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Ramlat Fasad (RF) 532 is a lunar meteorite recovered from the desert plains of Oman in
2018 during systematic searching. Our study shows that RF 532 is a monomict gabbro
breccia, dominantly composed of anorthitic plagioclase and augitic to pigeonitic pyroxene. In
situ Pb isotope analyses of feldspars, pyroxene, symplectite, apatite, zircon, and zirconolite
reveal a minimum crystallisation age of 3858.9 ± 3.2 Ma (2σ uncertainty), and Pb isotope
evolution modelling indicates that it was derived from a source with a 238U/204Pb ratio
of ∼71–81 (typically referred to as the µ-value). With a monomict brecciated texture,
partly maskelynitised plagioclase, and melt pockets and veins, it was likely subject to shock
pressures of ∼20–25 GPa. In terms of petrology, geochemistry, and geochronology, RF 532
is indistinguishable from the ‘YAMM’ meteorites—Yamato 793169, Asuka 881757, Miller
Range 05035, and Meteorite Hills 01210, which are basaltic/gabbroic lunar meteorites
recovered from various Antarctic icefields—indicating that all the stones are grouped.
Together, they sample a basaltic lava flow and overlying regolith that has been subject to
at least one impact event. They were likely ejected from the Moon at the same time, but
differences in terrestrial residence ages and recovery locations suggest they did not fall to
Earth in the same event. Thus, RF 532 and the YAMM group become the first lunar launch
group where all members were recovered during systematic searches, with precise recovery
coordinates for all meteorites.

1 Introduction

As of April, 2025, over 730 lunar meteorites have been recog-
nised and classified in the Meteoritical Bulletin (https://
www.lpi.usra.edu/meteor/), of which ∼60 % of the stones
are paired or grouped, such as the Dhofar (Dho) 303 clan or
the Northwest Africa (NWA) 7611 clan (Korotev and Irving,
2021). Lunar meteorites may be launch paired (also referred
to as source-crater paired) or fall paired (also referred to
as terrestrially paired). Launch pairing occurs when a single
impactor generates multiple meteoroids that end up on
Earth, whereas fall pairing occurs when a single meteoroid
fragments during transit and several stones land on Earth
(Fritz, 2012; Korotev and Irving, 2021). In the case of fall
pairing, meteorites can be paired on the basis of relatively

minimal evidence—for the most part, a close proximity
in their find locations and similarities in petrography and
geochemical composition is enough. For example, LaPaz
Icefield (LAP) 02205, 02224, 02226, 02436, 03632, and
04841 are a group of basaltic lunar meteorites that were
found along a linear trend of a few kilometres within the
same Antarctic icefield (Righter et al., 2005; Zeigler et al.,
2005; Day et al., 2006b; Joy et al., 2006; Hill et al., 2009).
For launch pairs, similarities in petrography and geochemical
compositions alone are not enough to definitively confirm
pairing, and, thus, more thorough analyses are required.
This can be done through a number of means, like deriving
the minimum crystallisation ages for igneous samples (e.g.,
when a basaltic lava flow cooled on the Moon; Wang et al.,
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2012; Elardo et al., 2014; Merle et al., 2024), cosmic ray
exposure (CRE) ages for breccia samples (the duration a
meteoroid/meteorite has been exposed to cosmic rays, e.g.,
Nishiizumi et al., 1992; can also be used to disprove pairing,
e.g., Mészáros et al., 2017), or terrestrial residence ages
(the duration a meteorite has resided on the Earth’s surface;
e.g., Welten et al., 2006).

In this study, we investigate Ramlat Fasad (RF) 532,
which is a lunar meteorite that was recovered from the desert
plains of Zufar, Oman, in 2018 during a systematic search
for meteorites. It was found as a single stone weighing
245.2 g that was strongly wind-ablated and missing a fusion
crust (Gattacceca et al., 2022). A likely paired stone,
RF 535, is a lunar gabbro exhibiting a brecciated texture
and was found as a single 116.2 g fragment only 118 m away
(Gattacceca et al., 2025).

Initial classification (see Gattacceca et al., 2022) iden-
tified RF 532 as a gabbro exhibiting a brecciated texture,
where large coarse-grained clasts composed of plagioclase
and pyroxene are set in a matrix of fragmented minerals
with the same composition. The petrography and com-
position of RF 532 are remarkably similar to samples in
the lunar meteorite ‘YAMM’ group—consisting of Yamato
(Y-)793169, Asuka (A-)881757, Miller Range (MIL) 05035,
and the Meteorite Hills (MET) 01210 basaltic clasts (Yanai,
1991; Yanai and Kojima, 1991; Jolliff et al., 1993; Koeberl
et al., 1993; Takeda et al., 1993; Joy et al., 2008; Arai
et al., 2010)—suggesting grouping relations between them.
However, the YAMM stones were recovered from various
icefields in Antarctica (Yanai, 1991; Yanai and Kojima, 1991;
Russell et al., 2004; Connolly et al., 2007), while RF 532
was recovered from Oman (Gattacceca et al., 2022). The
YAMM meteorites have low bulk rock TiO2 and very low
incompatible trace element concentrations. Their chemical
signatures are consistent with an origin from a depleted
mantle source, making them useful samples for investigating
the nature of depleted lunar reservoirs and the evolution of
the lunar magma ocean (e.g., Misawa et al., 1993; Torigoye-
Kita et al., 1995; Merle et al., 2024).

By conducting a thorough analysis of RF 532, including
a comprehensive study of its petrology, geochemistry, and
geochronology, we assess whether it is grouped with the
YAMM stones and the potential implications for the Moon-
to-Earth lunar meteorite delivery system.

2 Analytical methods

We mounted a 423.6 mg piece of RF 532 in a ∼2.54 cm
circular epoxy puck using Buehler EpoxiCure 2 resin and
polished it to a <1 µm finish using a combination of Buehler
CarbiMet SiC abrasive paper, Kempad-Pan polishing cloth,
and KEMET Diamond Compound.

2.1 Petrography, mineralogy, and major and minor element
mineral chemistry

We collected full section back-scattered electron (BSE)
and energy dispersive spectroscopy (EDS) X-ray element
maps, along with high-resolution BSE images and targeted

EDS spectra for areas of interest using scanning electron
microscopy (SEM). This work was carried out at the Uni-
versity of Manchester (UoM) with a Hitachi TM4000Plus
tabletop microscope and Aztec software (version 6.1) for
data processing. We operated the instrument in high-
vacuum mode, using an accelerating voltage of 20 kV, a
current of 2 nA, and a working distance of 10 mm.

