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Abstract-The study of lunar magma evolution holds significant importance within the scientific
community due to its relevance in understanding the Moon’s thermal and geological history.
However, the intricate task of unraveling the history of early volcanic activity on the Moon is
hindered by the high flux of impactors, which have substantially changed the morphology of
pristine volcanic constructs. In this study, we focus on a unique volcanic glass found in the lunar
meteorite Northwest Africa 11801. This kind of volcanic glass is bead-like in shape and
compositionally similar to the Apollo-14 and Apollo-17 very low-Ti glass. Our research
approach involves conducting a comprehensive analysis of the petrology and mineralogy of the
volcanic glass, coupled with multiple thermodynamic modeling techniques. Through the
investigation, we aim to shed light on the petrological characteristics and evolutionary history of
the glass. The results indicate that the primitive magma of the glass was created at 1398-1436°C
and 8.3-11.9 kbar (166-238 km) from an olivine+orthopyroxene mantle source region. Then,
the magma ascended toward the surface along a non-adiabatic path with an ascent rate of
~40 m s~ or 0.2 MPa s™'. During the magma ascent, only olivine crystallized and the onset
of magma eruption occurred at ~ 1320-1343°C. Finally, the glass cooled rapidly on the lunar
surface with a cooling rate ranging between 20 and 200 K min~'. Considerable evidence from
petrology, mineralogy, cooling rate, and the eruption rate of the glass beads strongly supports
the occurrence of ancient explosive volcanism on the Moon.

© 2023 The Meteoritical Society. 1318
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Petrogenesis of volcanic glass beads

INTRODUCTION

Early volcanic activity was widespread on the Moon
and recorded by returning lunar samples (e.g., Li et al.,
2021; Nicholis & Rutherford, 2009; Papike et al., 1990;
Zellner et al., 2009) and lunar meteorites (e.g., Demidova
et al., 2003; Fagan et al., 2002; Zeng et al., 2021). Lunar
pyroclastic deposits are low-albedo, mantling deposits that
were emplaced by explosive volcanism ranging from 2.3 to
3.7 Ga, thus could shed light on the nature of the early
volcanism on the Moon (e.g., Bennett & Bell, 2023; Heiken
et al., 1974; Hiesinger et al., 2011). Remote sensing data
have identified over 100 lunar pyroclastic deposits, often
located on the edges of the maria and overlapping onto
adjacent highland regions (e.g., Bennett & Bell, 2023;
Lucey et al., 2006). The Apollo missions have returned
lunar pyroclastic deposits, known as “picritic glass beads”,
which serve as ground truth for remote sensing
observations. The composition of picritic glass beads
ranges from low-Ti (<2 wt% TiO,) to intermediate-Ti (3—
7 wt% TiO,) to high-Ti (8-16 wt% TiO,), implying
chemically distinct source regions within the upper lunar
mantle (e.g., Delano, 1986; Hess & Parmentier, 1995,
Shearer et al., 20006).

The multiple saturation point (MSP) of olivine and
pyroxene is commonly used as an indicator of the source
regions of primary magmas on the Moon (e.g., Haupt
et al., 2023; Shearer et al., 2006; Su et al., 2022). High-
pressure  experiments on Apollo picritic  glass
compositions have shown that the MSPs of olivine and
orthopyroxene occur at 1.5-2.5 GPa and 1430-1560°C,
respectively (Shearer et al., 2006). This suggests that the
Apollo picritic glass could represent partial melts derived
from olivine+pyroxenetgarnet source regions at depths
of 300-500 km (BVSP, 1981; Delano & Livi, 1981; Green
et al., 1974; Grove & Krawczynski, 2009; Walker et al.,
1975). Therefore, the primitive composition of picritic
glass provides valuable constraints on the petrogenesis of
lunar pyroclastic deposits and helps to unravel the
compositional heterogeneity and early thermal state of
the lunar mantle (Brown & Grove, 2015; Delano, 1986;
Elkins-Tanton et al., 2000, 2003; Keske et al., 2020;
Shearer & Papike, 1993).

