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ABSTRACT

Pyroxene is a primary constituent mineral in basaltic lunar regolith. These minerals form through the
cooling and crystallization of lunar basaltic magma and are subsequently altered by impact events.
Thus, pyroxene can serve as a significant indicator for interpreting lunar magmatic processes and
impact phenomena. For lunar samples that are mostly mafic and frequently shocked to various degrees,
deciphering the effect of shock on pyroxene is necessary for a better understanding of the primary mag-
matic processes. However, previous studies have neglected to investigate the impact metamorphism of
pyroxene in lunar regolith and the potential compositional changes that may result from such impacts.
Lunar regolith samples returned by the Chang’E-5 (CE-5) mission are reworked from a monolithic
mafic protolith with well-constrained compositions and record strong to mild shock effects that are
widespread in the samples. The returned samples provide an excellent chance to distinguish the sig-
natures of impact processes from magmatic activities. Here we report microstructural and composi-
tional variations in a shocked pyroxene within a basaltic clast from CE-5 lunar regolith, which
were analyzed by Raman spectroscopy, analytical scanning electron microscopy, electron probe micro-
analysis, and scanning transmission electron microscopy. The shock microstructures are characterized
by the glide system of dislocation [001](100), pigeonite formation induced by shock-related deforma-
tions, and solid-melt partitioning and localized frictional melting at grain boundaries or within pyrox-
ene. Combined with the occurrence of shock twins in ilmenite adjacent to the shock melt vein, these
shock phenomena are approximately indicative of low-to-moderate shock pressure (9—-17 GPa). Most
parts of the pyroxene have abnormal Raman peaks at ~822 cm™!, suggesting the substitution of Si** by
AP in the tetrahedral site of this shocked pyroxene structure, and this characteristic is recognized as a
shock indicator. Evidence from the morphology and elemental distribution of pigeonite within host
augite suggests that the Si-Al substitution is consistent with the pigeonite formation, which is triggered
or modified by shock-induced deformations and local frictional melting under the fast shear stress. The
multiple trends of composition evolution in this single shocked pyroxene reflect sequential processes of
magma crystallization, shock-related exsolution, and frictional melting. Our findings indicate that
shock effects in pyroxene under low-to-moderate shock conditions can induce changes in composition
and structure, and may obscure the evidence of magmatic evolution in pyroxene.

Keywords: Shocked pyroxene, pigeonite formation, frictional melting, plastic deformations, CE-5
lunar sample

INTRODUCTION

Pyroxene is a major rock-forming mineral in the crust and
mantle of both terrestrial bodies (e.g., Earth, Moon, Mars, and
others) and small bodies in the Solar System (Papike et al.
2005). Its widespread presence serves as an important indicator
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for magmatic processes, including magma source, transport,
and crystallization (Bence and Papike 1972; Presnall and
Gasparik 1990). Thus, pyroxene acts as an important recorder
for the crystallization history of basaltic magmas, reflecting
changes in mineralogy, chemistry, and thermodynamic proper-
ties such as temperature, pressure, magma composition, and
oxygen fugacity during crystallization (Bence and Papike
1972; Wu et al. 2024).
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Pyroxene can also preserve signatures of extreme impact con-
ditions, such as extreme pressure and temperature conditions, as
well as high strain rates, through microstructural transformations
(Ringwood and Major 1966; Leroux 2001). Deformation features
in shocked pyroxene, such as dislocation glide systems and
twinning, have been well documented in shocked extraterrestrial
materials, including chondrites (Ashworth 1980; Langenhorst
et al. 1995) and martian meteorites (Miiller 1993; Leroux et al.
2004, 2016; Daly et al. 2019). Additionally, these deformation
mechanisms have been successfully reproduced in high-pressure
static and dynamic experiments (Kirby and Christie 1977; Leroux
et al. 1994). Among these, shock mechanical twins in pyroxene
are considered diagnostic features of impact processes (Leroux
et al. 2004, 2016; Daly et al. 2019). Nevertheless, the dislocation
[001](100) glide system in pyroxene is not a diagnostic shock
indicator due to its potential occurrence in mantle pyroxenite
xenoliths (Henry et al. 2017). Furthermore, exsolution features
are commonly observed in pyroxene from endogenic igneous
or thermal metamorphic rocks (Ross et al. 1970; Bence and
Papike 1972; Putnis 1992; Liu et al. 2007; Zhao et al. 2017),
whereas only a few instances of pyroxene exsolution have been
linked to shear stress at high temperature during shock events
(Saxena et al. 1974; Mori and Takeda 1981; Takeda et al.
1982). As a result, distinguishing between shock and endogenic
signatures in pyroxene remains challenging, particularly in mate-
rials that have experienced low-to-moderate degrees of shock.

To date, shock-induced deformations (e.g., plastic deforma-
tions, mechanical twinning, etc.) in pyroxene have rarely been
investigated in lunar samples, and these features remain poorly
characterized at high resolution (von Engelhardt et al. 1970;
Schaal and Horz 1977; Papike et al. 1998; Stoffler et al.
2018). The Chang’E-5 (CE-5) mission returned lunar samples
from the northeastern Oceanus Procellarum, consisting of rego-
lith assembled from local basaltic materials and shock-modified
products. These samples provide a unique opportunity to study
lunar magmatism and impact processes (Che et al. 2021; Qian
et al. 2021b; Tian et al. 2021; Long et al. 2022; Luo et al. 2023;
Wang et al. 2024; Wu et al. 2024). Studies at the CE-5 landing
site have demonstrated that localized impact events, including
small-scale collisions and micrometeorite bombardment, signif-
icantly alter the texture and geochemical properties of lunar
regolith (Cao et al. 2022; Wu et al. 2023). Furthermore, these
impact processes may induce measurable variations in pyroxene
composition and structure when analyzed independently of
crystallization conditions (e.g., magma composition, pressure,
temperature, and oxygen fugacity). However, a critical uncer-
tainty persists whether these observed variations in CE-5 pyrox-
ene primarily reflect magmatic evolution processes or have been
partially overprinted by post-crystallization impact modifica-
tion. This ambiguity may introduce significant interpretative
challenges when reconstructing magmatic histories based on
pyroxene geochemical signatures, necessitating a more cautious
approach when correlating mineralogical characteristics with
magma evolution pathways.

In this study, we identify shock effects in a single pyroxene
grain, including systematic deformation features, pigeonite
exsolution, together with mechanical twins of ilmenite and
impact melt veins within a shocked basaltic clast from the

377

CE-5 lunar sample. Our study provides direct evidence of
structural and compositional modifications in pyroxene under
low-to-moderate shock conditions, highlighting the need to
recognize shock microstructures before using pyroxene to infer
magmatic processes.

MATERIALS AND METHODS

The CE-5 mission’s lunar regolith samples primarily originate from a uniform
mafic source rock, with minor contributions from exotic materials. These samples
exhibit widespread shock features, ranging from moderate to severe (Pang et al.
2022; Wu et al. 2023). The sample analyzed in this study is a ~300 pm basaltic
clast that was manually selected from the drilled samples at a depth of ~10 cm in
the lunar regolith by CE-5 lunar mission (sample CE5Z0906YJ, 200 mg). This
clast was mounted in a thick section using epoxy resin, followed by coarse polish-
ing with sandpaper of mesh sizes: 5000, 10 000, 15 000, and 20 000, and fine
polishing using diamond powder with the grit sizes of 1, 0.3, 0.1, and 0.05 pm.

