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PLANETARY SCIENCE

Discovery of moganite in a lunar
of H,O ice in the Moon’s regolith
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Moganite, a monoclinic SiO, phase, has been discovered in a lunar meteorite. Silica micrograins occur as nanocrystal-
line aggregates of mostly moganite and occasionally coesite and stishovite in the KREEP (high potassium, rare-earth
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element, and phosphorus)-like gabbroic-basaltic breccia NWA 2727, although these grains are seemingly absent in
other lunar meteorites. We interpret the origin of these grains as follows: alkaline water delivery to the Moon via car-
bonaceous chondrite collisions, fluid capture during impact-induced brecciation, moganite precipitation from the
captured H,0 at pH 9.5 to 10.5 and 363 to 399 K on the sunlit surface, and meteorite launch from the Moon caused
by an impact at 8 to 22 GPa and >673 K. On the subsurface, this captured H,0 may still remain as ice at estimated bulk
content of >0.6 weight %. This indicates the possibility of the presence of abundant available water resources under-
neath local sites of the host bodies within the Procellarum KREEP and South Pole Aitken terranes.

INTRODUCTION
Various water species (for example, H,O ice, OH bound to minerals,
and hydrated phases) have been detected at local sites of the high-
latitude lunar surface by remote sensing spacecraft (1, 2). H,O ice
is concentrated locally near the poles as a result of horizontal molec-
ular migration from the sunlit surface at lower latitudes toward the
higher latitudes along the temperature gradient between the equator
and the poles; H" and OH™ species photodissociated from H,O are sub-
sequently cold-trapped in the permanently shadowed regions (PSRs)
(1, 3). This solar photodissociation process also leads to the vertical
migration of HO molecules on the sunlit surface to the entire Moon’s
subsurface (3, 4). Consequently, H,O molecules could theoretically ac-
cumulate as ice in the lower-temperature subsurface regolith at roughly
a few hundred parts per million (ppm) at depths ranging from 10™* to
more than 10 m (3). Only sparse evidence for H,O beneath the top few
millimeters of the regolith exists (2) because neutron spectrometers can-
not distinguish forms of H and near-infrared spectrometers are only
sensitive to the optical surface of the regolith (5). Furthermore, traces
of H,O ice have not yet been reported from the Apollo or Luna rocks
or from lunar meteorites. Therefore, uncertainties remain regarding the
nature and amount of H,O ice in the Moon’s subsurface.

Here, we investigated 13 different lunar meteorites with various
lithologies (gabbro, basalt, anorthositic regolith, troctolite, and their
breccias) using micro-Raman spectrometry, electron microscopy, and
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synchrotron angle-dispersive x-ray diffraction (SR-XRD) (see Mate-
rials and Methods). We discovered moganite, a monoclinic SiO, phase
(6-8), coexisting with coesite and stishovite only in the KREEP (high
potassium, rare-earth element, and phosphorus)-like gabbroic-basaltic
brecciated meteorite NWA 2727. Our findings demonstrate that moganite
in NWA 2727 is most likely to have been formed during lunar fluid ac-
tivity on the sunlit surface and that the source fluid was probably cold-
trapped as H,O ice in the subsurface. We also present a possible formation
process for lunar moganite and evaluate the bulk content, pH, distribu-
tion, and origin of the Moon’s subsurface H,O.

RESULTS
Silica in lunar meteorites
NWA 2727 is found to be mainly composed of olivine-cumulate (OC)
gabbroic and basaltic clasts containing a breccia matrix (Fig. 1) (see also
Materials and Methods), where the breccia matrix and basaltic clasts
contain several silica varieties. Silica occurs as amygdaloidal anhedral
micrograins (2 to 13 pm in radius) between the constituent minerals
of the breccia matrix (fig. S1, A and B). The Raman spectra of many
silica micrograins (1 = 102) in the breccia matrix show characteristics
of moganite (Figs. 2 and 3) (6-8). Quartz Raman bands are also found in
other parts, but coesite bands are identified together with the moganite
signature at the boundaries of these micrograins. The Raman spectra
of these micrograins could be deconvolved into moganite, coesite, and
quartz components centered at 502, 521, and 464 cm ™, respectively (see
Materials and Methods). As a result of combining their intensity ra-
tios with the calibration curve (8, 9), the moganite contents [that is,
weight % (wt %) against the other SiO, polymorphs (6-9)] of the breccia
matrix-hosted silica micrograins are inferred to be 37 to 96 wt % with
an average of 77 wt %. The Raman intensity maps of these micrograins
demonstrate that moganite (502 cm ™) coexists with coesite (521 cm™),
although the abundance of quartz (464 cm™") is negatively correlated
with those of moganite and coesite. Moganite is obviously enriched in
the cores but is depleted or almost absent in the rims. Furthermore, the
silica micrograins contain abundant coesite at their boundaries rather
than in the cores.

In the continuous shock veins crosscutting the breccia matrix of NWA
2727 (fig. S2) (see Materials and Methods), we discovered amygdaloidal
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Fig. 1. Petrological photographs of NWA 2727. False-color elemental x-ray map
of the NWA 2727 thin section, with red (R) = Mg Ko, green (G) = Fe Ka, and blue (B) =
Al Ka x-rays obtained by the electron probe microanalyzer (EPMA). Areas enclosed by
white lines indicate Mg/Fe-rich OC gabbroic clasts, including abundant coarse grains
of euhedral olivine (orange and yellow) and clinopyroxene (brown and green) ac-
companied by minor amounts of anhedral plagioclase (blue) between these constit-
uent minerals. The pyroxene phyric basaltic clasts (highlighted by dashed white lines)
are characterized by clinopyroxene phenocrysts with a fine-grained groundmass of
clinopyroxene, plagioclase, and fine quartz grains. The other areas filling the inter-
stices between these clasts represent the breccia matrix composed of numerous
fine to coarse grains of the OC gabbro and basalt lithic minerals with small amyg-
daloidal silica micrograins.

silica micrograins (1 = 4) with a tweed-like rim texture, surrounded by
olivine, clinopyroxene, plagioclase, and their glasses, with bubble and
flow marks (fig. S1, C and D). The Raman spectra of the tweed-textured
rim characteristically consist of pronounced peaks of coesite and weak
bands corresponding to stishovite (Fig. 4). Raman bands correspond-
ing to moganite (6-8) and shock-induced silica glass (10) are identified
in the grain cores. The Raman intensity maps of this silica micrograin
also reveal the presence of coesite (521 cm™') and stishovite (753 cm ™)
in the rim, whereas moganite (502 cm™") and shock-induced silica glass
(602 cm ™) are abundant in the cores. A Raman spectral pattern cor-
responding to cristobalite is also detected in other silica micrograins
entrained in the shock veins, together with coesite and moganite sig-
natures (fig. S3). Raman intensity mapping reveals the presence of
cristobalite (416 cm™) and moganite (502 cm™) abundantly distrib-
uted in the cores, whereas coesite (521 cm ™) is identified in the rims
of these silica micrograins. The moganite content of these silica micro-
grains within shock veins ranges from 6 to 46 wt % with an average of
24 wt %. This value is considerably lower than those of the breccia matrix-
hosted silica micrograins far from the shock veins (37 to 96 wt % with
an average of 77 wt %).

