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PLANETARY SCIENCE

Zircon trace element evidence for early hydrothermal

activity on Mars

Jack GiIIespie1’2*, Aaron J. Cavosie?3, Denis Fougerouse2’4, Cristiana L. Ciobanu®,
William D. A. Rickard?**, David W. Saxey2'4, Gretchen K. Benedix?, Phil A. Bland?

Finding direct evidence for hydrous fluids on early Mars is of interest for understanding the origin of water on
rocky planets, surface processes, and conditions essential for habitability, but it is challenging to obtain from
martian meteorites. Micro- to nanoscale microscopy of a unique impact-shocked zircon from the regolith breccia
meteorite NWA7034 reveals textural and chemical indicators of hydrothermal conditions on Mars during crystal-
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lization 4.45 billion years ago. Element distribution maps show sharp alternating zoning defined by marked
enrichments of non-formula elements, such as Fe, Al, and Na, and ubiquitous nanoscale magnetite inclusions. The
zoning and inclusions are similar to those reported in terrestrial zircon crystallizing in the presence of aqueous
fluid and are here interpreted as primary features recording zircon growth from exsolved hydrous fluids at
~4.45 billion years. The unique record of crustal processes preserved in this grain survived early impact bombardment
and provides previously unidentified petrological evidence for a wet pre-Noachian martian crust.

INTRODUCTION

Hydrothermal systems are considered critical for the development
of life, and so understanding the origin, distribution, and duration
of such environments in the geological record of Mars is of primary
interest (I). Spacecraft data have documented fluvial landforms and
widespread occurrences of phyllosilicates in Noachian crust that
record the action of surface water on Mars before ~3.8 billion years
(Gyr) ago (2-4). Hydrothermal systems have also been implicated
in the generation of strong remnant magnetization of the martian
crust, which preserves a record of the existence of a geodynamo in
the early part of martian history (5). A better understanding of the
timing of hydrothermal activity is critical, therefore, not only for a
better understanding of surface hydrology but also for the deep
structure of Mars.

The group of martian meteorites comprising Northwest Africa
7034 (NWA7034) and 18 paired stones (6) are polymict regolith
breccias and represent the only available samples of the surface of
Mars. These meteorites are useful for studying water on early
Mars due to several important properties: They contain a high abun-
dance of very ancient [~4.4 billion years (Ga)] material compared to
other classes of martian meteorites, they are unusually water rich,
and they are highly magnetized (7, 8). They collectively represent a
unique archive to understand the timing and origin of hydrother-
mal activity on Mars and the connection with a highly magnetized
Noachian crust (9).

This study focusses on an impact-shocked zircon grain previously
identified in a chip of the NWA7034 polymict regolith breccia (10).
This grain contains {112} deformation twins and is now the only
reported zircon from Mars in which diagnostic evidence for shock
deformation has been documented (11). The deformation twins
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record high-pressure shock conditions (>20 GPa) (12, 13) as the
result of a meteorite impact experienced by the grain during its
history. The lack of high-pressure shock indicators in other zircon
grains (11) and other minerals in the breccia sample (14, 15) indicates
that the impact event recorded by this zircon predates formation of
the regolith breccia and, thus, is unrelated to its ejection from the
surface of Mars. The studied grain is an angular fragment broken
from a larger zircon; previous U-Pb dating by ion microprobe of this
zircon produced a concordant age of 4452.7 + 17.4 million years (Ma)
(10). This age places crystallization of the zircon in the midst of the
oldest population of zircons from Mars (4.48 to 4.43 Ga) (16, 17).

Here, we apply a suite of micro- to nanoscale analytical tech-
niques including scanning electron microscopy (SEM), time-
of-flight-secondary ion mass spectrometry (ToF-SIMS), transmission
electron microscopy (TEM), and atom probe tomography (APT)
to investigate the geochemical and textural distribution of trace
elements in this unique grain. In particular, we focus on non-
formula elements that are not typically incorporated in zircon dur-
ing magmatic crystallization. We then explore the implications of
trace element distribution in this zircon for understanding the
early development of Mars.

