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Abstract Shock-lithification is a fundamental process of making rocks from fine-grained and porous
regoliths on the surface of the Moon. Previous investigations have constrained potential shock pressures
during shock-lithification based on experimental and numerical simulations. However, pressure and
temperature conditions during shock-lithification have not been directly inferred from natural lunar
breccias. Here, we report the discovery of widespread tissintite in strongly shock-lithified lunar meteorites,
accompanied occasionally by Si-rich corundum and coesite. The coexistence of tissintite and coesite

and the absence of stishovite in molten regions indicate a shock pressure of 4-8 GPa, which might be

the pressure boundary between weak and strong shock-lithification. Meanwhile, the presence of Si-rich
corundum imposes a temperature constraint of ~2,300 K for the intergranular melts. This temperature
constraint has profound significance for interpreting the behaviors of volatile and moderately volatile
elements and remanent magnetization records during strongly shock-lithification of lunar breccias.

Plain Language Summary It is widely accepted that high-speed impact makes lunar breccias
from regolith on the Moon’s surface. However, the detailed pressure and temperature conditions during
strong shock lithification remain an open question due to complex properties and impact history of
components in lunar breccias. In this study, we report the first discovery of tissintite, a high-pressure
mineral, and Si-rich corundum in strongly shock-lithified lunar breccias. Using the high-pressure
minerals in lunar breccias, we constrained the lower boundary (4-8 GPa) of shock pressure for strong
shock lithification of lunar regoliths and the profound thermal effect.

1. Introduction

The surface of the Moon is covered mainly by fine-grained loose or consolidated materials, which are gen-
erally termed regoliths. The thickness of the regolith layer on the lunar surface varies from a few meters in
the mare regions to tens of meters in the highlands regions (McKay et al., 1991; Spray, 2016). All the lunar
materials (including mission-returned samples and lunar meteorites) available to be analyzed in laborato-
ries up to date, and most of the in situ and remote-sensing data, are derived from these regoliths (McKay
et al., 1991). Unraveling the components of these regoliths and their formation and evolution history is cru-
cial in reconstructing the formation and evolution history of the Moon. Meanwhile, the physical properties
of the regoliths (e.g., porosity and mechanical intensity) are also a key factor that should be considered for
construction of lunar bases (Benaroya et al., 2002).

Shock-lithification has been considered as the most important physical process that makes dense regolith
breccias from fine-grained and porous regolith materials on the Moon and asteroids (Bland et al., 2014;
Kieffer, 1975; McKay et al., 1991; Spray, 2016). Shock-lithification of lunar regoliths has been divided into
weak and strong shock-lithification, mainly involving mechanical compaction and formation of shock-in-
duced intergranular glass, respectively (Christie et al., 1973; Kieffer, 1975). Weak shock-lithification mainly
leads to a decrease of porosity, and its thermal effect might be limited. In contrast, strong shock-lithification

ZHANG ET AL.

1 of 10


https://orcid.org/0000-0002-5758-0726
https://orcid.org/0000-0001-5725-9513
https://orcid.org/0000-0002-1247-572X
https://orcid.org/0000-0002-5456-6603
https://orcid.org/0000-0003-2335-1359
https://orcid.org/0000-0003-0702-0533
https://doi.org/10.1029/2020GL091554
https://doi.org/10.1029/2020GL091554
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020GL091554&domain=pdf&date_stamp=2021-03-08

A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL091554

involves local or bulk melting of intergranular fine-grained materials. The shock-induced intergranular
melt/glass would behave like an “adhesive” to coalesce mineral grains and fragments, enhancing the me-
chanical intensity of regolith breccias. Meanwhile, formation of shock-induced melt might have profound
thermal effects. For instance, high temperatures during the formation of shock-induced melts may cause
degassing of volatile and even moderately volatile elements (e.g., noble gases, Pb, K, and Zn) to various de-
grees, disturbance of U-Pb systematics of U-bearing minerals, and modification of remanent magnetization
records in brecciated materials (Gibbons et al., 1975). Presence of the thermal effects makes precisely unrav-
eling the clues of formation and evolution of the Moon very challenging. Therefore, it is critical to constrain
qualitatively and quantitatively the thermal effects during strong shock-lithification of lunar regoliths.

