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Amazonian-age Martian meteorites contain products of indigenous aqueous altera-
tion; yet, establishing when this alteration occurred, and therefore when liquid water
was available in the planet’s crust, has proven challenging. New “°Ar/3?Ar dates for
iddingsite within the Martian meteorite Lafayette show these minerals precipitated
from liquid water at 742 + 15 Ma (20). This age is the most precise constraint to date
on water—rock interaction on Mars, and postdates formation of the host igneous rock
by ~580 Myr. We infer that magmatic activity most likely induced melting of local
permafrost and led to alteration of the nakhlites, suggesting that activation of local-
ised hydrological cycles on Amazonian Mars by magmatism was infrequent and

transient, but not unusual.

Received 10 August 2024 | Accepted 15 October 2024 | Published 6 November 2024

¥ Introduction

A key objective of ongoing and future missions to Mars is
determining when the planet’s hydrological cycle was active in
the geologic past. For much of the Amazonian period (2.9 Ga
to present), Mars’s surface was cold and arid with a thin atmos-
phere, making liquid water unstable at the surface (e.g., Carr and
Head, 2010). However, minerals that formed by aqueous alter-
ation of Amazonian-aged rocks, which have travelled to Earth as
meteorites, show that liquid water was available at some points
during this time period (Gooding et al., 1991; Treiman et al.,
1993).

The nakhlite meteorites are a group of igneous rocks that
crystallised between 1416 +4 and 1322 +5 Ma, and were sub-
sequently ejected by an impact event at 10.7 + 0.4 Ma (Cohen
et al., 2017). Several nakhlites contain aqueous alteration prod-
ucts (e.g., Treiman, 2005) that (1) are crosscut by fusion crusts
that formed upon atmospheric entry to Earth (e.g., Gooding et al.,
1991; Treiman et al., 1993) and (2) have D/H ratios indicative of
fluid equilibration with the Martian atmosphere (Leshin ef al.,
1996), requiring that these secondary phases formed via interac-
tion of the igneous rocks with liquid water on Mars (e.g., Leshin
et al., 1996).

Lafayette is one such member of the nakhlites. Itisa 0.8 kg
olivine-rich pyroxenite find with negligible evidence for terres-
trial weathering (Graham et al., 1985; Treiman et al., 1993; Lee
et al., 2015). Olivine grains and the mesostasis of Lafayette host
aqueous alteration products that include K-bearing hydrous
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silicates (e.g., Piercy et al., 2022, and references therein; see
Supplementary Information). We refer to this alteration mineral
assemblage as “iddingsite”. The focus of the present study is to
determine the age of iddingsite in the olivine-hosted veins
(Fig. 1), which comprise 2.3-2.7 volume percent of Lafayette
(Lee et al., 2015).

The question of when Lafayette and the other nakhlites
were exposed to liquid water on Mars remains unresolved.
The most widely cited constraint derives from the Rb-Sr system-
atics of acid-leachates from the meteorites Lafayette and Yamato
(Y) 000593 (Shih et al., 1998; Misawa et al., 2005). These experi-
ments were designed to measure the isotopic systematics of the
primary igneous minerals. The acid leach component was meant
to remove the iddingsite and any terrestrial weathering products,
but was not designed to extract chronological information.
Nonetheless, these measurements have also been used to extract
apparent, two-point isochron ages of 674 =68 Ma and 653 +
80 Ma (20, recalculated; see Supplementary Information for Rb-
Sr systematics and *°Ar/*’Ar methods) for Lafayette (Shih et al.,
1998) and Y000593 (Misawa et al., 2005), respectively. With an
isochron defined by two points, there is no way to test for con-
tamination or isotopic disturbance, the latter being particularly
important as the leaching procedure may produce Rb/Sr frac-
tionation (Clauer et al., 1993). And while these two datasets have
been aggregated to estimate a single ‘date’ for nakhlite alteration
(Borg and Drake, 2005), they are not consistent with a single iso-
chron (see Supplementary Information), which raises questions
about the overall chronological significance of these data.
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Figure 1 Petrographic context of Lafayette iddingsite. (a) Backscattered electron image showing an olivine grain (Ol) surrounded by augite
crystals (Px) and cut by iddingsite-filled veins (Id). (b) Energy Dispersive Spectroscopy (EDS) X-ray map showing potassium enrichment
(brighter grey) in iddingsite. Data were collected using a Carl Zeiss Sigma scanning electron microscope (SEM) at the University of

Glasgow, operated in high-vacuum mode at 20 kV and ~2 nA.

Previous work applying the *°K-*°Ar chronometer to Lafayette is
also ambiguous, suggesting that the nakhlites interacted with
aqueous fluids sometime between 670 and 0 Ma (Swindle ef al.,
2000). These dates were likely impacted by inhomogeneous K
distribution between the distinct aliquots of material measured
for their 9K and 4°Ar content.