Compared to crystal-free glass, phenocrysts within
picritic glass beads offer additional insights into their
petrogenesis and the nature of their source regions. For
example, the compositions, model abundances, and the
number of crystalline phases are directly linked to
the evolutionary processes and thermal dynamics within
the magma system (Haggerty, 1974; Heiken et al., 1974,
Weitz et al., 1999). The chemical zonings of minerals can
be used to constrain the cooling rate and burial depth
(e.g., Arndt & von Engelhardt, 1987; McCallum &
O’Brien, 1996; Richter et al., 2021). However, there is a
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scarcity of phenocrysts in the picritic glass beads from the
Apollo collections, and detailed reports on olivine-in-
glass are limited to Apollo 17 orange glass (Arndt & von
Engelhardt, 1987; BVSP, 1981; Haggerty, 1974; Heiken
et al., 1974). This hinders our understanding of the
petrogenesis and provenance of lunar pyroclastic
deposits from a mineralogical perspective. Furthermore,
compositional studies using near-infrared data have
revealed that lunar pyroclastic deposits exhibit a wide
range from crystalline to glass-rich and are widespread on
the Moon (Bennett & Bell, 2023). Unfortunately, apart
from the samples returned by the Apollo missions, no
pyroclastic deposit has been reported in detail, although a
few have been found in lunar meteorites (e.g., NWA
11962, Bechtold et al., 2022).

In this study, we present a detailed petrology and
mineralogy analysis of picritic glass beads in the newly
discovered lunar regolith breccia meteorite, NWA 11801.
This is the first reported instance of a pyroclastic deposit
in meteorites, potentially contributing to the diversity of
rock types found on the Moon. The glass beads within
NWA 11801 contain olivine phenocrysts with chemical
zoning, providing new constraints on early explosive
volcanism on the Moon. Our investigation aims to
quantify the cooling history of these volcanic glass beads
during magma ascent and eruption through microscopic
analysis and thermodynamic modeling, shedding new light
on the source region of pyroclastic deposits on the Moon.

METHODS

A conventional polished thin section (0.03 mm) was
coated with carbon and then analyzed using multiple
analytical techniques. Backscattered electron (BSE) images
and x-ray maps were collected by a Zeiss XIGMA field
emission scanning electron microscope (FE-SEM) in the
mode with an accelerating voltage of 15 kV at the Guilin
University of Technology. The quantitative major and
minor element compositions of glass beads and olivine
were obtained by the JEOL JXA-8230 electron probe
microanalyzer (EPMA) at the same university. The
primary EPMA method is described in detail by Zeng
et al. (2019). This instrument was operated at an
accelerating voltage of 15 kV with an electron beam
current of 20 nA. A focused beam of <1 pm was used for
olivine, while a defocused beam of 3-5 pm was used
for glass. Natural and synthetic crystals are used as
standards for the analyses, and ZAF correction was
applied to all analyses. The minerals standard (CAS) was
used for the quantitative analysis of olivine phenocrysts:
olivine was employed for Si, Fe, and Mg; rutile for Ti;
albite for Al and Na; Cr metal for Cr; MnO for Mn;
wollastonite for Ca; and phlogopite for K. The following
standards were used for the quantitative analysis of glass:
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FIGURE 1. Backscattered electron (BSE) mosaic image of thin section NWA 11801. IG, impact glass; IMB, impact melt
breccia; Ol, olivine; Pl, plagioclase; Px, pyroxene; VG, volcanic glass.

basalt glass was employed for Si, Al, Fe, Mg, and Ca;
rutile for Ti; chromite for Cr; MnO for Mn; albite for Na;
phlogopite for K; elemental nickel for Ni; apatite for P;
Cay(VOy), for V; and pyrite for S. The typical detection
limits of the oxides were 0.01 wt% for SiO», Al,O5;, MgO,
and CaO; 0.015 wt% for Cr,O3, FeO, MnO, Na,0, KO,
and NiO; and 0.02 wt% for TiO,, P,Os, and SOs;.

