAl,Si,0,, (CAS) phase
with a hexagonal barium ferrite-type structure (Gautron
et al. 1999) occurred in some continental crust materials
at the mantle transition region pressures and temperatures
of 1673-2173 K (Irifune et al. 1994; Ishii et al. 2012; Nishi
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et al. 2018) and also in the partial melting of some basal-
tic materials at 25-27 GPa (Wang and Takahashi 1999;
Hirose and Fei 2002; Kuwahara et al. 2018). The CAS
phase observed in these previous studies was found to
deviate chemically from pure CAS composition and con-
tain less than 2 wt % Na,O components. In contrast, CAS
phase with a Na,O component of ~7 wt % was found in
the Martian meteorite Zagami by Raman spectroscopy and
semi-quantitative chemical analysis, and it was thought to
be a solid solution in the CaAl,Si,0,,-NaAl;Si;0,; (NAS)
system (Beck et al. 2004). This Na end-member, which is
called NAS phase in the same manner of calling the Ca end-
member, is hypothetically isostructural to CAS phase, and
its chemical formula is resulted from a coupled substitution
of Ca’* + AI** by Na* + Si**.

Akaogi et al. (2010) determined the phase relations in
the CAS-NAS system by multianvil experiments at pres-
sures of 13-23 GPa and temperatures of 1873 and 2173 K,
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and confirmed that CAS—-NAS solid solutions can be
formed by the above coupled substitution. Furthermore,
they reported that the solubility of NAS component in
CAS phase has a positive temperature dependence, and
the maximum solubility at each temperature likely occurs
at the pressure near 23 GPa, which corresponds to the
decomposition of NaAlSi,Og jadeite into NaAlSiO, cal-
cium ferrite-type (CF) phase and SiO, stishovite. However,
the maximum content of NAS component in CAS phase
was reported to be 55 mol % at 23 GPa and 2173 K, which
is far less than that in the Na-rich CAS phase found in
the Zagami meteorite (Na/ (Na+ Ca)=74 mol %; Beck
et al. 2004), and no NAS phase was obtained; instead,
the obtained phase assemblages for the NAS composi-
tion were jadeite + Al,O; corundum + stishovite and CF
phase 4+ corundum + stishovite at 1873 K.

To know whether NAS phase does exist or not, which is
an important issue for mineralogy, petrology, and crystal-
lography, we explored the phase relations of the NAS com-
position by multianvil experiments. According to Akaogi
et al. (2010), NAS phase is likely formed at pressures near
23 GPa and temperatures higher than 2273 K, if it does exist.
Therefore, we performed experiments in a narrow pressure
range around 23 GPa at temperatures of 2373 and 2573 K.
Meanwhile, in the same experimental runs, we studied the
NaAlSi;Og (Ab) composition for comparison as well as for
evaluating the importance of its phase relations to under-
stand the shock metamorphism of Na-containing feldspars
in the shocked meteorites.

It has been found that Na-containing feldspars in some
shocked meteorites underwent shock metamorphism and
transformed into high-pressure phases (Tomioka and Miya-
hara 2017). The Na-rich CAS phase mentioned above was
derived from labradorite in the shocked Martian meteorites
(Beck et al. 2004). El Goresy et al. (2013) proposed decom-
position of the Ab composition into NAS phase, stishovite,
and a Na,Si,05 melt to speculate the natural occurrence of
Na-rich CAS phase, but this reaction has not yet been exam-
ined by experiment. On the other hand, oligoclase and albite
were found to transform into lingunite (Na-rich hollandite) in
some shocked ordinary chondrites (e.g., Gillet et al. 2000),
but the mechanism remains under debate (e.g., Kubo et al.
2017), which is partly due to the suspicious existence of
lingunite in the phase relations of the Ab composition under
equilibrium conditions. We synthesized K, ,Na; 3AlS1;04
hollandite, which is similar to the natural lingunite in terms
of Na molar ratio, in the KAISi;Og-NaAlSi;Og binary system
(Zhou et al. 2017), but this result cannot ensure the stability
of lingunite with higher Na contents up to that of the Ab
end-member. In the present study, we report new data of
the phase relations of the NAS and Ab compositions and
discuss some implications for the shock metamorphism of
Na-containing feldspars in the shocked meteorites.
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Experimental and analytical methods

