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Abstract

Northwest Africa (NWA) 7042 is an intermediate, permafic shergottite consisting of two generations of olivine (early zoned
olivine Fo41-76, and late-stage fayalitic olivine Fo46-56), complexly zoned pyroxene (En35-64Fs22-46Wo5-34), shock-melted or
maskelynitized feldspar (An5-30Ab16-61Or1-47), and accessory merrillite, apatite, ilmenite, titanomagnetite, Fe-Cr-Ti spinels,
pyrrhotite, and baddeleyite. The zoned olivine grains have been pervasively modified, containing conspicuous brown Mg-
rich cores surrounded by colorless, unaltered Fe-rich overgrowth rims. This textural relationship suggests that the cores were
altered at magmatic temperatures prior to crystallization of the rims onMars. Launch-generated shock veins in NWA 7042 also
crosscut and displace several of the altered olivine grains indicating that alteration occurred before ejection of the meteorite.
While this type of olivine alteration is rare in shergottites, it is similar to deuterically altered olivine in basalts and gabbros on
Earth, caused by residual water-rich magmatic fluids. Transmission electron microscopy analysis of the olivine alteration did
not reveal the high-temperature phases expected from this process; however, NWA 7042 has also been subjected to extensive
terrestrial weathering, which may explain their absence. The potential presence of deuterically altered olivine in NWA 7042 has
significant implications, as it is the third martian meteorite where deuteric alteration of olivine has been observed (the others
being NWA 10416, and Allan Hills 77005). The different mantle sources for the parental melts of these three meteorites would
suggest many, if not all martian mantle reservoirs have the potential to produce water-rich magmas.
� 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Shergottites are the most common type of martian mete-
orite recovered to date and have mineralogical and petro-
logical features similar to terrestrial mafic to ultramafic
extrusive or hypabyssal igneous rocks (e.g., McSween and
Treiman, 1998; Nyquist et al., 2001; Treiman, 2003). Sher-
gottites can be divided into three subgroups based on their
petrographic features: basaltic, olivine-phyric, or poikilitic
(previously referred to as ‘‘lherzolitic”; Walton et al.,
2012; McSween Jr., 2015); and can be further subdivided
into geochemical groups (depleted, enriched, or intermedi-
ate variants) based on their incompatible trace element
(ITE) abundances and lithophile isotope systematics (i.e.,
depleted = low La/Yb, 87Sr/86Sr < 0.712; enriched = high
La/Yb, 87Sr/86Sr > 0.712; see Tait and Day, 2018 for a
recent update). Several hypotheses have been proposed to
explain the geochemical diversity among shergottites,
including mixing of a depleted mantle source with an oxi-
dized, enriched crust (Wadhwa, 2001; Herd et al., 2002).
Recent geochemical studies have shown that this mixing
model is unable to generate the observed 143Nd-187Os
(Brandon et al., 2012) and coupled 187Os-87Sr isotope com-
positions of shergottites (Tait and Day, 2018). The trends
between these isotope systems (and other comprehensive
major and trace element analyses; Borg and Draper, 2003;
Shearer et al., 2008; Shearer et al., 2013) are best explained
by mixing of two distinct ancient mantle reservoirs, or deep
melts and metasomatized martian lithosphere (Tait and
Day, 2018; Day et al., 2018). Detailed analyses of newly dis-
covered shergottites are needed to provide further con-
straints on these source reservoirs and mixing dynamics in
Mars, as well as to advance our understanding of martian
igneous processes.

Here, we report the detailed petrology, mineralogy,
alteration, and shock features in intermediate permafic
shergottite Northwest Africa (NWA) 7042. Geochemically,
it is intermediate in ITE, reflecting a transitional stage
between ITE-depleted primary melts, and more evolved
ITE-enriched magmas (Day et al., 2018). It is also petro-
graphically ‘intermediate’ between coarse-grained basaltic
and olivine-phyric shergottites. The sample has some textu-
ral similarities to basaltic shergottites NWA 480/1460 and
NWA 5029, but differs in abundance of olivine (Barrat
et al., 2002; Connolly et al., 2008). It is also somewhat sim-
ilar to NWA 2646, but NWA 2646 has a poikilitic texture
with abundant chadocrysts of olivine, augite and chromite
enclosed in larger oikocrysts of zoned pigeonite (Irving
et al., 2012). The cosmic-ray exposure (CRE) age reported
for NWA 7042 is within the range of the majority of basal-
tic shergottites (2–4 million years (m.y.); Usui et al., 2010)
with exposure ages for noble gas chronometers 3He, 21Ne,
and 38Ar being reported at 2.4, 2.8, and 1.6 m.y., respec-
tively (Huber et al., 2013).

NWA 7042 also contains unique alteration features dis-
tinct from most other shergottites. The cores of the olivine
grains within the sample have been pervasively modified
resulting in orange-brown stained cores with dark-brown
margins, surrounded by yellow to colorless rims (possible
overgrowths). The modified cores do not resemble typical
olivine alteration in martian meteorites (i.e. iddingsite veins
characterized within nakhlites), but do look similar to high-
temperature iddingsite within some terrestrial basalts and
gabbros caused by residual water-rich magmatic fluids
(Ross and Shannon, 1925; Edwards, 1938; Goff, 1996;
Caroff et al., 2000; Clément et al., 2007; Tschegg et al.,
2010; Vaci et al., 2020). A similar alteration texture has
been observed in one other shergottite (olivine-phyric
NWA 10416; Vaci et al., 2020). Preliminary petrographic
and geochemical studies of the alteration features in
NWA 10416 point to a martian origin for the olivine alter-
ation (Herd et al., 2016; Vaci et al., 2020). However, the
alteration histories of both NWA 10416 and NWA 7042
are complicated due to the presence of terrestrial calcite/
barite weathering veins that crosscut the olivine grains
and are found throughout the samples. A range of oxygen
isotope signatures within the olivines complicates this fur-
ther (Piercy et al., 2020).

To date, petrographic and in-situ studies on NWA 7042
are limited to a few abstracts (Irving et al., 2012; Huber
et al., 2013; Izawa et al., 2015). As such, the purpose of this
work is to complete a detailed mineralogical, petrological,
and geochemical analysis of NWA 7042 in order to better
characterize its petrogenesis and subsequent alteration. As
the timing of the alteration in NWA 7042 is of particular
interest, this study includes a detailed discussion of the rela-
tionships between shock features and the altered olivine
grains and examines the possibility of both terrestrial and
martian formation mechanisms. A detailed description of
the shock effects in maskelynite, baddeleyite, shock veins,
and high-pressure phases is also presented.

2. SAMPLES AND METHODS

This study used the main mass of NWA 7042 (2.98 kg),
which is housed at the Royal Ontario Museum (ROM) in
Toronto, Canada (catalogue number M56450). Prominent
features of the main mass include a dark brown outer sur-
face of desert varnish, a thin (�1–10 mm) zone of pale
weathering products (e.g. calcite) just below the brown var-
nish, and a network of dark shock veins visible as dark lin-
ear features crossing the sawn face of the sample (Fig. 1).

Two polished thin sections and a polished thick slab (�2
mm thickness) were prepared and analyzed for this study.
An additional interior fragment devoid of fusion crust or
terrestrial weathering was used for whole-rock analysis.

2.1. Optical petrography

Thin sections of NWA 7042 were examined in transmit-
ted plane, crossed-polarized, and reflected light, using a
Nikon Eclipse LV100 POL petrographic microscope
equipped with a Nikon DS-Ri1 12-megapixel camera. The
thick section was also examined in reflected light using
the same microscope.

2.2. Scanning electron microscopy

Scanning electron microscopy (SEM) was carried out at
the Zircon and Accessory Phase Laboratory (ZAPLab) at



Fig. 1. Northwest Africa (NWA) 7042 main mass. The exterior
surface of the meteorite has a thin layer of desert varnish and a
lighter coloured interior weathered zone. Dark veins of launch-
generated melt are visible cross-cutting the sample face. Photo
credit: Brian Boyle, Royal Ontario Museum.
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the University of Western Ontario using a Hitachi SU6600
field emission scanning electron microscope (FE-SEM).
The thin sections were carbon coated and energy dispersive
X-ray spectroscopy (EDS) elemental x-ray intensity maps
were collected using an Oxford Instruments X-Max
80 mm2 silicon drift detector with a 15 kV electron beam.
Color cathodoluminescence (CL) images were collected in
four channels covering ultraviolet, visible, and near infrared
spectra ranges with a Gatan ChromaCL detector system
and Gatan Digital Micrograph software using a 10 kV elec-
tron beam. Cathodoluminescence imaging has become an
important tool for identifying and visualizing the effects
of shock metamorphism (i.e. Moser et al., 2013; Darling
et al., 2016; Kayama et al., 2018) and is used here to analyze
shock features in baddeleyite and maskelynite.

