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Abstract—Northwest Africa (NWA) 11962 is a lunar regolith breccia composed of a wide
range of different clasts. The lunar origin of this meteorite is confirmed by oxygen isotope
analysis and the Fe/Mn ratio in pyroxene and olivine. In the present study, the clasts and
the matrix of NWA 11962 are characterized by optical and electron microscopy along with
electron microprobe analyses and micro-Raman spectroscopy. The meteorite has a glassy
impact melt matrix, which accounts for 35% of the surface area in the two thin sections
examined, and which contains a very large variety of different lithic clasts, monomineralic
clasts, and glass fragments. The presence of volcanic and impact-related glass spherules led
to the classification of this meteorite as a regolith breccia. Lithic clasts include numerous
fragments of quartz monzogabbro and lunar felsite, which are quite rare lithologies in the
lunar alkali suite. However, the most abundant components in the breccia are gabbroic
clasts. The mineral chemistry of the pyroxenes in the gabbroic clasts and the chemistry of
various types of glass fragments in the breccia indicate an origin of the regolith from an
area with low-Ti to high-Ti mare basalt volcanism. In addition to the peculiar petrographic
characteristics of NWA 11962, the possible pairing relationships with other lunar meteorites
are discussed.

INTRODUCTION

The number of recognized lunar meteorites, rocks
that were ejected from the Moon by impact and have
subsequently fallen on Earth, increases every year,
contributing to an improvement in our knowledge of
the geological past of the Moon (e.g., Warren 1998;
Korotev 2005; Joy and Arai 2013; Gross et al. 2014;
Stephant et al. 2019). Lunar meteorites are randomly
sampled from virtually the entire lunar surface, in
contrast to the Apollo and Luna samples that were
collected from a relatively limited area. Therefore, lunar
meteorites have been used to calibrate lunar surface
concentration data for several clements obtained by
orbital missions. These data have subsequently been
used as basis for estimates of the chemical composition
of the lunar crust and the bulk Moon (Warren 2005). A

more specific example of the lessons that have been
learned from lunar meteorites is the realization that the
so-called Mg-suite (Mg-rich) of lunar rocks is poorly
represented in the lunar highlands, something that was
not clear from the study of the Apollo samples (Neal
[2009] and references therein). As of March 20, 2021,
the Meteoritical Bulletin Database lists 439 lunar
meteorites (i.e., with a different name), representing a
total mass of ~692 kg, which exceeds the total mass
returned from Apollo (~382 kg), Luna (~301 g), and
Chang’e 5 (1.7 kg) missions. However, it is not entirely
clear how many of these “different” lunar meteorites
belong to the same impact ejection event and are thus
launch-paired stones (c.g., Day et al. 2006; Valencia
et al. 2019). This question is important because, as
mentioned above, they contribute to a better
understanding of the lunar geology, and, therefore, it is
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of value to know how many “individual collection
points” on the crust they represent. In a recent review
publication, Korotev and Irving (2021) estimate that for
the ~341 lunar meteorites for which data are available,
they represent 109-134 different lunar launch sites. A
certain number of lunar meteorites are so-called regolith
breccias, made up of consolidated lunar regolith.
Regolith is the planetary surface layer made of
unconsolidated rock fragments or debris overlaying the
bedrock, known from many solid planetary bodies like
asteroids or Mars. The individual components of lunar
regolith breccias provide a good overview of the
geology, and therefore, the composition of the local
crust from which they originate. For this reason, we
report here on the petrography of the recently
confirmed meteorite NWA 11962, a Ilunar regolith

(a)

breccia, and discuss its possible pairing relations to
other known lunar meteorites.

ANALYTICAL METHODS

The specimens investigated in this work derive from
the main mass of NWA 11962, from the meteorite
collection of the Natural History Museum (NHM)
Vienna, Austria (Figs. la and 1b). Two petrographic
polished thin sections (ca. 30 um thickness) were
prepared for optical and scanning electron microscopy,
denoted as NHMV-0266 (Figs. 1c and 1d) and
NHMV-0267 (Figs. le and 1f). The oxygen stable-
isotopic composition was measured at the Open
University, Milton Keynes (UK), using the technique
described in Greenwood et al. (2014, 2017).

(b)

Fig. 1. Lunar meteorite Northwest Africa 11962. a, b) Macrophotos of the meteorite. Credit Alice Schumacher, NHM Vienna.
¢) Thin section NHMV-0266 in plane-polarized light (PPL). d) Backscattered electron (BSE) mosaic image of thin section
NHMV-0266. e) Thin section NHMV-0267 in PPL. f) BSE mosaic image of thin section NHMV-0267. The BSE mosaic images
(on the right side, d and f) show contrasting areas of gabbroic clasts and related melt and fragments (bright areas) and areas of
mainly alkali- and Mg-suite material (dark areas). The black areas in the BSE mosaic images are cavities in the rock, as well as

areas where material was lost during thin section preparation.
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Petrography and Mineral Chemistry

After optical microscopy, the thin sections were
carbon-coated and examined using a JEOL JSM 6610-
LV scanning electron microscope (SEM) at the NHM
Vienna. Operating conditions were 15 kV accelerating
voltage and a beam current of 1.2 nA. Images were
collected in backscattered electron mode (BSE) and
were used for image analysis, using the software
JMicroVision (Roduit 2020). Quantitative analyses of
mineral compositions were obtained with a JEOL JXA
8530-F field emission electron microprobe (EPMA) at
the NHM Vienna and a CAMECA SX Five field
emission electron microprobe at the Department of
Lithospheric Research, University of Vienna. Both
instruments are equipped with five wavelength
dispersive spectrometers and an energy dispersive
spectrometer. The compositions of minerals were
obtained at 15 kV accelerating voltage and a beam
current of 20 nA with a spot size of 1 um for mafic
phases and a defocused beam for glasses and felsic
phases. Natural and synthetic reference materials were
used for calibration. With the JEOL JXA 8530-F
microprobe, the maximum detection limit in the silicate
phases and glasses measured was 195 ppm (Si),
153 ppm (Al), 442 ppm (Fe), 133 ppm (Mg), 100 ppm
(Ca), 117 ppm (Na), 375 ppm (Mn), 214 ppm (Ti), and
73 ppm (K). With the CAMECA SX Five microprobe,
the maximum detection limit in the silicate phases and
glasses measured was 348 ppm (Si), 281 ppm (Al),
882 ppm (Fe), 334 ppm (Mg), 436 ppm (Ca), 318 ppm
(Na), 565 ppm (Mn), 325 ppm (Ti), and 430 ppm (K).
Additional details on the microprobe detection limits
can be found in the supplementary information
(Table S1).

In addition, to characterize the different silica
polymorphs, Raman spectra were obtained with a
Renishaw RM1000 confocal edge filter-based micro-
Raman spectrometer with a 20 mW, 488 nm Argon ion
laser excitation system, a grating with 1200 lines mm ™",
and a thermoelectrically cooled CCD array detector at
the Institute of Mineralogy and Crystallography,
University of Vienna. Spectra were obtained in the
range from 48 to 1663 cm™', with 300 s acquisition
time. The spectral resolution of the system (apparatus
function) was 5-6 cm~' and the wave number accuracy
was better than +1 cm™' (both calibrated with the
Rayleigh line and the 521 cm™' line of a silicon
standard). The Raman spectra were taken in confocal
mode from 2 x 2 x 2 um sample volumes, using a
Leica DMLM microscope and a Leica 50x/0.75 or
100x/0.90 objective. Instrument control and data
acquisition were done with the Grams/32 software

produced by Thermo Galactic Corporation (now
Thermo Fisher Scientific).

RESULTS

After providing supporting evidence for a lunar
origin for the investigated meteorite, we then present its
main petrographic characteristics.

