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A garnet-bearing clast has been identified in martian breccia meteorite NWA 8171,
comprising two distinct domains: an andradite-diopside domain, and a K-feldspar-
augite domain. Similar assemblages occur in terrestrial metamorphic/metasomatic
settings like skarns, in alkali igneous rocks; and as secondary phases in carbonaceous
chondrites. Mineralogical and textural analyses of the clast reveals a complex history,
possibly reflecting multiple crystallisation stages and/or alteration events on Mars.
However, as NWA 8171 is a regolith breccia, we also consider if the garnet-bearing
clast is extra-martian in origin. Analysis of pyroxene Mn/Fe ratios indicate that
augites from the K-feldspar-rich domain match martian values, while diopsides in
the andradite-bearing domain are more varied in composition. This variability,

together with similarities to metasomatic assemblages from chondritic and terrestrial analogues, suggests that the andradite-
rich domain may not comprise primary igneous minerals. This could indicate the clast was altered onMars in an oxidising meta-
somatic event, although an extra-martian origin cannot be ruled out. Still, the first identification of garnet in a martian meteorite
has major implications. The andradite-bearing clast in NWA 8171 may be the first sample of a garnet-bearing lithology from
Mars, representing a previously unidentified martian magma source, alteration process, regolith impactor component, or meta-
morphic event.
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Introduction

In order to define the geologic processes that shaped Mars over
its 4.5 billion year history, characterising its mineral diversity is
essential. At this time, only ∼200 minerals are known or inferred
to occur on Mars (Hazen et al., 2023); significantly less than the
∼6000 minerals on Earth (Hazen et al., 2008). This contrast is
mainly attributed to Mars’ lack of plate tectonics, widespread
water, and life – at least through most of its history (Hazen et al.,
2023). However, the large differences in mineral diversity
between the two planets can also be ascribed to the lack of high
resolutionmineralogical data fromMars, with only∼400martian
meteorites and 10 martian landing sites explored in situ (Udry
et al., 2020). As minerals, and the rocks they make up, are prod-
ucts of complex interactions between the lithosphere, atmos-
phere, hydrosphere, and even biosphere; detailed analyses of
newly discoveredmartian rocks andminerals are crucial for iden-
tifying previously unidentified geologic processes.

Here, we present the preliminary mineralogical and
chemical characterisation of a garnet-bearing rock type in

martianmeteoriteNorthwest Africa (NWA) 8171 – the first iden-
tification of a garnet-bearing lithology from Mars.

NWA 8171. NWA 8171 is one of 18 martian regolith brec-
ciameteorites, all paired to the samemeteorite fall. They are clas-
sified as polymict breccias as they comprise a variety of clasts
from several different source lithologies embedded in a fine-
grained matrix (Agee et al., 2013; Humayun et al., 2013;
McCubbin et al., 2016; Hewins et al., 2017). The clasts’ source
rocks are most likely from the ancient southern highlands of
Mars, with some clasts estimated to be ∼4.4 billion years old
(Ga) (Humayun et al., 2013). They were eventually assembled
and lithified into a breccia during an impact event ∼1.5 Ga
(McCubbin et al., 2016). Due to their polymict nature, there
are significant heterogeneities between each of the paired
stones, providing the opportunity to discover new martian rock
types like the recently recognised granitic rock fragments in
paired meteorite NWA 7533 (Malarewicz et al., 2025) and the
garnet-bearing rock in NWA 8171 described here. More infor-
mation on NWA 8171 and paired meteorites is provided in
the Supplementary Information (SI).
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Materials and Methods

One grainmount of NWA 8171 (ROMESM58935 from the Royal
OntarioMuseum)was analysed.No thin sectionswere available.
Mineral compositions, chemical maps, bulk composition esti-
mates, and backscatter electron (BSE) images were acquired
using electron microprobe, and scanning electron microscopes.
Electron backscattered diffraction (EBSD) maps of the clast, and
Raman spectra for the major minerals were also collected. More
details on these methods are provided in the SI.

Results

The garnet in NWA 8171 has been identified by Raman, EBSD,
and microprobe as andradite (Ca3Fe3þ2(SiO4)3) occurring in a
rounded clast (∼540 μm × 830 μm) embedded in the meteorite’s
matrix (Fig. 1).