To make starting materials with the desired bulk composi-
tions, mixtures of SiO,, Al,05, and Na,CO;, were heated
in a furnace at 2000 K for 2 h after removing CO, at
1273 K for 16 h, and then the products were taken out from
the furnace and cooled down fast in air. The obtained Ab
starting material was a colorless transparent glass, while
the obtained NAS starting material was a milky ceramic
pellet. Some tiny fragments of the Ab starting material
were analyzed by an energy dispersive X-ray spectrom-
eter (EDS) to confirm the bulk composition. To specu-
late the bulk composition of the NAS starting material,
those of two subsolidus products transformed from the
NAS starting material at high pressures and temperatures
were measured by EDS using the area mode. The results
of these chemical analyses are shown later. Both starting
materials were crushed and ground into fine powders and
were stored in a furnace at 383 K before use.

Experimental runs were performed in a Kawai-type
multianvil apparatus (Orange-2000) installed at Geody-
namics Research Center, Ehime University. The high-
pressure cell used in the present study is the same as that
used by Nomura et al. (2017). Tungsten carbide anvils
with 4 mm truncations and Co-doped MgO octahedra were
used for pressure generation, and tubular LaCrOj; heaters
were used for temperature generation. Rhenium capsules
with the diameter of 1 mm and the height of 0.8 mm were
used as sample containers. Pressure calibrations were per-
formed at high temperatures of 1873 and 2273 K (Nomura
et al. 2017). Heating temperatures were monitored by a
Wy;Re;—W,sRe,s thermocouple, and no correction was
applied for the pressure effect on the electromotive force.
The uncertainties in pressure and temperature were esti-
mated to be + 1 GPa and + 50-75 K, respectively, follow-
ing the same criterion mentioned in Nomura et al. (2017).
In each run, the high-pressure cell was squeezed slowly
until the target load was reached. Then, the temperature
was increased to the target value at a rate of ~ 100 K/min
and was kept constant under the fixed press load. After
certain durations (20-60 min) of constant heating, the
runs were quenched to room temperature by shutting down
the power supply, and the products were recovered after
decompression. Table 1 shows the experimental conditions
and results.

The products were embedded in epoxy resin and were
polished for subsequent analyses. Phase identification
of the subsolidus products was performed with a micro-
focus X-ray diffraction (XRD) device (Rigaku MicroMax-
007HF) using Cu-Ka radiation. The operation condition
was 40 kV and 30 mA. The collimator size was 100 pm.
The collected XRD patterns were analyzed using the
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Table 1 Experimental conditions and results

Run no. P(GPa) T(K) T (min) Product
Using the NAS starting material
083671 20.5 (2373) 30 Jd+Cor+ St
083674 21.5 2373 60 Jd+Cor+ St
083673 225 2373 45 Jd+ Cor + St+NAS phase
083677 22.5 2373 60 Jd+Cor+ St
083664 23.5 2373 60 CF+Cor+ St
083669 22.5 2573 60 NAS phase + Cor + St
083662 23.5 2573 20 NAS phase + CF+ Cor + St
Using the Ab starting material
083671 20.5 (2373) 30 Jd+St+tr. Cor
083674 21.5 2373 60 CF+St
083673 225 2373 45 CF+St
083677 22.5 2373 60 CF+St
083664 23.5 2373 60 CF+St
083669 22.5 2573 60 Melt + St+NAS phase
083662 23.5 2573 20 Melt+ St+ Cor +CF

Temperature in the bracket was estimated based on the reproducible
power-temperature relationships, due to the failure of thermocouple
during compression

Jd jadeite, Cor corundum, St stishovite, CF calcium ferrite-type
phase, tr. trace

software PDIndexer (Seto et al. 2010). Phase identification
of the liquidus phases in the partially melted products was
made based on the chemical analysis. XRD patterns of the
products transformed from the NAS starting material are
shown in Fig. 1, and those for the Ab starting material are
shown in the electronic supplementary material (Fig. S1).
The products were coated with carbon and were observed
with a field-emission scanning electron microscope (JEOL
JSM7000F) under the working condition of 15 kV and
1 nA. Back-scattered electron images of the products
obtained at 2573 K are shown in Figs. 2 and 4, and those
for 2373 K are shown in Figs. S2 and S3. Chemical com-
positions of the starting material and the observed phases
(Table 2) were measured with EDS (Oxford Instruments
X-Max™). The point mode was used to analyze the coarse-
grained (> 5 pm) phases, except for CF phase, because we
found that the focused electron beam seriously damaged
the grains of CF phase, which resulted in obvious loss of
Na during analysis. Instead, we analyzed the grains of CF
phase with electron beam scanning a small area of ~ 1 pm?
within individual grains. The area mode was also used to
measure the bulk compositions of the starting material, the
subsolidus phase assemblages, and the quench crystals in
the partially melted products. The quantification standard
for Na, Al, and Si is jadeite.