On the basis of the micro-Raman spectrometry and electron micros-
copy results for NWA 2727, coarse grains of euhedral tridymite and
cristobalite (20 to 100 pm in radius; n = 35) are also observed (fig.
S4A), although no signals of moganite, coesite, or stishovite are de-
tected. Small single crystals of anhedral quartz (10 to 20 um in radius;
n = 23) are present in the basaltic clasts, although they do not coexist
with other silica polymorphs (figs. S4B and S5). The OC gabbroic clasts
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of NWA 2727 and the paired lunar meteorites of nonbrecciated OC
gabbroic NWA 2977, 3333, and 6950 [that is, the NWA 773 clan (11, 12);
see Materials and Methods] contain no silica at all. In addition, we iden-
tified silica crystals in some of the remaining lunar meteorites selected
here (see Materials and Methods), although moganite is not found, except
for in the breccia matrix of NWA 2727.

The Raman and cathodoluminescence (CL) spectroscopy data from
within the shock veins of NWA 2727 display the characteristic spectral
patterns of maskelynite, whereas the signatures of crystalline plagioclase
are detected in both the breccia matrix and the clasts located far from
the shock veins (fig. S6).

Identification and observation of moganite

and high-pressure SiO, phases

Several of these amygdaloidal silica micrograins were extracted as
square cubic blocks (about 10 um per side) with a focused ion beam
(FIB) system for SR-XRD analysis (see Materials and Methods). The
SR-XRD patterns of the extracted square cube portions from the silica
micrograins of the breccia matrix of NWA 2727 show strong peaks at
d values of 4.46 and 3.36 A and weak peaks at 2.31, 2.19, 2.04, 1.97, 1.83,
and 1.66 A (fig. S7A). These diffractions can be indexed to a mono-
clinic lattice with the following cell parameters: a = 8.77(1) A, b =
4.90(1) A, c=10.77(3) A, B =90.38(3)°, and V = 463.0(6) A as the space
group I2/a, in good agreement with the structure of moganite. The dif-
fraction lines of the cubes from the silica micrograins entrained in the
shock veins are observed at d values of 2.97, 2.26, 2.10, 1.99, and 1.88 A
(fig. S7B). The calculated unit-cell parameters [a =4.19(9) A, c=26801) A,
and V = 47.3(1) A, as the space group P4,/mnm] correspond well to
those of stishovite. The reflections of both cubes at d values of 6.22,
4.40, 3.45, 3.12, 2.78, 2.71, 1.80, 1.73, and 1.66 A (fig. S7, A and B)
can also be indexed to a monoclinic unit cell (space group = C2/c) with
a=7.14(1) A, b=12458) A, c =7.17(7) A, p = 120.02(2)°, and V =
552.8(4) A. It can be identified as coesite. Apart from these cubes, ex-
cavated blocks from other silica micrograins within the shock veins
exhibit an SR-XRD pattern with weak lines at d = 4.10, 2.89, 2.16, and
1.71 A together with the characteristic reflections of moganite (fig. S7C).
The d values are in good agreement with those of cristobalite. Thus,
the silica micrograins containing moganite are recognized only in the
breccia matrix far from and within the shock veins, although they are
not observed in the gabbroic and basaltic clasts of NWA 2727. Anhedral
fine-grained quartz in the basaltic clasts and euhedral coarse-grained
tridymite and cristobalite of NWA 2727 (fig. $4) also show no moganite
signatures. Moreover, we did not discover moganite in the other lunar
meteorites selected here.

These cubic blocks of the silica micrograins were sliced (<100 nm
thickness) by FIB for transmission electron microscopy (TEM) observa-
tions. Annular dark-field scanning TEM (STEM) images and false-color
elemental maps of these sliced thin-foil samples reveal the presence
of large SiO, regions (1.5 to 3.0 um in radius) in contact with small
clinopyroxene, olivine, and plagioclase regions (0.5 to 1.0 um in radius)
(fig. S8). According to the bright-field TEM imaging results of the FIB-
sliced silica micrograins from the breccia matrix, the SiO, regions con-
sist of nanocrystalline aggregates of numerous euhedral or subhedral
silica particles with an average radius of 4.5 nm (radii of 2.6 to 107.6 nm
for n = 148) (Fig. 5, A and B). Most of the selected area electron diffrac-
tion (SAED) patterns (spot size, 60 nm in radius) of the nanometer-
scale silica particles coincide with that of moganite. Thus, a set of SAED
profiles taken from the largest of these grains (107.6 nm in radius)
with an angular relationship of 25.2° is consistent with the structure
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Fig. 2. Micro-Raman spectroscopy and mapping of an amygdaloidal silica micrograin in the breccia matrix. (A) High-magnification BSE image of an amygda-
loidal silica micrograin (no. 1) in the breccia matrix of NWA 2727. White crosses indicate the analytical points for Raman spectroscopy (areas 1 to 3). (B) Raman spectra of
areas 1 to 3 of the silica micrograin in (A) showing a negative correlation between the Raman intensities of the moganite and the quartz bands. Obvious coesite bands are
present together with the moganite signature in the rim of the silica micrograin (area 2). a.u,, arbitrary units. (C to E) Raman intensity maps of the moganite (502 cm™) (©),
coesite 21 cm™") (D), and quartz (464 cm™") (E) bands for the silica micrograin. Red and blue denote the high- and low-relative Raman intensities of each silica band, respec-
tively. Moganite becomes dominant at the left part of the silica micrograin, whereas quartz is abundant in the right part. Coesite coexists with moganite and occurs in the

outermost rim of the left, as indicated by the areas of overlap in the spectra.

of moganite along the [001] and [011] zone axes (Fig. 5, B to D).
Furthermore, the SAED profiles of moganite were obtained from
both this largest grain and the aggregates of numerous fine nanopar-
ticles (average radius of 4.5 nm). We also identified several SiO, na-
noparticles of subhedral coesite in the FIB-sliced silica micrograins
in both the breccia matrix and the shock veins (fig. 9, A and D).
Columnar stishovite and anhedral cristobalite phases are identified
from TEM observations of the silica micrograins entrained in the
shock veins (fig. S9, B, C, E, and F). Thus, abundant moganite is ac-
companied by small amounts of coesite in all cases, whereas stishovite
and cristobalite are present together with moganite only in the silica
micrograins within the shock veins. Our SR-XRD and TEM investiga-
tions confirm the presence of moganite in the breccia matrix of NWA
2727, but we have not identified it in the other lithologies or lunar me-
teorites we examined.