RESULTS

Growth zoning defined by non-formula elements
Cathodoluminescence (CL) imaging reveals that the zircon contains
regular growth zones that correspond to {111} and {100} crystal faces
(Fig. 1A). Electron backscatter diffraction analysis shows that the
{112} deformation twins (Fig. 1B) (10) crosscut the growth zones. Ion
imaging by ToF-SIMS probed the polished surface of the grain with
a ~100-nm lateral resolution, in regions away from cracks and the
grain margin (Fig. 1A). The ion images show that the growth zones
are defined by micrometer-wide (1 to 10 pm) bands of non-formula
elements including Fe, Al, and Na in parallel layers of alternating
intensity that are coherent with banding visible in CL (Fig. 1). Hetero-
geneities in the sub-micrometer-scale element distribution within
these bands are readily apparent at length scales an order of magni-
tude smaller than the growth zones, particularly for Fe (Fig. 1C). A
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{112} twins

Fig. 1. Micrographs of the shocked martian zircon grain showing key features.
(A) Cathodoluminescence (CL) image with visible banding in zircon, showing the
area analyzed by ToF-SIMS. (B) Band contrast (BC) image from electron backscatter
diffraction analysis showing planar features including {112} shock twins, in addition
to the locations of TEM foil and APT needles. (C to F) ToF-SIMS maps showing
relative Fe, Y, Na, and Al abundance variations.

heterogeneous elemental distribution is also apparent for Na, although
to alesser degree (Fig. 1D), whereas other elements (Y and Al) appear
to be homogeneously distributed within growth zones (Fig. 1, E
and F). No variation in the distribution of these trace elements
associated with the shock twins was detected at the resolution of
ToF-SIMS analysis.

Deformation of magnetite inclusions by shock twins

To further resolve the heterogeneous nature of Fe distribution at
sub-micrometer scale, we extracted a thin foil from the zircon for
analysis by energy-dispersive x-ray spectroscopy using scanning
TEM (EDS-STEM) (Figs. 1B and 2A). Within the foil, the {112}
shock twins dip at ~60°. Ubiquitous 10- to 100-nm-sized magnetite
inclusions are visible in high-angle annular dark-field (HAADF)
images (Fig. 2, B to D). Some magnetite inclusions in the vicinity
of the shock twin planes exhibit conspicuous lattice deformation
that is not present in magnetite inclusions elsewhere (Fig. 2B).
The termination of a zircon {112} twin plane at the margin of a
magnetite inclusion (Fig. 2D) provides a critical crosscutting rela-
tionship, showing that {112} twin formation postdated formation of
the magnetite inclusions. All studied magnetite inclusions are located
within well-ordered domains of zircon that preserve no indication
of radiation damage at a TEM scale. The concentrations of minor
elements in the TEM foil were measured by EDS-STEM and yield
compositions of ~0.5 atomic % (at %) Y, 1.0 to 1.3 at % Fe, and
0.3 to 0.8 at % Al (table S1). High-resolution EDS-STEM analysis
further shows the highly crystalline nature of the zircon and also
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found conspicuous nanometer-scale enrichments in Fe along the
{112} twin planes (Fig. 2, E and F).

Atom-scale distribution of Fe-Al-Y

The distribution of Fe, Al, and Y at an atom scale was investigated by
APT analyses of zircon specimens extracted from one of the shock
twins (see location in Fig. 1B). Clusters defined by a 0.34 at % Y
isoconcentration surface have an average diameter of 4 nm and are
enriched in Fe, Al, and Y (Fig. 3, A to C), with compositions of 0.0
to 2.1 at % Fe, 0.0 to 1.4 at % Al, and 0.4 to 3.7 at % Y (Fig. 3D and
table S2). The Fe and Y concentrations in the clusters display an
inverse relationship, with values varying continuously across the
compositional ranges (Fig. 3D); Al contents had a weak inverse rela-
tionship to Y contents. The size of the nanoscale Fe-bearing clusters
observed by APT is distinctly smaller than the magnetite inclusions
observed in TEM images (Fig. 3C). The larger magnetite inclusions
are clearly distinguishable by chemical composition from the smaller
Fe-rich clusters within the zircon.

DISCUSSION

Hydrothermal origin of growth zoning

Growth zones in the martian zircon are defined by high concentra-
tions of Fe, Al, and Na (Fig. 1), which are not typical elements that
partition into zircon during magmatic crystallization (18). The lack
of alteration features makes it difficult to envisage wholesale incor-
poration of trace elements and inclusions at some later geologic time
without also disturbing and/or age resetting the U-Pb isotopic
system of the zircon (19). The regular banding defined by non-
formula elements observed in this zircon shares some similarities to
growth zones defined by Fe, Ca, and Cl observed in zircons from
granites in the Mesoproterozoic Olympic Province of South Australia,
which are, likewise, interpreted to have been produced by fluids
exsolved during magmatic crystallization (20). We thus argue that
the martian zircon grew during a high-temperature hydrothermal
event at 4.45 Ga (the concordant U-Pb age obtained for the zircon),
involving contemporaneous crystallization of both zircon and
magnetite from an oxidizing hydrous fluid. This is consistent with
other evidence for the exsolution of oxidizing fluids during igneous
crystallization from studies of lithic clasts within the NWA7034
regolith breccia (15).

