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Abstract–Al Huwaysah 010 is an ungrouped achondrite meteorite, recently referred to as a
brachinite-like meteorite. This meteorite, showing a fine-grained assemblage of low-Ca pyroxene
and opaque phases, is strongly reduced in comparison to other reduced brachinites. The
occurrence of some tiny plates of graphite and oldhamite in this meteorite suggests that a partial
melt residue has experienced a further reduction process. Olivine, the most abundant phase, is
compositionally homogeneous (Fo83.3) as well as the clinopyroxene (En45.5Fs10.8Wo43.7) and the
plagioclase (Ab69.5). Orthopyroxene (En85.4Fs13.9Wo0.7) also occurs but only in a fine
intergrowth. Other accessory phases are Fe metal grains (Ni-free or Cr-bearing Fe-Ni alloy),
troilite, chlorapatite, pentlandite (as inclusions in chromite). The sample shows two different
closure temperatures: the highest (≈900°C) is determined via the olivine–chromite
intercrystalline geothermometer and the lowest temperature (≈520°C) is determined via the
pyroxene-based intracrystalline geothermometer. These temperatures may represent,
respectively, the closure temperature associated with the formation and a subsequent impact
event excavating the sample from the parental body. The visible to near-infrared (VNIR)
reflectance spectra of Al Huwaysah 010 exhibit low reflectance, consistent with the presence of
darkening components, and weak absorptions indicative of olivine and pyroxene. Comparing
the spectral parameters of Al Huwaysah 010 to potential parent bodies characterized by olivine–
pyroxene mineralogy, we find that it falls within the field previously attributed to the SIII type
asteroids. These results lead us to classify the Al Huwaysah 010 meteorite as the most reduced
brachinite, whose VNIR spectral features show strong affinities with those of SIII asteroids.

INTRODUCTION

Achondrites are usually classified according to
their similarities in isotopic composition, whole-rock
chemistry, petrographic features, and mineral chemistry

(Grady et al., 2014). This enables the affiliation of
samples probably coming from similar parent bodies to a
unique meteorite group. However, a portion of the
achondrites remains ungrouped. They represent the
products of material that experienced variable levels of
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differentiation and they presumably come from different
bodies with respect to those ascribed to the existing
meteorite groups of achondrites (Mittlefehldt, 2014;
Greenwood et al., 2017).

Among the achondritic meteorites, those with the
highest amount of olivine are brachinites. They can be
considered peridotitic meteorites whose composition
varies from dunitic to wehrlitic. In fact, it has been
suggested that the group experienced a formation under
conditions of relatively slow cooling (Keil, 2014). In this
group, according to Keil (2014), the most abundant phase
is represented by olivine (ol 71–96 vol%) together with
variable amounts of clinopyroxene (cpx <15 vol%),
plagioclase (plg 0–10 vol%), and orthopyroxene (opx 0–
20 vol%). Other phases, such as Fe-sulfides (0–7 vol%),
chromite (0–5 vol%), phosphates (0–3 vol%), and metallic
Fe-Ni (0–2 vol%), always occur in lower amounts.
Considering that brachinites are the products of igneous
processes, their mineral compositions are homogeneous
within each individual meteorite although, between
different meteorites, the compositional range can also be
quite wide. For example, the multiple analyses undertaken
over time on different brachinites gave the following
compositional ranges (Keil, 2014): ol∼Fo64–73; cpx
∼En43–63Wo36–48; plg∼An15–33; opx∼En69–73Wo2–4.

As for the detailed processes of the petrogenesis of
brachinites, there is currently no overall consensus among
the scientific community. Even the petrofabric seems to
show differences if distinct meteorites are considered
(Hasegawa et al., 2019) implying that the parent body(s)
of the brachinite group of meteorites experienced diverse
igneous processes. Nevertheless, the group of brachinites
is still poorly constrained. Brachinites are currently
constrained by different characteristics, such as
petrology, mineralogy, whole-rock chemical composition,
and oxygen isotopic composition (Crossley et al., 2020;
Day et al., 2012, 2019; Goodrich et al., 2011, 2017;
Greenwood et al., 2007, 2012; Hasegawa et al., 2019;
Rumble III et al., 2008), but several meteorites show
similar characteristics with some deviation, for example,
olivine and oxygen isotopic compositions or textures
(e.g., Crossley et al., 2020; Day et al., 2019; Goodrich
et al., 2017; Hasegawa et al., 2019).

Considering that different meteorites have been
classified as brachinites, brachinite-like achondrites, or
assigned to ungrouped achondrites with affinity to
brachinites, and some achondrites are defined as brachinites
even if no detailed studies are present (e.g., Crossley
et al., 2020; Day et al., 2012; Goodrich et al., 2017;
Hasegawa et al., 2019). For this reason often in the
literature, the term clan has been used, to consider all of
these meteorites together. It has even highlighted that
within the brachinite group, the most classical brachinites
are derived from a precursor that was more oxidized and

sulfur-rich than those associated with the brachinite-like
achondrites (e.g., Crossley et al., 2020). This apparent redox
trend is associated with silicate FeO content and Fe/Mn
ratios which, as suggested, may be used as a proxy for
determining the relative oxidation state within brachinite
group (e.g., Crossley et al., 2020; Goodrich et al., 2017). For
this reason, it has been suggested to reclassify the brachinite
group into a continuum of oxidized to reduced endmembers
(e.g., Crossley et al., 2020).

This is why a detailed study of the ungrouped
achondrites can be extremely useful in ascertaining if they
do, or do not, belong to the brachinite group of meteorites.

Among ungrouped achondrites that deserve detailed
study is Al Huwaysah 010. It is a find consisting of two
fragments (total mass of 1411.79 g), collected in Oman on
January 2, 2010 (Ruzicka et al., 2015). Both fragments
lack a fusion crust and are reddish brown. Al Huwaysah
010 was classified as a weakly shocked (S2) ungrouped
achondrite related to the brachinites and in particular
similar to the ungrouped achondrites NWA 1500 and
NWA 4042 (Ruzicka et al., 2015). Indeed, Crossley
et al. (2020) stated that it appears to be more similar to
NWA 4042, although it also shares a few of the
characteristics identified in NWA 1500 (Goodrich
et al., 2011). Nevertheless, Ruzicka et al. (2015) and
Crossley et al. (2020) were unable to clearly define the
nature of the relationships between Al Huwaysah 010 and
the brachinites or brachinite-like meteorites. However,
even if Al Huwaysah 010 shows similar oxygen isotope
values of the brachinites (δ17O= 2.31‰, δ18O= 4.73‰,
and Δ17O=�0.15‰, Greenwood et al., 2017), the
composition of some mineral phases is different when
compared with the same phases occurring in the
brachinites (Day et al., 2012; Grady et al., 2014;
Greenwood et al., 2017; Mittlefehldt et al., 2003).

Here, we describe the results of a multidisciplinary
effort to characterize the chemical, mineralogical, and
spectral properties of Al Huwaysah 010 meteorite with the
aim to (i) provide more insights into the evolutionary
history of this ungrouped achondrite and (ii) assess
potential parent bodies via comparison of spectral
reflectance features. We report results obtained by multiple
techniques that included: scanning electron microscopy
(SEM), electron probe microanalysis (EPMA), visible and
near-infrared (VNIR) reflectance spectroscopy, single
crystal X-ray diffraction (SC-XRD), micro-Raman
spectroscopy (MRS) and laser-ablation inductively
coupled-plasma mass spectrometry (LA-ICP-MS).