We collected major and minor element mineral chemistry
(i.e., Ba, Ca, Cr, Fe, K, Mg, Mn, Na, Ni, P, Si, and Ti)
on silicates and glasses using electron probe microanalysis
(EPMA). This work was carried out at the UoM with a
Cameca SX 100 equipped with a BSE detector and five
wavelength dispersive spectrometers. For pyroxene and
olivine, we used an accelerating voltage of 15 kV, beam
current of 10 nA, and beam size of 2 µm. For plagioclase and
K-feldspar, we used an accelerating voltage of 15 kV, beam
current of 5 nA, and beam size of 5 µm. For glasses, we
used an accelerating voltage of 15 kV, beam current of 2 nA,
and beam size of 10 µm. The instrument was calibrated
using a suite of UoM standards, as well as National Museum
of Natural History (NMNH) 137041 anorthite (Jarosewich
et al., 1980a,b). We used NMNH 122142 Kakanui augite,
NMNH 111312-44 San Carlos olivine, and NMNH 137041
anorthite as secondary standards for our silicate analyses,
and the United States Geological Survey (USGS) glasses
BIR-2G and BHVO-2G as secondary standards for our glass
analyses. During analysis, we measured Na first to avoid
volatilisation. The interferences of Ba on Ti (and vice versa)
were accounted for using NMNH 86539 benitoite and an
in-house Ba glass standard. Data were reviewed to ensure
measured concentrations were above instrumental detection
limits, analytical totals were within acceptable parameters
(i.e., 100 ± 2.5 wt%), and relative element abundances
were consistent with mineral stoichiometry. The full suite
of standards and data are available in Oliveira et al. (2025),
Tables S1.1 and S1.2.

2.2 Trace element mineral chemistry

We carried out trace element analyses on silicates and
glasses using laser ablation inductively coupled mass spec-
trometry (LA-ICP-MS). This work was carried out at the
UoM using a Teledyne Photon Machines Analyte Excite+
193 nm ArF excimer laser ablation system with a HelEx II
active 2-volume ablation cell coupled to an Agilent 8900 ICP-
MS via a signal-smoothing device. Plagioclase, pyroxene,
and glass were analysed using a 65 µm circular spot size,
a fluence of 4 J cm−2, and a repetition rate of 5 Hz. Each
analysis lasted 40 s duration and was preceded by 20 s of
integration of the gas blank to assess background levels.
Ablated material was carried to the ICP-MS via high purity
He that was mixed with Ar prior to injection in the plasma
source. We used the National Institute of Standards and
Technology (NIST) 612 standard reference material to
perform tuning and mass calibration of the ICP-MS at
the start of the analytical session, optimising the ICP-MS
sensitivity whilst ensuring that oxide formation remained
low (232Th16O+/232Th+ < 0.20 %) and our 238U+/232Th+

ratio was close to unity. We reduced the data using the trace
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elements data reduction scheme in Iolite (version 4, Paton
et al., 2011). Trace element chemistry was internally stan-
dardised using known Ca abundances for reference materials
and those measured by EPMA for RF 532 silicate and glass
analyses (Oliveira et al., 2025, Table S1.2). We bracketed
our unknowns every ∼10 measurements with analyses of
the USGS basaltic glasses BCR-2G, BHVO-2, and BIR-1G.
We used BCR-2G as our primary reference material, and
BHVO-2 and BIR-1G as quality control reference materials.
Our accuracy for most trace elements was typically within
± 5 % of recommended values. A summary of the analytical
protocol and the full suite of trace element data are available
in Oliveira et al. (2025), Tables S2.1 and S2.2, respectively.

2.3 Radiometric dating

We used secondary ion mass spectrometry (SIMS) for
measuring Pb isotopes in multiple phases within the section,
as well as for acquiring U-Th-Pb isotope systematics for
apatite grains. These measurements were performed using a
Cameca IMS 1280 ion microprobe at the NordSIMS facility,
Swedish Museum of Natural History. The methodologies
closely followed those of previous studies (e.g., Snape et al.,
2016; Thiessen et al., 2017, 2018; Nemchin et al., 2021).

Prior to analysis, the sample was cleaned and a new
carbon coat was applied. During the analytical session,
we generated the primary oxygen beam (O−2 ) with an Ore-
gon Physics Hyperion H201 radio-frequency plasma source
operated in critical focusing mode and adjusted the field
apertures in the secondary ion path to restrict the signal to
suitable sizes for each phase. For apatite, K-feldspar, and
K-rich glass phases <30 µm in size we used a primary beam
current of 4 nA with a ∼10 µm raster, and for plagioclase,
pyroxene, and symplectite phases >30 µm in size we used a
primary beam current of either 20 or 34 nA with a ∼20 to
40 µm raster, depending on the size of the individual grain.
At the start of each measurement, an area of 20–30 µm2

was rastered for 40–90 s (shorter pre-analysis rastering was
performed when using the higher beam currents), which
removed the carbon coat and minimised surface contamina-
tion.

For Pb isotope analyses in multiple phases, 204Pb+,
206Pb+, 207Pb+, and 208Pb+ were simultaneously collected
on four Hamamatsu 416 low-noise ion counting electron
multipliers (EM). The mass spectrometer was operated with
a mass resolution of 5390 (M/ΔM), sufficient to resolve Pb
from known molecular interferences. A nuclear magnetic
resonance field sensor was used to regulate the magnetic
field. Each measurement consisted of 60 integrations of
20 s per cycle. Background counts were measured for 2 s
during each cycle by blanking the secondary beam, with
<0.005 counts/second for all detectors where Pb isotopes
were measured. The full background values are available in
Oliveira et al. (2025), Table S3.1. In the final dataset, we
checked individual analyses to ensure that the count rates
for all masses were >3× the average background count
rates.

Adding to the four Pb isotopes, 238U+, 232Th16O+,
238U16O+, and 238U16O2+ (together with the ap-

atite/merrillite matrix peak 40Ca31P16O4+) were also
measured to gain the U-Th-Pb isotope systematics for
apatite. A single ETP EM was utilised to collect all species
in a mass-switching sequence.

The USGS reference material BCR-2G was analysed
alongside our unknowns and later used to correct for in-
strumental mass fractionation and detector relative gain
calibration. For the gain correction, we took stated litera-
ture values (206Pb/204Pb = 18.750, 207Pb/204Pb = 15.615,
208Pb/204Pb = 38.691; Woodhead and Hergt, 2000) and
divided them by the corresponding average from the session
to produce a correction factor that we then applied to our
unknowns. Measurements of the USGS MPI-DING refer-
ence glass T1-G were also made throughout the session and
corrected in the same manner as the unknown analyses. In
all cases, the average Pb isotope ratios of the gain-corrected
T1-G analyses were within 1 % of the recommended values
(Jochum et al., 2011). For our U-Pb measurements, we
calibrated against the ca. 2040 million-year-old BR5 apatite
reference material with a 206Pb/204Pb ratio of >1000 and
U concentration of 68 µg g−1 (Kennedy et al., 2023). Our
analyses of BCR-2G including gain corrections, as well as
our analyses of T1-G, and our analyses of BR5 are available
in Oliveira et al. (2025), Tables S3.2 and S3.3, respectively.

