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Accurately constraining the formation and evolution of the lunar magnesian (Mg) suite
is key to understanding the earliest periods of magmatic crustal building that followed
accretion and primordial differentiation of the Moon. However, the origin and evolution
of these unique rocks is highly debated. Here, we report on the microstructural
characterisation of a large (~250 pm) baddeleyite (monoclinic-ZrQO;) grain in Apollo
troctolite 76535 that preserves quantifiable crystallographic relationships indicative of
reversion from a precursor cubic-ZrO; phase. This observation places important
constraints on the formation temperature of the grain (> 2300 °C) which endogenic
processes alone fail to reconcile. We conclude that the troctolite crystallized directly
from a large, differentiated impact melt sheet 4326 + 14 million years (Myr) ago. These
results suggest that impact bombardment would have played a critical role in the
evolution of the earliest planetary crusts.

Insights into the formation, differentiation and impact bombardment of planetary
bodies have been derived through geodynamic modelling, remote sensing observations, and
isotopic analysis of planetary meteorites and returned samples. The resulting models are
hindered by the paucity of mineralogical evidence that can place direct constraints on these
very high temperature and pressure processes. Although many mineral thermobarometers can
record geological temperatures ranging up to a maximum of ~1500 °C, empirical

mineralogical and geochemical evidence of higher temperatures is often lost due to extensive
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recrystallization and melting (and melt loss) at such conditions. Recently, microstructural
analysis of the accessory mineral baddeleyite has revealed new insights into the high-
temperature history of shock-melted rocks', with grains preserving microstructural evidence
of high-temperature and high-pressure ZrO, polymorphs despite reversion to the stable
monoclinic structure at ambient conditions. For example, tracing the phase heritage of
baddeleyite disassociated from zircon to the cubic-ZrO; structure has constrained peak
temperature conditions of a terrestrial impact melt to > 2370 °C at ambient surface
pressures'? (Figure 1), far in excess of that attainable with traditional mineral
geothermometers!. Previous reports of cubic-ZrO» phase heritage are restricted to grains
found in relatively young terrestrial rocks, such as ~37.8 Ma grains from the Mistastin Lake
impact structure (Canada)'-. As such, the ability for individual baddeleyite grains to preserve
the rich microstructural heritage required to conduct phase reconstruction analysis across
planetary timescales (over four billion years) is currently less established, though zirconia
phase heritage has the potential to yield new insights into the high pressure and temperature
history of Solar System processes'*. Here, we undertake geochemical and microstructural
analyses on an exceptional baddeleyite grain in a sample of the lunar Mg-suite, which reveals
the diagnostic crystallographic relationships indicative of cubic-ZrO, phase heritage. This
observation places new constraints on the mechanisms involved in lunar crustal evolution.
Lunar troctolite 76535, sampled by the Apollo 17 mission, is one of the most
intensively studied samples from the Moon>~’. An unshocked, coarse-grained example of the
Mg-suite, petrological observations suggest 76535 likely crystallized at a depth of 10 to 30
km within the lunar crust® before ejection and transportation to the Apollo sampling sites,
potentially from as far afield as the South Pole Aitken basin®. This low-shock state is
common among samples collected by the Apollo astronauts, with only ~1% of materials
containing maskelynite, a diaplectic glass of feldspar composition only formed at high
pressure (> 28 GPa)'°. The rock has been considered chemically pristine (i.e. endogenously
igneous) principally due to low abundances of highly siderophile elements'!, however Os-
isotope ratios provide evidence for minor meteoritic contamination'?. The Mg-suite as a
whole preserves contradictory chemical signatures, with high Mg/(Mg+Fe) ratios, indicative
of more primitive reservoirs, contrasting with high rare earth element signatures of their
parent melts suggestive of an evolved magmatic source®'*!4. Reconciling these observations
has proved challenging'®, and still represents a major area of uncertainty for lunar scientists

that invokes a mantle overturn hypothesis'*. The chronology of the studied sample has been
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intensively investigated, yielding a '’Sm-'**Nd age of 4307 + 11 Myr’, a Rb-Sr age of 4279
+ 52 Myr’, and an “°Ar-**Ar age of 4249 + 12 Myr!¢, which collectively define a cooling rate
of 3.9°C / Myr’. Following exhumation at 4249 Myr, as defined by the low temperature Ar-
Ar chronometer, there is no evidence for further heating events above ~400 °C.