Raman spectra of lattice olivine in the sample were
collected using a Renishaw inVia Raman spectrometer
system at Guilin University of Technology, equipped
with an ARY laser (at 514 nm) (Chou & Wang, 2017). A
silicon  wafer (520.7 £ 0.5cm™') was wused for
calibration. The power of the laser had to be low enough
to avoid heating, degradation, and burning of the sample.
The measurement used 0.5 mW and a spot size of 1 pm.
The microscope imaged the area with 100x magnification
with five scans. Finally, the OriginPro 95 Software was
used to subtract baselines, find peaks, and fit peaks for
the acquired Raman data.

RESULTS

The Lunar meteorite NWA 11801 is a lunar regolith
breccia, composed of mineral fragments, lithic clasts, and
glass components. The mineral fragments and lithic clasts
primarily comprise plagioclase, pyroxene, olivine, and
impact melt breccias (Figure 1). Two types of glass can be
identified in the sample: One is large (many of them
>l mm in size), ragged, and compositionally
heterogeneous impact glass (IG, Figure 1), and the other is
small (~ 50 pm in size), devitrified, compositionally
homogeneous volcanic glass (VG, Figures 1 and 2). Nine

pieces of volcanic glass were found in the thin section
(VG-1-VG-9, Figure 1).

The volcanic glass shows distinctive structural features
(Figure 2). It displays a range of shapes, including
spheroid (Figure 2¢,d,h), ovoid-like sphere (Figure 2a.b),
and irregular forms (Figure 2e-g,i). The volcanic glass
exhibits varying degrees of devitrification texture, with
VG-8 and VG-9 completely devitrified (Figure 2h,i), while
others appear to have undergone partial devitrification
(Figure 2a—g). Only one (VG-2) contains crystalline olivine
that does not result from devitrification (Figure 2b),
corresponding to the “daughter” olivine grains shown in
Figure 3. Vesicles are pervasive in VG-3, VG-5, and VG-7,
while less abundant in VG-6 and VG-9 (Figure 2). Others
(VG-1, VG-2, VG-4, and VG-8) are devoid of vesicles
(Figure 2a,b,d,h). The occurrence of vesicles and
pronounced irregular morphology of VG-3, VG-5, and
VG-7 suggest that some of the volcanic glass samples have
been affected by impact reheating and possibly originate
from an impact melt derived from a predominately
volcanic glass deposit. Chemically, the volcanic glass has
elemental ratios of MgO/Al,O3 (1.37-1.54) and CaO/
Al,O5 (0.94-1.10), which are typical for lunar volcanic
glass beads (Table S1). Besides, the volcanic glass is
characterized by low TiO, (0.35-0.70 wt%) and alkaline
element contents (0.07-0.27 wt%) (Figure 4). The
combined major element contents indicate that the bulk
compositions of the volcanic glass closely resemble the
very low-Ti (VLT) glass found at the Apollo 14 and
Apollo 17 landing sites (Figure 4).

Two types of olivine are present in the olivine-
bearing volcanic glass VG-2. The first type is referred to



Petrogenesis of volcanic glass beads

20pm
e

10pum (67

20pum
e

1321

FIGURE 2. Backscattered electron images of volcanic glass (a—i). Cr, crystallite; V, vesicle; VG, volcanic glass.

as polyhedral olivine, characterized by a euhedral
morphology with sizes ranging from 10 x 20 to
45 x 80 pm (Figure 3). These olivine grains display
chemical zoning, with homogeneous cores (Fo7¢0_77.8)
surrounded by thin, bright rims (Fogg g 755) (Table S2).
Using the olivine-liquid Fe-Mg exchange coefficient of
0.33 £+ 0.03 (Longhi et al., 1978), the cores of olivine are
generally in equilibrium with the bulk glass (Mg#58.2)
(Table S1). The second type is referred to as lattice
olivine, which is smaller in size ( ~ 1 pm in width) and
exhibits a feathery appearance (Figure 3). These lattice
olivine crystals are pervasively distributed within the
devitrified glass (Figure 3). Raman spectroscopy analysis
confirms their identity as olivine, as indicated by peak
positions at ~ 818-820 and 844-849 cm™' (Mouri &
Enami, 2008) (Figure 5). Due to their minute size, it is not
feasible to accurately determine the composition of the
lattice olivine through EPMA data.