Polished sections were examined using a FEI Quanta 450 field emission scan-
ning electron microscope (FE-SEM) equipped with an Oxford Instruments energy-
dispersive spectrometer (EDS), and an Oxford Instruments HKL Nordlys II
electron backscatter diffraction (EBSD) detector at the State Key Laboratory of
Geological Processes and Mineral Resources, China University of Geosciences,
Wuhan. Samples for EBSD analysis were uncoated for better pattern quality in
a low-vacuum mode with the following working conditions: accelerating voltage
of 20 kV, working distance of ~25 mm, sample tilt of 70°, and low-vacuum pres-
sure of 20-30 Pa. Crystal structure files (match unit) for augite (augite, space
group: C2/c, Salviulo et al. 1997), plagioclase (bytownite, space group: P1, Fleet
et al. 1966) and ilmenite (ilmenite, space group: R3, Harrison et al. 2000) from the
HKL database were utilized. EDS mapping of the basaltic clast (300 pm x 260 pm)
was conducted simultaneously with EBSD mapping, using a step size of 0.5 pm.
Additional backscattered electron (BSE) images were obtained at the Wuhan Sam-
ple Solution Analytical Technology Co., Ltd., Wuhan, China, using an analytical
scanning electron microscope (JSM-IT100) connected to a GATAN MINICL
system.

The quantitative analysis of major elements in minerals was performed in situ
using an electron probe microanalyzer (EPMA, JXA-8230, JEOL) at Wuhan Sam-
ple Solution Analytical Technology Co., Ltd., Wuhan, and an electron probe
microanalyzer (JXA-8230, JEOL) at the State Key Laboratory of Geological Pro-
cesses and Mineral Resources, China University of Geosciences, Wuhan. The ana-
lytical conditions included an accelerating voltage of 15 kV and a beam current of
20 nA. The peak counting time for Ca, Ti, Si, Al, Ni, Fe, Mn, Cr, Na, Mg, K, and P
is 10 s, with a background counting time of 5 s. Spot and line analyses were per-
formed with a 1 pm beam diameter. Data were corrected using the ZAF correction
method provided by JEOL, and standard reference materials were used as follows:
Ca [(Mg,Cr)CaSipO¢], Ti [TiOz], Si [SiO2], Al [Mg3ALSi3012], Ni [Ni],
Fe [Fe;03], Mn [MnSiO3], Cr [Cr], Na [NaAlSi3Oz], Mg [(Mg,Fe),SiO4],
K [KAISi30g] and P [Cas5(PO4)3F]. The liquidus temperature of the impact melt
vein was determined using Rhyolite-MELTS (version 1.0.2), with oxygen fugacity
calculated from bulk composition. Equilibrium conditions at 1 bar pressure were
applied.

Raman spectra data were acquired using a WITec 300 confocal Raman
imaging system at the State Key Laboratory of Biogeology and Environmental
Geology, China University of Geosciences, Wuhan. Both single-point Raman
spectroscopy and Raman spectral imaging were employed, with dwell times of
5-10 s and 0.4-0.6 s/pixel. The spectral resolution reached 0.1 relative wavenum-
bers. A 532 nm laser was used and focused under a 20x objective for large-area
scans. Raman spectra were collected using a 50 pm diameter optic fiber, with a
confocal depth of at least 1 pm below the polished surface. All Raman spectra were
corrected for cosmic ray interference using the cosmic way reduction function in
WITec Project Four Plus software.

Four thin foil specimens (6—20 pm x 6 pm x 100 nm) with 1-3 windows were
prepared by focused ion beam (FIB) milling using a dual-beam Helios 5 CX
FIB/FE-SEM at the Institute of Geochemistry, Chinese Academy of Sciences.
Transmission Kikuchi diffraction (TKD) within the Helios 5 CX instrument
was utilized for the identification of phases and their orientations at high-spatial
resolution at Yanshan University. The same four foils were analyzed using a
spherical-aberration-corrected scanning transmission electron microscope (STEM,
Themis Z, Thermo Fisher, U.S.A.), equipped with a monochromator, operating at
an accelerating voltage of 300 kV at Yanshan University. Bright-field (BF),
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annular dark-field (ADF), and high-angle annular dark-field (HAADF) images
were obtained by combining 20 frames from the acquired series with drift correc-
tion (DCFI in Velox software, Thermo Fisher). The HAADF collecting angle was
set at 65-200 mrad to eliminate effects of coherent scattering. Energy-dispersive
spectroscopy (EDS) maps were obtained by a built-in X-ray energy-dispersive
spectrometer (SuperX) in the Themis Z TEM instrument.

REsuLTS
Petrography and Chemistry of the Lunar Basaltic Clast

The studied basaltic clast (~300 x 260 pm? in area) from
CE-5 lunar soil is predominantly composed of pyroxene
(87 vol%), with minor phases including plagioclase (9 vol%),
ilmenite (4 vol%), troilite (<1 vol%), and silica glass (<1 vol%,
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Fig. 1 and Online Materials' Fig. S1). The clast is strongly
fractured, with some regions even exhibiting amorphization
(Figs. la—1b). In BSE and EDS mapping images, a large pyrox-
ene grain (~250 pm in size) exhibits three distinct domains char-
acterized by contrast heterogeneities, including deformed host
domains, partially melted domains, and exsolution domains
(Figs. la—1d). The deformed host domains have relatively
homogeneous dark gray BSE contrast and are located in the inte-
rior of the pyroxene grain (Fig. 1a). In contrast, partially melted
domains, closely associated with fractures in the pyroxene
interior and along the pyroxene rim, display a light gray BSE
contrast (Fig. 1a). These partially melted domains are filled with
an amorphous matrix that is pyroxene-like in composition, along
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Ficure 1. Microstructures and compositions of a shocked basaltic clast from CE-5 lunar regolith. (a) Backscattered electron (BSE) image show-
ing clinopyroxene (Cpx), plagioclase (P1), ilmenite (Ilm) with deformation features, circles from 1-8 indicate spot sites for Raman analysis; orange
dashed lines are the boundaries for partially melted domains and host pyroxene, while purple dashed regions are exsolution domains (Mg-poor);
(b) Band contrast (BC) and texture component (TC) maps for this basaltic clast, low-angle boundaries (1-10°) and high-angle boundaries
(>10°) are overlaid on TC map; (c—d) X-ray intensity maps for Ca and Mg acquired via energy-dispersive spectrometry (EDS). Additional EDS

maps are shown in Online Materials' Figures $2-S3. (Color online.)
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with microscale to nanoscale silica-like glasses, ilmenite crystal-
lites and troilite globules (Fig. 2). Some parts of the
partially melted domains have recrystallized into pyroxene crys-
tallites, which are classified as recrystallized regions (Figs. 2a
and 2c). Exsolution domains exhibit an intermediate BSE con-
trast between deformed host and partially melted domains
(Fig. 1a); these exsolution domains are embedded in irregular
forms within the pyroxene interior and rim (Figs. 1a—1d). These
three domains of pyroxene, specifically, deformed host
domains, partially melt domains, and exsolution domains, reveal
distinct differences in their Mg# values (Mg# = Mg */(Mg?* +
Fe?*) x 100, Fig. 3, Table 1, and Online Materials' Table S1).
The host deformed domains exhibit gradual variations of Mg#
values, ranging from 19 to 55, while the partially melted
domains show significantly lower Mg# values, ranging from
1 to 19. In contrast, exsolution domains display an intermediate
but bimodal distribution of Mg# values with two distinct ranges:
22-30 and 44-53 (Table 1 and Online Materials' Table S1).