We processed the data using the in-house CIPS-convert
SIMS data reduction spreadsheets produced by M. J. White-
house at NordSIMS and IsoplotR (Vermeesch, 2018), using
decay constants of λ

238U = 1.55125×10−10 year−1 and
λ
235U = 9.8485×10−10 year−1 (Jaffey et al., 1971; Steiger

and Jäger, 1977), and a present-day 238U/235U ratio of
137.818 (Hiess et al., 2012). Our U-Pb and Pb-Pb data
are available in Oliveira et al. (2025), Tables S3.4 and S3.5,
respectively. All uncertainties on calculated dates are quoted
to 2σ.

For our Pb-Pb isochrons, we filtered the Pb isotope data
under the assumption that Pb in lunar samples is a mixture
of three end-members: initial Pb, in situ radiogenic Pb, and
terrestrial Pb. On a plot of 207Pb/206Pb vs. 204Pb/206Pb,
these end-members form a triangular field in which all data
should fall. The highest 207Pb/206Pb ratios are an estimate
of the initial Pb, the highest 204Pb/206Pb ratios represent
terrestrial contamination, while the lowest 207Pb/206Pb and
204Pb/206Pb ratios (i.e., the y-intercept of the triangular
field) indicate in situ radiogenic Pb. A two-component
mixing line of initial Pb and in situ radiogenic Pb that forms
the leftmost edge of the triangular field defines the isochron.
In IsoplotR, we filtered out any data which fell to the right-
hand side of the isochron under the assumption that they
were terrestrially contaminated.

3 Results

3.1 Petrography, mineralogy, and geochemistry

Ramlat Fasad 532 is a gabbroic lunar meteorite with a
brecciated texture, composed of large crystalline clasts set
in a matrix made of mineral fragments (Figures 1 and 2).
The clasts are coarse-grained with mineral grains measuring
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anywhere from 500 to >2500 µm, and the matrix is fine-
to medium-grained with grains measuring from 20–300 µm.
Mineralogically, the matrix regions are composed of the
same material as the clasts (Figure 2d) and interstitial melt
pockets are common (Figure 2h). Large melt veins traverse
the entire sample, measuring up to 760 µm in width at some
sections. Throughout the melt veins themselves there are
flow bands (Figure 2g), relict minerals from the host rock
(Figure 2g), and 350–1500 µm diameter rounded vesicles
that have been infilled with terrestrially deposited carbonates
(Figure 2e-f). Cracks that have been infilled with terrestrial
carbonates are pervasive throughout the sample (yellow
regions in Figures 1b, 2e); it is likely that RF 532 initially
had a fusion crust, but over time it was weathered away
by the hot desert conditions of Oman, allowing terrestrial
carbonates to penetrate into cracks in the sample.

Dominantly (>5 % of the rock), the sample itself is
composed of anorthitic plagioclase that has been partly
transformed to maskelynite and augitic to pigeonitic py-
roxene (Figure 1). Minor phases (∼1–5 % of the rock)
include fayalitic olivine, silica, ilmenite, and ulvöspinel, and
accessory phases (<1 % of the rock) include K-feldspar,
K-rich glass, apatite, zircon, zirconolite, and troilite. Sym-
plectite assemblages (Figure 2b) are composed of pyroxene,
olivine, and silica, and sometimes contain larger grains of
the precursor mineral(s).

Plagioclase is dominantly anorthitic with a composition of
An90−94 (Figure 3). In BSE images, it appears smooth and
homogenous with few cracks, suggesting at least partial
transformation to maskelynite (Figure 2a,c; in line with
Gattacceca et al., 2022).

Pyroxene is augitic to pigeonitic, with compositions of
En4−37Fs32−69Wo14−43 (Figure 4). Grains are zoned with
Mg-rich cores extending to Fe-rich rims. In BSE images,
grains are visibly fractured (Figure 1, Figure 2a). On a plot
of Al/Ti (cations) vs. Fe/(Fe + Mg), pyroxene compositions
show a decrease in Al/Ti when Fe/(Fe + Mg) increases
from ∼0.4 to 0.6, followed by a flattening of Al/Ti at
Fe/(Fe + Mg) >0.6, indicative of the co-crystallisation of
ilmenite and ulvöspinel (Figure 5a). On a plot of Ti/(Ti +
Cr) vs. Fe/(Mg + Fe), pyroxene compositions follow the
aforementioned crystallisation trends and plot within the
Apollo low-Ti basalt field (Figure 5b). This is in line with a
reported bulk rock chemical composition of 1.95 wt% TiO2
(Gattacceca et al., 2022; Paquet et al., 2025).

Some pyroxene grains have broken down to form
symplectite assemblages (Figure 2b) composed of pyroxene
(En4−12Fs51−55Wo36−43), olivine (Fa94−98), and silica.
Some symplectite patches are fractured, suggesting that
they formed prior to any major shock event(s). Across
the sample, olivine is fayalitic with compositions of
Fa93−98. Ulvöspinel is homogeneous with compositions of
Chr1−8Her2−5Ulv89−95.

A melt vein that cuts across the sample (outlined in the
lower right-hand side of Figure 1a) has an average composi-
tion of 12.3 ± 3.2 wt% Al2O3, 11.7 ± 0.6 wt% CaO, 21.6 ±
1.3 wt% FeO, 4.6 ± 2.2 wt% MgO, 44.6 ± 1.3 wt% SiO2,
and 2.2 ± 0.4 wt% TiO2 (here, ± standard deviation, based

Figure 1. (a) SEM BSE montaged image with some major
features outlined, and (b) montaged false colour X-ray map
of RF 532. In (b), Al = white (plagioclase), Ca = yellow
(terrestrial carbonates), Fe = red (olivine, pyroxene), K =
cyan (K-feldspar, K-rich glass), Mg = green (pyroxene), Si =
blue (silica), and Ti = pink (ilmenite, ulvöspinel). Close-up
BSE images of features of interest are shown in Figure 2.

on 13 measurements; see Oliveira et al., 2025, Table S1.2).
However, it is not homogeneous. Schlieren textures are
visible in BSE images (Figure 2g) and there are geochemical
variations across the melt vein as evident by the relatively
large standard deviations for some oxide averages.