! Methods

We revisited the age of iddingsite in Lafayette using the “°Ar/*Ar
technique, a variant of the “°K-*’Ar dating method used by
Swindle et al. (2000). We obtained 0.216 g of Lafayette from
the Smithsonian Institution, sourced from an interior core
>20 cm from the fusion crust. Iddingsite was physically sepa-
rated from the host olivine (see Supplementary Information).
During the neutron irradiation required for “°Ar/*Ar dating,
the 3Ar atoms produced recoil with an average distance of
0.08 um in silicate minerals (Turner and Cadogan, 1974). Thus,
fine-grained materials with high surface area-to-volume ratios,
like the iddingsite studied here, may lose *Ar during the
irradiation process, resulting in spuriously old ages (Onstott et al.,
1995). The dating of fine-grained materials using the “°Ar/*Ar
technique thus requires a non-conventional approach, which
consists of micro-encapsulation to prevent loss of recoiled iso-
topes (Dongetal., 1997). To achieve this, we encapsulated twelve
~1 pg aliquots of the hand-picked iddingsite in evacuated,
flame-sealed quartz glass capsules prior to neutron irradiation.
Following irradiation, we measured the Ar isotopic composition
of the iddingsite in two stages. First, the glass capsule was
cracked under vacuum to measure any recoiled ’Ar and Ar.
Second, the samples recovered from the cracked glass tubes
were then fused with a diode laser. The 3Ar and *’Ar measure-
ments from the cracked tubes were added to the total fusion iso-
tope measurements (*°Ar, 3Ar, ¥Ar, ¥Ar, and “°Ar). Data were
corrected for backgrounds, mass discrimination, radioactive
decay since irradiation, cosmogenic Ar, and trapped Martian
atmospheric Ar. Full analytical procedure details are provided
in the Supplementary Information.

! Results

Upon cracking the quartz capsules, we observed that significant
3Ar and ¥Ar recoil occurred during neutron irradiation into
the quartz capsule of 16 +2 % and 13 + 2 %, respectively. When
the Ar isotopic data from the two-stage analytical procedure are
combined, the data define a normal age distribution with a mean
“Ar/%Ar age of 741.8 +15.0/15.2 Ma (analytical precision/full
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Figure2 Rankage (purple bars, 20) and relative probability (black
curve) of “°Ar/3°Ar dates for 12 aliquots of Lafayette iddingsite. The
data define a Gaussian distribution and indicate no scatter beyond
what is expected from measurement precision.

external precision at 20). There is no statistically significant dif-
ference between the individual aliquot ages, defining a mean
square weighted deviation (MSWD) of 1.2 and a p-value of 0.3
(Fig. 2). This age for the iddingsite in Lafayette agrees within un-
certainty with the previously estimated age from Rb-Sr acid-
leachates (Shih et al., 1998) but is significantly more precise.
It is slightly older than the wide age range previously estimated
from K-Ar measurements (Swindle et al., 2000).

! Discussion

Potential for diffusive loss of Ar. Because we conducted total
fusion *°Ar/*?Ar measurements on the iddingsite aliquots, we
did not recover information about the spatial distribution of
radiogenic *°Ar in the constituent phases. Therefore, we must
evaluate the possibility that the aqueous alteration in Lafayette
occurred earlier than 742 Ma, and that heating events at 742 Ma,
or later, caused partial loss of radiogenic “°Ar. The maximum
possible “°Ar loss is 44 %, based on the difference between
the measured iddingsite age and Lafayette’s igneous crystallisa-
tion age (~1322 Ma; Cohen et al., 2017).

The bulk “°Ar/*?Ar systematics of the nakhlites reported
by Cohen et al. (2017) preclude protracted heating of Lafayette

Geochem. Persp. Let. (2024) 32, 58-62 | https://doi.org/10.7185/geochemlet.2443 59


https://www.geochemicalperspectivesletters.org/article2443/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2443/#Supplementary-Information
https://doi.org/10.7185/geochemlet.2443

Geochemical Perspectives Letters

during its residence in Mars’s crust. Therefore, we consider three
aspects of Lafayette’s history that could have induced “°Ar loss:
(1) heating during an impact event, such as the impact that
ejected Lafayette from Mars ca. 10.7 Ma; (2) heating during
Lafayette’s transit in space before falling to Earth; and (3) heating
during entry into Earth’s atmosphere. To assess the influence of
heating during these events on the “°Ar/*Ar age, we modelled
the diffusive loss of Ar from iddingsite. Following others who
have applied “°Ar/*°Ar dating to authigenic clays (e.g., Clauer
et al., 2003), we assume the diffusion kinetics of Ar in muscovite
are comparable to those in the K-bearing phases comprising
iddingsite and use the kinetic parameters for Ar diffusion in mus-
covite reported by Harrison et al. (2009). The grain size of the
iddingsite in Lafayette is not well constrained, but it cannot be
greater than 10-20 um based on the width of the olivine-hosted
veins. We therefore explored models with diffusion radii
between 0.01 and 10 pm, assuming the grain size defines the dif-
fusion length scale.

In the case of the 10.7 Ma impact event and/or atmos-
pheric entry, we use approximations for fractional loss during
a square pulse heating event (Fig. 3a; see Supplementary
Information). The duration of heating for both events is geologi-
cally brief: up to several hours after ejection (e.g., Fritz et al., 2005)
or hundreds of seconds during atmospheric entry (e.g., Parnell
et al., 2008). For these scenarios, we therefore assume radiogenic
#0Ar production during heating is negligible. However, in the
case of Lafayette’s 10.7 Myr transit in space, the production of
radiogenic “°Ar is nontrivial. We therefore use a solution for
radiogenic *°Ar production and diffusive loss during an iso-
thermal heating event, which incorporates the initial age prior
to heating. Although Lafayette’s temperature would have varied
as it transited the inner Solar System, we use the isothermal
heating solution as an end member to estimate the minimum
temperatures that would yield diffusive loss (Fig. 3b; see
Supplementary Information).