Table 2 shows that the bulk composition of the Ab
starting material is almost identical to the ideal chemical

(a) 0S3662, 23.5 GPa, 2573 K

2 © NAS phase

D

c

L

E o L]

A
(b) OS3669, 22.5 GPa, 2573 K

2 ® NAS phase

7]

C

2o

E L]

Intensity

T T T
(d) 0S3673, 22.5 GPa, 2373 K
Sy

© NAS phase

Intensity

Intensity

15 20 25 30 35 40 45 50
206 (degree, Cu Kal)

Fig. 1 XRD patterns of the products transformed from the NAS start-
ing material. J jadeite, C corundum, S stishovite, CF calcium ferrite-
type phase. Due to the small sample sizes relative to the collimator,
the capsule material, thenium, was involved in all the XRD analyses

formula, while that of the NAS starting material, which
is inferred to be Nag gg9Al; 944515 9500, (0S3664) or
Nay gg5Al; 945515 04501, (0S3662) from the bulk compo-
sitions of the two subsolidus products, contains a few
excessive SiO, components. This small deviation from
the ideal chemical formula was possibly due to the rough
surfaces of the multiphase products, which may affect the
results of chemical analysis, or it reflects the imperfect
chemical homogeneity of the multiphase products. How-
ever, even if the deviation is true, it does not affect the
conclusions of the present study, because the excessive
Si0, components just crystallize into additional stisho-
vite at high pressures and temperatures, and stishovite is
originally involved in the phase relations.
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Fig.2 Back-scattered electron
images and elemental mappings
of the products transformed
from the NAS starting mate- J4
rial at 2573 K. a 0S3662; b ¢
0S3669. Abbreviations are the
same as those used in Table 1

/o CF

NAS phase -
= Cor

Results and discussion
Synthesis and identification of NAS phase

The first experimental run OS3662 was performed at 23.5
GPa and 2573 K (Table 1). In the XRD pattern of the prod-
uct transformed from the NAS starting material (Fig. 1a),
we found the diffraction peaks of CF phase, corundum,
and stishovite and some unidentified intense peaks. The
unidentified peaks were successfully fitted to those based
on the crystal structure of CAS phase (Gautron et al.
1999). The back-scattered electron image of the same
product shows a multiphase mixture, and the elemental
mappings clearly show the grain size and distribution of
each phase (Fig. 2a). Table 2 shows that the most domi-
nant phase in this product has a chemical composition of
Nay 9g9Al3 001513 002011, Which is just identical to the NAS
composition. These results indicate that NAS phase with a
hexagonal barium ferrite-type structure has been formed.

Figure 2a shows that NAS phase is in touch with
CF phase, corundum, and stishovite, while the latter
three phases are not in touch with each other. Accord-
ing to Akaogi et al. (2010), the phase assemblage of CF
phase + corundum + stishovite is stable for the NAS com-
position at 23 GPa and 1873 K. Therefore, the texture
shown in Fig. 2a implies the formation of NAS phase at
the higher temperature of 2573 K by the reaction between
CF phase, corundum, and stishovite. The survival of unre-
acted phases indicates that the heating duration of 20 min

@ Springer

(a) 23.5 GPa, 2573 K

(Table 1) is probably insufficient for the accomplishment
of the slow solid-state reaction.