Lunar Origin

NWA 11962 was acquired by the NHM Vienna
from a Moroccan meteorite dealer as a single stone,
55 x45 x 20cm in size, with a total mass of
85 gram. The specimen (sample NHMV-N9595) does
not show any obvious fusion crust, even though it
contains features resembling regmaglypts and exhibits a
black shiny surface with dull brownish areas (Figs. la
and 1b). A cut and polished surface reveals that the
interior of the meteorite consists of mainly
submillimeter sized light-colored clasts and a black
compact area of impact melt, suspended in a fine-
grained, dark-gray matrix (Fig. la).

Oxygen isotope analysis was performed at the Open
University Milton Keynes on two subsamples from
NWA 11962 provided by the NHM Vienna. Lunar
samples lie on or very close to the terrestrial
fractionation line. Deviations from the terrestrial
fractionation line can be expressed using the linearized
formulation of A0 (Miller 2002) where A'’O = 1000In
(1 + [8'70/1000]) — A1000In(1 + [5'%0/1000]) where
A =0.5247. The oxygen isotope composition (Fig. 2a)
of NWA 11962 is consistent with a lunar origin
(370 =3.14 £ 0.04%,, 80 =6.03 + 0.059 and
A0 = —0.02 + 0.01%, [all errors 15]).

The bulk FeO/MnO ratio calculated from EPMA
data of the glassy matrix is 74.4, and, therefore, slightly
higher than the mean FeO/MnO ratio of Ilunar
meteorites (71.5) reported by Korotev (2005). Higher
bulk FeO/MnO ratios have also been observed for other
lunar meteorites; see, for example, Collareta et al.
(2016). The arithmetic mean values of the atomic
Fe/Mn ratios for pyroxene (59) and olivine (100) in
NWA 11962 are in good agreement with the values for
pyroxene (62) and olivine (103) from lunar basalts and
clearly differ from values for pyroxene (Fe/Mn = 40)
and olivine (Fe/Mn = 75) in terrestrial basalts (Papike
et al. 2003). As shown in Figs. 2b and 2c, the Fe/Mn
ratios of pyroxene and olivine grains in NWA 11962
clearly plot on the lunar trend line. In addition, the
meteorite contains several lithologies that are typical of
a lunar regolith breccia and are not known for
terrestrial rocks in this particular form. These
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Fig. 2. Evidence for the lunar origin of NWA 11962. a)
Oxygen isotopic composition of NWA 11962. The meteorite
clearly plots in the field of lunar samples and other lunar
meteorites at the terrestrial fractionation line (TFL). For
comparison, the field of angrites is also shown (Greenwood
et al. 2017). References for the data on lunar meteorites and
lunar rocks are from the Meteoritical Bulletin. Fe and Mn
ratios of (b) pyroxene and (c) olivine in monomineralic
(matrix) and lithic clasts from NWA 11962 as obtained using
the electron microprobe. Trend lines are taken from Karner
et al. (2006; pyroxene) and Papike et al. (2009; olivine).
QMG = quartz monzogabbro.

observations, and the petrological characteristics
discussed in detail below, clearly confirm a lunar origin
of NWA 11962.

Petrographic Description

Thin sections NHMV-0266 and NHMV-0267 (sce
Figs. 1c—f) were cut from the same end of the meteorite
specimen; thus, they represent serial sections. Both thin
sections show a clast-rich (>25 vol%) breccia with fine-
grained (0.03-0.3 mm) to medium-grained (0.3—3.0 mm)
monomineralic and lithic clasts and, in the case of
NHMV-0266, some glass fragments. The matrix
consists of highly vesicular orange-brown glass (in
plane-polarized light), which contains schlieren or
appears as a coherent opaque (in transmitted light)
area. Fragments of orange vitrophyric glass as well as
orange and black glass spherules (as seen in plane-
polarized light) are observable in thin section NHMYV-
0266. See Table S2 in supporting information for a
petrographic overview of the different clasts as seen in
the two thin sections investigated. No distinctive
agglutinates were found. The lack of fusion crust is
confirmed in thin section. All clasts display a certain
degree of shock. Shock-induced modifications include
fracturing, undulose extinction, and mosaicism of most
silicate minerals. No planar fractures or planar
deformation features were detected in the investigated
minerals, but these shock-diagnostic features are
relatively rare in lunar samples. Point counting (1000
points) of a BSE image from thin section NHMV-0266
(Fig. 1d) revealed an area distribution of 35% glassy
matrix, 61% clasts, and 4% voids. NWA 11962 has to
be classified as a lunar regolith breccia, because it
contains several glass spherules. The large number of
vesicles is also a distinctive feature of regolith breccias
(Stoffler et al. 2006). Backscattered electron (BSE)-SEM
images of both thin sections (Figs. 1d and 1f) reveal
light gray areas contrasting with darker areas, reflecting
the presence of gabbroic and more silica-rich domains,
respectively. In some cases, minerals, or at least their
rims, reacted (thermal digestion) with the impact melt
that forms the matrix. Terrestrial weathering is
indicated by the presence of calcium carbonate filling
large cracks.

Mineralogy

Individual mineral clasts embedded in the matrix of
NWA 11962 include pyroxene, plagioclase, olivine, K-
feldspar, silica (both quartz and tridymite as confirmed
with micro-Raman; see Fig. 3), spinel, ilmenite, zircon,
zirconolite, troilite, Fe-Ni metal, and barringerite.



Lunar meteorite Northwest Africa 11962 5

100 200 300 400 500 600 700 800 900 1000
' —

MK18_Tridymite

MK19_Quartz

; FWWJ 1

g /\ MK47_Quanz
[}

o

£

g N e

EMIK18_CEluartz

Tridymite

N 'd"/\-..—___/\\.ww""

..

400 500 600 700 800 900 1000
Raman shift (cm”)

=
l—=— 2 ¢

e —F7— = %

100 200 300

Fig. 3. Selected micro-Raman spectra of quartz and tridymite
from some of the investigated clasts. Tridymite and quartz
were noted in the case of the largest monomineralic silica
(amorphous, quartz, and tridymite) clast (MKI18) in the
investigated thin sections. Only quartz was found in clast
MK19 (i.e., a symplectite-like intergrowth of pyroxene,
olivine, and quartz). Note that if this clast would have formed
from the breakdown of pyroxferroite, tridymite would be
expected to be present (see Lindsley et al. 1972). Quartz was
also found in clast MK47, a small lithic clast (either a felsite
or a quartz monzogabbro). Quartz (RRUFF ID_R040031)
and tridymite (RRUFF ID_R090063) reference spectra from
the RRUFF database (see Lafuente et al. 2015) are shown (at
the bottom of the figure) for comparison.

Feldspar

Plagioclase (Anss 9sOrgg »5) is mostly anorthitic,
especially in the basalts and the monomineralic clasts
embedded in the glassy matrix. The gabbroic and quartz
monzogabbro (QMG) clasts have a more sodium-rich
composition (see Fig. 4a). K-feldspar was not found as
isolated mineral fragments in the glassy matrix. All
measured K-feldspar compositions shown in Fig. 4a are
from lithic clasts (granophyric intergrowths with silica
or basalt). These K-feldspars (An3,6Ab13,300r63,g3)
contain Ba ranging from 2.8 to 6.5 mol%, hereafter
expressed as Celsian component (Cn).