DISCUSSION

Origin of moganite in NWA 2727

Moganite is a metastable phase of monoclinic SiO, that belongs to the
I2/a space group (6). On Earth, it has been shown that moganite
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contents of 5 to 100 wt % form through precipitation of nano- to micro-
crystalline SiO, from alkaline fluids only in sedimentary settings
(thatis, under high consolidation pressure) (6-8, 13-17). Thermochem-
ically unstable moganite readily transforms into quartz or dissolves
during silica-water interactions at ambient pressure, resulting in moganite-
free phases in altered rocks exposed to weathering processes (13-16, 18).
For instance, the weathered surfaces of microcrystalline silica grains
consistently contain less moganite than the pristine interiors (6, 7, 13).
Moreover, no terrestrial rocks with moganite older than 130 million years
(Ma) ago have been found because its thermochemical instability causes
the moganite content to decrease with age (6-8, 13-16). On the basis
of laboratory hydrothermal experiments, moganite has been synthe-
sized via high pressure-induced polycondensation (about >100 MPa)
and dehydroxylation of colloidal silicic acid upon changes in pH from
9.5t0 12.0 to 13.0 at 373 to 418 K (17, 18). Molecular dynamics simula-
tions of SiO, phases (19) have also demonstrated that moganite has
an orthorhombic symmetry (space group Ibam) at ambient pressure,
whereas monoclinic moganite (12/a) in a naturally occurring form is
stable in the pressure range from 6 to 21 GPa at 300 K. According to
these previous investigations, on Earth, some monoclinic moganite has
been preserved at concentrations from 5 to 100 wt % in unaltered and
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Fig. 3. Micro-Raman analyses of another amygdaloidal silica micrograin in the breccia matrix. (A) High-magnification BSE image of another amygdaloidal silica micro-
grain (no. 2) in the breccia matrix of NWA 2727 far from the shock veins. White crosses and white boxes indicate the analytical points of Raman spectroscopy (areas 1 to 3) and
the mapping areas, respectively. (B) Raman spectra of the different areas of the silica micrograin in (A). Raman intensities of the moganite bands increase, whereas those of the
quartz bands decrease. The most intense coesite bands are detected together with moganite signatures in the rim of the silica micrograin (area 1). (C to E) Raman intensity
maps of the moganite (502 ecm™) (), coesite (521 cm™") (D), and quartz (464 cm™) (E) bands for the silica micrograin. Red and blue denote the high- and low-relative Raman
intensities of each silica band, respectively. Moganite is abundant in the right and lower left of the silica micrograin, being present with coesite in the outermost rim of these
parts. In contrast, quartz is located in the upper left, and its distribution is opposite to those of moganite and coesite.

consolidated sedimentary rocks (for example, evaporite, chert, and
cavities in sedimentary breccia) younger than 130 Ma old (that is, no
burial), and it is apparently absent in terrestrially weathered speci-
mens (6-8, 13-18).

These mineralogical descriptions and laboratory experiments
(6-8, 13-18) imply that moganite (37 to 96 wt % with an average of
77 wt %) in NWA 2727 is highly likely to have been precipitated from
high-pressure alkaline fluid activity on the Moon, rather than being
formed under ambient terrestrial weathering conditions in the hot
desert where the meteorites were found. In addition, moganite is ex-
clusively distributed in the breccia matrix of NWA 2727, whereas it is
absent from the remaining lithologies and other lunar meteorites. No
moganite signatures were detected by the microanalyses performed
here on fine-grained quartz present in the basaltic clasts and coarse-
grained tridymite and cristobalite in NWA 2727 (fig. S4), not even in
the grain rims that would have been most significantly affected by ter-
restrial weathering. The possibility that the moganite in NWA 2727 was
transformed from unhydrated silica minerals (for example, quartz, tri-
dymite, and cristobalite) is ruled out by these observations, even if silica-
water interaction occurred during terrestrial weathering, as indicated
by previous work (17, 18). Only a few hot desert meteorites contain
weathering products of vein-filling silica coexisting with hydrous
minerals (jarosite and dissolved olivine/pyroxene) (20). However, our
SR-XRD and TEM examinations indicate that these hydrous minerals
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are absent in olivine, pyroxene, and plagioclase in contact with and
far from the silica varieties of NWA 2727. Furthermore, our scanning
electron microscopy (SEM) observations reveal the presence of Fe-Ni
metals in the breccia matrix, which implies that less terrestrial weather-
ing affected NWA 2727, at least in terms of nonterrestrial formation
of silica (21). The gabbroic clasts of NWA 2727 and the paired lunar
meteorites of nonbrecciated gabbroic NWA 2977, 3333, and 6950
include neither moganite nor other silica polymorphs, despite having
the same terrestrial ages and the same fall locations in a hot desert (that
is, exactly the same extent of terrestrial weathering for all NWA 773 clan
members) (11, 12, 22). That is, the silica varieties found in NWA 2727
(figs. S1 and S4) should also be present in the gabbroic lithologies of
NWA 2727 and the paired lunar meteorites NWA 2977, 3333, and 6950,
if they were produced by such terrestrial weathering, but this scenario
was not the case. These facts also demonstrate that moganite does not
form without brecciation under high consolidation pressure, as indi-
cated in previous works (6-8, 13-19). Furthermore, moganite is not ob-
served in other lithic lunar meteorites NWA 032, 4734, 5000, 5744, 6355,
8599, 8668, and 10649 and Dar al Gani 400), which indicates that its ex-
istence is a unique characteristic of the gabbroic-basaltic breccia matrix of
NWA 2727. These findings suggest that the moganite-bearing silica mi-
crograins precipitated from lunar alkaline fluids during high-pressure
consolidation via impact-induced brecciation of the host gabbroic-basaltic
bodies, that is, a local site of the birthplace of NWA 2727.
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Fig. 4. Micro-Raman analyses of high-pressure SiO, phases. (A) High-magnification BSE image of an amygdaloidal silica micrograin (no. 3) within a shock vein. Tweed-
like textures occur in the rim of this micrograin (lower right). White crosses and white boxes indicate the analytical points for Raman spectroscopy (areas 1 and 2) and the
mapping areas, respectively. (B) Raman spectra of the silica micrograin in areas with and without the tweed-like textures. Only moganite and high-pressure silica glass
signatures are detected in the area without the tweed-like textures (area 1). In contrast, stishovite and coesite signals become dominant in the tweed-textured rim
(area 2). (C to F) Raman intensity maps of the stishovite (753 cm™) (C), coesite (521 cm™") (D), moganite (502 cm™) (E), and shock-induced silica glass (602 cm™) (F) bands. The
relative Raman intensities are represented by color variations from red (high) to blue (low). Abundant stishovite coexists with coesite in the tweed-like textural rim (lower right).
In contrast, moganite and shock-induced silica glass are quite depleted in the rim and enriched in the interior without the tweed-like texture.

Additional important evidence is that moganite is invariably found
to coexist with coesite and/or stishovite within each silica micrograin
(n=102) in the breccia matrix of NWA 2727. These high-pressure SiO,
phases mixed with moganite as nanocrystalline silica aggregates cannot
form via terrestrial weathering. According to previous studies (23), low-
pressure SiO, phases (that is, a-tridymite and a-cristobalite) are present
with coesite and/or stishovite as nanocrystalline aggregates inside
single silica grains in lunar and Martian meteorites found in the same
hot desert as NWA 2727. Thus, some of these phases were transformed
by solid-state reactions into these high-pressure SiO, phases within a
closed system of grains via impact events on their parent bodies (23).
This interpretation is further supported by the suggestion that the high-
pressure SiO, phases in these meteorites formed at a shock tempera-
ture below the melting point (10, 23). Similarly, in the case of NWA
2727, moganite is thought to be a precursor of coesite and stishovite,
rather than the other silica polymorphs, because only moganite coexists
with these high-pressure SiO, phases in the grain. In addition, the silica
micrograins containing moganite are characterized by shock-induced
textures of pervasive radiating cracks (figs. S1 and S4), as reported for
shocked meteorites (23).

