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ABSTRACT

Forty-five years after the Apollo and Luna missions, China’s Chang’e-5 (CE-5) mission collected ~1.73 kg of new lunar materials from one of
the youngest basalt units on the Moon. The CE-5 lunar samples provide opportunities to address some key scientific questions related to the
Moon, including the discovery of high-pressure silica polymorphs (seifertite and stishovite) and a new lunar mineral, changesite-(Y). Seifertite
was found to be coexist with stishovite in a silica fragment from CE-5 lunar regolith. This is the first confirmed seifertite in returned lunar
samples. Seifertite has two space group symmetries (Pnc2 and Pbcn) and formed from an a-cristobalite-like phase during “cold” compression
during a shock event. The aftershock heating process changes some seifertite to stishovite. Thus, this silica fragment records different stages
of an impact process, and the peak shock pressure is estimated to be ~11 to 40 GPa, which is much lower than the pressure condition for
coexistence of seifertite and stishovite on the phase diagram. Changesite-(Y), with ideal formula (CagY)OFe*" (POy4); (where O denotes a
vacancy) is the first new lunar mineral to be discovered in CE-5 regolith samples. This newly identified phosphate mineral is in the form of
columnar crystals and was found in CE-5 basalt fragments. It contains high concentrations of Y and rare earth elements (REE), reaching up
to ~14 wt. % (Y,REE),Os. The occurrence of changesite-(Y) marks the late-stage fractional crystallization processes of CE-5 basalts combined
with silicate liquid immiscibility. These new findings demonstrate the significance of studies on high-pressure minerals in lunar materials and
the special nature of lunar magmatic evolution.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0148784

I. HIGH-PRESSURE MINERALS about the cratering processes on the Moon. In the past decade, many

high-pressure minerals (e.g., coesite, stishovite, seifertite, ringwood-
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Collision is one of the most important dynamic processes shap-
ing the evolution of bodies in the Solar System.! The transient
pressure and temperature rise during high-velocity collisions usu-
ally cause shock metamorphism of target rocks, such as deformation,
phase transformation, decomposition, melting, and Vaporization,z‘j‘
and thus phase transformation plus specific shock-deformation fea-
tures such as planar deformation are widely used to constrain the
transient temperature and pressure conditions as well as the mag-
nitude of impact events.”” The surface of the Moon is dominated
by densely distributed craters at various scales, indicating a complex
impact history. High-pressure minerals are expected to form during
these massive impact events and can provide essential information

ite, wadsleyite, reidite, tissintite, and donwilhelmsite) have been
observed in lunar meteorites.”'* However, high-pressure minerals
in Apollo and Luna returned samples have rarely been reported.
Only stishovite and a single x-ray diffraction (XRD) peak of a silica
grain that was assigned to d110 reflection of seifertite were reported
in an Apollo regolith breccia 15299, but no further and conclusive
evidence confirmed the existence of seifertite.'’

Silica (SiO;) is one of the primary components of terrestrial
planets, and thus its high-pressure polymorphs provide important
information for understanding the structure and physical proper-
ties of Earth’s interior and natural dynamic events (e.g., impacts)
on planetary surfaces."" ' Coesite, stishovite, and seifertite have
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previously been found in Martian meteorites (e.g., Shergotty,
Zagami, Northwest Africa 856, and Northwest Africa 8657),’ 18
lunar meteorites (Asuka-881757 and Northwest Africa 4734),"” and
Apollo regolith breccia 15299."° The coesite in Martian meteorite
8657 is found in silica glass and/or nano-phase maskelynite dis-
tributed within shock-induced melt regions. These coesite grains
appear in a silica-maskelynite assemblage (type I), or as needle
grains (type II), or as granular grains embedded in maskelynite
(type III)."® Hu et al.'® proposed that the coesite in the silica—
maskelynite assemblage was formed through crystallization from
SiO;-rich melt along the maskelynite-silica interface in mesosta-
sis, and that the other two types may have been inverted from
stishovite during the decompression process. Similar to the type
III coesite in Martian meteorites, the coesite in the lunar mete-
orite Asuka-881757 also presents as small granular inclusions within
amorphous silica grains found in shock-melt pockets and has
been proposed to have formed through back-transformation during
decompression.’