The heating duration was then extended to 60 min in the
second experimental run OS3669 that was performed at
22.5 GPa and 2573 K (Table 1). In the XRD pattern of the
product transformed from the NAS starting material, the
major peaks are identified to be of NAS phase, with some
additional minor peaks of corundum and stishovite (Fig. 1b).
This product consists of coarse-grained (~50-100 pm) NAS
phase and small amounts of fine-grained (<5 pm) corun-
dum and stishovite, as shown in the back-scattered electron
image (Fig. 2b). In addition, Na-rich melt in a trace amount
can be seen at the hottest corner of the capsule. The Na-rich
melt was probably formed by the melting of unreacted Na-
rich components at 2573 K and accumulated at the hottest
corner of the capsule, which may be avoided, if we can use
a completely homogeneous starting material with the NAS
composition. In fact, Table 2 shows that the coarse-grained
NAS phase, which occupies most parts of the sample, has
a chemical composition of Nag g99Al; (10515 99301, Which is
identical to the NAS composition.

The results of structural analysis suggest that similar
to CAS phase, NAS phase probably also has a hexagonal
barium ferrite-type structure. The lattice parameters of
NAS phase were calculated using the diffraction peaks
of NAS phase. Polycrystalline Si was used as the external
standard to calibrate the peak positions of NAS phase. To
test the reliability of this calibration, the lattice param-
eters of stishovite were obtained by the same method
and were compared with some reference data (Table S1).
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Table 2 Chemical compositions of the starting material and the observed phases

Run no. Phase? Na,O Al O, Sio, Total (wt %)  Na Al Si Y Cation®
Using the NAS starting material
083671 Jd (21) 14.53 (42) 25.75(59) 58.72 (86) 98.99 (114) 0.954 (26) 1.028 (21) 1.990 (15) 3.973 (18)
Cor (19) - 92.73 (86) 7.71 (24) 100.45 (97) - 1.828 (5) 0.129 (3) 1.957 (1)
083674  Cor (21) - 98.81 (87) 3.41 (23) 102.22 (89) - 1.925 (5) 0.056 (4) 1.981 (1)
083673  Cor (24) - 96.48 (76) 5.44 (46) 101.92 (66) - 1.880 (10)  0.090 (7) 1.970 (2)
083677  Cor (27) - 95.30 (224) 4.77 (111) 100.07 (148) — 1.893 (26) 0.081(20) 1.973 (7)
083664 Bulk (1) 8.48 42.36 51.73 102.57 0.969 2.944 3.050 6.963
0S3669 NAS phase (29) 8.54 (12) 42.34 (32) 49.62 (44) 100.50 (79) 0.999 (11) 3.010(11) 2.993 (8) 7.002 (8)
083662  Bulk (1) 8.60 42.29 51.54 102.42 0.985 2.945 3.045 6.975
NAS phase (12)  8.49 (17) 42.37 (44) 49.95 (56) 100.81 (107)  0.989 (15) 3.001 (11)  3.002 (9) 6.992 (11)
Cor (9) - 95.29 (108)  6.57 (51) 101.89(99) - 1.855(11) 0.109 (8) 1.963 (3)
Using the Ab starting material
Glass* (16) 11.74 (16)  19.04 (16) 67.95 (43) 98.73 (62) 1.006 (11)  0.992 (7) 3.004 (6) 5.003 (9)
083671 Jd (21) 14.68 (49) 24.86 (51) 59.05 (106)  98.60 (121) 0.969 (27) 0997 (23) 2.010(21) 3.976 (23)
St (11) - 0.36 (19) 100.25 (84)  100.61 (74) - 0.004 (2) 0.997 (2) 1.001 (1)
083674 CF (23) 21.15 (84)  36.22 (70) 41.48 (113)  98.85 (147) 0.979 (34) 1.020(20) 0.990 (21)  2.989 (29)
083673 CF (12) 20.86 (46)  35.57 (99) 42.05 (177)  98.48 (106) 0.968 (27) 1.003 (34) 1.006 (32) 2.977 (29)
St (14) - 0.50 (13) 100.78 (99) 101.32 (91) - 0.006 (2) 0.995 (2) 1.002 (2)
083677 CF(32) 20.98 (79)  35.12(73) 41.52 (128)  97.62 (153) 0.983 (34) 1.001 (21) 1.004 (23) 2.004 (6)
St (22) - 0.36 (13) 99.01 (73) 99.38 (74) - 0.004 (2) 0.997 (1) 1.001 (0)
0S3664 CF (28) 20.99 (57) 35.37(53) 41.31 (104)  97.66 (96) 0.984 (25) 1.008 (19) 0.998 (18)  2.990 (21)
St (24) - 0.36 (15) 97.99 (68) 98.38 (74) - 0.004 (2) 0.997 (2) 1.001 (0)
083669  Melt (10) 20.15(62) 21.39(37) 57.57 (82) 99.12 (57) 1.133 (40) 0.731(12) 1.669 (15) 3.532 (31)
St (16) - 0.41 (8) 100.75 (60)  101.18 (59) - 0.005 (1) 0.996 (1) 1.001 (1)
NAS phase (15)  8.66 (34) 42.54 (75) 50.03 (97) 101.24 (200) 1.005(25) 3.003 (13) 2.997 (9) 7.005 (18)
083662 Melt (1) 18.13 23.43 56.84 98.40 1.018 0.800 1.646 3.463
St (17) - 0.54 (8) 100.58 (67)  101.12 (65) - 0.006 (1) 0.995 (1) 1.002 (0)
Cor (10) - 92.46 (48) 8.61 (16) 101.07 (52) - 1.809 (3) 0.143 (2) 1.952 (1)
CF (18) 21.15(55) 35.94 (73) 41.94 (83) 99.03 (205) 0.977 (8) 1.009 (6) 0.999 (5) 2.985 (6)