Melt inclusions are present in each olivine grain,
ranging in size from 1 x 1 to 10 X 11 pm. They are
glassy and have undergone devitrification (Figure 3). The
melt inclusions can be classified as either closed
(Figure 3a-d) or fractured (Figure 3e,f). Their chemical

compositions are distinct from those of the host glass,
mainly by lower Mg# (34.1-49.3) and higher alkaline
element contents (0.07-0.17 wt% for Na,O and 0.02-
0.06 wt% for K,O) (Table S3).

DISCUSSION
Glass Beads in NWA 11801: Impact or Volcanic?

According to the origin, two types of glass samples
have been documented thus far: lunar impact glass and
volcanic (pyroclastic) glass. Previous studies on lunar
samples returned by the Apollo missions and
lunar  meteorites have established criteria  for
distinguishing between lunar volcanic glass and impact
glass (Delano, 1986; Naney et al., 1976; Zeng et al., 2019,
2020). Overall, the lunar volcanic glass samples are bead-
like, devoid of schlieren and exotic inclusions, with higher
MgO/ALLO; (>1.25) and CaO/ALO; (>0.75) (Delano,
1986; Naney et al., 1976) ratios. The volcanic glass in
NWA 11801 displays various shapes, including spheroid
(Figure 2c,d,h), ovoid-like sphere (Figure 2a,b), and
irregular shapes (Figure 2e-g,i). These morphologies are
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FIGURE 3. Backscattered electron images of volcanic glass and daughter olivine grains. (a—e¢) BSE image of olivine within the
volcanic glass. (f) A zoom-in image of (¢), showing melt inclusions. Ol, olivine; MI, melt inclusion; VG, volcanic glass.

consistent with the shape of volcanic glass previously
found in Apollo collections and lunar meteorites
(Delano, 1979; Zeng et al., 2019, 2020). Furthermore, the
absence of schlieren in the glass beads is consistent with
the characteristics of volcanic glass beads (Delano, 1986).
In addition, both MgO/AL,O5 (1.37-1.63) and CaO/Al,O4
(0.94-1.10) ratios fall within the compositional range of
volcanic pyroclastic glass (Figure 6), indicative of a
volcanic origin (Delano, 1986; Naney et al, 1976).
Therefore, we conclude that the glass beads found in
NWA 11801 are more likely to be of volcanic origin rather
than impact glass.

Melt Inclusions in Olivine: Indicative of Olivine
Crystallization

Melt inclusions of both closed and fractured are
present (Figure 3). These melt inclusions are characterized

by a monophase composition, with olivine being the sole
crystallizing mineral observed along their boundaries.
Chemically, the fractured melt inclusions exhibit a more
scattered distribution compared to the closed melt
inclusions. This scattering is probably due to elemental
diffusion and contamination processes. In general, the
melt inclusions display lower Mg# and higher
concentrations of Si, Ca, Al, Ti, Cr, Na, and K (Figure 7).
These elemental contents show notable linear correlations
with those of host glass beads in the Harker diagrams
(Figure 7).

To investigate the controlling factors of these linear
correlations, we modeled the evolution trend of an initial
melt with a composition similar to that of the average host
glass beads. This simulation was performed using rhyolite-
MELTS, considering both equilibrium and fractional
crystallization modes (Ghiorso & Gualda, 2015; Gualda
et al.,, 2012). The modeling results indicate that after
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~ 40 wt% of olivine monophase crystallization, the
composition of host glass beads can evolve to that of melt
inclusions, regardless of their specific textures (Figure 7).

However, the estimated contents of alkaline elements
in the melt inclusions are remarkably lower than the
measured values (Figure 7). This discrepancy could
potentially be attributed to the boundary layer effect, as
suggested by Lasaga (1981) and Kuzmin and
Sobolev (2003). Boundary layers may form at the interfaces
between growing crystals and the surrounding melt, leading
to the trapped melt inclusions enriched in incompatible
elements (e.g., Chang & Audétat, 2021). Another possible
explanation is that the mantle source of the glass beads
might have undergone metasomatism, similar to the case
presumed in nakhlites (Day et al., 2018; Goodrich et al.,
2013), resulting in an excessive enrichment of alkaline
elements in olivine-hosted melt inclusions. However, both
the boundary layer effect and mantle metasomatism lack
direct evidence, making it difficult to quantitatively
evaluate their likelihood. Nonetheless, the modeled trends
in Figure 7 are mostly consistent with the equilibrium
crystallization of olivine in a closed system.