In the past 5 decades, numerous experimental and theoretical investigations have been performed to con-
strain the scales of shock-induced pressure and temperature in porous materials (Bland et al., 2014; Christie
et al., 1973; Hirata et al., 2009; Kieffer, 1975; McKay et al., 1991; Schaal & Horz, 1980; Spray, 2016; Tomeoka
et al., 1999; Wiinnemann et al., 2008). It is generally accepted that low-velocity impact events respond to
weak shock-lithification whereas high-velocity impact events lead to strong shock-lithification of regoliths
(Christie et al., 1973; Kieffer, 1975; McKay et al., 1991; Spray, 2016). The extent of melting is a function
of impact velocity and original porosity. High impact velocity and high porosity are favorable for melting
of regoliths. However, a large discrepancy still exists for shock pressures during strong shock-lithification
(Stoffler et al., 2018) and the reason remains unknown. Shock temperatures are even less understood due
to heterogeneous distribution and lack of suitable temperature indicators. Meanwhile, mineral and lithic
fragments in regoliths have various provenances, grain sizes, initial porosities, and impact histories. Except
a few impact melt breccias (e.g., Zhang et al., 2011), up to date, pressure and temperature conditions during
shock lithification have not been deduced directly based on mineralogical observations on brecciated lunar
samples. It remains very challenging to constrain shock-lithification conditions by applying the data from
shock recovery experiments on regolith analogs and theoretical simulations.

The phase transformation of a mineral is a function of pressure, temperature, time, and mineral composi-
tion. In the past decades, many high-pressure minerals have been discovered in meteorites and are widely
used to constrain shock conditions of natural impact events (e.g., Gillet & El Goresy, 2013; Sharp & DeCar-
li, 2006; Tomioka & Miyahara, 2017). In lunar samples, a few high-pressure minerals, such as ringwoodite,
xieite, coesite, stishovite, seifertite, and reidite, have been reported in unbrecciated samples and mineral
fragments in lunar breccias (Fritz et al., 2020; Kaneko et al., 2015; Kayama et al., 2018; Miyahara et al., 2013;
Ohtani et al., 2011; Xing et al., 2020; Zhang et al., 2010). However, no high-pressure minerals have previous-
ly been reported in the fine-grained matrix of lunar breccias. In the present study, we report on the presence
of tissintite and Si-rich corundum in the shock-induced glassy matrix of a number of brecciated lunar me-
teorites. Tissintite is a vacancy-rich, high-pressure clinopyroxene with an anorthite-dominant plagioclase
composition (Ma et al., 2015). The presence of tissintite and Si-rich corundum in lunar meteorites provides
important mineralogical constraints on the pressure and temperature conditions during strong shock-lith-
ification of lunar regoliths.

2. Analytical Methods

Petrographic textures of the lunar meteorites were observed using the Zeiss Supra55 field emission scanning
electron microscope (FE-SEM) at Nanjing University, Nanjing, China. Some polished thick sections of the
samples were also observed with a Nikon optical microscope in the reflected-light mode. The Zeiss FE-SEM
instrument was operated at 15 kV accelerating voltage. A silicon drift energy dispersive detector (EDS) at-
tached on the Zeiss FE-SEM instrument was also used to measure compositions of minerals and glass with
100 s measurement time and to map the distributions of different elements among various phases.

Chemical compositions of major and minor elements in tissintite and associated glass in a number of lunar
meteorites were quantified using the JEOL JXA 8,100 electron probe micro-analyzer (EPMA) at Nanjing
University. The EPMA instrument was operated at 15 kV accelerating voltage with a focused beam of 20 nA.
Measurement times for elemental peak and background for most elements are 20 s and 10 s, respectively,
except Na and K (10 s and 5 s for peak and background measurements, respectively). Natural and synthetic
standards were used for concentration calibration. A natural hornblende standard was used for K, Na, Ca,
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Mg, Ti, Al, and Si. A natural fayalite standard was used for Fe and Mn concentration calibration while a syn-
thetic Cr,0; oxide standard was used for Cr concentration calibration. All data have been reduced with the
ZAF (atomic number-absorption-fluorescence) procedure. Typical detection limit for the EPMA analyses is
better than 0.02 wt%.