2.3. Electron Backscatter Diffraction (EBSD)

The sample was polished using a 50 nm alumina agent
with a Buehler Vibromet II vibratory polisher to remove
any nano-scale damage/deformation caused by previous
polishing that would prevent diffraction, and then coated
with a thin layer of carbon. Baddeleyite grains were located
using a combination of automated backscatter electron
(BSE) and EDS techniques using the ZAPLab’s Hitachi
SU6600 FE-SEM and Oxford Instruments INCA ’Feature’
module. Grains were imaged using BSE and secondary elec-
tron techniques, and micro- to nano-scale structural analy-
sis was conducted by EBSD using an Oxford Instruments
Nordlys EBSD detector with a 20 kV electron beam with
the sample tilted 70�. Generated baddeleyite diffraction pat-
terns were matched to inorganic crystal structure database
(ICSD) card 15,983 using crystal lattice parameters of
a = 5.21, b = 5.26, c = 5.37, and a� = 90�, b� = 80.5�, c�
= 90� (Smith and Newkirk, 1965). Wild spike reduction
was completed on all EBSD datasets, although no other
form of raw data correction was conducted.
2.4. Micro-Raman spectroscopy

Micro-Raman spectra were collected in order to identify
the high-pressure mineral phases in the shock veins and
examine the altered olivine phases using a Horiba Lab-
RAM ARAMIS micro-Raman spectrometer housed at
the ROM. A 532 nm laser was used with the laser power fil-
tered down to 2.1 mW to prevent sample damage. A 1200
groove/mm grating and 150 lm slit were used during collec-
tion. A Si reference material was used for calibration. Spec-
tra were collected for 20 to 200 seconds at each point
depending on the phase of interest. The RRUFF Raman
database and CrystalSleuth (Laetsch and Downs, 2006;
Lafuente et al., 2015) were used for mineral identification,
followed by comparison with mineral literature data.
2.5. Electron Probe Microanalysis (EPMA)

Mineral compositions were acquired using the JEOL
JXA-8230 electron microprobes at Queen’s University
and at the University of Toronto (sections were carbon-
coated prior to mineral analysis). For analyses of olivine,
pyroxene, oxides, and sulfides, accelerating potential was
15 kV, beam current was 20 nA, and the beam was fully
focused. For analyses of maskelynite, glassy melt pockets,
and phosphates, accelerating potential was 15 kV, beam
current was 5 nA (maskelynite and melt) or 10 nA (phos-
phates), and the beam was defocused to a diameter of 10
microns. The XPP model of Pouchou and Pichoir (1991)
as contained in the JEOL software (PC-EPMA version
1.9.2.0) was used to process the raw X-ray data. More
detailed information on standards and diffracting crystals
used can be found in the Supplemental Materials (Supple-
mentary Table S1).

2.6. Transmission Electron Microscopy (TEM)

A TEM foil (�40 mm long) was prepared from the alter-
ation area using a dual-beam SEM (Thermo Fisher Scien-
tific Helios Nanolab 600i housed at the Environmental
and Molecular Sciences Laboratory (EMSL) at Pacific
Northwest National Laboratory) with focused ion beam
(FIB) capabilities using conventional preparation FIB tech-
niques (Giannuzzi and Stevie, 1999). A 30 kV accelerating
voltage ion beam using progressively lower beam currents
was used to extract and thin the lamella. A 2 kV accelerat-
ing voltage was used for the final cleaning/thinning step to
remove surface beam damage. Two ~10 mm long
‘‘windows” (one closer to the core of the olivine, and one
in the alteration margin) were thinned to <100 nm
thickness.

Scanning TEM (STEM) analysis was performed with a
probe-corrected FEI’s Titan 80–300 operated at 300 kV to
determine the particle morphology and crystallography.
The STEM observations were performed using probe con-
vergence angle of 18 mrad, and High Angle Annular Dark
Field (HAADF) detector with inner collection angle three
times higher than the probe convergence angle. TEM and
diffraction observations were performed with Gatan’s
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UltraScan1000 2kx2k CCD camera. Compositional analy-
sis was performed with EDS, using Oxford X-
MaxN100TLE Solid Drift Detector (100 mm2). The EDS
data collection and processing was performed with
Oxford’s Aztec software package.

2.7. Bulk chemical analysis

Bulk rock major- and trace-element abundances were
determined at the Scripps Isotope Geochemistry Labora-
tory (SIGL) and have been reported in Day et al. (2018).
Digestion of 30–60 mg aliquots of NWA 7042 powder pre-
pared from an interior whole-rock fragment were digested
at 150 �C in Optima grade concentrated HF (4 mL) and
HNO3 (1 mL) for >72 hours on a hotplate, along with total
procedural blanks and terrestrial basalt standards (Basalt
Hawaiian Volcano Observatory (BHVO)-2, and Basalt
Columbia River (BCR)-1 and BCR-2). Samples were
sequentially dried and taken up in concentrated HNO3 to
remove fluorides, followed by dilution and doping with
indium to monitor instrumental drift during analysis.
Major- and trace-element abundance analyses were
obtained using a ThermoScientific iCAP Qc quadrupole
inductively coupled plasma mass spectrometer (Q-
ICPMS) as described in Day et al. (2015). For major- and
trace-elements, reproducibility of the reference materials
was generally better than 6% (RSD).

3. RESULTS

3.1. Petrography and mineral chemistry

Northwest Africa 7042 consists of two generations of
olivine (strongly-zoned early olivine Fo41-76, and late-
stage fayalitic olivine Fo46-56), complexly zoned clinopyrox-
ene, with interstitial optically isotropic plagioclase laths
(maskelynite glass), accessory Mg-rich merrillite, apatite,
Fig. 2. Representative backscattered electron (BSE) image of
NWA 7042 showing the macrocrystalline intergranular texture of
the sample. Olivine grains (Ol) are light grey, clinopyroxene (Cpx)
is medium grey, and intersertal maskelynite (Msk) laths are black.
pyrrhotite, ilmenite, spinels, and baddeleyite (Fig. 2, and
Figs. S1-S2 in Supplementary Materials 1). Trace amounts
of high-pressure mineral phases including ringwoodite,
tuite, and symplectic breakdown products of the Mg-
silicate perovskite were also identified within the shock
veins that crosscut the primary igneous lithology. Both
the igneous minerals and the launch-generated shock melt
veins are in turn crosscut by terrestrial weathering veins
predominantly consisting of calcite with traces of barite.

The strongly zoned olivine crystals (0.15–1.6 mm) are
blocky, subhedral, and contain conspicuous Mg-rich cores
with a rusty orange-brown appearance in transmitted light
(Fig. 3). Dark brown core margins (Fo54.4-69.9; Table 1,
Fig. 4) typically define the boundary between the orange-
brown Mg-rich cores (Fo60.8-76.1) and significantly less
altered yellow–brown to colorless fayalitic rims (Fo41.0-
68.8). Some of the olivine cores have been amorphized by
further alteration and appear dark brown in cross polarized
light. The relatively sharp contacts between the darkened
cores, core margins, and rims in the zoned olivine grains
do not resemble the typical mottled heterogeneous textures
associated with shock-darkened olivine (Takenouchi et al.,
2018; discussed further in Section 4.1.1). Abundant micron-
scale inclusions are also observed within most of the olivine
cores, margins, and sometimes within the rims. Backscat-
tered and transmission electron imaging of olivine reveals
these inclusions correspond to small platelets of
symplectic-textured intergrowths of chromite and a low-
Mg, high-Ca silicate (Fig. 5). In one instance, a chromite
inclusion is observed within a zone of ringwoodite associ-
ated with a crosscutting shock vein, demonstrating that
the chromite-bearing inclusions predate the shock meta-
morphism (Fig. 5C). Ringwoodite lamellae are observed
in both the fayalitic rims, and more forsteritic altered cores.
Low EPMA totals <98.5% are consistently observed within
the dark altered core margins, suggestive of the presence of
water or voids within this phase (Table 1). Raman spectra
collected within the altered olivine areas could not be used
to identify any secondary alteration products due to fluo-
rescence, with only weak olivine doublet peaks detected
(Fig. S3 in Supplementary Materials 1).

On the thin section scale, several of the altered olivine
grains are crosscut and displaced by shock veins. Terrestrial
desert weathering veins of calcite and trace barite fill frac-
tures that cut across the altered olivine cores and shock
veins. While these terrestrial weathering veins are ubiqui-
tous throughout the sample, they do not appear to have
any correlation with the olivine alteration. A second gener-
ation of more Fe-rich zoned olivine grains with composi-
tions ranging from Fo45.9-55.8 are also observed. These
grains are yellow–brown to colorless throughout (the same
color as the Fe-rich rims of the forsteritic olivines), and do
not contain dark cores.

TEM analysis of the altered core area reveals two dis-
tinct alteration textures including elongate dissolution
voids, and Al-rich in-filled fractures or veins (Fig. 6). The
dissolution voids are observed throughout the olivine core
and core margin, are approximately 5–15 nm in width,
and are all generally oriented parallel to the (001) plane
of olivine. EDS analyses of these features shows depletion



Fig. 3. Transmitted plane polarized light and cross polarized light images of altered olivine grains in NWA 7042 and NWA 10416. The Fe-
rich rims in NWA 7042 are yellow in comparison with the colorless rims in NWA 10416. Secondary alteration product Mg-laihunite was also
identified in NWA 10416 using micro X-ray diffraction and Raman spot analysis of NWA 10416 (after Vaci et al., 2020). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in all elements, and single-area electron diffraction (SAED)
analyses show no evidence of crystallinity. The Al-rich frac-
tures/veins are several microns long and up to 250 nm wide.
SAED analyses only yields strong olivine diffraction pat-
terns, and the Al-rich material was unable to be identified,
although it is likely amorphous. In several instances, the
fractures are cross-cut by the elongate dissolution features.
The Al-rich features are in turn cross-cut and displaced by
other thin fractures (Fig. 6C).