The clast comprises two textural and mineralogical
domains: an andradite-rich domain with subhedral to anhedral
andradites in a fine-grained diopside matrix, and a K-feldspar-
rich (K-spar) domain of coarse-grained feldspar and augite.
Chlorapatite is a significant component of both domains, and
is distinctly euhedral in the K-spar-rich domain. Fine-grained
intergrowths of diopside, andradite, grossular, and feldspar occur
at the contact between the domains (Fig. 1e,g).

Andradite-rich domain. Microprobe analyses of the
andradites indicate they are relatively homogenous
(Adr97Grs2.1Prp0.6Sps0.3; mineral abbreviations in Table S-1),
although some grains display zoning from Fe3þ-rich cores to
Ca,Al-rich rims, as well as randomly distributed enrichments
of Ca and Al (Adr91.8Grs7.4Prp0.6Sps0.2) (Fig. 1b, Table S-3).
The andradite grains also exhibit embayed margins and contain
numerous diopside inclusions. Although not detected by
microprobe, EDS mapping reveals Al-rich regions at andra-
dite/K-spar and andradite/clast-rim boundaries. Raman spectra
from these regions are consistent with andradite and/or grossu-
lar, indicating an Al-rich ugrandite garnet is present. These
regions were not analysed by microprobe due to their fine grain
size (Figs. 1, S-8).

The diopside-rich matrix (En39.2Fs11.8Wo49) exhibits
patchy Fe enrichments (En31.1Fs20.2Wo48.7), and also includes
several Na-rich plagioclase grains (Ab50.2–72.4An48.2–21.5Or1.6–6).
EBSD analysis reveals good crystallinity in the plagioclase, but a
significant portion of the diopside-rich matrix is amorphous at
the scale of our analyses (1–0.35 μm step size; Fig. 2). Where
crystalline, diopside grains are typically <5 μm in size
(Fig. 2d). Microprobe analyses of the diopside indicate good
pyroxene stoichiometry (pyroxene structural sites [T, M1, M2]
all filled as expected; Table S-5) with analytical totals close to
100 % (Table S-3). Apatites in the andradite-rich domain are
Cl-rich (3.54–4.55 wt. % Cl) with relatively high Si compositions
(average SiO2= 1.95 ± 1.34 (s.d.) wt. %; Table S-5). The high Si
measurements are well correlated with lower totals and higher
Mg concentrations, interpreted here as mixtures of chlorapatite
and Mg-Si-rich inclusions (likely diopside; Fig. S-2). Apatite
EBSD indicates that they are dominantly amorphous, containing
sparse, randomly oriented<5 μm fragments of crystalline apatite
(Fig. S-2). Due to the wide range of orientations, the apatite hal-
ogen abundances reported in Table S-5 should be regarded as
qualitative estimates only, as F and Cl X-ray count rates have
been shown to vary significantly during microprobe analyses
of apatite, and are strongly dependent on crystal orientation
(e.g., Stormer et al., 1993).

EDS and EBSD mapping illustrate compositional zoning
in the fine-grained component of the andradite-rich domain

(Figs. S-3, S-5), with an Mg-diopside-rich core; Mg-poor,
Fe-Al-rich (garnet- and feldspar-rich) poorly crystalline inner
rim; and thin Mg-rich outer rim (likely diopside) in contact with
the breccia’s clastic matrix. The fine-grained rim does not extend
into the K-spar-rich domain. Fe-Ti oxides are also present in this
rim, with trace anhedral 10–20 μm titanite grains (identified by
EDS; Figs. 1f, S-4). These Ti-rich phases are also observed at the
contact between the andradite-rich and K-spar-rich domains.