Structural characterization of minerals and glass in the lunar meteorites were performed using a combina-
tion of Raman spectroscopy, electron backscatter diffraction (EBSD), and selected area electron diffraction
(SAED). The Raman spectra of minerals and glass were collected using the Renishaw in via Plus microRa-
man spectrometer with a charge coupled device (CCD) detector at the National Center for Nanoscience and
Technology of China, Beijing. The excitation laser wavelength is 514 nm and the laser power on the sample
is ~10-12 mW. The laser spot size is ~1 wm. The measurement time varies from 20 to 60 s.

The EBSD patterns of minerals were collected using EBSD detectors installed on the JEOL 6490 and JEOL
7000F SEM instruments at Nanjing University, Nanjing, and Hokkaido University, Sapporo, Japan, respec-
tively. Both EBSD detectors are controlled by the Aztec software. Before EBSD analysis, the polished sec-
tions were VibroMet polished and carbon-coated. During analysis, the EBSD pattern and EDS spectrum
were obtained simultaneously. The EBSD analyses were performed at 20 kV accelerating voltage. A beam
current of 4 nA was used for the analyses based on the JEOL 7000F SEM instrument. The collected EBSD
patterns were indexed with potential phases for given constituent elements from both the HKL data set
and a data set from the Mineralogical Society of America. The indexed results with mean angular deviation
(MAD) values less than one are considered as reasonable structural solutions.

The focused ion beam (FIB) technique was employed to prepare two foils for observations using a transmis-
sion electron microscope (TEM). Cutting and thinning of the two foils were conducted using the FEI Scios
FIB-SEM instrument at the Institute of Geochemistry, Chinese Academy of Sciences, Guiyang, China. An
accelerating voltage of 30 kV and various ion beam currents of 15 nA-300 pA were used. The final thick-
ness of the two FIB foils is ~100 nm. The observations and analyses on the two FIB foils were carried out
using the FEI Tecnai F20 TEM instrument at Nanjing University. The F20 TEM instrument was conducted
at an accelerating voltage of 200 kV. The foils were observed under both conventional TEM and high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM) modes. The minerals were
identified using SAED. Chemical compositions of the phases in the foils were measured using an energy
dispersive X-ray detector (EDS) installed on the F20 TEM instrument in STEM mode. The k-factors for
quantitative STEM-EDS analysis were calibrated by comparing average SEM-EDS and STEM-EDS data on
glass surrounding tissintite and corundum grains.

3. Results

In this study, we have performed petrographic and mineralogical observations on 12 brecciated lunar me-
teorites: Northwest Africa (abbreviated as NWA hereafter) 2995, NWA 5000, NWA 8182, NWA 10203, NWA
10901, NWA 10253, NWA 10272, NWA 10782, NWA 11212, NWA 11228, NWA 11273, and NWA 11474. All
these lunar meteorites are dominated by feldspathic components, although basaltic components are also
present with various abundance in some of these samples. Nine of the 12 lunar meteorites contain abun-
dant glass infilling the interstices between mineral and lithic fragments. The other three meteorites (NWA
11212, NWA 11228, and NWA 11474) show no obvious molten features between mineral and lithic frag-
ments or only contain very few short and thin melt veins (~10 um in thickness), although glassy fragments
could be present.

Tissintite is commonly observed with various abundances in the nine lunar meteorites containing glassy re-
gions (Figure 1, S1, and S2), but absent in the three lunar meteorites without obvious molten features. This
mineral typically occurs as fine-grained clusters embedded in the intergranular glass, which, in reflected
light, appears to be interconnected with each other (Figure S1). In NWA 5000, the tissintite clusters not only
occur in the intergranular glassy regions (Figure S2i), but also occur in typical shock melt veins that are
straight and cutting through mineral and lithic fragments (Figure S2j). The tissintite clusters in this study
typically form a zone of ~2-30 um wide at the interfaces between glassy regions and surrounding unmelted
materials (Figures 1a, 1b, and S2). Some tissintite clusters nucleate from the margin of relict, unmelted
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Figure 1. Backscattered electron images of tissintite and corundum in lunar meteorite NWA 2995. (a) A typical thick
glassy region with tissintite aggregates at the edge zone and corundum grains dispersed at the center zone. (b) At the
edge zone, Mg,Fe-poor and Mg,Fe-bearing tissintite aggregates are in contact. At the center zone, both corundum and
Mg, Fe-bearing tissintite are present. (c and d) Flower-like corundum aggregates are located in glass. Crn, Corundum;
NWA, Northwest Africa; Pyx, Pyroxene; Tst, Tissintite.