CI chondrite-normalised (using values from Anders and
Grevesse, 1989) rare earth element (REE) patterns for
plagioclase (Figure 6a) show strong positive Eu anomalies
(EuCN/EuCN* = 3.7–9.2) and light REE (LREE) enrich-
ment over heavy REEs (HREE; average LaCN/LuCN =
6.1). Chondrite-normalised REE patterns for pyroxene
(Figure 6b) show negative Eu anomalies (EuCN/EuCN* =
0.17–0.45) and slight HREE enrichment over LREEs (av-
erage LaCN/LuCN = 0.13). For the melt veins, chondrite-
normalised REE patterns (Figure 6c) are relatively flat
(average LaCN/LuCN = 0.86) with slight negative Eu anoma-
lies (EuCN/EuCN* = 0.31–0.47) and display higher REE
abundances than both plagioclase and pyroxene (ca. 40–
50 × CI values). This could be attributed to the higher
abundance of small REE-rich phases present within the vein,
e.g., relict apatite grains from the host rock (Figure 2g).
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Figure 2. BSE images of components in RF 532. (a) Fractured pyroxene next to a plagioclase grain with a ‘smooth’
internal appearance, (b) breakdown of pyroxene into symplectite, (c) large lath of silica, (d) brecciated groundmass,
(e-f) terrestrial carbonates hosted in fractures and vesicles within in the melt vein, (g) the melt vein with small relict
mineral clasts, and (h) interstitial melt pocket located within the groundmass. Pyx = pyroxene, pl = plagioclase, symp =
symplectite, si = silica, ol = olivine, and cb = terrestrial carbonates.
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Figure 4. Pyroxene quadrilateral diagram illustrating the range of compositions measured in RF 532. Different shades of
red-pink for RF 532 correspond to different pyroxene grains. Literature data for the YAMM meteorites are the same as
those given in the Figure 3 caption.

The REE pattern for the melt vein is similar to bulk rock
patterns for Y-793169 and A-881757, although with ∼2–
3 times higher REE abundances in RF 532 (Figure 6c).
Assuming it represents in situ melting of the parent lithology,
it provides an estimate for the bulk rock REE contents of
RF 532.

3.2 Geochronology

In situ Pb isotope analyses were carried out on one of the
crystalline clasts in the sample (the large clast that covers
the majority of the right half of the sample, Figure 1),
targeting plagioclase, pyroxene, K-feldspar, K-rich glass,
apatite, zircon, zirconolite, and symplectite. In situ U-Pb

dating was carried out on apatite grains throughout the
sample, including grains within the crystalline clasts, the
brecciated groundmass, and the melt vein. The crystalline
clast yielded a Pb-Pb isochron date of 3858.9 ± 3.2 Ma
(Figure 7a; n = 28 out of 51 total analyses, MSWD =
1.3, p(χ2) = 0.16), with some data points filtered out due
to suspected terrestrial contamination (grey data points
in Figure 7a) following the approach outlined in Section
2.3. In the case of Pb isotope analyses of the melt vein
(yellow data points that lie slightly above the isochron in
Figure 7b), more radiogenic lunar Pb appears to have been
introduced to the melt (presumably from the regolith or
another lithology close to where the brecciation occurred)
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and, thus, these data points have also been filtered out.
Taking the weighted average of the uppermost six analyses
gives a 207Pb/206Pb ratio of 1.33 ± 0.02 and corresponding
204Pb/206Pb ratio of 0.0412 ± 0.002.

Most of the apatite U-Pb analyses are from grains within
the crystalline region of our sample (Figure 1). When
corrected for the presence of modern terrestrial Pb, these
grains have 207Pb/206Pb dates ranging from 3851 ± 37 to
3925 ± 88 Ma (Oliveira et al., 2025, Table S3.4), with a
weighted mean of 3878 ± 5 Ma (n = 12 out of 12 total
analyses, MSWD = 2, p(χ2) = 0.023). Depending on the
grain, analyses show both normal and reverse discordance
(-33.6 to 24.7 %, where the reverse discordance may be
due to analytical artefacts such as uneven sample surface
and/or unidentified topographical variations, e.g., cracks)
on a Wetherill plot and have a discordia upper intercept of
3877 ± 5.4 Ma (n = 12 out of 12 total analyses, MSWD =
2.1, p(χ2) = 0.024; dark green data points in Figure 7c).

From the brecciated section, we analysed two different
apatite grains. These have 207Pb/206Pb dates of 3871 ± 23
and 3880 ± 23 Ma, with a weighted mean of 3876 ± 16 Ma
(n = 2 out of 2 total analyses, MSWD = 0.31, p(χ2) =
0.58). Together, they plot on a concordia curve and have
a concordia date of 3884 ± 15 Ma (n = 2 out of 2 total
analyses, MSWD = 1.6, p(χ2) = 0.21; light green data
points in Figure 7c). Two analyses from an apatite grain
located in the primary melt vein running through our sample
have 207Pb/206Pb dates of 3867 ± 12 and 3879 ± 13 Ma,
with a weighted mean of 3873 ± 9 Ma (n = 2 out of 2 total
analyses, MSWD = 1.9, p(χ2) = 0.17). These are reverse
discordant (13.3 to 21.8 %), potentially due to analytical
artefacts (e.g., uneven surface), and have a discordia upper
intercept at 3872.1 ± 8.6 Ma (n = 2 out of 2 total analyses,
MSWD = 1, p(χ2) = 1; purple data points in Figure 7c).

Across the various lithologies in the sample apatite U-Pb
systematics are consistent. Gain and terrestrial Pb corrected

207Pb/206Pb dates range from 3857 ± 26 to 3892 ± 15 Ma,
with a weighted mean of 3875.6 ± 4.4 Ma (n = 16 out of 16
total analyses, MSWD = 1.2, p(χ2) = 0.23). On a concordia
plot (Figure 7b), all apatite analyses are consistent with an
upper intercept date of 3875.7 ± 4.5 Ma (n = 16 out of 16
total analyses, MSWD = 1.8, p(χ2) = 0.035) and a lower
intercept of 37 ± 101 Ma, consistent with recent Pb loss.

There is a discrepancy between the date of 3858.9 ±
3.2 Ma derived from our Pb-Pb isochron (Figure 7a) and
3875.7 ± 4.5 Ma derived from apatite U-Pb results (Fig-
ure 7c). In Figure 7b, we see that a number of analy-
ses on apatite grains from our U-Pb session have higher
204Pb/206Pb ratios than other analyses in the sample with
equivalent 207Pb/206Pb ratios, placing them to the right
of the isochron. If we assume that 100 % of the non-
radiogenic Pb in the grains is lunar initial (as opposed to
terrestrial Pb), we can use our initial Pb composition for
RF 532 (207Pb/206Pb = 1.33 ± 0.02 and 204Pb/206Pb =
0.0412 ± 0.002) to apply a lunar initial Pb correction to the
207Pb/206Pb values from the apatite U-Pb analyses. We
find that our lunar initial Pb-corrected 207Pb/206Pb dates
have a range of 3852 ± 41 to 3877 ± 45 Ma. It is impossible
to say for sure what proportion of non-radiogenic Pb in a
given analysis is lunar initial Pb versus terrestrial Pb, so if
analyses with high 204Pb/206Pb (>0.001) are excluded, the
weighted mean of the lunar initial corrected 207Pb/206Pb
dates is 3862.2 ± 9.5 Ma (n = 11 out of 11 total analyses,
MSWD = 0.23, p(χ2) = 0.99), in good agreement with the
Pb-Pb isochron date from the crystalline clast.