SAMPLES AND METHODS

Two samples of Al Huwaysah 010 were kindly loaned
for this study by the Natural History Museum in Bern
(Switzerland). A 1-inch circular polished thin section
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(hereafter PTS, size of the sample 20× 15mm) and a 2.23-g
cut piece (subsequently CP, about 21 × 8 × 5 mm in size)
were selected from the interior of Al Huwaysah 010 (n.
1001-010), reducing the impact of terrestrial alteration
with respect to other pieces of this meteorite. We carried
out optical and electron microscopy together with
microprobe analyses on both thin section and the cut
piece (Figure S1) in order to investigate the petrography
and the mineralogical assemblage, and to apply the
olivine–chromite intercrystalline geothermometer (e.g.,
Wlotzka, 2005) using EPMA. A small portion of the
sample (0.15 gr.), representative of the bulk, has been
crushed, to separate single crystals of clinopyroxene and
to produce a powder for reflectance spectroscopy. In
addition, XRD and EPMA analyses obtained from two
single-crystal clinopyroxenes allowed us to obtain the
closure temperature of the Fe-Mg exchange reaction (e.g.,
Alvaro et al., 2015; Domeneghetti et al., 2013; Murri
et al., 2016, 2018, 2019). To perform the LA-ICP-MS, a
small piece, taken from the CP sample, was embedded
into epoxy (referred to subsequently as E-CP). Thus, a
further electron microscopy study was performed on the
E-CP to exactly locate the suitable areas for LA-ICP-MS
analyses. Trace elements were measured on olivine and
clinopyroxene single crystals in order to compare their
compositions with those obtained from the same
minerals in other achondrites. Reflectance spectroscopy
measurements were performed on the CP and on a small
amount of powder material in order to find a possible
match of reflectance spectra with others in spectral virtual
libraries (e.g., RELAB, https://pds-speclib.rsl.wustl.edu/).

Here, we provide a summary of the methods used in
this study, more detailed information can be found in the
supplementary online material.

Optical Microscopy

Observations of the PTS in transmitted (both planar
and crossed polar) and reflected light were performed
using a Zeiss Axioplan II optical microscope equipped
with a Zeiss Axiocam camera (see Figure S2).

SEM and Energy-Dispersive X-Ray Spectroscopy

Three different SEMs, all equipped with energy-
dispersive x-ray spectroscopy (EDS), were used.

a. The low vacuum SEM, FEI Quanta 200, was mainly
used for the first characterization of the surface of the
CP sample.

b. The E-CP, previously embedded in epoxy and carbon
coated, has been analyzed in order to locate the phases
and the areas suitable for the LA-ICP-MS analysis.

c. The Zeiss EVO MA15 was used for detailed recognition
and identification of the phases in the PTS.

Modal Analysis
Two different survey scales (macroscale and

microscale) were used for the modal analysis in order to
optimize the accuracy of the data obtained.

For the macroscale investigation, we acquired 245
backscattered (BSE) images (with the corresponding
elemental maps) at 100× magnification in order to cover as
large an area as possible of the polished surface section.
This global analysis has the advantage of providing a more
statistically significant estimate of the phase abundance as
it investigates a larger area at a lower magnification.

We selected 17 areas to acquire higher resolution
(500× magnification) BSE images to take account of the
small grain size of some phases. We also acquired the
relative Ca and Si X-ray elemental maps, in order to
discriminate plagioclase and clinopyroxene between the
silicate phases during the process of the modal analysis.
The images are 16-bit gray scale and are 2048 × 1536
pixels.

The analysis was done by thresholding the different
gray scale values with a specific software producing five
different layers corresponding to: (1) holes or phases with
low BSE signal; (2) low-Ca pyroxene; (3) olivine; (4) high-
Ca pyroxene; (5) opaque phases or phases with high BSE
signal (see online material for more details).

Electron Probe Microanalysis

Quantitative mineral analyses of the main phases were
performed on PTS using a JEOL JXA-8230 Super Probe
equipped with five wavelength-dispersive spectrometers
(WDS). All data were then processed with the iteratively
corrective ZAF data reduction model (see online material
for more details).

SC-XRD and EPMA on Pyroxene Single Crystals

SC-XRD analysis was performed on clinopyroxene
crystals to calculate the closure temperatures of the
intracrystalline Fe-Mg exchange reaction using the
geothermometric calibration obtained by Murri et al.
(2016). Two clinopyroxene crystals (50 × 40 × 10 μm)
were extracted from the crushed portion of the CP sample
with the aid of a sharp needle and their quality was
checked by optical microscopy (for the absence of
twinning) and by SC-XRD (for sharp peak profile). The
SC-XRD analyses report the unit cell parameters,
the discrepancy indices Rmerge, Rall, Rw on all the Fo2 and
the goodness of fit (S) of the structure refinements for the
two crystals (see Table S4).

Al Huwaysah 010 857
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The two clinopyroxene crystals used for the SC-XRD
analyses were embedded in epoxy and polished for EPMA
analysis. After the polishing procedure, only one crystal
was suitable for the chemical analysis. Major and minor
elements, including halogens, have been determined by
means of JEOL 8200 Super Probe—operating in X-ray
wavelength-dispersive mode (WDS-EPMA).

Micro-Raman spectroscopy

The MRS analysis was performed on the oldhamite
crystals occurring on the surface of an E-CP sample of Al
Huwaysah 010 meteorite. The E-CP sample was polished
to abrade the superficial weathering and the samples were
maintained in a humidity-controlled condition until the
Raman measurement. The MRS analysis was performed
using a Horiba LabRam HR Evolution spectrometer
equipped with an Olympus BX41 confocal microscope at
the controlled temperature of 20 (�1) °C.

Laser Ablation Inductively Coupled Plasma Mass

Spectrometry

The laser probe employed in this study has a
fundamental emission in the infrared at 1064 nm. For this
work, the laser was operated at a repetition rate of 10Hz,
and the spot diameter was 50 μm with a pulse energy of
about 0.1 mJ.

Reproducibility and accuracy of the REE
concentration values were assessed on the reference
sample BCR2-g. The precision of the BCR2-g
measurements is reported as percent relative standard
deviation (%RSD) for each element, which is calculated
as the standard deviation divided by the average
concentration. The %RSD provides an estimate of the
consistency of the analyses of the BCR2-g, and so the
reproducibility of the measurement. The accuracy is
generally high (<15%) for all the elements except for Cr
(�34%) and Zn (�29%).

VNIR Reflectance Spectroscopy

The reflectance spectroscopy measurements were
performed, at room temperature and pressure in the
VNIR for both powder and sample surfaces (hereafter
called slab) from the CP. From the crushed portion of the
sample, we prepared a dry sieved powder at <100 μm for
reflectance measurements. After the first set of VNIR
measurements, we performed a rust removal procedure
(Kiddel et al., 2018) to document the possible influence of
the weathering products on the spectral features.

The VNIR range (0.35–2.5 μm) was investigated with
a relatively large spot (6 mm) but acquiring spectra in
different points on the slab surface. Multiple acquisitions

were also obtained for the powder sample, and spectra
were averaged, to avoid sample preparation error (see
also Carli et al., 2018).

RESULTS

Petrography

As illustrated in Figure 1, the sample has a
protogranular texture (Figure S2). Each of the main
phases, olivine, Ca-rich pyroxene, plagioclase, and
chromite, shows a homogeneous grain size distribution. In
general, the crystal size of the main silicates falls within the
range of 200–300 μm. A few crystals of these phases can be
larger; some elongated olivine crystals may reach 600 μm
whereas the larger Ca-pyroxene and plagioclase grains can
reach 800 and 1600 μm, respectively. Only a few triple
junctions are visible with optical microscopy because the
ragged texture of the sample makes their identification
very difficult; conversely, when BSE images are used, the
triple junctions can be seen more easily thanks to the
polygonal network of secondary opaque phases (Figure 1).

The modal mineralogy analysis yields different results
depending on whether it is calculated at the macroscale or
at the microscale. This is due to the fine intergrowth of Ca-
poor orthopyroxene with weathered opaque phases
occurring at the border and inside olivine crystals, as
shown in Figure 2.

At the macroscale (lower magnification), the modal
values are similar to those observed in the brachinites and
brachinite-like meteorites (Keil, 2014): olivine accounts
for 78.5 vol% of the sample, Ca-rich pyroxene for 5.7 vol
%, plagioclase for 3.0 vol%, chromite for 2.0 vol%,
accessory phases (Ni-free iron, troilite, graphite, and Ni-
rich iron sulfide) for 1.0 vol%, and weathering phases
represent 9.8 vol%. The low-Ca pyroxene at the lower
used magnification cannot be discriminated due to its fine
crystal size. The weathering products are mainly iron
oxides and oxyhydroxides, Ca-sulfates, and Ca-Mg
carbonates. No hydrated silicate phases were detected.

At the microscale (higher magnification), when the
details of the intergrowth can be resolved and the phases
automatically recognized (Figure 2), the modal
percentage of olivine and low-Ca pyroxene, calculated
from the 17 BSE images, yields a mean value of 64.4 and
12.1 vol%, respectively. The different results obtained at
the microscale are mainly due to the difficulty in
discriminating between olivine and the assemblage of
low-Ca pyroxene plus metal (and the weathering
products) during the image analysis at the macroscale. As
a consequence, even the modal percentage of weathering
phases (12.8 vol%) is higher with respect to that
calculated at the macroscale, and the greater weathering
vol% is mainly attributable to oxidized metals. The

858 C. Carli et al.
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percentages of Ca-rich pyroxene, plagioclase, chromite,
and accessory phases remain unchanged.