Pyroxene in NWA 7042 displays considerable composi-
tional and textural variability. The most common occur-
rence is as elongate euhedral laths (typically 0.3–3.7 mm
in length) with cores of Mg-rich and Ca-poor composition
(En53.0-64.3Fs27.9-29.5Wo5.1-14.6, FeO/MnO = 28.9–30.9)
and Ca-rich, Mg-poor sub-calcic augite overgrowths
(En39.6-47.5Fs22.0-27.0Wo24.4-33.9, FeO/MnO = 28.5–31.1).
These pyroxene grains form an intersertal texture with
splays of maskelynitized feldspar within the interstices.
Additional Fe-rich pyroxene (compositionally ferropi-
geonite; En34.8-44.9Fs38.5-46.1Wo9.6-18.7, FeO/MnO = 31.4–
37.3; and varying from approximately 20–400 mm in length)
occurs intergrown with the maskelynite laths, and is associ-
ated with merrillite, oxides and pyrrhotite. All three of the
pyroxene occurrences, namely Mg-rich cores, calcic rims,
and ferropigeonite intergrown with maskelynite, are devoid
of exsolution lamellae.
Maskelynite (An38.9-53.9Ab43.6-61.3Or1.9-5.3) occurs as
splays of lath-like grains (varying from 0.03-1.4 mm in
length) commonly in roughly parallel intergrowths with
the larger pyroxene laths. CL imagery of maskelynite
(Fig. S4 in Supplementary Materials 1) reveals the common
presence of sector zoning, which is also visible in high-
contrast backscatter imagery. CL activity is greater in zones
with lower BSE signal. Ferropigeonite, merrillite, oxides,
and pyrrhotite are observed within the interstices between
the (former) plagioclase laths. The maskelynite is free of
vesicles and predominantly appears to retain the shape of
the pre-shocked plagioclase. Local patches of mesostasis
are also commonly observed associated with maskelynite;
these are rich in Si and K, and poor in Al, and contain sub-
micron quench crystallites (Fig. 7).

Merrillite is the most common phosphate mineral
observed in NWA 7042. Apatite is typically observed rim-
ming merrillite in contact with maskelynite. EPMA of apa-
tite shows that they contain approximately equal
concentrations of F and Cl on an atomic basis. NWA
7042 merrillite is low in Na compared to most martian mer-
rillite analyses (Shearer et al., 2015), reflecting the role of
plagioclase crystallization prior to merrillite.

Oxide minerals (including ilmenite, and the spinel phases
chromite, ferrichromite, and titanomagnetite) most com-
monly occur in association with maskelynite, ferropi-



Table 1
Representative mineral compositions of major and minor phases in NWA 7042.

Altered Olivine Groundmass Olivine Ringwoodite Pyroxene Maskelynite Coarse-Grained

Mesostasis

Fine-Grained

Mesostasis

Merrillite Apatite Tuite Spinels Ilmenite Pyrrhotite

Cores Rim

Margins (2)

Rims Cores Rims Cores Rims Ferropigeonite

(n = 38) (n = 21) (n = 44) (n = 3) (n = 4) (n = 3) (n = 8) (n = 7) (n = 9) (n = 15) (n = 3) (n = 5) (n = 20) (n = 4) (n = 3) (n = 13) (n = 10) (n = 20)

Oxide wt %

SiO2 37.3 35.9 35.4 34.7 34.3 20.6 53.2 51.2 49.7 55.7 61.1 78.6 0.29 0.65 0.81 0.03 0.05 –

P2O5 0.10 0.09 0.08 0.12 0.08 0.16 – – – 0.07 0.01 0.10 45.5 41.6 45.2 – – –

Al2O3 0.30 0.54 0.19 0.11 0.21 2.89 0.73 1.84 1.06 26.5 22.9 12.1 0.07 0.11 0.14 3.87 0.08 –

TiO2 0.05 0.07 0.07 0.04 0.08 0.08 0.15 0.41 0.67 0.07 0.07 0.24 0.01 0.02 0.03 14.0 51.1 –

Cr2O3 0.04 0.07 0.04 0.01 0.02 0.11 0.49 0.64 0.08 0.02 0.01 0.01 0.01 0.00 0.01 20.0 0.27 –

V2O3 0.01 0.02 0.01 0.01 <0.01 0.02 0.05 0.09 0.04 – – – – – – 0.49 0.18 –

SO3 – – – – – – – – – – – – – – – – – 38.60

FeO 26.3 31.1 36.5 39.4 41.6 50.6 18.3 15.1 26.2 0.78 0.54 0.42 1.80 0.76 2.84 41.3 40.7 60.80

Fe2O3 – – – – – – – – – – – 17.4 4.07 –

MnO 0.50 0.53 0.67 0.71 0.76 0.28 0.61 0.51 0.76 0.03 0.00 0.01 0.10 0.11 0.12 0.57 0.71 –

MgO 34.1 29.1 26.5 24.5 22.2 9.8 22.2 15.3 14.0 0.08 0.02 0.02 2.92 0.18 2.83 1.96 2.46 –

NiO 0.07 0.06 0.04 0.04 0.04 0.06 0.03 0.01 0.02 – – – – – – 0.03 0.01 0.55

CaO 0.30 0.40 0.26 0.23 0.24 2.32 3.96 14.0 6.4 9.9 5.9 2.80 47.2 52.8 47.1 0.09 0.17 –

Na2O 0.01 0.01 0.01 0.01 0.01 0.15 0.05 0.17 0.07 5.6 6.4 3.54 1.14 0.20 1.20 – – –

K2O 0.01 0.02 0.01 <0.01 0.03 0.35 0.01 0.01 0.01 0.56 2.21 1.68 0.04 0.02 0.03 – – –

Nb2O5 – – – – – – – – – – – – – – – 0.00 0.01 –

SrO – – – – – – – – – – – – 0.02 0.01 0.01 – – –

Y2O3 – – – – – – – – – – – – 0.07 0.01 0.10 – – –

F – – – – – – – – – 0.04 0.09 0.10 bdl 1.23 bdl – – –

Cl – – – – – – – – – 0.01 0.01 0.00 bdl 2.27 bdl – – –

Total 99.1 97.8 (8) 99.8 99.9 99.6 87.5 (9) 99.8 99.3 99.1 99.3 99.4 99.7 99.3 100.0 100.5 99.7 99.7 100.0

Olivine

Fo 69.7 59.6 56.3 52.6 48.7

Ʃ Oct Site 2.00 1.98 1.99 2.00 2.01

Ʃ Tet Site 1.00 1.00 1.00 1.00 0.99

Pyroxene

En 62.9 45.2 42.0

Fs 29.1 25.1 44.1

Wo 8.1 29.7 13.9

Feldspar

An 48.0

Ab 48.7

Or 3.2

Notes:
1) n = number of points analysed.
2) Alteration Rims refers to the dark brown alteration area around the olivine cores (in between the Mg-rich cores, and less altered Fe-rich rims).
3) Fo = Forsterite number (atomic Mg2+/(Fe2++Mg2+)).
4) Oct = Octahedral site in olivine (sum of Al, Ti, V, Cr, Fe, Mn, Mg, Ca, Na, K, and Ni atoms per formula unit).
5) Tet = Tetrahedral site in olivine (sum of Si, and P atoms per formula unit).
6) En = Enstatite (atomic Mg2+/(Mg2++Ca2++Fe2+)), Wo =Wollastonite (atomic Ca2+/(Mg2++Ca2++Fe2+)), Fs = Ferrosillite (atomic Fe2+/(Mg2++Ca2++Fe2+)).
7) An = Anorthite (atomic Ca2+/(K++Na++Ca2+)), Ab = Albite (atomic Na2+/(K++Na++Ca2+)), Or = Orthoclase (atomic K+/(K++Na++Ca2+)).
8) bdl = below detection limit.
9) ‘‘–” = not determined.
10) Low totals for the dark alteration core margins are possibly due to the presence of water or voids.
11) Low totals for the ringwoodite is possibly due to mixing with other phases (likely oxides).
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Fig. 4. Olivine and pyroxene mineral compositions in NWA 7042.
Px = pyroxene, Ol = olivine. Late-stage (see yellow circles) refers
to the second generation of more Fe-rich olivine that do not
contain altered cores. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version
of this article.)
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geonite, and merrillite. Magnesian-rich, Ti-poor chromite is
commonly observed partially enclosed within olivine. Sul-
fides are chemically homogeneous, with minor Ni, Cu and
Co, and compositions close to Fe9S10 consistent with pyr-
rhotite. Trace baddeleyite in NWA 7042 is commonly asso-
ciated with late-stage crystallization assemblages located
throughout the sample.

3.2. Shock features

Evidence of high pressure and temperature shock meta-
morphism in NWA 7042 includes the presence of maske-
lynite, pervasive fracturing of olivine and pyroxene,
Fig. 5. Scanning electron microscope (SEM)-BSE images of symplectite
distribution of the Cr-rich inclusions in olivine (Ol). Note that the inclusio
the symplectite-like texture in the Cr-rich inclusions (Chr = chromite); (C
they are unaffected by the phase transformation.
planar fractures in olivine, the formation of melt veins, dis-
placement along shock veins, and the presence of high-
pressure mineral phases including the symplectic break-
down products of Mg-silicate perovskite, ringwoodite,
and tuite. To better constrain the shock pressures and tem-
peratures experienced by NWA 7042, CL and EBSD anal-
yses of baddeleyite grains were also completed.

3.2.1. Shock veins and high-pressure minerals

Northwest Africa 7042 contains several melt-rich veins
which crosscut primary igneous minerals (Fig. 7) sometimes
resulting in the formation of reaction rims. Lamellar
growths of ringwoodite are observed extending into both
the unaltered fayalitic olivine rims and altered olivine cores
when in contact with shock veins (identified using BSE
imaging, and Raman micro-spectroscopy; Fig. 8) Similar
ringwoodite lamellae have been reported from shock melt
veins in other shergottites and Raman spectra of the phase
have consistent diagnostic peaks occurring at �790 cm�1

and �842 cm�1 (Fig. 8; Baziotis et al., 2013; Walton
et al., 2014).

