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Abstract

The Bunburra Rockhole meteorite is a brecciated anomalous basaltic achondrite
containing coarse-, medium- and fine-grained lithologies. Petrographic observations
constrain the limited shock pressure to between ca. 10 GPa and 20 GPa. In this study,
we carried out nine “’Ar/*’Ar step-heating experiments on distinct single-grain
fragments extracted from the coarse and fine lithologies. We obtained six plateau ages
and three mini-plateau ages. These ages fall into two internally concordant populations

with mean ages of 3640 + 21 Ma (n=7; P=0.53) and 3544 + 26 Ma (n=2; P=0.54),



respectively. Based on these results, additional *°Ar/°Ar data of fusion crust
fragments, argon diffusion modeling, and petrographic observations, we conclude that
the principal components of the Bunburra Rockhole basaltic achondrite are from a
melt rock formed at ~3.64 Ga by a medium to large impact event. The data imply this
impact generated high enough energy to completely melt the basaltic target rock and
reset the Ar systematics, but only partially reset the Pb-Pb age. We also conclude that
a complete °Ar* resetting of pyroxene and plagioclase at this time could not have
been achieved at solid-state conditions. Comparison with a terrestrial analogue (Lonar
crater) shows that the time-temperature conditions required to melt basaltic target
rocks upon impact are relatively easy to achieve. ‘Ar data also suggest that a second
medium-size impact event occurred on a neighboring part of the same target rock at
~3.54 Ga. Concordant low-temperature step ages of the nine aliquots suggest that, at
~3.42 Ga, a third smaller impact excavated parts of the ~3.64 Ga and ~3.54 Ga melt
rocks and brought the fragments together. The lack of significant impact activity after
3.5 Ga, as recorded by the Bunburra Rockhole suggest that (1) either the meteorite was
ejected in a small secondary parent body where it resided untouched by large impacts,
or (2) it was covered by a porous heat-absorbing regolith blanket which, when
combined with the diminishing frequency of large impacts in the solar system,
protected Bunburra from subsequent major heating events. Finally we note that the
total (K/Ar) resetting impact event history recorded by some of the brecciated eucrites
(peak at 3.8-3.5 Ga) is similar to the large impact history recorded by the Bunburra
Rockhole parent body (ca. 3.64-3.54 Ga; this study) and could indicate a similar

position in the asteroid belt at that time.
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Introduction

Basaltic achondrites are mafic and ultramafic igneous rocks produced by magmatic
differentiation at the surface, or within the crust, of relatively large parent bodies (McSween
et al., 2011). These bodies likely had a metallic core, overlain by a silicate mantle and crust
(e.g., Greenwood et al., 2005; Weiss and Elkins-Tanton, 2013). Euerites are the most
dominant type of basaltic achondrites, although the latter group also.comprises meteorite
types such as ultramafic angrites (e.g., Mittlefehldt et al., 1998). The basaltic achondrites have
similar mineralogy to terrestrial basalts, and are mostly composed of plagioclase and
pyroxene, but can also include olivine and accessory phases such as micro-zircon. A common
oxygen isotopic signature for the majority of the Eucrites, as well as the Howardites and
Diogenites (together forming the HED group) meteorites suggests that they originate from a
common asteroid parent body (Clayton and Mayeda, 1996; Greenwood et al., 2005). Based on
visible and near infrared reflectance spectroscopy, the principal parent asteroid of HED
meteorites is generally.thought to be the asteroid 4 Vesta, the largest differentiated asteroid in
the main belt. HEDs are likely derived from the Vestoids, a family of small asteroids orbitally
related to Vesta that bridge the gap between Vesta and meteorite-delivering resonances
(Burbine et al., 2001). Although the connection between HED meteorites and asteroid 4 Vesta
is not universally accepted (e.g., Schiller et al., 2011), recent results from the Dawn spacecraft
mission, which arrived at 4 Vesta in July 2011, have somewhat reinforced this hypothesis
(Russell et al., 2012).

In addition to the ‘normal’ eucrites, a minority of anomalous basaltic achondrites (eleven
specimens discovered so far, such as NWA 011 and Ibitira; Yamaguchi et al. (2002)) have

major element compositions similar to other eucrites, but distinct trace element concentrations



and, most importantly AO values, significantly departing from the HED-type eucrite
meteorites. Due to their distinct A7O signatures, these anomalous basaltic achondrites have
been proposed to: (1) belong to distinct parent bodies, similar in nature, but unrelated to 4
Vesta, (2) originate from 4 Vesta but from a region where the parent body did not undergo
complete oxygen homogenisation (Scott et al., 2009; Yamaguchi et al., 2002), and (3)
originate from Vesta, but prior to or during impact ejection had their oxygen composition
modified by an impactor ‘contaminant’ or late veneers (Greenwood et al., 2013).

The Bunburra Rockhole (hereafter Bunburra) meteorite is a recently recovered anomalous
basaltic achondrite for which orbital parameters have been determined: Bunburra’s fall was
recorded by the Desert Fireball Network in July 2007 (Bland et al., 2009), thus giving this
meteorite a unique context relative to other anomalous basaltic achondrites. Here, we report
new, exceptionally well-behaved, “°Ar/*’Ar analyses of various fragments of the Bunburra
meteorite coupled with argon diffusion models to constrain the thermal and impact history of

the Bunburra achondrite.

The Bunburra Rockhole anomalous basaltic achondrite

Bunburra is a brecciated basaltic achondrite (Fig. 1) from which three pieces weighing a
total of 339 g have been recovered (Bland et al., 2009; Benedix et al., 2010). All three pieces
are partially to entirely enclosed by fusion crust created during atmospheric entry on 21 July
2007. The rock is composed of anorthitic plagioclase (52.5 vol%) and pyroxene (41.5 vol%),
with a minor amount of pure silica glass (4.5 vol%) and traces of sulfide, ilmenite and
chromite (1.5 vol% ) (Benedix et al., 2010). The mineral compositions of Bunburra are
indistinguishable from normal eucrites (Benedix et al., 2010). The Bunburra meteorite is well

crystallized with little or no porosity (Fig. 1) as expected for basaltic meteorites.



Bunburra contains three distinct lithologies: fine-, medium-, and coarse-grained (Fig. 1;
Benedix et al., 2010; Bland et al., 2009) with similar modal composition. None of the three
fractions of the Bunburra meteorite show significant evidence of intense shock pressures. The
contacts between the various lithologies (i.e., coarse- against fine-grained) show some hints of
plastic deformation, but no detectable evidence of melting. In thin section, observed shock
features are abundant cracks, undulatory features in pyroxene and localized cloudiness in both
plagioclase and pyroxene crystals (Fig. 1). These observations suggest-a recorded shock
pressure higher than ~10 GPa (Langenhorst and Deutsch, 2012). On the other hand, no melt
pockets or veins have been observed, all feldspar grains are plagioclase without any evidence
for maskelynite, diaplectic glass or planar deformation features (PDFs), suggesting shock
pressure lower than ~20 GPa (Langenhorst and Deutsch, 2012; Gillet and El Goresy, 2013).
The shock pressures experienced by Bunburra are thus constrained to ca. 10-20 GPa. Such a
range of shock pressure corresponds to an equivalent temperature of ~250°C on the Hugoniot
curve (a theoretical P-T curve which constrains the temperature value for any given pressure;
Langenhorst and Deutsch, 2012) of basalt (Gillet and El Goresy, 2013). Thus, the meteorite
could be classified as shock stage S3.

The A0 compositions of the three fractions are statistically indistinguishable, with an
average value of -0.13 = 0.04 %o (Bland et al., 2009). The oxygen isotopic composition of
Bunburra is thus distinct from the HED fractionation line with A0 =0.24 + 0.02 %o. On the
other hand, Bunburra lies within the oxygen isotopic range observed for Asuka-881394,
Ibitira and the angrite group between ca. -0.13 and -0.06 %o (Clayton and Mayeda, 1996;
Greenwood et al., 2005). On this basis, the Bunburra meteorite is classified as an anomalous
basaltic achondrite. A distinct A'’O value suggests that the Bunburra achondrite either
belongs to a unique parent body not previously sampled before, or originated from an

isotopically unequilibrated part of 4 Vesta. Yamaguchi et al. (2002) and others (e.g., Scott et



al., 2009), suggested that the latter hypothesis is less likely as the complete melting and
differentiation of the parent body should have resulted in complete oxygen homogenisation.
Alternatively, we can envisage that the impactor signatures might have been mixed with the
target rock from asteroid Vesta upon impact melting, which yielded an intermediate oxygen
composition in the newly crystallized melt rock, but on the other hand, this process would
have possibly given rise to different mineralogy and/or element signature compared to other
HED meteorites, which is not observed. In any case, as outlined by Duffard (2009), the
presence of a large number of ungrouped iron meteorites and newly discovered non-Vestoid
basaltic asteroids imply that many differentiated parent bodies ‘may-have existed during the
early history of the solar system.