Some thicker dendritic veins (up to 50 μm) developed
both along the boundary of the silicate phases and across
the olivine crystals where they appear to be always
intermixed with low-Ca pyroxenes. We emphasize that
neither high-Ca pyroxenes nor the plagioclases (Figure 1)
are affected by the pervasive presence of the assemblage
of dendritic iron oxides and low-Ca pyroxene.

In the investigated thin section, the formation of
continuous Fe-rich thin veins (mainly composed of iron
oxides and oxyhydroxides) can be associated with
weathering products (Figure 3). These veins occur almost
exclusively along the boundary of the silicate phases.
Within these thin veins, we also observed the presence of

Mg-Ca carbonates and Ca sulfate (Figure 1d). As
previously reported in the study of Crossley et al. (2020),
we observed that even the olivine has experienced
weathering because some grains show the presence of
iddingsite. Iron oxyhydroxides (Figure 3a,c) accompany
or represent further branches of oxide dendritic veins.
Conversely, in all the samples, we did not observe
distinguishable alteration associated with primary metal
grains.

Mineralogy

The textural appearance of the abundant olivine is
ragged (Figure 3b,d), due to the presence of a fine-grained
assemblage of low-Ca pyroxene and dendritic opaque

FIGURE 1. Backscattered electron (BSE) images of Al Huwaysah 010 (CP sample). (a, b) Large grain of poikilitic high-Ca
pyroxene (Aug) containing rounded olivine (Ol) chadacrysts; it is interesting to note that the appearance of olivine grains is
clearly affected by the same fine intergrowth of low-Ca pyroxene and dendritic opaque phases characterizing all the olivines in
the sample. In the images, laths of iron oxide and grains of chromite are also visible (lighter gray). (c) Rounded grains of high-
Ca pyroxene poikilitically enclosed in a large grain of plagioclase (Pl). (d) Olivine crysts characterized by a fine intergrowth of
low-Ca pyroxene and dendritic opaque phases (Figure 2), rounded grains of high-Ca pyroxene, and crysts of chromite (chr) with
the presence of an assemblage of carbonates and sulfates (terrestrial weathering).

Al Huwaysah 010 859
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phases which line the boundaries of the olivine crystals
and penetrate them. We noted also that such a fine-
grained assemblage is present in the rounded grains of
olivine chadacrysts poikilitically enclosed in the high-Ca
pyroxene (Figure 1a), similar to what has been reported
for NWA 7605 (Irving et al., 2013). Olivine,
compositionally homogeneous (Table 1) and devoid of any
normal or reverse zonation (Table S1), is characterized by
a high amount of magnesium (Fo83.3) and a low (29.3) Fe/
Mn molar ratio.

In contrast to olivine, high-Ca pyroxene grains,
occurring as subhedral or anhedral augite (En45.5
Fs10.8Wo43.7 and mg# 80.2, see Table 1), are never
affected by the pervasive presence of the fine-grained
assemblage of opaque phases (weathered metal and
sulfides) and low-Ca pyroxene, even when they are
poikilitically enclosed in plagioclase (Figure 1b).

This fine intergrowth is probably not ubiquitous in the
Al Huwaysah 010 specimen considering that it was not
detected by Crossley et al. (2020). This fine intergrowth
represents the only mode of occurrence of the low-Ca
pyroxene, whose composition (En85.4Fs13.9Wo0.7 and mg#
85.6, see Table 1) shows a lower iron content compared to
augite. Both pyroxenes are compositionally homogeneous
and no compositional zonation was observed. Plagioclase
feldspar occurs both as allotriomorphic or large poikilitic
anhedral grains which may enclose small round high-Ca
pyroxene grains (Figure 1b). Quantitative compositional
analyses performed on plagioclase consistently yielded a
composition Ab69.5 (Table 1).

The chromite, like the other phases, is homogeneously
distributed in the sample as euhedral or subhedral
grains whose compositions correspond to chromite (Cr/

Cr +Al = 0.795; Fe/Fe +Mg = 0.634). The accessory
phases are represented by granular chlorapatite, small
grains of iron, tens of microns long, that are notably Ni-
free iron and Cr-bearing Fe-Ni alloy, a few microns
wide plates of graphite (Figure S3), troilite, and
pentlandite (as inclusion in chromite).

Iron oxides, iron oxyhydroxides, calcium sulfate
(anhydrite), and dolomite are also present, probably
formed due to the terrestrial weathering that affected Al
Huwaysah 010. A Raman spectrum collected from the
surface of the E-CP sample, inside of an anhydrite grain,
shows the presence of oldhamite (Figure S4).

Trace Element

Several grains of olivine were analyzed for trace
element contents. A significant portion of the acquired
data is affected by spikes, especially of Ni, due to the
presence of small inclusions of Fe-Ni metal that severely
compromised the results. Only five analyses were selected
as the most representative of olivine free of inclusions
(Table S2). Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Sr and Y
were detected for olivine; only a few of them provided
RSD lower than 20% (Sc and Mn; Figure 4); the other
elements show a larger variability among different grains
with RSD in the range of 20%–40% (Ti, V, Zn, and Y) or
even higher (Cr, Co, Ni, Sr). Olivine shows high
concentrations of Mn, in the range of 3501–3908 ppm
(average 3678� 162 ppm). Cr, Co, and Ni vary
considerably from a few ppm up to hundreds ppm
(Table S2), whereas Ti and V are in the range of about 16–
38 and 19–37 ppm, respectively. Lower concentrations
were obtained for Sc (4–7 ppm) and Zn (2–5 ppm); Cu Sr
and Y are lower than 2 ppm.

Clinopyroxene was analyzed several times but due to
small inclusions only five analyses were considered as
representative. For several elements, the precision was
better than 10% (Na, Al, Sc, Ti, V, Cr, Mn, Sr), while
Co, Zn, Y, and Ho provided RSD in the range of
12%–16% whereas the other elements show a major
scatter with RSD up to 53%. Clinopyroxene contains
thousands of ppm of Na, Al, Cr, and Mn; Ti and V
range between 658 and 717 ppm and 331 and 366 ppm,
respectively. Sc, Co, Ni, and Zn show average values of
79, 37, 104, and 72 ppm, respectively; B ranges from
about 6 to 11 ppm whereas Sr and Y have average
values of 5 and 2 ppm, respectively. Cu, Zr, and the
rare earth elements are generally below 1 ppm. The
REE-normalized pattern for Al Huwaysah 010 is
characterized by a fractionation of middle- and heavy-
REE that are fairly flat with CI-like abundances whereas
the light-REE are depleted relative to CI abundances
(Figure 5, Table S3).

FIGURE 2. BSE high magnification image of the Al
Huwaysah 010 showing that all olivine crystals (light gray)
contain diffuse very fine-grained aggregates of orthopyroxene
(gray)+Fe metal and its weathering products (white).

860 C. Carli et al.
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Geothermometry

Olivine–Chromite Geothermometer
The olivine/Cr-spinel and olivine/chromite

thermometers are substantially based on Fe-Mg partitioning
between olivine and Cr-spinel/chromite (Calafiore, 2002;
Johnson & Prinz, 1991; Sack & Ghiorso, 1991a; Wlotzka,
1985).

The Al Huwaysah 010 meteorite is characterized by a
homogeneous composition of olivine and chromite;
therefore, the mean composition has been used here for

our calculations since Kessel et al. (2007) demonstrated
that temperature calculated on the average composition is
very similar to the average temperature calculated from a
group of temperatures obtained from the individual
olivine–spinel pairs. Data on the chemical composition of
olivine and chromite are those obtained during this study
by means of EPMA (Table 1).