Within almost all the silica micrograins, moganite-rich domains are
located inside coesite and stishovite outer rims (Figs. 2 to 4 and fig. S3).
These findings can be explained by the fact that impact-induced com-
paction in meteorites generates significantly higher shock pressure and
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temperature at the grain boundaries compared with the interior (24).
Therefore, speculation about moganite formation as a result of terres-
trial weathering after fall can be excluded, because this scenario would
result in the opposite texture, that is, a more strongly weathered rim
dominated by moganite and a core rich in high-pressure SiO, phases
and poor in moganite.

Furthermore, coesite and stishovite are accompanied by moganite,
although these silica polymorphs are quite depleted in quartz-rich do-
mains (Figs. 2 to 4 and fig. S3). The high-pressure SiO, phases are also
absent from the fine-grained quartz and coarse-grained tridymite and
cristobalite phases (figs. S4 and S5). Thus, these observations imply that
the coesite and stishovite discovered in NWA 2727 were not produced
by phase transitions from these silica varieties except for moganite.
Solid-state phase transition of moganite to coesite occurs more readily
than solid-state phase transitions of other silica varieties such as quartz,
tridymite, and cristobalite because of its significantly lower kinetic bar-
rier (18, 19, 25). This low kinetic barrier can be explained by the follow-
ing two factors: the structural similarity of moganite and coesite and the
presence of available water. Among silica polymorphs, only coesite and
moganite structures are dominated by four-member rings of SiO, tetra-
hedra (6, 7, 13, 18, 19). According to high-pressure experimental results
for silica (19, 25), common four-member SiO, rings tend to reduce the
kinetic barrier for the transition of moganite to coesite because this re-
action energetically minimizes the reconstruction of Si-O bonds. This
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Fig. 5. TEM observation of moganite. (A and B) Bright-field TEM images of nano-
crystalline aggregates (A) and the largest grain (107.6 nm in radius) (B) of moganite
(Mog) taken from the SiO, region of the silica micrograin (no. 1) (red in fig. S8A).
(C and D) SAED patterns of moganite along the [001] (C) and [011] (D) zone axes.
The diffraction patterns were acquired from the same largest grain within the SiO,
region, with an angular relationship of 25.2° between them. Both the aggregates of
numerous fine nanoparticles (average radius of 4.5 nm) and the largest grain show
spot diffraction patterns corresponding to a moganite structure rather than Debye-
Scherrer rings, which indicates the occurrence of moganite nanoparticles with the
same crystal orientation.

low kinetic barrier can also be explained by the existence of structural and
molecular water (25) available for incorporation in moganite (13, 16). It
is likely that sufficient water species generate a less-polymerized net-
work, along with disruption of the larger ring in the crystal structure of
moganite, as indicated in previous studies (18, 25). Thus, these results
demonstrate that the impact on NWA 2727 would have resulted in phase
transitions from moganite to coesite and stishovite because of the low
kinetic barriers of these transitions. In contrast, the moganite to stishovite
transition took place only in the shock veins where shock pressure and
temperature were significantly higher than in other regions. On the
basis of the present analyses, moganite contents decrease and coesite
and stishovite contents increase as the silica micrograins approached
the shock veins (that is, regions with higher shock pressure and temper-
ature during impact). However, these high-pressure SiO, phases are not
derived from the remaining silica varieties such as fine-grained quartz in
the basaltic clasts and coarse-grained tridymite and cristobalite (figs. S4
and S5). According to our findings, moganite in NWA 2727 would have
been locally transformed into coesite and stishovite during the shock
event on the Moon and therefore would have been a preexisting mineral
before the impact.

In summary, our and previous findings provide positive evidence
that moganite in NWA 2727 is most likely to be indigenous to the Moon,
but the possibility that moganite is the result of terrestrial weathering is
very low as described below.

Kayama et al., Sci. Adv. 2018;4:eaar4378 2 May 2018

1) Many previous publications on natural occurrences and labora-
tory experiments conclude that terrestrial moganite is restricted to for-
mation by precipitating from alkaline fluid in a sedimentary setting
under high-pressure consolidation at >100 MPa and >373 K. Mean-
while, moganite formation as a result of terrestrial weathering can be
excluded because this scenario would imply a wide distribution of
moganite in the sands of the hot desert where the meteorites were found,
and this case has not been reported. Moganite is readily and completely
lost via water alteration at ambient pressure.

2) Only NWA 2727 contains moganite, whereas its paired lunar me-
teorites of NWA 2977, 3333, and 6950 include neither moganite nor
other silica polymorphs, despite the fact that all these NWA lunar me-
teorites fell to Earth at the same time and were discovered in the same
location of the northwest African desert. Similarly, moganite is present
in the breccia matrix of NWA 2727 but is seemingly absent in the gab-
broic and basaltic clasts. If moganite is a terrestrial weathering product,
then it should occur anywhere in these lunar meteorites, but that has
not been observed.

3) Coesite and stishovite invariably coexist with moganite in the nu-
merous silica micrograins (n = 102) of the breccia matrix of NWA 2727,
but they do not occur together with quartz in the basaltic clasts and
euhedral coarse-grained tridymite and cristobalite. As reported in pre-
vious studies, the coexisting low-pressure silica polymorphs within silica
grains are considered to be a precursor of these high-pressure SiO,
phases before the impact on the Moon. Moganite-rich domains are lo-
cated inside the outer rims of coesite and stishovite in NWA 2727. This
core-rim relationship is the opposite of what is observed in terrestrially
weathered specimens, with a more strongly weathered rim containing
little or no moganite and a pristine core rich in moganite, as reported in
previous studies.

This important evidence supports the strong possibility that
moganite in NWA 2727 formed during lunar alkaline fluid activity,
rather than terrestrial weathering. However, robust evidence for lunar
origin of moganite is still required; for instance, future sample return
programs or in situ observations should search for moganite, particu-
larly in rocks similar to the gabbro-basalt breccia of NWA 2727. Unfor-
tunately, this observation cannot be confirmed using existing returned
samples because a similar gabbro-basalt breccia lithology has not been
found in the Apollo or Luna collections. Furthermore, it is essential to
determine stability conditions of moganite in the low-pressure and low-
temperature regions by hydrothermal experiments as well as the thermo-
dynamic and kinetic calculations.