Recent chronology studies indicate that the 26A1—26Mg system was fully reset while the Pb-
Pb system was strongly disturbed at the mineral and whole-rock scale (Spivak-Birndorf et al.,
2010). The mineral fractions (pyroxene and plagioclase) gave an errorchron age of ~4.2 Ga
(MSWD = 264). However, if only the four whole-rock samples were considered, these
together yielded a Pb-Pb whole-rock age of 4102 + 24 Ma (MSWD=1.2). The Al-Mg study by
Spivak-Birndorf et al. (2010) proposed that the Pb-Pb age represented a re-equilibration age
after an impact heating resetting event. In addition, Welten et al. (2012) reported *Ar. (**Ar
cosmogenic) and *INe, cosmic ray exposure (CRE) ages around 21 Ma.

To shed new light on the thermal history and chronology of this meteorite, we investigated
the “*Ar/*Ar systematics of Bunburra Rockhole and present the results of nine fractions of

two of the lithologies.

Analytical methods

Sample selection and analytical conditions



We selected a small fragment (~0.3 cm’) of the Bunburra Rockhole meteorite. Mineral
separates are usually preferred for successful analyses with the AP Ar technique (Jourdan,
2012), but these minerals were too small to be isolated from each other and we therefore

decided to analyze whole rock chips. We picked individual fragments of ca. 250 im .in

diameter and separated two distinct types of groundmass: grains with coarse to medium grain
size, or fine-grained texture. We chose the fragments with the best homogeneity. We also
isolated chips of fusion crust for analysis to test if melting during the atmospheric entry would
fully reset the K/Ar system.

Samples were loaded into three large wells within an aluminum disc measuring 1.9 cm
diameter and 0.3 cm depth. These wells were bracketed by small wells that included Hb3gr
hornblende used as a neutron fluence monitor for which an age of 1081.0 = 1.1 Ma (1o) was
calculated (Renne et al., 2011) and a good in-between-grains reproducibility has been
demonstrated (Jourdan et al., 2006; Jourdan and Renne, 2007). The discs were Cd-shielded (to
minimize undesirable nuclear interference reactions) and irradiated for 25 hours in the
Hamilton McMaster University nuclear reactor (Canada) in position 5C. The mean J-values
(measurements of the neutron fluence) computed from standard grains within the small pits
range from 0.009248 + 0.000036 (0.39%) to 0.009419 + 0.000041 (0.43%) determined as the
average and standard deviation of J-values of the small wells bracketing each large well
containing the sample. Mass discrimination was monitored using an automated air pipette and
provided mean values ranging from 1.004850 (+0.27%) to 1.005507 (+0.32%) per dalton
(atomic mass unit) relative to an air ratio of 298.56 + 0.31 (Lee et al., 2006). The correction
factors for interfering isotopes were (39Ar/37Ar)Ca = 7.30x10™ (= 11%), (36Ar/37Ar)ca =
2.82x10™ (£ 1%) and (Ar/’ Ar)k = 6.76x10™ (£ 32%).

The “Ar/*°Ar analyses were performed at the Western Australian Argon Isotope Facility

at Curtin University. A total of 9 groundmass fragments, including five and four



singlfragments from the coarse- and fine-grained lithologies respectively, were step-heated
using a 110 W Spectron Laser Systems, with a continuous Nd-YAG (IR; 1064 nm) laser
rastered over the sample for one minute to ensure homogenous heating. The extracted gas was
purified in a stainless steel extraction line using two SAES AP10 getters and one GP50 getter.
Ar isotopes were measured in static mode using a MAP 215-50 mass spectrometer (resolution
of ~450; sensitivity of 4x10™* mol/V) with a Balzers SEV 217 electron multiplier using 9 to
10 cycles of peak-hopping. The data acquisition was performed with the Argus program
written by M.O. McWilliams and run under a LabView environment. The raw data were
processed using the ArArCALC software (Koppers, 2002), ages were calculated using the
decay constants recommended by Renne et al. (2011) and uncertainties on the ages were
calculated using the optimization model of Renne et al. (2010) based on Monte Carlo
simulation and include all sources of errors.

Blanks were monitored every 3 to 4 steps and typical “Ar blanks range from 1 x 10" t0 2
x 107'° mol. Ar isotopic data corrected for blank, mass discrimination and radioactive decay

are given in Annex 1. Individual errors in Annex 1 are given at the 1o level.

Cosmogenic isotope corrections

Before calculating ages from the Bunburra coarse and fine aliquots, *°Ar, produced by
reaction of the basalt with cosmic rays must be subtracted from the total Ar. We use the
cosmogenic standard OAr/PAr ratio (0.65; see details for example in Korochantseva et al.
(2007)) resulting in the OAr consisting entirely of trapped (initial) argon. This approach is
valid only if *Arc; (induced from chlorine during reactor irradiation; McDougall and
Harrison, 1999)) is absent from the sample. In practice, however, the very low abundance
measured for **Ar (and *°Ar) for each particle of the Bunburra meteorite is very close to

background compared to the large signal obtained for “Ar#, ¥Ar and *'Ar. Thus, the



cosmogenic correction is negligible. Note that a cosmogenic correction was not applied to the
fusion crust samples, as fusion crust was generated during atmosphere entry and was therefore

assumed to be terrestrially formed.

“Ar/Ar age calculation

Our criteria for the determination of plateaus are as follow: plateaus must include at least
70% of the total *Ar and should be distributed over a minimum of 3-consecutive steps
agreeing at 95% confidence level and satisfying a probability of fit (P) of atleast 0.05. Plateau
ages (Table 1 and Fig. 2 and 3) are given at the 2c level and are calculated using the mean of
all the plateau steps, each weighted by the inverse variance of their individual analytical error.
Mini-plateaus are defined similarly except that they include between 50% and 70% of *°Ar.
As such, these ages are less reliable than true plateau ages (Jourdan et al., 2009; Jourdan,
2012). No inverse isochron calculations were carried out in this study as all steps essentially
plot on the x-axis (i.e., radiogenic-axis) demonstrating that no trapped argon was present in
the sample. Ca/K spectra (derived from T Ar/ Ar) are given in Annex 2.

The uncertainties on'individual plateau ages do not include external errors (although these
uncertainties are provided in Table 1), but the final weighted mean of a particular event
includes all sources of uncertainties (including the decay constant uncertainties). For an easy
read, an uncertainty that includes all sources of uncertainties is given within brackets as + [xx]

Ma.

Calculation of exposure ages
Cosmic ray exposure (CRE) ages were tentatively calculated based on the very little
quantity of 3 Ar, in the Bunburra meteorite. Because of the spallation of Ca to ¥ Ar due to the

interaction of cosmic rays with target atoms in the sample, an exposure age can be calculated



if the amount of **Ar within the sample per gram of Ca is known. We use the cosmochron
approach proposed by Levine et al. (2007) and the detailed procedures and equations given by
Kennedy et al. (2013). We present the Ar isotopic data within BArCAr vs. VA °Ar plots.
The **Ar./*’ Ar ratios were calculated for each particle using the slope of the cosmochron and
converted into the **Ar/Ca ratio of the sample by comparison with the Hb3gr standard that has
a known K/Ca ratio. Exposure ages were calculated using a Ca production rate of 2.05 x 10®
cm® STP /gram of Ca/Ma for eucrite (Eugster and Michel, 1995; Kennedy et al., 2013;

Korochantseva et al., 2007). All uncertainties are included in the error calculations.