Deformed Host Domains
The deformed host domains exhibit strong Raman peaks of

pyroxene at 1004, 665, and 320 cm_l, along with additional
Raman peaks at ~822 and 930 cm™! (Fig. 4). The deformed
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domains of pyroxene retain whole-grain-scale plastic deforma-
tions with disorientations larger than 50° (Figs. 1b and 5a-5b).
The glide system of dislocation [001](100) in deformed host
domains is identified in pole figures (Figs. 5—6). Deformed host
domains exhibit compositions of augite, (Cag43-0.7a4Mgo22-
0.73F€0.51-1.08)(Al0-0.05Cr0-0.03Mn0,01-0.02Ti0.04-0.17)[(S11.71-1.93
Al 07-0.29)20¢], showing magmatic zonation of MgO-rich cores
and FeO-rich rims (Fig. 1).

Exsolution Domains (Mg-rich and Mg-poor Pigeonite)

Exsolution domains have been identified based on the
depletion of Ca, Al and Ti but enrichments in Mg, Fe, Si
and O compared to the deformed host domains in EDS maps
(Figs. 1c-1d and Online Materials' Fig. S1). These exsolution
domains are further sub-classified into two types: (1) Mg-rich
exsolution domains and (2) Mg-poor exsolution domains. The
Mg-rich exsolution domains, (Cag26-0.42Mg0.72-0.84F€0.71-0.92)
(Alp-0.02Cro-0.02Mng 01-0.02Ti0.03-0.08)[(Si1.82-1.94A10.05-0.18)206]
are located close to the interior of the host pyroxene, and the
fractures at the rim of host pyroxene (Figs. 1a—1d). These Mg-rich
exsolution domains appear in lamellar and wedge-like shapes
and are closely associated with low-angle boundaries (1-10°,
Figs. 6a—6f). They show enrichments in SiO; (~x1.1),

morphous regions

Pyroxene

Ficure 2. High-magnification BSE images of local partially melted domains in pyroxene. (a) Close-up view of the dashed box in Figure la;
(b—d) partially melted domains containing melted pyroxene, plagioclase fragments, pyroxene crystallites, silica-like glasses, and troilite globules.
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Ficure 3. Composition variations of the shocked pyroxene. (a) Quadrilateral diagram illustrating different domains within the shocked pyrox-
ene, the solvus isotherms of the two-phase field are from Lindsley and Andersen (1983); (b) NVAL-Ti diagram showing the atoms per formula unit
(apfu) in pyroxene, pyroxene data from CE-5 lunar basalt show the trend approaching to NVAL/Ti =2; (c—f) major element variations plotted against
Mg#, green empty circles represent pyroxene data from CE-5 lunar samples (Wu et al. 2023 and references therein, Online Materials' Fig. S6).
Trend 1 (green) represent the magmatic evolution, trend 2 (red, Mg-rich domain) and trend 3 (purple, Mg-poor domain) are exsolution processes,
and trend 4 (orange) is the mixing trend by shock melting. Some outliers of previous pyroxene data are outlined by gray dashed lines.

(Color online.)

FeO (~x1.3), and MgO (~x1.3) but depletions in Al,O3
(% 0.6-0.8), CaO (x 0.6-0.7), and TiO; (% 0.2-0.5) compared to
adjacent deformed host domains (Figs. 1-3; Online Materials!
Figs. S2-S4 and Table S1). The enrichment or depletion
magnitude is calculated as the ratio of concentrations in the
regions of interest to those in the deformed host domain
(CRegions of interest/ CDeformed host domain)'

The Mg-poor exsolution domains, which occur in irregular
shapes (patchy-like) at the rim of the host pyroxene and are also

American Mineralogist, vol. 111, 2026

enclosed by the low-angle boundaries (1-10°), display lighter
BSE contrast compared to the Mg-rich exsolution domains
(Figs. 1a—1d). In these Mg-poor exsolution domains, (Cag23-0.49
Mgo 37-0.46F€1.04-1.35)(Alo.02-0.07Mng.01-0.02Ti0.02-0.04)[(Si1.93-1.98
Alp02-0.07)20¢], the FeO content increases by 1.5-2 times while the
AlLO;3; (% 0.1-0.6), CaO (x 0.5), and TiO, (x 0.2-0.6) contents
decrease from interior to rim compared to the deformed
host domains (Figs. 1 and 3, Table 1, and Online Materials!
Table S1). Some parts of the Mg-poor exsolution domains
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TasLe 1. Representative EMPA data for different domains within shocked pyroxene

Domains Deformed host domain Exsolution domain (Mg-rich) Exsolution domain (Mg-poor) Partially melted domain
Sample cpx-01r cpx-1b cpx-3r am-02
SiOy 45.36 46.64 48.78 41.88
TiO, 3.78 2.71 0.75 5.80
Al,03 5.77 4.39 0.67 391
Cr)03 0.59 0.54 0.07 0.11
FeO 18.12 21.61 33.97 28.89
MnO 0.30 035 0.52 0.32
MgO 11.62 13.55 7.65 3.86
Ca0 13.08 8.69 6.76 12.75
Na,O 0.08 0.04 0.03 0.14
K0 bdl 0.01 bdl 0.13
Total 98.69 98.53 99.19 97.79
Numbers of ions based on 6 oxygen atoms
Si 1.77 1.82 1.98 1.75
Al 0.26 0.20 0.03 0.19
I".AI 0.23 0.18 0.02 0.19
VAl 0.03 0.02 0.01 0.00
Ti 0.11 0.08 0.02 0.18
Cr 0.02 0.02 0.00 0.00
Fe?* 0.59 0.71 116 1.01
Mn 0.01 0.01 0.02 0.01
Mg 0.67 0.79 0.46 0.24
Ca 0.55 0.36 0.29 0.57
Na 0.01 0.00 0.00 0.01
Total cations 3.99 3.99 3.98 3.97
Wo 30.16 19.57 15.38 31.34
En 37.25 42.45 24.24 13.22
Fs 32.60 37.99 60.38 55.44
Mg# 53.33 52.77 28.64 19.25

Notes: These domains include the deformed host, exsolution (Mg-rich), exsolution (Mg-poor), and partially melted domains. “bdl” represents below detection limit.

adjacent to the partially melted domains present two additional
peaks at ~822 and 930 cm™' (Figs. la, 4a—4d, and Online
Materials! Fig. S5), whereas other parts of the Mg-poor exsolu-
tion domains show the normal Raman peaks of pyroxene (Fig. 4a
and Online Materials' Fig. S5).

