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Solving the Martian meteorite age conundrum using
micro-baddeleyite and launch-generated zircon

D. E. Moser!, K. R. Chamberlain? K. T. Tait?, A. K. Schmitt?®, J. R. Darling't, I. R. Barker' & B. C. Hyde?

Invaluable records of planetary dynamics and evolution can be recov-
ered from the geochemical systematics of single meteorites'. However,
the interpreted ages of the ejected igneous crust of Mars differ by up to
four billion years'®, a conundrum’ due in part to the difficulty of
using geochemistry alone to distinguish between the ages of formation
and the ages of the impact events that launched debris towards Earth.
Here we solve the conundrum by combining in situ electron-beam
nanostructural analyses and U-Pb (uranium-lead) isotopic measure-
ments of the resistant micromineral baddeleyite (ZrO,) and host
igneous minerals in the highly shock-metamorphosed shergottite
Northwest Africa 5298 (ref. 8), which is a basaltic Martian meteorite.
We establish that the micro-baddeleyite grains pre-date the launch
event because they are shocked, cogenetic with host igneous minerals,
and preserve primary igneous growth zoning. The grains least affected
by shock disturbance, and which are rich in radiogenic Pb, date the
basalt crystallization near the Martian surface to 187 = 33 million
years before present. Primitive, non-radiogenic Pb isotope composi-
tions of the host minerals, common to most shergottites'™, do not
help us to date the meteorite, instead indicating a magma source
region that was fractionated more than four billion years ago’ > to
form a persistent reservoir so far unique to Mars"’. Local impact
melting during ejection from Mars less than 22 + 2 million years
ago caused the growth of unshocked, launch-generated zircon and
the partial disturbance of baddeleyite dates. We can thus confirm
the presence of ancient, non-convecting mantle beneath young vol-
canic Mars, place an upper bound on the interplanetary travel time of
the ejected Martian crust, and validate a new approach to the geochro-
nology of the inner Solar System.

A puzzle in Martian science is that basaltic shergottites yield whole-
rock and non-radiogenic mineral Pb-Pb isotopic compositions consist-
ent with a primary Noachian (approximately four billion years (Gyr)
ago) age for crystallization®, whereas mineral isochrons consistently
return ‘young’ late-Amazonian (<<0.6 Gyr) ages' . Resolution of this
shergottite “age conundrum”™ by U-Pb dating of microcrystals of the
accessory phase baddeleyite (ZrO,) has been pursued™®, although the
small target sizes pose technical challenges. Questions persist as to
whether the young dates reflect magmatism or disturbance by meta-
morphic events on Mars, including shock metamorphism before and
during meteorite ejection*’. Shock experiments aimed at resolving the
conundrum predict that shock unloading and the attendant heating do
not cause significant Pb-loss from baddeleyite, although it is acknowl-
edged that experiment shock loading paths may not be entirely ana-
logous to nature'®. Similar experiment-based predictions were made
for the mineral zircon, but these did not apply to natural samples where
shock heating and related fluid activity were significant'*">. Here we
combine in situ U-Pb and Pb-Pb isotopic analyses, including the recently
developed technique of secondary ion mass-spectrometry (SIMS) micro-
baddeleyite dating'®", with chemical and microstructure data obtained
with electron nanobeam techniques including cathodoluminescence and

electron backscatter diffraction (EBSD) that can reveal baddeleyite para-
genesis and degree of alteration by shock processes' before dating. We
have focused on micro-baddeleyites from shergottite NWA 5298 (ref. 8),
accession number M53387 from the Royal Ontario Museum’s meteorite
collection, one of the most highly shocked shergottites, to demonstrate
our methodology for resolving primary and shock-related age records.
Meteorite NWA 5298 is an enriched basaltic (diabasic) shergottite
exhibiting a primary igneous texture, which, apart from its relatively
oxidized state, is chemically similar to other basaltic shergottites
including Shergotty, Zagami and Los Angeles®. It is an unbrecciated,
highly shocked igneous rock that probably crystallized from a thick
lava flow. Partial breakdown of pyroxferroite to fayalite suggests
reheating by a later event such as overlying lava flow or shock heating®.
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Figure 1 | Nanostructural data for Martian baddeleyite grains showing
igneous growth zoning, shock state and launch-generated reaction rim of
unshocked zircon. a, Secondary electron micrograph of euhedral micro-
baddeleyite Grain 16 after partial (upper left) ablation by SIMS. We note