Pyroxene

Pyroxene is present both as monomineralic clasts or
components of lithic clasts (see Fig. 4b), showing a wide
range in compositions, and locally displaying exsolution
lamellae. Pyroxene crystals in basalts show zoning,
whereas pyroxene grains with exsolution lamellae are
common in the QMG and the felsite clasts. The
composition of pyroxenes in the basalts and as mineral
clasts in the breccia range from pigeonite (Fs>g 41 W05_5,
FeO/MnO = 44-76) to augite (Fsi147Wo05,4s5, FeO/
MnO = 41-96). As can be seen from Fig. 4b, there is a
very striking cluster of pyroxenes with low-Ca and high-
Mg contents (Fs;1_14Wo0g9_3, FeO/MnO = 41-96). They
solely occur as monomineralic clasts in the breccia and
cannot be directly associated with any of the lithologies
found in the breccia. Exsolved pyroxenes in the QMG
and felsite clasts and exsolved pyroxene occurring as
monomineralic clasts in the breccia have similar
compositions ranging from Fss;s_;0Wo,_5s (FeO/
MnO = 59-79) in the host to Fsyg 30Wo035.44 (FeO/
MnO = 55-113) in the augite exsolution lamellae, as
typical of the so-called “inverted pigeonite.” The Al,O;
concentration of the pyroxenes is mainly below 2 wt%
and the Cr,O; concentrations are mainly below 1 wt%.

Olivine

Olivine is less abundant than pyroxene and
plagioclase, but occurs throughout the breccia in both
monomineralic and lithic clasts. The composition of
olivine ranges between Fa;, and Fag; (Fig. 4c) with
FeO/MnO = 79-136.

Minor Phases

Free silica is found in the granophyric intergrowths,
in the QMG clast and QMG fragments, as
monomineralic clasts in the breccia, and in symplectites.
Some of the monomineralic silica clasts show numerous
inclusions of presumably troilite. The spinel in the
breccia has compositions ranging from chromite to
ulvospinel. Nearly endmember ulvospinel is present, but
rare. Spinel also occurs as an accessory phase in some
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obtained by electron microprobe. Plots (a) and (b) were partially made using the Python package “python-ternary” (Harper

2020).
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basalt and gabbroic clasts. Ilmenite is the most
abundant opaque phase in both thin sections. Some
of the ilmenite is magnesium-rich, containing up to
~8 wt% MgO. Another relatively abundant accessory
mineral is zircon, with grain sizes mostly in the range
from 10 to 30 um. Thin section NHMV-0267 contains
one large zircon crystal that is approximately
50 x 140 pm in size. Rare zirconolite is also present in
both thin sections. Furthermore, the investigated thin
sections contain troilite and Fe-Ni metal, mostly as
kamacite. Additionally, there is at least one large
(approximately 100 x 60 pm) grain of nickel-free native
iron. The calcium phosphate mineral whitlockite
appears as inclusions in some high Mg# pyroxenes. The
thin section NHMV-0266 contains one small grain
(approximately 38 x 28 pm) of barringerite
(Fey.96Nig2S02)P, a very rare iron phosphide mineral,
whose occurrence in lunar rocks was first reported by
Brandstatter et al. (1991).

Gabbroic Clasts

The most conspicuous and largest constituents in
the breccia are gabbroic clasts. In BSE maps of the thin
sections (Figs. 1d and 1f), these clasts are recognizable
by their comparatively coarse grain size and bright
appearance. Locally, gabbroic clasts appear partially
molten and are opaque in transmitted light (Figs. lc
and le). More than half of the surface area of thin
section NHMV-0267 is occupied by these gabbroic
clasts (middle part of Fig. 1d). As can be seen in detail
from Figs. 5a and 5b, these clasts have a medium-
grained, equigranular texture, composed of pyroxene,
plagioclase, and olivine, with crystal sizes up to 1 mm
in the longest dimension. Accessory phases include large
ilmenite grains and some spinel crystals. Pyroxene
(Enzy_¢>Fs>046Wo09_35) and olivine (Fasg 73) crystals are
strongly zoned. Plagioclase (Angs ggAbi> 160193 0.5) has
a relatively homogenous composition. The chemical
zoning of the mafic phases is altered by glassy shock
veins pervading the crystals. Some of these clasts may
belong to the same larger clast in 3-D, considering their
extension in the thin sections and their similar chemical
composition.

Basalt Clasts

A few basaltic clasts, mainly of small size (up to
approximately 0.5 mm) and different compositions, occur
throughout the breccia. For an overview of their mineral
chemistry, see Table 1. The identification of these clasts
as magmatic rocks is based on their texture. However,
we cannot exclude that some of these clasts could be
fragments of impact melt rocks that underwent

recrystallization. Two representative clasts of this sort are
described here in detail. Clast LK2 (Fig. 5¢) is
550 x 425 pm in size and shows subophitic texture with
plagioclase laths encompassing pyroxene crystals.
Accessory phases include K-feldspar, ilmenite, spinel, and
troilite. The zoned pyroxenes have a more magnesium-
rich core (Eng;_s¢Fs3p33Wo012.5¢) and an iron-rich rim
(Eng1_44Fs4o_45Wo015_17). Plagioclase crystals are
anorthitic (Angy_9¢). The bulk Mg# for the LK2 clast is
51, similar to Apollo 14 high-Al and very high-K basalts
(Neal and Taylor 1992). With an ALO; content of
15 wt%, a TiO, content of 2 wt%, and a K,O content of
6400 ppm, this basalt clast can be classified as an
aluminous, low-Ti, and high-K basalt (Warren and
Taylor 2014) or very high-K basalt (K,O >0.5 wt%),
respectively. Basalt clast LK3 has an annealed texture,
with grain boundaries having 120° angles that indicate
that it has (re)crystallized. The size of the clast is
approximately 460 x 410 um. It is composed of
plagioclase, pyroxene, and ilmenite with angles between
mineral grains often near 120°. The pyroxene crystals do
not show a strong zoning from core (Ens;Fs;sWo7) to
rim  (EngoFs;sWos) and the anorthite content of
plagioclase ranges from Angs to Ango.

Recrystallized Impact Melt Globule

Thin section NHMV-0266 contains one ovoid-
shaped globule (LK1) with a size of 900 x 750 um
without any indication of broken surfaces. It has an
intersertal texture (Fig. S1 in supporting information),
formed by plagioclase laths accompanied by pyroxene,
olivine, and ilmenite in the interstices. Plagioclase
compositions vary between Anse and Angs. Pyroxene
crystals are zoned and vary greatly from core
(Eng3 ssFsy 39Wog 34) to rim  (Enz 43Fs25 713W01632),
whereas olivine grains are iron-rich (Fay).

Quartz Monzogabbro (QMG)

Thin section NHMV-0266 contains a unique QMG
clast (LK10) approximately 650 x 500 um in size
(Fig. 5d). In earlier literature, lunar QMG was somewhat
misleadingly referred to as quartz monzodiorite (QMD)
even if the anorthite content of the involved plagioclase
was higher than 50% (Papike et al. 1998). The texture of
the clast seems poikilitic (in BSE images), with
plagioclase (Ansy_g4Abig 460r04-5,) enclosing pyroxene,
K-feldspar (An;_jpAb;3.5,0r73_35sCny_4), silica, minor
olivine (Fag4), and accessory phases such as zircon,
ilmenite, and troilite. The exsolved pyroxenes consist of
5 wm thick augite (Enpz 54Fs36Wo039_40) lamellae in an
iron-rich low Ca-pyroxene (En,¢Fsgo_70Wo04) host with
Fe# ranging from 60 to 72 (inverted pigeonite). Point
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Fig. 5. Backscattered electron images of clasts in NWA 11962. a, b) Gabbroic clasts in thin sections NHMV-0266 and NHMV-
0267. ¢) Aluminous, low-Ti, very high-K, basalt clast with subophitic texture. d) Quartz monzogabbro (QMG) clast. ¢) QMG
fragment. f, g8 QMG or felsite fragments. h) Felsite clast (granophyric intergrowth of silica and K-feldspar). Aug = augite;
Cfs = clinoferrosilite; Fsp = feldspar; Ilm = ilmenite; Kfs = K-feldspar; Ol = olivine; Pl = plagioclase; Px = pyroxene;
Spl = spinel; Tro = troilite. The black areas on the images are either vesicles or areas where material was lost during thin section
preparation.
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Table 1. Feldspar, pyroxene, and olivine compositions of different lithic clasts from NWA 11962. K,O abundances
and Mg# data are approximated bulk clast values from EDS analyses, except for basalt LK2, where they are
calculated values, based on the abundance of K-feldspar as evaluated from image analysis.