Partially Melted Domains

The partially melted domain includes amorphous regions and
recrystallized regions. The amorphous regions exhibit the distinct
characteristic of Fe, Al, Si, Ti, K, and S enrichments but Mg and
Ca deletions relative to the deformed host pyroxene (Figs. 1c-1d
and Online Materials! Figs. $2-S3). These amorphous regions
cannot be indexed by EBSD (Figs. 1b and 5a—5b) and exhibit
broad and weak Raman peaks at 946 and 757 cm™' (Fig. 4c).
Recrystallized regions are dominated by pyroxene crystallites that
are characterized by Raman peaks at 986, 925, 819, 657, and
344 cm™!, which differ from the modes of the amorphous regions
showing the broad Raman peaks at 757 and 946 cm™! (Figs. 4c—
4d). These pyroxene crystallites (Wo309En;3oFssss) have a
higher Mg# value (19) and TiO; content, but lower Al,O3 content
relative to the surrounding amorphous regions (Figs. 1-2; Online
Materials’ Figs. S2-S3 and Table S1). Moreover, the amorphous
regions show distinct compositions, characterized by depletions
in CaO and MgO contents but enrichments in FeO, TiO», and
S contents compared to the deformed host domains (Figs. 1
and 3 and Online Materials' Figs. $2-S3). Local regions within
amorphous regions exhibit enrichment in Ca and P, or Siand K, or
S and Fe, suggesting the presence of apatite and troilite phases,
and silica-like glasses in amorphous regions (Figs. 1 and 2 and
Online Materials' Figs. S2-S3).

Microstructures and Compositions of Other Phases

Plagioclase grains, ranging in size from 10 to 40 pm, are
observed surrounding pyroxene (Fig. 1a). Some fragmented
plagioclase pieces (~10 pum) are enclosed within partially
melted domains of pyroxene, exhibiting jagged margins
(Fig. 2a). The plagioclase grains display a relatively homoge-
neous composition of An77.6-823Ab133-16.6011—9 (Online
Materials' Table S1). Raman spectra of plagioclase typically
exhibit peaks at 403, 508, and 680 em™!, although the
presence of silica-like or melted plagioclase glasses within
the plagioclase grains weakens or broadens the Raman
peaks at 508 and 680 cm™! (Figs. 4e—4h). The silica-like
glasses, which exhibit the darkest BSE contrast and appear as
globules or irregular shapes (ranging from <1 to 10 pm in
size), are closely associated with or embedded within plagio-
clase grains, as well as within the partially melted domains
(Figs. 1-2).

Ilmenite grains are fragmented into several pieces ranging
from <1 to 40 pm in size (Figs. la, 2, and 5). Some ilmenite
fragments with sharp trails and similar orientation, potentially
representing parts of a primary ilmenite grain, exhibit local
sinistral displacement over a distance of >25-160 pm (Figs. 1a
and 2a and Online Materials' Fig. S1). Smaller ilmenite frag-
ments (<1 pm) are randomly distributed along fractures
within pyroxene, while larger fragments (~40 pm) contain
shock twins spaced 5-10 pm apart (Figs. la and S5c—5g).
Two sets of ilmenite twins, oriented along {1011} and
(0001), are observed within a large, fragmented ilmenite
host (Figs. 5¢c—5d and 5f-5g). Troilite occurs as <5-10 pm
globules within the partially melted domains (Figs. 2a-2d).
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Ficure 4. Raman spectra for shocked pyroxene and plagioclase, the number locations (1-8) correspond to the analysis sites shown in Figure la,

with sites 1-4 representing pyroxene regions and sites 5—8 representing

Nanoscale Observations on the Partially Melted and
Exsolution Domains in Pyroxene

Four foils cut by focused ion beam (FIB) were extracted from
the partially melted and exsolution domains (foils 14, Figs. 5a
and 7 and Online Materials' F ig. S1). Nanoscale phases are iden-
tifiable in HAADF and EDS maps, where silica-like glasses
exhibit distinct high concentrations of Si and K troilite is char-
acterized by high concentrations of Fe and S; and ilmenite crys-
tallites are characterized by significant concentration of Ti and
Fe (Figs. 8 and 9a-9c¢). Foil 1 consists of silica-like glass, troilite,
ilmenite, pyroxene, apatite, and amorphous matrix (with 2 win-
dows, Fig. 7a). Foil 2 exhibits the boundary characteristics
between the partially melted and deformed host domains of
pyroxene (with 1 window, Fig. 7b). Foil 3 displays the contact
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plagioclase regions. (Color online.)

relationship between ilmenite and partially melted domains
(with 3 windows, Fig. 7c). Foil 4 displays the morphology of
exsolved phases (pigeonite) within Mg-rich exsolution domains
(with 3 windows, Fig. 7d). No pyroxene shock twins were
observed in foils 1-4 (Figs. 7-9).

Liquid Immiscibility Within Partially Melted Domains

Silica-like glass and troilite can occur as globules
(20-1500 nm in size) associated with the pyroxene, apatite,
and ilmenite crystallites (2—-5 pm in size), or they can be found
randomly within the Fe-rich amorphous matrix (Figs. 7a—7c
and 8). This immiscibility phenomenon can be attributed to the
phase separation between silica-like glasses and Fe-rich silicate
matrix, as well as the immiscible behavior between sulfides
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FIGURE 5. Microstructures in pyroxene and ilmenite mapped by electron backscattered diffraction (EBSD). (a) Inverse pole figure (IPF) map for
the shocked basaltic clast; (b) texture component (TC) map for the shocked pyroxene, the red cross is the reference point, white rectangle is the region
for subset 1; (¢) BC map of ilmenite showing shock twins; (d) IPF map for ilmenite; (e) pole figures for the shocked pyroxene with the same color
scheme as in b, i and ii are plotted by data from Subset 1 and reference point in b, the [001](100) glide system is evidenced by the rotation axis of {010}
in the pole figure, the {010} rotation axis (iii) is consistent with the distribution of the disorientation axes (iv), plastic deformation in pyroxene is
characterized by the methods from Reddy et al. (2007); (f-g) pole figures of ilmenite, using the same color scheme as in d, the red circles in f and g
highlight the aligned planes between the twin and host of ilmenite. (Color online.)

and the silicate matrix in the liquid state. The nanoscale silica-like
globules (~100 nm in size) intensively aggregate, approaching
microscale silica-like glasses (~5 pm in size), which are located
together with the plagioclase fragments at the bottom-right of the
foil 1 (Fig. 7a). This suggests that the nanoscale silica-like glo-
bules are released from the microscale silica-like glass during

the formation of impact melt veins, as observed in BSE images
of microscale silica-like glasses that coexist with plagioclase
fragments (Figs. 1-2).