its granular texture, caused by shock metamorphism. b, Cathodoluminescence
image revealing planar trace-element banding typical of igneous crystallization,
and zircon rim (magenta) on the side of the grain nearest to a quenched melt
pocket. ¢, False-colour element map based on X-ray energy dispersive
spectroscopy showing baddeleyite (pink), zircon rim (red) and host
maskelynite (green). d, EBSD band contrast (diffraction signal strength) map
(50 nm step size) indicating weak diffraction in all phases, owing to shock,
except for the unshocked zircon rim crystallites (red) that grew during the
launch from Mars (the inset shows a representative electron backscatter
diffraction pattern for zircon).
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Pervasive maskelynite indicates shock pressures of at least 29 = 1 GPa
and as high as 80 GPa (ref. 8). Baddeleyite grains range in size from
2 um to 30 pm in the longest dimension, and occur as euhedral to
subhedral elongate to blocky grains intergrown with, or at the bound-
aries of, larger main-phase minerals, occasionally near quenched melt
pockets (such as Grain 16; see Fig. 1 and Supplementary Figs 1 and 3).

Scanning electron microscopy/cathodoluminescence imaging of
submicrometre variations in trace-element chemistry revealed several
zoning types. Most grains exhibit narrow, bright blue rims surrounding
a dark core of weak, broadly concentric, discontinuous, linear zoning.
A subset of grains, often with subhedral to euhedral outlines, exhibits
oscillatory planar growth banding that is parallel to straight grain mar-
gins or forms triangular sector zoning (Fig. 1b). We report similar sector
zoning in igneous micro-baddeleyite from an unshocked terrestrial
gabbro sill (Supplementary Fig. 2). Common to the exterior surfaces
of many grains is a discontinuous and very narrow rim of zircon, up toa
few micrometres in width, identified initially by X-ray energy mapping
and confirmed by EBSD (Fig. 1c, d; Supplementary Table 1). In many
cases the zircon also fills thin fractures within the micro-baddeleyite.
Zircon luminesces in the ultraviolet range and has replaced baddeleyite
or grown outward from the baddeleyite grain margin along shock
microstructures attributable to post-shock decompression’.

Structural alteration of the baddeleyite grains by shock is indicated by
high-magnification secondary electron and backscatter electron imaging
of grain interiors, which reveals roughly equant granules with diameters
of about 0.1 pm or less (see Fig. 1a). Electron diffraction patterns are
sensitive to lattice disorder, as seen in Apollo lunar zircon'®, and here
EBSD mapping at maximum resolution (50 nm) indicates that badde-
leyite crystallinity is degraded, and lattice orientation is variable, at length
scales below 50 nm. The grains appear nearly as amorphous as the host
maskelynite glass (Fig. 1d) generated by the Martian impact and launch
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event®. The only unshocked mineral identified, other than quenched melt
pockets, are the zircon rims that crystallized around shocked micro-
baddeleyite. High-magnification backscatter electron and EBSD analysis
of the zircon (Fig. 1d; Supplementary Table 1) failed to show any evidence
of shock microstructures such as planar features, curviplanar features,
shock microtwins® or reidite (the high-pressure ZrSiO, polymorph).
Low-magnification imaging of baddeleyite Grain 16 reveals a spatial
correlation between the site of zircon growth and the Si-enriched margin
of a quenched melt pocket (Supplementary Fig. 3), the latter a common
feature of this strongly shock-heated and rapidly cooled shergottite.

SIMS analysis (n = 20; all uncertainties at 2o confidence level) of 15
grains of partially amorphous baddeleyite, all but one (G2457) rimmed
by post-shock zircon, revealed relatively low U abundance (about 50
parts per million, p.p.m., to 300 p.p.m.) compared to the reference stand-
ard, and proportions of radiogenic Pb that range widely from 97% to
19% (Supplementary Table 2). The U-Pb data (corrected for common
Pb measured in neighbouring minerals) form an array parallel to the
Tera-Wasserburg concordia, ranging between 227 % 18 million years
(Myr) and 22 * 2 Myr in apparent age (Fig. 2, Supplementary Table
2), indicative of varying degrees of recent Pb loss. A broad correlation
exists between microstructure and *°*Pb/>**U dates in that the four
grains with preserved igneous zoning are among the six oldest badde-
leyite dates, with the oldest grain (G2457), which is unzoned and
intergrown with pyroxene, lacking a reaction rim of post-shock zircon.
Together, these data are characteristic of an igneous population of
uniform age which has experienced variable degrees of recrystalliza-
tion, reaction to zircon, and single-stage Pb loss during locally intense
shock metamorphism.