An Cpx  Opx Fo K,0O
Classification Clast Texture An Or average En Fs Wo  Mg# Mg# Fo average wt% Mg#
Gabbro LK20 Equigranular 83-87 0.3-0.6 85.3 38-62 27-45 9-33 47-68 - 47-59 523 - -
Basalt LK2  Subophitic  92-93 0.6-0.9 92.4 41-56 30-38 12-26 47-64 — - - 0.6 -
Basalt LK1 Intersertal 79-85 0.4-1.7 81.7 20-44 22-55 25-34 26-66 — 26 - 06 22
Basalt LK3  Subophitic  85-89 0.4-0.7 86.5 57-60 34-36 5-7 - 61-64 — - 0.5 46
Basalt S12 Subophitic ~ 91-92 0.9-1.5 92.0 33-49 3747 14-20 41-57 - - - 0.5 38
Basalt LK4  Subophitic  90-93 0.3-0.4 91.3 68-69 27 4-5 - 71-72 - - - -
QMG LKI10 Poikilitic? 5-78  0.6-81 51.8 23-27 36-70 440 39-40 27-28 16 - 2.1 -
QMG MK3  Fragment 58-80 0.6-2.4 62.1 22-27 34-70 3-43 39-40 27-28 - - - -
QMG MK28 Fragment 37-67 22-45 543 24-28 34-67 542 41 29 - - - -
QMG MK56 Fragment 74-75 0.7-0.9 74.6 27-31 35-64 5-39 54 33 - - - -
QMG MK60 Fragment 2.2-23 71-89 11.9 24-27 33-69 5-43 42 28 - - - -
Felsite MKS8  Granophyric 3-4 67-75 3.5 - - - - - - - - -
Felsite MK40 Granophyric 3-6 73-84 5.6 - - - - - - - - -

counting resulted in a modal composition of 58%
feldspar, 21% pyroxene, 19% silica, and 2% accessory
phases. Thin section NHMV-0266 also contains several
clasts which are obviously QMG fragments (see, e.g.,
Figs. 5e—g). These QMG fragments appear to have larger
grain sizes than the large QMG clast (LK10) discussed
above.

Felsite (Lunar Granite)

Both thin sections contain felsite clasts, which are
also referred to as lunar granite. Lunar granites differ
from terrestrial granites in both texture and mineralogy.
However, the term 1is used for Ilunar rocks and
fragments that have similar silica contents (SiO, >65
wt%) as terrestrial granites (Ryder et al. 1975). Thin
section NHMV-0267 only contains a few small felsite
clasts up to 200 pm in size. Thin section NHMV-0266
on the other hand has abundant felsite clasts with sizes
from 400 pum down to 20 pm or even smaller but then
optically not recognizable as granites anymore. One of
the largest clasts is shown in Fig. 5h. Its texture can be
described as a granophyric intergrowth of silica and K-
feldspar, where the silica forms a “ribbon-like” almost
parallel structure to the K-feldspar. The composition of
the K-feldspar (An3,80r67,78Ab12,26Cn2,6) varies Sllghtly
from one clast to another. The silica phase in lunar
felsites is usually quartz but cristobalite has also been
reported (see e.g., Robinson and Taylor 2011; Seddio
et al. 2015). Unfortunately, we were not able to obtain
any suitable micro-Raman data for this type of clasts
(i.e., due to previous SEM and microprobe imaging and
mapping of these clasts), and, thus, we cannot confirm
whether it is quartz and/or cristobalite. Some of the
clasts have rod-shaped, opaque inclusions, which for

their size (2-3 um in diameter) could not be accurately
analyzed. However, semiquantitative analyses of their
chemical composition, although contaminated by the
host mineral, suggest the presence of zirconolite.

High Mg# Pyroxenes

Thin section NHMV-0266 contains abundant
monomineralic clasts of pyroxene with high Mg#
(85.5 £ 1.3). The chemical composition of these clasts is
shown in Figs. 2b, 4b, and 6b. There is no evidence that
these pyroxenes are associated with other rock-forming
minerals composing a known Mg-suite lithology. The
high Mg# pyroxenes show small exsolution features, as
can be seen in Fig. S2 in supporting information, and
mineral inclusions, such as chromite (white blebs in
Fig. S2a) and whitlockite (Fig. S2b).

Pyroxenite

Thin section NHMYV-0266 contains one large
(1.1 x 0.6 mm) pyroxenite clast. It consists of low-Ca
pyroxene crystals with compositions Enys_7gFsj9 20Wo .
The individual crystals are oriented randomly and contain
thin lamellae, not more than a few hundred nanometers
thick, which appear opaque in plane-polarized light (see
Fig. S3 in supporting information). Some of the pyroxene
grains contain small accessory minerals, consisting of
ilmenite, chromite, feldspar, and possibly armalcolite.

Symplectite
Thin section NHMYV-0266 contains at least two

clasts with a symplectitic appearance. One is
approximately 350 um (Fig. 7) and the other one only
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Fig. 6. Comparison of clasts in NWA 11962 with different lunar basalt suites. a) Plot of Mg# versus TiO, showing fields for
mare basalts and picritic glasses as in Neal and Taylor (1992). Filled circles and stars represent impact-related and volcanic glass
beads, respectively. For comparison, the two (impact) glass beads values reported from NWA 4472 (Joy et al. 2011) are shown.
b) Ti# (Ti/Ti + Cr) versus Fe# (Fe/Fe + Mg) plot for pyroxenes in clasts from NWA 11962 and NWA 4472 (filled squares)
compared with fields for lunar basalt (Nielsen and Drake 1978). Compositional fields for the basalts are from Papike et al.
(1991).

70 um in size. In both cases, the symplectite-like A modal analysis of the clasts in NWA 11962
clasts consist of an intergrowth of hedenbergitic revealed a bulk composition of approximately
pyroxene (Ensg »1Fs3640W040 43), Fe-rich olivine (Fagg), (Feps5Cag13Mgp13Mngo1)SiO3  corresponding to an
and quartz (as confirmed with micro-Raman; see Fig. 3). equivalent pyroxene composition En;¢ sFsgsWo0;5 5.
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Fig. 7. BSE image of a symplectite clast in the matrix of
NWA 11962 comprising pyroxene (gray), olivine (light gray),
and silica (dark gray). Micro-Raman spectroscopy confirms
that the SiO, in this clast is quartz. Ol = olivine;
Px = pyroxene. Abundant vesicles can be seen as black dots in
the matrix surrounding the clast. The large black area
corresponds to material that was removed during thin section
preparation.

Glass Spherules

Thin section NHMV-0266 contains at least 12 glass
spherules, which led to the classification of NWA 11962
as a regolith breccia (Meteoritical Bulletin, No. 107).
Some spherules have a homogeneous appearance
without schlieren or inclusions, whereas others are

partially or completely recrystallized, showing
submicrometer dendritic crystals and/or inclusions
(Figs. 8a, 8b, and S4 in supporting information).