Stishovite in Martian meteorites displays different occurrences
and has been proposed to have formed through a variety of mecha-
nisms: (1) Intergrowths of fine-grained stishovite and zagamiite [a
new high-pressure hexaluminosilicate phase with general formula
(Ca,Na)(AlLFe,Mg),(Si,AL,0)4O11, where O represents a vacancy]
or coexistence of needle-shaped stishovites with a variety of dense
minerals, including zagamiite, a new type of tissintite [tissintite-II,
(Ca,Mg,Na,0¢.14)(ALLFe,Mg)Si; O], liebermannite, and Ca,Na-
aluminosilicate with hollandite-type structure (lingunite-stofflerite)
occurring in shock-melt pockets and veins.'”'""""** These assem-
blages are considered to have been crystallized from a feldspathic
melt at shock pressures of ~20 GPa or lower.”*** (2) Indi-
vidual stishovite grains in shock-melt pockets that might have
formed through a solid-state transformation from tridymite or
cristobalite.'®” (3) In Tissint, a shergottite Martian meteorite,
stishovite either is associated with olivine (1-2 gm microcrystalline
stishovite + olivine) inside a melt pocket or occurs as tiny needles
coexisting with ringwoodite and clinopyroxene within the matrix of
a thin shock-melt vein.””” The metastable assemblage (stishovite +
clinopyroxene + ringwoodite) is proposed to have crystallized via
rapid quenching during decompression.”’ (4) Stishovite identified in
amorphous silica that occurs as irregular grains among maskelynite,
pigeonite, and Ti-magnetite in NWA 2975.%

In contrast to Martian meteorites, stishovite in lunar meteorites
has an angular shape (size ~100 nm) enclosed in amorphous silica
grains in shock-melt pockets, or occurs as thin platelets coexisting
with cristobalite in silica grains with lamellae-like texture far from
the shock-melt veins, or has acicular morphology accompanied by
seifertite, cristobalite, and silica glass in silica grains with tweed-like
texture in or adjacent to shock-melt veins.”” The crystallographic
orientation of stishovite is correlated with the twinned cristobalite,
indicating that they were transformed from cristobalite during an
impact event.” Moreover, needle-like or lamellar-like stishovite was
found in a shock-melt vein in Apollo regolith breccia 15299, which
is the first report of high-pressure polymorphs from returned lunar
samples.”” The stishovite occurs along the fractures of the silica
grain, which also contains quartz, tridymite, and silica glass. Kaneko
et al."® suggested that the silica grain in 15299 might have been
melted once along the fractures and recrystallized to form stishovite
at pressures above 8 GPa during the Imbrium impact or subsequent
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local impact event(s) in the Procellarum KREEP Terrane of the
Moon.

Seifertite is an a-PbO,-type silica, named after Friedrich Seifert
by El Goresy et al.'” The seifertite-bearing silica grains in both
Martian and lunar meteorites show a tweed-like texture.”'*'*”
These seifertite crystals generally occur within a (sub)orthogonal
framework of amorphous lamellae and have been proposed to be
transformed from cristobalite or tridymite.”'*'"*> On the other
hand, high-pressure experiments and theoretical calculations sug-
gest that seifertite is stable above ~85 GPa,””*" and seifertite and
stishovite coexist stably at ~50 to 90 GPa and ~500 to 2500 K.
High-pressure diamond anvil cell (DAC) experiments revealed that
the suggested starting materials tridymite and cristobalite transform
directly to seifertite at pressures >40 GPa.”""” Considering its heat
sensitivity and the high post-shock temperatures, seifertite cannot
survive heavy impact events (>42 GPa).” Therefore, the presence
of seifertite in Martian and lunar meteorites is difficult to explain.
Kubo et al.”* conducted in situ x-ray diffraction (XRD) measure-
ments under high-pressure-temperature conditions and revealed
that seifertite could have metastably formed from cristobalite at
pressures down to ~11 GPa. These experimental results provide very
important information to help solve the puzzle of how seifertite
can occur in meteorite samples or returned lunar samples that have
experienced impact events.