For an impact and atmospheric entry, temperatures
>~250 °Cwould need to be sustained for several days, or longer,
for Ar loss to exceed 1 % (Fig. 3a). Lower temperatures are
required for Arloss during space transit due to its longer duration
(Fig. 3b). For example, for a grain radius of 0.01 pm, temperatures
would need to exceed ~160 °C for >1 % diffusive loss of Ar to

take place. Higher temperatures during space transit are permit-
ted without diffusive loss over durations <10.7 Myr.

When paired with other observations, these first-order
thermal constraints suggest that an age for the Lafayette idding-
site significantly older than 742 Ma age is highly unlikely.
For heating during impact ejection, independent estimates based
on the shock petrography of Lafayette indicate that shock
and post-shock temperatures were at most several tens of
degrees Celsius above ambient Martian surface temperatures
(e.g., Fritz et al., 2005; Daly et al., 2019). Following ejection, the
maximum temperatures that Lafayette could have experienced
during space transit are 200-250 °C, which would occur if its
orbit approached Mercury (Butler, 1966). However, orbital
dynamics calculations demonstrate that a prolonged duration
near Mercury is extremely unlikely for a Martian meteorite that
falls to Earth (e.g., Gladman, 1997). Therefore, Lafayette likely
spent most, or all, of its 10.7 Myr space transit at temperatures
well below those required to cause Ar loss (150200 °C; Fig. 3b).
Finally, we expect heating during atmospheric entry to be insig-
nificant, considering that our samples were sourced ~20 cm from
Lafayette’s fusion crust. The Stone 5 experiments, which placed
rocks on the nose of a spacecraft to simulate atmospheric entry,
only documented re-entry heating >100 °C at <2 cm depth
below the rocks” fusion crust (Parnell et al., 2008). Collectively,
these observations and our calculations indicate that while par-
tial Ar loss from Lafayette iddingsite is possible under certain
conditions, it is very unlikely given other constraints about
Lafayette’s history.

Significance of the “Ar/°Ar age. Given that (1) the
“Ar/Ar data show no significant scatter beyond what is
expected from the measurement precision, (2) radiogenic “°Ar
loss from the Lafayette iddingsite is highly unlikely, and
(3) the new *°Ar/3?Ar date is broadly consistent with previous
but significantly less precise age estimates, we interpret the
“OAr/P9Ar age of 742 +15 Ma as recording the time when the
iddingsite in Lafayette formed as a result of water-rock interac-
tion close to the surface of Mars.

Our data show that the impact event recorded by Nakhla
at ~913 Ma (Cassata et al., 2010) was not coeval with the aqueous
activity that led to iddingsite formation in Lafayette. The impact
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Figure 3 Thermal limits on Ar diffusive loss from Lafayette iddingsite. (a) Argon fractional loss (0-40 %) as a function of duration and tem-
perature of a square pulse heating event, such as during an impact or atmospheric entry, for two different end member iddingsite grain sizes.
(b) Argon fractional loss as a function of grain size and temperature for an isothermal heating event lasting 10.7 Myr, the duration of

Lafayette's transit in space (Cohen et al., 2017).
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event at 913 Ma is the only evidence that the nakhlites have
experienced impact-induced shock following cooling of the
parent lavas and prior to their ejection at 10.7 Ma. The impact
event at 913 Ma was likely responsible for producing the shock
features in Lafayette documented by Daly et al. (2019), and for
increasing the porosity and permeability for later aqueous
solutions to infiltrate grain interiors within Lafayette at 742 Ma
(Lee et al., 2015), but did not induce the aqueous alteration of
Lafayette or the nakhlites directly. The data do not preclude
the occurrence of a third impact event at 742 Ma. However, such
an event would have to be low enough energy to not disturb the
Ar isotope systematics of primary phases in the nakhlites, but
high enough energy to induce subsurface melting of localised
permafrost, providing the heat source for water-rock interaction
that led to alteration of the nakhlites (e.g., Changela and Bridges,
2010). Moreover, it is unlikely that three large impact events
occurred at the same place on the Martian surface during the last
1 Ga (ca. 913 Ma, 742 Ma, 10.7 Ma).

An alternate and simpler explanation is that magmatism
acted as a localised heat source for melting of subsurface ice
and water-rock interaction during the Amazonian on Mars.
On Earth, iddingsite is commonly observed in olivine grains of
igneous rocks that experience post-emplacement hydrothermal
activity not linked to impact cratering (e.g., Carlson and Rodgers,
1975), so it is reasonable to infer a similar process happening on
Mars. The spatial variability of alteration within the nakhlites
(Lee et al., 2015) is consistent with a model of heat from mag-
matic eruptions or intrusions at ~742 Ma, inducing localised,
short-lived melting of permafrost. Such spatial variability is diag-
nostic of a small-scale hydrologic system, whereas higher water
to rock ratios, and more pervasive alteration, are more com-
monly associated with an allochemical, impact-driven hydro-
thermal cell (Bridges and Schwenzer, 2012). A model for a
short-lived heat source of magmatic origin is thus congruent
with the low temperature models for nakhlite alteration pro-
posed previously (e.g., Treiman et al., 1993). Fluid-rock interac-
tion at ~742 Ma selectively widened and extended the fractures
within olivine through carbonation (e.g., Tomkinson et al., 2013).
The dissolution of the host olivine provides many of the cations
required to precipitate the secondary minerals observed in the
nakhlites (Lee et al., 2015)—another key requirement of a highly
localised, isochemical system. Similarly, the potassium found
within the iddingsite (Fig. 1) was likely sourced locally from dis-
solution of feldspar and glass in the mesostasis (Bridges and
Schwenzer, 2012).