Results

“Ar/°Ar results: Bunburra basaltic achondrite

We obtained six plateau ages and three mini-plateau ages (Fig. 2 and 3; Table 1) for the nine
samples. The ages can be grouped into two concordant populations based on the 2 statistical
test (Figs. 4 and 5). The oldest age group includes five plateau ages ranging from 3596 + 57
Ma (P = 0.77) to 3647+ 35 Ma (P = 0.65) and two mini-plateau ages of 3656 + 53 Ma (P =
0.35) and 3658 +36 Ma (P = 0.68; Fig. 4). These data include three ages obtained on coarse-
grained particles and four ages obtained on fine-grained particles that are statistically
indistinguishable with overall MSWD and P-values (statistical tests of the concordance of a
data population) of 0.85 and 0.53, respectively. Since these values are concordant, we can
calculate a weighted mean age of 3640 + 18 Ma, using internal errors only and propagate the
external errors on the final value using the optimized model of Renne et al. (2010) and R-
Value between FCs and Hb3gr standards of Jourdan and Renne (2007). We obtained an age of
3640 + [21] Ma, which includes all sources of uncertainty. The second age cluster includes

one plateau and one mini-plateau age of 3538 + 30 Ma (P = 0.83) and 3553 + 38 Ma (P =



0.09), respectively. These two dates can be combined in a weighted mean age of 3544 + [26]
Ma (MSWD = 0.38; P = 0.54; Fig. 5). Note that for each weighted mean age, we include the
mini-plateau ages only because they are statistically agreed with the plateau ages (cf.
discussion by Jourdan, 2012).

The K/Ca plots for each fragment are given in Annex 2. In general, the analyses show that
higher-K domains degassed at low temperatures, while lower-K (higher Ca) reservoirs
degassed at higher temperatures, which is typical behavior for both extraterrestrial and
terrestrial basaltic rocks (e.g., Bogard, 2011; Jourdan et al., 2012). There is however, a subtle
difference in degassing behavior between the coarse- and fine-grained aliquots. For the
coarser material the K/Ca values decrease fairly steadily from low to high temperatures. On
the other hand, analyses of the finer grained material have 'hump' shaped K/Ca release spectra,
with the highest K/Ca values being at mid temperatures, with lower K/Ca at low temperatures,
and the lowest K/Ca at high temperatures (Annex 2). These compositional variations are not
commensurate with any A’ Ar age variation, giving us confidence that the ages recorded
by each of the fractions were produced by real geological events.

Most of the age spectra show younger ages for the first few % to few tens of % of the total
P Ar released. Following Shuster et al., (2010), we plotted the young low-temperature steps
that departed from plateaus for both coarse- and fine-grained samples (Fig. 4). Remarkably,
all the stepsrare statistically indistinguishable (P = 0.11) and can be combined in a weighted
mean (apparent) age of 3419 + [23] Ma. The significance of this apparent age will be
described in more detail in the discussion section.

As stated above, inverse isochron plots (not shown) indicate that the data are systematically
highly clustered near the radiogenic (*°Ar*/*’Ar) axis showing that virtually no trapped *’Ar is
present in the system. As such, the inverse isochron cannot be used to estimate the value of

any trapped Ar but, on the other hand, this makes the age calculation completely insensitive to



the “’Ar/*°Ar value chosen for the trapped ratio (in this study, we use the standard cosmic

value of 1 + 1; Korochantseva et al., 2007).

Exposure ages:

Only five apparent dates of 4 + 4 Ma, 4 + 8 Ma; 18 + 19 Ma; 20 + 63 and 37 = 72 Ma were
obtained. However, it is unlikely that these apparent ages have any geological significance as
(1) they were calculated based on very low **Ar ion beam signals relative'to “’Ar, *Ar and
Ar (Annex 1) and (2) none of the data from the particles showed any spread along the
cosmochron, but rather a cluster of overlapping points. Rather; these data should be
interpreted as indicating a very young exposure age for the Bunburra meteorite, in accordance

with the ~21 Ma CRE age results of Welten et al. (2012).

“Ar/°Ar results: Fusion crust

CArPAr step heating analyses of four individual fragments of fusion crust yielded apparent
inverse isochron ages ranging from 0 Ma (i.e., impossible positive isochron slope) to 768 +
710 Ma, essentially indistinguishable from a zero age (Fig. 7). Most of the heating steps in the
inverse isochron diagram cluster near the trapped argon y-axis and yield PAr°Ar values
ranging from ~294 to 321 + 31 and are thus indistinguishable from the atmospheric YA Ar
ratio of ~298.6 = 0.1 (Lee et al., 2006). These fusion crust fragments have K/Ca values that
are homogenous with no variation from low to high step-heating temperatures (Fig. 8),
indicating that the pyroxene and plagioclase minerals that were responsible for the variable
K/Ca ratios in the groundmass were melted and turned into homogenous glass. However, one

glass chip (SG-1; Fig. 8) shows a very different signature with an apparent age of 2.4 + 0.5



Ga, sub-atmospheric trapped “°Ar/*°Ar ratio of 211 * 56 (Fig. 7) and heterogeneous K/Ca

spectrum (Fig. 8).

Discussion

Significance of the ~3.64 Ga “Ar/Ar age: an impact event.

The K/Ar system is particularly sensitive to post-formation heating events above a couple of
hundred of degrees (cf. below). Such conditions are usually met during hypervelocity asteroid
impact events (Boggard, 1995). Depending the energy of the impact and the P-T conditions
triggered by the impact at the sample site, part of the pre-existing radiogenic OAr*
accumulated prior the impact event may be purged from the system (Jourdan et al., 2007). In
this case, “’Ar/’Ar measurements will reveal a typical argon diffusion loss profile (i.e.,
YA Ar age spectra with a logarithmic shape; (McDougall and Harrison, 1999)). Eventually,
if an impact is sufficiently energetic, all previous *’Ar* is removed from the system and the
K/Ar clock is reset at the time of the impact. If no other heating event occurs after that, melt
rocks and shocked minerals from the target rock will exhibit flat “°Ar/*°Ar age spectra (i.e.
~100% plateaus). The Bunburra meteorite yielded seven well-defined plateau ages (Fig. 2 and
3) with concordant ages (P = 0.53) from which a weighted-mean age of 3640 + [21] Ma could
be calculated (Fig. 4). Altogether, the well-defined plateaus, the absence of co-variation
between apparent step ages and K/Ca (Annex 2), and the reproducibility between plateau ages
suggest that this age reflects a true geological event at ~3.64 Ga. The relatively young ages of
the breccia lithologies suggest that the 3.64 Ga *Ar/*’Ar age is not linked with volcanic
activity on the Bunburra parent body. Therefore, the event that reset the K/Ar system of the

Bunburra meteorite is likely related to a heating event caused by a sufficiently energetic (i.e.



~large) impact on the Bunburra parent asteroid. The magnitude of this impact is difficult to
constrain based only on chronological studies but we now know that the K/Ar, Pb-Pb and Al-
Mg radioisotopic chronometers were all variably affected by this event (this study, Spivak-
Birndorf et al., 2010). A combination of petrographic observations and Ar diffusion models

may help to shed light on the magnitude of the event.

Testing the temperature conditions at the time of impact

The “*Ar/*Ar systematics of the Bunburra achondrite imply that the temperature was high
enough and for sufficient duration to diffuse “’Ar completely out of the Bunburra parent rock.
In order to provide a quantitative estimate for the impact temperature, it is necessary to
determine whether (1) the Bunburra meteorite is an impact breccia made of primary basalt
fragments that have been totally degassed of their A upon impact, or (2) if the impact was
energetic enough to cause complete fusion of the basaltic target rock and erase all sign of
shock (e.g., the Manicouagan and Popigai impact melt sheets; French, 1998). In case (2), the
breccia fragments would come from various part of a melt rock sheet with a basaltic
composition. Upon relatively slow cooling, this melt would have crystallized plagioclase and
pyroxene crystals. In such a hypothesis, a subsequent smaller impact would have brecciated
the melt rock and brought together pieces with different grain sizes without significantly

affecting the K/Ar system.