4 Discussion

4.1 Grouping with the YAMM lunar meteorites

The YAMM meteorites, consisting of Y-793169, A-881757,
MIL 05035, and MET 01210, are a group of lunar meteorites
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that are thought to be launch paired due to similarities in
their petrology, mineralogy, geochemistry, and geochronol-
ogy (Yanai, 1991; Yanai and Kojima, 1991; Jolliff et al.,
1993; Koeberl et al., 1993; Takeda et al., 1993; Joy et al.,
2008; Fernandes et al., 2009; Liu et al., 2009; Arai et al.,
2010; Merle et al., 2024). With the discovery of RF 532 in
2018 (Gattacceca et al., 2022; and possible paired stone
RF 535 in 2019; Gattacceca et al., 2025), it has been
suggested that it is a new member of this group. As well, the
recently recovered lunar gabbro NWA 16256 (Gattacceca
et al., 2025) may be another member of the YAMM group,
based on its mineralogical similarity with A-881757 and
MIL 05035, but no detailed work on this sample has yet
been published. It has also been proposed that Dominion
Range (DOM) 18262 and paired stones are members of the

YAMM group, with similarities to the MET 01210 regolith
breccia, but again, no detailed work on this sample has yet
been published.

Asuka 881757 is dominantly composed of large swaths
of zoned and fractured pyroxene that surround and enclose
solitary grains of maskelynitised plagioclase. Other phases
include olivine, ilmenite, ulvöspinel, silica, and troilite, and
olivine-pyroxene-silica symplectic intergrowths are common
(Yanai, 1991; Yanai and Kojima, 1991; Jolliff et al., 1993;
Koeberl et al., 1993). On average, plagioclase and pyroxene
grains range in size from 1000–4000 µm (Yanai, 1991).
Miller Range 05035 has a similar texture and mineralogy,
and a slightly larger average grain size for plagioclase and
pyroxene, with grains ranging from 2000–6000 µm (Joy
et al., 2008). While Y-393169 and the MET 01210 basalt
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clasts have a similar mineralogy, they have a smaller grain
size, on the average of 1000–1500 µm (Takeda et al., 1993;
Arai et al., 2010). Thus, RF 532, which contains coarse-
grained plagioclase surrounded by zoned and fractured
pyroxene, with an average grain size of 500 to >2500 µm
(Figures 1, 2a,c), appears more similar to A-881757 and
MIL 05035 than Y-793169 or the basalt clasts in MET
01210.

This is also reflected in the mineral chemistry of RF 532.
Our analysis of RF 532 shows that it is a low-Ti gabbro
(Figure 5), dominantly composed of anorthitic plagioclase
(Figure 3) and augitic to pigeonitic pyroxene (Figure 4),
much like the YAMM meteorites. Generally, our major
and minor element mineral chemistry for RF 532 does not
encompass as broad ranges as what has been recorded for
the YAMM meteorites; however, this may be due to a more
limited sampling of RF 532.

Chondrite-normalised REE patterns for plagioclase and
pyroxene in RF 532 are more like those in MIL 05035 than
in MET 01210. This is seen in Figure 6a-b, with analyses of
plagioclase in RF 532 plotting closest to those derived for
MIL 05035 and analyses of pyroxene plotting with higher
REE abundances like some of those reported from MIL
05035 (Liu et al., 2009). REE patterns from the melt vein
in RF 532 could, potentially, represent a pseudo bulk rock
signature for the sample. They closely resemble bulk rock
signatures derived for Y-793169 and A-881757, but with
2–3 × higher REE abundances (Figure 6).

A number of dates have been derived for the YAMM me-
teorites across multiple isotope systems (Table 1, Figure 8).
Argon-argon dates range from 3763 ± 46 to 3910 ± 12 Ma
(Misawa et al., 1993; Fernandes et al., 2009), Sm-Nd dates
range from 3430 ± 190 to 3871 ± 57 Ma (Misawa et al.,
1993; Torigoye-Kita et al., 1995; Thalmann et al., 1996),
U-Pb dates range from 3810 ± 220 to 3940 ± 9 Ma (Misawa
et al., 1993; Torigoye-Kita et al., 1995; Terada et al., 2007),
Pb-Pb dates range from 3862.1 ± 4.5 to 3940 ± 28 Ma
(Misawa et al., 1993; Torigoye-Kita et al., 1995; Terada
et al., 2007; Zhang et al., 2010; Merle et al., 2024), and a
Rb-Sr date is 3840 ± 32 Ma (Misawa et al., 1993).

Recently, Merle et al. (2024) applied the same in situ
Pb isotope analysis protocol to A-881757 and MIL 05035.
They obtained Pb-Pb isochron dates of 3864.8 ± 3.7 Ma for
A-881757 and 3862.1 ± 4.5 Ma for MIL 05035, which are
consistent within uncertainty with the Pb-Pb isochron date
of 3858.9 ± 3.2 Ma we obtained for RF 532. Additionally, ini-
tial Pb compositions were calculated by Merle et al. (2024),
which they then used to determine µ-values for the source
of the original parent rock, where µ is the ratio 238U/204Pb.
Asuka 881757 had an initial 207Pb/206Pb of 1.317 ± 0.010,
204Pb/206Pb of 0.0403 ± 0.0015, and µ = 93 ± 9, while
MIL 05035 had an initial 207Pb/206Pb of 1.211 ± 0.014,
204Pb/206Pb of 0.0354 ± 0.0025, and µ = 60 ± 54. Taking
a single-stage model approach, we start from a Canyon
Diablo Troilite (CDT) Pb isotope composition (Göpel et al.,
1985) at the age of the Solar System, 4567 Ma (Connelly
et al., 2012), and let it evolve until we reach the initial
Pb composition of RF 532 (207Pb/206Pb = 1.33 ± 0.02,
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Table 1. A compilation of published ages (in Ma) for the YAMM meteorites. All uncertainties are quoted to 2σ. aThis
work, bMisawa et al. (1993), cTorigoye-Kita et al. (1995), dThalmann et al. (1996), eTerada et al. (2007), f Fernandes
et al. (2009), gZhang et al. (2010), and hMerle et al. (2024).