The timing of iddingsite formation in Lafayette coincides
with a volcanically active period of Mars’s history, albeit eruption
frequency was decreasing. Amazonian-age volcanism is
restricted to the Tharsis and Elysium regions of Mars and their
peripheries (Carr and Head, 2010); the nakhlites are most likely
sourced from these regions (Herd ef al., 2024). Crater ages of tens
of millions of years for volcanic surfaces in Tharsis and Elysium,
including the crater that formed when the nakhlites were
ejected, suggest that Mars is still episodically volcanically active.

! Conclusions

The new “°Ar/*?Ar geochronology presented here demonstrates
that the timing for aqueous alteration of Martian volcanic rocks
by water was unrelated to their emplacement or an impact event,
but most likely related to ongoing magmatic activity on Mars ca.
742 Ma. Our proposed model is consistent with previous models
for the alteration environment of the nakhlites. Considering
the low eruption rate for Amazonian volcanoes and the preva-
lence of permafrost across Mars, our data support interpretations

Q)EAC

that activation of localised hydrological cycles on Amazonian
Mars by magmatic activity was infrequent but not unusual.
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Alteration Phases in Lafayette

The alteration phases present in Lafayette, which we collectively refer to as “iddingsite,” and in the nakhlite meteorites
more generally, have been extensively studied and described (e.g., Bridges and Grady, 2000; Bridges et al., 2019;
Changela and Bridges, 2010; Gyollai et al., 2023; Hicks et al., 2014; Kramer Ruggiu et al., 2020; Lee et al., 2013, 2015,
2018; Martinez et al., 2023; McCubbin et al., 2009; Piercy et al., 2022; Tomkinson ef al., 2013; Treiman, 2005; Treiman
et al., 1993). Here, we summarize some of the key mineralogical and textural observations that are of relevance for
understanding our “°’Ar/*’Ar dates of the alteration phases in Lafayette.

The abundance, and to a lesser degree the mineralogy, of the alteration phases in Lafayette are documented to
be variable across different samples or aliquots of the meteorite (e.g., Piercy et al., 2022). The aliquots of iddingsite that
we separated for “’Ar/*’Ar geochronology were taken from the same material that Tomkinson et al. (2013) and Lee et
al. (2015) studied, so we focus on their characterization here. They documented that both narrow (1-2 pm) and wide (up
to 40 um) olivine-hosted veins contain finely crystallised Fe-Mg silicate identified as saponite (Tomkinson ef al., 2013).
In the wider veins, the saponite is observed to be mantled by Fe-rich smectite phyllosilicates (e.g., Treiman et al., 1993)
or intergrown smectite and serpentine (e.g., Changela and Bridges, 2010), and in some of the widest veins siderite is
also observed (e.g., Tomkinson et al., 2013; Lee et al., 2015). Lee et al. (2015) interpreted the mineral assemblage in
the olivine-hosted veins to reflect a multistage process, with the saponite crystallising and filling in fractures first,
followed by the incongruent dissolution of the vein walls and replacement by siderite, which was finally replaced by the
smectite or intergrown smectite and serpentine. While we were not able to differentiate between these major alteration
phases when we physically separated the vein-filling alteration material from their olivine grain hosts, we anticipate
based on mineralogy that the phyllosilicates will dominate the K budget responsible for production of radiogenic *’Ar.
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A multi-stage formation history of the iddingsite mineral assemblage in Lafayette (e.g., Lee ef al., 2015) is
consistent with detailed petrologic studies of the alteration assemblages in other nakhlites (e.g., Changela and Bridges,
2010; Lee et al., 2013; Gyollai et al., 2023; Martinez et al., 2023). Although we report the most precise date for these
alteration phases in Lafayette to date, it is worth noting that the age we obtain of 742 Ma still has a nontrivial uncertainty
of 15 Ma (20). Therefore, a multi-stage formation history of the alteration mineral assemblage is certainly permissible
within the age window and could be significantly shorter (e.g., Changela and Bridges, 2010), but this possibility is not
currently resolvable via radiometric dating alone.

Recalculation and Reinterpretation of Rb-Sr Systematics in Martian Meteorites
Lafayette and Yamato (Y) 000593

The most widely cited constraint on the timing of iddingsite formation in the nakhlites derives from the Rb-Sr
systematics of acid-leachates from the meteorites Lafayette and Yamato (Y) 000593 (Shih ef al., 1998; Misawa et al.,
2005). The Rb-Sr data from Lafayette were only presented in a small figure in an abstract (Shih et al., 1998). To
reevaluate these data, we digitized the Rb-Sr data, as well as the Sm-Nd data, from the figures in Shih et al. (1998),
including the uncertainties. Because the Rb-Sr data for Lafayette and Y000593 were combined by Borg and Drake
(2005) to infer an age for iddingsite in the nakhlites, we also re-reduced the radioisotopic data (Rb-Sr and Sm-Nd) from
both Lafayette (Shih ez al., 1998) and Y000593 (Misawa ef al., 2005) using a consistent calculation approach.