1. Diffusion models

The Bunburra meteorite petrology shows limited signs of shock (Fig. 1). If hypothesis (1) is

valid, this implies that the temperature and pressure were low enough that they did not reach



localized melting conditions as there is no sign of melt veins, nor maskelynite (cf. El Goresy
et al., (2013) for definition of maskeleynite as adopted in this study). Neither the P-T
conditions were met to form diaplectic glass (P=25-35 GPa = 600 °C for basalt). Nevertheless
undulatory features and cracks were observed suggesting temperatures around 200-300°C and
pressures of 10-20 GPa (French, 1998; Langenhorst and Deutsch, 2012; Gillet and El Goresy,
2013). Therefore, the first hypothesis would require moderately elevated -temperatures
sustained for long enough to fully reset both plagioclase and pyroxene crystals. To test this
hypothesis, we used the diffusion equations of Crank and Gupta (1975) for a sphere with a
150 pum radius and for fractional Ar loss between 85 and 100%. A radius of 150 pm is
consistent with the crystal sizes of Bunburra, although we note that the true diffusion radius of
the basalt sheet is in reality unknown. Specifically, we test the temperature (T) and time (t)
conditions required to reset plagioclase and pyroxene crystals as well as a basaltic melt used
as a proxy for solid basalt rock. Recently, Cassata et al. (2009) and Cassata and Renne (2013)
have demonstrated that the diffusion parameters of plagioclase are variable and Cassata and
Renne (2013) concluded that “there is no broadly applicable set of Ar diffusion parameters
that can be utilized in thermal modelling”. In this study, we use Dy (pre-exponential factor)
and E, (activation energy) values of 4.98x10 cm?/s and 196 kJ/mol derived from the value
measured by Cassata and Renne (2013) for lunar anorthitic plagioclase. The Dy value was
calculated from the In(Dy/a?) value of 5.4 ln(s'l) published by Cassata et al. (2013) and using a
grain radius of 150 um for the present study. We note that, in reality, the large range of Dy and
E, values gives variable solutions for plagioclase. Similarly, Weirich et al. (2013) have
demonstrated that pre-existing shock levels substantially increase the argon diffusivity in
plagioclase during subsequent shock events, although we note that petrographic observations

suggest that Bunburra crystals are unshocked. Nevertheless, because of all the possible



variation in the diffusion parameters, our diffusion models should be considered semi-
quantitative only.

Similarly, for pyroxene a large range of diffusion values has been proposed (e.g., Cassata et
al., 2010, Cassata et al., 2011, Weirich et al., 2012). In this study, we use In(Dy/a?) = 12.4 gt
(Do = 5.46x10' cm?/s) and E, = 356 kJ/mol obtained by Cassata et al. (2011) for pyroxene
CPX-12 and calculated here for a radius of 150 um. In comparison, we also modelled a
somewhat “leaky” pyroxene with values of Dy = 7.1x10* cm?/s and E. = 377 kJ/mol, taken as
intermediate values from the range of values measured by Weirich et .al. (2012) and calculated
for a radius of 150 um. We used Dy = 4.5x10' cm¥s and E. = 257 kJ/mol for basaltic melt
(Nowak et al., 2004). We also model the diffusion of Pb in pyroxene using Dy = 3.8x10™"
cm?/s and E, = 372 klJ/mol (Cherniak, 1998) in order to better understand the relation between
our “Ar/’Ar results and the Pb-Pb results: of Spivak-Birndorf et al. (2010) based on
plagioclase and pyroxene that gave perturbed results. Results are presented as T-t total-reset
curves in Fig. 9, where a total Ar* reset is achieved when the system crosses a curve for a
given mineral toward the right of the diagram (Jourdan et al., 2007; Jourdan et al., 2010).

Our calculations show that plagioclase and pyroxene crystals heated at a constant
temperature of 1000°C are fully reset in ~122 hours and ~48 years, respectively, whereas a
particle of basaltic melt will be reset in ~44 hours (Fig. 9). A leaky pyroxene would be reset in
~3 months. Note that these numbers are strict minima because in a real system, a YAt atom is
not necessarily lost once it has escaped a crystal, as it can remain trapped in a matrix of
neighbouring crystals (hence diffusing into adjacent crystals). In addition, the diffusion length
in the target rock can be much larger than the 150 pm grain radius adopted here and as said
above, the diffusion parameters vary greatly for a given mineral. Even taking into account the

fact that the model offers minimum time and temperature limit solutions, Fig. 9 shows that



high temperatures sustained for a relatively long period of time are required to reset both
pyroxene and plagioclase.

An A-T-t curve (Jourdan et al., 2007; Jourdan et al., 2010) represents the relative inherited
“OAr* concentration (A) — temperature (T) — time (t) history of a given crystal or melt rock
grain. For the purpose of this study, we are not interested so much in the amount of AT Jeft
in the system but whether a crystal or grain achieves total Ar* reset (Fig. 2 and 3). If an A-T-t
curve crosscuts a mineral total-reset curve, it implies that the thermal history of the rocks was
sufficient to fully reset this mineral. Fig. 9a shows an A-T-t path (black dashed curve #1)
where a crystal is heated to 1000°C for 100 hours, after which the system cools down and
reaches a relative equilibrium temperature of 700°C over 120 hours. These conditions are
sufficient to reset the basaltic groundmass, but not the plagioclase or pyroxene crystals. Such
an A-T-t path is admittedly arbitrary and probably excessive according to petrographic
observations, but it illustrates the extreme conditions required to fully reset pyroxene or
plagioclase crystals at solid-state’ conditions. High impact temperatures above 1000°C
sustained for more than a few seconds to at best a few hours, especially when associated with
initial shock pressure of few tens of GPa, are enough to irreversibly transform (i.e, PDFs,
diaplectic glass) the crystals within the target rock (French, 1998; Langenhorst and Deutsch,
2012; Gillet and El Goresy, 2013). Again, these conditions are largely above the P-T
conditions estimated from petrographic observations. Nevertheless, although petrographic
observations suggest low shock levels (and by correlation low temperatures), parameters such
as. porosity can play a significant role in shifting the Hugoniot curve (i.e. a non isothermal
curve relating temperature and pressure during shock metamorphism; Langenhorst and
Deutsch, 2012) toward high temperatures for relatively low shock level. Therefore, we tested

if the K/Ar system of the Bunburra meteorite could have been reset by solid-state diffusion for



temperatures well within excess of the temperature range estimated from petrographic

observations alone.

2. Hypothesis 1: solid state diffusion upon impact

At temperatures of 1400-1500°C, a given doleritic or gabbroic target rock made of
plagioclase and pyroxene crystals will show sign of localized melting around the crystal edges
as constrained by the solidus temperature of anorthitic plagioclase and pyroxene (McBirney,
1984; Spray, 2010). An average of 1250°C is generally given for the solidus temperature of
gabbro (McBirney, 1984). However, the solidus temperatures also depend on pressure and,
along the Hugoniot curve for basalt, the onset of melting will occur for temperatures of
1750°C corresponding to pressure of ca. 70 GPa (Gillet and El Goresy, 2013). For gabbro, the
pressure value of the liquidus is slightly higher at 80 GPa. Nevertheless, it should be taken
into account that basalt, pyroxene and plagioclase solidus temperatures are dependent on the
total energy of the system per time unit to achieve melting. In other words, the temperature
required to melt or partially melt a target mineral or rock is proportional to the time during
which the heat is applied to this system. More energy (and hence higher temperature) is
needed to melt a crystal when the energy is applied for 0.1s rather than 100s. At these very
short timescales, the standard rules of equilibrium or partial melting for a two-component
magmatic system do not apply for impact melting (Keil et al., 1997). We developed a series of
time-temperature thermodynamic equations (Annex 3) that depicts the relationship between
the time and temperature required for plagioclase to show signs of melting. The final equation

of state can be written as:
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where £ is the heat transfer coefficient of the external fluid (W/m*.K), A is the surface area of
spherical plagioclase particles in m?, V is the volume of these spheres in m’, ¢ is the specific
heat capacity (kJ/kg.K), and pis the density of plagioclase (kg/m?). Time () is given in
seconds and the temperature of the external molten basaltic fluid (Ty) is given in Kelvin.
Initial temperature of plagioclase particles (Ty) at time zero is.taken as 123.15 K based the
average surface temperature of the asteroid, while the melting temperature of plagioclase (Tr)
is around 1773.15 K.

The T-t solidus area for plagioclase is shown in Fig. 10. The calculated temperature-time
solidus curve shows that plagioclase melting is unlikely to occur, even for high temperatures
of a few thousand degrees if such temperatures are maintained for only few hundredths or
tenths of a second. A-T-t paths for such high-temperatures and sustained for a short duration
of a few tenths of a second before rapidly cooling down (e.g., A-T-t path #2 on Fig. 9a) show
that, although temperature conditions just below the solidus might be sufficient to totally reset
pyroxene, they would be far from able to reset plagioclase, even for temperatures of 3500°C
(Fig. 10). Importantly, these curves show that none of the possible scenarios involving brief
temperature spikes of a few thousand of degrees will be sufficient to reset pyroxene and
plagioclase crystals without partially melting these minerals (Gillet and El Goresy, 2013).
Borderline cases would be perhaps temperatures above 3600°C (Fig. 10) or a temperature of
1200°C, just below the eutectic temperature of gabbro (McBirney, 1984) and applied for at
least between 18 hours for a leaky pyroxene to 6 month for a more conventional pyroxene, but
again, no solid state transformation is observed in the Bunburra meteorite, precluding that

such conditions ever occurred. These conditions are also far from being able to reset the Pb in



pyroxene (Fig. 9a and 10). Therefore, we conclude that brief heating conditions required to
totally reset the system (both plagioclase and pyroxene) are not compatible with the lack of

melt occurrences in the Bunburra meteorite (Fig. 1; Benedix et al., 2010).