Impact event recorded in NWA 2727

Within almost all the silica micrograins, moganite-rich domains are en-
closed by outer rims of coesite (Figs. 2 to 4 and fig. S3). In the case of
terrestrial retrograde metamorphic rocks, relict coesite is invariably sur-
rounded by a microcrystalline rim of chalcedony and quartz as a result
of decompression (26). This presentation contrasts sharply with the
coesite- and moganite-bearing silica micrograins in NWA 2727. Minor
amounts of secondary quartz inclusions, which were back-transformed
from high-pressure SiO, polymorphs because of a rapid decompression
process during the shock event, are observed together with massive SiO,
glass and coesite in the Asuka-881757 lunar meteorite (10). Silica micro-
grains, especially in the shock veins, should include minor amounts of
moganite in the rim and abundant coesite in the core if this post-shock
decompression would have led to the formation of moganite, but this
is not the case. Moganite is abundant in the cores, and relatively abun-
dant coesite coexists with small amounts of moganite (the left part in
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Fig. 2C) and almost no moganite (the right part in Fig. 2C) in the
rims of the silica micrograins in NWA 2727. This conclusion is strongly
supported by the fact that moganite content increases with the distance
of the silica micrograins from the shock veins (6 to 46 wt % with an
average of 24 wt % in the shock veins, but 37 to 96 wt % with an av-
erage of 77 wt % in the breccia matrix far from these veins). Therefore,
moganite is not considered to have been a back-transformation product
generated during decompression. These observations indicate that
coesite and stishovite would have been transformed from moganite
via solid-state reactions when the shock reached peak pressure (during
compression).

Continuous shock veins crosscut both the clasts and the breccia
matrix of NWA 2727 (fig. S2), which implies their formation after brec-
ciation, that is, the latest impact event when the meteorite was launched
from the Moon. Our findings indicate that moganite transformed into
coesite, stishovite, and cristobalite within each individual silica micro-
grain during this impact. On the basis of the pressure-temperature
phase diagram for SiO, (10, 27), the occurrence of stishovite sets con-
straints for peak pressures of at least 8 GPa below melting temperatures,
that is, in the case of a solid-state reaction. Plagioclase transformed into
maskelynite in the shock veins of NWA 2727, whereas it remains crys-
talline in the breccia matrix and clast regions far from the shock veins
(fig. S6). This finding suggests that NWA 2727 experienced peak shock
pressure below 22 GPa because Ca-rich plagioclase becomes completely
amorphous above this pressure (28). On the basis of these considera-
tions, the peak shock pressure recorded in NWA 2727 must have been
in the pressure range of 8 to 22 GPa.

The Hugoniot data of CV chondrites (29) in this pressure range re-
veal similar chemical compositions and physical properties to those of
NWA 2727, which provide constraints on its post-shock tempera-
ture of about 673 to 1073 K. Moganite undergoes phase transformation
into cristobalite upon heating at temperatures higher than or equal to
1173 K (13), likely with a positive Clapeyron slope. Moganite is accom-
panied by cristobalite inside the silica micrograins only in the shock
veins in NWA 2727 (fig. S3). Therefore, the post-shock temperature
would be higher than 1173 K in the shock veins and about 673 to
1073 K in the other regions such as in the breccia matrix. Coesite would
have been formed through solid-state transitions from moganite in the
breccia matrix located far from the shock veins because its inferred post-
shock temperature did not exceed the solidus temperature of bulk gab-
broic composition (27). Furthermore, stishovite and coesite discovered
in various meteorites are considered to have been transformed from
low-pressure silica varieties by shock-induced compression at a tem-
perature below the melting point (10, 23). That is, these high-pressure
SiO, phases in NWA 2727 are unlikely to be a product of the melt
quenching process. From these results, we have estimated that NWA
2727 experienced a peak shock pressure of 8 to 22 GPa and post-shock
temperatures of >1173 K in the shock veins and 673 to 1073 K in the
other regions.

Although moganite is a thermochemically metastable phase (6, 7, 13),
it can be preserved after a shock impact on the Moon for reasons de-
scribed below. We performed shock recovery experiments on terres-
trial moganite at 14.1 to 45.3 GPa (see Materials and Methods) and
investigated the post-shock samples using micro-Raman spectroscopy.
Moganite was detected in the shock-recovered samples at pressures be-
low 25.0 GPa, whereas this phase was not detected at 34.2 to 45.3 GPa
because of pressure-induced amorphization (fig. S10). In static exper-
iments (30), moganite was partially vitrified at 25 to 30 GPa and com-
pletely vitrified above 40 GPa. At temperatures higher than 1173 K,
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the moganite-to-cristobalite phase transition takes place (13), likely
with a positive Clapeyron slope. Thus, moganite in NWA 2727 un-
doubtedly remains after the shock impact at 8 to 22 GPa and 673 to
1073 K. Some of the moganite grains seem to have been converted to
coesite, stishovite, shock-induced glass, and cristobalite, especially in
the shock veins (>1173 K) and at the boundaries of the breccia matrix—
hosted silica micrograins. Both of these locations underwent significant-
ly higher impact-induced compaction with pressure and temperature
compared with the other regions (10, 23, 24).

Formation of lunar moganite and H,0 ice in the subsurface
Abundant SiO, particles with an average radius of 4.5 nm are found as
nanocrystalline aggregates in the moganite-bearing silica micrograins
(Fig. 5). Similar SiO, nanoparticles (2 to 8 nm in radius) have been de-
tected in Saturn’s moon Enceladus by the Cassini Cosmic Dust Analyzer
(31). According to theoretical and experimental models (31), silica
particles grow from 1 to 1.5 to <10 nm in radius on time scales ranging
from months to years when the alkaline solution at pH 7.5 to 10.5 and
>363 K becomes supersaturated in SiO, within a serpentine-talc/saponite
buffer system. The SiO, nanoparticles in the silica micrograins contain-
ing moganite also fulfill this condition. Moreover, this interpretation
may be supported by a possible serpentine relict in other KREEP-like
lunar meteorites (32). The relatively high-temperature regions within
KREEP-like rocks are limited to the sunlit surface of the Procellarum
KREEP Terrene (PKT) (11) [maximum temperatures of 390 to 399 K
(33)]. Therefore, we interpret that the moganite-bearing silica micro-
grains originated from alkaline fluid activity on the sunlit surface with-
in the PKT.

The source fluid of lunar moganite would have become cold-trapped
as ice in the subsurface below its freezing point, similar to H,O mole-
cules in the uppermost thin regolith layers (3). In this sense, water ice
has recently been detected by the Lunar Crater Observation and Sensing
Satellite (LCROSS), dug out from subsurface regions deeper than about
0.7 m within the PSR near the South Pole Aitken (SPA) basin (2). Thus,
this water ice is the most likely candidate for the source fluid of lunar
moganite in the host gabbroic-basaltic brecciated bodies of NWA 2727
in the PKT and SPA subsurfaces. On the basis of a comparison of our
results with previously reported data, a formation process for lunar
moganite can be explained in chronological order as follows (Fig. 6).