In foil 3, some immiscible silica-like glasses adjacent to an
unfused ilmenite slab within the partially melted domains are
elongated into elliptical shapes (Fig. 7c). Similarly, the long
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Ficure 6. Elemental distribution and microstructural features within the exsolution domains of pyroxene. (a) Close-up BSE image of the
exsolution domains; (b) close-up BC map overlaid with the low-angle (1-10°) and high-angle boundaries (>10°); (¢—f), close-up EDS and grain
boundary (GB) maps showing the distribution of Mg, Fe, Ca, and Al within the exsolution domains. (Color online.)

axes of the troilite and ilmenite crystallites, which are aligned
parallel to the ilmenite slab, exhibit the same elongation direc-
tion (Fig. 7c). In particular, in localized regions, elongated
silica-like glasses are observed in two distinct orientations,
exhibiting linear or tadpole-like morphologies. Their dimen-
sions vary in length (500-1600 nm), width (10-30 nm), and
spacing (50-60 nm), respectively (Figs. 8b—8d).
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Boundary Layers Between Partially Melted Domains and
Host Pyroxene

Partially melted domains are located within the fractures of
the host pyroxene or surrounding the rim of host pyroxene in foil
2 (Fig. 7b). The partially melted domains are predominantly
composed of pyroxene dendrites (~150-500 nm in size), along
with a few troilite and ilmenite crystallites (10-300 nm in size),
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FiGure 7. High-angle angular dark-field (HAADF) images for FIB-cut foils (1-4), with the cutting sites indicated in Online Materials' F igure S1.
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and partially melted domains; (¢) Foil 3 displays an unmelted slab within the partially melted domains; (d) Foil 4 highlights the exsolution domain,
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suggesting that the partially melted domains in foil 2 were primar- ~ boundary layers (30-200 nm thick) between the host pyroxene
ily formed due to the localized melting of pyroxene with minimal  and pyroxene dendrites exhibit homogeneous HAADF contrast
involvement of other phases (Fig. 7b). Similarly, the fractures similar to that of the pyroxene dendrites (Fig. 7b). In contrast,
within the host pyroxene contain minor ilmenite and troilite crys- ~ EDS maps reveal a gradual variation in CaO, MgO, and FeO con-
tallites, along with amorphous materials and voids (Fig. 7b). The  centrations along the transition from pyroxene dendrites to host
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images of elongated silica-like globules at the nanoscale.

domains. Boundary layer domains adjacent to pyroxene den-
drites, enriched in CaO and FeO, corresponds to augite, while
the layer closer to the host domain appear as pigeonite with
MgO enrichment (Fig. 9d). These boundary layers exhibit com-
positional variations at the microscale similar to those observed
via EDS in exsolution domains (Figs. 1c—1d and 9d and Online
Materials’ Fig. S7).

Nanoscale Morphology and Composition of Exsolution
Domains

Exsolution domains in HAADF images display a relatively
homogeneous phase of pyroxene in foil 4 (Fig. 7d). Some
regions show different contrasts after excluding the thickness
effects (where thicker regions of foil display brighter contrasts
than thinner regions), reveal notable variations (Fig. 7d). Multi-
ple irregular forms of pigeonite exsolution are characterized by a
depletion of Ca and an enrichment of Fe and Mg, as clearly
shown in EDS maps (Fig. 9¢). Furthermore, the Ca distribution

American Mineralogist, vol. 111, 2026

is closely associated with lattice defects within the pyroxene, as
depicted in the BC map, while the distribution of other elements,
such as Fe and Mg, is observed to be spatially distant from these
lattice defects (Fig. 9¢). The lattice defects, indicated by the BC
map, correspond to low-angle boundaries, which trace the
observed Ca enrichments (Fig. 9¢). The Mg-rich exsolution
domains observed in FIB foil 4 at the nanoscale are consistent
with observations in both BSE and EBSD maps at the micro-
scale, in terms of both morphology and composition.

DiscussioN

Shock Localized Melting Induced By Shear Frictional
Processes

The pyroxene grain is affected by pervasive intra-crystalline
plastic deformations, including the dislocation [001](100) glide
system and cumulative disorientations up to 50° (Figs. 1b, S,
and 6). In clinopyroxene, the dislocation [001](100) glide system
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typically forms at high strain rates (Y > 102 s7h during impact
events (Langenhorst et al. 1995), or at high temperatures
(>1000 °C) in the upper Earth mantle (Henry et al. 2017). How-
ever, mechanical twins parallel to {1011} and (0001) rather than
tectonically deformed twins parallel to {1012} in ilmenite, iden-
tified via pole figures and IPF maps (Figs. 6¢—6d and 6f-6g),
suggest a shock origin (Minkin and Chao 1971; Schaal and Horz
1977; Stoffler et al. 1986; Dellefant et al. 2022). Based on

experimental and lunar sample data, this constrains the shock
pressure to 9-100 GPa (Minkin and Chao 1971; Schaal and Horz
1977; Stoftler et al. 1986). Notably, similar ilmenite twins in the
Archean gneisses from the Vredefort impact crater record pres-
sures less than 20 GPa under the non-isostatic shock conditions
(Dellefant et al. 2022). Further evidence for low-to-moderate peak
pressures includes: (1) the absence of planar deformation features
(PDFs) in pyroxene (Figs. 5 and 7), excluding pressures >30 GPa
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(Fritz et al. 2005; Filiberto et al. 2018; Stoffler et al. 2018), and
(2) plagioclase fragments lacking maskelynization, which
requires pressures >17 GPa (Hu et al. 2023). Collectively, these
features limit the bulk peak shock pressure in this clast to
9-17 GPa.

The low-to-moderate shock pressure indicated by the defor-
mations in host pyroxene and ilmenite is insufficient to induce
the incipient melting of phases in this basaltic clast (Fritz et al.
2017; Koeberl and Henkel 2005). Nevertheless, the non-
isostatic shock conditions, revealed by distinct displacements
and deformation morphologies (e.g., sharp tails, Figs. 1a and
2a) of ilmenite, support the possibility that localized frictional
melting processes could drive the formation of partially melted
domains within or surrounding the pyroxene host. Frictional
processes can generate localized high temperatures, leading to
the formation of impact melt veins under relatively low shock
pressures (Koeberl and Henkel 2005; Spray 2010; Walton et al.
2016; Fritz et al. 2017). Although no high-temperature phases
indicate the peak temperature within the impact melt veins,
MELTS software calculations, using the major-element compo-
sition of impact melt veins, suggest solidus temperatures for
the partially melted domains range from 1084 to 1239 °C. These
temperatures represent the lower limit for the formation of
impact melt veins. Furthermore, higher titanium concentration
in partially melted domains compared to host deformed domains
(Online Materials' Fig. S3a) suggests that the addition of melted
ilmenite into partially melted domains, where local temperature
can reach the melting point of ilmenite (FeTiO3;, ~1470 °C,
Spray 2010). Consistently, shearing, evidenced by ilmenite
fragments with sharp tails in deformed host domains of pyroxene,
is associated with distinct displacement distances exceeding
25 pm (Figs. la-1b and 5a and Online Materials' Fig. S6).
The shear process can be simulated using a two-plane frictional
model (Cardwell et al. 1978) based on the observed average
width of the melt vein (w=~20 pm), displacement distance
(d=25-160 pm), and peak temperature (>1239-1470 °C). Thus,
the estimated time (t) required for frictional melting to reach
peak temperature is 0.06 to 2.4 ms (Fig. 10a, Online Materials'
S8). Accordingly, the strain rate (Y = d/ztw, >10*s71) calculated
for the melt vein aligns with the formation conditions (Y = 1072
~10% s71) observed in shock melt veins and pseudotachylyte in
previous studies (Langenhorst and Poirier 2000; Spray 2010),
confirming that frictional processes effectively facilitate the
formation of impact melt veins in this shocked pyroxene.