3. Hypothesis 1: Solid state diffusion during slow cooling

Following a rapid temperature drop from the peak temperature, target rock equilibrium
temperatures of ~1000-1100°C in the case of a melt rock are generally reached in a relatively
short period of time of a few tens of seconds up to several thousand years (i.e., depending on a
variety of parameters such as position in the melt sheet and type of rock; Onorato et al., 1978;
Keil et al., 1997). Equilibrium temperatures are more likely around 700-800°C if the rock and
its components remained sub-solidus. Recent “’Ar/’Ar analyses of plagioclase from the
terrestrial Lappajarvi impact structure by Schmieder and Jourdan (2013) suggest that
subsequent cooling from equilibrium temperatures (ca. 1000-1100°C) down to below ca.
200°C can happen over a significantly longer period than initially estimated by theoretical
calculations alone. These authors showed that it can take between 0.5 and 1.5 Ma for a
relatively small (24 km in diameter) craters to cool down below ca. 200 °C. Whether the
Bunburra meteorite also records such an extended cooling duration is hard to tell in particular
relatively to'the small mass of the parent relative to Earth, and the faster cooling of the melt
due to the lower surface temperatures (since the temperature at the surface of an asteroid in
the asteroid belt is in average significantly lower than on Earth, due to its greater distance to
the sun and the absence of buffering atmosphere). As such, this model must be taken as a test
for an extreme case scenario. We modelled the effect of the temperature of a relatively slow
cooling target on the Ar* diffusion in pyroxene, plagioclase and basalt. We used the same

diffusion parameters as mentioned previously, and used a slow cooling gradient of 500°C/Ma



for the A-T-t path taken from Schmieder and Jourdan, (2013). These values ensure that we
test a scenario where the proportion of argon loss is somewhat a maximum value. Our
calculations show that these time-temperature conditions are in fact sufficient to fully reset
plagioclase and basalt by slow diffusion, but are not sufficient to reset pyroxene (Fig. 9b).
Although a pyroxene crystal will lose its Ar* much faster than plagioclase at relatively high
temperatures, it will be extremely resilient to low temperature diffusion (Cassataet al., 2010).
In our model, the temperature of the kinetic cross-over between pyroxene and plagioclase
(i.e., the temperature below which plagioclase will diffuse faster than pyroxene in a T-t graph)
for total Ar loss will occur at a temperature of ~2500°C for pyroxene and ~1300°C for leaky
pyroxene (Fig. 9a). As shown by the AP Ar spectra, the high-temperature (Ca-rich) part of
the spectra that mostly include pyroxene shows no departure from plateaus, demonstrating
that pyroxene crystals have been fully reset as well. Nevertheless, in the extreme case of an
equilibration temperature of 900°C, all minerals would be reset during slow cooling (Fig. 9b).
Alternatively, a high temperature spike below the solidus followed by a slow cooling might
reset both pyroxene and plagioclase. We also note that none of these conditions are close to
allow resetting the Pb-Pb chronometer in pyroxene, which would require sustained
temperatures in excess of 1100°C for more than 1 Ma (not shown). As such, the Pb-Pb is
more likely to be disturbed rather fully reset. Temperature conditions required to reset the OAr
both in pyroxene and plagioclase would be sufficient to form diaplectic glass (900 — 700 °C;
(French, 1998; Langenhorst and Deutsch, 2012), which is not observed in the Bunburra
meteorite.

To illustrate the effects of some of the previous time-temperature conditions on a *Ar/*°Ar
age spectrum, we used an upgraded (Forster and Lister, 2010) version of the program
MacArgon (Lister and Baldwin, 1996) to simulate the effect of a given A-T-t path of a

dolerite target rock made of 60% plagioclase and 40% of pyroxene. The diffusion parameters



are the ones used for plagioclase and leaky pyroxene. We simulate a 3.6 Ga event on a 4.5 Ga
target rock, with temperature of 1000°C sustained for a duration of 100 hours (Fig. 11a). We
also simulate similar conditions followed by a relatively slow cooling of 500°C/Ma (Fig.
11b). Both simulations did not achieve a full reset of inherited “Ar* and show structured
synthetic age spectra. Both spectra show hump-shaped patterns where the age spectrum of
Fig. 11b (where the simulation include a cooling period) is more depleted in **Ar*, than in the
case of the high temperature event alone. The hump shaped pattern is due to the different
diffusion characteristics between pyroxene and plagioclase, where plagioclase has lost more
of its “’Ar* than pyroxene at temperatures below the kinetic ‘cross-over temperature (here
calculated to be ca. 1300°C between plagioclase and leaky pyroxene; Fig. 9). The
characteristics of diffusion of these models imply that plagioclase is more depleted than
pyroxene. They also imply that during a *“’Ar/?°Ar step-heating experiment in the laboratory,
the release of argon from the plagioclase contributes to most of the AP Ar spectrum (a wide
degassing curve covering all the temperature range) whereas pyroxene will significantly
contribute to a more restricted part of the age spectrum (mostly 30-90 % of Y Ar released).
These numerical models, even taking the least favorable diffusion parameters of the leaky
pyroxene, confirm our previous calculations (Fig. 9) and confirm that the T-t conditions met
during the Bunburra impacts would not be sufficient to fully reset the K/Ar system without
being close to melting conditions and producing irreversible petrographic changes in the

target rock (French, 1998; Langenhorst and Deutsch, 2012).

4. Hypothesis 2: complete melting of a basaltic target rock

Shock melting of the parent target rock would be a straightforward mechanism to explain

the full reset of the K/Ar system and the disturbance of the Al-Mg and Pb-Pb systematics



found in Bunburra (Spivak-Birndorf et al., 2010). At temperatures of a few thousand degrees,
a basaltic / doleritic target rock is fully melted in less than a few seconds (Fig. 10). At melt
condition (above the liquidus), A-T-t calculations show that a basaltic melt particle will be
purged of all its inherited YAr* in only 0.06 second at a temperature of 3000 °C. At a
temperature of 5000°C, the same result is achieved in only 0.002 second. The important thing
to consider in these calculations is that the relatively slow-diffusing plagioclase does not exist
in the melt state and the plagioclase and pyroxene diffusion curves collapse into the molten
basalt curve shown in Fig. 9a. The diffusion characteristics of liquid basalt imply that a
molten basaltic fragment is far more prone to diffusion than a solid-plagioclase crystal (Fig.
9a). In reality, the true diffusion length scale of a melt<sheet will be bigger than the 150
micron radius adopted in this study, but this might be partially compensated by advection (i.e.
direct matter transportation) which is also likely to play an important role in terms of Ar loss
mechanism from the melt. Based on the lack of significant shock features and localized
fusion, and considering the difficulty in fully purging Ar from solid crystals of plagioclase
and pyroxene crystals compared to molten basalt, we suggest that the Bunburra meteorite
basalt was formed following an impact event that had sufficient energy to entirely melt the
basaltic target rock. Subsequent to the impact, relatively slow cooling allowed pyroxene and
plagioclase to crystallize within the melt rock.

Furthermore, using the Pb diffusion characteristics of pyroxene (Cherniak, 1998) and
assuming that pyroxene melts have Pb diffusion characteristics close to pyroxene crystals
(e.g., this has been demonstrated at least for Ar and CO, in compositionally variable silicate
melts; Nowak et al. 2004), our model shows that even at melt conditions, Pb will be very slow
to diffuse out of the melt particle (Fig. 9a and 10). In reality, if the target rock was completely
melted, then open system behaviour would be required to change the whole-rock Pb isotope

systematics of a given portion of the melt sheet. This could only be achieved by volatile loss



(degassing) of Pb or by melt segregation and re-crystallization (U-Pb fractionation), but the
latter processes are far harder to model than Pb diffusion in a single grain of pyroxene.
Therefore, what our model truly indicates is that the Pb-Pb chronometer, in particular when
compared to the K/Ar chronometer, will be resilient to impact resetting and it follows that
only very energetic (and by extrapolation large) impacts will reach T-t conditions sufficient to
fully reset the Pb-Pb systematics on a global scale.