K-feldspar-rich domain. The K-spar-rich domain is domi-
nated by Fe-rich augite and K-Na-rich feldspar. The augites
exhibit zoning from relatively Fe-rich cores (En21Fs40Wo39) to
thin slightly Fe-poor rims (En22Fs37Wo41), although this zoning
is more pronounced in EDS maps (Fig. S-3). The feldspars also
show evidence of zoningwith K-rich rims, and patchy exsolution
varying between Ab31An6Or63 and Ab57An7Or36 (Fig. 1d).
Apatites in the K-rich domain are slightlymore F-rich than those
in the andradite-rich domain (average wt. % F= 0.93 ± 0.28
(s.d.) and 0.71 ± 0.07 (s.d.), respectively). EBSD analyses show
that the augite grains and the larger apatite grains in the
K-spar-rich domain are strongly crystalline, while the feldspar
grains are almost entirely amorphous at the scale of the analyses
carried out here (1 μmstep size; Fig. 2b). However, Raman analy-
ses of the feldspars indicate some crystallinity with strong ortho-
clase peaks evident in several point measurements, and
featureless spectra in others (Fig. 3a). The feldspars in the coarse
domain also include numerous Fe, Mg, and Ti-rich inclusions
(Fig. 1f), that may be contributing to the ∼660 cm−1 peak in
orthoclase Raman spectra (Fig. 3b). The K-rich feldspars also
often exhibit slightly lower analytical totals in microprobe analy-
ses (98.5 % on average; Table S-3). Al-enrichments associated
with grossular-andradite and/or poorly-crystalline finely inter-
grown unidentified Ca-Fe-Al silicates with low analytical totals
occur at boundaries between K-spars and the andradite-rich
domain (Figs. 1, S-8, Table S-3).

Discussion and Conclusions

The first identification of a garnet-bearing rock type in a martian
meteorite is significant. Notably, garnet is an important
metamorphic mineral on Earth (Baxter et al., 2017). Terrestrial
andradite garnets are commonly associated with contact
metamorphism and metasomatism, occurring with diopside-
hedenbergite in skarns or rodingites (Li et al., 2004; Chiama et al.,
2023). However, on Mars, the extent and nature of metamor-
phism remains speculative (McSween, 2015), limited to putative
identifications of metamorphic phases in orbital spectra such as
prehnite, chlorite, and epidote (Ehlmann et al., 2011; Carter et al.,
2013), and rare in situ detections of serpentine likely formed by
magmatic devolatisation (i.e. Tosca et al., 2025).

Alternatively, andradite garnets can also crystallise in
igneous settings. On Earth, assemblages of andradite, clinopyr-
oxenes, and K-spar similar to those in NWA 8171, have been
identified in alkaline igneous rocks (Chiama et al., 2023).
Extrusive alkali-rich rocks (trachytes and trachy-andesites) have
been identified in martian meteorites and in situ on the martian
surface (Payré et al., 2024; Schmidt et al., 2025). As no garnet has
been identified in these rocks, if igneous, the garnet-bearing clast
in NWA 8171 could represent a distinct stage of alkali-rich
magma differentiation, and/or a previously unrepresented
magma source.

Since andradite-bearing assemblages can form in a variety
of geological environments, here we present a discussion of the
possible origins for the garnet-bearing clast in NWA 8171, and
the implications for Mars.
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Potential origins of the garnet-bearing clast. Firstly, as
NWA 8171 is a regolith breccia, it is necessary to consider if
the garnet-bearing clast is extra-martian in origin, delivered
and incorporated into regolith on the surface of Mars through
impacts. While no physical non-martian components have
been found in the martian regolith breccia meteorites,

elevated siderophile concentrations in these meteorites indi-
cate the incorporation of ∼5 % CI chondritic material
(i.e. Humayun et al., 2013). In addition, numerous meteorites
have been found on the surface of Mars by rovers, with 15
classified in the Meteoritical Bulletin (https://www.lpi.usra.
edu/meteor/).

Figure 1 Chemical maps of the garnet-bearing clast. (a) Red-Green-Blue (RGB) map of Fe (R), Mg (G), and Ca (B) with the main phases
labelled and the boundary between the domains delineated with white dashed lines. (b) RGB map of Fe (R) contrast stretched to show
details, Mg (G), and Ca (B). (c) RGB map of Al (R), Mg (G), and Na (B). (d) RGB map of K (R), Al (G), Ca (B) highlighting feldspars, andra-
dite-grossular and poorly crystalline unidentified Ca-Fe-Al-rich silicates (CFA-Si). (e) BSE image of the contact between the two domains
showing irregular intergrowths of Ca-Fe-Al-rich silicates (CFA-Si) with andradite, augite, K-spar, and diopside. (f) RGB map of Ca (R), Fe
(G), Ti (B) highlighting the Ti-rich phase occurrences. Some bright blue areas (Ti-rich) are remnant Au-coat in cracks from previous analyses.
(g) BSE image of the domain contact area showing CFA-Si, grossular-andradite, diopside, K-spar, apatite, and andradite.
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While the mineralogy of the garnet-bearing clast is not
consistent with these meteorites, andradite-bearing assemb-
lages have been identified as secondary metasomatic phases
in several carbonaceous chondrites including oxidised CVs
(Vigarano-like), COs (Ornans-like), and more rarely, CMs
(Murchison-like) (MacPherson and Krot, 2014; Ganino and
Libourel, 2020; Jenkins et al., 2025). In these chondrites, andra-
dite typically occurs with other Ca-Fe silicates within, or rimming
Calcium Aluminum Inclusions (CAIs) and chondrules, but can
also be found surrounding dark lithic inclusions, and/or dissemi-
nated in matrix material (Krot et al., 1998a, 1998b; MacPherson
and Krot, 2014; Ganino and Libourel, 2020). Chondritic andra-
dite is most commonly associated with diopside-hedenbergite,
wollastonite, and feldspathoids ± sulfides ±metal, with these
assemblages occurring as pseudomorphs and replacements of
Fe-rich minerals, in veins and cavities, and/or as nodules in
the fine grained matrix (Krot et al., 1998a, 1998b; MacPherson
and Krot, 2014; Ganino and Libourel, 2020).