The silica-like globules within the partially melted domains
(Figs. 2a, 7a—7c, and 8a) are compositionally similar to the
Si-rich phases in interstitial mesostasis pockets from CE-5 and
other lunar basalts (He et al. 2022; Pernet-Fisher et al. 2014;
Wuetal. 2023). Mesostasis pockets consist of a mixture of Si-rich
glasses, fayalite, apatite, K-feldspar, and troilite, which form after
the crystallization of pyroxene and plagioclase during the late
stage of lunar basalt formation (Pernet-Fisher et al. 2014; He et al.
2022; Wu et al. 2023). Nevertheless, the silica-like glasses
observed in the partially melted domains in this study differ from
primary mesostasis pockets in two aspects: (1) the partially melted
domains do not resemble the primary textures and compositions
of interstitial mesostasis pockets from CE-5 and other lunar
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basalts (Pernet-Fisher et al. 2014; He et al. 2022; Wu et al.
2023); (2) elongated silica-like glasses are locally presented at
the nanoscale (Figs. 8a—8d), which is inconsistent with the typical
forms of Si-rich glasses in interstitial mesostasis pockets (Jin et al.
2024), and experimental studies (Veksler et al. 2007, 2008).
Therefore, the mesostasis materials with a relative lower melting
temperature than other phases (pyroxene, plagioclase, and ilmen-
ite) were initially reworked and incorporated into the partially
melted domains during the formation of impact melt veins.

The presence of the elongated silica-like glasses in impact
melt veins (Figs. 8a—8d) suggests a dynamic, non-isostatic for-
mation and solidification setting, unlike the static solidification
of interstitial mesostasis pockets in lunar basalts. This phenom-
enon could be explained by frictional melting during shock
loading could generate rapid melt motion, inducing relative
movements between silica-like glasses and the Fe-rich immisci-
ble matrix due to differences in density and viscosity (Veksler
et al. 2008). Furthermore, this interpretation requires that the
solidification of an impact melt vein occurred nearly simulta-
neously with the cessation of frictional melting, which is essen-
tial for retaining the deformations of silica-like glasses that
formed in a liquid state. Otherwise, the silica-like glasses would
likely have been dispersed as much smaller globules in a rela-
tively static state due to the immiscibility, as seen in the most
common occurrences of silica-like globules in Figures 7a—7c.
The solidification time is modeled by the cooling of a thin slab
(w=~20 pm) by releasing the latent heat of melt and solidifying
from each side of the impact melt vein to its center (Langenhorst
and Poirier 2000). The modeled solidification time of ~120—
160 ps (Fig. 10b and Online Materials' $9) from the peak tem-
perature (>1239 °C) suggests a very quick solidification process
to retain the shear deformations of silica-like glasses. Therefore,
frictional melting likely drives the formation of impact melt
veins in a dynamic situation during shock loading, resulting
in the deformations of silica-like glasses in impact melt veins
that were solidified quickly.

Structure Variations In Locally Shock-Melted and
Recrystallized Pyroxene

Four systematic types of Raman spectra have been recog-
nized from the following domains in this single pyroxene: host
deformed domains, exsolution domains (Mg-rich and Mg-poor),
partially melted domains (Figs. 4a—4d), indicating the succes-
sive structural adjustments in the pyroxene lattice in response
to impact deformation. Only some parts of the Mg-poor exsolu-
tion domains of pyroxene reveal the normal Raman modes for
pyroxene (Fig. 4a), compared with previous studies (Huang et al.
2000; Wang et al. 2001). Two additional peaks at 930 and
~822 cm™! were found in the deformed host domains and other
exsolution domains (Fig. 4b and Online Materials' Fig. S5), in
addition to the normal Raman peaks of pyroxene. The 930 cm™'
Raman peak has been attributed to a weak stretching mode of
non-bridging Si—O bonds in pyroxene (Huang et al. 2000) or
to a critical Raman peak in majorite (Zhang et al. 2006). How-
ever, STEM analysis confirms that no majorite is present in this
impact melt vein (Figs. 2 and 7). Hence, the 930 cm™! peak is
most likely due to the stretching mode of non-bridging Si—O
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bonds in pyroxene (Huang et al. 2000; Wang et al. 2001). Simi-
larly, the 822 cm™! Raman peak, which has been associated with
a typical Raman peak of olivine (fayalite), is ruled out based on
observations in BSE and HAADF images (Figs. 2 and 7).
Instead, numerical calculations suggest that the stretching mode
of non-bridging Al-O bonds, with a Raman peak at ~818 cm™!,
corresponds to Ca-Tschermak pyroxene (CaAl,SiOg) (Dowty
1987). Therefore, the possibility of Si—O bonds replaced by
Al-O bonds in this shocked pyroxene is evaluated below.

The amorphous regions within partially melted domains are
characterized by two broad peaks at ~757 and 946 cm™! (Fig. 4d),
which resemble those observed in pyroxene glasses (Cao et al.
2022; Feng et al. 2017; Imae and Ikeda 2010). Notably, the
amorphous regions lack the strong Si—O-Si bridging bonds,
which typically exhibit a stretching mode at ~651 cm™' (Sharma
et al. 1983). This absence indicates a complete disruption of the
Si—O tetrahedral chain in amorphous regions. Broad peaks corre-
sponding to non-bridging T-O bonds (T = Si or Al), ranging from

994 to 946 cm™!, have been reported in amorphous glass with a
pyroxene-like composition in previous studies (Sharma et al.
1983; Imae and Ikeda 2010; Feng et al. 2017; Cao et al. 2022).
These findings support the interpretation that the stretching mode
induced by the non-bridging Al-O bonds, replacing the non-
bridging Si—O bonds in the tetrahedron of the pyroxene structure,
contributes to variations in Raman peaks ranging from ~1000 to
~948 cm™!, consistent with high Al content in the amorphous
regions (Online Materials' Fig. S2f).

The recrystallized regions exhibit slightly distinct Raman
peaks at 657, 819, 925, and 986 cm™! due to the growth of pyrox-
ene crystallites (Figs. 2c and 4c). The chain of Si—O tetrahedron
incorporating some Al-O bonds is formed in pyroxene crystallites,
which is indicated by the occurrence of bridging Si—O-Si bonds
(657 cm™") and non-bridging Al-O bonds (986 cm™!, Sharma et al.
1983). The pyroxene crystallites within recrystallized regions
rapidly crystallized from the amorphous materials that have the
lowest SiO; content, but the highest Al,03 and TiO; contents, also
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show the typical Raman peak of ~822 cm™! (Fig. 4c and Online
Materials' Figs. S2fand S3a), similar to the observations in impact
glasses from CE-5 regolith (Wu et al. 2023). The mechanism of
Al-Si substitution in pyroxene crystallites within recrystallized
regions is facilitated by fast crystallization, causing the increase
of Al instead of Si at the tetrahedron site in clinopyroxene in rapid
crystallization experiments (Mollo et al. 2010), associated with the
occurrence of 818 cm™' observed in Ca-Tschermak pyroxene
(Dowty 1987). Therefore, Al-Si substitution by localized rapid
melting and crystallization processes in pyroxene can result in
the Raman peaks at 1000-946 and 822 em™.