RF 532 Y-793169 A-881757 MIL 05035 MET 01210

U-Pb 3810 ± 220c 3940 ± 9b 3899 ± 500e

3882 ± 130e

Pb-Pb 3858.9 ± 3.2a 3919 ± 94c 3864.8 ± 3.7h 3862.1 ± 4.5h 3904 ± 85e

3940 ± 28b 3851 ± 8g

Ar-Ar 3811 ± 98f 3763 ± 46f 3910 ± 12f

3790 ± 16b

Sm-Nd 3430 ± 190c 3871 ± 57b 3800 ± 50d

Rb-Sr 3840 ± 32b

204Pb/206Pb = 0.0412 ± 0.002) at its crystallisation age of
3858.9 ± 3.2 Ma. Following this logic, we find that RF 532
was derived from a source with a µ-value of 71 ± 6, which
is much lower than what has been calculated for Apollo
basalts (e.g., 360–390 for high-Ti basalts, 410–650 for
low-Ti basalts; Snape et al., 2019). Following the multiple-
stage Pb evolution approach of Merle et al. (2024) and
Che et al. (2025), we calculate a µ-value of 81 ± 13. Our
µ-value of ∼71–81 is similar to the value derived by Merle
et al. (2024) for A-881757 and MIL 05035, thus, providing
another degree of similarity to the YAMM meteorite group.

Therefore, based on remarkable similarities in petrology,
mineralogy, major and trace element mineral chemistry,
geochronology, and Pb isotope systematics, we suggest that
RF 532 (and RF 535) is another member of the YAMM
lunar meteorite group.

4.2 Geological history

4.2.1 Lava flow origins

The YAMM lunar meteorites are interpreted to have sampled
a single basaltic lava flow and its overlying regolith (Joy
et al., 2008; Arai et al., 2010). In a typical lava flow,
cooling is slowest in the centre of the flow and faster nearer
the surface. Thus, basalts generated in the centre of the
flow will have a coarser texture than those generated at
the margins. Asuka 881757 and MIL 05035, which have
a slightly coarser grain size and less magnesian pyroxene
cores than Y-793169 and the MET 01210 basalt clasts,
likely originated from the central region of the lava flow,
in the lower units described by Joy et al. (2008) and Arai
et al. (2010). Meanwhile, Y-793169 and the MET 01210
basalt clasts, which have a slightly finer grain size and more
magnesian pyroxene cores, likely originated near the surface
of the lava flow (Joy et al., 2008; Arai et al., 2010). As
identified by its petrology, mineralogy, and geochemistry,
RF 532 is more similar to A-881757 and MIL 05035 than
Y-793169 and MET 01210. Thus, the gabbroic component
of RF 532 was likely generated nearer the centre of the lava
flow, along with A-881757 and MIL 05035.

4.2.2 Post-crystallisation impact reprocessing

Following crystallisation, RF 532 was fractured in situ, as
indicated by its monomict brecciated texture. Typically,

in impact crater environments, monomict breccias occur
in either the crater floor, crater fill, or the ejecta blanket
(Stöffler et al., 1979, 2018). Melt pockets, melt veins, and
vesicles like those seen in RF 532 (Figure 2e-h) can occur at
shock pressures as low as ∼20 GPa, but are more common
at higher shock pressures in basaltic samples (≥∼30 GPa;
Stöffler et al., 2018). However, recent experimental studies
on shock effects in terrestrial basalts suggest that the shock
pressure required to form localised melt veins is lower than
previously thought, on the order of ∼10–20 GPa for basaltic
samples (e.g., eucrites; Ono et al., 2023). Maskelynite, a
diaplectic glass, forms from plagioclase at shock pressures
of ∼20–35 GPa depending on Ca concentration (Fritz et al.,
2017; Stöffler et al., 2018). In RF 532, plagioclase has been
partly maskelynitised, suggesting it only experienced the
lower end of shock pressures, closer to ∼20 GPa. Overall,
RF 532 likely only ever experienced shock pressures as high
as ∼20–25 GPa.

In A-881757 and MIL 05035, plagioclase has been fully
maskelynitised (Koeberl et al., 1993; Mikouchi, 1999; Joy
et al., 2008; Arai et al., 2010), indicating these two samples
have experienced higher shock pressures than RF 532. In
Y-793169, plagioclase is either partly maskelynitised or
recrystallised from diaplectic glass (Yanai, 1991; Takeda
et al., 1993; Mikouchi, 1999), suggesting it may have
experienced even higher shock pressures than A-881757 and
MIL 05035. In the MET 01210 basalt clasts, plagioclase
is chemically zoned and fractured but preserves a primary
igneous texture (Arai et al., 2010); it may be similar to
Y-793169 in that it has recrystallised from diaplectic glass
and has experienced higher shock pressures. Microcrystals
of coesite and stishovite are high pressure polymorphs of
SiO2 that have been found in A-881757, indicating it has
experienced shock pressures from 8–30 GPa. However, the
absence of seiferite means that pressures have not gone
above 35 GPa (Ohtani et al., 2011). Additionally, Y-793169
and A-881757 are reported to have experienced diffusive
loss of radiogenic 4He and 40Ar due to shock (Thalmann
et al., 1996).

Uranium-lead dates obtained on apatite grains from both
the melt vein and brecciated sections of RF 532 show
negligible difference to those from the crystalline section,
i.e., they are all within uncertainty (Figure 7b, Table S3.4
in Oliveira et al., 2025). This suggests that either the
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original igneous rock was impacted very soon after crystalli-
sation, or that it did not experience shock pressures and
temperatures high enough to disturb the U-Pb systematics
in the apatite grains. In apatite, grains begin to show minor
evidence of shock deformation at pressures of 15–20 GPa
and significant evidence at pressures of 30–35 GPa (from
Raman spectroscopy, cathodoluminescence imaging, and
electron backscatter diffraction by Černok et al., 2019).
Lead diffusion begins above closure temperatures of 375–
600 °C and are dependent on grain size and duration of
heating (Cochrane et al., 2014). For the apatite grains in
RF 532, they were likely too large in size, not in a very
hot ejecta blanket, and/or not in said ejecta blanket for a
long enough duration to have experienced Pb diffusion via
heating.

At some point following crystallisation, this lava flow was
impacted during one or more events that disturbed some
of its isotopic signatures. For example, Ar-Ar dates for
the YAMM meteorites are slightly lower than those from
other isotope systems (e.g., an Ar-Ar date of 3763 ± 46 Ma
derived by Fernandes et al., 2009 versus a Pb-Pb date of
38648 ± 37 Ma derived by Merle et al., 2024), suggesting
they may have been disturbed around 3763 Ma. This major
isotopic resetting event could have generated some of the
shock effects we see across the YAMM stones. Ramlat
Fasad 532 may have been located on the Moon further
from the impactor, resulting in its monomict brecciated
texture, partly maskelynitised plagioclase, and melt pockets
and veins. Asuka 881757 and MIL 05035 would have been
closer to the impactor and, thus, experienced slightly higher
shock pressures which preserved their igneous texture, but

fully maskelynitised the plagioclase grains. Yamato 793169
and the MET 01210 basalt clasts would have been sited
closest to the surface of the lava flow and, thus, the
impactor, experiencing the highest shock pressures that
resulted in recrystallisation from diaplectic glass. Meteorite
Hills 01210 was likely affected by multiple impactors, which
took material from the upper portion of the lava flow and
brought it to the surface, where it was mixed with more
feldspathic material and consolidated into a regolith breccia
(Joy et al., 2010).