The shock veins (ranging from 20–200 lm in diameter)
are slightly curved and mainly comprise partially crystal-
lized melt material. These veins are not observed to origi-
nate from or connect between melt pockets, and do not
contain vesicles. The shock veins also contain several high
pressure mineral phases including an oxide-silicate mixture
consistent with the breakdown of bridgmanite (perovskite-
structured (Mg,Fe)SiO3; Tschauner et al., 2014) into a sym-
plectic intergrowth consisting of Mg-silicate glass and
nanoscopic grains of an Fe-rich oxide that is likely magne-
siowüstite (Figs. 7 & 8). Raman spectroscopy of these sym-
plectic grains shows evidence of vitrified perovskite, similar
to that documented in shock veins of the Tissint meteorite
chromite-silicate growths within NWA 7042 olivine; (A) Typical
ns are not observed within the rim; (B) Higher magnification view of
) Cr-rich inclusions within ringwoodite (Rgt), demonstrating that



Fig. 6. (A) BSE image of the TEM lift-out area within the altered olivine (Ol) core. (B) STEM image of semi-aligned dissolution texture with a
�150 nm chromite (Chr) grain in the olivine core. (C) STEM image of the thick Al-rich features and dissolution texture. The white arrows
denote the apparent offset of the Al-rich features by fractures. (D) STEM image of the dissolution texture, showing no crystallinity within the
black voids, and the direction of the (001) olivine plane for reference.
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(Baziotis et al., 2013; Walton et al., 2014). Raman spectra
of shock vein phosphates (Fig. 8) match that of tuite (c-
Ca3(PO4)2) with a primary diagnostic peak located at
�974 cm�1 (e.g. Baziotis et al., 2013). Tuite has been
reported from shock veins of the Suizhou L6 chondrite
(Xie et al., 2003) and in synthesis experiments using both
natural apatite (Xie et al., 2013) and stoichiometric mix-
tures of CaHPO4 and CaCO3 (Zhai et al., 2010). Tuite
has been documented in several martian meteorites includ-
ing Tissint (Baziotis et al., 2013) and Chassigny (Fritz and
Greshake, 2009). The identified high-pressure phases in
NWA 7042 are observed exclusively within, or in contact
with, the shock veins.

3.2.2. Shock features in baddeleyite

Baddeleyite in NWA 7042 is commonly associated with
Fe-Ti oxides (ilmenite and titanomagnetite) and Fe-sulfides
(pyrrhotite), in late-stage crystallization assemblages
located throughout the sample (Fig. S9 in Supplementary
Materials 1). Despite appearing smooth and homogenous
in BSE imaging, the baddeleyite display an abundance of
microstructural features in CL and EBSD analysis. Most
notably, mottled and oscillatory textures in CL and poorly
diffracting (quasi-amorphous) grains highlight the shocked
nature of the population (Fig. S10 in Supplementary Mate-
rials 1). Taken in concert, these features place the grains in
shock group 2 as defined by Darling et al. 2016, suggesting
that U-Pb analysis of the grains would yield partially reset
ages that do not correlate with a crystallization or impact
event. The highly shocked nature of the grains is further
supported by the deformed nature of the surrounding
pigeonite, which exhibit up to 35� of crystal plastic
deformation.

3.3. Bulk composition

The bulk rock REE pattern is similar to other interme-
diate shergottites, with La/YbN values of 0.41 and 0.40
(Table 2, Fig. 9). The bulk rock Mg# is 57.9 for both repli-
cates. A slight positive Eu anomaly is observed in both
replicates, which does not appear to be common in other
intermediate shergottites. The source of the Eu anomaly
would be consistent with minor plagioclase accumulation,
although feldspar (maskelynite) makes up approximately
9 modal%, within the normal range for shergottites.
Depleted martian meteorite Dar Al Gani (DaG) 476 also
appears to have a slight anomalous Eu concentration
(Fig. 9; Day et al., 2018). This sample is known to have
experienced significant terrestrial weathering (Crozaz and
Wadhwa, 2001). Europium anomalies have also been
detected within the alteration phases of nakhlite NWA
817, interpreted to be from the fluid that altered the olivine



Fig. 7. Representative BSE images of shock and late-stage crystallization features in NWA 7042. (A) Launch-generated shock vein cross-
cutting olivine (Ol) and clinopyroxene (Cpx). Flow textures within the vein are magnified in inset (a) and are cross-cut by a terrestrial
weathering vein comprised of calcite (Cal), and minor barite (Brt). (B) Launch-generated shock-vein that has entrained surrounding minerals
and contains high-pressure mineral phases, including tuite (Tu) and ringwoodite (Rgt) at the contact between the shock vein and olivine. (C)
Typical mesostasis pocket associated with maskelynite consisting of late-stage crystallization phases including merrillite (Merr), and apatite
(Ap). The mesostasis pockets are highly heterogeneous and contain abundant submicron crystallites, likely including silicate, oxide, and
possibly sulfides.
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on Mars (Gillet et al., 2001). At this time, the phase that is
the source of excess Eu in NWA 7042 is not constrained.

4. DISCUSSION

4.1. Olivine modification

The chemical analysis of aqueous alteration products in
martian meteorites can provide new insights into the chem-
istry of water reservoirs, the conditions under which these
rocks were once altered, and possibly even the timing of
that alteration. As such, determining the origin of alteration
products (specifically if they are martian or terrestrial)
within meteorite finds like NWA 7042 is particularly valu-
able. As brown olivine in martian meteorites is also known
to be caused by ‘‘shock-darkening” (e.g. Takenouchi et al.,
2018), this process must also be considered. Here, we sum-
marize our preliminary geochemical and petrographic anal-
ysis of altered olivine in NWA 7042 and examine the
possibility of martian, terrestrial, and shock-darkening for-
mation mechanisms.

4.1.1. Shock-darkening

Shock-darkened olivine has been observed in a wide
variety of martian meteorites, and is associated with rela-
tively high pressure and temperature impact events (�55
GPa, and >1200–1170 K; Takenouchi et al., 2018). This
type of olivine appears dark-brown in transmitted light
due to the presence of small amounts of Fe3+ (from the oxi-
dation of Fe2+ during a shock event; Ostertag et al., 1984)
and/or the presence of nano-scale inclusions of Fe metal
(Treiman et al., 2007).

The brown olivine observed in NWA 7042 does not
resemble typical shock-darkening which occurs as dark-
brown irregular patchy or mottled zones in olivine and does
not have the rusty red-brown color observed in NWA 7042
(Takenouchi et al., 2018). Moreover, TEM analysis of the
olivine cores in NWA 7042 also did not reveal any of the
Fe-metal inclusions usually associated with shock-
darkened olivine in other martian meteorites (Treiman
et al., 2007). The presence of brown olivine within the
Mg-rich cores of NWA 7042 is also not typical of shock-
darkening, as it is not known to correspond to composi-
tional variations (Takenouchi et al., 2018) although there
are rare exceptions. In shergottite Larkman Nunatak
(LAR) 06319, shock-darkened olivine is more commonly
observed in the Fe-rich rims of zoned olivine; opposite to
the brown olivine zonation observed in NWA 7042
(Takenouchi et al., 2018). Reverse ‘‘darkening” (where oli-
vine cores are darker than rims) has been observed in a few
olivine grains within poikilitic shergottite Lewis Cliff
(LEW) 88516, but is not nearly as pervasive and occurs in
irregular/patchy zones that do not correlate with composi-
tional zoning (Takenouchi et al., 2018). The lack of nano-



Fig. 8. Representative Raman spectra and SEM-BSE images of
high-pressure materials within NWA 7042 shock veins. (A)
Symplectic intergrowth of magnesiowüstite and vitrified Mg-
silicate perovskite; (B) Tuite, and (C) Contact between shock melt
vein and olivine with lamellar ringwoodite (rgt), with characteristic
Raman peaks marked.
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scale metal inclusions, and the presence of brown olivine
only within the Mg-rich cores in NWA 7042 make shock-
darkening an unlikely formation mechanism.

4.1.2. Alteration on Mars

The altered olivine cores in NWA 7042 do not resemble
typical secondary alteration products previously observed
in martian meteorites. The most common alteration phase
of martian origin, ‘‘iddingsite,” typically occurs along min-
eral grain boundaries or fractures as alteration veinlets that
crosscut olivine and pyroxene (Treiman et al., 1993; Lee
et al., 2015). It should be noted that the term ‘‘iddingsite”
has a variety of definitions. Within the nakhlites it is used
to describe veins or veinlets comprising poorly crystalline,
fine-grained mixtures of secondary alteration products
including hydrous silicates, sulphates, carbonates, halides,
and oxides deposited during hydrothermal events at or near
the surface of Mars (Lee et al., 2015). However, the original
definition of ‘‘iddingsite” is an alteration product that
forms via sub-solidus magmatic alteration of olivine before
the rock has fully crystallized (i.e. deuteric alteration by
residual melts and fluids; Ross and Shannon, 1925;
Edwards, 1938; Delvigne et al., 1979; Kuebler, 2013; Vaci
et al., 2020). The presence of pristine olivine rims around
the altered cores in NWA 7042 indicates that the alteration
occurred prior to the crystallization of the un-altered rims,
and therefore most likely took place within the host magma
itself. Several of the olivine cores are also crosscut and dis-
placed by shock veins, indicating that the alteration may
have occurred prior to the shock event that ejected it from
Mars (Fig. 10). As such, here we examine the possibility
that the olivine cores were altered deuterically on Mars,
and contrast this to the similarly altered shergottite NWA
10416 and several terrestrial basalts and gabbros.