According to the sm/**Nd age (12) and petrological features (11)
of the NWA 773 clan (including NWA 2727), a host rock of the OC
gabbroic clasts crystallized in a shallow intrusive chamber within the
lunar crust, whereas basaltic clasts solidified via magmatic eruption at
the surface of the PKT at 2.993 + 0.032 billion years (Ga) ago.

i) Subsequent impact events occurred on the surface at <2.67 + 0.04
Ga ago (11, 34), because this “’Ar->’Ar step-heating age is sensitive to
the post-shock temperature (10, 23) and does not indicate complete re-
set, although it is younger than the other radio-isotope ages (11, 12, 34).
According to recent modeling (35), carbonaceous chondrite collisions,
rather than comets, are the most significant contributors (>80%) to the
presence of water in the early Moon. Most carbonaceous chondrites
contain large amounts of water species and hydrous products (for ex-
ample, serpentine) that originated from alkaline fluids within a pH
range of 7.0 to 12.0 in the parent bodies (36). These conditions are in
good agreement with the pH range of 9.5 to 10.5 and temperature range
of 363 to 399 K of the fluid activities that precipitate both moganite (17)
and SiO, nanoparticles with radii <10 nm (31) on the sunlit surface (33).
This finding implies that this alkaline water would have been delivered
to the PKT via carbonaceous chondrite collisions.
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Fig. 6. Chronological schematic of the history of subsurface H,O in the Moon
and the formation of moganite. This history can be drawn in chronological order,
based on the present study and previous works. At 2.993 + 0.032 Ga, mare basalt
(gray) solidified on the lunar surface, and a gabbroic intrusive chamber (green)
crystallized in the anorthositic crust (brown) of the PKT. (i) Carbonaceous chon-
drite (CC) collisions are considered to have occurred at <2.67 + 0.04 Ga, which led
to the delivery of alkaline water to the PKT. (ii) After these collisions, constituent
rocks of the PKT and carbonaceous chondrite fragments (that is, a serpentine re-
lict) would have been ejected and brecciated in the impact basin. During breccia
consolidation, water delivered by the carbonaceous chondrites was captured as
fluid inside the breccia. (iii) On the sunlit surface at 363 to 399 K, the captured
H,0 (pH 9.5 to 10.5) is likely to have become a silicic acid fluid and have migrated
to space and the colder regions. Then, it would have precipitated moganite nano-
particles under high consolidation pressure after (ii) the first collisions at <2.67 +
0.04 Ga and before (iv) the most recent impact at 1 to 30 Ma as expressed below, or
perhaps at <130 Ma. Below its freezing point, it would have been simultaneously
cold-trapped in the subsurface down to the depth of the impact basin and PSR.
(iv) A subsequent heavy impact event at 1 to 30 Ma may have been launched NWA
2727 from the Moon, which resulted in partial phase transitions from moganite to coes-
ite, stishovite, and cristobalite. The estimated size of impactor that collided on the
Moon in this period is at least ~0.1 km in diameter, which formed an impact crater with
a diameter of at least ~1 km, based on the shock pressure, temperature, and grain size
of stishovite obtained by the present study and a calculation procedure reported in a
previous study (23). NWA 2727 eventually may have fallen to Earth at 17 + 1 thousand
years (ka) ago. A subsurface H,O concentration higher than the estimated bulk content
of 0.6 wt % is expected to still remain as ice.
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ii) After these collisions, ejecta of anorthositic crust, mare basalt, and
gabbroic intrusive bodies were consolidated and brecciated on the sur-
face of the impact basin (11). A possible serpentine relict in KREEP-like
lunar meteorites (32) may support the hypothesis of collisions and sub-
sequent incorporations of carbonaceous chondrite fragments into the
brecciated bodies within the PKT. It is highly likely that the alkaline wa-
ter delivered by these collisions was captured as a fluid inside the breccia
via consolidation.

iii) Below the freezing point, this captured fluid would have been cold-
trapped as H,O ice in the subsurface of the gabbroic-basaltic brecciated
bodies at depths ranging from 10™* to >10* m [a thermal stable region
of H,O ice (3)] or down to the bottom of the basin, where it would re-
main for billions of years, according to its calculated residence time (3).
Simultaneously, at 363 to 399 K on the sunlit surface, the moganite-
bearing silica micrograins would have been precipitated from the
captured H,O fluids at pH 9.5 to 10.5 in the interstices of the breccia
matrix-hosted constituent minerals. These grains formed after (ii) the
first collisions at <2.67 + 0.04 Ga and before (iv) the most recent impact
at >1 to 30 Ma as explained below, or perhaps at <130 Ma based on the
absence of metastable moganite in sedimentary rocks older than this age
(13,15, 16). The SiO, nanoparticles continued to grow to radii of 4.5 nm
for months to years on average. After precipitation, a fraction of the cap-
tured H,O fluids was released into space, whereas the remaining fraction
migrated vertically downward and horizontally toward colder regions
to be subsequently added to the H,O ice in the subsurface underneath
the PSR via a H,O migration model (3). Similarly, the delivered and then
captured H,O may have accumulated as ice in the SPA subsurface, as
observed by LCROSS (2).

iv) The NWA 773 clan was launched from the surface of the gabbroic-
basaltic brecciated bodies within the PKT by the most recent impact event
at 8 to 22 GPa and >673 K, which led to transformations of some of the
moganite to coesite, stishovite, and cristobalite phases. This shock meta-
morphism possibly occurred at about 1 to 30 Ma, as indicated by the
transition time of NWA 773 (22). Finally, the NWA 773 clan may have
fallen to Earth at a terrestrial age of 17 + 1 ka (22).

Bulk content of subsurface H,O ice calculated from
moganite solubility

The bulk content of this subsurface H,O ice in the PKT and SPA can be
theoretically calculated on the basis of the petrological features of NWA
2727, the formation process of moganite, and the silica precipitation
model. By combining electron microscopic observations with a digital
image analysis, modal compositions of NWA 2727 by weight percent-
age were determined to be 35.6, 5.3, and 59.1 wt % for the OC gabbroic
clasts, basaltic clasts, and breccia matrix, respectively (see Materials and
Methods). Furthermore, on the basis of these modal compositions, the
bulk content of moganite-bearing silica reaches 76 ppm by weight.
Assuming an equilibrium reaction of SiO, (s) + 2H,0—H,SiO, (ag),
the amount of water reacting with 76 ppm of a solid moganite could be
calculated from the moganite solubility in water at varying pH values
and temperatures.

According to hydrothermal experiments (14), the moganite solubi-
lities obtained from the equilibrium constants for this reaction and the
molality of moganite in water (14) are 44 and 163 mg/kg of silica upon
reaction with water at a pH of 3.5 at temperatures of 298 and 373 K, re-
spectively. However, values for pH 9.5 to 10.5 and 363 to 399 K, which, as
revealed by our findings, correspond to the conditions of moganite pre-
cipitation on the Moon, are lacking. Reliable data of the equilibrium re-
action of various SiO, polymorphs (for example, quartz and amorphous
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silica) with H,O into aqueous silicic acid have been previously reported
(37). This model is temperature-dependent and can be expressed by the
following equation

logC = —848/ T + 4.47 (1)

where Cis the moganite concentration in milligram per kilogram and T
is the absolute temperature in kelvin. We also set up simultaneous equa-
tions of C; =44 mg/kg for T; =298 Kand C, = 163 mg/kg for T, =373 K
to evaluate the temperature-independent coefficients (848 and 4.47 for
moganite). This equation is valid for 273 to 523 K (37) and pH 3.5 (14).