pyroxene fragments in the glassy regions (Figure 1b). In some of the tissintite-bearing glassy regions, coesite
is present, occasionally associated with moganite (Figures S3 and S4). However, neither stishovite nor seif-
ertite is present based on our textural observations in BSE mode and Raman and EBSD measurements. Al-
though fragments of pyroxene, olivine, and apatite are present in the tissintite-bearing regions, none of their
high-pressure polymorph was observed. Vesicles are commonly present within the thick glassy regions con-
taining tissintite except in NWA 5000, and their sizes vary from submicron to ~200 um in length (Figure S1).

The crystal structure of tissintite is confirmed by laser Raman, EBSD, and SAED analyses (Figures S5-S7).
Chemically, tissintite in the lunar meteorites has a large variation among different regions and samples.
The MgO and FeO contents vary from 0.3 wt% to 6.7 wt% and from 0.3 wt% to 7.4 wt%, respectively and are
essentially identical to the compositions of surrounding glass (e.g., Table S1). However, it is noteworthy
that in four of the samples (NWA 2995, NWA 10253, NWA 10272, and NWA 10782), Mg,Fe-poor tissintite
in anorthite glass is in direct contact with Mg,Fe-bearing/rich tissintite (Figure 1b), with the MgO + FeO
contents (>1 wt%) higher than that of anorthite (Table S1).

In NWA 2995 and NWA 10203, a few glassy regions as thick as up to hundreds of micrometers show miner-
alogical zoning from the edge to the inner zone. At the edge, tissintite is the predominant crystalline phase
while innerward to the inner zone corundum is observed (Figures 1 and S1). In some regions, both corun-
dum and tissintite are present in glass (Figure 1b). The corundum usually occurs as submicron-sized flow-
er-like aggregates (Figures 1c and 1d). The crystal structure of corundum is determined by EBSD and SAED
(Figures S5, S6¢ and S6d). The chemical compositions of corundum grains are determined by STEM-EDS.
Given the small grain size of corundum in this study, beam overlapping with surrounding glass is inevitable
during STEM-EDS analyses. We calculate the corundum composition by attributing all the measured CaO
concentrations to the contamination from surrounding glass. After subtracting the contribution from glass
and normalization to 100 wt%, the corundum grains contain 90.7-93.9 wt% Al,O; with 4.4-6.8 wt% SiO, and
1.6-2.2 wt% MgO + FeO (Table S2).
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4. Discussion
4.1. Formation Conditions of Tissintite and Corundum

Tissintite has been reported previously in basaltic Martian meteorites (shergottites) and eucrite meteorites.
Most of the tissintite grains in these meteorites occur as fine-grained clusters in shock-induced plagioclase
glass or at the margins of plagioclase glass adjacent to shock melt veins or pockets (D. L. Chen et al., 2019;
Ma et al., 2015; Pang et al., 2016; Walton et al., 2014). These tissintite grains have a composition essential-
ly identical to that of the adjacent plagioclase glass. The occurrences indicate nucleation and growth of
tissintite from high-pressure plagioclase glass (D. L. Chen et al., 2019; Ma et al., 2015; Pang et al., 2016),
although the exact formation mechanism of the plagioclase glass (diaplectic glass vs. quenched high-pres-
sure melt) is still an issue of controversy (M. Chen & El Goresy, 2000; D. L. Chen et al., 2019; Yamaguchi
& Sekine, 2000). Recently, Mg,Fe-rich tissintite has also been reported in a shock melt vein from a shocked
shergottite (Ma & Beckett, 2017). In the present study, tissintite is first reported in lunar samples. Most of
them are Mg,Fe-bearing/rich tissintite as fine-grained clusters in the intergranular melts in regolith brec-
cias, with minor Mg,Fe-poor tissintite present at the margins of shock-induced plagioclase glass.