In terrestrial settings, deuterically altered olivine has
been observed in many different localities including: the
Cantal volcano lava plateaus (France), basalt flows, gab-
bros, and pegmatoids in French Polynesia (Bora Bora,
Maupiti, Eiao, Ua Huka, Marquesas archipelago, Huahine,
and Moorea), basaltic andesites in San Ignacio, Baja Cali-
fornia (Mexico), potassic lava flows from Singu (Myan-
mar), Sukadana (Sumatra), basaltic andesite flows from
Cerro Picacho (Chile), the Victorian basalts (Australia),
basalts from Banat (Romania), Hinsdale volcanic series
basalts (New Mexico, USA), Panorama Point basalt (Ore-
gon, USA), and the Los Magotes and La Jara Creek basalts
(Colorado, USA) (Ross and Shannon, 1925; Edwards,
1938; Goff, 1996; Caroff et al., 2000; Clément et al., 2007;
Tschegg et al., 2010; Vaci et al., 2020). These terrestrial
examples are highlighted here as they contain altered oli-
vine grains that are optically and chemically similar to the
olivine in NWA 7042 and shergottite NWA 10416 with
dark brown deuterically altered cores and pristine olivine
rims (Fig. 11; Ross and Shannon, 1925; Edwards, 1938;
Goff, 1996; Caroff et al., 2000; Clément et al., 2007;
Tschegg et al., 2010; Vaci et al., 2020). The terrestrial sam-
ples noted here were collected at depth and are typically
reported as fresh and devoid of weathering (Ross and
Shannon, 1925; Edwards, 1938; Goff, 1996; Caroff et al.,
2000; Clément et al., 2007; Tschegg et al., 2010; Vaci
et al., 2020).

The alteration products produced during deuteric alter-
ation of olivine in terrestrial samples are generally referred
to as high temperature iddingsite (HTI) because of their
optical similarities with low-temperature post-magmatic
iddingsite (LTI) (Goff, 1996; Caroff et al., 2000; Clément
et al., 2007). High temperature iddingsite forms via alter-
ation of olivine at temperatures higher than 1075 �C in
mafic magmas with unusually high water contents and high
oxygen fugacity (above the Nickel-Nickel-Oxide (NNO)
buffer; Clément et al., 2007). The composition of HTI in
terrestrial samples has been determined by X-ray diffraction
and consists of cryptocrystalline aggregates of orthopyrox-
ene, cristoballite, amorphous silica, maghemite, hematite,
and magnetite, and is also characterized by a deficit in
EPMA totals, interpreted as the result of water incorpora-



Table 2
NWA 7042 whole-rock major and trace element abundances.

Sample Terrestrial Standards

NWA 7042 NWA 7042 rpt BHVO-2 RSD BCR-2 RSD

SiO2 40.6 44.9 50.56 1.4% 53.44 2.1%
TiO2 0.81 0.74 2.73 1.1% 2.34 3.0%
Al2O3 4.83 4.25 13.50 2.2% 13.85 4.4%
Fe2O3T 24.0 22.4 11.40 0.7% 13.51 1.7%
MgO 18.5 17.3 7.23 1.0% 3.90 4.4%
MnO 0.55 0.51 0.17 0.9% 0.20 3.1%
CaO 8.99 8.38 11.40 0.9% 7.32 4.3%
Na2O 0.80 0.64 2.22 7.1% 3.18 8.2%
K2O 0.05 0.08 0.52 2.5% 1.87 6.3%
P2O5 0.94 0.85 0.27 1.2% 0.38 4.2%
Sum 100 100 100 – 100 –
Mg# 57.9 57.9 53.1 0.3% 34.0 3.3%
Li 5.57 5.90 4.8 1.5% 10.09 6.2%
B 11.66 14.24 2.4 6.4% 4.18 6.5%
Sc 36.44 37.69 32.0 1.3% 34.08 6.2%
V 227 231 317.0 1.4% 421.29 6.4%
Cr 4383 4381 280.0 1.4% 18.48 6.8%
Co 61.53 63.63 45.0 1.4% 38.50 6.4%
Ni 207.89 212.31 119.0 1.3% 12.20 5.1%
Cu 10.74 10.64 127.0 1.1% 19.83 5.6%
Zn 72.19 75.80 103.0 1.2% 156.86 6.9%
Ga 13.56 14.04 22.0 0.9% 23.08 6.7%
Ge 2.04 2.03 1.6 1.9% 1.77 6.0%
Se 0.12 0.06 0.10 5.0% 0.12 12.5%
Rb 1.02 1.05 9.1 0.6% 47.10 6.4%
Sr 75.41 76.49 396.0 1.3% 346.72 6.0%
Y 13.26 13.55 26.0 1.1% 36.27 5.1%
Zr 36.70 37.94 172.0 1.6% 189.77 5.9%
Nb 1.19 1.25 18.1 0.9% 12.45 5.5%
Mo 0.11 0.16 4.0 19.8% 259.40 11.9%
Cs 0.05 0.04 0.10 3.2% 1.11 4.9%
Ba 289.25 320.47 131.0 5.4% 678.14 6.0%
La 0.70 0.71 15.2 1.7% 24.95 5.4%
Ce 1.76 1.80 37.5 1.8% 52.87 5.2%
Pr 0.28 0.29 5.4 2.0% 6.90 5.1%
Nd 1.60 1.71 24.5 2.1% 28.88 5.1%
Sm 0.97 1.00 6.1 1.7% 6.52 5.5%
Eu 0.53 0.55 2.1 1.9% 2.11 6.1%
Gd 1.71 1.82 6.2 1.0% 6.99 6.9%
Tb 0.35 0.38 0.9 1.8% 1.05 5.6%
Dy 2.48 2.57 5.3 1.6% 6.37 6.0%
Ho 0.51 0.52 1.0 2.9% 1.29 5.5%
Er 1.38 1.42 2.5 2.7% 3.65 5.5%
Tm 0.20 0.20 0.3 2.3% 0.52 6.2%
Yb 1.20 1.18 2.0 2.3% 3.34 5.8%
Lu 0.17 0.17 0.3 2.6% 0.49 4.5%
Hf 1.27 1.26 4.4 2.7% 4.87 4.3%
Ta 0.06 0.06 1.1 2.5% 0.76 5.1%
W 0.12 0.12 0.2 4.1% 0.44 6.0%
Pb 0.32 0.40 1.6 6.0% 10.93 4.9%
Th 0.12 0.12 1.2 3.6% 5.95 4.8%
U 0.09 0.09 0.4 4.4% 1.60 4.7%

Notes:
1) BHVO = Basalt, Hawaiian Volcano Observatory (terrestrial standard).
2) BCR = Basalt, Columbia River (terrestrial standard).
3) RSD = Relative Standard Deviation.
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Fig. 9. CI-chondrite-normalized rare earth element (REE) diagram comparing enriched (En), intermediate (Int), and depleted (Dep)
shergottites to the bulk analysis of NWA 7042 and replicate (NWA 7042-rpt) from Day et al., 2018. The REE abundances in each sample have
been normalized over REE abundances in CI chondrites (McDonough and Sun, 1995). Sources for bulk chemical data: NWA 7042 (Day
et al., 2018), NWA 480 (Barrat et al., 2002), NWA 6234 (Filiberto et al., 2012), NWA 6342 (Day et al., 2018), LEW 88516 (Dreibus et al.,
1992), Shergotty (Lodders, 1998), NWA 5298 (Day et al., 2018), Dar al Gani 476 (Day et al., 2018).
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tion (Goff, 1996; Clément et al., 2007). Clément et al. (2007)
also determined that a significant portion of Fe in olivine is
oxidized within these HTI zones, pointing to the formation
of the high temperature alteration phase laihunite (Fe3+

[Mg2+,Fe2+]0.5h0.5[SiO4]) along with maghemite and mag-
netite. Experimental studies have shown that laihunite
occurs along with magnesioferrite via oxidation of fayalitic
olivine at temperatures above 600 �C, and has been identi-
fied in several nakhlites, and within the cores of similarly
altered olivine in NWA 10416 (Noguchi et al., 2009; Vaci
et al., 2020). Previous TEM analyses on deuterically altered
terrestrial olivine from basaltic andesites (Oregon, USA)
reveal high-temperature oxidation assemblages of mag-
netite plus silica, and olivine-laihunite intergrowths ori-
ented parallel to olivine’s (001) plane (Banfield et al.,
1990). TEM analysis of deuterically altered olivine from
La Jara Creek basalt (Colorado, USA) shows the alteration
mainly consists of discontinuous lineations of amorphous
material (�10–20 nm wide) and pore space, with no laihu-
nite or magnetite plus silica assemblages identified (Vaci
et al., 2020). Similar textures are also observed from
TEM foils collected in the altered olivine cores in NWA
10416 (Vaci et al., 2020; Piercy et al., 2020). In this case,
Mg-laihunite was still identified in the olivine grains within
NWA 10416 using mXRD, likely because the XRD analyses
were sampling a much larger area and the TEM foils may
have not been collected in laihunite-rich areas (Vaci et al.,
2020). The high-temperature phases noted here were not
observed in our preliminary TEM analysis of NWA 7042,
although the discontinuous dissolution voids closely resem-
ble the textures observed within the deuterically altered oli-
vine cores of the La Jara Creek basalt (Vaci et al., 2020).
The dissolution voids in NWA 7042 cross-cut both the
Al-rich alteration filled fractures/veins and some of the
nano-scale chromite inclusions meaning that at least one
generation of dissolution must have occurred after chromite
crystallized and after the deposition of the Al-rich alter-
ation product. The Al-rich veins are in turn crosscut and
displaced by fractures (Fig. 6) complicating this interpreta-
tion further.