The closure temperature for the olivine–spinel system
was calculated using MELTS online tool based on the
thermodynamic models and numerical calculation
developed by Sack and Ghiorso (1991a, 1991b). This

FIGURE 3. Optical microscopy images of PTS sample of Al Huwaysah 010. Two different areas of the sample, at two different
magnifications (left column: field of view 5.2 × 3.9 mm; right column: field of view 1.4 × 1.0 mm), are represented. From top to
bottom: (a, b) transmitted plane polarized light (PPL) images showing a network of opaque phases (iron oxides), readily visible
as thin black veins, and yellow-brown veins (iron oxyhydroxides); (c, d) transmitted cross polarized light (XPL) images showing
the ragged edges and fracture, sawtooth texture, of olivine; (e, f) reflected light images showing several spinels (lighter gray)
along with the network of iron oxides and oxyhydroxides (dark gray). (Color figure can be viewed at wileyonlinelibrary.com)

Al Huwaysah 010 861
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procedure yielded a closure temperature of 941� 37°C.
Using the same model, the calculation of the
oxygen fugacity from the olivine–spinel–orthopyroxene
equilibrium (Sack & Ghiorso, 1989, 1994a, 1994b, 1994c)
provides a value of log fO2 IW-1.7 at a pressure of 0.1
kbar.

Another useful model for calculating the closure
temperature of the olivine–spinel system is that based on
the equation developed by Wlotzka (2005). The
temperatures derived from this equation differs from
those derived from Fabriès (1979), mainly at low Cr/
(Cr+Al) ratios, because the Fabriès (1979) temperatures
increase with decreasing Cr/(Cr+Al) ratio, whereas the
modified version of Wlotzka (2005) yields constant
temperatures throughout. The closure temperature
obtained with Wlotzka (2005) model is 864� 42°C. The
differences of closure temperature values from the two
models are common as discussed by Wlotzka (2005). In
our case, the results suggest a closure temperature near
∼900°C.

Closure Temperature of Mg-Fe Reaction of
Clinopyroxenes

The results of EPMA performed on the Al Huwaysah
010_3 clinopyroxene single crystal after XRD analysis are
reported in Table S5. In the same table, the sum of the
mean atomic numbers (m.a.n.) at M1 and M2 sites (34.26
electrons per formula unit, e.p.f.u.) calculated from the
analysis is also reported. This value is in very good
agreement with the sum of the m.a.n.s of M1+M21+
M21 sites obtained from the structure refinement before
introducing the chemical constraints for sample 3 (34.28)
and within 2σ for sample 1.

All of the selected clinopyroxenes have Fs contents
(with Fs= 100 × ΣFe/[Σfe+Mg+Ca] where Σfe=
Fe2+Fe3+Mn) within the compositional range of Fs9 to
Fs24 (Murri et al., 2016).

The Fe2+-Mg ordering state was obtained from the
site populations to calculate the closure temperature by
means of the intracrystalline distribution coefficient (kD),
using Equation (1):

TABLE 1. Average compositions of the major phases in the Al Huwaysah 010 meteorite.

Olivine High-Ca pyroxene Low-Ca pyroxene Plagioclase Spinels
Number of data 18 18 13 8 8

SiO2 40.32 54.58 57.55 61.07 n.d.

TiO2 0.02 0.13 0.02 0.03 1.07
Al2O3 0.01 0.72 0.01 24.16 9.76
Cr2O3 0.03 0.68 0.08 n.d. 56.79

FeO 15.56 7.08 9.97 0.09 22.65
MnO 0.51 0.20 0.53 n.d. 0.46
MgO 45.13 16.06 32.99 0.03 7.43

CaO 0.06 20.99 0.39 6.08 0.02
Na2O n.d. 0.35 0.01 7.79 n.d.
K2O n.d. n.d. n.d. 0.1 n.d.
NiO 0.01 0.01 0.01 n.d. n.d.

V2O3 0.01 0.05 0.01 n.d. 0.73
ZnO 0.02 0.02 0.03 0.01 0.04
Total 101.65 100.87 101.58 99.30 98.97

Fo 83.3
Range 82.7–83.9
Fe/Mn 29.4

Fs 10.8 13.9
Range 10.27–11.99 13.28–15.40
En 45.5 85.4
Range 45.24–46.25 83.89–85.80
Wo 43.7 0.7
Range 42.11–44.36 0.58–0.89
Ab 69.5

Range 67.67–70.34
Fe/Fe+Mg 0.634
Range 0.63–0.64
Cr/Cr+Al 0.795
Range 0.79–0.80
Note: Data in wt%. All the measured spots are in Table S1. For oxides, n.d., not detected.

862 C. Carli et al.
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kD ¼ Fe2þ M1
� �

MgM2ð Þ= Fe2þ M2
� �

MgM1ð Þ� �
: (1)

The relationship between the distribution coefficient
(kD) and TC is usually expressed using calibration
equations of the ln(kD) as a function of 1/T(K). The site
populations obtained from the structural refinements
with chemical constraints and the distribution coefficients
(kD) with relative propagated errors are reported in
Table S6.

For these samples, the calibration equation by Murri
et al. (2016), given as Equation (2) here, was used because
it produces reliable results on clinopyroxene samples with
compositions ranging between Fs9 and Fs24 as
demonstrated from the investigation on synthetic samples
(Murri et al., 2018). In particular, the equation was
obtained using data by Murri et al. (2016) on an augite
from Theo’s Flow (TS7 N.16, Fs9) together with those by
Alvaro et al. (2015) on augites from the Miller Range
nakhlite sample (MIL 03346, Fs24).

ln kDð Þ ¼ �4040 �180ð Þ=T Kð Þ
þ 1:12 �0:17ð Þ R2 ¼ 0:988

� �
: (2)

The calculated TC for the two crystals of Al
Huwaysah 010 are 529� 30°C and 514� 27°C,
respectively. Therefore, the average intracrystalline
closure temperature for Al Huwaysah 010 is 520� 30°C.

REFLECTANCE SPECTROSCOPY

Spectral reflectance is generally acquired on
powders, thus reducing the number of measurable
meteorites and limiting the study of their heterogeneity.
In this study, the analysis was performed on both a
slab and a powder, allowing spectral properties to be
obtained for both sample types. The slab sample was
also measured after the rust removal procedure
(see “VNIR Reflectance Spectroscopy” Section).
The information derived from spectral analysis is

FIGURE 4. Trace elements in olivine (on the left) and clinopyroxene (on the right) measured by LA-ICP-MS. In particular, here
it is possible to observe the Sc and Mn values for olivine (ppm), and the Sc, Zr of Al Huwaysah 010 compared to brachinite
EET 99402 and brachinite-like NWA 5400 (Mn in ol not determined for NWA 5400; Day et al., 2012); acapulcoites (Acap.)
Acapulco and ALHA 81261 (Floss, 2000); anomalous lodranites (An) ALHA 81187, ETT84302, and GRA 95209 (Floss, 2000);
lodranites MAC 88177 and LEW 88280 (Floss, 2000); winonaite (Win) NWA 1463, Pontlyfni, Winona, Mt. Morris, Tierra
Blanca (Floss et al., 2008); HAH 193 (Floss et al., 2007, 2008); and ungrouped meteorites GRA 06128 and GRA 06129 (Day
et al., 2012). (Color figure can be viewed at wileyonlinelibrary.com)

Al Huwaysah 010 863
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strengthened by the identification of mineral chemistry
and sample texture investigations.

The use of VNIR spectral ranges allowed us to
characterize the mineralogy from the VNIR spectra often
used for comparison with properties of their potential
parent bodies (i.e., asteroids) and other meteorite groups.
Moreover, this procedure defines the detection limits and
our capability to retrieve mineralogical information for
planetary bodies.

The VNIR reflectance spectra of the powder and slab
are presented in Figure 6. It shows the meteorite spectra
have: (i) low reflectance, probably due to the fine-grained
crystal sizes of the minerals and the particular textures
within dark veins of fine intergrowth of low-Ca pyroxene
and dendritic opaque phase, and also the presence of
minor carbon phases and metals; (ii) two major bands at
about 1 and 2 μm (red arrows) that are commonly

associated with Fe2+ in crystalline sites of pyroxenes and
olivine (1 μm): the green arrow indicates the possible
effect of olivine, at wavelength longer than the pyroxenes
band center (BC) at around 1 μm (e.g., Burns, 1993),
(iii) two minor and weak absorptions, indicated by the
blue arrows and more evident in the continuum removed
plot (Figure S9), are probably related to charge transfer,
or spin-forbidden Fe transitions, in silicates (e.g.,
Burns, 1993); (iv) lack of obvious M-OH (M can include
Fe, Al, and Mg cations) due to hydroxylated materials
and H2O absorptions, near 1.4–1.5 and 1.9 μm,
respectively (see Clark, 1999), despite the evidence of
weathering. The measurements acquired after the rust
treatment (Figure S9) show the same properties
summarized above but a reduced intensity of the charge
transfer absorptions and a shift of the two major bands
to lower wavelengths.