Within the analysed section (thin section ,51), a large (80 x 250 um) subhedral
baddeleyite crystal displays several distinctive crystallographic domains (each 2 to 50 um in
width) that are clearly observable at the resolution of optical microscopy (Figure 2a). No
amorphous or crystalline silica (SiO2) was observed in direct contact with the analysed
baddeleyite grain, suggesting the phase does not represent a product of high-temperature
dissociation from a zircon (ZrSiOs) precursor'” and instead remained pure ZrO; throughout
its formation and evolution. Electron microprobe analysis (EMPA) of the grain reveals 1.26
wt% TiO; and 1.4 wt% HfO; (all EPMA data are reported in the supplementary materials),
while other impurities (Mg, Ca, Fe, Al, and Si) constitute < 0.08 wt% each in total. Dating of
the grain using secondary ion mass spectrometry (SIMS) reveals a spread of 2°’Pb/2%Pb dates
between 4334.5 £ 4.6 Myr (2o uncertainty) and 4311.3 £ 6.7 Myr, yielding high scatter on
the calculated weighted average age of 4326 £ 16 Ma (2 standard deviation uncertantity). The
grain is between 40 and 63 million years older than previously reported ages from smaller
baddeleyite grains within the same rock (4271 + 29 Myr’). Detailed analysis of the grain
using electron backscatter diffraction (EBSD) techniques facilitated the quantification of the
variant orientations (Figure 2b), revealing a range of unique disorientation relationships
between the domains: predominately 90°/<001>, 180°/<001>, and 180°/<9,0,10>. Reduction
of the entire EBSD dataset using the ARPGE'® software package highlights peaks in
disorientation analysis at 90°, 120° and 180° which, along with the presence of three unique
crystallographic axes in the <010> (b-axis) direction along three <100> cubic directions
(Figure 2c), cannot be explained by reversion from the tetragonal or orthorhombic systems
alone'>* However, the phase heritage of the grain can be confidently associated with
reversion from a single cubic-ZrO; precursor (Figure 2d).

Formative temperatures for cubic-ZrO; vary based on the major and trace element
composition of the ZrO, grain. Although the influence of TiO> and HfO, on the P-T-t
conditions required to induce high symmetary ZrO, polymorphs is unconstrained, oxide
impurities typically have to occur in concentrations on the order of ~10 wt% to substantially
influence phase transformation temperatures within the ZrO, system!°. The temperature

required to induce the cubic-ZrO» phase also varies based on the confining pressure of the
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annealed sample', while the influence of oxygen fugacity on the transition is currently
unknown. However, at ~30 km depth (as estimated for the maximum formation depth of
76535%), an estimated ~0.2 GPa of confining pressure would facilitate formation of cubic-
ZrOzat ~2300 °C.

Thermal models of the Moon cannot reconcile these required temperatures through
endogenic processes alone?’, although impact-induced melting of crustal rocks has been
modelled to generate sufficient temperatures (~2300 °C) as to facilitate cubic-ZrO,
formation!. While this previous occurrence of cubic phase heritage is reported from within
impact melt generated by a small (28 km) impact structure (Mistatin Lake), it is reasonable to
assume that larger melt sheets would reach comparable temperature conditions. Large impact
melt sheets are widely reported from the Moon, with recent studies into the formation of the
South Pole-Aitken basin suggesting that the impactor generated a 50 km deep melt pool?!. An
event similar to this magnitude would be more than sufficient to produce the deep, super-
heated impact melt sheet required to produce both a coarse-grained assortment of
differentiated mafic rocks*? and the high temperature cubic-ZrO, polymorph. It should be
noted that while sufficiently elevated temperatures would also be attained during the Moon-
forming impact itself??, this event occurred up to 200 Myr ago, prior to the genesis of the
76535 troctolite?®. In addition to these chronological constraints, modelling of the event
suggests ~100 % of the particles accreted into the lunar body would have reached
temperatures in excess of 5000°C?3. Significantly in excess of the temperature required to
melt and vaporize ZrO»!”, the Moon forming impact would lead to a complete loss of phase
heritage', and as such we move forward on the assumption that the Moon-forming impact
cannot have been responsible for the formation of the cubic ZrO; polymorph.

