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rock isotopic systems used for geochronology. Baddeleyite (monoclinic ZrO;) is a refractory mineral
chronometer of great potential to date these processes due to its widespread occurrence in achondrites
and robust U-Pb isotopic systematics, but there is little understanding of shock-effects on this phase.
Here we present new nano-structural measurements of baddeleyite grains in a thin-section of the highly-

Keywords: shocked basaltic shergottite Northwest Africa (NWA) 5298, using high-resolution electron backscattered
Mars diffraction (EBSD) and scanning transmission electron microscopy (STEM) techniques, to investigate
shergottite shock-effects and their linkage with U-Pb isotopic disturbance that has previously been documented
geochronology by in-situ U-Pb isotopic analyses.

Eg‘;geleyite The shock-altered state of originally igneous baddeleyite grains is highly variable across the thin-section

and often within single grains. Analyzed grains range from those that preserve primary (magmatic)
twinning and trace-element zonation (baddeleyite shock Group 1), to quasi-amorphous ZrO; (Group 2)
and to recrystallized micro-granular domains of baddeleyite (Group 3). These groups correlate closely
with measured U-Pb isotope compositions. Primary igneous features in Group 1 baddeleyites (n =5) are
retained in high shock impedance grain environments, and an average of these grains yields a revised
late-Amazonian magmatic crystallization age of 175 4+ 30 Ma for this shergottite. The youngest U-Pb
dates occur from Group 3 recrystallized nano- to micro-granular baddeleyite grains, indicating that it is
post-shock heating and new mineral growth that drives much of the isotopic disturbance, rather than
just shock deformation and phase transitions.
Our data demonstrate that a systematic multi-stage microstructural evolution in baddeleyite results from
a single cycle of shock-loading, heating and cooling during transit to space, and that this leads to variable
disturbance of the U-Pb isotope system. Furthermore, by linking in-situ U-Pb isotopic measurements with
detailed micro- to nano-structural analyses, it is possible to resolve the timing of both endogenic crustal
processes and impact events in highly-shocked planetary materials using baddeleyite. This opens up new
opportunities to refine the timing of major events across the Solar System.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction precious igneous meteorites provide, it is critical to distinguish the
effects of extreme compression and heating that occur during im-
pact events from the original characteristics of the sample. Such
“shock metamorphism” affects all meteorites during their ejection
¥ Corresponding author. from planetary surfaces, and can produce transformation, defor-
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Achondrites provide unique insights into planetary evolution in
the inner Solar System. To fully understand the record that these
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stituent mineral phases. As a result, accurate radiometric dating of
events recorded by meteorites from the Moon, Mars and the aster-
oid belt is often highly challenging: a reflection of our inability to
resolve, by geochemical methods alone, the severity of mineral age
resetting by impact events.

The implications for our understanding of planetary evolu-
tion can be huge. In the case of shergottites, basaltic meteorites
from Mars (e.g. Marti et al, 1995; Meyer, 2012), debate over
the effects of shock metamorphism on different isotopic sys-
tems used for dating has led to interpreted crystallization ages
of individual meteorites that vary by as much as 4 billion years
(Gyr). The shergottites yield Rb-Sr, U-Pb, Sm-Nd and Lu-Hf iso-
tope mineral and whole-rock isochrons with relatively young ages
of between ca. 150 and 600 Ma (e.g. Shih et al., 1982; Chen
and Wasserburg, 1986; Jagoutz and Wanke, 1986; Jones, 1986;
Nyquist et al., 2001, 2009; Borg et al., 2002, 2003). However, Pb-
Pb isotope data from a range of shergottites have been interpreted
to represent mineral isochrones that yield ancient ages of 4.1-4.5
Ga (Bouvier et al., 2005, 2008, 2009). This has led to debate as to
whether the younger isochron ages reflect the timing of Martian
magmatism or disturbance by metamorphic events on Mars, in-
cluding shock metamorphism before and during meteorite ejection.
The interpretation of isotopic results based on bulk mineral sepa-
rate techniques is especially challenging given the susceptibility of
these data to the presence of minor phases (e.g. phosphate inclu-
sions), terrestrial or Martian contamination or preferential leaching
during acid washing.

The dating of individual uranium-bearing accessory phases us-
ing in-situ methods is much less susceptible to such effects, and
has great potential to push forward understanding of Martian
chronology. Baddeleyite, monoclinic ZrO,, is a common accessory
mineral in mafic igneous rocks and has been found in many sher-
gottites (e.g., Niihara, 2011; Jiang and Hsu, 2012; Moser et al.,
2013; Zhou et al., 2013), Lunar meteorites (e.g. Wang et al., 2012),
other achondrites and chondrites (e.g. Krot et al., 1993). Similarly
to zircon (tetragonal ZrSiO4), the benchmark chronometer of ge-
ological time on Earth, baddeleyite takes up significant quantities
of U (up to thousands of ppm), typically excludes initial common-
Pb (Heaman, 2009), and is very resistant to Pb-loss during crustal
and weathering processes. Recent studies have shown that badde-
leyites record young ages in the Roberts Massif 04261 (ca. 200 Ma;
Niihara, 2011), Grove Mountains 020090 (192 4+ 10 Ma; Jiang and
Hsu, 2012), Northwest Africa (NWA) 5298 (187 4 33 Ma, Moser
et al, 2013), and Zagami (187 4+ 6.9 Ma; Zhou et al,, 2013) sher-
gottites, although questions persist as to whether the young dates
reflect crystallization of the magmatic protolith or disturbance by
multiple shock metamorphic events by processes including rever-
sion from unquenchable high-pressure polymorphs back to the
monoclinic baddeleyite structure (El Goresy et al., 2013).