Chang’e-5 (CE-5 hereinafter), China’s first lunar sample return
mission, which landed at 43.06°N, 51.92°W in the Northern
Oceanus Procellarum,”* has successfully returned 1.731 kg of
lunar samples.”””® Fragments in CE-5 regolith samples are pre-
dominantly composed of low- to medium-Ti basalt clasts with a
young crystallization age of ~2.0 Ga,” "’ and some other frag-
ments include agglutinate, glass (round glass beads and irregu-
larly shaped glass fragments), and breccias (fragmental breccia
and crystalline breccia).”"’"* Recently, the shock-produced high-
pressure phases seifertite and stishovite have been found in a sin-
gle, discrete silica fragment from a CE-5 lunar regolith sample
CE5C0800YJFMO00101GP (hereinafter 01GP) (Fig. 1).*’

The silica fragment containing seifertite and stishovite in CE-5
sample 01GP exhibits a tweed-like texture (Figs. 1 and 2), similar
to silica grains containing seifertite in Martian and lunar mete-
orites. In addition to seifertite and stishovite, amorphous silica and
a-cristobalite-like phases are also present. The silica fragment con-
tains two types of sets of crystallographically oriented amorphous
silica lamellae (Fig. 2). One features a suborthogonal pattern con-
sisting of two sets of lamellae along a major plane (~100 to 500 nm
thick) and a minor plane (~10 to 50 nm thick), respectively. The
other is characterized as a subhexagonal pattern consisting of three
sets of lamellae (widths ~100 to 200 nm).** Pang et al.”* conducted
a detailed analysis of the microtexture of the silica fragment in the
CE-5 regolith and found that seifertite crystallites occur within the
suborthogonal framework and orientate parallel to the micro-twins’
boundaries of the a-cristobalite-like phase, whereas stishovite crys-
tallites are bound by three sets of amorphous lamellae, not compat-
ible with the tetragonal twinning texture of a-cristobalite-like phase
(Fig. 2). They further proposed that the seifertite is a metastable
phase between a-cristobalite and stishovite, that seifertite could form
from a-cristobalite during the compression process,””** that some
of the seifertite transformed to stishovite during the subsequent
temperature increase,” and that the a-cristobalite-like phase may
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FIG. 1. Backscattered electron (BSE) image of the seifertite- and stishovite-bearing silica fragment in CE-5 regolith sample 01GP. The phase in the smooth area around the
seifertite, stishovite, and a-cristobalite-like phases is amorphous silica. Sft, seifertite; Sti, stishovite; a-Crs-like, a-cristobalite-like. Reproduced with permission from Pang
et al., “New occurrence of seifertite and stishovite in Chang’E-5 regolith,” Geophys. Res. Lett. 49(12), €2022GL098722 (2022). Copyright 2022 John Wiley & Sons.

be an as-yet unidentified intermediate phase like the cristobalite-II
and cristobalite X-I that form during the phase transition sequence
from a-cristobalite to seifertite.** Thus, the silica fragment records
different stages of a shock event. This new discovery of the coexis-
tence of an a-cristobalite-like phase, seifertite, and stishovite in the
CE-5 lunar regolith is consistent with the results of in situ experi-
ments on the kinetic behavior of silica polymorphs, which showed
that seifertite can be formed at ~11 GPa and 1100 K through an
a-cristobalite-like phase (cristobalite-XI).** Pang et al.*’ therefore
suggested that the seifertite and stishovite were formed as the result
of an impact with peak pressure between ~11 and 40 GPa. Taking
account of a crater size calculation (giving a lower limit on diameter

amorphous

silica lamella } £t

; L0-Crs-like
phase

silica glass S pm

of ~3 to 32 km) and analysis of remote sensing data,” "’ they

proposed that the Aristarchus crater could be the source of the sil-
ica fragment containing high-pressure polymorphs found in CE-5
regolith sample 01GP.