Exsolutions in Pyroxene by Endogenic Cooling or
Shock-Induced Processes?

The exsolution of magmatic pyroxene into two phases
(e.g., augite and pigeonite, augite and orthopyroxene) has been
widely observed in samples from Earth’s crust and mantle, lunar
basalts, martian meteorites, HED meteorites, and other extrater-
restrial materials (Ross et al. 1970; Takeda et al. 1982; Putnis
1992; Miyamoto et al. 2001; Leroux et al. 2016; Pittarello et al.
2019). Most exsolution phenomena are attributed to slow endo-
genic cooling processes, occurring within the shallow or deep
crust of a planet as temperatures decrease from ~1100 to
800 °C, primarily driven by thermal effects (Takeda et al. 1975;
Miyamoto and Takeda 1977; Takeda et al. 1982; Miyamoto et al.
2001). However, only a few exsolution processes are influenced
by other factors, such as pressure variations and associated
deformations induced by tectonic activity (Kirby and Etheridge
1981; Zhao et al. 2017) or impact events (Mori and Takeda
1981; Takeda et al. 1982). Exsolution domains (pigeonite)
within host augite in this study have been revealed by typical
element enrichments in MgO and FeO but depletions in CaO
(Figs. 1c—1f, 2a—2c, and 6a). Therefore, a debate has arisen
regarding the formation mechanism of the exsolution processes
observed in shocked pyroxene in this study, specifically whether
they are the result of endogenic cooling processes or shock-
induced processes. Three aspects of evidence, including
exsolution morphology, exsolution composition, and nanoscale
observations, have been evaluated as follows.

Constraints From Exsolution Morphology of Pigeonite

During the slow endogenic cooling of magmatic systems,
pyroxene minerals undergo a series of transformations influ-
enced by temperature. Initially, high-temperature crystallization
yields augite. As cooling progresses, this augite can exsolve to
form lamellae of pigeonite and augite. If the cooling rate is suf-
ficiently slow, pigeonite may further invert to orthopyroxene
(Ross et al. 1970; Putnis 1992; Pittarello et al. 2019). The mor-
phology and orientation of these exsolution lamellae are critical
for interpreting the thermal history of the host rock. For instance,
the thickness and spacing of pigeonite lamellae within an augite
host, or vice versa, can be utilized to estimate cooling rates and
the depths at which the rock was buried within the crust (Miya-
moto and Takeda 1977; Grove 1982; Takeda et al. 1982; Miya-
moto etal. 2001). Studies have demonstrated that slower cooling
rates allow for the development of coarser lamellae, indicative of
deeper crustal levels and prolonged thermal regimes (Miyamoto
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and Takeda 1977; Grove 1982; Takeda et al. 1982; Miyamoto
etal. 2001). Therefore, lamellar exsolution in pyroxene is a com-
mon feature of slow endogenic cooling processes.

However, in this study, the exsolved pigeonite does not
strictly exhibit a lamellar form both at the microscale and the
nanoscale (Figs. 1a—1d, 6, and 9d-9¢). A comparison of exsolu-
tion morphology between this study and previous studies is nec-
essary. The pyroxene grains from shocked martian meteorites
(NWA 856 and 7533) show the co-occurrence of shock twins,
exsolution lamellae (pigeonite/augite), and dislocation [001]
(100) glide system (Leroux et al. 2004, 2016). In these studies,
exsolution lamellae in pyroxene are related to the slow endo-
genic cooling processes, whereas mechanical twins and disloca-
tion [001](100) glide system result from shock processes
(Leroux et al. 2004, 2016). There are some similarities between
the previous findings in martian pyroxene and observations in
this study; for example, the presence of exsolution and glide sys-
tem in shocked pyroxene. Nevertheless, exsolved pigeonite in
this study is in irregular forms with different orientations,
shapes, and thicknesses (Figs. 1c and 6). Furthermore, most
of the exsolution domains are coincidentally associated with
the distributions of low-angle boundaries (<1° and 1-10°,
Fig. 6), which accumulated and developed as the glide system
of [001](100) dislocation at the grain scale (Figs. 5-6). Simi-
larly, nanoscale observations also suggest that the pigeonite
phases, which do not conform to lamellar shapes, have exsolved
on one side of irregular lattice defects or boundaries, as revealed
by band contrast maps (Fig. 9¢). Moreover, the thin exsolved
Mg-rich pigeonite occurs within the boundary layers between
partially melted and deformed host domains at the nanoscale
(Figs. 7b and 9d), which coincides with the microscale observa-
tions of Mg-rich pigeonite close to fractures or partially melted
domains at the rim of host pyroxene (Figs. 1c—1d). These exso-
lution phenomena are different from the lamellar exsolution
behavior observed in martian pyroxene (Leroux et al. 2004;
Leroux et al. 2016), suggesting that the exsolved pigeonite in
this study could be driven or modified by shock deformations,
not be solely related to the slow endogenic cooling processes.

Composition Constraints on the Pigeonite Formation

This single pyroxene grain records the magma evolution
of lunar basalts at the CE-5 landing site (trend 1, Figs. 3a—3f).
The MgO-rich, Al,Os-rich, and TiO,-rich core of pyroxene
(trend 1, Figs. 3e-3f) represents the early-stage pyroxene crys-
tallization near the saturation point of plagioclase and ilmenite
in the parent magma (Luo et al. 2023; Wang et al. 2024). As
plagioclase and ilmenite began to crystallize, the Al,O3 and
TiO, contents decreased significantly in the magma, which is
reflected by the low Al,O3 and TiO, composition at the
pyroxene rim (trend 1, Figs. 1f and 6e—6f).

However, trend 1 slightly deviates from the main pyroxene
evolution trend in CE-5 lunar basalts, particularly in its SiO»,
AlO3, and TiO, contents (Figs. 3c—3f). Additionally, the
shocked pyroxene also exhibits two other evolution trends
(trends 2 and 3), which are associated with the pigeonite forma-
tion and deviate from the main pyroxene evolution trend in CE-5
lunar basalts, but in the opposite direction relative to trend 1
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(Figs. 3c, 3e, and 3f). The co-occurrence of these three trends
(trends 1-3), observed in both deformed host and exsolution
domains, suggests that exsolution processes modified the origi-
nal pyroxene composition that crystallized from the parent
magma of CE-5 basalts, which has never been reported in pyrox-
ene from CE-5 samples (Wang et al. 2024; Wu et al. 2024).