However, all spherules contain one or several vesicles,
indicating an excess gas phase (Rutherford et al. 2017).
The Ilargest spherule found has a diameter of
approximately 130 pm. The chemical composition of
these spherules is provided in Table 2. Their chemical
composition is internally quite homogeneous, but shows
significant  differences between spherules. On a
compositional basis, the glass spherules can be divided
into at least three distinct groups for the impact glass
spherules and also three distinct groups for the volcanic
spherules. Volcanic and impact-related spherules can be
distinguished using the Mg/Al ratio; If Mg/Al is >1.5,
the spherules can be assumed to be volcanic in origin,
otherwise they are considered as impact-related (see,
e.g., Delano and Livi 1981; Delano 1986). Six of the
investigated spherules listed in Table 2 can be classified
as volcanic. These volcanic spherules also have higher
Mg/Ca ratios, as well as higher Fe and Cr
concentrations than the impact spherules (Table 2). As

can be seen from Fig. 6a, all spherules but one (SP6)
has intermediate (1.5-6 wt%) to high TiO, (>6 wt%)
concentrations. In plane-polarized light, none of the
volcanic spherules are orange, but rather blackish in
color. The impact spherules are yellow/orange (see
Fig. 8a) and black in color. Mg# values range from 33
to 64 in the impact spherules and from 34 to 43 in the
volcanic spherules (Table 2), respectively. Spherule SP6
is an exception in that it is colorless and has the highest
Mg# value (64), aside from having the lowermost TiO,
content (1.3 wt%) among the investigated spherules.

Olivine Vitrophyric Glasses

Thin section NHMV-0266 contains a few olivine
vitrophyre clasts. The largest of these olivine
vitrophyres has a size of 0.7 x 1.5 mm. They consist of
20-50 um sized olivine crystals with a skeletal
appearance and tiny opaque minerals, most likely Cr-
rich spinel crystals (1-5 pm), with a euhedral
(thomboidal) shape, embedded in a yellowish to
brownish (in plane-polarized light) glass matrix
(Figs. 8¢ and 8d). The crystals have a random
distribution and do not show any flow fabric. The
vitrophyric glass is surrounded by a dark and opaque
rim, which recalls chilled margins. As can be seen using
the BSE mode (see Fig. 8d), all olivine crystals are
permeated by numerous fractures, which do not
propagate into the glass matrix.

Impact Melt Splashes

In addition to the glass spherules discussed above,
NWA 11962 contains several glassy impact melt
splashes with an amoeboid shape (Figs. 8¢ and S5 in
supporting information). They contain only a few
mineral clasts incorporated at the rims. The glass has
no schlieren and does not show hints of
recrystallization. Unlike the impact spherules, the
impact melt splashes have a very homogenous chemical
composition (see Table 3). The Mg/Al ratios are well
below 1.5, supporting their impact origin. In addition,
all impact melt splashes have low TiO, values
comparable to the TiO, concentration in the bulk
meteorite. In general, their chemical composition is very
similar to the bulk chemistry of the meteorite as
measured in the impact melt matrix (see Table 3).

Impact Breccias and Granulites

NWA 11962 contains few impact breccia and
granulite clasts, mostly of small size. Examples are
shown in Figs. S6 and S7 in supporting information.
Some petrographic details are given in Table S2.
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Fig. 8. Different types of glass found in NWA 11962. a) Impact melt spherule in plane-polarized light (PPL) as seen under the
optical microscope. b) Backscattered electron (BSE) image of a volcanic spherule. ¢) Olivine vitrophyric glass in PPL under the
optical microscope. d) BSE image showing details of the olivine vitrophyric glass. €) BSE image of an impact melt splash. f) BSE
image of an impact melt vein and the glassy impact melt matrix, both with abundant vesicles. Note also the silica (dark gray)

and felsite clasts typical for NWA 11962.

DISCUSSION
Potpourri of Clasts and Their Source Regions

Gabbroic Clasts

These clasts clearly have been altered by impact
melting, as suggested by the presence of multiple glassy
shock veins crosscutting them. The mafic phases are not
well equilibrated, such that their chemical composition
differs throughout the sample. The observed chemical
zoning of the mafic phases is primary and indicates
crystallization at nonequilibrium conditions. Therefore,

these clasts could be of hypabyssal origin or are derived
from a shallow intrusion. An origin from a very thick
lava flow was also considered for similar lunar material
by Day and Taylor (2007). Figure 6b shows that the
pyroxenes in the gabbroic clasts correlate with low-Ti to
high-Ti source magmas (Nielsen and Drake 1978).
Interestingly, this corresponds well with the Ti
concentrations in the volcanic glass beads (Fig. 6a).
Taking into account that the gabbroic clasts are a
major component in the thin sections of the regolith
breccia investigated here, these observations point
toward a low-Ti to high-Ti source region.



Lunar meteorite Northwest Africa 11962 13

Table 2. Electron microprobe data for glass spherules in NWA 11962. Spherules with Mg/Al > 1.5 are considered
to be of volcanic origin, whereas spherules with Mg/Al < 1.5 are considered to be of impact origin (see text). Oxide

abundances in wt%.

Spl Sp2 Sp3 Sp4 Spda SpS Sp6 Sp7 Sp8 Sp9 Sp10 Sp0

Orange Black Orange Black - Black  Colorless Black Black  Black - -

Impact Volcanic Impact Volcanic Impact Impact Impact Volcanic Impact Volcanic Volcanic Volcanic
SiO, 41.33 38.51 4374  39.18 50.21  45.37  43.17 38.26 41.27 3781 42.34 42.19
TiO, 5.98 8.00 5.43 5.58 1.69 5.54 1.28 8.51 9.84 8.16 3.03 3.12
AlL,O; 10.28 5.17 9.87 5.79 15.80  10.51 19.69 4.90 10.07 4.92 6.45 6.25
Cr,0; 0.33 0.63 0.26 0.46 0.21 0.28 0.15 0.64 0.41 0.59 0.55 0.53
FeO 19.12  23.85 19.92  26.62 9.51  20.22 8.37 24.63 16.40  25.21 22.35 22.82
MnO 0.23 0.29 0.24 0.30 0.11 0.27 0.13 0.30 0.25 0.31 0.30 0.29
MgO 9.49 15.97 7.89 13.46 11.03 6.09 1471 15.72 10.31 14.836 17.09 16.46
CaO 11.00 6.98 9.91 791 9.73 1038  11.86 6.99 10.71 7.29 7.58 7.74
Na,O 0.16 0.27 0.78 0.19 0.52 0.56 0.03 0.23 0.40 0.20 0.15 0.28
K,0 0.03 0.04 0.19 0.09 0.35 0.34 0.01 0.03 0.02 0.08 0.04 0.02
P,0s5 0.08 0.07 0.16 0.11 0.04 0.32 0.09 0.06 0.06 0.08 0.05 0.06
Total  98.04  99.77 98.40  99.66 99.19  99.89  99.48 100.28 99.74  99.52 99.91 99.75
Mg/Al 1.2 39 1.0 2.9 0.9 0.7 0.9 4.1 1.3 3.8 3.4 3.3
Mg/Ca 1.2 32 1.1 2.4 1.6 0.8 1.7 3.1 1.3 2.8 3.1 3.0

Table 3. Chemical composition of impact melt splashes (IMS) and of the glass matrix in NWA 11962 as measured

by EPMA. Oxide abundances in wt%.