Olivine as a Proxy of Melt Ascent and Eruption

The picritic melt forming the pyroclasts was
transported from sources at depths of 250-600 km to the
lunar surface on time scales of hours to days (e.g., Grove
& Krawczynski, 2009). Importantly, there was no
significant chemical interaction observed between the
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transported melt and the surrounding rocks during its
ascent (Wilson & Head, 2017, 2018). As the melt
ascended, olivine was the first mineral to precipitate and
continued crystallizing from the deep interior to the
surface of the Moon (Howarth & Gross, 2019).
Understanding the properties of olivine can contribute to
gaining better comprehension of the formation process of
the glass beads. The following sections show how the
volcanic glass in this sample supports these fundamental
characteristics of lunar volcanic glasses.

Melt Ascent from the Lunar Interior

In the Moon’s deep interior, the melt comprising the
volcanic glass beads ascends along a specific pressure—
temperature (P-T) path through the mantle’s wall rocks,
driven by buoyancy force. The P-T path of the ascending
melt was determined by using the Si-activity liquid
thermobarometer (Lee et al., 2009), based on the bulk
compositions of glass beads. Our results give
temperatures of 1400-1450°C and pressures of 7-13 GPa.
The latter pressure range corresponds to depths of 140-
260 km. All the bulk compositions of the glass beads
plotted in the P-T space exhibit excellent alignment,
forming a linear relationship described by the equation 7'
(°C) =0.4822D + 1320 (D in km; 1 kbar = 20 km on the
Moon). This equation reveals a thermal gradient % of
0.48°C km ™' for the ascending melt, which exceeds the
range of the lunar mantle’s adiabatic gradient (0.045-
0.17°C km™!, Johnson et al., 2018; Walker et al., 1980)
and indicates heat loss during ascent. The linear fit
predicts an eruption temperature of ~ 1320°C, consistent
with the estimation based on bulk-rock MgO content
(1343°C, using the equation 7 (in °C)
= 26.3 X MgO + 994.4 (Putirka, 2008)). These findings
indicate that the melt of glass beads in NWA 11801
ascended through the Moon’s interior in a non-adiabatic
(anisentropic) manner from depths of ~ 260 km.

The phase equilibrium relations in P-T space
(Figure 8) are estimated using GeoPS program (Xiang &
Connolly, 2021). This program employs phase
equilibrium calculations based on Gibbs energy
minimization. The thermodynamic database ds633 of
Holland et al. (2018) and the chemical system
of NCKFMASTCr (Na,0O-CaO-K,0-FeO-MgO-Al,Os-
Si0,-Ti0,-Cr,05) were used, consistent with an igneous
origin, low oxygen fugacity, and the absence of hydrous
minerals. The starting composition for the calculation is
the average bulk composition of volcanic glass beads.
The calculation results indicate that olivine is the liquidus
phase, and the monophase crystallization of olivine
during magma ascent is consistent with the petrological
observations and evolution trends of the melt inclusions
(see “Melt Inclusions in Olivine: Indicative of Olivine
Crystallization” Section). Along the magma ascent path
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determined by the liquid thermobarometer, the onset of
olivine crystallization occurs at ~ 1400°C and ~ 11 kbar
(corresponding to a depth of ~ 220 km) (Figure 8).

In experimental glass samples, the olivine
crystallization rate typically falls within the range of 10~5-
10" m s~' (Mollo & Hammer, 2017). With an average
crystallization rate of 5 x 107 m s™! and a radius of the
largest olivine crystal (30 pm), the time span of magma
ascent is constrained to be ~ 6000 s. The estimated
magma ascent rate is thus ~40 m s ' or 0.2 MPa s~
(from ~ 220 km depth to the surface), in agreement with
previous estimates for lunar explosive volcanism (typically
20-30 m s~', some reaching 220 ms~') (Wilson &
Head, 2018). It should be noted that the velocity
calculations based on the olivine crystallization rate may
oversimplify the magma ascent process. Nevertheless,
providing an estimate on the order of magnitude of the
magma rising rate indicates that the magma may have a
high velocity during its ascent in the magma conduit.