Our best estimate of the magmatic crystallization age is obtained
from the three grains which yielded both the oldest and least disturbed
295pb/>*8U dates (169 = 16 Myr to 227 = 18 Myr) and also the highest
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Figure 2 | U-Pb and Pb-Pb (inset) plots of
isotopic data (2¢ confidence level) for
baddeleyite and neighbouring igneous minerals
indicating a young crystallization age, variable
age disturbance by shock, and inherited
primitive Martian Pb. a, Tera-Wasserburg
concordia plot of in situ SIMS U-Pb baddeleyite
data (n = 20), corrected for common Pb (see
Methods). The original age of the population is
interpreted to be 187 * 33 Myr, based on the

h weighted 2062381 dates of the four oldest, most
radiogenic analyses, such as G1983
(Supplementary Table 2), with younger grains
exhibiting partial Pb loss owing to shock less than
22 = 2 Myr ago. b, Pb-Pb plot of uncorrected Pb
measurements (n = 15) from the same
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measurements of neighbouring phases (mask,
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Figure 3 | Three-stage evolution of Martian crust recorded by basaltic
shergottite NWA 5298, based on geochemical and nanostructural
observations. a, Digital elevation map of Mars showing the hemispheric
dichotomy caused by an early giant impact® about 4 Gyr ago, which is one of
the processes that may have preserved extremely depleted, ancient mantle
reservoirs. b, An igneous event at 187 = 33 Myr (0.2 Gyr) sourced by non-
convecting, depleted mantle, most probably due to endogenic hotspot
volcanism (for example, Tharsis Montes). The inset shows igneous
cathodoluminescence zonation in micro-baddeleyite in the region of

NWA 5298 least affected by the later shock event (scale bar, 5 pum). ¢, Spallation
of parent body of meteorite NWA 5298 and other ejecta by oblique impact on
Mars at some time after 22 = 2 Myr ago. The second inset shows ejectic zircon
filling shock microstructures (scale bar, 5 um) owing to shock-triggered Si
release during cooling and the launch toward Earth (Supplementary Fig. 2).

proportions of radiogenic Pb (68% to 96%), such that the *°°Pb/>**U
dates are least affected by uncertainty in the common Pb correction.
On the basis of the weighted mean of the 205ph/238J dates (n = 4), the
best interpretation of the age of baddeleyite and Martian magma crys-
tallization is 187 = 33 Myr (Fig. 2a). This is consistent with many
mineral isochrons from previous studies such as the value of about
200 Myr obtained from high-precision measurements for Shergotty,
Zagamiand EETA 79001 (ref. 1) (Fig. 2b) and more recent, less precise
laser and ion probe results for phosphates or baddeleyite in other
shergottites®*'®. The Pb-Pb data for baddeleyite have a scalene tri-
angular distribution (Fig. 2b) that indicates three-component mixtures
of radiogenic Pb with terrestrial common Pb and Martian common Pb
from surrounding mineral phases and surfaces. The y-axis intercept of
this distribution corresponds to **’Pb/***Pb model ages of 419 Myr
and 0 Myr if regressed through fixed end-member compositions of the
most non-radiogenic known Martian Pb (ref. 20) and modern terrest-
rial Pb, respectively (Fig. 2b). The associated model age uncertainties
are comparatively large (hundreds of millions of years) with respect to
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the U-Pb geochronology, yet the data are useful for resolving the age
conundrum in that they are insensitive to shock-induced isotopic
disturbance, and are clearly impossible with regard to a 4-Gyr crystal-
lization age (Fig. 2b).

The isotopic values of common Pb measured in igneous phases
(Supplementary Table 3) are also explicable as mixtures of modern
terrestrial Pb and primitive Martian Pb (Fig. 2b). Values for pyroxene,
maskelynite and titanomagnetite, as well as a melt pocket, overlap the
linear array defined by mineral and whole-rock Pb-Pb values from all
other basaltic shergottites*'>*°, with the least radiogenic Pb value for
maskelynite approaching the most primitive known shergottite value®.
The slope of the array therefore has no age significance® except that the
primitive Pb composition signifies an ancient fractionation event in the
first several hundred million years of Martian evolution®*'. The prim-
itive Pb of NWA 5298 and other shergottites is therefore best explained
as a chemical signature inherited from the upper mantle that melted
to form the shergottite parent magma, rather than the age of magma
crystallization itself*.