FIGURE 5. Trace elements in clinopyroxene measured by LA-ICP-MS. It is possible to observe the REE patterns for
clinopyroxenes of Al Huwaysah 010 compared to brachinite EET 99402 and brachinite-like NWA 5400, and two ungrouped
meteorites GRA 06128 and GRA 06129 acapulcoite-related in the top panel. In the lower panel, we report also data for the
primitive achondrites (Acap) Acapulco and ALHA 81261; anomalous lodranites (An) ALHA 81187, ETT84302, and GRA
95209; lodranites MAC 88177 and LEW 88280; winonaites (Win) NWA 1463, Pontlyfni, Winona, Mt. Morris, Tierra Blanca,
HAH193. From these plots, it is clear that Al Huwaysah 010 shows the lower Eu anomaly with respect to the other considered
achondrites. (Color figure can be viewed at wileyonlinelibrary.com)

864 C. Carli et al.
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The continuum line is calculated as straight-line
segments, as a function of wavelength, that join the
reflectance maxima in the spectrum (Clark & Roush,
1984) and the main spectral parameters were calculated
from the continuum removed spectra. To compare
assemblages of olivine and pyroxene: (1) The BC is
calculated as the position of the minimum reflectance of
the band after the continuum removal. To avoid any
effects due to noise, we fitted the minimum region with a
second-order polynomial; (2) the band area ratio
(B.A.R.) is calculated as the integrated area between the
continuum and the spectra once the continuum is
removed (see Carli et al., 2022 and reference therein).

DISCUSSION

The existence of ungrouped meteorites often reflects
our difficulty in placing these specimens in a correct
interpretative framework. The issue is not only taxonomic
but also genetic. The problem is even more relevant when
it concerns achondrites. These meteorites experienced a
series of very complex processes ranging from partial
differentiation to complete fusion.

In particular, there has recently been a debate about
the issues surrounding the classification of brachinites
and brachinite-like meteorites. First of all, the question
arises as to the purpose of the meteorite classifications,
that is, whether it is useful simply as a means of
schematizing acquired knowledge or whether it is a

fundamental means of achieving a genetic and/or
evolutionary interpretation. While the latter appears to
be the most convincing answer, it should be noted that—
from a strictly genetic point of view—it is often difficult
to determine whether meteorites belong to the same
parent body or to different parent bodies.

The literature on brachinites and brachinite-like
meteorites often deals with this question providing
different but not definitive answers (Crossley et al., 2020;
Day et al., 2012, 2019; Goodrich et al., 2011, 2017;
Greenwood et al., 2007, 2012; Hasegawa et al., 2019;
Rumble III et al., 2008).

Petrography, Mineralogy, and Mineral Chemistry: A

Comparison with Other Brachinite and Brachinite-Like

Meteorites

Due to the presence of a fine-grained mineralogical
assemblage, the observed modal mineralogy of Al
Huwaysah 010 is highly dependent on the magnification
used to obtain the images on which to calculate it. At
lower magnification, the values of olivine and Ca-rich
clinopyroxene (78.5 and 5.7 vol%, respectively) are in the
range observed for other brachinites and brachinite-like
meteorites, where olivine is always the major phase (>68
and up to 96 vol%) and the Ca-rich pyroxene ranges
from 3.6 to 15 vol% (Crossley et al., 2020; Day
et al., 2012; Goodrich et al., 2011, 2017). On the other
hand, at higher magnification, the olivine content is much
lower (64.4 vol%) whereas the low-Ca orthopyroxene and
the weathering products are higher (12.1 and 12.8 vol%
respectively). The amounts observed at higher
magnification are certainly more reliable and reflect the
strong in situ reduction experienced by this meteorite.
The amount of other phases not involved in the reduction
process, like high-Ca clinopyroxene (5.7 vol%),
plagioclase (3.0 vol%), chromite (2 vol%), remains
unchanged whether low or high magnification is
employed. Sulfides, metal, and phosphates also occur in
lower amounts in brachinites/brachinite-like meteorites
(Day et al., 2012), although sulfides and metal can be
readily observed when the meteorites have not
experienced significant weathering.

The mineralogical assemblage occurring in Al
Huwaysah 010 is a widespread fine-grained assemblage
where opaque phases are associated with Ca-poor
orthopyroxene. This texture is similar to that observed in
Divnoe, NWA 6112, MIL 090206, MIL 090304, MIL
090405, and other brachinite/brachinite-like meteorites,
where opaque phases occurring in the fine-grained
assemblage along with orthopyroxene are mainly
represented by Fe-sulfide and Fe-Ni metal (Goodrich
et al., 2011, 2017; Hasegawa et al., 2019; Irving et al.,
2013; Rumble III et al., 2008). Moreover, in Al

FIGURE 6. Reflectance spectra of Al Huwaysah in the VNIR
for the powdered sample, <100 μm (gray) and an average of
six different points in the slab (black). Spectra are smoothed
with FFT of 20 points for powder and 50 points for slab in
the NIR (>1 μm); moreover, they are truncated after 2.4 μm,
since at longer wavelengths, measured reflectance was highly
variable. The arrows indicate spectral features discussed in the
text. (Color figure can be viewed at wileyonlinelibrary.com)

Al Huwaysah 010 865
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Huwaysah 010, almost all olivine–olivine, olivine–augite,
and olivine–chromite grain boundaries are lined with
such fine-grained assemblages and they also occur as
patches within olivine (Figure 2) and even in olivine
chadacrysts enclosed in Ca-rich clinopyroxene
(Figure 1b). The assemblage of iron oxides and low-Ca
pyroxenes (Figures 1 and 2) crosscutting the olivine
crystals could resemble the sawtooth texture of some
ureilites (Figure S5). However, in ureilites, such a texture
is related to the occurrence of “reduction rims” in olivine
grains due to a reaction with graphite-generating metal
via smelting, that is, reduction of oxidized iron in silicates
(Goodrich, 1992; Mittlefehldt et al., 1998;
Wlotzka, 1972). Evidence of such reduction rims has been
observed in NWA 1500 by Goodrich et al. (2011) and a
slight reverse chemical zoning (Fo72–74) has also been
detected in MIL 090206, MIL 090304, MIL 090405
meteorites. In the Al Huwaysah 010 portion studied here,
we did not find such rims nor they have been reported for
this meteorite by other authors (Crossley et al., 2020;
Ruzicka et al., 2015). It is worth mentioning, however,
that such rims could have been erased by a heating event
or by the high degree of terrestrial weathering
experienced by Al Huwaysah 010.

When the composition of silicate minerals is
considered, differences and analogies between Al

Huwaysah 010 and the brachinites (or brachinite-like
meteorites) can be found. Olivine in Al Huwaysah 010
(Table 1) has a higher amount of Mg (Fo83.3) compared to
all the known brachinites, where the composition usually
ranges from Fo64 to Fo70. These differences, however,
become less pronounced when specific brachinites (or
brachinite-like achondrites) are considered where olivine
ranges from Fo72 to Fo80 (Crossley et al., 2020; Goodrich
et al., 2011; Greenwood et al., 2017; Hasegawa et al., 2019;
Irving et al., 2013). A clear difference may also be
observed between the value of molar Fe/Mn (29.4) in
olivine of Al Huwaysah 010 and those of other brachinites
(52–77). Nevertheless, even in this case, the gap decreases
if the values of some specific meteorites (e.g., NWA 6112)
are considered.

In spite of the different content of Fo, plotting CaO
versus Cr2O3 of the Al Huwaysah 010 overlies some
brachinite-like meteorites that fall close to the low CaO
limit field of brachinites (Figure 7). Al Huwaysah 010
plots well separated from ureilites and at slightly higher
CaO values with respect to acapulcoites and lodranites
that remain consistent with where Divnoe plots.