In addition, the solubility of various SiO, polymorphs (S) as a
function of pH can be derived as follows (37)

S = C[1 + {10°" x K, /y(H3Si0,7)}] (2)

logK, = —2549/T — 15.36 x 10 °T* (3)

where K; is the dissociation constant for this reaction and y (H3SiO, ) is
the activity coefficient of H3SiO," that can be calculated from the ex-
tended Debye-Huckel equation and the ionic strength of the solution
(37). Because Egs. 2 and 3 have been used to calculate the pH-dependent
solubilities of both crystalline and amorphous silica, they would be ap-
plicable to moganite. The solubility of moganite ranged from 0.62 g/kg
of silica (pH 9.5 and T = 363 K) to 13.0 g/kg of silica (pH 10.5 and T =
399 K). Although silica solubility in water tends to increase with pres-
sure (38), the effect is negligible when the temperature is relatively low,
as in this case. On the basis of these moganite solubilities at pH 9.5 to
10.5 and 363 to 399 K, a bulk H,O content of at least 0.6 to 12.3 wt % is
necessary to precipitate 76 ppm of a solid moganite from the silicic acid
fluid. Accordingly, H,O molecules would be cold-trapped as ice at the
estimated bulk contents of >0.6 wt % in the subsurface of the host
gabbroic-basaltic bodies below their freezing point.

The estimated bulk content (>0.6 wt %) of H,O ice in the Moon’s
subsurface calculated here is in excellent agreement with the concentra-
tions of H,O ice (5.6 + 2.9% by mass) excavated from the SPA sub-
surface by LCROSS (2), OH and H,O molecules (~0.3 wt %) on the
North Pole observed by Deep Impact (I), and water-equivalent hydro-
gen (~0.5 wt %) on various craters of the SPA found by Lunar Prospec-
tor (4). Furthermore, this value is significantly higher than the bulk
contents of structural OH species found in lunar crustal rocks, such
as basalt and anorthosite (<1 parts per billion to 6.4 ppm) (39), as well
as that of solar wind-induced hydroxyl groups (about 70 ppm) in the
surface regolith (39), which is thought to represent the most water-
enriched rocks on the Moon. In the subsurface of the host rock bodies
of NWA 2727 within the PKT and SPA regions, H,O molecules would
have become cold-trapped simultaneously with the formation of
moganite perhaps at <130 Ma or at least 2.67 + 0.04 Ga (Fig. 6). This
subsurface H,O is expected to still remain as ice today because it can
theoretically and observationally survive over billions of years (2, 3).
In the impact craters within the PKT and SPA regions, the spacecraft
SELENE discovered local sites of olivine- and ejected pyroxene-
dominated exposures (40). These plutonic sites are one of the candidates
that have abundant H,O ice remaining in the subsurface because they
have similar chemical compositions to NWA 2727. Subsurface H,O ice
can be extracted from exposed rocks more easily than hydroxyl groups
from crustal rocks and regolith soils because the hydroxyl group is
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strongly linked with the structure of minerals and is dehydrated by heat-
ing at quite high temperatures. Therefore, moganite is a valuable marker
of these abundant and available subsurface water resources for human
exploration on the Moon. In addition, we emphasize that further dis-
covery of moganite in material from new sample return programs may
be important because of the absence of these gabbroic-basaltic brec-
ciated rocks in the existing Apollo and Luna samples.

MATERIALS AND METHODS

Lithologies of lunar meteorites

Lunar meteorites of gabbroic-basaltic breccia (NWA 2727), nonbrec-
ciated gabbro (NWA 2977, 3333, and 6950), anorthositic regolith breccia
(NWA 5000, 6355, 8668, and 10649 and Dar al Gani 400), nonbrecciated
basalt (NWA 032 and 4734), and nonbrecciated troctolite (NWA 5744
and 8599) were examined here by microanalysis, but moganite was found
only in NWA 2727. Among these samples, NWA 2727 is paired with
NWA 2977, 3333, and 6950, all of which are classified in the NWA 773
clan and are typically composed of an OC gabbroic lithology. Excep-
tionally, NWA 2727 contains this OC gabbro and pyroxene phyric
basalt lithic clasts within its breccia matrix (11, 12). The NWA 773
clan is characterized by KREEP-like compositions with very low Ti,
with the same crystallization (2.993 + 0.032 Ga), shock metamorphic
(<2.67 £ 0.04 Ga), transition (1 to 30 Ma), and terrestrial ages (17 +
1 ka) (11, 12, 22, 34). The OC gabbroic clasts are thought to have differ-
entiated in the shallow intrusive chamber of the crust within the PKT
via assimilation with the KREEP-rich layer in the mantle, and the ba-
saltic clasts are thought to have solidified after magmatic eruptions of
this assimilated melt on the PKT surface (11).

False-color elemental mapping of Mg (red), Fe (green), and Al (blue)
Ka x-rays was performed to distinguish the lithologies of NWA 2727
based on the modal and chemical compositions of the constituent min-
erals (Fig. 1). NWA 2727 mainly consists of Mg/Fe-rich OC gabbroic
and clinopyroxene phyric basaltic clasts (areas enclosed by the solid and
dashed white lines, respectively, in Fig. 1) contained in a breccia matrix
(other areas). The OC gabbroic clasts contain constituent minerals of
euhedral olivine (orange and yellow grains in Fig. 1) and clinopyroxene
(brown and green grains) as single crystals (0.1 to 0.5 mm in radius),
with minor amounts of anhedral plagioclase (blue grains) between the
olivine and clinopyroxene crystals. The basaltic clasts contain clinopyr-
oxene phenocrysts within a groundmass of clinopyroxene, plagioclase
with small fine-grained quartz crystals (10 to 20 um in radius; n = 23)
(Fig. 1 and fig. $4B). Numerous fine to coarse lithic grains (<50 um in
radius) of OC gabbro and basalt with small amygdaloidal silica micro-
grains (2 to 13 um in radius; n = 102 for the breccia matrix far from the
shock veins and # = 4 for those entrained in the shock veins) containing
moganite fill the interstices between these clasts as a breccia matrix (Fig.
1 and fig. S1). These silica micrograins are surrounded by pervasive ra-
diating cracks similar to those previously reported in silica from
shocked meteorites (23). Coarse grains of euhedral tridymite and cris-
tobalite (20 to 100 um in radius; n = 35) are also present in NWA 2727
(fig. S4A) and are gathered as felsic lithologies.

The average volume ratios of each lithology (35.5, 5.4, and 59.1 vol-
ume % for the OC gabbroic clasts, basaltic clasts, and breccia matrix,
respectively) for the NWA 2727 samples were determined using electron
microscopy. The breccia matrix can be roughly divided into two types of
breccia based on the volume ratios of these clasts [that is, OC gabbroic (51.4
volume %) and basaltic (7.7 volume %) breccia]. According to the modal
compositions and densities of olivine, pyroxene, and plagioclase in these
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lithologies, the volume ratios can be converted into weight percen-
tages for each constituent mineral (35.6, 5.3, and 59.1 wt % for the
OC gabbroic clasts, basaltic clasts, and breccia matrix, respectively).

We also identified continuous shock veins (<5 mm in length and
about 200 um in width) in the backscattered electron (BSE) images
defined by fine mineral fragments and impact melt glasses with bubble
marks and flow textures (fig. S2). The continuous shock veins crosscut
both the clasts and the breccia matrix. This finding reveals that the for-
mation of shock veins occurred after brecciation. Accordingly, the latest
impact event that launched NWA 2727 from the Moon to Earth would
have generated the shock veins.