Many workers have pointed out that parts of the upper mantle of
Mars must have maintained very low 23817/204Ph values>* 2, and been
chemically isolated—resisting convective mixing since early in
Martian evolution. Proposed causes of extreme fractionation of early
Mars range from crystallization of an early magma ocean to early
partial melting of the planet®, perhaps influenced by later planet-scale
impact melting* (Fig. 3a). An ancient source for shergottite magmas is
further supported by the preservation of early geochemical signatures
such as their "2W/"*W, 1>Nd/"**Nd and '*"Re/'*’Os isotopic com-
positions'®'"**. The upper-mantle source region(s) for shergottites™
are therefore ones that have been tectonically static, but punctuated by
large volumes of recent, concentrated melting. A good analogue are the
flanks of the Tharsis Montes at the equatorial bulge of Mars, among the
largest volcanoes in our Solar System?®, which are underlain by sta-
tionary volcanic super cells that pierce the highly cratered Noachian
crust at the edge of the Martian hemispheric dichotomy*® (Fig. 3b).
Rayed craters in the Tharsis Montes have been identified by recent
remote sensing as candidates for one of the launch sites of basaltic
shergottite meteorites”.

The shock metamorphism caused by the launch event resulted in
minor to approximately 80% loss of radiogenic Pb from baddeleyite
(Fig. 2a), a phenomenon useful for bracketing the age of launch events.
Such Pb loss is not anticipated on the basis of shock experiments',
which employ time-separated application of static shock and hours of
post-shock annealing that, perhaps owing to additional differences in
grain size and porosity, do not reproduce the fine-grained shock heat-
ing, metasomatic and quench features which we observe. These include
the unshocked zircon rims around and within fractures of most of our
baddeleyite grains. The absence of the high-pressure polymorph reidite
in rim zircon, and the spatial association of zircon with quenched
pockets of impact melt (Supplementary Fig. 3) is consistent with genesis
from baddeleyite exposed to post-shock silicic fluids in a relatively low-
pressure environment—an ideal agent for Pb loss from baddeleyite
along high-diffusivity pathways created by shock microstructures.

The Martian origin for shergottites was first suggested on the basis of
the signature of Martian atmospheric chemistry trapped in quenched
melt pockets®®, here genetically associated with meteorite ejection and
zircon growth, and it is reasonable to conclude that the zircon grew as
the Martian fragment was cooling and exiting the atmosphere (Fig. 3¢).
Assuming a present atmosphere thickness of 10 km and a typical ejec-
tion velocity of 5kms ™' (ref. 29), the shergottite sample would have
experienced localized temperature changes of up to around 2,000 °C
(ref. 7) in seconds, with some variation in cooling rate depending on
the original size and thermal mass of the ejected body. The rapid pace
of events in this scenario is consistent with the local preservation of
primary trace-element (cathodoluminescence) zoning in baddeleyites,
as well as the extremely thin, micrometre-scale growth of unshocked
zircon along shock microstructures (Fig. 3¢) which we term “ejectic
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zircon”. The 22 = 2 Myr age of the most shock-reset baddeleyite (G1)
is therefore an upper limit on launch age and travel time to Earth,
complementing existing estimates from cosmic ray exposure dating
(see ref. 2 and references therein).

Our integrated microstructural and isotopic analyses allow us to
assign specific geologic events to the three stages of Martian geochem-
ical evolution recognized in meteorites since the earliest studies:
chemical fractionation of the mantle over 4 Gyr ago, relatively recent
melting of that mantle 187 * 33 Myr ago to cause late-Amazonian
basalt magmatism, and a recent launch earthward, perhaps from the
flanks of volcanic systems such as Tharsis Montes, triggered by an
impact on Mars. Future application of our methodology to Martian
meteorites and the broader family of planetary and lunar achondrites
promises a more accurate understanding of the inherent, invaluable
mineral records of inner Solar System evolution.