Although the experimental investigation by Rucks et al. (2018) suggested that tissintite can form from pla-
gioclase glass during decompression, natural tissintite has been mainly explained as a crystallization phase
from a high-pressure melt (D. L. Chen et al., 2019; Ma & Beckett, 2017; Ma et al., 2015; Pang et al., 2016).
This melt-crystallization model can account for the formation of tissintite in lunar meteorites as well. Two
observations in the present study support this inference. First, all the tissintite in the lunar meteorites oc-
curs as fine-grained clusters or overgrowth crystals on relict pyroxene grains in the formerly molten regions,
generally similar to those in Martian and eucrite meteorites (D. L. Chen et al., 2019; Ma & Beckett, 2017; Ma
et al., 2015; Pang et al., 2016). Second and more importantly, most of the tissintite grains in the lunar mete-
orites contains higher MgO + FeO contents (>1 wt%) than anorthite (Table S1), indicating various contri-
bution from mafic phases, and therefore a mixed composition melt of plagioclase composition with contri-
butions from pyroxene and/or olivine. Meanwhile, the essentially identical chemical compositions between
tissintite and surrounding glass indicate no chemical equilibration between tissintite and surrounding melt
during the crystallization of tissintite. This feature can be interpreted with rapid crystallization of tissintite,
consistent with its metastable origin (Ma et al., 2015). For most cases in the present study, tissintite is the
only phase that crystallized from the formerly molten regions and melt veins. Given the hypothesis that
high-pressure minerals probably started crystallization from the melts during shock pressure decline (Fritz
et al., 2017), therefore, the crystallization pressure of tissintite can be considered as the minimum peak
shock pressure for the melt-forming impact event (Fritz et al., 2017; Sharp & DeCarli, 2006).

Corundum is a relatively rare mineral in extraterrestrial samples. Its formation varies from presolar origin
(Takigawa et al., 2018), solar-nebula condensation origin (Makide et al., 2009; Simon et al., 2002), alteration
origin of Ca,Al-rich inclusions (Ma et al., 2009), xenolith origin in eucritic basalt (Li et al., 2020), shock-in-
duced origin (Pang et al., 2018, 2019; Yang et al., 2019), and unknown origin (Christophe-Michel-Levy
et al., 1972; Kleinmann & Ramdohr, 1971). In the Apollo samples, corundum grains were found only
in fines, without exact textural information (Christophe-Michel-Levy et al., 1972; Kleinmann & Ram-
dohr, 1971). The Apollo corundum grains are almost pure alumina and vary from 40 to 200 um in size. Such
a relatively large grain size might exclude a shock-induced origin of these Apollo corundum grains, since
most shock-induced minerals are usually fine-grained (<5 um in size; Sharp & DeCarli, 2006; Tomioka &
Miyahara, 2017). In the present study, corundum occurs as a fine-grained aggregate dispersed in the inner
part of shock-induced melt regions which contains the high-pressure mineral tissintite. This occurrence
and the association with tissintite indicate that the corundum aggregates formed from a shock-induced melt
in the lunar meteorites, similar to that in the eucrite NWA 8003 (Pang et al., 2018, 2019) and the achondrite
meteorite NWA 7325 (Yang et al., 2019), but different from the corundum grains (40-200 um in size) in
Apollo fines (Christophe-Michel-Levy et al., 1972; Kleinmann & Ramdohr, 1971). In texture, tissintite is
located at the edge of the zoned, molten regions while corundum is located at the inner zone (Figure 1).
Considering thermal conductivity from the shock-induced melt to the unmelted host rock, the inner zone
of the molted regions should have a lower cooling rate compared with the edge (Sharp & DeCarli, 2006).
Therefore, corundum might have formed at pressure and temperature conditions similar to or relatively
lower than that for tissintite at the edges.
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Tissintite of Ca-rich plagioclase composition has been reported in shocked meteorites with bulk shock
pressures ranging from ~10 GPa to >19 GPa, which are constrained from the plagioclase-maskelynite
transformation, the deformation in mafic minerals, and the stability of high-pressure minerals (D. L. Chen
et al., 2019; Ma et al., 2015; Pang et al., 2016; Walton et al., 2014). In these meteorites, tissintite occurs along
the boundary between shock melt veins and host rock or in the margins of plagioclase glass in contact with
quenched shock melt. If tissintite crystallized during shock pressure decline (Fritz et al., 2017), it might
have formed at ~10-19 GPa or a lower pressure (Pang et al., 2016). Rucks et al., (2018, 2019) observed the
presence of tissintite with a composition An,_go in their synthetic samples at a pressure of 4.5-10 GPa and a
temperature of >1273 K. However, no tissintite was observed at a pressure below ~3 GPa (Rucks et al., 2018,
2019). Therefore, 4-5 GPa might be the lower limit for the tissintite formation of Ca-rich plagioclase compo-
sition (Rucks et al., 2019). Although most tissintite grains in the lunar meteorites contain a few weight per-
cent of MgO + FeO (>1 wt%) differing from the Mg,Fe-poor tissintite in the synthetic experiments (Rucks
et al., 2018, 2019), some of the Mg,Fe-bearing/rich tissintite aggregates are in direct contact spatially with
Mg,Fe-poor tissintite in chemically heterogeneous molten regions (Figure 1b). Therefore, it is likely that the
Mg, Fe-bearing tissintite aggregates have also formed at a pressure at least 4-5 GPa.