Microanalyses

We prepared three polished thin sections of different fragments of
NWA 2727, with and without continuous shock veins through both
the clasts and the breccia matrix, for various microanalyses. A false-
color x-ray elemental mapping of the carbon-coated NWA 2727 thin
sections was performed using a wavelength-dispersive x-ray spectrom-
eter attached to the EPMA (JXA-8900, JEOL) at Kobe University. The ob-
tained elemental maps of Mg, Fe, and Al Ko x-rays were combined with
an image processing software (that is, Image]; http://rsbweb.nih.gov/ij/)
to analyze the modal and chemical compositions of olivine, pyroxene,
and plagioclase within the NWA 2727 samples. BSE images of the minerals
in NWA 2727 were obtained using an SEM (JSM-5800, JEOL) equipped
with an energy-dispersive x-ray spectrometer (EDS) at Kobe University.
The focused electron beam was set at 15 keV and 20 nA with a step size
of 10 um for EPMA and 15 keV and 0.4 nA for SEM analyses. On the
basis of the BSE images of NWA 2727, the grain radii of the moganite-
bearing silica grains (n = 102) were evaluated using the Analyze Particles
tool of the Image] software, where they were converted from each area
of the grains assuming a perfectly spherical shape.

Raman spectroscopy was performed on the NWA 2727 samples
using a laser micro-Raman spectrometer (Nicolet Almega XR, Thermo
Electron) at the Laboratory of Infra-Red and Raman Spectroscopy at
Thermo Fisher Scientific K.K. Laser power (Nd:YAG, 532-nm excita-
tion line) was fixed at 20 mW on the sample with a spot size of about
2 um. The Raman spectra for each mineral are within the range of 100
to 800 cm ™" with a step width of 1 cm ™. These spectra were collected in
10 accumulations of 60-s exposure times for one-by-one analysis and
five accumulations of 10-s exposure times for Raman mapping. All
spectral data were calibrated by monitoring the position of the O-Si-O
bending vibration with regard to that of silica polymorphs (high-optical
grade standard quartz, high-purity terrestrial moganite and cristobalite,
and synthetic coesite and stishovite) before and after each measurement,
which ensures an analytical reproducibility of less than 1 cm™". Raman
mapping was measured over 17 X 23-um to 23 x 40—pum areas in steps
of 1 um. The Raman spectra of each analytical point in the mapping
were deconvolved on the basis of Lorentzian curve fitting, and the
calculated integral intensities of the main bands were subsequently used
to obtain the Raman intensity maps of each silica polymorph. The mo-
ganite content of the silica grains (that is, the weight percentage of mo-
ganite versus other polymorphs such as quartz, coesite, and amorphous
SiO, glass) in NWA 2727 was also determined using Raman spectroscopy.
The Raman spectral data of the silica micrograins (n = 102) were fitted with
Lorentzian functions to acquire the integral band intensities of each SiO,
polymorph, and their intensity ratios were converted into moganite
contents using the calibration curve (8, 9).

Several silica grains in NWA 2727 were excavated with the FIB sys-
tem (Quanta 200 3DS, FEI) at Kyoto University. Specific square cube
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(about 10 pm side) portions were extracted by a gallium ion beam at 5 to
30 kV and 0.01 to 30 nA and subsequently fixed to a micrometer-sized
copper mesh pillar through platinum deposition for SR-XRD and TEM
analyses. A monochromatic incident x-ray beam at SPring-8 BL10XU
with a wavelength of 0.41569(9) A was focused to <10 pm in diameter.
The angle-dispersive XRD data were collected with an imaging plate
using an exposure time of 5 min and analyzed with the PDIndexer,
IPAnalyzer, and CSManager software (http://pmsl.planet.sci.kobe-u.ac.
jp/~seto/). We also acquired angle-dispersive XRD data for cerium di-
oxide (CeQ,) to calibrate both the wavelength and the distance between
the samples and the imaging plate.

The cubic samples were thinned into <100 nm in thickness by the
gallium jon beam attached to the FIB system for TEM (JEM-2100F,
JEOL; accelerating voltage, 200 kV) observation at Kobe University. An-
nular dark-field STEM images were captured, and false-color combined
elemental maps of Si, Mg, and Al Ko. x-rays were recorded for the pro-
cessed thin-foil samples on the STEM-EDS system. We also performed
high-magnification bright-field TEM of SiO, regions in the false-color
maps of the processed thin-foil samples. The Image] software was used
to analyze the grain radii of the SiO, nanoparticles (n = 148) observed in
the bright-field TEM images. Grain radii below 1 nm were not considered
because they could not be distinguished from noise. The crystal structure
of the SiO, nanoparticles was identified on the basis of SAED (spot size,
60 nm in radius), the patterns of which were analyzed using the Image]
and ReciPro software (http://pmsl.planet.scikobe-u.ac.jp/~seto/). Spe-
cific areas of these SiO, nanoparticles with relatively large sizes were exam-
ined via SAED analyses while varying the direction of the zone axis.

SEM-CL spectroscopy was carried out to determine the CL spec-
tra from 300 to 800 nm in 1-nm steps using SEM (JSM-5410, JEOL)
combined with a grating monochromator (Mono CL2, Oxford) at the
Okayama University of Science. The CL signal was recorded by a photon
counting method using a photomultiplier tube (R2228, Hamamatsu).
All CL spectra were measured at 15 kV and 2.0 nA, and the obtained
spectral data were corrected for total instrumental response and deter-
mined using a calibrated standard lamp to quantify the intensity and the
wavelength.

Shock recovery experiments

Nearly pure moganite microcrystals with a content of 85 to 100 wt %
from Gran Canaria were selected as the starting material for shock re-
covery experiments. Powder samples (porosities of 12 to 27%) were en-
closed in SUS304 stainless steel containers (30-mm diameter x 30-mm
length). The samples (about 1 mm in thickness) were set 3 mm in depth
from the impact surface. A propellant gun with a 30-mm bore (National
Institute for Materials Science) was used to accelerate a projectile with a
metal flyer plate (29-mm diameter x 3-mm thickness; Al alloy for the
14.1-GPa shot and SUS304 for the other shots) to the required velocity.
Considering the large thickness ratio of the flyer to the samples, the
shock pressure generated in the sample is inferred to reach an equilib-
rium with that of the container. On the basis of this approximation, the
peak shock pressure was determined using the impedance matching
method using the measured impact velocity of the projectile and the shock
compression curve (Hugoniot) of the stainless steel container. The
measured flyer velocity and the calculated equivalent peak shock pres-
sure are 1.145 km/s and 14.1 GPa, 1.043 km/s and 22.0 GPa, 1.165 km/s
and 25.0 GPa, 1.462 km/s and 34.2 GPa, and 1.517 km/s and 45.3 GPa. The
recovered samples, as well as the moganite starting material, were em-
bedded on a slide glass with epoxy resin, polished, and mirror-finished
with 1-um diamond abrasive before Raman spectroscopy measurements.
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