Pyroxene compositions of Al Huwaysah 010
(Table S1) are much more similar to those of brachinites:
indeed, augite (Fs11.6Wo42.8) is in the same range reported
by Keil (2014) for high-Ca pyroxene in brachinites

FIGURE 7. CaO versus Cr2O3 in olivine of some achondrite groups. Modified after Goodrich et al. (2011). The plot shows how
Al Huwaysah 010 is close to Zag and it lies between the acapulcoites–lodranites and brachinites, which as a similar Cr2O3 range
and different CaO. (Color figure can be viewed at wileyonlinelibrary.com)

866 C. Carli et al.
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(Fs9-14Wo38-48); regarding the low-Ca pyroxene, Al
Huwaysah 010 has an iron content slightly lower
(Fs15.0Wo0.7) than the values reported by Goodrich
et al. (2011) for brachinites (Fs17-30Wo1-4; Figure S6).

When plots of Al2O3, Cr2O3, TiO2 versus Mg# are
considered, the contents of these elements in augite of Al
Huwaysah 010 fall completely inside the field of
brachinites (or brachinite-like) meteorites (Figure S7;
Goodrich et al., 2011).

The plagioclase (An29.95) of Al Huwaysah 010 shows a
Ca abundance that is in the range of the compositions
reported by Goodrich et al. (2011) for the brachinites or
the brachinite-like meteorites (An22-41).

As for spinel composition (Figure S8), both the molar
Cr/(Cr +Al) and Fe/(Fe +Mg) values are consistent with
those of chromites reported for other brachinites and
brachinite-like achondrites (Gardner-Vandy et al., 2013;
Johnson et al., 1977; Mittlefehldt et al., 2003; Nehru
et al., 1983; Warren & Kallemeyn, 1989). Furthermore,
their TiO2 and V2O3 contents are similar to those of most
brachinites and brachinite-like achondrites but higher
than those of chromites in ureilites, winonaites, and many
acapulcoites and lodranites.

Some considerations can also be made with regard to
the trace elements in silicate minerals, as measured by LA-
ICP-MS. In particular, olivine in Al Huwaysah 010
(Figure 4 and Tables S2 and S3) has Sc (6 ppm), Ti (29
ppm), V (30 ppm), and Y (0.07 ppm) contents within the
range of EET 99402, GRA 06128, GRA 06129, and NWA
5400 (Day et al., 2012). Conversely, U content is higher,
but its concentration may be affected by the weathering
process of the desert environment. As for high-Ca
clinopyroxene, Y and Zr appear to be particularly
distinctive compared to other achondrite groups
(Figure 8). In Al Huwaysah 010 Y content appears to be
distinct from acapulcoites, lodranites and winonaites and
similar to that of the brachinite EET 99402, two
ungrouped achondrites and the brachinite-like NWA
5400. Whereas the Zr content although different from
other achondrites, it is similar to EET 99402 and NWA
5400, and very different from the two ungrouped
achondrites. Noteworthy, unlike other elements, Al-
Kathiri et al. (2005) suggested Zr in the meteorites from
Oman have been affected to a very small extent (i.e.,
slightly depleted) by weathering.

However, the high-Ca clinopyroxene REE pattern is
one of the most interesting features in providing a
valuable comparison among the achondrite groups. In
the pattern of Al Huwaysah 010, and those of other
brachinites and brachinite-like achondrites (Day
et al., 2012), LREE have low abundances (<1 CI-
chondrite), with HREE> LREE (La/Yb= 0.14).
Furthermore, the LREE and HREE (Figure 5) of Al
Huwaysah 010, EET 99402, GRA 06128, GRA 06129,

NWA 5400 appear to show the strongest depletion
compared to acapulcoites, lodranites, and winonaites
(Day et al., 2012). Regardless of the abundances, while
LREEs have a very similar pattern in all groups, HREEs
show a diversified pattern compared to brachinites (or
brachinite-like) which show a very small or barely
noticeable negative Eu anomaly.

The most recent and reliable oxygen isotope data
(Greenwood et al., 2017) clearly show that Al Huwaysah
010 plots in the same area as the brachinites. Some
brachinite-like meteorites also plot in this area although
other brachinite-like meteorites fall outside the
brachinite field and sometimes overlap the Terrestrial
Fractionation Line. The brachinite field is partially
overlapped by HED, main group pallasite, and angrite
meteorites (see figure 7 in Greenwood et al., 2017), but
Al Huwaysah 010 is in a portion of the brachinite field
not overlapped by other groups (see figure 19 in
Greenwood et al., 2017). The oxygen isotope analysis of
Al Huwaysah 010 plots close to those of Divnoe, NWA
6112, MIL 090206, MIL 090304, MIL 090405. These
meteorites, along with other brachinites/brachinite-like
meteorites, show a similar texture showing fine-grained
assemblage where Fe-sulfide and Fe-Ni metal are
associated with Ca-poor orthopyroxene (Goodrich
et al., 2011, 2017; Hasegawa et al., 2019; Irving et al.,
2013; Rumble III et al., 2008).

FIGURE 8. Comparison of the ppm of Y and Zr in Al
Huwaysah 010 clinopyroxene with those in primitive
achondrites (brachinite EET 99402 and brachinite-like NWA
5400); acapulcoites (Acap) Acapulco and ALHA 81261;
anomalous lodranites (An) ALHA 81187, ETT84302, and
GRA 95209; lodranites MAC 88177 and LEW 88280;
winonaites (Win) NWA 1463, Pontlyfni, Winona, Mt. Morris,
Tierra Blanca, HAH193; and ungrouped meteorites GRA
06128 and GRA 06129 measured by LA-ICP-MS. Al
Huwaysah 010 is similar only to the brachinite EET 99402
(see the main text for references). (Color figure can be viewed
at wileyonlinelibrary.com)

Al Huwaysah 010 867
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Geothermometrical Interpretation and Comparison with

Other Meteorites

Olivine–Chromite Geothermometry and Oxygen
Fugacimetry

As presented in “Geothermometry” Section, Al
Huwaysah 010 closure temperature values calculated with
two intercrystalline olivine–chromite geothermometers
show a value close to 900°C. These temperatures are in the
range of those previously obtained for Divnoe (∼830°C),
NWA 6112 (∼860°C), and MIL 090206 plus its pairs MIL
090340 and MIL 090405 (∼910°C), which have been
attributed to the brachinite group by Hasegawa et al.
(2019). Moreover, the temperatures yielded by olivine–
chromite geothermometry for Al Huwaysah 010 are also
similar to those obtained in other studies of brachinites
(e.g., Goodrich et al., 2017; Petaev & Brearley, 1994).

The calculated oxygen fugacity (IW-1.7) of Al
Huwaysah 010 is in the range (IW-1.16 to IW-2.14)
calculated by Crossley et al. (2020) for other brachinites.

CPX TC Interpretation and Comparison with Other
Meteorites Groups

The average closure temperature obtained from
intracrystalline Mg-Fe exchange reaction in clinopyroxene
is 520� 30°C. This value is lower by several hundreds of
degrees compared to the temperatures obtained from
the intercrystalline olivine–chromite geothermometers.
The large deviation between these two temperatures
could be mainly due to the fact that intracrystalline
geothermometry relies on the cation exchange between
crystallographic sites within a single crystals and not
among two different mineral phases; thus, its sensitivity to
temperature changes is higher and the exchange reaction
can proceed to much lower temperatures with respect to
the intercrystalline process. This could mean that (i) the
recorded thermal event is the same as the one detected
with intercrystalline geothermometry, just followed to
much lower temperatures, or (ii) this low closure
temperature has been reached after a subsequent thermal
event (which reopened the system) with respect the one
associated with the olivine–chromite derived temperatures.
These results for two cpx crystals of Al Huwaysah 010
ungrouped meteorite were then compared with TC

literature data obtained on orthopyroxene samples from
other achondrites (Zema et al., 1997) and cpx sample from
Martian nakhlites (Domeneghetti et al., 2013). It is evident
that Al Huwaysah 010 plots near the temperature range of
primitive achondrites A-L (acapulcoites and lodranites).

Reflectance Spectra Comparison

The VNIR spectra of Al Huwaysah 010 were
compared to all the achondrites (excluding the HEDs due

to the clear spectral differences) from RELAB library to
define relationships with the spectral shape (Figure 9).

The results of mineral chemistry and mineral
abundance permit us to highlight the information that
can be retrieved from the reflectance spectroscopy. Here,
we discuss those results with respect to other meteorites
and meteorite groups and to potential parental bodies.