Melt Eruption on the Lunar Surface

The olivine crystals within the glass beads exhibit
enrichments of Fe, Ca, and Al in the rim regions
(Table S2). As Ca and Al are incompatible in olivine, this
observation indicates a disequilibrium crystal growth
process due to fast cooling (Donaldson, 1976; Faure et al.,
2003). Under natural crystallization conditions, growth at
large undercooling can lead to the formation of
disequilibrium olivine. In this case, olivine growth is
dominantly controlled by elemental diffusion rather than
the crystal-melt interface (Mollo & Hammer, 2017,
Montazerian & Zanotto, 2022 and references therein).
Therefore, the cooling rate of the glass beads can be
determined by core-rim diffusion calculations, which is
crucial for understanding the eruption and final
emplacement process of glass beads.

To estimate the cooling rates, Fo zoning profiles of
olivine were calculated using the elemental diffusion model
proposed by Costa et al. (2008). The temperature ranged
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from 1400 to 700°C as suggested by Jurewicz and
Watson (1988), and a homogeneous initial composition
for each olivine crystal was used. The Fe-Mg diffusion
coefficient of olivine from Misener (1974) was employed in
the calculations.

The observed and calculated zoning profiles are
shown in Figure 9. The olivine zoning profiles align best
with cooling rates of 20-200 K min~'. This profile is
consistent with cooling rate estimates for Apollo 17
orange glass beads obtained through heat capacity
constraints (101 K min~!, Hui et al, 2018). Slight
variations in cooling rates among different olivine
crystals may be attributed to the different orientations of
the crystals during sampling.

The occurrence of lattice olivine also suggests a
cooling rate of ~ 40-50 K min~', as constrained by
crystallization experiments on Apollo-15 glass beads
(Arndt et al., 1984). These estimated cooling rates are

consistent with the simple ballistic eruption model for
lunar pyroclastic eruptions, which determined cooling
rates of glass beads during flight along ballistic
trajectories exceeding 180 K min~—' (Renggli et al., 2017).
These results indicate that the olivine crystals completed
their crystallization and cooled rapidly upon reaching the
chilling lunar surface. This rapid cooling likely occurred
during their flight in the lunar atmospheric environment
(Renggli et al., 2017).

The Source Region of Glass Beads in NWA 11801

Compared to other picritic glass beads, the glass
beads examined in this study have higher SiO, contents
and lower Mg# (Figure 4). Besides, the olivine present in
these beads occurs exclusively as a primary phase with a
core Fo range of 76-78, which is significantly lower than
the olivine phenocrysts found in Apollo-17 orange glass
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(Fo80-82, e.g., Heiken et al., 1974), as well as the
cumulate olivine in the lunar mantle (Fo ~ 81.5,
Kuskov et al., 2019). Based on the assumption that
picritic  glass represents primary magma, these
observations suggest the possibility that the mantle
source region for these beads has higher SiO, content and
lower Mg# compared to the source regions of Apollo
glass beads. In this scenario, the higher SiO, content
likely signifies a greater amount of pyroxene in the source
region, while the lower Mg# implies a chemically more
evolved source region compared to Apollo glass beads.
The equilibrium P-Ts of the picritic glass beads thus
provide insights into the P-T condition of the source
region, which is 1417 £ 19°C and 10.1 + 1.8 kbar
(Figure 8), corresponding to a depth range of 166—
238 km in the lunar mantle. It is worth noting that the
VLT Apollo-14 and Apollo-17 glass beads are multiply
saturated with olivine and orthopyroxene at much higher
P-T conditions (1480-1520°C and 16-20 kbar, equivalent
to 320-400 km) (Chen et al., 1982a, 1982b). Therefore, it
is unlikely that the source region of the glass beads in
NWA 11801 is the same as that of the VLT Apollo-14
and Apollo-17 glass beads, despite their similarities in
bulk compositions (Figure 4).