©Ar/*Ar analyses of the fusion crust of the Bunburra meteorite brings some independent
evidence to support an extremely fast diffusion of YAr« in liquid-basalt ‘compared to the
crystal solid state. The invariant K/Ca ratios (Fig. 8) of four glass-aliquots show that both
pyroxene and plagioclase crystals have been completely molten and mixed into a homogenous
glass. These aliquots yielded apparent ages indistinguishable from 0 Ma and trapped argon
with a **Ar/*°Ar composition indistinguishable from atmospheric argon (‘*’Ar/*°Ar = 299; Lee
et al., 2006) that was incorporated during atmospheric travel. This demonstrates that all the
“Ar* has been removed from the glass during fusion. A fifth aliquot shows a different
behavior with an apparent age of 2.4 + 0.5 Ga, a trapped Y Ar/%Ar ratio of 211 + 56, and a
heterogenous K/Ca ratio (SG-1 in Fig. 8). A variable K/Ca ratio suggests that the crystals
were not completely molten and that the fusion crust still contained some plagioclase and/or
pyroxene crystals.- This is in agreement with an apparent old age, which is probably
intermediate between the 3.6 Ga “’Ar/*’Ar age of the Bunburra meteorite and zero age of the
fall. This is also in agreement with a sub-atmospheric ratio as a mixture from the A Ar
ratio of the meteorite (cosmogenic value of ~1) with the atmosphere (~299). Interestingly,
although the T-t path of the fusion crust is hard to constrain, the Ar results show that solid
crystals embedded within a basaltic melt at more than 1500°C will diffuse *°Ar* much more

slowly than the melt, in accordance with our diffusion model curves (Fig. 9).



Previous “°Ar/*Ar and *’Ar/*°Ar measurements of fresh ~0.5 Ma basaltic melt rock from
the Lonar crater (India) emplaced in the ~66 Ma Deccan basalts showed that, once the
liquidus (i.e. complete melting) is reached, all inherited Ar is quickly and completely purged
from the basaltic melt rock (Jourdan et al., 2011). Interestingly, Lonar is a very small crater of
ca. 2 km in diameter (Fredriksson et al., 1973). This means that, as long as the basalt liquidus
is reached, the K/Ar system of a basaltic target rock can be reset regardless the size of the
crater, although admittedly, local conditions of the melt sheet are likely to-play a role as well
in this process. Normal aphyric basalt liquidus temperatures are on the order of 1250°C
(McBirney, 1984), whereas melting of plagioclase and pyroxene crystals require higher
temperature of ca. 1400-1500°C (McBirney, 1984; Spray, 2010). More realistically and as
mentioned above, higher energy densities (and hence temperatures) per time unit are needed
to fully melt a rock in a short spike with a duration of a few tenths of a second to a few
seconds (Fig. 10). This means that if such melting conditions can be easily reached for a small
impact like Lonar, a full reset of the Ar system is therefore not indicative of a large crater size,
and is likely to be very common on basaltic target rocks throughout the solar system. Note
that if for some reason the target rock is porous (e.g. basaltic regolith) then even lower impact
energy is required to melt such a target rock (Keil et al., 1997; Wiinnemann et al., 2008).
Nevertheless, the Bunburra meteorite has well-developed crystals of pyroxene and plagioclase
up to hundreds of microns long, which contrast with the aphyric Lonar melt rocks (Osae et al.,
2005). The crystalline nature of Bunburra indicates much slower cooling (and hence, a larger
impact) as compared to Lonar, and is instead similar to the texture of the noritic impact melt
of the Sudbury basin (Therriaut et al., 2002).

In summary, based on the *°Ar/’Ar data of Bunburra groundmass and fusion crust
fragments and diffusion models at solid-state and melt conditions, we conclude that the

Bunburra basaltic achondrite is mostly made of melt rock fragments formed at 3.64 Ga by a



medium to large impact event. However, this impact was not sufficient to fully equilibrate the

Pb isotopes amongst mineral phases and only partially disturbed the Pb-Pb chronometer ages.

Timing of the breccia formation.

Whereas the Bunburra melt rock was fully reset during the ~3.64 Ga impact, a secondary
event is required to fragment and recombine pieces of the melt rock containing crystals with
various grain sizes. It is not clear if a tertiary impact is required to weld all the clasts together
into a breccia or rather if this was achieved during the fragmentation event.

As demonstrated above, solid state diffusion without melting is unlikely to fully reset the
K/Ar system in basalt and the brecciation event is unlikely to be the one that reset the
Bunburra melt rock at 3.64 Ga. Nevertheless, sub-solidus heating events, even if not crossing
the Ar reset curves (Fig 9) will cause a portion of the “Ar* to diffuse out of the system (cf.
examples in Jourdan et al., 2007). For example, using the diffusion parameters indicated
above, a basalt fragment will 'be fully reset in 44 h at 1000°C but will lose only 15% of its
“Ar* if heated at the same temperature for 10 minutes. The latter sample would exhibit a
P Ar/*Ar age spectrum with a characteristic log-shaped Fickian diffusion profile (McDougall
and Harrison, 1999). Such small heating events still allow recovering a formation age
provided that a plateau including at least 70% of the gas released is achieved. Below a
threshold of 70% gas release, all crystal domains including the ones forming the flat section of
a spectrum are affected to some extent by YAr* diffusive loss. Such mini-plateaus and sub
mini-plateaus are therefore only indicative of a strict minimum formation age (see empirical
data on plagioclase from the Bushveld complex shown by Cassata et al. (2009) and discussion

by Jourdan (2012)).



An important question is whether we can use low temperature apparent ages (i.e., youngest
ages located at the left of the age spectra; Fig. 2 and 3) of Fickian diffusion profiles to derive
ages for small secondary events. In theory, argon released in the lowest temperature steps
comes from plagioclase and should be able to reach the age of the secondary heating event (cf.
the low temperature steps of the synthetic age spectra presented in Fig. 11), but in practise, it
is not necessarily the case. First, the *°Ar/*’Ar step-heating process follows a_step-function
rather than a true extraction continuum and thus averages the age of the low temperature steps
of a given spectrum. In addition, 1-2% argon can also be lost during irradiation and bake out
procedures. Hence, low temperature steps tend to provide only a maximum age for small
secondary heating events. Recent thermochronogical analyses of a set of logarithmic-shaped
YA/ Ar age spectra obtained on lunar regolith rocks by Shuster et al. (2010) suggest that in
this particular case, it can be demonstrated that age spectra fully recorded the age of a ~3.3 Ga
secondary heating event in their low temperature extraction steps. In the case of the Bunburra
meteorite, the fact that nine aliquots with two different average grain sizes (coarse and fine)
and from different locations in the meteorite all yielded a total of twenty-four low temperature
steps with statistically indistinguishable ages (P=0.11; Fig. 6) suggests that each sample had
its low temperature domains fully reset at the time of a secondary event. This may suggest
that the age of the impact responsible for the fragmentation of the target rocks and/or
amalgamation of the Bunburra meteorite breccia is constrained at 3419 + [23] Ma (Fig. 6).
Deriving A-T-t constraints for the breccia during this impact is not straightforward. The A
(i.e., Ar*) parameter can be estimated based on the shape of the age spectra assuming a
formation age of 3.64 Ga (melting event) and a secondary impact at 3.42 Ga (brecciation
event). With spectra shapes resembling a two-step function rather than true Fickian diffusion
profiles, one can estimate a ©Ar* loss of 10-20% at the time of the event. Since argon

diffusion is probably recorded only by plagioclase crystals in this part of the age spectrum, a



T-t pair cannot be calculated for this range of Ar* loss but only a co-variation curve with a
fraction of argon loss of 15% (Fig. 10). Conversion of apparent shock features of ca. 30 GPa
to temperature of ~500°C for basalt on the Hugoniot curve (Gillet and El Goresy, 2013)
suggests that such a temperature should be maintained over 3.6 years in the breccia to remove
15% of **Ar* from the target rock. More importantly, Fig. 10 shows that the 15% DA™ Joss
T-t curve stays below and never crosses the solidus of plagioclase and is in agreement with

the lack of melting evidence and the absence of maskelynite due to the brecciation event.