Abbreviations are the same to those used in Table 1

#Numbers in the brackets represent the amounts of analyses

The oxygen numbers are fixed to 6 for Jd, 4 for CF, 11 for NAS phase, 3 for Cor, 2 for St, 5 for Melt, and 8 for the glass

* Glass with the NaAlSi;O4 composition is the second starting material in the present study. See more details in the main text

It can be seen that stishovite, except for that coexisting
with CF phase, has lattice parameters comparable to the
data reported previously. The lattice parameters of NAS
phase were calculated to be a =5.3565 (2) 10\, c=12.6732
(17) A, V=314.90 (5) A? (0S3662) and a =5.3534 (3) A,
c=12.6942 (7) A, V=315.06 (4) A> (0S3669), using 10
and 17 diffraction peaks of NAS phase in the XRD pat-
terns shown in Fig. la, b, respectively. The observed and
calculated values of d spacing of NAS phase are shown in
Table 3. A comparison is made between CAS phase, NAS
phase, and their solid solutions in the lattice parameters
(Table S2 and Fig. 3). Our two results of NAS phase are
comparable to each other, and the lattice parameters are
significantly smaller than those of CAS phase and the solid
solutions. In contrast, Akaogi et al. (2009) reported the

shortest c-axis length of CAS phase among those reported
previously, which is close to the c-axis lengths of NAS
phase. Furthermore, Akaogi et al. (2010) observed an
increase of c-axis length of the CAS—NAS solid solution
with increasing NAS component, which is contradicted by
the shorter ¢ axis of NAS phase. With respect to the ionic
radii, Na* (1.39 A for 12-fold coordination) is comparable
to Ca®* (1.34 A), while Si** (0.400 A for octahedral coor-
dination) is obviously smaller than APt (0.535 A) (Shan-
non 1976). Therefore, if only the effect of ionic radius
works on the lattice parameters, the coupled substitution
of Ca’* + AI** by Na* + Si** should cause the shorter a
and c axes and smaller unit cell of the crystal structure of
NAS phase, as observed in the present study.

@ Springer
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Table 3 XRD data of NAS phase

H k l ypservea (A) degreutaiea (A) Intensity
0 1 0 4.6326 4.6362 <1
0 1 1 4.3513 4.3548 2
0 1 2 3.7429 3.7438 15
0 0 4 3.1738 3.1735

0 1 3 3.1244 3.1254

1 1 0 2.6766 2.6767 32
0 1 4 2.6187 2.6188 38
1 1 2 2.4655 2.4663 39
0 2 0 2.3173 2.3181 2
0 2 1 2.2799 2.2804 2
0 1 5 2.2268

0 2 2 2.1769 2.1774 38
0 0 6 2.1157

1 1 4 2.0461

0 2 3 2.0329 2.0330 100
0 1 6 1.9245 1.9247 <1
0 2 4 1.8719

1 2 0 1.7523

1 2 1 1.7358

0 2 5 1.7117 1.7119 2
1 2 2 1.6891

0 1 7 1.6890 1.6888 2
1 1 6 1.6600 1.6598 <1
1 2 3 1.6190

0 0 8 1.5865 1.5868 3
0 2 6 1.5627 1.5627 71
0 3 0 1.5454 1.5454 7
0 3 1 1.5339 1.5340 49
1 2 4 1.5340