4.2.3 Lunar ejection

Finally, the YAMM and RF 532 stones must have been
launched off the Moon by a much younger impact event.
Typically, lunar meteoroids have been ejected from small
impact craters <1 km in diameter (Warren, 1994; Gladman
et al., 1995, 1996; Basilevsky et al., 2010) at speeds of
2.38–3.40 km/s (Gladman et al., 1995, 1996). Cosmic ray
exposure ages have not yet been established for RF 532,
however, most lunar meteorite CRE ages indicate that their
meteoroids were ejected off the Moon sometime in the past
100 ka, and all within the past 20 Ma (e.g., Lorenzetti et al.,
2005; Basilevsky et al., 2010; Joy et al., 2023), which is
also supported by modelling studies (Gladman et al., 1995,
1996). Cosmic ray exposure ages have been reported for
the YAMM meteorites. Yamato 793169 was ejected from
the Moon at 0.93 ± 0.20 Ma from a depth of ∼500 g/cm2

(Nishiizumi et al., 1992; Thalmann et al., 1996), which
corresponds to a depth of ∼1.5 m (using the bulk density
calculated for MIL 05035; Kiefer et al., 2012). Similarly, A-
881757 was ejected from the Moon at 0.83 ± 0.20 Ma from

Oliveira et al. (2025) Adv. Geochem. Cosmochem. 1(2): 772, https://doi.org/10.33063/agc.v1i2.772 11

https://doi.org/10.33063/agc.v1i2.772


A petrological, geochemical, and geochronological study of Ramlat Fasad 532

a depth of 60 g/cm2 or ∼0.2 m (Nishiizumi et al., 1992;
Thalmann et al., 1996), MIL 05035 at 0.75 ± 0.14 Ma from
a depth of >1000 g/cm2 or >3 m (preliminary data from
Nishiizumi and Caffee, 2013), and MET 01210 at 0.95 ±
0.13 Ma from a depth of >1000 g/cm2 or >3 m (preliminary
data from Nishiizumi et al., 2006). These ejection ages are
within uncertainty of each other (weighted average date
of 0.86 ± 0.20 Ma), suggesting that the YAMM stones
(and presumably RF 532) were ejected in the same impact
event at ca. 0.9 Ma (Figure 9). It is possible that RF 532
was ejected in a different impact event from the same or
similar material, but until we derive CRE ages for it, we
cannot be certain. For now, we assume that it was launched
alongside the YAMM stones. The inferred depths for the
YAMM stones are inconsistent with the proposed lava flow
stratigraphy; prior to ejection off the Moon, impactors must
have overturned some of the material, bringing parts of the
lava flow to different depths over time where cosmogenic
isotopes were generated.

Following their launch from the Moon, modelling indicates
that lunar meteoroids typically spend <1 Ma in space before
colliding with the Earth (if they will collide with the Earth,
some lunar meteoroids will instead escape directly into
heliocentric orbit where they will orbit the Sun; Gladman
et al., 1995, 1996). This is supported by short transit times
derived from CRE ages (Figure 9), however, these are often
complex and can be difficult to interpret (Hidaka et al.,
2017). Once on Earth, a lunar meteorite typically resides
on the surface for <0.4 Ma before recovery (see discussion
in Joy et al., 2023).

4.3 Transit to Earth

The YAMM meteorites originated from the same lava flow
on the Moon. Thus, the grouping of RF 532 with the YAMM
meteorites indicates that lunar material ejected from the
same launch event can fall to Earth across multiple conti-
nents, which could have broader implications for the Moon-
to-Earth meteorite delivery system. Other cross-continental
lunar meteorite fall pairs/groups have been suggested before:
for example, the ‘YQEND’ basaltic breccia meteorite group,
consisting of Y-793274/981031, Queen Alexandra Range
(QUE) 94281, Elephant Moraine (EET) 87521/96008,
NWA 4884, NWA 7611, and Mount DeWitt (DEW) 12007
(Korotev and Zeigler, 2014; Joy et al., 2023). Another
proposed cross-continental pair comprises the feldspathic
MIL 090036 and NWA 7022 samples (Korotev and Irving,
2021). As well, there is the proposed ‘NNL’ basalt meteorite
group, which consists of NWA 4734/10597, NWA 032/479,
Northeast Africa (NEA) 003, and the LaPaz Icefield (LAP)
basalts, LAP 02205/02224/02226/02436/03632/04841
(Zeigler et al., 2005; Korotev and Zeigler, 2014; Korotev and
Irving, 2021; Joy et al., 2023). The LAP basalts constitute
a fall group, however, if grouped with NWA 032/479, NWA
4734, and NEA 003, they would be denoted as a launch
group due to the distance between their find locations (see
Merle et al., 2020; Korotev and Irving, 2021). However,
isotopic differences have been identified between some of
the NNL stones, which suggests they may not sample the

same lava flow (Elardo et al., 2014), but they may still
sample material from the same source impact crater on the
Moon.

For these groups of meteorites, some stones were recov-
ered during systematic searching from icefields in Antarctica
while others were sourced from meteorite dealers recover-
ing material from Morrocco and other northwest African
countries. Generally, lunar meteorites from north African
countries have been obtained through indirect means and,
thus, have poorly documented find circumstances and lo-
cations, rendering knowledge of their find site generally
inaccurate and unreliable (Korotev and Irving, 2021). The
advantage for RF 532 and the YAMM meteorites, then,
is that all paired stones were recovered during systematic
meteorite recovery programmes. Thus, all five stones have
well documented circumstances and reported find locations,
which include exact Earth coordinates.

Terrestrial residence ages have been determined for the
YAMM stones: <0.05 Ma for Y-793169 and A-881757
(Nishiizumi et al., 1992), 0.07 ± 0.06 Ma for MIL 05035
(preliminary data from Nishiizumi and Caffee, 2013), and
<0.02 Ma for MET 01210 (preliminary data from Nishiizumi
et al., 2006). Similar ejection ages of ca. 0.8–0.9 Ma
amongst the four YAMM stones support the suggestion that
they were ejected from the Moon in the same launch event
(Nishiizumi et al., 1992, 2006; Arai et al., 2010; Nishiizumi
and Caffee, 2013), however, slight differences in terrestrial
residence ages of ca. 0.02–0.07 Ma suggest that they may
not have arrived on Earth in the same entry and fall event.