Significance of the 3.54 Ga age.

Only two of the nine samples yielded ages of ~3.54 Ga (Fig. 2, 5 and Table 1). Whereas one
sample produced only a borderline 51% *°Ar released mini-plateau and could well be a datum
artefact (cf. discussion by Jourdan (2012)), a second sample produced a robust 82% P Ar
released plateau age with a P-value of 0.83. Therefore, based on the latter sample, there is a
possibility that this piece of Bunburra recorded a true impact event at ~3.54 Ga. Both the
plateau and mini-plateau ages were obtained on coarse breccia aliquots. We see three possible
explanations for such an age: (1) the monomict breccia is in fact a polymict breccia including
components  of ‘similar compositions that melted (and were reset) at 3.64 and 3.54 Ga
respectively; and were brought together during the brecciation event at 3.42 Ga, (2) the age of
the brecciation event is in fact constrained at 3.54 Ga and some part of the breccia recorded
this event or (3) the brecciation event partially reset the K/Ar system that recorded the 3.64 Ga
age and the 3.54 Ga age is an intermediate and meaningless date.

Hypothesis (3) can be dismissed as plagioclase and pyroxene would not be partially reset to
the same intermediate age due to their vastly different diffusion characteristics and a plateau

could not be formed (Kennedy et al., 2013). Hypothesis (2) is possible and would require that



some parts of the target rock would have been molten whereas some parts would have stayed
solid and preserved the 3.64 Ga age. However, the 3.54 Ga age is recorded in the coarse
breccia, which is expected to cool slowly and thus is not easily reconcilable with a fast
cooling expected in the case of a mingling between cold and molten rocks. The polymict
breccia hypothesis (1) offers an easy explanation. However, in this case, the term polymict
does not imply that the target rocks had different compositions, but rather that a
compositionally unique basaltic target rock (Fig. 1; Benedix et al., 2010) underwent different
thermal histories. In the latter case, each of the ~3.64 and ~3.54 Ga cratering and melting
events happened in close proximity on spatially extensive homogenous basaltic target rock.
The ~3.64 and ~3.54 Ga melt rocks would have been excavated and brought together during
the fragmentation/brecciation event at ~3.42 Ga. Although we feel that this scenario is
convincing, it only relies on a single solid plateau age and is admittedly hard to test because of

the lack of compositional variations between the different lithologies (Benedix et al., 2010).

Impacts at the surface of the Bunburra and HED primary and secondary parent bodies.

As demonstrated above, the 3.64 Ga and perhaps 3.54 Ga impact events generated sufficient
energy to melt the basaltic target rock and thus fully reset the K/Ar chronometer. The
occurrence of coarse grained melt rocks for both age populations requires that the two impacts
were large enough to have caused a slowly cooling melt pond at the bottom of the crater.
Unlike as observed on terrestrial craters, slow cooling on asteroids cannot be achieved below
a certain crater size, because the cooling gradient between the surface of the asteroid and the
melt pond would cause a thin sheet of melt to quench rapidly. Nevertheless, it is not clear how
much of a difference this makes in the high temperature (i.e., near solidus) cooling history of

the impact melt.



Therefore, both the A-T-t history of the rock and the presence of coarse grained melt rock
cannot be used as diagnostic tool between medium-size and very large impacts at the surface
of the Bunburra parent body, but seem to exclude a small (few kilometers in diameter) size
crater.

A recent study by Kennedy et al. (2013), using exclusively well-defined “’Ar/*’Ar plateau
ages showed that the duration of the major impact activity at the surface of the ' HED parent
body (thought to be asteroid 4 Vesta; (McSween et al., 2011) might be more restricted than
previously thought (ca. 4.1 — 3.4 Ga; Bogard, 2011; Cohen, 2013; Marshi et al., 2013) and a
very limited set of plateau age data currently available rather indicates that such activity
occurred between ca. 3.5 and 3.8 Ga. Clearly, more well-defined plateau ages are required to
get a comprehensive understanding of the timing of the bombardment history on Vesta as this
restricted history can currently be due to a _sampling bias, but adopting the complete age
dataset based on statistically discordant age data (e.g. Marshi et al., 2013) is in many ways
worse than a restricted number of robust ages (Kennedy et al., 2013; Jourdan, 2012).
Nevertheless, it is interesting to see that, based on current data, most the bombardment
activity on achondrite parent bodies concentrate in a short period of time. This is in stark
contrast to how easy it is to reset the K/Ar system in basalts. Even the relatively small impact
that formed the ca. 2 km in diameter Lonar crater was sufficient to completely reset the
basaltic target rock (Jourdan et al., 2011). The lack of well-developed plagioclase or matrix
plateau ages that post-date ~3.5 Ga (Kennedy et al., 2013) is intriguing. As such, the K/Ar
system on basaltic asteroids is perhaps not best suited to record the age of large impact events,
but rather the youngest recorded ages provide information about the timing of the cessation of
any significant bombardment activity on an asteroid parent body(?). This problem is similar

for instance to the occurrence of the HED unbrecciated eucrite population that shows distinct



VAP Ar ages no younger than ~4.5 Ga (Bogard, 1995; Bogard, 2011; Kennedy et al., 2013),
but which is virtually unperturbed by any secondary impact events after that.

The chronology of the Bunburra meteorite and eucrites indicates that these meteorites were
protected from further (significant) melting-event impacts after 3.5 Ga. This can be achieved
in two different ways: minimal target size or shielding. The first possibility implies that a
relatively small chunk of asteroid (secondary parent) containing the meteorite is-€jected from
a primary parent body during a large impact. The small target size and negligible gravity pull
of the secondary parent would render the latter a target particularly difficult to hit by large
and/or energetic impactors. Only small objects would regularly hit the small parent body, but
the energy generated by those small impacts would be toolow to reset the K/Ar chronometer.
This scenario is tempting, although we note that it is in apparent contradiction with current
orbital dynamic models of the asteroid belt that estimate a life span of several million of years
for 10 km size asteroids (Bottke et al., 2005). The second possibility is that the Bunburra
meteorite was shielded from impact heating by a protective blanket at least a few kilometers
thick, and the specimen was excavated and liberated much later in the history of the parent
body. In this scenario, the heat generated by impact events post 3.5-3.4 Ga is systematically
absorbed by the porous protective blanket whereas the underlying consolidated breccia is
pore-free and thus, requires much more energy to achieve the same temperature. The natural
decrease of the frequency of bombardment might imply that impacts younger than 3.4 Ga
become too small on average to generate sufficient energy to heat the porosity-free breccia
protected by ultra-porous regolith. Nevertheless, it is not clear why all eucrites analyzed so far
would have been protected under a blanket of ejecta for the last ~3.4 Ga and in the case of the
unbrecciated eucrites, for the last ~4.5 Ga. Although this hypothesis is interesting, it requires

further testing.



Finally we note that the impact history recorded by some of the brecciated eucrites (peak at
3.8-3.5 Ga according to Kennedy et al. (2013)) is similar to the impact history recorded by the
Bunburra parent body (ca. 3.64-3.54 Ga; this study) but seems different than the histories
given by various type of chondrites based on the available data (Swindle et al., 2014). This
could indicate a similar position of the two differentiated parent bodies in the asteroid belt at
that time. The fact that the oxygen isotope composition is different between anomalous
eucrites and HEDs could imply that the Bunburra parent body was not accreted in this part of

the asteroid belt but rather migrated there later, prior to 3.6 Ga.

Conclusions / summary

Based on “’Ar/*’Ar results obtained on two lithologies of the Bunburra meteorite (Fig. 12)
and fusion crust, previous Al-Mg and U-Pb results, argon diffusion models and comparison
with a terrestrial analogue, we envisage the following scenario for the Bunburra Rockhole
meteorite.