Il. NEW MINERAL CHANGESITE-(Y)

Petrological and geochemical features of CE-5 basalts, such
as their enrichment in FeO and incompatible elements and the
KREEP-like rare earth element (REE) patterns that they exhibit,
indicate that they were formed through extensive fractional
crystallization.”***** The CE-5 basalt fragments show igneous

silica glass

< amorphous
4silica lamella

silica glass

FIG. 2. BSE images showing the tweed-like texture of the silica fragment in Fig. 1. The white dashed lines represent the orientations of the amorphous silica lamellae.
Sft, seifertite; Sti, stishovite; a-Crs-like, a-cristobalite-like. Reproduced with permission from Pang et al., “New occurrence of seifertite and stishovite in Chang’E-5 regolith,”
Geophys. Res. Lett. 49(12), €2022GL098722 (2022). Copyright 2022 John Wiley & Sons.
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textures and consist mainly of clinopyroxene, plagioclase, olivine,
and ilmenite, with minor amounts of K-feldspar, silica, Ca-
phosphates (apatite and merrillite), and Zr-rich minerals such as
baddeleyite and zirconolite.”*>*’ The modal mineralogy of phos-
phate is up to 1.4 wt.%.”"""® The high content of phosphorus
and REE in CE-5 basalts raises the possibility of crystallization of
phosphate with incompatible elements enriched.

Changesite-(Y) was found in CE-5 basalts by a research group
at the Beijing Research Institute of Uranium Geology (BRIUG), and
the identification of this new mineral was approved by the Commis-
sion on New Minerals, Nomenclature and Classification (CNMNC)
of the International Mineralogical Association (IMA) in 2022 (IMA
No. 2022-023).”! Changesite-(Y) belongs to the cerite supergroup.
The grains show columnar morphology, with a crystal length of ~2
to 30 um. XRD results showed that changesite-(Y) has trigonal sym-
metry with space group R3¢ with cell parameters a = 10.3957(4) A
and ¢ = 37.207(2) A.>' Changesite-(Y) could be the sixth new lunar
mineral known so far.

Changesite-(Y), which has the ideal formula
(CagY)OFe?" (PO,)7,°! falls into the merrillite group of phos-
phates of lunar occurrence. Previous studies have shown that lunar
merrillite, (Mg,Fe2+,Mn2+)2[Calg,x(Y,REE)x](Nazfx)(P,Si)mOss,
contains high concentrations of Y+REE, reaching up to ~18 wt. %
as (Y,REE);Os, or over 3 Y+REE atoms per 56 O atoms.”> ™*
We have also identified some Y+REE-rich phosphate crystals in
basalt fragments from the CE-5 sample 01GP, and their chemical
compositions are almost the same as that of changesite-(Y). These
grains typically contain ~1.0 to 2.3 Y+REE atoms per 56 O atoms
(Table T). As shown in Fig. 3(a), the slope of the regression line
between the sum of Y+REE and Ca is —1.17, approaching -1.2,
indicating that the substitution is simply (Y+REE)2,casite + ONasite
< Cas, where the vacancy O is presumably at the Na site.”* In
addition, the number of Na atoms goes to zero at 2 Y+REE (Table I),
which is consistent with the vacancy occurring primarily at the Na
site and not at other, Ca, sites.