Typically, strewn fields (i.e., an area on Earth where
stone(s) from a single meteor impact are dispersed, affected
by parameters such as entry angle and velocity, trajectory,
size and shape of the meteoroid, wind speed and direction,
etc.; Svetsov, 1995; Collins et al., 2005) are only several to
tens of kilometres in size and are rarely longer than 40 km
(Li et al., 2022). The longest known meteorite strewn field
is that of the Aletai iron meteorite, which has a length
of ∼430 km, explained by a very shallow entry angle and
‘skipping stone’-like trajectory of the arriving meteoroid (Li
et al., 2022). The find locations between the Y-793169
and A-881757, and MIL 05035 and MET 01210 stones are
∼2500 km and ∼2900 km apart, respectively (Figure 10),
which is far greater than that of the Aletai iron meteorites.

For Antarctic meteorites, there is another issue in the
interpretation of their recovery coordinates in that ice sheets
are not static. They constantly move, flowing outwards
in all directions from the centre of the Antarctic Plateau,
driven by their own weight and gravitational forces. This
means that the geographical location where a meteorite
is recovered in Antarctica is likely different to the location
where it first fell. Indeed, meteorites that fell somewhere in
the central polar plateau would likely be transported to ‘blue
ice areas’ nearer the edges of the Antarctic continent (i.e.,
the meteorite transport conveyer belt model, Cassidy et al.,
1992; Corti et al., 2003). These blue ice areas are atypical
regions where meteorites have been exposed over time due
to favourable ice flow and meteorological conditions. They
are typically stagnant, meaning that meteorites may sit
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Figure 9. Summary of CRE ages, ejection depths, and terrestrial residence ages for the YAMM meteorites. Uncertainties
are 2σ. Literature data are from Nishiizumi et al. (1992); Warren (1994); Thalmann et al. (1996); Nishiizumi et al. (2006);
Nishiizumi and Caffee (2013).

exposed at the surface for thousands of years (Whillans and
Cassidy, 1983; Tollenaar et al., 2024).

The Miller Range and Meteorite Hills blue ice areas are
fed by the large Byrd Glacier and MacAyeal Ice Stream
catchments, and the Yamato and Asuka blue ice areas
are fed by the Princess Ragnhild coast glacier catchment
(Figure 10a). These catchments are separated by ∼900 km
and in-between there are two very large ice basins—the
Recovery Icefield and the Lambert glacier, which feed ice
elsewhere (i.e., towards the Weddell and Cooperation Seas).
The sheer size of these two ice basins means that a single
fall event for the YAMM stones in the central polar plateau
is unlikely; to account for their find locations on opposite
sides of the Antarctic continent, there must have been two
(or more) fall events.

Additionally, age data for ice cores nearest the find
locations for the YAMM stones indicates that there has
been little movement since they fell. For example, an ice

core from the South Yamato blue ice area (∼65 km from the
recovery coordinates of Y-793169) has an age of ∼0.061 Ma
at a depth of 100 m (Moore et al., 2006). The terrestrial
residence age of <0.05 Ma for Y-793169 (Nishiizumi et al.,
1992) is well within that of ∼0.061 Ma for the South
Yamato blue ice area (Moore et al., 2006), suggesting that
Y-793169 may not have been transported much since it fell.
Samples of an ice core from the Taylor Glacier blue ice area
(∼220 km from the recovery coordinates of MET 01210)
have ages of ∼0.12 Ma at a 100 m depth (Buizert et al.,
2014), in line with a terrestrial residence age of <0.02 Ma
for MET 01210 (Nishiizumi et al., 2006), reinforcing this
suggestion of ice stagnation.

By adding RF 532 to the YAMM meteorite group, with its
find location over >10 000 km away in Oman (Figure 10b),
we only reinforce the suggestion that they fell in multiple
events over a period of tens of thousands of years (Nishiizumi
et al., 1992, 2006; Nishiizumi and Caffee, 2013).
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Figure 10. (a) Map of Antarctica showing the recovery locations for the YAMM stones (basemap from Bindschadler et al.,
2008). Regions where meteorites have been found in Antarctica, ice catchments (Zwally et al., 2012; Willis et al., 2016),
and relevant ice flow directions (Mouginot et al., 2019) are shown for reference. (b) Map showing the distances between
the recovery locations of RF 532 in Oman and the YAMM meteorites in Antarctica (basemap from Google Earth, view
from an altitude of ∼14 000 km).

Oliveira et al. (2025) Adv. Geochem. Cosmochem. 1(2): 772, https://doi.org/10.33063/agc.v1i2.772 14

https://doi.org/10.33063/agc.v1i2.772


A petrological, geochemical, and geochronological study of Ramlat Fasad 532

5 Conclusion

Ramlat Fasad 532 is a lunar gabbroic monomict breccia,
dominantly composed of anorthitic plagioclase and augitic to
pigeonitic pyroxene. It has a monomict brecciated texture,
where large crystalline clasts are set in a fragmented matrix
of the same mineralogical composition, with melt pockets
and veins as common constituents.

Our detailed characterisation of RF 532 shows that it
is grouped with the YAMM lunar meteorite group, and,
together, they sample a low-Ti basaltic lava flow and its
overlying regolith. Ramlat Fasad 532 crystallised in the
lower, more central region of the lava flow at 3858.9 ±
3.2 Ma, along with A-881757 and MIL 05035, while Y-
793169 and the MET 01210 basalt components crystallised
closer to the surface. Following crystallisation, the lava
flow was struck by one or more impactor(s) (evidenced by
younger Ar-Ar ages for the YAMM stones), with RF 532
being more distal from the impactor than the other YAMM
stones, resulting in less severe shock effects (e.g., monomict
brecciation, partial maskelynitisation).

Ramlat Fasad 532 and the YAMM group become the
first cross-continental lunar meteorite group where all the
individual stones were recovered during systematic scientific
expedition searching and, thus, have precise Earth recovery
coordinates for all stones. The individual stones did not
likely fall to Earth at the same time and instead fell over
a period of tens of thousands of years. Deriving CRE and
terrestrial residence ages for RF 532 would be useful to fully
investigate the launch and transit history of this grouping,
allowing us to explore whether they align with the rest of
the YAMM stones. Even then, some exposure ages have
significant uncertainties (e.g., terrestrial residence ages),
and until they can be determined to a higher degree of
accuracy, it is difficult to decisively determine how lunar
meteorites travel from the Moon to Earth. Models have
been made to explore typical pathways (e.g., Gladman et al.,
1995, 1996), with most lunar ejecta escaping the Moon at
speeds of ∼2.38–3.40 km/s (Gladman et al., 1995, 1996)
from relatively small craters <1 km in diameter (Basilevsky
et al., 2010) and arriving on Earth within 10–20 Ma (Joy
et al., 2023). Still, being the first cross-continental pair
with precise recovery coordinates, RF 532 and the YAMM
group could be useful in future studies on the dynamics of
the Moon-to-Earth lunar meteorite delivery system.
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