Laboratory experiments predict that shock-loading up to 57 GPa
and attendant heating do not cause significant Pb-loss from bad-
deleyite (Niihara et al., 2012). However, contrary results are pre-
sented by Moser et al. (2013), who demonstrate that baddeleyite
grains in the highly-shocked meteorite NWA 5298 have been struc-
turally altered by shock metamorphism, with degraded crystallinity
in some grains, and that the shock metamorphism caused by the
launch event resulted in minor to approximately 80% loss of radio-
genic Pb from baddeleyite. Nowhere in that study was there any
report of baddeleyite melting, as mistakenly claimed by Werner et
al. (2014). Such mis-interpretation of documented observations has
led to the unsupported inferences that the shergottites, the largest
class of Martian meteorites, are a) older than 4 Ga in age, and b)
from a single crater source in the southern highlands. There is thus
a clear need to thoroughly establish the micro- to nano-structural
states of shergottite baddeleyite grains and their relation to U-Pb

systematics, to establish a framework for more substantive inter-
pretation of isotopic ages.

Here we address this issue by applying powerful techniques for
in-situ crystallographic and nano-structural measurements, includ-
ing electron backscatter diffraction (EBSD) and scanning transmis-
sion electron microscopy (STEM), to shock metamorphosed bad-
deleyite. We present new backscattered electron (BSE) imaging,
cathodoluminescence (CL) imaging, EBSD data and STEM analyses
for 42 grains in a single thin-section of the highly-shocked basaltic
shergottite NWA 5298. These include 15 grains with previously
reported U-Pb isotope ratios (Moser et al., 2013). The principal
aim is to better document the range of micro- to nano-structures
caused by shock metamorphism on baddeleyite and to test the ap-
parent correlation with U-Pb age disturbance, with the hope of
better informing future geochronology of planetary materials.

2. Basaltic shergottite northwest Africa 5298

Meteorite NWA 5298 is an unbrecciated, evolved basaltic sher-
gottite with a primary phaneritic igneous texture (Irving and
Kuehner, 2008). Apart from its relatively oxidized state, being close
to the QFM buffer, it is chemically similar to other basaltic shergot-
tites including Shergotty, Zagami and Los Angeles (Hui et al., 2011).
As shown in Fig. 1, the meteorite is predominantly comprised
of zoned clinopyroxene (65.1%) and shocked plagioclase (30.0%),
along with phosphates (merrillite and apatite; 2.1%), Fe-Ti oxides
(ilmenite and titanomagnetite; 2.0%), silica (0.5%) and mesostasis
(aphanitic interstitial late-stage melt at the margins of phosphate
and plagioclase grains; 0.5%). Clinopyroxene crystals occur as pris-
matic grains up to 4 mm in length, and are irregularly zoned from
pigeonite to augite compositions (Hui et al., 2011). The pyroxenes
also contain domains with symplectites that are similar to some
of the other basaltic shergottites: e.g. Shergotty, Zagami and Los
Angeles (Aramovich et al., 2002; Warren et al., 2004). These sym-
plectites consist of Ca-pyroxene, silica and fayalitic olivine, and are
interpreted to have been formed via breakdown of ferrosilite-rich
pyroxene (pyroxferroite breakdown material: PBM) at low pressure
during cooling (Aramovich et al., 2002).

NWA 5298 is a highly shocked meteorite, and shock meta-
morphic features are pervasive throughout the studied sample.
These include: (1) dark pockets of quenched, glassy impact melt
up to 3 mm in diameter (Fig. 1A), which contain fragments of
shocked and unmelted clinopyroxene with resorbed margins, and
REE patterns that are parallel to that of phosphates in NWA 5298
(Hui et al.,, 2011), distinguishing them chemically from mesostasis;
(2) highly fractured clinopyroxene grains exhibiting sub-parallel
sets of irregularly-spaced fractures; (3) and pervasive transforma-
tion of plagioclase to an isotropic, glassy form (maskelynite).

The maskelynite grains typically have central domains of
isotropic glass with smooth textures in reflected light, and margins
or entire grains with spherulitic textures and melt veins within
surrounding clinopyroxene, suggesting that melting of the plagio-
clase was widespread (e.g. Fig. 2A, B). Shock transformation of
plagioclase in NWA 5298 (An40-55; Hui et al., 2011) to maske-
lynite suggests a shock pressure of at least 29 GPa (Stoffler et al.,
1986). Furthermore, the maskelynite is commonly vesicular, with
vesicles up to hundreds of microns in diameter, similar to observa-
tions from other highly shocked shergottites including NWA 4797
(Walton et al., 2009), NWA 6342 (Irving et al.,, 2011) and Dhofar
378 (Ikeda et al., 2006). Given that vesiculation of silicate melts
is inhibited at high pressures (Chen and El Goresy, 2000), this
indicates that plagioclase melting took place at relatively low pres-
sures during or immediately following decompression. This relative
timing is supported by the presence of radiating fractures within
pyroxene grains that surround maskelynite, as expected from vol-
ume increase of the maskelynite. Pyroxene grains in contact with
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