To determine how charges are balanced through the substitu-
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several of the notable compositional variables, including the num-
ber of Na and Si cations, in Fig. 3(b). It can be seen that the
number of Na cations decreases as the sum Y+REE increases, con-
firming that charges for REE substitution between 0 and 2 Y+REE
cations per 56 O atoms are balanced primarily by a vacancy on
the Na site. Furthermore, for between 0 and 2 Y+REE per 56 O,
~5% of the substitution is (Y + REE)&: . + Sit" < Cadh e + P37,
which is confirmed by the correlation of Si and Y+REE [Fig. 3(b)].
For more than 2 Y+REE per 56 O, the substitution should be bal-
anced mainly by increasing Si substitution for P, because the Na site
is fully vacated at 2 Y+REE cations per 56 O atoms. In addition,
the number of divalent cations (Fe + Mn + Mg) in changesite-(Y)
found in 01GP is more than 2 (Table I) and varies with Y+REE,
although with much scatter [Fig. 3(b)], which indicates some mix-
ing of these elements on the Ca sites and possibly on the Na site
as well.

Phosphates are typically found within intercumulus melt
pockets (mesostasis), representing the final stages of basaltic
crystalliza'[ion.55 > As mentioned above, CE-5 basalts formed
through a large degree of fractional crystallization and have a high
content of incompatible elements. During the crystallization of
CE-5 basalts, these incompatible elements will be further enriched
in the residual liquid. According to thermodynamic modeling
results, the liquid line of descent of CE-5 basalts intersects the
two-silicate liquid field after ~75% fractional crystallization.”"”
High-field-strength cations such as P, Y, and REE preferentially
go into the Fe-rich liquid during the silicate liquid immiscibility
(SLI) mechanism,”” * and so merrillite tends to crystallize from
the immiscible Fe-rich liquids. Scanning electron microscope (SEM)
examination of CE-5 basalt fragments revealed that changesite-(Y)
occurs in mesostasis regions and coexists with fayalite, clinopyrox-
ene, plagioclase, ilmenite, apatite, baddeleyite, cristobalite, troilite,
and Si-K-rich glass (Fig. 4). These mesostasis regions are char-
acterized by “globules” of a Si-K-rich glass set within a fayalite
matrix, which are commonly referred to as “sieve” textures and are
characteristic of conjugate immiscible liquids (such as in the SLI

tions mentioned above, we plot the number of Y+REE cations vs mechanism).”"**"* Therefore, fractional crystallization plus the
18 - — 35
Changesite-(Y) REE-Ca Substitution (2) 1 (b) o Na atoms
m Si atoms
2 30 ¢ Mg,Fe-site atoms
=] - Z I *
£ E 25 L g A
o = b % ¢
% 8 20 g’ ‘ &
2 16 | W
o -
@ & 1.5
£ =
< 2 10F
~ 15 F g
= = | ]
O y=-117x +18.09 = o0sf = " =
R2=0.86 : < "oa
00k s
14 i 1 i 1 L 1 L 1 i 1 1 a i 1 i 1 i
0.0 05 1.0 L5 2.0 25 3.0 0 1 2 3

Y+REE, atoms per 56 O atoms

Y+REE, atoms per 56 O atoms

FIG. 3. Y+REE vs other cations in changesite-(Y), expressed as cations per 56 O atoms. Data are listed in Table |. (a) Y+REE vs Ca; the regression equation is for the line
shown, fitted to the changesite-(Y) grains in CE-5 sample 01GP. (b) Y+REE vs Na, Si, and Mg,Fe-site atoms in changesite-(Y). Mg,Fe-site atoms include Mg, Fe, and Mn.
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TABLE I. Changesite-(Y) compositions in CE-5 regolith sample 01GP.?