The direction of element migration (Ca, Mg, and Fe) may dif-
fer between endogenic exsolution processes and shock-affected
exsolution phenomena in this study. Exsolved augite-pigeonite
lamellae typically coarsen bilaterally due to Ca vs. Mg and Fe
interdiffusion during slow endogenic cooling (Ross et al. 1970;
Putnis 1992; Leroux et al. 2004, 2016; Pittarello et al. 2019),
leading to well-defined, straight pigeonite-augite interfaces.
Nevertheless, in this study, the bilateral interdiffusion of
Ca vs. Mg and Fe is limited within two adjacent boundaries (lat-
tice defects), resulting in the irregular forms of pigeonite-augite
interfaces during exsolution (Figs. 9e and 10c). Therefore, these
compositional and morphological observations strongly indicate
that the exsolution process in this pyroxene is closely linked
to shock deformations rather than slow endogenic cooling
processes.

Furthermore, EDS maps of the deformed host domains reveal
a negative correlation between two distinct elemental groups:
Group 1 (Mg, Fe, Si, O) and Group 2 (Ca, Al, Ti; Figs. 1c-1d
and 6 and Online Materials' Figs. S2-S3). This observed
anticorrelation involving the mobility of the O element deviates
slightly from the classic pigeonite-augite exsolution mechanism
(Mg>t +Fe?t4+28i**  <pigeonite> « Ca’T+2APT+Ti*+
<augite>, Ross et al. 1970; Putnis 1992; Pittarello et al. 2019).
This indicates that in the augite domains, Al may substitute for
Si in the T-O tetrahedron of pyroxene, whereas in the exsolution
domains, the pigeonite structure is likely dominated by Si-O tet-
rahedra. The relatively lower O content in augite could also be
linked to the transport of Al from pigeonite domains to augite
domains, as Al-O tetrahedra can contain much fewer non-bridg-
ing or bridging oxygens in glass state compared to Si-O tetrahedra
(Dowty 1987). Coincidentally, the Raman anomalies at 822 cm ™!
triggered by Si—O to Al-O substitution via localized melting and
rapid crystallization in most parts of this shocked pyroxene, sug-
gesting that shock deformations and heat from localized melting
may facilitate the element diffusion processes within this shocked
pyroxene (Figs. 1c—1d and 9d). Elemental distributions at the
boundary between impact melt and host pyroxene also indicate
pigeonite formation via Ca-Mg interdiffusion (Fig. 9d). This local
pigeonite growth points to element partitioning between the melt
and pyroxene, confirming an additional mechanism for its forma-
tion in shocked pyroxene. Thus, the multiple occurrences of
pigeonite within the pyroxene are attributed to both shock-related
exsolution affected by plastic deformations and local melt-solid
partitioning during frictional melting and cooling processes.

Implications For Shock-Induced Composition
Heterogeneity In Pyroxene

Although this single shocked pyroxene reveals distinct com-
positional heterogeneities, its overall evolution trends align with
the composition variations observed in pyroxenes from ~2.0 Ga
CE-5 lunar basalts (Figs. 3a-3f, Che et al. 2021; Wang et al. 2024;

Wau et al. 2024). This finding suggests that the shocked basaltic
clast analyzed in this study is more likely a locally derived,
impact-generated fragment from CE-5 lunar basalts rather than
an exotic material ejected from distant impact craters. Addition-
ally, the observed shock deformations and frictional melting in
this basaltic clast, which indicate a peak shock pressure of
9-17 GPa and a shock duration of ~0.06-2.4 ms, correspond
to the impact events forming craters larger than ~30-600 m in
diameter (Fig. 10d and Online Materials' $9). Based on the
remote sensing data and crater ejecta modeling, local craters
within 1 km of the CE-5 landing site contributed up to 88% of
the ejecta materials (~49 cm in thickness) to the lunar regolith
at this location (Jia et al. 2022; Qian et al. 2021a; Qian et al.
2021b). Among these, two impact craters, including Xuguangqi
(~400 m in diameter) and C2 (~100 m in diameter), ejected about
~30 and ~12 cm thick deposits, respectively, to the CE-5 landing
site (Qian et al. 2021a, 2021b; Jia et al. 2022). The shock meta-
morphism in this basaltic clast that was drilled at a depth of
~10 cm in the lunar regolith at the CE-5 landing site aligns with
remote sensing interpretations, suggesting a local impact origin.
The small impact craters (Xuguangqi and C2) may have played
a key role in generating the shock metamorphic effects in pyrox-
ene in this study. More broadly, similar shocked clasts may not
be rare in CE-5 samples and could also be present in other lunar
regolith deposits, causing the broad variations of pyroxene
compositions.

Four distinct compositional evolution trends in pyroxene at
the microscale correspond to the magmatic crystallization
(trend 1, Fig. 3a), shock-related exsolution by deformations
(trend 2 and 3, Fig. 3a), and shock-induced melting processes
(trend 4, Fig. 3a), respectively. Shock-related exsolution by
deformations can potentially redistribute the intra-crystalline
compositions in pyroxene. This implies that, in addition to
the typical magmatic evolution trend recorded in pyroxene
(Fig. 3 and Online Materials! Fig. S6, Wang et al. 2024; Wu
et al. 2024), the complex and broad compositional variations
in pyroxene from CE-5 samples (Figs. 3a—3f) likely result from
the local impact processes. Additionally, pyroxene recrystal-
lized from the shock-melted materials contains high contents
of FeO, CaO, Al,O3, and TiO; due to the incorporation of
melted ilmenite, plagioclase, and Fe-rich pyroxene (trend 4,
Figs. 3e-3f), which may explain the presence of composition
outliers with high Al;O3 and TiO; contents from previous data
(Figs. 3e-3f). Furthermore, the partitioning processes between
impact melt and host pyroxene modify the composition varia-
tions at the nanoscale (Fig. 9d). Therefore, compositional data
obtained without detailed microstructural analysis of pyroxene
may not solely represent magmatic processes, as shock-
induced deformations and melting can influence the major ele-
ment composition (and possibly even the trace elements) in
pyroxene.

IMPLICATIONS

(1) Shock-induced structural modifications in pyroxene, includ-
ing the dislocation [001](100) glide system, pigeonite exso-
lutions, and localized frictional melting, are identified in the
shocked clast. Concurrently, shock twins and displacements
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in ilmenite document shock shearing under low-to-moderate
shock conditions.

(2) Raman spectroscopy reveals an anomalous peak at
~822 cm™! within the pyroxene, indicative of Si-Al substi-
tution by localized melting and rapid crystallization, making
it a useful indicator for impact events. Shock-induced plastic
deformations and localized heating by fractional melting can
facilitate the formation of pigeonite or alter the existing
exsolved pigeonite in pyroxene.

(3) The observed intra-crystal compositional variations, char-
acterized by four distinct evolution trends, align with the
complex patterns reported in magmatic pyroxene systems.
However, the localized nature of these variations and their
close association with shock microstructures suggest that
they are primarily driven by impact-induced processes
rather than pristine magmatic fractionation. This finding
underscores the necessity of differentiating shock metamor-
phism from magmatic processes when interpreting pyrox-
ene-based petrogenetic histories.
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