Coesite and stishovite are two high-pressure polymorphs of silica. These two minerals have different sol-
id-state phase transformation behaviors. The solid-state transformation from quartz to coesite at >2.5 GPa is
sluggish due to a high kinetic barrier (D. L. Chen et al., 2019; Miyahara et al., 2014; Pang et al., 2016). How-
ever, the solid-state transformation from low-pressure silica phases to stishovite could be very fast. For ex-
ample, stishovite can form within 1 ps from quartz with a shock pressure >7.5 GPa (Mansfeld et al., 2017).
If the starting material is fused silica, the transformation to stishovite would be much fast (~1.4 ns) dur-
ing compression (Gleason et al., 2015). In the present study, in tissintite-rich glassy regions, coesite was
observed in irregularly shaped silica aggregates (Figure S3). The occurrence is distinctly different from
the euhedral coesite grains that crystallized from shock-induced melts (e.g., D. L. Chen et al., 2019; Pang
et al., 2016). This feature implies that the coesite grains in the present study have formed through solid-state
phase transition during shock metamorphism (Kayama et al., 2018). Considering the ultrafast transfor-
mations from low-pressure silica phases to stishovite demonstrated experimentally (Gleason et al., 2015;
Mansfeld et al., 2017), stishovite would be expected to promptly form if the shock pressure reached its lower
stability limit. The fact that no stishovite was detected in our study suggests peak shock pressures in lunar
regolith breccias did not exceed ~8 GPa. Recently, Fritz et al. (2017) argued that the peak shock pressure
for bulk rock during shock metamorphism should be higher than the pressures deduced from the stability
of high-pressure minerals. Fritz’s argument was based on the assumption that most of shocked meteorites
are derived from the region outside of isobaric cores of impact events and do not experience broad pressure
plateaus, therefore, high-pressure minerals usually crystallize during decompression (Fritz et al., 2017).
However, the results of above-mentioned shock experiments (Gleason et al., 2015; Mansfeld et al., 2017)
suggest stishovite can rapidly grow in its stability pressures even if shock pressure duration is less than mi-
croseconds. In this study, therefore, we propose that 8 GPa might be the upper limit for the shock pressure
based on the absence of stishovite. If it is the case, the tissintite-rich glassy regions probably have formed at
a shock pressure around 4-8 GPa.