No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8 No.9 No.10 No.11 No.12 No.13 No.14 No.15 No.16 No.17

P,05 42.85 42.74 4243 40.17 39.08 389 41.7 40.6 4l1.1 42.5 40.7 40.2 39.7 41.0 41.2 41.2 40.0

SiO, 0.14 0.28 1.36 4.02 7.61 6.27 0.35 1.76 0.75 0.34 1.42 1.23 1.55 0.48 0.50 0.56 0.90

TiO, 0.02 0.05 0.03 n.a. n.a. n.a. n.a. n.a. 0.04 0.06 0.05 0.02 0.06 b.d. 0.02 0.03 0.04
Al O3 0.07 0.08 020 na. n.a. n.a. n.a. na. 0.08 0.04 0.47 b.d. 0.07 b.d. b.d. b.d. 0.02

FeO 6.32 6.46  6.23 6.10 6.04 6.03 6.59 7.77 677 6.77 7.25 6.33 6.49 6.06 6.03 6.23 6.13

MnO 0.11 0.09 0.06 0.06 0.05 0.07 0.07 0.11 0.04 0.06 0.05 0.06 0.06 0.05 0.05 0.06 0.06
MgO 0.33 0.33 0.32  0.15 0.10 0.11 b.d. 0.03 0.35 0.30 0.35 0.06 0.05 0.02 b.d. 0.05 b.d.

CaO 40.76 41.02 40.76 38.09 37.28 38.0 37.9 37.5 38.6 41.6 38.4 36.9 37.4 38.1 37.7 37.4 37.3

BaO 0.03 0.04 b.d. n.a. n.a. n.a. n.a. na.  0.03 b.d. b.d. b.d. b.d. 0.02 b.d. b.d. 0.03

Na,O 0.32 0.48 0.36 0.18 0.10 0.14 0.02 0.12 0.10 0.37 0.24 0.04 0.02 0.06 0.06 b.d. b.d.

K,0 0.15 0.18 0.28 n.a. n.a. n.a. n.a. n.a. 0.02 0.04 0.03 0.04 0.09 0.04 0.06 0.04 0.05

Y,03 1.68 1.45 1.59 2.21 2.00 2.19 2.76 2.62 2.74 1.45 2.02 2.96 2.76 2.45 2.41 2.12 2.44
Lay 03 0.89 0.74  0.76 1.18 1.09 1.09 1.42 1.27 1.27 0.69 0.97 1.98 2.00 1.80 1.80 2.26 2.19

Cey03 2.14 1.92 1.89 2.86 2.66 2.59 3.46 3.28 2.98 1.75 2.47 441 4.42 4.30 4.18 4.77 4.79

Pr,03 0.280 0.189 0.239 0.341 0.286 0.244 0.424 0.310 0.343 0.258 0.302 0.577 0.634 0.581 0.557 0.499  0.550
Nd, 03 1.308 1.066 1.257 1.682 1.582 1.502 2.052 1.925 1985 1.124 1.591 2.508 2.282 2.420 2.438 2.386 2.384
Sm, 03 0.301 0.274 0.272 n.a. n.a. n.a. n.a. n.a. 0489 0.315 0.374  0.578 0.585 0.563 0.594 0.540 0.553
Gd,03 0.459 0.500 0.373 0.636 0.585 0.623 0.828 0.766 0.783 0.287 0.516 0.791 0.660 0.737 0.731 0.507 0.779
Dy, 03 0.420 0.295 0.301 0.536 0.445 0.558 0.632 0.535 0.547 0.271 0.350  0.659 0.444 0413 0.428 0.346  0.647
Total 98.6 98.2 98.7 98.2 98.9 98.3 98.2 98.6 99.2 98.3 97.8 99.4 99.4 99.0 98.8 99.0 98.9