(1) Part of the pre-3.6 Ga bombardment history of Bunburra meteorite might still be
recorded by the Pb-Pb system that yielded an apparent age around 4.2-4.1 Ga. However, the
lack of statistically robust results does not allow us to confirm if this apparent age is
meaningful or if it represents a partially reset age, intermediate between the 4.5 Ga formation
age and the 3.6 Ga impact event. (2) A medium- to large-sized impact crater of perhaps tens
of km in diameter or more occurred at 3640 + [21] Ma Ga on Bunburra’s parent body. The
impact event had sufficient energy to melt part of the target rock and erase all preceding
history from the K/Ar system, whereas the T-t history and open system behavior of the melt
rock were not sufficient to completely erase the Pb-Pb age. Relatively slow cooling allowed

crystals to grow up to several hundred of microns (forming coarse breccia). (3) A second



medium-size impact event might have occurred on a neighboring part of the same target rock
at 3544 + [22] Ma. This impact would have been sufficiently energetic to melt and reset the
target rock while distal enough not to affect the ~3.64 Ga melt rock. (4) At ~3.42 Ga, a third
impact excavated parts of the 3.64 (and 3.54) Ga melt rocks and brought together fragments
with diverse grain sizes to form the coarse to fine breccia observed in the Bunburra meteorite.
We consider the possibility that the third event was not sufficient to weld the fragments
together and thus, a fourth impact (5) may be required. During this event (or perhaps shortly
after) the Bunburra meteorite was either ejected and sat in a secondary, much smaller parent
body where it stayed unperturbed for the last 3.42 Ga or was buried under a few kilometer
thick protective regolith blanket during approximately the same duration. Finally, (6)
Measured ° 8ArC and 21NeC CRE ages at ca. 21 Ma, indicating the final separation of Bunburra
from its secondary (or higher order) parent body by a minor impact and before its entry into

Earth’s atmosphere in 2007.
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Figure Captions

Fig.1: (a) Thin section photograph of the Bunburra basaltic achondrite in polarized light. (b)
Scanning electron microscope image of Bunburra. Note the absence of melt and diaplectic

glass, and the abundance occurrence of cracks.

Fig.2: “Ar/*’Ar age spectra measured for five coarse-grained aliquots (~250 um in diameter
each) of the Bunburra eucrite using laser step heating. Ages have been calculated using the
g decay constants of Renne et al. (2011) and the R-valuercympsgry of Jourdan and Renne

(2007).

Fig. 3: ““Ar/*Ar age spectra measured for four fine-grained particles (~250 pm in diameter

each) of the Bunburra eucrite.

Fig. 4: Seven individual plateau and mini-plateau ages for coarse- and fine-grains particles
from the oldest age population obtained for the Bunburra eucrite particles. Note the absence of
correlation between age and grain size. A weighted mean age of 3640 + 18 Ma (P=0.53) has
been calculated from the seven individual ages. Full external error propagation using the
optimization model of (Renne et al., 2010) and R-valuercymbser uncertainty of Jourdan and

Renne (2007) yields an external uncertainty of + [21] Ma.



Fig. 5: Nine individual plateau and mini-plateau ages ranked by increasing age and showing

two distinct age populations of ca. 3.64 and 3.54 Ga.

Fig. 6: Low temperature steps from the nine age spectra obtained from the Bunburra eucrite
particles (Fig. 2 and 3). These steps represent between 10 and 28% of the total gas of each age

spectrum.

Fig. 7: ““Ar/*Ar vs. “°Ar/*°Ar inverse isochron plots of five aliquots extracted from the fusion
crust surrounding the Bunburra meteorite that fell on Earth in 2007 (Bland et al., 2009). Four
particles show atmospheric composition and zero-age. SG1 show that residual radiogenic

OAr* is present in the system likely related to the presence of unmelted crystals.

Fig. 8: K/Ca ratio of the fusion crust particles. Four particles show a homogenous K/Ca ratio
suggesting that the plagioclase ~and pyroxene crystals have been fully melted and
homogenized in a glass state.'SG1 show a variable K/Ca suggesting that discrete crystals did

not melt and were trapped in the glass.

Fig. 9: A-T-t diagrams (Jourdan et al., 2010; Jourdan et al., 2007). Solid curves indicate the
T-t conditions required to fully reset a sphere of 150 pum radius. Fields located on the
right/upper side of the curves indicate complete YAr* reset for a given mineral. Red curve=
plagioclase; purple curve = basalt, green curve = pyroxene, dashed green curve = leaky
pyroxene, dashed blue line = pyroxene (Pb). Dy and E, values are given in the text. Dashed
gray curves represent A-T-t path of a given sphere immediately after impact. If the A-T-t path
crosscut a solid curve, this means that the sphere is age-reset for a given mineral/rock type. A)

T-t condition immediately after impact (1x10" s = 116 days) Solidus temperatures of



plagioclase and basalt are indicated but are not valid for time shorter than a few seconds (Eq
1; Fig. 10). B) Same as (A) but for slow cooling (sub-equilibrium) conditions up to 1 Ma after
impact. A-T-t path calculated using a cooling rate of 500°/Ma (Schmieder and Jourdan, 2013).

Pb curve in pyroxene is not shown but is approximately constant above 1100°C.

Fig. 10: A-T-t diagram for plagioclase and pyroxene spheres of 150 um radius. Solid line
represents the total Ar reset curves shown in Fig. 9. The dashed line depicts a unique set of
possible T-t pair conditions required to remove 15% of the total YAr* in the plagioclase
sphere, at the time of the event. The gray area represents the conditions where plagioclase is
in solid form (Eq 1; Annex 2). For very brief period of time, a higher amount of energy is

required to melt the system. The blue dashed line represents the reset curve of Pb in pyroxene.

Fig. 11: Synthetic spectra calculated using the McArgon program (Forster and Lister, 2010;
Lister and Baldwin, 1996) for a 150 pm radius eucrite sphere made of 60% plagioclase and
40% pyroxene and for two different T-t histories assuming a formation age at 4.5 Ga and an

impact event at 3.64 Ga (dashed line). Dy and E, values are given in the text.

Fig. 12: Summary of impact events recorded by the Bunburra eucrite. We interpret these
events as follow: event 1 and event 2 are impact-induced melting events on a single melt rock
but at two different emplacements. Event 3 is a brecciation event responsible for the

amalgamation of the various lithologies observed in the Bunburra achondrite (Fig. 1).

Table 1: Summary of plateau and mini-plateau ages of nine Bunburra basaltic fragments.
Plateaus are defined by more than 70% P Ar released and P > 0.05. Mini-plateaus are defined

by 50-70% P Ar released. Event 1 = 3.64 Ga; event 2 ~ 3.54 Ga. Internal errors do not include



the uncertainties on the “’K decay constants and uncertainties on the age of the Hb3gr
standard. MSWD and P-values are indicated. A P-value above 0.05 indicates a concordant

series of steps.

Annex 1: Complete Ar isotopic abundances and analytical parameters for each sample (coarse

grained, fine grained and fusion crust). Sheet data generated by ArArCALC (Koppers, 2002).

Annex 2: K/Ca step-heating plots for the coarse and fine breccia lithology samples.

Annex 3: Detailed thermodynamic model equations to‘constrain time-temperature basalt

melting conditions upon impact.



Sample N° | Even | Platea | Interna | All sources of | Total Attribut | MSW | P

t u age |l errors (2s) FAr e D

date | (Ma) | errors release

d (2s) d (%)
Coarse
breccia
SG-1 1 3623 | 53 +55 76% Pl 0.7 0.71
SG-2 1 3656 | £52 +53 53% Mini-Pl | 1.12 0.35
SG-3 2 3538 | 30 +31 82% Pl 0.69 0.83
SG-4 1 3647 | 34 +35 90% P1 0.84 0.65
SG-5 2 3553 | £38 +39 51% Mini-P1 | 1.57 0.09
Fine
groundmass
SG-1 1 3622 | 60 +62 85% Pl 0.64 0.72
SG-2 1 3612 | x107 | 108 81% Pl 1.82 0.09
SG-3 1 3596 | +56 +57 88% Pl 0.65 0.77
SG-4 1 3658 | £35 +36 63% Mini-P1 | 0.95 0.68

Table 1:

Jourdan et al.
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Fig. 1: Bunburra meteorite: Jourdan et al.
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Fig. 6 - low temp steps
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Fig. 7 - isochron Fusion crust
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Fig. 8 - Ca-K fusion crust.pdf
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Fig. 8 - Ca/K Fcrust: Jourdan et al.



Figure 9 - Ar reset curves
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Fig. 9 - A-T-f curves: Jourdan

et al.:




Figure 10 - Curvel5%loss
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Fig.10 - 15%Arloss: Jourdan et al.



Fig. 11 - Synthetic spectra.pdf
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Fig. 11 - synthetic spectra: Jourdan et al.



Fig. 12 - Events summary.pdf
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Fig. 12 Events summary: Jourdan et al.