IMS 1 IMS 2 IMS 3 IMS 4 IMS 5 IMS 6 IMS 7 Matrix
SiO, 49.28 47.58 49.58 50.84 50.16 50.91 44.11 46.78
CaO 9.96 10.26 9.89 10.05 9.38 10.06 11.97 11.60
FeO 7.04 7.33 9.36 9.19 9.27 9.03 7.95 9.79
MnO 0.10 0.12 0.12 0.13 0.10 0.11 0.15 0.13
MgO 12.59 15.31 11.52 9.24 11.05 9.06 13.37 8.44
ALO3 18.58 17.72 16.16 16.36 15.58 16.43 20.56 18.37
Cr,04 0.24 0.19 0.19 0.11 0.23 0.17 0.15 0.26
TiO, 1.09 0.92 1.67 1.73 1.57 1.68 1.09 1.79
Na,O 0.39 0.17 0.30 0.49 0.73 0.51 0.04 0.62
K,O 0.24 0.09 0.21 0.42 0.59 0.43 0.02 0.40
P,0s 0.14 0.15 0.07 0.17 0.40 0.15 0.09 0.43
Total 99.67 99.85 99.12 98.74 99.08 98.60 99.54 98.63
Mg/Al 0.7 0.9 0.7 0.6 0.7 0.6 0.7 0.5
Mg/Ca 1.3 1.5 1.2 0.9 1.2 0.9 1.1 0.7
Basalt Clasts basalts. This 1is interesting because NWA 11962

Pyroxenes in the basalt clasts are also of a low-Ti
to high-Ti origin (see Fig. 6b). Basalt clast LK2 is
from an aluminous, low-Ti and high-K basalt or very
high-K basalt (K,O >0.5 wt%), respectively. Very
high-K basalts (VHK) are known from Apollo 14
breccias (Shervais et al. 1983, 1984, 1985). We infer
that these basalts were derived from low-Ti basalt
magmas that assimilated components of granitic crust
as they ascended to the lunar surface (Shervais et al.
1985). Based on a comparison of REE patterns of
VHK and lunar granite samples, Neal et al. (1989)
argued in the same direction for the origin of these

contains both this type of basalt clasts as well as lunar
granites. Thus, from this point of view, they might
also be spatially related, concerning their origin. This
is worth mentioning, as it is not uncommon for
regolith breccias, like NWA 11962, to contain
components that originated from different locations
and were merged by impact processes (e.g., McKay
et al. 1991).

Recrystallized Impact Melt Globule
Globules with a similar texture were reported for the
granulitic breccia Dhofar 026 by Cohen et al. (2004) and
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Fig. 9. Mineral chemistry of the large quartz monzogabbro (QMG) clast (LK10) and some smaller QMG and felsite fragments
in thin section NHMV-0266 of NWA 11962. a) Feldspar composition and (b) pyroxene composition. All data obtained by
electron microprobe. Matrix Px exs: Monomineralic exsolved pyroxene clasts in the breccia. Plots (a) and (b) were partially made
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Warren et al. (2005). Cohen et al. (2004) concluded that
these are recrystallized impact melt globules. Beside the
similar texture, the mineral chemistry reported by these
authors is quite different to the globule discussed here.
The plagioclase in the globule in NWA 11962 is much
more sodic (Anyo—Angs) than the plagioclase in Dhofar
026 (Ang>—Angs) globules. Furthermore, the olivine and
pyroxene in the globule in NWA 11962 are much more

iron-rich than in the globules in Dhofar 026. This
difference in mineral chemistry points toward different
source regoliths from which the globules formed.

Quartz Monzogabbro and Felsite Clasts

The abundant QMG and felsite clasts are a very
peculiar feature of the investigated regolith breccia. In
general, they are rare lunar lithologies and it is still
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unclear whether they formed as separate intrusive
bodies or represent fragments from trapped melt-rich
regions of other Iunar rock types (Wieczorek et al.
2006). However, such types of clasts have never been
found (as far as we are aware) in intergrowth with other
rock types, such as basalts. The Fe# value is slightly
higher than that reported for the pyroxenes from the
QMG/QMD clasts of Apollo 15 (Fagan et al. 2014).
The anorthite content of plagioclase (Ans>—Angs) is
comparable to other QMG/QMD clasts in the literature
(e.g., Jolliff et al. 1999; Fagan et al. 2014; Hidaka et al.
2014). Several of the lithic clasts that are embedded in
the vesicular impact melt matrix are obviously also
fragments of QMG (see e.g., Figs. Se—g). Comparing
Fig. 5d and Figs. Se-g, a difference in grain sizes
between the large QMG clast LK10 and the smaller
fragments can be observed. The grain size of minerals in
the large QMG clast is below 100 um, whereas some of
the other QMG fragments show grain sizes of several
hundred micrometers. However, the feldspar and
pyroxene compositions are quite similar between QMG
clasts or fragments, respectively (see Fig. 9). The plots
in Fig. 9 show feldspar and pyroxene compositions for
the QMG clast discussed above (LK10), compared to
the QMG fragments and felsite clasts. Without
investigating trace elements in situ, it cannot be
concluded whether all the QMG and felsite fragments
are from the same source rock or not.

High Mg# Pyroxene Clasts and a Single Pyroxenite
Clast

There is no hint that the abundant and relatively
large monomineralic pyroxene clasts with a high Mg#
are associated with any of the lithologies that we have
characterized in the investigated thin sections. As no
grain boundaries are discernible, their origin as
fragments of pyroxenite can also be excluded. This
observation makes their origin somewhat enigmatic.
Measuring trace element concentrations of these high
Mg# clasts may shed more light on their origin. In
contrast, the single pyroxenite clast that we identified
has a somewhat lower Mg# and comprises smaller
individual pyroxene crystals (up to 150 um in size). The
lunar mantle is thought to consist of pyroxenite or
dunite. For example, Ringwood and Essene (1970)
proposed pyroxenite as a 200-500 km deep mantle
source of mare basalts. A more recent study by
Gagnepain-Beyneix et al. (2006) also found a pyroxenite
mantle to be the best fit for the reevaluated seismic
velocities of the Apollo seismic measurements. The Mg#
of 79-80 of the pyroxenite clast is in good agreement
with the values for the upper lunar mantle given in
Wieczorek et al. (2006), and references therein.
Nonetheless, pyroxenite clasts found in the Ilunar

regolith are thought to most likely represent
recrystallized pyroxene grains (Wilshire and Jackson
1972). Some pyroxenites in lunar regolith could also be
relicts of impactors, for example, from nakhlite or
aubrite achondrite meteorites. However, the clast
discussed here has a typical lunar ratio of iron to
manganese (see Fig. 2a), excluding a non-lunar origin.

Symplectite Clasts

Comparable symplectitic assemblages are
occasionally called “pyroxferroite breakdown material”
or PBM in the literature (e.g., Warren et al. 2004).
Such symplectite-like clasts are known from Apollo 11
samples (Chao et al. 1970) and also from some lunar
meteorites, such as Asuka 881757 (Koeberl et al. 1993),
NWA 773 (Fagan et al. 2003), and EET 96008 (Anand
et al. 2003). Yet not all of them are thought to be the
result of a pyroxferroite breakdown. Some authors
argue that the bulk composition of the clasts is not
consistent with pyroxferroite as a precursor phase.
Synthetic pyroxferroite is stable only at pressures higher
than 10 kbar (Lindsley and Burnham 1970). At lower
pressure and a temperature of 960 °C, pyroxferroite
decomposes within 68.5 h to the mineral assemblage
Ca-rich clinopyroxene, fayalite, and tridymite (Lindsley
et al. 1972). The bulk composition of the clasts
discussed here (En;qsFsgsWo;s5) is outside the range
reported for pyroxferroite with Eny j3Fs75 o Wois 14
(Lindsley et al. 1972) and Ens_gFs;o g1 Wo14.04 (Agrell
et al. 1970). In addition, micro-Raman analysis revealed
that the silica in the investigated clasts is quartz and
not tridymite (see Fig. 3). However, it cannot be
excluded that it formed as tridymite and was then
inverted to quartz at a later time. Importantly, the
texture of the studied symplectite-like clasts and other
ones in the literature indicates extensive recrystallization

of the mineral phases after formation of the
symplectitic assemblage (Abart, personal
communication).