Although the crystallization potential of baddeleyite is directly controlled by the
oxygen fugacity and Zr content of the parent magma, in all scenarios it is one of the last
phases to crystallize out of a melt?. Thus, it is unlikely that a super-heated impact melt sheet
would solidify cubic-ZrO; directly unless unrealistically oversaturated in Zr (notably, this has
not been reported from large terrestrial impacts). Baddeleyite crystallizing directly from a
cooling impact melt would be expected to form at lower temperatures (< 1000 °C) and, thus,
not contain the interlocking reversion structures indicative of high-temperature phase
heritage. This suggests that our analysed baddeleyite grain crystallized as m-ZrO, within a
primordially differentiated presusor material (likely KREEP enriched) prior to incorporation

into the impact melt, whereby the elevated magmatic temperatures induced transformation to
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the c-ZrO; structure (>2300 °C; Figure 1). This observation does not contradict the potential
overturn of a lunar magma ocean'#, which could also explain the incorporation of a KREEP-
rich layer into the impact melt environment. Given that disturbance of the U-Pb isotope
system within the baddeleyite grain likely occurred during both phase transition?® and
subsequent annealing?’ it is assumed that the oldest Pb-Pb age recorded by the grain (4334.1
+ 4.2 Ma) represents the age of reversion from the high-temperature cubic-ZrO, structure.
The 34 million year spread of Pb-Pb ages (4299.5 + 8.8 to 4334.1 £ 4.2 Ma) supports this
observation (Figure 3), hinting at staggered resetting of the U-Pb systematics during
incorporation into the impact melt sheet. Fresh baddeleyite growth likely occurred at 4271 +
29 Ma (based on previous dating of significantly smaller baddeleyite®) during the final
crystallization stages of troctolite 76535 as supported by the observed age overlap with whole
rock Ar-Ar chronometry'®. Importantly, our new Pb-Pb data are concordant with two impact
grown zircons recovered from a breccia containing clasts of shocked Mg-suite norite and
impact melt (Apollo 15 sample 15455) that record ages of 4332 + 6 Ma and 4326 + 10 Myr
28 These zircon grains contain remnant baddeleyite cores, and are interpreted as
recrystallizing and dissociating during an impact event (whereby the ZrSiO4 grains separate
to the constituent oxides ZrO> and SiO; above ~1650 °C!7). Coupled with our new temporal
and temperature constraints from coarse grained troctolite 76535, these observations provide
an argument for the generation of a large, super-heated impact meltsheet at ~4330 Myr ago,
for which the Mg-suite appears to retain robust crystallographic and isotopic evidence.

Our findings provide new insights into the potential formation mechanisms for the
earliest secondary lunar crust. Measurement of 2°7Pb-2%Pb ages of baddeleyite and zircon,
along with refractory 'Y’Sm-'¥3Nd and '**Sm-'*>Nd isotope systematics suggest that the
ferroan anorthosite (FAN) suite of rocks formed as young as 4360 + 3 Ma?’, supporting either
a young Moon (which is problematic given the oldest lunar zircon, dated at 4417 + 6 Ma*®) or
formation of early lunar crust through non magma ocean processes. Here, the discovery of
the high temperature (> 2300 °C) cubic-ZrO> polymorph in Apollo 17 trocolitite 76535
suggests that large differentiated impact melt sheets could provide a mechanism for crustal
formation immediately after lunar magma ocean crystallization, either in conjuction with or
instead of rejuvenated or serial endogenic magmatism. This discovery supports
interpretations of the Sr and Nd isotope systematics of FAN sample 60025 and Mg-suite
sample 76535 which imply that both the FAN and Mg-suite crystallised from magmatic