0 3 2 1.5014 1.5015 16
0 1 8 1.5013

0 3 3 1.4516

1 2 5 1.4421 1.4421 <1
0 2 7 1.4283

0 3 4 1.3894

1 1 8 1.3650

1 2 6 1.3495

0 1 9 1.3494

2 2 0 1.3384 1.3383 77
0 3 5 1.3201

2 2 2 1.3095

0 2 8 1.3095 1.3094 20
1 3 0 1.2858

1 3 1 1.2793

0 0 10 1.2694

1 3 2 1.2602

1 2 7 1.2601

0 3 6 1.2479

2 2 4 1.2332

1 3 3 1.2303

0 1 10 1.2243 1.2243 8
0 2 9 1.2051 1.2049 12
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Table 3 (continued)

Run OS3669: hexagonal, a=5.3534 (3) ;A, c=12.6942 (7) ,&,

V=315.06 (4) A3
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Fig.3 Lattice parameters of CAS phase, NAS phase, and their solid
solutions. The vertical error bars are shorter than the sizes of the
cross symbols, except those of the data points of Ono et al. (2005)
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Phase relations of NaAl;Si;0,, and NaAlSi;Og4

The experimental results obtained using the NAS starting
material are shown in Table 1. At 2373 K, the phase assem-
blage of jadeite + corundum + stishovite was formed at 20.5,
21.5, and 22.5 GPa (Fig. 1c, d, and Fig. S2a—d), and that of
CF phase + corundum + stishovite was formed at 23.5 GPa
(Fig. 1e and Fig. S2e). These phase assemblages are con-
sistent with the results of Akaogi et al. (2010) obtained at
a much lower temperature of 1873 K. We noted that some
diffraction peaks of NAS phase appear in addition to those of
jadeite, corundum, and stishovite in the XRD pattern of the
phase assemblage recovered in the experimental run OS3673
at 22.5 GPa and 2373 K (Fig. 1d). However, only few grains
were identified as NAS phase under the electron microscopic
observation, because they were hardly highlighted by the
elemental mappings, which is possibly due to the relatively
small chemical contrast between jadeite and NAS phase, as
well as the low volume fraction of NAS phase in the product.
The run OS3677 was performed at 22.5 GPa and 2373 K as
arepeat of the run OS3673 (Table 1) for confirmation of the
four-phase coexistence, but NAS phase was not confirmed
in the phase assemblage of jadeite + corundum + stishovite.
The results of these two runs indicate that this pressure and
temperature condition is so close to or just located on the
phase boundary. At 2573 K, NAS phase was formed at 22.5
and 23.5 GPa, as described above in detail. The experimental
results obtained using the NAS starting material reveal the
phase relations rather clearly, although the phase boundaries
were not well constrained, as shown in Fig. 5a.

Although no single-phase product of NAS phase was
obtained, due to the slow solid-state reactions, the domi-
nant formation of NAS phase in the two products (Table 1:
083662 and OS3669; Fig. 2) indicates that NAS phase was
formed in its thermodynamic stability region. The stability
region of NAS phase is much narrower than that of CAS
phase (Ishibashi et al. 2008; Zhai and Ito 2008; Akaogi et al.
2009), because NAS phase is stable only at temperatures
above 2373 K around 23 GPa, and the incorporation of NAS
component in CAS phase narrows down the stability region
of CAS phase (Akaogi et al. 2010). Owing to the very high
stability temperature, NAS phase can hardly exist in the
mantle under the typical geotherm.

In all the products transformed from the NAS starting
material, stishovite has grain sizes of ~ 1-3 pm (Fig. 2 and
Fig. S2). Such small grain sizes prohibit a reliable chemi-
cal analysis on the stishovite grains. Meanwhile, in most of
the phase assemblages of jadeite + corundum + stishovite
and CF phase 4+ corundum + stishovite, the grains of the
two Na-containing phases always contain many disper-
sive fine-grained (< 1 pm) inclusions of corundum and
stishovite (Fig. S2). These textures also invalidate any reli-
able chemical analysis. Only jadeite grains in the phase

assemblage obtained in the run OS3671 (Fig. S2a) were
analyzed by EDS, of which the chemical compositions
were found to slightly deviate from the ideal composition
(Table 2). Corundum grains in most of the products trans-
formed from the NAS starting material are large enough
(~5 pm) for a reliable chemical analysis (Fig. 2a and Fig.
S2a-d), which were found to contain ~ 3-8 wt% SiO, com-
ponents (Table 2).