The boundary between the altered cores and the olivine
rims in deuterically altered martian and terrestrial samples
points to a two-step crystallization process with a sudden
termination of the alteration reaction, and a reversal to oli-
vine precipitation (Edwards, 1938; Goff, 1996; Caroff et al.,
1997; Caroff et al., 2000; Clément et al., 2007). In terrestrial
basalts and gabbros, the altered cores are thought to have
formed through interaction of olivine and volatile-rich
residual melt as the magma was being emplaced, but before
the rock fully crystallized on or closer to the surface
(Edwards, 1938; Goff, 1996; Caroff et al., 1997; Caroff
et al., 2000; Clément et al., 2007). This alteration process
occurs due to a temporary increase in oxygen fugacity
(fO2) in the residual melt (Goff, 1996; Caroff et al., 1997;
Caroff et al., 2000; Clément et al., 2007). The temporary
increase in fO2 is ascribed to an increase of H2O in the
residual melt; sourced from either late-stage incorporation
of meteoric water (Goff, 1996), or magmatic water from
the origin that is excluded from early growing crystals
(Caroff et al., 1997; Caroff et al., 2000; Clément et al.,
2007). During ascent and pressure decrease, volatiles within
the residual melt will begin to degas with the dissolved



Fig. 11. Terrestrial examples of deuterically altered olivine. (A) Thin section of a basalt from Colorado (after Ross and Shannon, 1925). (B)
Olivine from the Barque de Hiro gabbroic intrusion, from Maupiti Island (Society archipelago, French Polynesia; after Clément et al., 2007).
(C) Cross-polarized light image of deuterically altered olivine grains from the La Jara Creek Basalt in Southern Colorado (after Vaci et al.,
2020). (D) Olivine collected from the bottom of a 6 m thick basalt flow, Eiao, Marquesas (after Caroff et al., 2000). (HTI = high temperature
iddingsite, CPX = clinopyroxene, OL = olivine).

Fig. 10. Cross-polarized light (XPL), backscattered electron (BSE), and wavelength dispersive spectroscopy (WDS) maps of Fe and Ca
concentrations of an altered olivine in NWA 7042 that has been crosscut and displaced by a shock vein. Reconstructions of how the olivine
grain may have been situated prior to the shock event are provided in the bottom panel. After reconstruction, the dark margin of the altered
core in XPL, brightness levels in BSE, and Fe concentrations all line up indicating that the original geochemical signature (prior to the shock
event) is preserved. It should be noted that the exact vector of displacement is unknown, and extremely unlikely to be two-dimensional. Any
discrepancies across the shock vein may be due to displacement along the third dimension in or out of the plane of the sample. The Ca map
shows that there are no Ca-rich terrestrial veins in the vicinity of this grain, and none that correlate with the morphology of the altered cores.
(Msk = maskelynite, Ol = olivine, Px = pyroxene, lv. = level of X-ray intensity normalized to current and dwell time).
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water dissociating into H2 and O2 (Herd et al., 2002; Herd,
2003). Hydrogen is preferentially exsolved from the magma
and eventually lost to the atmosphere (Herd et al., 2002),
temporarily increasing the oxidation state of the magma
resulting in the alteration of the early formed olivine cores.
Once the degassing process has ceased, the groundmass
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minerals and fayalitic olivine overgrowths will crystallize
from this residual melt under more reducing conditions
(Goff, 1996; Caroff et al., 1997; Caroff et al., 2000;
Clément et al., 2007).

Evidence of extensive degassing within HTI-bearing
rocks is supported by the vesicle-rich segregation structures
these basalts and gabbros are associated with such as vesicle
cylinders, vesicle sheets, and pegmatoids formed by the
ascent of low-density residual liquid plumes that have dif-
ferentiated from their water-rich lava or magma hosts
(Goff, 1996; Caroff et al., 1997; Caroff et al., 2000;
Clément et al., 2007). The volatile release during this segre-
gation process allows for the groundmass olivine and over-
growth rims to crystallize without being affected by HTI
alteration (Goff, 1996; Caroff et al., 1997; Caroff et al.,
2000; Clément et al., 2007). The terrestrial basalts noted
here are also finely vesicular, supporting the escape of gases
(Ross and Shannon, 1925; Edwards, 1938; Goff, 1996;
Caroff et al., 1997; Caroff et al., 2000; Clément et al.,
2007; Vaci et al., 2020). Vesicles were not observed in
NWA 7042 or 10416, but it is possible that the advance
of the crystallization front in the magma was slower than
the bubble velocity, allowing the vesicles to migrate upward
without freezing in the lower solidified rock that formed
these martian samples (Caroff et al., 1997). Due to the lower
atmospheric pressure and gravity on Mars the ascending
magma will also degas more efficiently, lowering the
chances of freezing in the vesicles upon cooling (Herd
et al., 2002).

Geochemical evidence in NWA 7042 and NWA 10416
also points to a two-stage crystallization sequence similar
to the deuterically altered terrestrial basalts. In both sam-
ples the olivine core compositions (in NWA
7042 � Fo69.7) are markedly out of equilibrium with the
bulk-rock Mg#’s (57.9 in NWA 7042) for any plausible
values of KD

Fe-Mg
ol-melt (e.g., Filiberto and Dasgupta, 2011),

suggesting that the olivine cores formed under different con-
ditions to the olivine rims and late-stage Fe-rich unaltered
olivines. Qualitatively, the oxide assemblages in NWA
7042 show a trend of increasing oxygen fugacity (fO2) with
crystallization between the cores and late stage olivines/
rims. The Mg-rich, Ti-poor chromites within the olivine
cores indicates that their initial crystallization occurred in
low fO2 conditions. The composition of the Cr-bearing spi-
nels evolved to more Fe3+ and Ti-rich compositions as crys-
tallization progressed and fO2 increased, culminating in the
crystallization of late-stage titanomagnetite and ilmenite
grains observed in association with maskelynite, ferropi-
geonite, and merrillite. The same oxidation trend is
observed in NWA 10416 (Herd et al., 2016; Vaci et al.,
2020). The altered olivine core margins in both samples
likely formed as a result of the temporary increase in oxida-
tion conditions that occurred after water saturation and
prior to degassing of the residual melt. Studies on terrestrial
samples use the occurrence of HTI assemblages, such as lai-
hunite, as evidence of this temporary fO2 increase (Goff,
1996; Caroff et al., 2000; Clément et al., 2007). As previ-
ously mentioned, Mg-laihunite has also been observed in
NWA 10416 (Vaci et al., 2020). Other evidence for late
stage increases in fO2 includes exsolution lamellae within
spinel (Fig. 12). Similar spinel exsolution lamellae textures
have been observed in several other martian meteorites
and are thought to have formed via late-stage episode(s)
of oxidation (Herd et al., 2001; Herd et al., 2002;
Goodrich et al., 2003). The compositions of the lamellae
within the spinels are difficult to resolve by quantitative
analysis as they are generally too fine, but they are typically
interpreted as exsolution of ilmenite or ulvöspinel
(Goodrich et al., 2003). We were unable to carry out quan-
titative fO2 calculations in NWA 7042 as the majority of the
spinels and ilmenite are either extensively weathered and
cracked, contain exsolution lamellae, and/or contain signif-
icant amounts of Al and Mg (4 wt.% Al2O3, 2 wt.% MgO in
spinel, and 2.5 wt.% MgO in ilmenite; Table 1). Because
these compositions deviate significantly from ‘‘ideal” Fe-
Ti oxides it is difficult to use conventional models to calcu-
late meaningful fO2 values (Herd et al., 2001). In terrestrial
samples the formation of HTI stops when oxygen fugacity
drops below the FMQ (Fayalite–Magnetite–Quartz) buffer
(Goff, 1996; Clément et al., 2007). This is consistent with
our qualitative fO2 estimates of the groundmass which are
all well below FMQ; however, it should be noted that exso-
lution lamellae are also observed within some spinel grains
along the rims of the fayalitic olivine rims, meaning there
may have been multiple late stage episodes of oxidation.

Late-stage magmatic alteration via residual melts and
fluids on Mars (i.e. deuteric alteration) has also been pro-
posed as a possible formation mechanism for high-
temperature alteration phases observed in olivine and
pyroxene-hosted melt inclusions within several nakhlites
(McCubbin et al., 2009; Filiberto et al., 2014), as well as
iddingsite alteration of poikilitically enclosed olivine in
shergottite ALH 77005 (Kuebler, 2013). It has also been
suggested that the Fe- and Mg-rich clays that dominate
the Noachian terrains of Mars formed by deuteric alter-
ation via residual, water-rich magma-derived fluids within
cooling basaltic magma bodies (Meunier et al., 2012). While
these meteorite and remote sensing studies point to wide-
spread deuteric alteration on Mars, NWA 7042 has also
been subjected to significant terrestrial weathering during
its residence time in the desert on Earth. As such, the pos-
sibility that terrestrial weathering processes formed the
alteration within the olivine cores must also be considered.

4.1.3. Weathering on Earth

Determining the origin of mineral alteration (i.e.
whether it is deuteric or meteoric) is difficult as both types
of processes can be superimposed (Delvigne et al., 1979).
For example, in terrestrial rocks deuteric alteration can
later weather to iron oxide products through meteoric alter-
ation once the olivine is at or near Earth’s surface (Delvigne
et al., 1979). In addition, both low- and high-temperature
iddingsite form in similar ways, with alteration fronts
beginning at the rims of olivine crystals (that are typically
more Fe-rich) progressing inwards along cracks and crys-
tallographically controlled planes (Delvigne et al., 1979;
Smith et al., 1987; Wilson, 2004).