reservoirs that became isolated almost immediately before the crystallization of the rocks’.
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Although these Sr and Nd isotope systematics could also be explained by minimal
differentiation of the bulk Moon’, variations in major and trace element composition of the
Mg-suite rocks support rapid formation and isolation of source magmas. This rapid
generation of distinct source magmas for the FAN and Mg-suite could be facilitated by
impact bombardment, with insulated melt sheets encouraging the localised slow cooling and
differentiation of Mg-suite rocks. Any siderophile element signature inherited from the
meteoritic impactor could be diluted and heterogeneously distributed throughout the large
impact melt sheet’!, and thus measured abundances would vary throughout the resultant
lithologies. In addition, at least one large impact around 4330 Myr ago would account for the
preponderance of Sm-Nd and Lu-Hf model ages around this time*?, as well as an observed
peak in zircon U-Pb ages®®. Super-heated impact-induced melt sheets provide an alternative
and, based on our new crystallographic and chronological evidence, more likely explanation
for this observed clustering of ages.

Though a differentiated impact-melt sheet origin was previously proposed for the Mg-
suite troctolites in the early 1990°s*3, this model has been generally disregarded by more
recent studies'*. However, our new temperature and temporal constraints strongly suggest
that at least one key sample from the Mg-suite, which records contradictory chemical
signatures of primitive and evolved sources that are challenging to reconcile with endogenic
lunar processes alone!’, originated from a super-heated impact melt sheet which likely
homogenised varying quantities of primordially differentiated crustal suites. Though the melt
sheet would likely have undergone differentiation and fractional crystallization®, the isotopic
and elemental composition of this melt is largely dependent on that of the target lithologies™>,
suggesting incorporation of an underlying urKREEP component into the melt source of
troctolite 76535. Such interactions would produce the conflicting chemical signatures and
variable compositions observed in other samples from the Mg-suite, whilst retaining the
‘pristine’ siderophile elemental signature ascribed to the suite'?. Thus, we suggest that the
impact-melt sheet hypothesis likely explains the origin of at least some members of the
enigmatic Mg-suite. On a larger scale, our findings provide strong evidence for at least one,
though potentially multiple, large-scale bombardment events in the early history of the Moon
(= 4330 Myr ago), suggesting that the evolution of evolved planetary crusts around this time
is intrinsically linked to impact events. Given the timing of this bombardment, it is possible
that early impacts into a differentiating Moon may have provided the melting and mixing

required to initiate overturn of lunar magma ocean cumulates around 4350 Myr ago. Such
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impacts would also satisfy previous predictions that ancient basaltic magmatism (recently
dated to 4370 - 4340 Myr ago®®) would be triggered by large basin forming events®’. Such
evidence has previously remained concealed in the lunar rock record.

Although this study represents the sole report of prior cubic-ZrO, within a lunar
sample, the implications of this discovery for crustal formation on the Moon should re-
invigorate detailed investigations of existing and future returned lunar samples. Meteoritic
baddeleyite are often highly deformed, and as such the discrete crystallographic structures
incorporated into this phase heritage approach could be partially overprinted during shock
ejection from the lunar surface. As such, the preservation potential of these features in
meteoritic samples is currently unknown. Our discovery of cubic-ZrO» phase heritage in
ancient (~4330 million years old) baddeleyite grains pushes back the preservation age of
these crystallographic structures by ~4300 million years'’, revealing the robustness of
microstructural phase heritage across the timescales required to probe the early Solar System.
This crystallography-driven approach can thus be applied to a wide range of baddeleyite-
bearing planetary lithologies in an effort to improve our understanding of early, high-
temperature Solar System processes by directly interpreting the rock record of these planet-