Significance of nanoscale magnetite inclusions

Textural characteristics and petrogenesis of magnetite inclusions
within terrestrial zircon have been investigated previously because
of their significance as a carrier phase for ancient magnetic paleoin-
tensity records (21-24). Direct observations of magnetite inclusions
in igneous zircon by SEM and TEM find that they most commonly
occur in textural features indicative of alteration or damage, such as
cracks, pores, and in metamict (radiation damaged) zones, and are,
therefore, typically considered to represent a secondary alteration
mineral rather than a primary magmatic mineral (22, 23, 25). In
contrast, the magnetite inclusions described here are encapsulated
within pristine zircon that records no evidence of radiation damage,
lattice recovery, or fluid alteration (Fig. 2). The lack of observed
radiation damage at the TEM scale is consistent with low U [28 to
46 parts per million (ppm)] and Th (23 to 39 ppm) concentrations
(10), which limit the maximum accumulated alpha-recoil damage
since crystallization to a calculated dose of 4.8 x 10" to 8.0 x 10"
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Fig. 2. TEM images of nanoinclusions and twin planes within the zircon. (A) Distribution of magnetite inclusions within the zircon relative to {112} twins, (B and
C) magnetite inclusions within zircon, (D) termination of a zircon {112} twin at magnetite inclusion, and (E and F) {112} deformation twin in zircon, with elevated Fe counts

along the twin plane.
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Fig. 3. APT reconstruction showing non-formula element distributions in the shocked martian zircon. (A to C) Y, Al, and Fe clusters, and (D) composition of trace
element clusters within the zircon showing concentrations of Y, Fe, and Al in units of atomic %.

a/g, a value far below the first percolation threshold (~2 X 10'® a/g)
(26). We thus interpret that the magnetite inclusions are primary
features that originated by co-crystallization of magnetite and
zircon at 4.45 Ga.

Trace element cluster formation by meteorite impact
Nanoscale trace element clustering in zircon resolved by APT has
been shown to reveal a variety of cryptic processes related to igneous,
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metamorphic, and alteration events that cannot be detected by other
means (24, 27, 28). Trace element clusters in ancient terrestrial zircon
have been interpreted to form by thermally activated diffusion over
several million years at high temperatures (27, 29) and also in re-
sponse to short-duration shock metamorphism during meteorite im-
pact (28, 30).

Numerous lines of geochronological evidence suggest that the
source material of the NWA7034 regolith breccia experienced a
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thermal event around 1.7 to 1.4 Ga, with temperature estimates in
the range of 500° to 800°C, as derived from a combination of isotopic
and petrological observations (31). However, temperatures on the
upper end of this range are only possible if short lived, and many
authors favor a long-lived, low-temperature thermal event (17, 31-
33). Thermally activated diffusion to concentrate Y and rare earth
elements into clusters throughout crystalline zircon requires tem-
peratures of 800°C for 2 Ma (27). This is incompatible with any
proposed thermal history now suggested for the source of the
NWA7034 regolith breccia, making long-duration thermal diffusion
an unlikely explanation for the observed clustering. Given the
presence of {112} shock twins in the grain, the same impact event
that created the shock twins likely also caused the nanoscale trace
element clustering. Therefore, we suggest that the nanoscale trace
element clustering and Fe enrichment along {112} twin planes
occurred before the 1.7- to 1.4-Ga thermal episode, during a meteorite
impact event as early as 4.3 Gyr (10) or 4.44 Gyr ago (17) that
created the shock twins (Fig. 4). Prior studies have related the age of
Pb clusters in terrestrial zircon to causative impact events (28, 30).
However, because of the overall low U concentration, the martian
zircon analyzed here has insufficient radiogenic Pb to record the
absolute timing of cluster formation, which remains speculative.