These assemblages are often finer grained than the garnet
in NWA 8171, but there are some textural and compositional
similarities; with subhedral andradite in CV chondrites often
occurring in a fine grained matrix of Ca-Fe-Si-rich minerals
(Fig. S-6). Pyroxene major element compositions are also very
similar to chondrites (i.e. Fe, Mg, Ca; Fig. 4).

In order to further narrow down the origin of the garnet-
bearing clast, we also examined pyroxeneMn/Fe ratios (Fig. 4), a
commonly used geochemical marker for primary igneous pyrox-
enes from various planetary bodies (Papike et al., 2009). As
shown in Figure 4 and Figure S-7, the Mn/Fe ratios of the

pyroxenes in the garnet-bearing clast generally fall in the same
range as those from other paired martian breccias, although
these values are often between Earth and Mars. The pyroxenes
in the garnet-bearing domain however, show significant varia-
tion, extending into the compositional fields for chondrites,
the Earth, Moon, and Vesta (Fig. 4). While the wide range of
Mn/Fe ratios in the pyroxenes from the andradite-rich domain
could indicate a different parent body, it could also indicate that
this domain formed from secondary alteration processes on
Mars. Lower Mn/Fe ratios are often associated with secondary
oxidation onMars (Yen et al., 2010) and pyroxenes with elevated
Mn/Fe ratios have been identified in clast-laden impact melt
rocks in other paired breccia samples (Hewins et al., 2017).
The garnet-bearing domain is also intergrown with the
K-spar-rich domain (Figs. 1, S-8), which contains augite with
martian Mn/Fe ratios. However, Mn/Fe ratios of secondary
pyroxenes in carbonaceous chondrites can also overlap with
the martian compositional field (Fig. S-7); thus, although a mar-
tian origin is likely, Mn/Fe ratios alone cannot definitively rule
out an extra-martian origin.

Regardless of its parent body, the clast’s precise petrogen-
esis remains difficult to constrain. Given the small sample size, it
is challenging to determine whether the two domains equili-
brated under the same conditions. Feldspar thermometry from
the K-spar-rich domain indicates a high crystallisation temper-
ature of 900 to 1000 °C (Fig. S-9; after Benisek et al., 2004). The
patchy perthitic feldspars, large apatites, and Fe-rich augite with
a lack of orthopyroxene in this domain are also somewhat similar
to the igneous perthitic andmonzonitic clasts inNWA8171 pairs

Figure 2 Electronbackscatter diffraction (EBSD) of the garnet-bearing clast. (a)BSE imagewith themainphases labelled, including remnant
Au-coat. (b) Phase map of the minerals identified by EBSD (1 μm step size). (c, d) Texture Component (TC) figures showing relative
orientations of andradite (c) and diopside (d). EBSD-TCmaps display crystallographic mis-orientation relative to defined points of reference
(white stars).
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(Hewins et al., 2017; Figs. S-10 to S-12). The lack of plagioclase in
the K-spar-rich domain, which is common in monzonitic clasts,
could be due to sampling bias; or this domain could represent a
previously unsampled syenitic lithology. However, Fe-rich
augite is relatively rare in martian regolith breccias, and the
perthitic exsolution observed here is more subtle in comparison
(Fig. S-12).