The radioisotopic data from Shih et al. (1998) were derived from a crushed, 0.5 g sample of Lafayette. We
briefly summarize their methods here. Before separation, three whole rock aliquots (WR, WR1, WR2) were separated
from the crushed sample. After WR separation, a pyroxene (Px) and an olivine (Ol) separate were picked by hand, as
were two different “iddingsite” fragments (Id1 and 1d2; described as a composite mixture of alteration materials, olivine
and pyroxene). All aliquots except WR1 and WR2 were leached in 1 mol/L HCI. All leachates and residues, and the
two unleached WR aliquots, were measured for their Rb, Sr, and Sr isotopic compositions. The methods used by Misawa
et al. (2005) are very similar, with the exception that they used 2 mol/L HCI.

Digitization and new calculations of Rb-Sr and Sm-Nd systematics

There are line elements behind the data points in the vector figure of Shih ef al. (1998) that we interpret as uncertainty
bars. We interpret the uncertainties to be plotted at the 2c level, because they are similar in magnitude to the reported
2¢ uncertainties in Shih ef al. (1999) on the nakhlite Governador Valadares, which were made using the same analytical
methods in the same lab at around the same time. These values are reported in Table S-1. The original isochron-style
regressions used what are now outdated implementations of line-fitting algorithms that are difficult or impossible to
reproduce, and which may have been adjusted in ways that are not well documented (cf. discussion in Nyquist et al.,
1986). As a result, we have recalculated linear fits using a widely used and reproducible algorithm from York ef al.,
(2004). This algorithm underpins the default line-fitting method in Isoplot (Ludwig, 2008) and IsoplotR (Vermeesch,
2018). The uncertainties we report are based on propagating the a priori analytical uncertainties only, and no adjustment
has been made to account for overdispersion. To compare our calculations to the originally reported values, we use the
decay constants from the original publications (As7ro = 1.390-10""" a™! for Shih ez al. (1998) and 1.402-10™"' a™! for Misawa
et al. (2005); and Aia7sm = 6.540-107'2 a™ for both). The difference between ages calculated with the two *’Rb decay
constants is ~11 Myr.

Using the digitized data for Lafayette and excluding the leachates from Id1 and Id2, as was done by Shih et al.
(1998), the Rb-Sr data yield a line with a slope corresponding to a date of 1.281 £ 0.021 Ga and an intercept of 0.70259
+ 0.00004 (20; n = 10; MSWD = 23.4; Fig. S-1), compared to the published values of 1.26 + 0.07 Ga and 0.70260 +
0.00014 (no sigma level or MSWD were originally reported). To confirm the accuracy of our digitization, we also
calculate an Sm-Nd age and intercept from the digitized data of 1.317 £ 0.033 Ga (26; n=11; MSWD = 2.3) and initial
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eNd of 16.3 + 0.6, compared to the published values of 1.32 £+ 0.05 Ga and initial eNd of 16.3 + 0.4 (Shih ef al., 1998).
These new values are summarized in Table S-1.
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0.7060 1d2(1)
0.7055
gcf 0.7050
g’ 0.7045
0.7040
0.7035 @ Leachate
0.7030 ® Residue
m Unleached WR
07025 [ | 1 [ | 1 1 ] 1 1 ]
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

87Rb/86Sr

Figure S-1 Isochron style plot of Rb-Sr data from the meteorite Lafayette. Data has been digitized from the original
figure of Shih et al. (1998). Uncertainties are smaller than the symbols plotted.

For consistency, we also re-reduced the data from Misawa et al. (2005) on Y000593. Using the same 5 aliquots
for Rb-Sr as the authors (WR1, WR(r), Cpx(r), Cpx2(r), and NMag(r)), we calculate a line with a slope corresponding
to a date of 1.302 + 0.024 Ga and an intercept of 0.702524 + 0.000027 (26; n = 5; MSWD = 3.1; Fig. S-1) compared
with the published values of 1.30 + 0.02 Ga and 0.702525 + 0.000027 (no sigma level). For Sm-Nd, we use the same 6
samples as the authors (WR1, WR(r), WR(]), Cpx(r), Cpx(l), and Cpx2(r)) and recover a line with a slope corresponding
to a date of 1.314 £ 0.018 Ga and initial eNd of 15.8 £ 0.4 (26; n = 6; MSWD = 4.8), compared to the published values
of 13.1 £0.03 Ga and 16.0 £ 0.2 (no sigma level reported). These new values are summarized in Table S-1.

The results from the digitized data agree with the results presented by Shih ef al. (1998) for Lafayette and for
Y000593 presented by Misawa et al. (2005), which suggests that the digitization is broadly accurate. The larger
uncertainties for some aliquots in the original publications appear to scale with the degree of overdispersion, and most
likely are derived from an undescribed effort to account for non-analytical scatter (cf. Nyquist ef al., 1986). Calculating
an MSWD makes clear that the Rb-Sr data of Lafayette are significantly overdispersed, implying a disturbance in the
Rb-Sr systematics.