(Y+REE);O0; 7.47 643 6.68 945 8.65 8.79 11,57 10.71 11.14 6.14 8.59 14.46 13.79 13.27 13.14 13.43 14.32
P 13.96 1392 13.70 13.13 1249 1261 1391 1348 13.68 13.86 13.57 13.50 13.33 13.73 13.81 13.80 13.55
Si 0.055 0.108 0.520 1.553 2.873 2399 0.137 0.690 0.293 0.132 0.560 0.488 0.614 0.191 0.197 0.222  0.360
Sum (P,Si) 14.02 14.03 14.22 14.68 1536 15.01 14.05 14.17 13.97 14.00 14.13 13.98 13.95 13.92 14.01 14.02 13.91
Ti 0.005 0.014 0.007 0.000 0.000 0.000 0.000 0.000 0.013 0.018 0.015 0.007 0.017 0.000 0.005 0.008 0.011
Al 0.029 0.034 0.088 0.000 0.000 0.000 0.000 0.000 0.039 0.020 0.216 0.006 0.032 0.003 0.005 0.007 0.009
Fe 2.035 2.077 1986 1969 1908 1.931 2.171 2.549 2225 2184 2389 2.100 2.150  2.005 1.996 2.062 2.048
Mn 0.035 0.028 0.020 0.019 0.017 0.023 0.023 0.036 0.013 0.021 0.015 0.018 0.020 0.016 0.018 0.020 0.020
Mg 0.187 0.188 0.184 0.084 0.055 0.062 0.000 0.017 0.203 0.174 0.205 0.033 0.031 0.014 0.000 0.032 0.008
Ca 16.81 1691 16.65 1576 15.07 1558 16.02 1575 16.24 17.17 16.18 15.69 1591 16.15 15.97 15.86 15.98
Ba 0.004 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.000  0.003 0.000  0.000 0.004
Na 0.238 0.357 0.268 0.135 0.072 0.100 0.014 0.090 0.073 0.279 0.186 0.034 0.012 0.042 0.042 0.000 0.000
K 0.075 0.087 0.135 0.000 0.000 0.000 0.000 0.000 0.012 0.022 0.017 0.021 0.045 0.022  0.030 0.018 0.026
Y+REE 1.14 0.98 1.02 1.45 1.30 1.35 1.82 1.68 1.75 0.95 1.35 2.26 2.15 2.06 2.03 2.06 2.22

Sum of 20.56 20.68 20.36 19.42 18.43 19.05 20.05 20.12 20.58 20.83 20.57 20.17 2037  20.31 20.10  20.07 20.33
cations

“n.a., not analyzed; b.d., below the detection limit.

Si-K-glass

Si-K-glass

100 pm ’ 100 pm

FIG. 4. BSE images of changesite-(Y) in basalt fragments from CE-5 regolith sample 01GP. Fa, fayalite; Px, pyroxene; PI, plagioclase; Crs, cristobalite; Bdy, baddeleyite; Tro,
troilite.
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SLI mechanism leads to the liquids from which changesite-(Y) crys-
tallizes as well as to changesite-(Y) having very high concentrations
of Y and REE.

I1l. PROSPECTS

The size of the crater responsible for the formation of stishovite
and seifertite discovered in CE-5 regolith can be estimated using
shock wave physics models.®” The shock peak pressure in this case
is estimated to be 11-40 GPa, as discussed by Pang et al.,"’ and
the shock duration is estimated to be 0.1-1.0 s on the basis of the
time-temperature transformation curves of stishovite and seifer-
tite.”” If the impact angle is vertical, a crater with diameter of 3-32
km can then be generated, and in view of the impact angle and the
pressure gradient in the crater, this range provides a lower limit on
the diameter of the crater from which the stishovite and seifertite
originated.”” On the basis of remote sensing observations, the exotic
ejecta in regolith distributed in the CE-5 landing region come pre-
dominantly from five proximal and four distant craters.”**’ The four
distant craters, namely, Mairan G (diameter ~6 km), Aristarchus
(~40 km), Harpalus (~40 km), and Copernicus (~94 km) fall within
the estimated crater size range. Considering that both seifertite and
stishovite are easily disturbed by thermal heating, Aristarchus (for-
mation age ~280 Ma®®), which is the youngest among the four
distant craters and has silica-rich materials exposed in its interior,
rim, and ejecta,(“) I is the most likely candidate for the source of
the host rock of seifertite and stishovite. Therefore, the discov-
ery of seifertite and stishovite in the CE-5 sample confirms the
remote sensing observations and provides evidence for the exis-
tence of impact ejecta from distant craters in CE-5 regolith samples.
This demonstrates the potential for finding diverse lithologies with
different crystallization ages outside the CE-5 sampling site.