Implications for the early crust and hydrosphere of Mars

We propose that the 4.45-Ga crystallization age of the shocked zircon
grain provides a minimum age for the presence of a magmatic hydro-
thermal system in the martian crust, under oxidizing conditions
necessary to crystallize magnetic inclusions capable of recording the
presence of a global geodynamo. The unusually high magnetism of

the NWA7034 meteorite and paired stones compared to other mar-
tian meteorites and the compositional similarity of the polymict rego-
lith breccia to the bulk composition of the martian crust have been
cited to propose this rock as an analog for the strongly magnetized
Noachian crust of Mars (9). This characterization is consistent with
a proposed ejection site for these meteorites in the Terra Cimmeria-
Sirenum province in the southern highlands of Mars (34). Terra
Cimmeria-Sirenum is the most highly magnetic region of the martian
crust and contains the Eridania basin, which preserves evidence of
extensive hydrothermal alteration (35, 36). Hydrothermal alteration
has long been suggested as a possible cause for the highly magnetic
properties of parts of the martian crust (5), a hypothesis supported by
evidence for early (pre-Noachian or Noachian) hydrothermal activity
preserved in the unusually water-rich and highly magnetic lithology
of NWA7034 (7, 9, 37).

MATERIALS AND METHODS

Time-of-flight-secondary ion mass spectrometry

ToF-SIMS was used for high-spatial resolution chemical mapping
of the major and trace elements in the zircon. An IONTOF M6
located in the John de Laeter Centre at Curtin University was used
for the ToF-SIMS analysis. A 30-keV Bi* primary ion source was
operated in Fast Imaging mode to achieve a lateral resolution of
~100 nm. The pulsed ion current was 0.15 pA. The ToF mass
analyzer was operated in High Data Rate mode, and positive ions
were collected up to a mass-to-charge ratio of ~310. The analyzed
region was defined within a 50 pm-by-50 pm scan area to only
include the grain of interest. The grain was pre-sputtered with an O,
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Fig. 4. Model of zircon growth and deformation in the context of the martian crust from 4.5 Ga to ejection of NWA7034 from Mars. Geological reconstruction
based on the integration of results from prior work (70, 76, 33) and from this study.
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ion source (1 kV, 235 nA) for 30 s to remove surface contamination.
Data was analyzed using IONTOF Surface Lab version 7.3.

Transmission electron microscopy

Nanoscale study, HAADF STEM imaging, and EDS spot analysis/
mapping were performed using an ultrahigh-resolution, probe-
corrected, FEI Titan Themis S/TEM operated at 200 kV housed at
Adelaide Microscopy at the University of Adelaide (20). This instru-
ment is equipped with the X-FEG Schottky source and Super-X EDS
geometry. The Super-X EDS detector provides geometrically sym-
metric EDS detection with an effective solid angle of 0.8 sr. Probe
correction delivered sub-angstrom spatial resolution, and an inner
collection angle greater than 50 mrad was used for HAADF experi-
ments using the Fischione HAADF detector.

Atom probe tomography

APT has the capability of determining the distribution of major and
trace elements at sub-nanometer resolution for mineral samples (38).
The APT needle-shaped specimens were prepared using a Tescan
Lyra3 Ga* focused ion beam coupled with a scanning electron micro-
scope (FIB-SEM) at Curtin University. The position of the APT
specimens was precisely targeted using electron beam deposited Pt
fiducials (39). The specimens were analyzed using a Cameca LEAP
4000X HR at Curtin University. The instrument was operated in
laser-assisted mode, using a ultraviolet (A = 355 nm) laser. The laser
was pulsed at 200-kHz repetition rate and a laser pulse energy of
300 pJ. During analysis, the specimens were kept at a base temperature
of 60 K, and an automatic detection rate was set at 0.01 ions per pulse.
In the mass-to-charge spectra, peaks twice higher than the back-
ground were ranged and identified for three-dimensional reconstruc-
tion using Cameca’s AP Suite 6.3. Voltage evolution reconstructions
were performed using a detector efficiency of 0.36, an image compres-
sion factor of 1.65, and a k-factor of 3.3. For reconstruction of zircon,
an atomic volume of 0.01076 nm” per atom was used, and the electric
field was empirically determined at 32 V/nm (40). The mass resolving
power (m/Am, where the peak width Am is the full peak width at half
its maximum height) of zircon APT data is ~1000, which provides
good separation of peaks with differing mass numbers while not fully
resolving isobaric interferences. However, there are no significant
overlaps of the Fe, Al, and Y ion peaks with those of formula elements
in zircon. Furthermore, the overlap between >’ A" and **Fe™™ is easily
de-convolved using the natural abundance of Fe isotopes among the
Fe'™ peaks, and the majority of Al is detected as AI™ at 13.5 Da, with
no overlap with other ions. Trace element clusters were defined and
analyzed using the maximum separation method (41), integrated into
AP Suite 6.3, with dpyax = 2 nm, N,y = 15, identifying a total of
320 clusters. Background correction was not required in the cluster
analysis as the interference with background counts is expected to be
insignificant when examining such spatially localized features.

Supplementary Materials
This PDF file includes:
Tables S1and S2
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