Reinterpretation of the Rb-Sr Systematics

The chronological information on timing of alteration of the nakhlites has previously been derived from four analyses,
two each from Lafayette and Y000593 (Borg and Drake, 2005). From Lafayette, the two leachates were from separates
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Id1 and Id2, the composite mixtures of primary igneous minerals and alteration material. From Y000593, the leachates
are from two olivine separates, one from the 3.6-3.95 g/cm® fraction (OI(1)), and one from the fraction denser than 3.95
g/em’, called p > 3.95. Each pair was regressed as a two-point model isochron. Recalculating a slope and intercept from
each data pair yields apparent dates and initial Sr isotope compositions, at 2o, of 677 + 68 Ma and 0.7042 + 0.0002 for
Lafayette, and 650 = 80 Ma and 0.7046 + 0.0001 for Y000593. These recalculated values agree well with the original
published values of 679 + 66 Ma and 650 + 80 Ma, respectively. Calculating the ages relative to a common decay
constant (Rotenberg et al., 2012) yields 674 = 68 Ma for Lafayette and 653 = 80 Ma for Y000593 (Figs. S-1 and S-2).
Note that the Borg and Drake (2005) compilation also includes an additional date from Y000593 of 614 + 29 Ma from
the olivine residues based on a preliminary presentation of the data in an abstract (Shih ez al., 2002). However, the
residual data later updated in Misawa et al. (2005) cannot be interpreted that way: the two olivine residue pairs have a
negative slope on an isochron-style plot. Unfortunately, the uncorrected data from the residues reported originally (Shih
et al., 2002) were included as the most precise value in the weighted mean age for alteration in the nakhlites reported
by Borg and Drake (2005), and therefore dominates their value.
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Figure S-2 Isochron style plot of Rb-Sr data from the meteorite Y000593. Data are from Misawa et al. (2005).
Uncertainties are smaller than the symbols plotted.

There is no discussion of the chronological significance of the Lafayette two-point tie line apparent date in Shih
et al. (1998). It is notable that the leached olivine separate from Lafayette, Ol(l), which presumably also contains
iddingsite, does not plot near the slope of the Id1(1)-Id2(]) tie line (Fig. S-1). In Misawa et al. (2005), the discussion of
Y000593 is framed speculatively, putting the word age, when associated with this two-point isochron, in quotation
marks.

A two point model isochron provides no indication as to whether the Rb-Sr system has been disturbed. The only
firm constraints provided by such a model are whether the data are non-physical, such if the linear fit had a negative
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slope, or unlikely, such as if the linear fit had a slope in excess of 0.066, which would indicate a presolar date, or
correspond to an impossible or unlikely intercept (e.g., ¥'Sr/**Sr < 0.698). Beyond these constraints, two-point linear fits
allow for a wide range of possible Rb-Sr systematics, and do not preclude the possibility of minor disturbances that
result in a small but significant change in the slope and therefore apparent date. This is why having many points with a
large range in parent/daughter is widely considered necessary for a robust isochron.

One process that could have disturbed the measured ratio of Rb to Sr (and therefore moved the aliquots along
the x-axis of the isochron-style diagram) is the analytical approach itself. The leaching experiments done by Shih et al.
(1998) and Misawa et al. (2005) consist of a light agitation in a weak HCI solution. Fractionation of chemical
compositions is common during geo- or cosmo-chemical leaching procedures if the entire sample is not digested,
particularly when the elements have different chemical behaviour or one is a radiogenic daughter product incompatible
in the host (e.g., Mattinson, 1994). This was documented in the experiments by Clauer et al. (1993) who leached ca.
500 Ma clay minerals in a variety of reagents and measured the Rb-Sr systematics. They demonstrated that 1 mol/L HCI
could produce leachates that fractionated Rb and Sr and led to the leachate Rb-Sr and *’Sr/**Sr systematics that plotted
on linear arrays that did not correspond to accurate ages.

At present, the two tie line slopes from Lafayette and Y000593 are indistinguishable at a ~10 % precision.
Whether or not this is a coincidence remains to be seen, and the data indicate that investigating the Rb-Sr systematics
of the alteration minerals in the nakhlites might be a fruitful avenue for future work to determine their chronological
significance.

Micro-encapsulation “’Ar/**Ar Methods

The 0.216 g sample of Lafayette we obtained from the Smithsonian Museum was crushed to 63-125 um, split into 12
different ~50 mg aliquots, and disaggregated in an ultrasonic bath for 30 minutes, breaking apart grains and separating
the iddingsite from their host olivine and pyroxene grains. These grains were examined using a binocular microscope,
and any iddingsite adhering to mineral surfaces was scraped off using a fine stainless-steel needle, then manually picked.
Aliquots of iddingsite, each weighing ca. 1 ng, were prepared for neutron irradiation.

To micro-encapsulate these 12 iddingsite aliquots, we wrapped each aliquot in Cu foil packets positioned within
2 cm-diameter quartz glass tubes, connected to a glass tree on a vacuum line fitted with a glass cold finger. The cold
finger was cooled by liquid nitrogen to —196 °C and the glass tube was evacuated. The glass tube was evacuated by a
Pfeiffer diaphragm-backed turbomolecular pumping-station and an ion pump (the latter switched on once the system
had achieved 10”7 mbar). Once a pressure gauge indicated a base pressure better than 2 x 10~ mbar, the glass tube was
flame heated and the sample sealed within the glass capsule. The 12 glass capsules were positioned within a large glass
vial along with neutron-fluence monitor Hb3gr (1081.0 + 1.2 Ma, 1o; Renne et al., 2011), and secondary standard
GA1550(99.738 £ 0.104 Ma, 1o; Renne et al., 2011). Samples were then irradiated for 80 hours in the Cd-lined TRIGA
facility, Oregon State University, USA.