The corundum in this study is characterized by its high contents of SiO, (up to ~7 wt%). Based on our knowl-
edge, it is the first report of Si-rich corundum in lunar samples. In the corundum structure, Al ions occupy
the oxygen octahedral sites. Incorporation of Si into the corundum structure implies that Si ions probably
substitute the ?Al ions, requiring high-pressure formation conditions similar to the cases of stishovite and
supersilicic garnet (D. L. Chen et al., 2019; Pang et al., 2016). The phase diagram of anorthite composition
at high P-T conditions indicates that corundum can occur at a high temperature >1,673 K and a wide range
of pressure from <1 GPa to ~15 GPa (X. Liu et al., 2012). However, no phase diagram involving crystalliza-
tion of Si-rich corundum in a melt of feldspathic composition has been reported to date. Here, we employ
the phase diagram in the system MgSiO;-Al,O; at high pressure and high temperature to roughly constrain
the formation condition of Si-rich corundum (Z. D. Liu et al., 2017). According to the MgSiO;-Al,0; phase
diagram (Figure 9 of Z. D. Liu et al., 2017), corundum can contain some amount of MgSiO; component at
temperatures >1,700 K and pressures >~15 GPa. At these pressures, higher temperature corundum can
contain a larger amount of Mg and Si as the V'(Mg,Si),0; component. Assuming a 10 mol% MgSiO; com-
ponent in corundum, only when the temperature reached ~2,300 K the pressure would be comparable to
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the shock pressure (4-8 GPa) deduced above. Additionally, if the temperature was less than ~1,900 and
~2,300 K for a pressure of 4 and 8 GPa, respectively, grossular and/or kyanite would be present as one of the
stable phases for an anorthitic melt (X. Liu et al., 2012). Shock-induced mineral assemblages containing co-
rundum + kyanite and grossular + kyanite have been reported in the eucrite meteorites containing tissintite
(D. L. Chen et al., 2019; Pang et al., 2019). However, no grossular and kyanite were observed in the present
study. Therefore, the absence of grossular and kyanite can be considered as another piece of evidence sug-
gesting a high temperature >2,300 K. Therefore, the temperature 2,300 K might represent the lower limit of
the shock high temperature in the Si-rich corundum-bearing melt.

In summary, the glass containing tissintite and Si-rich corundum in the nine lunar meteorites might have
formed at a shock pressure of the 4-8 GPa level and reached a high temperature at least up to 2,300 K.

4.2. Implications for Strong Shock-Lithification of Lunar Regoliths

Shock-induced intergranular melting and recrystallization is an important feature for classifying weak and
strong shock-lithification of lunar regoliths (Kieffer, 1975). Based on this criterion, the nine lunar mete-
orites in this study with molten regions and high-pressure minerals therein are strongly shock-lithified
lunar breccias; however, the meteorites NWA 11212, NWA 11228, and NWA 11474 represent three weakly
shock-lithified lunar breccias.

There are two ways to constrain the pressure and temperature conditions during shock-lithification of reg-
olith breccias. One is based on the shock-induced effects in mineral and lithic fragments, such as fractures,
deformation, phase transformation, decomposition, and/or melting (Stoffler et al., 2018). The other is based
on the intergranular glass between mineral and lithic fragments. However, mineral and lithic fragments in
lunar regolith breccias may have different provenances and complex shock histories (Stoffler et al., 2018).
It is likely that the complex shock-induced effects in mineral and lithic fragments cannot unambiguously
reflect the lithification shock event. Meanwhile, most of the mineral and lithic fragments in lunar regolith
breccias are usually fine-grained. The shock-induced effects cannot be readily identified. Therefore, it is
difficult to constrain the shock-lithification conditions of lunar regoliths by using shock-induced effects in
mineral and lithic fragments. Rather, the formation conditions of strongly shock-lithified regolith breccias
can be inferred from the formation conditions of the shock-induced intergranular melts, which can be con-
strained based on the pressure-temperature stability of minerals that have crystallized from the melts (e.g.,
Sharp & DeCarli, 2006).