In Figure 9, we plot the VNIR continuum removed
spectra of Al Huwaysah 010 slab and powder, comparing
them with those from meteorites that show the best match.
In particular, we have seen a match with a ureilite
(META78008), a brachinite (Hughes 026), a lodranite
(NWA 5488), an anomalous meteorite (Divnoe), and an
anomalous polymict ureilite (Almahata Sitta 50, hereafter
AhS 50). In detail, all these selected meteorites show
absorption associated with olivine at 1 μm, except for AhS
50 where pyroxenes dominate this spectral region, and
some of them, as well as Al Huwaysah 010, show an
absorption at 2 μm band (very weak in Divnoe and META
78008, and absent in Hughes 026) which probably can be
ascribed to pyroxenes. This second band is partially
influenced by the combined presence of a weak 1.9 μm
water absorption, which is clearly evident in Hughes 026.

In the visible range, some weak absorptions are also
present which could be assigned to spin forbidden
transitions due to Fe2+ in mafic minerals (Burns, 1993).

VNIR reflectance spectra clearly illustrate how Al
Huwaysah 010 has a mineral assemblage mainly
dominated by olivine with associated pyroxene.

Compared to other meteorites, we can see a similarity
with other achondrites where olivine is the prevalent phase

FIGURE 9. VNIR continuum removed spectra of Al
Huwaysah 010 (black, slab, and gray, powder) compared with
the most similar reflectance spectra of meteorites found in
RELAB spectral library. The Huwaysah spectra here are
smoothed with an FFT smoothing of 50 points to reduce the
noise. (Color figure can be viewed at wileyonlinelibrary.com)
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(Divnoe and Hughes 026) but at the same time, in the
NIR, also with a spectrum that do not fit an olivine-
dominated material (AhS 50). The 1 μm absorption
centered at 998 or 1005 nm, for powder or slab,
respectively, is consistent with the composition of the
olivine (Fa16.2). This BC is at lower wavelengths with
respect to the other meteorites where olivine is slightly Fe-
enriched, Hughes 026 (Fa34.5, Grossman, 1998) and
Divnoe (Fa20-28, Petaev & Brearley, 1994). The Al
Huwaysah 1 μm BC positions are very close to META
78008_34 (which has Fa23.7, Takeda et al., 1989). NWA
5488 also shows a band position at a similar wavelength
despite the lower iron content (Fa10, Weisberg
et al., 2009). AhS 50 is spectrally different, showing a
predominance of pyroxenes with respect to olivine.
However, for this piece of Almahata Sitta sample, no
mineral abundances are reported in literature, and only
the mineral chemistry information is present, indicating
that other than olivine (Fa8-15 similar to the sample
studied here), there are low Ca pyroxene and pigeonite
rich in Mg (Zolensky et al., 2010 and references therein).
The spectral differences suggest that the piece measured
for the reflectance should be pyroxene enriched with
respect to the olivine amount that generally are present in
these ureilites. The 2 μm absorption, slightly affected by
the presence of a water absorption ascribed to alteration,
shows a position compatible with the Mg-rich pyroxene
composition, and similar to NWA 5488 and AhS 50.
Pyroxene assemblages are slightly different in the Al
Huwaysah 010, NWA 5488, and AhS 50, but all of them
are mainly Mg-rich compositions where probably the low
Ca component is spectrally dominating.

No mafic absorption is present around 2 μm for
META 78008_34, Divnoe and Hughes 026, where
pyroxenes are generally reported with values lower than
10%, and generally with low Fs values, except for Divnoe
(Fs20-28Wo0.5–2.5).

Since the main phases are olivine and pyroxene, we
calculated and plotted the spectral parameters, band I
centers (BIC) and B.A.R., of Al Huwaysah 010 in
Figure 10a and compare them to other achondrites. In
BIC versus B.A.R. plots, olivine-dominated (ol-rich)
mixtures fall closer to a B.A.R. value of zero with BIC at
longer wavelengths than pyroxene-dominated mixtures.
It is clear from Figure 10a that the Al Huwaysah 010
B.A.R. lies closer to the ol-rich meteorites, and the BIC,
at a shorter wavelength compared to ol-rich meteorites
that is consistent with the presence of pyroxenes,
highlighted also by the spectral shape at 1 μm. In
particular, we can see that the achondrites considered
here move from primitive achondrites which have the
lower BIC and higher B.A.R. They have often an average
olivine between 28 and 36, and a correspondent
pyroxenes abundance of 29 (opx> cpx) to 37 (opx> cpx)

for lodranite and acapulcoite, with for both primitive
achondrites a pyroxene (px) to olivine (ol) ratio (px/ol
calculated as px/px + ol) of 0.51, with mafic material
showing an Mg# closer to 90 (e.g., see Lucas et al., 2019).
Decreasing the B.A.R., samples plot into the main
ureilites field reported in Lucas et al. (2019) defined from
the data of Cloutis et al. (2010). The ureilites studied by
Cloutis et al. (2010) show a large px/ol ratio, but apart
from a few cases, they cluster into a specific area with a
px/ol between 0.08 and 0.6. The composition of mafic
minerals in these samples shows a larger variation that
expand from Mg# >90 to circa Mg# 75. So the definition
of these fields is affected by the variation of ol/px
abundance but even by the variation of opx/cpx and the
Mg# of mafic phases.

The Al Huwaysah 010 measurements plot at BIC
slightly higher than the ureilite field which is consistent
with the olivine-dominated samples at BIC closer to Meta
7800 that has a px/ol ratio of 0.1 and mafic mineral has
an Mg# around 80, both similar to the Al Huwaysah 010.

All of these achondrites, along with the Al Huwaysah
010, here, plot below the ol-opx line (thick gray line)
defined by Cloutis et al. (1986), whereas the other basaltic
achondrites (e.g., HEDs) plot above this line.

This same plot has been used to discuss the spectral
variation for S-Type and the ol-dominated (A-Type)
asteroids (Gaffey et al., 1993). When we plot the Al
Huwaysah 010 points on Gaffey et al. (1993) diagram
(Figure 10b), we see that the powder point (p) is just
outside, while the slab point (s) falls within the upper left
part of the SIII field of Gaffey et al. (1993).

This subtype is in general defined as indicative of the
presence of calcic pyroxene, in particular, the portion
where Al Huwaysah 010 falls is associated with cases
where Band II area is underestimated, since Ca- rich
pyroxene shows a Band II with a shoulder at wavelength
larger than 2.5 μm or with the fact that some of them
have a very weak band II.

When we considered the comparison with the
meteorite points, instead we saw that ureilites are partially
superimposed on the SIII field; and, in particular,
increasing the olivine abundance, as well as the Fa
content, the ureilite moved from higher B.A.R. and low
BIC to lower B.A.R. and high BIC (Figure 10b). Al
Huwaysah 010 also has a low px/ol and the slab spectra
still fall within the SIII type asteroids. This illustrates how
spectral parameters present in the SIII field are compatible
with meteorites that have an important abundance of
olivine with Mg#> 90 and not just related to the presence
of Ca-bearing cpx.

Recently, DeMeo et al. (2022) investigated the
potential connection between meteorites and parental
body types. They relied upon spectral reflectance
comparison of normalized reflectance using a chi-squared

Al Huwaysah 010 869
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method to define the match. These authors make a
connection between brachinite and A-type spectra (or Sa
type, asteroids types that are ol-dominated), with four of
11 brachinites matching the A-type spectra. This is in
accordance with what we observe here, in fact Hughes
026 has spectral parameters compatible with ol-
dominated bodies, but it has an olivine composition
richer in iron and higher olivine abundance, 90%–93%
(Gardner-Vandy et al., 2013), compared to the Al
Huwaysah 010 sample studied here. Other brachinites
that approach the type A asteroid spectra, like Brachina
and Eagles Nest, have similar olivine compositions and
abundances (see DeMeo et al., 2022). Taking these
constraints into account, it seems likely that the spectral
properties of brachinites would be shifted depending on

ratio of px to ol and the composition of the ol. In
particular, B.A.R. versus BIC show a shift from samples
with slightly higher px/ol and lower Fa to those with
higher ol abundance and Fa. This is similar to what can
be seen within the ureilite group, but just shifted to higher
BIC. This implies that for at least this portion of S-type
asteroids, considering mixing of primitive achondrite and
iron meteorite (Hiroi et al., 1993) is not necessary to fit
their spectral properties. The trends shown by ureilites
and brachinites (considering also brachinites-like and
ungrouped with affinity to brachinites) could explain
those spectral properties. Additionally, Al Huwaysah 010
can be considered as a link between this S-type asteroid
spectra and some A-type asteroid spectra following the
different spectral properties of brachinites. This trend is