METHODS SUMMARY

Micro-baddeleyite grains were located in a petrographic thin section of NWA 5298
by electron beam X-ray mapping. Two subsections were cast in separate epoxy
mounts (ROM4 and ROM4b) along with the Phalaborwa baddeleyite standard
(2,060 Myr old)*. Electron nanobeam analyses using secondary electron, back-
scatter electron, cathodoluminescence and EBSD detector systems (Fig. 1) were
performed at the University of Western Ontario’s Zircon and Accessory Phase
Laboratory (ZAPLab) using a Hitachi SU-6600 variable-pressure, field-emission-
gun scanning electron microscope according to protocols described elsewhere'”.
Electron beam analyses preceded ROM4b SIMS measurements. U-Pb and Pb-Pb
in situ measurements (ions collected from domains as small as 4 um) were made
with the University of California Los Angeles’s CAMECA ims1270 ion microprobe
using protocols previously described'”. The proportion of common Pb in NWA 5298
baddeleyite was far higher than that in standards within the same mount (Sup-
plementary Table 2), and in terrestrial and lunar micro-baddeleyite samples mea-
sured in the same SIMS session. The elevated common Pb is therefore intrinsic to the
Martian sample. The ‘blank’ common Pb isotopic composition of the baddeleyite was
determined from SIMS analysis of neighbouring main-phase minerals and a melt
pocket (Supplementary Table 3), and a ***Pb-based method (see Methods) was used
to correct for common Pb and determine radiogenic U-Pb ratios (Supplementary
Table 2). The determination of the common Pb composition of main-phase minerals
by SIMS is described in the Methods.

Full Methods and any associated references are available in the online version of
the paper.
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LETTER

METHODS

Additional SIMS U-Pb analytical details. Analytical conditions followed those
described previously'®'"”, using a primary beam of about 20-um diameter and
oxygen flooding to enhance Pb ionization. Baddeleyite grain lengths ranged from
8 pum to 32 pm, and widths from 2 pm to 12 pm, with aspect ratios as high as 10:1.
The CAMECA ims1270 field aperture was set to achieve effective, approximately
square, sampling regions of between 4 pm and 8 um to minimize contributions
from host phases. Pb-isotopic fractionation in SIMS is insignificant relative to the
level of precision of our measurements, and the agreement between the young Pb—
Pb intercept and U-Pb ages (Fig. 2) alleviates any concerns that beam overlap onto
phases other than baddeleyite and zircon could have introduced analytical bias®.
Post-SIMS imaging confirmed that the ion pits were generally well centred on
baddeleyite. There is no correlation between ***Pb/***U date and grain size.
Moreover, there is no correlation between percentage radiogenic Pb for an analysis
and its Pb peak intensities normalized to the peak intensity for Zr. If the lower
radiogenic Pb contents were due to beam overlap with host minerals, then the ratio
of Pb content to Zr content would be expected to increase (less Zr from the
baddeleyite, more Pb from the host), but this was not observed. Finally, the
analyses with the highest Pb/Zr yielded the oldest ages, and those with the lowest
Pb/Zr yielded the youngest ages. This trend supports our interpretation that the
range in *°°Pb/>**U dates reflects varying degrees of loss of radiogenic Pb.

SIMS common Pb correction of micro-baddeleyite U-Pb ages. The abundance
of common Pb detected in the unknowns (baddeleyite) was increased relative to
terrestrial standard baddeleyite on the same mounts, which necessitated correction

for common Pb derived from two sources—modern terrestrial Pb from the sample
surface and Martian Pb intrinsic to the minerals sputtered during micro-baddeleyite
SIMS analysis. A procedural common Pb ‘blank’ correction was determined by
analysing the main-phase minerals pyroxene, maskelynite and titanomagnetite in
mount ROM4b in the vicinity of the dated baddeleyites, using the same run con-
ditions as for micro-baddeleyite unknowns. Monitor species gold was used to track
within-run ratio variations with increasing sputtering depth beneath the coated
surface, and Pb in a NIST SRM 610 glass cast in the same mount was measured to
gauge relative Pb concentrations. An average Pb isotopic composition among all
three phases was then determined, weighted by the intensity of the ***Pb peak. The
procedural blank composition for the ***Pb-based correction was determined to be
208p/296pp, = 2,192 and 2%*Pb/>’Pb = 2.548 (2¢ confidence levels of 1.7% and
1.0%, respectively). The ***Pb peak was measured whenever possible, and runs
where peak detection showed a >20 p.p.m. deviation between the centring values
for **Zr,0 and uranium oxide were excluded, such that 2**Pb/**°Pb ratios could
not be plotted in Fig. 2b.

SIMS measurement of common Pb isotopic composition of NWA 5298.
Within-run Pb isotopic ratios and intensities during measurement of main-phase
minerals decreased rapidly along with monitor species gold in the first ten of fifty
analytical cycles before approaching plateau values. Hence, these plateau values
(Supplementary Table 3) are our closest approximation to the Martian Pb isotopic
composition of our sample, and indeed our *°°Pb/***Pb and ***Pb/***Pb ratios of
15.1 and 33.1, respectively, for the least-radiogenic mineral (titanomagnetite) are
within the range of whole-rock values for the suite of enriched shergottites®.
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