Glasses

With only a few exceptions, the various types of
glasses present in NWA 11962 have relatively high Ti
contents. The glassy impact melt matrix (Fig. 8f) of the
meteorite has a TiO, concentration of 1.8 wt% (£0.5).
Impact glass spherules have TiO, concentrations
ranging from 1.3 to 9.8 wt%, whereas the volcanic glass
spherules have TiO, concentrations from 3 to 8.5 wt%.
The glass of the olivine vitrophyric fragments has a
TiO, content of 5.1 wt% (40.2) and the large opaque
parts of the impact melt veins have an average
composition of 5.7 wt% (£0.3). We compared the
major element chemical compositions of the glass
spherules listed in Table 2 with 25 groups of pristine
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lunar glasses reported by Delano (1986). Glass spherules
Spl0 and SpO0 have some similarities to Apollo 15
yellow glass, whereas glass spherules Sp2, Sp7, and Sp9
show a best fit with Apollo 17 orange glass. Glass
spherule Sp4 has similarities with Apollo 14 yellow
glass. However, in all cases, the iron content of the
glass spherules in NWA 11962 is higher than in the
respective Apollo glasses. It is possible that some of the
black spherules are devitrified orange spherules, similar
to the ones shown by Rutherford and Papale (2009).
Unlike the glass spherules, the impact melt splashes
have concentrations very similar to the glassy matrix of
the meteorite (Table 3). Their shape and the fact that
they bear small clasts at their rims (see Fig. S5) suggests
that they were not completely solidified upon landing
on the regolith and had a rather short flight time. For
these reasons, we assume that they represent the
composition of the regolith in the vicinity of the launch
crater of NWA 11962.

Composition of the Clasts and the Source Region

The classification of lunar mare basalts is based on
their TiO, content (e.g., Giguere et al. 2000). The
broadly used convention is that basalts with <1.5 wt%
TiO, are defined as “very-low titanium” (VLT), basalts
with 1.5-6 wt% TiO, as “low-Ti," and basalts with >6
wt% TiO, as “high-Ti” (Neal and Taylor 1992). Some
authors have suggested different classification schemes.
For example, Le Bas (2001) and later on Warren and
Taylor (2014) have proposed that the classes as defined
above should be denoted “Ti-poor,” “medium-Ti,” and
“Ti-rich.” Robinson et al. (2012) used the following
categories:  very-low Ti (TiO, <1%), low-Ti
(1% < TiO, < 6%), intermediate-Ti (6-10% TiO,), and
high-Ti (>10% TiO;), which is close to the initial
classification of Papike and Vaniman (1978). However,
as already noted by Warren and Taylor (2014), the use
of “low-Ti” for basalts with up to 6 wt% TiO, is
somehow strange, if not even misleading. Orbital
remote sensing data have revealed that TiO,
concentrations higher than 6 wt% are very rare on the
lunar surface (Apollo 11 samples are an exception) and,
therefore, the term intermediate may be misleading for
such basalts. We, therefore, used the classification as
proposed by Warren and Taylor (2014) in the following
text.

Historically, the collections of Apollo and Luna
basalt samples show a bimodal distribution with
abundant Ti-poor (VLT) and Ti-rich (high-Ti) basalts
and a low proportion of medium-Ti (low-Ti) basalts.
However, the available collections are biased by a
nonrandom sampling. Basalt clasts found in lunar
meteorites, which represent a much larger and more

ER)

random sampling of the lunar crust, as well as remote
sensing data show that the distribution of basalts is in
fact unimodal (Robinson et al. 2012), with much less
Ti-rich basalts than Ti-poor and medium-Ti basalts.
NWA 11962 represents a further example of the relative
abundances of medium-Ti to Ti-rich basalts and,
therefore, contributes to a better understanding of their
global lunar distribution and, consequently, to a more
accurate estimate of the composition of the lunar crust.

From their study of basalt clasts in lunar
feldspathic meteorites, Robinson et al. (2012) concluded
that the distribution of basalts in lunar meteorites is
specific for the respective meteorite and, thus, constrains
the source region to a certain point. In the case of
NWA 11962, this means that the source region of this
specific meteorite most likely lies in or a few hundred
kilometers around the medium-Ti to Ti-rich regions
found in Oceanus Procellarum and Mare Tranquillitatis.
However, the mean chemical composition of the glassy
matrix of NWA 11962 (see Table 3 and Fig. 6a) refers
to a source regolith with approximately 1.8 wt% TiO,.
Regolith with a similar composition is widespread in
many mare regions. However, our petrographic
observations suggest that NWA 11962 is a binary
mixture of material derived from mare and feldspathic
highland terrane (FHT). In particular, it is a mixture of
gabbroic basalt, vitrophyric glasses, and Mg- and alkali
suite lithologies with minor amounts of (VHK) basalts,
granulites, and impact breccias. Therefore, we estimate
that the meteorite originated from a mare—highland
mixing zone with a spatial proximity to medium-Ti and
Ti-rich volcanic regions.

Possible Pairing Relationships with Other Lunar
Meteorites

Preliminary instrumental neutron activation analysis
(INAA) on homogenized bulk powder revealed an Fe
concentration of 9.28 wt% and a Th concentration of
6.6 ppm for NWA 11962 (Bechtold et al. 2020). Similar
Fe and Th contents were reported in the literature for
at least seven other lunar meteorites, suggesting a
possible pairing relationship. Specifically, these are
NWA 4472/4485 (Korotev et al. 2009), Miller Range
13317 (Curran et al. 2016), Calcalong Creek (Hill et al.
1991), Lynch 002 (Smith et al. 2012), Sayh al Uhaymir
(SaU) 169 (Gnos et al. 2004), and Dhofar 1442 (Zeigler
et al. 2011). We compare here their petrographic
characteristics with those observed in NWA 11962, to
support or exclude a possible pairing relationship.

NWA 4472/4485
Of the seven lunar meteorites mentioned above,
NWA 4472/4485 (paired stones) shows the closest match



Lunar meteorite Northwest Africa 11962 17

in terms of bulk Fe and Th concentrations (Bechtold
et al. 2020). In view of these similarities in Fe and Th
concentrations, NWA 11962 and NWA 4472/4485 could
be considered paired. Nonetheless, taking into account
also the petrographic observations, these meteorites
present some striking differences. Both meteorites were
classified as lunar regolith breccias because they contain
glass spherules. According to Joy et al. (2011), in the
case of NWA 4472, all glass spherules are of impact
origin. As discussed above, in the case of NWA 11962,
approximately half of the spherules are of volcanic
origin. Besides this, Joy et al. (2011) report that all
impact glasses in NWA 4472 have less than 4.5 wt%
TiO,, indicating that no high-Ti basalt bedrock was
melted. As can be seen from Table 2 and Fig. 6a, many
of the glass spherules in NWA 11962 have higher TiO,
contents than 4.5 wt%, disregarding their impact or
volcanic origin. Arai et al. (2009) reported glass
spherules in NWA 4485 having 1.2-1.8 wt% TiO,.
Additionally, on a plot of Ti# (Ti/[Ti + Cr]) versus Fe#
(Fe/[Fe + Mg]) pyroxenes from NWA 11962 plot in the
field of low to high titanium (LT and HT), whereas the
pyroxenes from NWA 4472 plot in the very low to low
titanium (VLT and LT) region (see Fig. 6b). The
different Ti concentrations in glass spherules, as well as
in pyroxenes, suggest a different origin for the volcanic
products in the source crater regolith of NWA 11962
compared to NWA 4485/4472. Furthermore, in contrast
to the basalt clasts of NWA 4472, none but one of the
studied basaltic clasts in NWA 11962 contains olivine.
This olivine is Fe-rich (Fay7s). In contrast, the olivine of
the basalts in NWA 4472 is substantially more Mg-rich
(Faszg_s4). The plagioclase compositions are considerably
more anorthitic (Ca-rich) in the basalts of NWA 11962
compared to NWA 4472. Both meteorites contain felsite
clasts in the form of granophyric intergrowth of
K-feldspar and silica. The K-feldspar compositions of
the granophyric intergrowths are almost congruent, with
OI‘()3783Ab13730CH2_8,6.5 for NWA 11962 and
OI'56,8|Ab15,3()C1’10'6,6_3 for NWA 4472 (Kuehner et al.
2007). However, they are comparable to values from
Apollo samples in the literature, for example,
Org73Absg ,Anyy (average for K-feldspar in 12033,507),
Or33,78Ab21,50An0.7,16Cn0.4,3.9 (ln 12032,366-19), and
Org;Abj,An; ;Cns s (average for K-feldspar in
14161,7373). The abundant monomineralic high-Mg,
low-Ca pyroxene grains (see Fig. 4b), presumably from
an Mg-suite rock, present in NWA 11962, are lacking in
NWA 4472. To our knowledge, NWA 11962 contains
no Mg-suite breccias, harzburgite, spinel troctolite,
granulite, or norite clasts as does NWA 4472. The
majority of these petrographic observations are
arguments against a pairing relation. However, the
representativeness of the small meteorite fragment