FIGURE 10. (a) Relationship between the BIC position and the B.A.R. modified after Lucas et al. (2019). Basaltic achondrite
(dark gray rectangle), primitive achondrite, and ureilite fields are reported from Lucas et al. (2019, see their paper for further
details). Light gray area which enlarged the basaltic achondrite field is after Carli et al. (2022). Ungrouped Divnoe, primitive
NWA 5488, brachinite Hughes 026, ureilite Meta 78008, AhS 50 are from Relab library, and spectral indices are calculated as
for Al Huwaysah 010 (AlH010 in the plot). p and s indicate spectra acquired on powder and on slab samples, respectively, and
s_t indicates the spectra acquired on the slab after rust removal treatment. (b) Relationship between the BIC position and the
B.A.R. modified after Gaffey et al. (1993) including the boxes related to S-type asteroids. Al Huwaysah 010 shows a relationship
compatible with a portion of SIII-type asteroids, and it is just at lower BIC and higher B.A.R. with respect to the more common
brachinites which show an olivine with higher iron abundance (the brown arrow shows the possible trend). This is similar to
what can be seen for the ureilites which move (yellow arrow) from higher px/ol ratio and lower Mg# to sample with lower px/ol
and higher Mg#, see data from Cloutis et al. (2010). (Color figure can be viewed at wileyonlinelibrary.com)
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also related to the iron composition of the brachinites
and so to the more reducing conditions associated with
Al Huwaysah with respect to the rest of brachinites as
discussed above.

IMPLICATIONS

Considering the oxygen isotope data, we can certainly
say that Al Huwaysah 010 formed either on the same
parent body or in an area of the solar nebula with the same
oxygen reservoir, as the other brachinites. Taking into
account evolutionary aspects, Al Huwaysah 010 is a
meteorite showing many characteristics (e.g., petrography,
modal mineralogy, geochemistry, and oxygen isotopes)
similar to other brachinites, although it has olivine and
orthopyroxene richer in Mg, and the lowest Fe/Mn and Fe/
Mg ratios with respect to brachinites.

Are these data sufficient to attribute this meteorite to
brachinite group? As far Al Huwaysah 010, we prefer
speak explicitly of reduced brachinites. The use of this
term recalls the existence of reduced and oxidized
members in this group of meteorites, as already suggested
by Crossley et al. (2020). The material from which the
brachinites have been generated may have experienced
varying degrees of melting to produce brachinites with a
quite varied modal mineralogy and mineralogical
composition. In this interpretative framework, the felsic
albitic plagioclase-rich meteorites (e.g., GRA 06128/9)
could have been produced by partial melting at
temperatures between Fe, Ni sulfide melting (950–980°C)
and the onset of basaltic melting (>1050°C; Shearer
et al., 2010), so representing an evolved felsic crustal
material from the brachinite parent body (Day
et al., 2009). As suggested by Day et al. (2012, 2019),
partial melting may lead to the formation of residues that
are increasingly magnesium-rich with increased extents of
partial melting. This trend was also confirmed by
Feldstein et al. (2001) who observed increasing Fo
contents in restite olivine after prolonged disequilibrium
melt experiments on the Leedey L6 chondrite.

Therefore, following Day et al. (2019) and Crossley
et al. (2020), the brachinites group may represent a
continuum from oxidized to reduced endmembers where
the range of Fe/Mg observed is consistent with variable
degrees of sodic, and high Fe/Mg melt extraction. This
process could have been followed by prolonged
equilibration at relatively medium–high temperatures, in
their respective parent body(ies).

In this context, Al Huwaysah 010, that shows
evidence of being the most reduced brachinite
encountered to date, could represent a residue,
characterized by Fo-enriched olivine, resulting from
partial melting at temperature >900°C followed by an
equilibration at lower temperatures (down to 520°C, as

recorded by the intracrystalline Mg-Fe exchange reaction
in clinopyroxene).

Nevertheless, in the parent body of Al Huwaysah 010,
other processes could have occurred. Graphite, only
reported in NWA 1500 and Ramlat as Sahmah 309 of the
brachinite group of meteorites (Keil, 2014), still occurring
(although in very small amount) throughout the
investigated specimen, may have played an important role
in the evolution process, since it may have acted as a trigger
agent for the reduction reaction Mg2SiO4+ Fe2SiO4+C=
2(MgSiO3)+ 2Fe+CO2 yielding to the low-Ca
orthopyroxene and opaque phases assemblage visible in the
sample analyzed here. Alternative reduction process has
also been suggested to include Fe2SiO4+ CO→FeSiO3+
Fe+CO2 (Delaney et al., 2000) or methane infiltration and
reaction with primary olivine 4(Fe Mg)SiO4+CH4=
4Fe+ 4MgSiO3+CO2+ 2H2O (Irving et al., 2013). In such
reactions, the amounts of metallic iron produced and the
Fe/Mg ratios in both reactant olivine and product
orthopyroxene could be variable.

Another interesting process is that suggested by
Goodrich et al. (2011, 2017). For subpopulations of
brachinites and ungrouped achondrites containing
textures like those observed in Al Huwaysah 010
reduction of olivine to orthopyroxene and metals/sulfides
through reaction with S-rich gas or fluids, namely, Fa+
Fo+ S2 (g) ↔ En+FeS +O2 (g) has been suggested
(Goodrich et al., 2011, 2017). The occurrence of S-rich
gas or fluids may well have occurred also in Al Huwaysah
010, where a strong reduced phase like oldhamite has
been detected.

The reflectance spectral properties of Al Huwaysah
010 show that this sample is far from olivine-dominated
spectra even if the spectral parameters indicate that
olivine is the main contributor. In fact, the comparison
with other meteorites shows that the olivine abundance
and its composition is dominating the spectral properties.
Moreover, the position in the BIC and the B.A.R. values
indicates that Al Huwaysah 010 is characterized by lower
olivine amount and, in particular, lower Fa content
among the brachinite group (Figure 10). This is similar to
the trend seen also for the ureilites. Additionally, the
spectral parameters of this sample plot within the SIII
type asteroid field even if Ca-rich pyroxene is not the
main phase implying that this spectral type could be
described by spectral properties related to brachinite. In
particular to brachinite samples with lower Fa and
olivine, making, at least for some of them, a connection
between some SIII type and A-Type asteroids, since
comparing with other brachinite material, we can see that
spectral properties move from Al Huwaysah 010 to
Hughes 026, as well as others like Brachina and Eagles
Nest, increasing the iron composition and/or olivine
abundance. Examples of asteroids that plot closer to Al
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Huwaysah 010 are Eunomia, Ariadne, and Herculina
(Gaffey et al., 1993) as well as Didymos (De Leon
et al., 2006; 1996GT in their paper).

CONCLUSION

Al Huwaysah 010 shows evidence that correlates with
brachinites (e.g., oxygen isotopes, see Greenwood
et al., 2017, trace elements of olivine and clinopyroxenes,
and minor elements on clinopyroxenes).

Conversely, mafic minerals have higher magnesian
compositions with respect to other brachinites.
Moreover, we found the presence of reduced phases like
graphite and oldhamite associated with a particular
texture with a fine-grained assemblage of low-Ca
pyroxene and opaque phases.

These results indicate that Al Huwaysah 010 is the
most reduced brachinite recognized so far. The oxygen
isotopes of this meteorite overlap with those of the
brachinite group, indicating that it formed in the same
reservoir as the other brachinites. The enrichment in Mg
of mafic minerals strongly suggests that this meteorite,
similar to MIL 090206 (and the other paired MILs),
represents a nearly pure residue after partial melting. The
widespread fine-grained assemblage of low-Ca pyroxene
and opaque phases was instead due to a further process
of reduction related to the presence of C- and S-rich fluid
(or gas). Just this last process is related to the occurrence
of both graphite and oldhamite which have not
previously been found together in the same meteorite.

Reflectance properties indicate the connection with
the brachinites moving from sample with lower Fa (and
px/ol ratio, like Al Huwaysah 010) to higher Fa
composition. This is consistent with the fact that Al
Huwaysah 010 could be a brachinite sample crystallized
in more reducing conditions. Moreover, a comparison
with the S-type asteroids shows a potential connection
between the brachinite group and some objects of that
asteroid group.
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