The mineral assemblages associated with surficial, post-
magmatic weathering of olivine include mixtures of
hydrous iron and magnesium silicates such as goethite,



Fig. 12. BSE images of Cr-Fe-Ti rich spinels in NWA 7042 olivine. (A), (B), and (D) were observed within olivine cores, and (C) was observed
closer to the rim. The spinel in (D) has been extensively weathered and cracked. The lighter colored lamellae are inferred to be ilmenite based
on similarities with other martian meteorites, and slightly lower Cr concentrations observed via EDS.
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montmorillonite, smectite, illite, and chlorite (Gay and
Lemaitre, 1961; Clément et al., 2007). However, several of
these minerals can also be ascribed to high-temperature
deuteric and metamorphic alteration complicating this even
further (Delvigne et al., 1979; Eggleton, 1984; Smith et al.,
1987; Banfield et al., 1990; Wilson, 2004). Due to the com-
plex nature of these weathering/alteration mixtures, TEM is
typically needed to identify them. In NWA 7042, we were
not able to identify any of these low temperature minerals
from our preliminary TEM analysis of the altered core
and core margin. However, it is possible that the Al-rich
features identified in the olivine may be terrestrial as Al
mobilization is typically associated with the dissolution of
feldspar and glass during surficial weathering (Delvigne
et al., 1979; Wilson, 2004). On the other hand, high concen-
trations of Al have also been observed in deuterically
altered, un-weathered olivine on Earth (Goff, 1996; Caroff
et al., 1997; Caroff et al., 2000; Clément et al., 2007; Vaci
et al., 2020). As stated previously, the displacement of these
Al-rich features along possible shock-produced fractures
makes determining their origin even more complicated. At
this time, we are unable to confidently state whether the
observed dissolution and Al-rich features are terrestrial or
martian in origin.

The ubiquitous presence of terrestrial calcite/barite
weathering veins that crosscut the olivine grains in NWA
7042 and 10416 confirms that both samples have been sub-
jected to significant terrestrial meteoric weathering. In
NWA 10416, TEM analysis of olivine adjacent to a shock
vein revealed undisturbed clay minerals, indicating that at
least some of the alteration occurred post-shock (Piercy
et al., 2020). Oxygen isotope analysis of the olivine cores
in NWA 10416 may also show a mixture of martian and
terrestrial reservoir signatures (Piercy et al., 2020). In
NWA 7042, the yellow staining of the groundmass olivine
and olivine rims, versus the pristine colorless olivine rims
in NWA 10416 suggests that the effects of terrestrial weath-
ering are even more pervasive. Evidence of terrestrial
weathering is abundant in NWA 7042, and in some cases,
the Mg-rich cores appear darker in olivine grains that are
in closer proximity to shock veins and closer to the exterior
of the sample, indicating that terrestrial overprinting may
be more significant in these areas.

A recent study on NWA 10416 argues that a terrestrial
weathering origin for the brown olivine cores is more likely,
citing that Mg-rich olivine may be more susceptible to alter-
ation by low-temperature surface fluids in oxidizing condi-
tions – conditions that these finds may have been subjected
to in the desert on Earth (Piercy et al., 2020). This contra-
dicts previous work on the weathering of terrestrial olivine
that shows fayalite will weather faster than forsterite due to
the large ionic radius of Fe2+ relative to Mg2+, resulting in
longer and weaker bonds between Fe2+ and oxygen within
olivine, in addition to being more susceptible to oxidation
(Velbel, 1999). However, for NWA 10416 it is argued that
Mg-rich olivine may have weathered faster than Fe-rich oli-
vine based on Fe-K X-ray absorption near edge spec-
troscopy (XANES) data collected across an altered
olivine grain within the meteorite, and previous experimen-
tal data on olivine dissolution rates (Piercy et al., 2020).
XANES analysis of NWA 10416 olivine shows that Fe in
the altered core margins is predominantly ferric, with fer-
rous Fe in the pristine rims, and intermediate ferric Fe con-
centrations in the cores (Piercy et al., 2020). This
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enrichment trend in ferric Fe within the cores (highest at the
core margin) is used as evidence that the alteration took
place in an oxidizing environment that preferentially oxi-
dized the Mg-rich cores (Piercy et al., 2020). While this oxi-
dizing environment may be a desert on Earth, this
oxidation trend is also what would be expected if the olivine
cores were altered deuterically on Mars due to a temporary
increase of fO2 within the residual melt caused by degasing
of volatiles (Section 4.1.2; Goff, 1996; Caroff et al., 2000;
Clément et al., 2007; Tschegg et al., 2010). Deuteric alter-
ation would also explain why Fe in the fayalitic rims is
almost completely ferrous as these rims would have formed
in more reducing conditions (Section 4.1.2; Goff, 1996;
Caroff et al., 2000; Clément et al., 2007; Tschegg et al.,
2010). Olivine dissolution rate experiments cited in the
NWA 10416 study also show that Fe-rich olivine will dis-
solve faster than Mg-rich olivine in anoxic, reducing condi-
tions (Wogelius and Walther, 1992; Hausrath and Brantley,
2010), but these experimental studies do not provide con-
text on what would be expected in an oxygen-rich terrestrial
desert on Earth (Piercy et al., 2020). It is noted that as
appropriate experimental data of olivine reactivity under
low-temperature oxidizing conditions is lacking there is a
great deal of uncertainty, and that this allows for the possi-
bility that Mg-rich olivine may be more reactive than Fe-
rich olivine in terrestrial desert conditions (Piercy et al.,
Fig. 13. Cross-polarized light (A) and BSE (B) images of an olivine gr
fractures, with the two main directions highlighted in yellow for ease of
references to colour in this figure legend, the reader is referred to the we
2020). While there is uncertainty in terms of experimental
data, if forsteritic olivine does weather more easily than
more fayalitic compositions then this type of alteration zon-
ing in other martian meteorite finds from the desert should
be observed. In contrast, significantly weathered martian
meteorites such as DaG 476 and 489 (with olivine zoned
from Fo76 cores to Fo56 rims) show low-temperature
iddingsite weathering on the more fayalitic rims, even
though cracks and fractures are abundant in olivine
(Crozaz and Wadhwa, 2001; Mikouchi et al., 2001). In
NWA 7042 and NWA 10416 we would also expect to see
the heaviest alteration in areas of highest Mg concentra-
tions (i.e. the center of the olivine cores Fo60.8-76.1). Instead,
the heaviest alteration occurs along the core margins which
are slightly more fayalitic (Table 1). In addition, the Mg
contents of the altered olivine core margins also overlap
with the unaltered rim overgrowths (alteration
rim = Fo54.4-69.9, overgrowth = Fo41.0-68.83).

Whereas we contest the idea that Mg-rich olivine will
weather faster than Fe-rich olivine in a desert environment
on Earth, it is possible that a higher density of planar shock
features in the olivine cores could allow for more terrestrial
weathering in these areas. In rare instances, brown alter-
ation phases were observed along the planar fractures
within the olivine cores (Fig. 13). These planar fractures
are observed in both the fayalitic rims and altered cores,
ain with in-filled planar features. (b) Close-up view of the planar
viewing. (Ol = olivine, Chr = chromite). (For interpretation of the
b version of this article.)
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but are more pervasive in the cores relative to the rims. If
these are shock-produced planar features, then the in-
filling of alteration phases indicates overprinting by weath-
ering post-shock (likely on Earth). The alteration associ-
ated with the planar features is slightly enriched in Ca
and Al and appears to originate from the altered core mar-
gins progressing inwards towards the center of the grain. If
the core margins were magmatically altered on Mars, the
amorphization and increased porosity in these areas could
have allowed for terrestrial water to more easily infiltrate
into the planar fractures in contact with them. It is unclear
why there are more planar features observed within the core
than the rim in these rare cases. It may be possible that Mg-
rich olivine is more susceptible to shock than the Fe-rich
olivine, although we could not find any previous work to
support this (i.e. Stöffler et al., 2018). Instead, it may be that
the already altered olivine cores were more susceptible to
shock than the un-altered rims, resulting in different densi-
ties of planar features, or that these planar features devel-
oped in-situ due to cooling rather than shock. As this
infilling of planar features is not observed in the majority
of the altered olivine cores (Fig. 3), infiltration by terrestrial
water is unlikely to be the cause of the alteration zoning,
but it cannot be ruled out. The alteration around the core
margin could also possibly be explained by a lattice misfit
between the Fe-rich rim and Mg-rich core resulting in peri-
odic edge dislocations along this boundary (Smith et al.,
1987). More analysis is needed to identify the alteration
phases within the core margins and along these fractures,
but as evidence of terrestrial overprinting is ubiquitous
across the sample, it will be difficult to identify any high-
temperature deuteric alteration phases that still persist.

4.2. Igneous crystallization sequence

Based on the mineral chemistry, oxygen fugacity, petrol-
ogy, and alteration occurrence in NWA 7042, the following
crystallization history is proposed (see Figs. S5–S8 in Sup-
plementary Materials 1 for more detail):

(1) The parental magma of NWA 7042 formed by partial
melting (and possibly mixing) in the mantle and
intruded into the martian crust, ponding at depth.

(2) As the magma cooled, chromite and Mg-rich olivine
cores began to crystallize. As chromite grains are
commonly enclosed within the forsteritic olivine
cores it is inferred that chromite crystallized prior
to or synchronously with olivine.