The plagioclase in the andradite-rich domain implies a
lower crystallisation temperature <900 °C (Fig. S-9), possibly
reflecting later crystallisation or a subsequent alteration process.
The lack of obvious hydro-andradite,minimalOH in apatite, and
high analytical totals for andradite and diopside indicate that this
assemblage formed in relatively anhydrous conditions (Fig. 3c,
Table S-3). Secondary andradite-diopside assemblages in aque-
ously altered carbonaceous chondrites may likewise be anhy-
drous, likely because they formed at relatively low water/rock
ratios (MacPherson and Krot, 2014).

The fine grained corona/rim surrounding the garnet-rich
domain may have formed after the original rock was incorpo-
rated into the breccia. An impact event could have induced

localised reactions and partial recrystallisation of this region
through contact with the hot clastic matrix. In contrast, the
K-rich domain, representing a higher temperature assemblage,
may have been less reactive and therefore less susceptible to
overprinting under these conditions.

If we use carbonaceous chondrites as an analogue, the
andradite-bearing assemblage in NWA 8171 could have formed
on the surface of Mars through localised, low temperature, fluid-
assisted thermal metamorphism which dissolved Ca, Fe, Mg,
and Si that eventually precipitated as the Ca-Fe-silicate assemb-
lages (Krot et al., 1998a, 1998b; MacPherson and Krot, 2014).
This process may have replaced minerals within the K-spar-
rich domain, with grossular-andradite forming at orthoclase
interfaces and andraditeþ diopside at greater distances from
these boundaries. However, the nearly end-member andradite
compositions that dominate NWA 8171 are unusual, indicating
extremely oxidising conditions.

Evidence for such oxidising environments on Mars is
abundant. The martian regolith breccia meteorites are consid-
ered among the most oxidised martian meteorites due to the

Figure 3 Raman spectroscopy of various minerals in the garnet-bearing clast. Spectra are normalised to 1 and offset for clarity.
(a) Representative Raman spectra for garnet in NWA 8171, and (b) other major minerals, with comparisons to the RRUFF database
(Lafuenteet al., 2016). Potential phases contributing to the∼660 cm−1 hump in orthoclase are also shown. (c)Raman spectra from3andradite
point analyses showing the absence of a peak at ∼3500–3700 cm−1 that is typical when hydroandradite (Ca3Fe3þ2(SiO4)3−x(OH)4x) is present
(i.e. Jenkins et al., 2025).

Geochemical Perspectives Letters Letter

34Geochem. Persp. Let. (2026) 40, 30–37 | https://doi.org/10.7185/geochemlet.2619

https://www.geochemicalperspectivesletters.org/article2619/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2619/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2619/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2619/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2619/#Supplementary-Information
https://doi.org/10.7185/geochemlet.2619


presence of maghemite and goethite (Gattacceca et al., 2014).
Mn oxides in paired breccia meteorites are also interpreted to
have formed in ancient, long term oxidising aqueous environ-
ments onMars (Liu et al., 2021), and orbiters and in situ analyses
have identified numerous oxidized phases on the martian sur-
face (i.e. Morris et al., 2006; Bibring et al., 2006).

Regardless, it is still unclear if the chemistry and textures of
the garnet-bearing assemblage represent the conditions at the
time of formation, or after shock metamorphism. Given that
the clast has been subjected to at least two shockmetamorphism
events (the breccia forming event, and ejection from Mars), and
all major phases show evidence of deformation (Figs. 2, S-13), it
is difficult to definitively determine which chemical and struc-
tural features retain their original signatures.

Further analyses will be needed to narrow down the origin
and implications of the garnet-bearing clast. While destructive
analyses have been avoided here due to the rarity of the clast,
oxygen isotope measurements will likely be needed to defini-
tively confirm its potential martian origin. However, if martian,
the chemical and mineralogical details reported here indicate
that the lithological diversity on Mars may be greater than

previously assumed. If the andradite-bearing clast is a product
of martian metasomatic or metamorphic processes, the clast
could record the environmental conditions of ancient hydrother-
mal systems associated with impacts or intruding plutons
(McSween et al., 2015). Alternatively, if it formed at high temper-
atures, the clast may represent a previously unsampled source or
differentiation pathway, potentially providing new insights into
Mars’ crustal evolution.

Acknowledgments

TVK was partially supported by the Dorothy Killam Fellowship
awarded to KT. KT was supported by NSERC Discovery Grant
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