The experimental results obtained using the Ab start-
ing material are shown in Table 1. At 2373 K, the phase
assemblage of jadeite + stishovite was formed at 20.5 GPa
(Figs. S1a and S3a), while that of CF phase + stishovite was
formed at 21.5, 22.5, and 23.5 GPa (Figs. S1b and S3b-e).
At 22.5 GPa and 2573 K, a partial melting occurred, as
clearly shown by the layered texture as well as the needle-
shaped quench crystals (Fig. 4a). The first liquidus phase
is stishovite, and the second liquidus phase is NAS phase,
as indicated by the textural observation and the obtained
chemical compositions (Table 2). At 23.5 GPa and 2573 K,
another partial melting occurred, where the first liquidus
phase is stishovite, and the second liquidus phase is corun-
dum (Table 2 and Fig. 4b). In this sample, we found CF
phase in addition, which is not only located at the coldest
place of the capsule but also in touch with the quench crys-
tals. The phase assemblage of CF phase + stishovite is sta-
ble for the Ab composition under the subsolidus condition.
Therefore, the four-phase coexistence of melt, stishovite,
corundum, and CF phase probably violates the Gibbs phase
rule. In the phase assemblage of CF phase + stishovite, CF
phase should be the solidus phase, and the reasonable phase
assemblage which can occur above the solidus temperature
should be melt + stishovite + corundum. The survival of CF
phase is probably due to the existence of thermal gradient
in the capsule. On the other hand, the occurrence of NAS
phase at 22.5 GPa and corundum at 23.5 GPa in the partially
melted phase assemblages indicates that CF phase undergoes
incongruent melting above the solidus temperature. Based
on the experimental results obtained using the Ab starting
material, the phase boundaries were tentatively estimated,
as shown in Fig. 5b.

In all the products transformed from the Ab starting
material, the grains of jadeite and CF phase have chemi-
cal compositions close to the ideal chemical formulas, and
stishovite contains Al,O; components less than 0.5 wt %
(Table 2). The bulk chemical compositions of the two melts
are Nay 133Al073;51 46705 and Na, o;5Al 50051 64605 for the
runs OS3669 at 22.5 GPa and OS3662 at 23.5 GPa, respec-
tively (Table 2). El Goresy et al. (2013) proposed decom-
position of the Ab composition into NAS phase, stishovite,
and a Na,Si,05 melt. This phase assemblage is confirmed
by our experimental result obtained at 22.5 GPa and 2573 K,
but the chemical composition of the obtained melt is quite
different from that assumed by El Goresy et al. (2013).
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Fig.4 Back-scattered electron
images and elemental mappings
of the products transformed
from the Ab starting material at
2573 K. a 0S3669; b 0S3662.
Abbreviations are the same as
those used in Table 1

Implications for the shock metamorphism
of Na-containing feldspars in the shocked
meteorites

Phase relations determined by static high-pressure experi-
ments are frequently used as the references to estimate the
formation conditions of the high-pressure phases discovered
in the shocked meteorites. Akaogi et al. (2010) suggested
that the natural Na-rich CAS phase (Beck et al. 2004) crys-
tallized in a pressure range around 22 GPa at temperatures
close to or higher than ~2273-2473 K, by linearly extrapo-
lating the solubility of NAS component in CAS phase to
higher values at higher temperatures. In contrast, we have
synthesized NAS phase around 23 GPa at temperatures of
2373 and 2573 K, which suggests that the CAS—NAS solid
solution with a Na/Ca ratio similar to that of the natural Na-
rich CAS phase (74:26) can probably be stabilized around
23 GPa at temperatures lower than 2373-2573 K. Therefore,
the temperature of 2473 K was slightly overestimated by
Akaogi et al. (2010) to speculate the lower bound of forma-
tion temperature of the natural Na-rich CAS phase.