Alternatively, we also explore the possibility that the
picritic glass in NWA 11801 may not represent primary
magma. In this scenario, the primary magma composition
can be reconstructed by adding fractionated olivine to the

bulk compositions of picritic glass until the magma
reaches equilibrium with cumulate olivine (Fo ~ 81.5) in
the lunar mantle (Kuskov et al., 2019). The reconstruction
process is conducted using PRIMELTS3, which is a widely
used method for calculating primary magma compositions
based on natural bulk compositions (Herzberg &
Asimow, 2015). After adding ~ 9 wt% of fractionated
olivine, the composition (in wt%) of the reconstructed
primary magma is as follows: SiO, 45.7, TiO, 0.44, Al,O4
8.41, Cr,05 0.5, FeO 20.43, MnO 0.24, MgO 15.43, CaO
8.48, Na,O 0.15, and K,O 0.02. Using the Si-activity
liquid thermobarometer proposed by Lee et al. (2009), the
calculated P-T condition of the primary melt is 1495°C
and 16.7 kbar (corresponding to a depth of 334 km). The
result is therefore consistent with those of picritic glass
beads collected by Apollo missions (250-500 km) (Grove
& Krawczynski, 2009) and the multiple saturation
experiments of mare basalts (Lee et al, 2009 and
references therein).

The latter scenario suggests the early fractionation of
high Mg# olivine in the formation of glass beads.
However, MELTS modeling results tend to indicate an
equilibrium crystallization of olivine, as fractional
crystallization would lead to a residual melt with a much
lower Mg# than what is observed (Figure 7a).
Furthermore, olivine with higher Mg# (Fo > 80) is absent
in the glass beads, which contradicts the assumption that
the glass beads evolved from a more primary magma.
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Therefore, it is more likely that the picritic glass represents
primary magma. As discussed above, the source region for
these glass beads is likely richer in SiO,, more chemically
evolved, and located at shallower depths (166-238 km)
compared to the source regions of Apollo glass beads. The
enrichment in SiO, content in the glass beads likely
indicates a pyroxene-rich mantle source, as pyroxene
contains more SiO, than olivine. Additionally, the
presence of orthopyroxene at the P-T condition of
the source region supports the notion of an
orthopyroxene-dominated source region, as shown by the
phase diagram (Figure 8). Therefore, it is likely that the
source region of the picritic glass in NWA 11801 is
composed predominantly of olivine and orthopyroxene.

Considering that Al- and Ca-rich phases had been
extracted in the lunar crust during the stage of the lunar
magma ocean (Rutherford et al., 2017 and references
therein), the significant phases remaining in the source
regions were olivine and orthopyroxene (Shearer et al.,
20006). In addition, orthopyroxene in the deep mantle can
also sequester significant amounts of Al, leading to Al
depletion in the source region rocks, which is the case
observed in bulk glass data (Figure 4). Therefore, we
conclude that the picritic glass in NWA 11801 originated
from a depleted mantle source predominantly composed
of olivine and orthopyroxene. The source region of the
picritic glass in NWA 11801 is located at shallower
depths than those of Apollo picritic glass, which typically
have depths of 300-500 km (e.g. Grove & Krawczynski,
2009; Shearer et al., 20006).

Implications for Explosive Volcanism on the Moon

Explosive volcanism occurs when subsurface magma
becomes fragmented because of the expansion of
dissolved gas (e.g., Rothery et al.,, 2022; Wilson &
Head, 1981, 1983). In the case of the Moon, the
atmospheric  pressure is essentially zero, and
the gravitational acceleration (1.63 m s~2) is much lower
than on Earth. Therefore, even minimal amounts of
volatiles should guarantee explosive activity (Rothery
et al., 2022 and references therein). Due to the extremely
low oxygen fugacity (IW-1 or lower, e.g., Wieczorek
et al., 2006), the species of volatiles on the Moon is
dominantly several hundred ppm of CO, H,, and S (Head
& Wilson, 2017; McCubbin et al.,, 2015; Wilson &
Head, 2003, 2017, 2018), which would degas at the
subsurface depth (<2.3 kbar or <46 km, e.g., Rothery
et al., 2022).