Based on the current observations, all of the nine strongly shock-lithified regolith breccias contain tissintite
in the shock-induced intergranular glass. However, no tissintite was observed in the three weakly shock-lith-
ified regolith breccias. It is reasonable to infer that formation conditions of the tissintite-bearing inter-
granular glass probably represent the boundary conditions between weak and strong shock-lithification of
lunar regoliths. Based on the above discussion, the 4-8 GPa shock pressure might be the pressure boundary
between weak and strong shock-lithification of lunar regoliths. This inferred shock pressure is consistent
with the shock pressure (~5 GPa) inferred in Kieffer (1971) based on shock-lithified Coconino Sandstone
samples at Meteor Crater, but much lower than that (~17 GPa) inferred in Schaal and Horz (1980) based
on shock-recovery experiments of the lunar soil 15101. The exact origin of this discrepancy for the pressure
boundary inferred based on natural samples and shock-recovery experiments remains unknown. It might
be related to a series of factors, such as the duration of shock pulses, mineral assemblage (anorthite-rich vs.
olivine/pyroxene-rich), grain size, and porosity of natural lunar regoliths and their analogs in shock-recov-
ery experiments. For instance, the durations of shock pulses in natural samples could be as long as tens of
milliseconds to several seconds (Beck et al., 2005; M. Chen et al., 1996; Ohtani et al., 2004; Xie et al., 2006),
while those in shock-recovery experiments can last only up to microseconds (DeCarli et al., 2002). This
difference would influence overall shock petrography of lunar regolith breccias, if considering that many of
the shock-induced effects are not only pressure-dependent but also kinetically controlled.

It is widely accepted that the shock-induced temperature increase is appreciable in high porous materi-
als than that in less porous materials (Christie et al., 1973; Kieffer, 1971; Sharp & DeCarli, 2006; Stoffler
et al., 2018; Wiinnemann et al., 2008). Previous investigations have considered potential temperature in-
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creases in shocked porous samples (Ahrens & Gregson, 1964; Christie et al., 1973; Kieffer, 1971). It was
suggested that the temperature increases for bulk rocks could be as high as 1,273 K for a shock pressure of
5 GPa (Christie et al., 1973). However, the temperatures for intergranular melts, which are also important
to understand the annealing effects in strongly shock-lithified breccias (Christie et al., 1973; Spray, 2016),
were less well constrained. Recently, Bland et al. (2014) performed numerical simulations on the distribu-
tion of pressure and temperature in shocked chondritic meteorites. Based on their simulation results, high
temperature heterogeneity (>1,000 K) could be present over ~100 um. For shock pressures of 3 and 8 GPa,
the local temperature in matrix with initial matrix porosity of 70% could be high up to 1,800 K and 3,300 K,
respectively (Bland et al., 2014). The shock pressure and temperature conditions appear generally consist-
ent with the high-temperature and high-pressure conditions inferred for the strongly shock-lithified lunar
regoliths in the present study.

The very high temperature inferred for the intergranular melts might have caused release of trapped vol-
atile from lunar regoliths, which was supported by the common presence of vesicles in the shock-induced
glass in strongly lithified lunar meteorites (Figures S1 and S2). Given this profound thermal effect, many
elemental and isotopic features of volatile and moderate volatile elements in lunar breccias might have been
modified during strong shock-lithification events, at least in fine-grained and porous regions. It should be
cautioned to infer the primary elemental and isotopic features of Moon only based on the strongly lithified
lunar breccias. In addition, the shock temperatures for the intergranular melts are much higher than the
Curie points of most materials (e.g., 1,053 K for kamacite; Mighani et al., 2020). Therefore, remanent mag-
netization records of the molten matrix should have been totally modified during strong shock-lithification
of lunar regoliths, as suggested by previous investigations (e.g., Gibbons et al., 1975; Mighani et al., 2020).

5. Conclusions

We performed a petrographic and mineralogical study of 12 brecciated lunar meteorites. In the nine strong-
ly shock-lithified breccias, which contain obvious shock-induced vesicle-bearing glassy regions, tissintite
was observed for the first time. Coesite and Si-rich corundum were also observed closely associated with
tissintite. However, no other high-pressure minerals were observed being associated with tissintite in the
studied lunar breccias. The high-pressure mineral assemblage provides a quantitative constraint on the
shock pressure and temperature for the formation of shock-induced intergranular melts, 4-8 GPa and up to
2,300 K, respectively. The 4-8 GPa shock pressure might be the lower limit for strong shock lithification of
lunar regoliths. The high shock-induced high temperature is important for interpreting geochemical behav-
iors of volatile and moderate volatile elements and remanent magnetization records in strongly shock-lith-
ified lunar breccias.

Data Availability Statement

The data reported in this work can be found in the supporting information and http://dx.doi.org/10.17632/
Syjg87h62s.1.
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