On the other hand, Beck et al. (2004) showed the texture
of the natural Na-rich CAS phase that euhedral grains of
CAS phase are intergrown with needle-shaped grains of sti-
shovite in the melt pockets made from labradorite, and the
grain size shows a cooling texture with grain size decreas-
ing from core to rim of the phase assemblage. They there-
fore suggested that the phase assemblage of Na-rich CAS
phase + stishovite is diagnostic of melting. El Goresy et al.
(2013) further suggested the quenching of Na-rich CAS

@ Springer
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phase + stishovite from a high-pressure labradorite melt
at~22 GPa and ~2173-2473 K. By using the Ab compo-
sition, we obtained the phase assemblage of melt+ stisho-
vite + NAS phase at 22.5 GPa and 2573 K, which is very
similar to that observed in the melt pockets of the Martian
meteorites. However, it should be noted that our result is
a partial melting under the equilibrium condition, while
the natural case is a rapid crystallization of a high-pressure
labradorite melt during quenching. Our result shows that
stishovite and NAS phase are the residual solid phases in
the partial melting of the Ab composition. This result is sup-
portive to the previous inference that Na-rich CAS phase and
stishovite crystallized together from a high-pressure labra-
dorite melt during quenching. If labradorite was completely
melted at~22 GPa in the shock events, the peak tempera-
ture should be higher than 2373 K, according to the solidus
temperature of the Ab composition (Fig. 5Sb). However, for
further quantitative understanding of the melting behavior
of labradorite in the shock events, it is necessary to focus
on the natural labradorite compositions rather than the end-
members, because the high content of anorthite (~50 mol %)
in labradorite may have some significant influence.

Shock metamorphism of oligoclase and albite in the
shocked ordinary chondrites is also an interesting issue,
but has not yet been well understood (Tomioka and Miya-
hara, 2017). One of the unsolved issues is the stability of
NaAlSi;Oq lingunite, which was firstly reported by the dia-
mond anvil cell experiment on the Ab composition (Liu
1978), but has not yet been confirmed at temperatures up to
2273 K in the subsequent studies (e.g., Akaogi et al. 2010).
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Fig.5 Phase diagrams of NaAl;Si;O,; and NaAlSi;Oq. Abbreviations
are the same as those used in Table 1. a The hollow circles repre-
sent the phase assemblage of Jd+ Cor+ St; the half-filled circle rep-
resents Jd+Cor+ St+NAS phase; the solid black circle represents
CF+Cor+St; the solid grey circles represent NAS phase +unre-
acted phases. The details about these data points have been clearly
described in the main text. b The hollow circle represents Jd + St;
the solid black circles represent CF+ St; the solid grey circle rep-
resents melt+St+NAS phase; the circle with cross represents
melt+ St+Cor, and note that CF phase was also found in this prod-
uct, as clearly mentioned in the main text

In the present study, we explored the phase relations of the
Ab composition around 23 GPa at higher temperatures of
2373 and 2573 K, which further suggest that NaAlSi;Oq
lingunite is unlikely a thermodynamically stable phase
(Fig. 5b). Therefore, a metastable formation by solid-state
transformation or liquid crystallization may explain the
natural occurrence of lingunite. In addition, although the
contents are not high, the orthoclase and anorthite compo-
nents in oligoclase and albite may have key effects on the
formation of lingunite in the shock events (Kubo et al. 2017).

Melting of oligoclase and albite has also been usually
observed in the melt pockets or near the shock veins of the
shocked ordinary chondrites (e.g., Chen and El Goresy,
2000). The pressure condition generated in the shock veins
was estimated to be around 23 GPa, based on the forma-
tion of majorite-pyrope garnet and magnesiowiistite in the
shock veins by the partial melting of the bulk rock (e.g.,
Chen et al. 1996). If the melting of oligoclase and albite also
occurred around 23 GPa, the peak temperature generated in
these feldspars should be higher than 2373 K for complete
melting, as suggested by our results (Fig. 5b). However,
for further precise estimation, the effects of orthoclase and
anorthite components on the melting behavior of oligoclase
and albite should be studied. In addition, our results show
that stishovite, NAS phase, and corundum can be formed in
the partial melting of the Ab composition around 23 GPa.
Although these phases have not been discovered in oligo-
clase or albite grains of the shocked ordinary chondrites,
they may be found in the shocked ordinary chondrites asso-
ciated with the partial melting of Na-rich feldspars, because
the pressure and temperature conditions generated in the
shocked mineral grains can be quite variable.
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