In the deep interior of the Moon, however, the driving
force of magma ascent is the density contrast between
the melt and the mantle wall rock, along with the
excess pressure of the mantle source region (e.g.,
Gudmundsson, 2012; Head & Wilson, 2017). This
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FIGURE 10. Idealized schematic diagram of the petrogenesis
of volcanic glass in NWA 11801, indicating its generation,
ascent, and final eruption processes on the Moon.

integrated force propels the primary magma from the
source region (at a depth of 166-238 km and a
temperature of 1398-1436°C) to the shallow part, with
a velocity of ~ 40 m s~'. At a temperature of ~ 1400°C
and a depth of ~ 220 km, olivine starts to crystallize until
the final eruption occurs at temperatures of ~ 1320-
1343°C.

At the lunar surface, the absence of atmospheric
pressure and the low gravitational acceleration lead to the
swift expansion of the exsolved gas phases, resulting in
explosive volcanism. Various lines of evidence from
petrology, mineralogy, cooling rate, and eruption rate of
glass beads collectively indicate the occurrence of such a
cataclysmic event. First, the devitrification of glass beads
and the elemental enrichment trend of olivine rims
suggest disequilibrium crystallization during the final
cooling of the pyroclastic glass. These processes are
characteristic of typical glass textures produced by
explosive  volcanism  (e.g. obsidian; Fink &
Griffiths, 1998). Second, basic diffusion calculations
indicate that the glass cooled rapidly on the lunar surface,
with cooling rates ranging from 20 to 200 K min ',
which is consistent with typical cooling rates during
flight. Third, the calculated ascent velocity of ~ 40 m s~
corresponds to a magma eruption rate of
~5x 10* m® s™! for a cylindrical magma conduit with a
radius of ~20 m (Head & Wilson, 2017). This result
agrees with the eruption rate estimated for lunar
pyroclastic volcanism (10* to 10° m* s™') based on
independent volcanic physics modeling methods (Head &
Wilson, 2017).
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Therefore, there is no doubt that the glass beads in
NWA 11801 are products of ancient explosive volcanism
on the Moon, depicting the process of magma eruption, as
shown in Figure 10. Further investigations involving trace
element and volatile species analysis should be conducted
to address important remaining questions, such as the
volatile contents of magma, the nature of the glass-bead
source region, and the lunar mantle heterogeneity (e.g.,
Elardo et al., 2011; Haupt et al., 2023; Klaver et al., 2021;
Morgan et al., 2021; Saal & Hauri, 2021).

CONCLUSIONS

Based on our comprehensive study, we have reached
the following conclusions:

1. The present study focuses on the petrology and
mineralogy of nine volcanic glass beads found in
lunar meteorite NWA 11801. Among them, one glass
bead contains lattice and polyhedral olivine. The
bulk compositions of these glass beads exhibit
similarities to the very low-Ti glass samples collected
from the Apollo 14 and Apollo 17 landing sites.

2. The bulk compositions of the glass beads indicate
that they originated from primary magma derived
from the lunar mantle. The source region of the glass
beads is estimated to have temperatures ranging from
1398 to 1436°C and pressures ranging from 8.3 to
11.9 kbar, corresponding to a depth range of 166—
238 km within the lunar mantle. The source region is
consistent with a depleted source characterized by
dominant phases of olivine and orthopyroxene.
Notably, the source region of the glass beads in
NWA 11801 differs significantly from that of the
Apollo glass beads, providing new insights into
the heterogeneity of the lunar mantle.

3. The parental magma of glass beads ascended along a
non-adiabatic path with an ascent rate of
~40m s~ ' or 0.2 MPas ! During the ascent,
olivine began to crystallize at ~ 1400°C and
~ 11 kbar (~ 220 km), and is the sole crystalline
phase in the magma.

4. The glass beads experienced rapid cooling upon
reaching the lunar surface, with estimated cooling
rates ranging from 20 to 200 K min~'. The cooling
rate range is consistent with the typical cooling rates
during flight along the ballistic trajectories of
explosive volcanism.
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