After a decay period of 4 to 5 months following neutron irradiation, analyses of neutron flux monitors and
Lafayette iddingsite aliquots were made in the NERC Argon Isotope Facility, Scottish Universities Environmental
Research Centre (SUERC), with a Thermo Scientific HELIX-SFT spectrometer fitted with an ion counting Balzers
SEV-217 electron multiplier (measurement of **Ar-**Ar) and a 10'2 Ohm resistor Faraday (measurement of **Ar). Owing
to the potential temperature sensitivity of the iddingsite, the material was only baked at 40 °C for 96 hours in an ultra-
high vacuum laser cell. Isotope measurements were performed in peak-hopping mode, with a measured sensitivity of
1.13 x 10" moles per Volt. Hb3gr crystals were analysed via total-fusion and GA1550 crystals were step-heated. All
data are reported relative to the J-parameter calculated from measurements of GA1550.

The glass capsules were cracked sequentially in vacuum with a custom-built tube cracker that involves dropping
a magnetic ball bearing onto the swan necks of the glass tubes, and the *’Ar and **Ar was measured. The *’Ar, **Ar and
3 Ar were also measured as a check that neither the bakeout procedure nor the irradiation liberated radiogenic “°Ar from
the iddingsite. Beyond small components of terrestrial atmospheric Ar, which is readily detected by its “°Ar/*®Ar ratio
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(Table S-2), there was no evidence of degassing of radiogenic “’Ar. The small copper packets were subsequently
extracted from the broken capsules and the samples were fused using a Teledyne 75 W diode laser defocused over the
sample using a 2.5 mm spot size and between 30 and 50 % laser power. All released gases were purified using two
SAES GP50 getters with ST101 Zr-Al cartridges, one at room temperature and the other at 450 °C. Isotope extraction,
purification, extraction line operation and mass spectrometry were fully automated using MassSpec software version
8.131.

The *’Ar and *’Ar measurements from the cracked vials were added to the bulk isotope measurements (*°Ar-
“Ar) and data were corrected for background measurements, mass discrimination, and radioactive decay since
irradiation the using MassSpec software. The data were also corrected for cosmogenic argon using a combination of the
meteorite’s cosmogenic exposure age (10.7 £ 0.4 Ma; Cohen et al., 2017), assuming no pre-ejection exposure, and the
*¥Ar and *°*Ar cosmogenic production rates calculated from the Ca/K values measured on each “’Ar/*’Ar measurement
using the approach of Cassata and Borg (2016), as well as for Martian atmosphere using the trapped **Ar/*°Ar component
of 1520 + 200 (1o) previously determined by Cohen et al. (2017). This measurement was used to correct for Martian
atmospheric contribution. The data exhibit a tight clustering on an isotope correlation plot, prohibiting the use of an
isochron approach to determine an initial *°’Ar/*°Ar trapped component composition directly from the iddingsite. We
report ages with both analytical precision followed by full external precision, with the latter including uncertainties from
the decay constant, at 2-sigma confidence. Ages were calculated using the optimization model of Renne et al. (2010)
and the parameters of Renne et al. (2011). Values used in the “*Ar/*’Ar data reduction are listed in Table S-2, and
measured argon isotopic data are reported in Table S-3.

The “°Ar/*’Ar age we obtain for iddingsite in Lafayette is coincident with most of the initial, low temperature
heating steps for the different nakhlites reported by Cohen et al. (2017), as is the **Arci enrichment. This observation
supports the interpretation that the low temperature extraction steps in most of the bulk rock nakhlite **Ar/*’Ar age
spectra define a mixing relationship between a young K-bearing iddingsite and the older magmatic constituents (Fig. S-
3). The increasing age with increasing cumulative *’Ar release is independent of irradiation duration and is correlated
with **Arci. We know from neutron irradiation of the iddingsite that these samples are susceptible to *’Ar and **Ar recoil
and the significantly younger age steps likely reflect recoil, as previously suggested (Burgess et al., 2000). The
observation of young initial age spectra steps associated with alteration of an older igneous rock is also supported by
similar distributions in the age spectra of altered terrestrial samples (e.g., Mark et al., 2011). The low temperature
diffusive profiles detailed by Cassata ef al. (2010) for Nakhla are likely masked by the data of Cohen ef al. (2017) as
they did not date pyroxene and plagioclase separates, and instead dated whole rock material, which included a younger
iddingsite age component. Moreover, the observation that “’Ar/*’Ar ages decrease with increasing **Arc; (Fig. S-3),
alongside with the good agreement between the “*Ar/*’Ar ages of the 12 iddingsite aliquots we measured, argues against
the presence of any excess argon in fluid inclusions within the iddingsite (e.g., Harrison et al., 1994; Kelley, 2002).
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Figure S-3 Apparent *’Ar/*’Ar age as a function of % **Arc for the Lafayette iddingsite and the bulk-rock step-
heating data for Nakhla and Lafayette from Cohen et al. (2017). The data show that the low temperature steps from the
bulk rock step-heating of Nakhla and Lafayette correlate with the “*Ar/*’Ar age for the iddingsite as well as the enriched
3 Arci contents. **Ar/*’Ar bulk rock step-heating data yield systematically younger age steps in the first 15 % of **Ar
release and define a mixing relationship between the low-temperature alteration materials and the primary (higher-
temperature) igneous component (that defined the age plateaus; Cohen et al., 2017). The youngest ages in the low
temperature degassing steps from the bulk measurements are likely an artifact of recoil, as previously suggested (Burgess
et al., 2000).