shaping events.
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Methods

All work was conducted in situ within a thin-section that was vibratory polished with
0.05 micron alumina. The target baddeleyite grain was located in section 76535,51 using
traditional microscopy techniques, and backscatter electron (BSE) images were collected
using a Zeiss EVO MA10 LaBs scanning electron microscope (SEM) housed at the
University of Portsmouth. Micro- to nano-scale structural analysis was conducted by electron
backscatter diffraction (EBSD) using an Oxford Instruments Nordlys EBSD detector
mounted on the same SEM instrument. No coating was applied, and EBSD analyses were
performed under variable pressure conditions, using N> to neutralize charging. The sample
was tilted at 70° within the chamber at a working distance of 14 mm, before analysis using an
electron beam with an accelerating voltage of 20 kV and a probe current of 1 nA. The grain
was mapped using the AZTEC software package (Oxford instruments), which facilitates
automated collection of kikuchi diffraction patterns from set spatial intervals. The grain was

initially mapped at 1 um step size to confirm the presence of complex microstructure
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suggested by petrological imaging of the grain. To collect a more robust dataset, the grain
was reanalyzed at 500 nm step size, to more fully capture smaller crystallographic domains.
The complete map yielded 53,038 indexed baddeleyite data points. Monoclinic-ZrO; was
indexed using ref [*?], and although crystallographic cards for orthorhombic-ZrO,, tetragonal-
Zr0; and cubic-ZrO; were included during analysis the phases were never indexed by the
software. Wild spike reduction was completed on all EBSD datasets, although no other form
of raw data correction (i.e. infilling of zero solutions) was conducted.

Reconstruction of all indexed baddeleyite reveals a single cubic parent grain which
can be attributed to the generation of all monoclinic orientations in the measured dataset
(Supplementary Figure 1). Analysis of the entire EBSD dataset using the ARPGE'® software
package highlights peaks in disorientation analysis at 90°, 120° and 180° which can be
associated with cubic to monoclinic reversion of the grain. These disorientations closely
match those predicted by Type 2 orientation relationships (OR) ((100)m//(100)c &
[010]Jm//[010]c)?, matching those observed in impact melt samples at Mistastin Lake!
(Supplementary Figure 2a). This observation is further strengthened by the presence of three
unique crystallographic axes in the <010> (b-axis) direction along the three <100> cubic
directions of the prior cubic grain, as shown by the stereographic pole figures of the <100>,
<010> and <001> directions and their simulations made with the software GenOVa* in
Supplementary Figure 2b,c which cannot be explained by reversion from the tetragonal or
orthorhombic systems alone?.

The pole figures of the planes are reported in Supplementary Figure 2b, whereby the
comparison between the experimental and simulated pole figures also shows that Type 1 OR
exists besides the major Type 2 OR. This additional OR explains the peaks at 80° and 115° in
the disorientation histogram (Supplementary Figure 2a). To localize the intermediate
tetragonal domains, the 12 monoclinic variants inherited from the cubic grains were
partitioned into three packets of four variants sharing the same b-axis oriented along the same
<100> c-axis (Supplementary Figure 2d). The analysis reveals that one b-packet dominates
the two other ones, which proves that a majority (but not all) the baddeleyite grains come
from a unique prior tetragonal domain (in blue in Supplementary Figure 2d) crossed by a
second large tetragonal domain (in red) and smaller third domains (in green). Only a single,
cubic parent can explain the microstructure observed here.

The thin-section was coated with ~30 nm layer of gold on the top of the carbon coat,

to reduce gold accumulation in the cracks. Pb- isotopic measurements of baddelyite were
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performed using a CAMECA IMS1280 ion microprobe at the NordSIMS facility, Swedish
Museum of Natural History (Stockholm), closely following previously reported protocols3®#4,
The Hyperion H201 RF plasma source was used to generate a 23kV impact energy, 2.5 nA,
Gaussian focussed primary beam of O ions, which was used together with an in-run raster of
5 um to yield a spot of ca 8 um diameter. Oxygen flooding of the sample chamber was used
to enhance secondary Pb ion yields from baddelyite by a factor of 7. Secondary Pb* ions were
mass filtered at M/AM of 4860 and detected simultaneously in four low-noise ion-counting
electron multipliers. Detector gains were calibrated using BCR-2g basaltic glass and common
Pb corrected 2°’Pb/?%Pb ratios were further normalised to bracketing analyses (n = 6) of
Phalaborwa baddelyite (2060.6 Ma*). Data reduction was performed using an in-house
developed software at NordSIMS. The 207Pb/?%Pb ages assume the decay constants
recommendations of Steiger and Jager (1975) and are reported with 2o errors. The effects of
common lead on the measured 2°’Pb/?*Pb ages were calculated using a variety of modelled
scenarios, from terrestrial contamination to variable influence of lead from lunar basalt and
KREEP terranes. In all cases, the measured age is only altered by < 0.8 Ma (Supplementary
Table 4), minimising the risk of common lead resulting in the older than published values for

baddeleyite in troctolite 76535.