As noted in Sec. I, the presence of seifertite in shocked mete-
orites has previously been considered puzzling, given the shock
conditions generated by impact events on planetary surfaces. The
“new” discovery of seifertite in CE-5 lunar regolith confirms in situ
high-pressure and high-temperature experimental results on this
silica polymorph, which revealed that seifertite can be present as
a metastable phase at pressures as low as ~11 GPa, owing to the
clear difference in kinetics between metastable seifertite and stable
stishovite formations.”” Although the shocked silica fragment found
in CE-5 regolith is small (50 x 60 um?, Fig. 1), the coexistence of
seifertite, stishovite, amorphous silica, and a-cristobalite-like phases,
as well as their formation mechanisms, make this silica fragment a
natural sample for examining the kinetic behavior of high-pressure
silica polymorphs. Furthermore, the significant differences in for-
mation conditions (pressure-temperature-time) of high-pressure
silica polymorphs between equilibrium static and dynamic high-
pressure experiments demonstrate that we must be cautious in using
phase diagrams to constrain the shock conditions recorded by high-
pressure minerals in meteorites and terrestrial impact craters. "
More work needs to be conducted to reveal the kinetics of various
high-pressure polymorphs during dynamic impact processes. There-
fore, the discovery of high-pressure silica polymorphs in only 30
mg of CE-5 regolith highlights the potential of multiplying high-
pressure minerals in lunar materials, which could provide new
information about impact processes on the Moon and other
planetary bodies in the early Solar System.

RESEARCH ARTICLE pubs.aip.org/aip/mre

Changesite-(Y), the sixth new lunar mineral to be discovered,
has extremely high contents of Y and REE. It crystallized from the
residual melts of Fe-rich CE-5 basalts that had experienced fractional
crystallization and the SLI mechanism. The formation of changesite-
(Y) implies that other new minerals with very high Fe, P, Y, or REE
content might also have formed during the late-stage crystallization
of CE-5 basalts. On the other hand, new minerals discovered in lunar
returned samples and lunar meteorites can also reflect their for-
mation conditions, providing key information about the magmatic
activity, thermal evolution, and impact history of the Moon.

IV. ANALYTICAL METHODS

The sample was examined using an FEI Scios Dual-
Beam focused ion beam/scanning electron microscope (FIB-SEM)
equipped with an energy dispersive spectrometer (EDS) at the
Center for Lunar and Planetary Sciences (CLPS), Institute of Geo-
chemistry, Chinese Academy of Sciences (IGCAS), Guiyang. The
operating voltage and beam current were 20 kV and 1.6 nA,
respectively.

Quantitative analyses of phosphates were conducted with an
electron probe micro-analyzer (EPMA; JEOL JXA-8530FPlus) at
the State Key Laboratory of Ore Deposit Geochemistry (SKLODG),
IGCAS. Measurements were performed with an accelerating voltage
of 15kV and a beam current of 10 nA. Elements measured using the
Ka lines were counted on peak for 20 s (Si, Ti, Al, Cr, Fe, Mn, and
Mg) and 10 s (Na, K, F, and Cl); elements measured using the La
lines were counted on peak for 30 s (Y, La, Ce, Pr, Nd, Sm, Gd, Dy,
and Ba). The standards for elements in phosphates were pyrope for
Si, Al, Cr, Fe, Mn, and Mg, rutile for Ti, apatite for Ca, P, and F, pla-
gioclase for Na, orthoclase for K, barite for Ba, tugtupite for Cl, and
Buendpolis monazite [(Ce,La)POy] for La, Ce, Pr, Nd, Sm, Gd, Tb,
Dy,and Y.
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