investigated in this work compared to the whole mass of
the meteorite cannot be ignored, especially considering
that NWA 11962 is a breccia. Measuring and comparing
cosmic ray exposure (CRE) ages (Eugster 2003) and
terrestrial ages (Jull 2001) would provide additional
information to discuss possible pairing relations.

Miller Range 13317

Miller Range 13317 is a basaltic regolith breccia,
with a VLT basalt component (Zeigler and Korotev
2016a). According to Curran et al. (2016), the clasts in
the breccia include regolith breccias, basalts, feldspathic
fragments, symplectites, norites, and granulites. The
same authors reported an FeO concentration of 9-16
wt% (Fe = 6.99-12.43 wt%) and a Th concentration of
5.4 ppm, which is comparable to NWA 11962. Yet, no
quartz monzogabbros, lunar felsite clasts, or olivine
vitrophyric glasses have been reported in petrographic
descriptions for Miller Range 13317 in the literature
(Curran et al. 2016, 2019; Zeigler and Korotev 2016a,
2016b). This fact and the VLT basalt component in
MIL 13317 (compare Fig. 4b in Curran et al. 2019 and
Fig. 6b in this study) make a pairing relation to NWA
11962 rather unlikely.

Calcalong Creek

This lunar meteorite has been described as a
polymict breccia with clasts of mare and highland origin
(Hill and Boynton 2003). Calcalong Creek has a bulk
FeO concentration of 9.69 wt% (Fe = 7.53 wt%) (Hill
and Boynton 2003) or 9.66 wt% (Korotev et al. 2009)
and a Th concentration of 4.28 ppm (Hill and Boynton
2003) or 3.95 ppm (Korotev et al. 2009). These values
are similar to the values of Fe and Th found in NWA
11962 (Bechtold et al. 2020). However, the clast
inventory of Calcalong Creek is significantly different to
what we report here for NWA 11962. Although it
contains one clast with a KREEPy signature, it has no
K-feldspar and only a few small silica clasts. No quartz
monzogabbro, lunar felsite clasts, or vitrophyric glasses
have been reported for this meteorite. Furthermore, the
basalts in Calcalong Creek all carry a low-Ti to very-
low-Ti signature. With regard to the low-Ti to high-Ti
pyroxenes and spherules in NWA 11962, this makes a
pairing relation rather unlikely.

Lynch 002

Korotev (2013) reported an FeO concentration of 9.0
(£0.3) wt% (Fe = 6.99 wt%) and a Th concentration of
5.1 (£1.2) ppm for this Iunar meteorite, values that are
quite similar to those for NWA 11962. The petrographic
description for this lunar meteorite is limited to two
conference abstracts (Smith et al. 2012; Robinson et al.
2016). No quartz monzogabbro, lunar felsite, gabbroic
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clasts, or olivine vitrophyric glasses have been reported
therein. Robinson et al. (2016) described several basalt
clasts, with pyroxene compositions indicating a heritage
from low-Ti to very-low-Ti parent magmas. The sum of
these petrographic observations makes a pairing relation
to NWA 11962 very unlikely.

Sayh al Uhaymir 169

SaU 169 consists of two different parts, namely a
KREEP-rich impact melt breccia and a KREEP-rich
regolith. Gnos et al. (2004) reported that the impact melt
breccia part has a very high Th concentration (32.7 ppm),
which is nearly five times the Th concentration in NWA
11962. However, the same authors reported that the
regolith part of this lunar meteorite has an FeO
concentration of 11.09 wt% (Fe = 8.62 wt%) and a Th
concentration of 8.44 ppm, which is just slightly higher
than in NWA 11962. According to Gnos et al. (2004), the
regolith breccia part of SaU 169 contains basalt clasts
with a full range from low-Ti to high-Ti basalts as well as
orange glass beads for which no composition is available.
Beside this, no monzogabbro, neither lunar felsite clasts,
nor olivine vitrophyric glasses have been described in
SaU 169 by Gnos et al. (2004). Based on the limited
amount of petrographic information available for SaU
169, it is impossible to either confirm or exclude a pairing
relationship with NWA 11962.

Dhofar 1442

Dhofar 1442 has been described as a clast-rich
regolith breccia with a glassy melt matrix (Zeigler et al.
2011). It has an Fe concentration of 13.56 wt%
(Fe = 10.54 wt%) and a Th concentration of 14.4 ppm.
Despite the higher Fe and Th concentrations compared
to NWA 11962, the mineral and lithic clast inventory is
very similar. Zeigler et al. (2011) reported that the
impact-related glasses in Dhofar 1442 typically have
compositions related to the bulk composition of the
meteorite. We also observed this in NWA 11962 for the
glassy clasts denoted and discussed as impact melt
splashes above. A comparison of the data and figures in
Zeigler et al. (2011) and in Demidova et al. (2014) with
our results shows that the mineral chemistry and the
texture of many of the clasts in Dhofar 1442 are very
similar to clasts in NWA 11962. Despite the differences in
bulk FeO and Th concentrations, this is the most
interesting lunar meteorite in terms of a possible pairing
relation to NWA 11962 (in addition to NWA 4472/4485).
Interestingly, Demidova et al. (2014) noted that the age
variation of zircons in Dhofar 1442 is comparable to the
age variation of zircons in NWA 4485. However, Ti-rich
glasses and olivine vitrophyric glass appear to be less
common in Dhofar 1442 than in NWA 11962.

CONCLUSIONS

NWA 11962 is a lunar meteorite classified as a
lunar regolith breccia. The lunar origin of the meteorite
has been confirmed by oxygen isotopes and mineral
chemistry. It contains clasts from various Ilunar
lithologies, including the alkali suite which is rare in
the Apollo collection, magnesian suite, and mare (or
VHK) basalts. The investigated sample additionally
shows a glassy matrix of vesicular impact melt and
abundant gabbroic clasts that both occupy large areas
in the investigated thin sections. The mineral chemistry
of pyroxene and the major element chemistry of the
various glasses in NWA 11962 show that the meteorite
has inherited certain materials produced during lunar
medium-Ti to Ti-rich volcanism. In summary, NWA
11962 is a binary mixture of mare and feldspathic
highland terrane materials that most likely originated
from such a mixing zone with nearby medium-Ti to Ti-
rich regions on the lunar near side. Seven other lunar
meteorites (as discussed above) have comparable bulk
FeO and Th concentrations to NWA 11962, with at
least two of them, NWA 4472/4485 and Dhofar 1442,
showing certain similarities that might be consistent
with a possible pairing relationship. However, as the
meteorites considered here have only been compared
based on information available in the literature, no
firm conclusions can be drawn. Measuring and
comparing cosmic ray exposure (CRE) ages (Eugster
2003) and terrestrial ages (Jull 2001) would provide
additional information to discuss possible pairing
relations.
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