Data Availability
The authors declare that data supporting the findings in this study are available within
the paper and its Supplementary Information files. All other data are available from the

corresponding author upon request.
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Supplementary Information is available in the online version of the paper.

2500
~2 GPa,>2100 C
2000 =
- c
® 1500 o
2
g
2 2
£ 1000 4
&
500( \ oii
{3 T T T T T T T
10 20 30 40

Pressure (GPa)

Figure 1: Phase diagram of the ZrQO; system. Stable at ambient conditions, monoclinic-
Zr0O; (1) transitions to the meta-stable tetragonal-ZrO» (t) and cubic-ZrO: (c) structure at high
temperature conditions (2) before reverting to m-ZrO; upon cooling (3). At high pressures,
grains will transform through a series of orthorhombic-ZrO; polymorphs (o 1 and o i1). While
the exact temperature required to induce the cubic structure varies based on confining
pressure (e.g. red versus orange P-T pathways), if high pressure conditions were reached
shock effects associated with > 20 GPa of loading would be observed in the troctolite. The
pristine nature of troctrolite 76535 suggests no such shock pressures were experienced,
supporting origin by a super-heated melt. This supports a formation temperature of at least
2300 °C for the cubic ZrO; structure, which cannot be attained by endogenic processes alone.

(Adapted from ref 7).
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Figure 2: Optical imaging, EBSD data and parent grain reconstruction for the large
baddeleyite grain in Apollo sample 76535. Cross polarized light (XPL) overview of the
target grain, highlighting the crystalline and unshocked nature of the surrounding plagioclase
(plg) and olivine (ol) (A). Inset image of target baddeleyite (ZrO;) grain highlights the
density and complexity of twin relationships observable even at low optical resolution (40x
magnifcation). EBSD data reveal an abundance of monoclinic domains throughout the grain,
with colour coded mapping of crystallographic orientations (enhanced from inverse pole
figure) revealing structural complexity within the grain (B). Reconstruction of these
measured domains using the ARPGE software package'® is conducted by quantifying each
monoclinic orientation before tracing relationships back to a single cubic precursor grain, as
shown in (C). This process is aided by the disorientation relationships observed in <100>,
<010> and <001> directional pole figures of the dataset (D), which reveal the correlation
between measured baddeleyite orientations (blue data) and the calculated orientation of cubic
precursors (red data). A small number of pixels could not be reconstructed in this manner,

potentially representing neoblastic overgrowth during further annealing.
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Figure 3: Pb-Pb data generated by SIMS analysis of the large reversion twinned
baddeleyite grain in troctolite 76535, and comparison to published Sm-Nd’, Rb-Sr’ and
Ar-Ar’® chronology for the same rock. The mean squared weighted deviation of 13
suggests the ages record excess scatter, providing evidence that the spread of ages (between
4299.5 £ 4.4 Ma and 4334.1 £ 2.1 Ma) is real and not analytical. This partial age resetting on
the grain scale is indicative of Pb loss induced during phase reversion, where the rapid
heating and cooling associated with the impact melt sheet fail to completely homogenise the
U-Pb systematics?®. Importantly, our Pb isotope data define the age of Pb diffusion in
baddeleyite (> 950 °C*°), comparable to the previously described cooling rate’. Generated
baddeleyite ages fall within previously defined age estimates for both the FAN and Mg suites
of lunar rocks. For reference, ages of the oldest measured lunar zircon®? and the estimated age
of the South Pole Aitken basin*®*! which has been modelled to be a potential source terrane’,

are also presented.
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