Argon Diffusion Calculations

To evaluate the possibility that different events in the history of Lafayette could have caused partial diffusive loss of
radiogenic *’Ar after the iddingsite formed, we performed two different sets of argon diffusion calculations. In the first
set of calculations, we model argon diffusive loss for a square pulse heating event, wherein temperature is assumed to
instantaneously increase from a temperature below which any diffusion will occur to a constant, higher temperature 7
(K) for a given duration ¢ (s), and subsequently instantaneously decrease to a temperature below which any diffusion
will occur. For this set of calculations, we assume that the duration ¢ of the square pulse heating event is short enough
that production of **Ar by radioactive decay of *’K during the heating event can be ignored. For up to 85 % diffusive
loss of argon, the relationship between the fraction of argon lost during such a square pulse heating event and
temperature can be expressed as:
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3
T2

where Fo, the Fourier number, is equal to:

F, = %e_Ea/(RT) (S-2)
and where Dy is a pre-exponential factor (cm?s™), 7 is the diffusion length scale (cm) which we assume to be equal to
the grain size, E, is activation energy (kJ-mol™), and R is the gas constant (0.0083145 kJ-K™'-mol™") (McDougall and
Harrison, 1999). Equation S-1 can be solved iteratively to determine what temperature, given a specified duration, will
produce a given amount of diffusive argon loss. We use these iterative solutions to constrain the duration and
temperature combinations that could have caused substantial heating loss from the iddingsite in Lafayette during either
its impact ejection event or its atmospheric entry upon falling to Earth, using the diffusion kinetics of muscovite
determined experimentally by Harrison et al. (2009). We carried out these calculations for two endmember grain sizes
(0.01 um and 10 um).

In the second set of calculations, we consider a longer-duration event—the 10.7 Myr transit time of Lafayette
from its impact ejection from Mars until its atmospheric entry—and therefore do not ignore production of *’Ar by
radioactive decay of “’K. Instead, we model the simultaneous production and diffusion of *°’Ar under isothermal
conditions. These isothermal models represent a reasonable upper bound for the temperatures required to induce partial
diffusive loss of the radiogenic argon. This is because for true time-temperature histories along potential orbital
trajectories, higher temperatures would be permitted over shorter durations of time. For this set of calculations, we must
solve an analytical solution for simultaneous production and diffusion after Wolf ez al. (1998) that involves two infinite
series, which typically converge within 20 partial sums or fewer:

6
min4

2
tapp = == = Ziy s exp (122 Fp)| + tinie Titey 5 exp(—n?2Fy) (S-3)
where 1., is the apparent age of the iddingsite (in this case, 742 Ma), and f. is the initial age prior to the onset of
isothermal heating (i.e. prior to Lafayette’s space transit). Like Equation S-1, we can solve Equation S-3 iteratively to
map out the grain size and temperature combinations, given an isothermal heating event lasting 10.7 Myr, that would
yield a particular fractional argon loss (i.e. 1 — f4p/tinir). As in the first set of calculations, we used the diffusion kinetics
of muscovite determined experimentally by Harrison et al. (2009).
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Supplementary Tables
Table S-1 Digitized Rb-Sr data from Lafayette (Shih ef al., 1998).

Table S-2 Parameter values used in the reduction of *’Ar/*°Ar data.

Parameter ‘ Value
Isotopic abundances and decay constants (Lee et al, 2006; Renne et al,, 2010, 2011)
40Ar/36Ar, Earth’s atmosphere 298.56 + 0.31

40K /K 1.167 x 10+

40K A, (5.757 £ 0.016) x 10-11 a1
40K Ag (4.9548 + 0.0134) x 1010 a°1
40K X total (5.5305 + 0.0135) x 1010 a1
37Ar A 0.01983 +.0000226 days!
39Ar A (7.055 + 0.039) x 10-6 dayst
36C1 Ag (6.1817 £ 0.040) x 10 days'!

Reactor production ratios and interfering isotope production ratios (Renne et al, 2005)
(36Cl/38Cl)a 263 +2

(38Ar/37Ar)ca (1.96 £ 0.08) x 105
(38Ar/3%Ar)k (1.22 £ 0.01) x 102
(“0Ar/39Ar)k (7.30 £ 0.92) x 10-*
(37Ar/3%Ar)k (2.24 £ 0.16) x 10-*
(39Ar/37Ar)ca (6.95 £ 0.09) x 10-*
(36Ar/37Ar)ca (2.65 + 0.02) x 10-*

Table S-3 Argon isotope data from 12 iddingsite aliquots of Lafayette.

Tables S-1 and S-3 are available for download (.xlsx) from the online version of this article at
http://doi.org/10.7185/geochemlet.2443.
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