(3) If the olivine were altered deuterically, the concentra-
tion of H2O in the residual melt would have increased
as it was excluded from the growing crystals. When
the magma began to ascend, pressure decreased and
the volatiles in the residual melt began to degas
resulting in a dramatic increase in fO2. (likely above
the NNO buffer; Goff, 1996; Caroff et al., 1997;
Caroff et al., 2000; Herd et al., 2002; Clément et al.,
2007). This temporary increase in fO2 led to the alter-
ation of the olivine cores and produced assemblages
of laihunite intergrowths, magnetite, and silica within
the cores and core margins (Banfield et al., 1990;
Goff, 1996). As these minerals were not identified in
NWA 7042 it is possible that terrestrial weathering
on Earth may have overprinted and/or destroyed
these assemblages.

(4) As the magma continued to ascend and sufficient
quantities of volatiles were released, fO2 decreased
and the alteration reaction was reversed resulting in
the crystallization of the Fe-rich olivine rims, Fe-
rich groundmass olivine, and Mg-rich pigeonite
cores.

(5) As the magma continued to cool, sub-calcic augite
rims grew over the Mg-rich pigeonite cores to form
the zoned pyroxene laths. This was followed by the
crystallization of the remainder of the groundmass
within the interstices of the pyroxene laths including
plagioclase, ferropigeonite, merrillite, apatite, titano-
magnetite, ilmenite, pyrrhotite, and baddeleyite.

4.3. Shock metamorphism

Following crystallization, NWA 7042 was ejected due to
an impact event approximately 2 m.y. (Huber et al., 2013)
resulting in the amorphization of plagioclase to maske-
lynite, fracturing of olivine and pyroxene, and the forma-
tion of shock veins.

4.3.1. Maskelynite

The sector zoning observed in CL images of maskelynite
(Fig. S3 in Supplementary Materials 1) may have been
inherited from the igneous plagioclase precursor. CL activ-
ity is greater in zones with lower BSE signal, perhaps indi-
cating that traces of a heavy element in the maskelynite are
‘quenching’ the CL emission. This suggests incorporation
of trace Fe into the maskelynite, as trace levels of Fe are
known to be incorporated into plagioclase (Bryan, 1974).
Compositional analysis of NWA 7042 maskelynite areas
with different CL activities reveals that the relationship
between CL emission and chemical composition is complex;
however; the anorthite content and the proportions of diva-
lent cations (Ca2+, Mg2+, Fe2+, Mn2+) to alkalis correlates
with the intensity of CL emission (Fig. S6 in Supplementary
Materials 1). The high concentrations of Fe, Mg, and Mn
may correspond to minor melting and incorporation of sur-
rounding phases (i.e. olivine and pyroxene) into the plagio-
clase during the impact event. Nano- to micron-scale
inclusions of these phases in maskelynite have been previ-
ously reported in other martian meteorites including
GRV 99027 (Wang and Chen, 2006), NWA 4797 (Walton
et al., 2012), and NWA 6342 (White et al., 2018b;
Kizovski et al., 2019).

4.3.2. High-pressure minerals

The presence of high-pressure phases in meteorites can
be used to provide quantitative estimates of the minimum
pressures experienced during an impact event (Baziotis
et al., 2013; Walton et al., 2014). The high-pressure phases
identified here require minimum pressures of 18 GPa (ring-
woodite), 19 GPa (dissociation of olivine to silicate per-
ovskite), and 10 GPa (tuite) (Xie et al., 2013; Walton
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et al., 2014). These high-pressure minerals are restricted to
melt veins which crosscut the primary igneous minerals.
Except for the minerals in direct contact with the shock
vein, the chemical zoning profiles within olivine and pyrox-
ene appear to retain their primary igneous textures and
chemical features, demonstrating that the high tempera-
tures and pressures within the shock veins do not reflect
the shock conditions experienced by the bulk rock. The
preservation of these high-pressure minerals (which
requires rapid cooling), indicates that the shock vein must
have quenched quickly.

4.3.3. Shock pressure constraints

The shock features in olivine, pyroxene, and maskelynite
(undulatory extinction and pervasive fracturing of olivine
and pyroxene, and the amorphization of feldspar) indicate
shock pressures of approximately 30–35 GPa (Stöffler
et al., 1991; Fritz et al., 2017). The presence of shock veins
suggests localized temperatures reached 1,500–1,750 �C
with a minimum pressure of 19 GPa (needed to form the
observed high-pressure phases). EBSD analysis of badde-
leyite grains reveal poorly diffracting (quasi-amorphous)
domains which have previously been associated with the
partial to complete transformation and reversion of the
high pressure orthorhombic-ZrO2 phase, which forms
above �5 GPa (Darling et al., 2016; White et al., 2018a).

4.4. Implications of deuteric alteration on Mars

The altered olivine cores in NWA 7042 may represent
the third petrological observation of deuteric alteration of
olivine on Mars (the others being ALH 77005, and NWA
10416; Kuebler, 2013; Herd et al., 2016; Vaci et al., 2020).
These three meteorites do not appear to have originated
from the same source, having different ITE signatures
(NWA 7042 is intermediate, ALH 77005 and NWA 10416
are depleted; Tait and Day, 2018; Herd et al., 2016), differ-
ent CRE ages (�2 m.y. for NWA 7042, and �1 m.y. for
NWA 10416; Huber et al., 2013; Cassata et al., 2016),
and significantly different petrology (Herd et al., 2016). Evi-
dence of deuterically altered olivine in these three unique
samples implies that deuteric alteration by water within
martian magmas could be a more ubiquitous process than
previously assumed.

Deuteric alteration during late-stage crystallization has
also been proposed as a way to explain the elevated water
contents and dD within olivine in Tissint (Hallis et al.,
2017). The lack of alteration phases observed in Tissint oli-
vine is explained by insufficient water available for deuteric
alteration to progress beyond the initial stages (Hallis et al.,
2017). Based on this, NWA 7042, NWA 10416, and ALH
77005 may originate from comparatively water-rich
sources; or magmas that ascended quickly enough to main-
tain water oversaturation prior to degassing (Caroff et al.,
2000). In addition to the shergottites listed here, deuteric
alteration of feldspar within olivine and pyroxene-hosted
melt pockets has been previously observed in the nakhlites
(McCubbin et al., 2009; Filiberto et al., 2014). In the case of
the nakhlites, the Cl-rich alteration phases are believed to
have formed from the alteration of feldspar by fluids
exsolved from a Cl-rich parent magma with low H2O-
activity (Filiberto et al., 2014).

Electron microprobe results show that the altered cores
in NWA 7042 are similar to the high Al, low total analyses
collected from the alteration phases in NWA 10416, ALH
77005, nakhlite NWA 817, and terrestrial analogues
(Caroff et al., 2000; Gillet et al., 2001; Clément et al.,
2007; Kuebler, 2013; Vaci et al., 2020). In these cases the
alteration assemblages did not contain considerable F, Cl,
or C, and were likely produced via water-rich fluids either
from within the magma source, or exogenous metasomatic
or hydrothermal fluids (Caroff et al., 2000; Gillet et al.,
2001; Clément et al., 2007; Kuebler, 2013; Vaci et al.,
2020). There is abundant evidence of significant water in
the shergottites’ source magmas. Water measurements from
martian apatites indicate that the water content of the mar-
tian mantle is similar to the volatile content of the terres-
trial mid-ocean ridge basalt mantle sources; and the
shergottites’ parent magmas (which formed via partial melt-
ing of this water-rich mantle source) are estimated to have
had 139–2870 ppm H2O prior to degassing (McCubbin
et al., 2012; Gross et al., 2013; Filiberto et al., 2016;
McCubbin et al., 2016).

5. SUMMARY AND CONCLUSIONS

� Northwest Africa 7042 is comprised of two generations
of olivine (early zoned olivine Fo41-76, and late-stage fay-
alitic olivine Fo46-56), euhedral to subhedral clinopyrox-
ene (pigeonite with sub-calcic augite overgrowths), and
intersertal maskelynite laths associated with ferropi-
geonite. Accessory phases include merrillite, apatite,
titanomagnetite, chromite, ilmenite, pyrrhotite and bad-
deleyite. These igneous phases are crosscut and dis-
placed by shock veins, which are in turn crosscut by
terrestrial weathering veins of calcite and barite.

� Northwest Africa 7042 contains unique alteration fea-
tures distinct from the majority of other shergottites,
but similar to deuterically altered basalts and gabbros
(via magmatic fluids) on Earth. The cores of the zoned
olivine grains have been pervasively altered resulting in
rusty-brown stained cores with dark-brown margins,
surrounded by significantly less altered yellow to color-
less overgrowth rims. The presence of un-altered rims
surrounding the altered cores suggests that the alteration
of the cores took place at magmatic temperatures prior
to crystallization of the rims on Mars. Crosscutting rela-
tionships between shock veins and the altered olivine
also indicate that the alteration occurred prior to the
shock event on Mars. However, the presence of alter-
ation phases in-filling shock-produced planar fractures
within the olivine cores complicates this theory. As no
high-temperature phases were able to be identified a ter-
restrial origin for the alteration cannot be ruled out.

� Shock-related metamorphism includes the transforma-
tion of feldspar to maskelynite, pervasive fracturing in
olivine and pyroxene, planar fractures in olivine,
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poorly-diffracting (quasi-amorphous) baddeleyite, and
the formation of melt-rich shock veins containing
high-pressure polymorphs. Bulk melting and high-
pressure polymorphs are restricted to launch-generated
melt veins.

The large recovered mass of NWA 7042 makes it an
ideal subject for isotopic and geochronological studies, par-
ticularly regarding alteration on Mars, the origin of diver-
sity in shergottite magmas, and corresponding
heterogeneities in martian geochemical reservoirs through
time.
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