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ABSTRACT

The martian meteorite Northwest Africa (NWA) 8114 is a regolith breccia grouped with the NWA 7034
(‘Black Beauty’) stone and others. The meteorite, with its complex rock and mineral load, records over
4.4 billion years of martian geological and atmospheric history. In this work we present new analyses
of noble gases in NWA 8114, and consider the constraints they impose on the evolution of the martian
atmosphere over the past 4 billion years. We also report a petrographic overview, halogen abundances,
and an argon isotope age, which provide context for interpreting the noble gas data.

The krypton and xenon elemental signature of NWA 8114 is elementally fractionated with respect to
the present-day martian atmosphere as measured in shergottite glasses; there is no requirement for a
contribution from the ancient martian atmosphere in our data. The xenon isotopic composition incorpo-
rates (i) a component enriched in 2°Xe (maximum '2°Xe/'32Xe = 2.450 * 0.045 compared with a solar
ratio of ~ 1), which is similar to the present day martian atmosphere, (ii) a cosmic-ray spallation compo-
nent dominated by production from barium, and (iii) a fission component. We estimate a cosmic ray
exposure (CRE) age of 5.7 + 1.3 Myr from cosmogenic 2'Ne and 3*Ar.

Understanding how the martian atmosphere has changed through the planet’s history is a key part of
understanding the planet’s geological history and evolution. We develop a model for the evolution of the
martian atmosphere constrained by the amount of spallation-derived xenon in the atmosphere today and
the evolution of the 129Xe/!32Xe ratio over time. A baseline model in which the early atmosphere col-
lapsed 3.7 Gyr ago (and assuming no further loss) requires a constant degassing of the crustal budget
of spallation xenon of 0.034 % Myr~! to accumulate sufficient spallation-derived xenon in the atmo-
sphere. Combining constraints imposed by the '2°Xe/'2Xe ratio with the spallation budget requires loss
of xenon from the martian atmosphere over the last 3.7 Gyr, with the present day budget being as little as
20 % of that at the start of this period.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

by impacts, while new material can be gained from outgassing of
the planet’s crust or mantle, or by delivery of new material from

The atmospheres of planetary bodies determine the habitability
of their surface environments. Present day atmospheres have
evolved from those existing at the time of planetary differentiation
and crust formation ~ 4.4 billion years (Gyr) ago, through a combi-
nation of atmospheric loss and addition of fresh material (e.g.,
Pollack and Yung, 1980; Zahnle, 1998). Atmospheric loss processes
include several thermal and non-thermal processes and stripping
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elsewhere in the solar system, for example, interplanetary dust,
asteroids or comets (e.g., Hunten, 1993). Further, atmospheric spe-
cies could also be re-incorporated into the planetary body interior
as a consequence of geological activity. As a result, present day
atmospheres may be entirely secondary, with little trace remaining
of their primordial compositions. In the case of Mars, observations
of features such as valley networks on the surface indicate that the
early climate was likely warmer, wetter and characterised by a
high carbon dioxide pressure, in contrast to the low-pressure pre-
sent day atmosphere (e.g., Fanale et al., 1992).
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Noble gases trace processes of atmospheric evolution because
volatile reservoirs in the system have distinct compositional signa-
tures. Noble gases are highly depleted in rocky solar system mate-
rials, with the lighter elements neon (Ne) and argon (Ar) more
strongly depleted relative to their solar abundances than the heav-
ier elements krypton (Kr) and xenon (Xe) (e.g., Pepin, 1991).
Helium is lost from the atmospheres of terrestrial planets in our
Solar System, and the concentrations and isotopic compositions
observed today impose no significant constraints on the origin
and long-term evolution of the atmosphere (Pepin, 1991). Excesses
of individual isotopes that are produced by radioactive decay from
a range of lithophile elements, and on a variety of timescales, are
observed in the isotopic signatures of noble gases. Their lack of
reactivity leads to noble gases accumulating in atmospheric reser-
voirs with limited recycling into planetary interiors (e.g., Pepin,
1991; Porcelli and Turekian, 2014). Notably, the nine isotopes of
xenon enable us to distinguish contributions from three radioac-
tive progenitors with different characteristic timescales: '°I (pro-
ducing '?°Xe, half-life 16.1 million years (Myr) (Chechev and
Sergeev, 2004)), 2*4Pu (producing 131132134136Xe half-life 82 Myr
(Ozima and Podosek, 2002)), and 23®U (also producing
131132.134136%0 byt with different relative abundances, half-life
4.5 Gyr (Ozima and Podosek, 2002)). Also, distinct xenon isotope
signatures have been identified in the sun (solar wind) (Wieler
and Baur, 1994; Pepin et al., 1995; Crowther and Gilmour, 2013;
Meshik et al., 2014), from primitive meteorites (Busemann et al.,
2000), and from the coma of a comet (Marty et al., 2017), allowing
contributions from these sources to be traced. In some circum-
stances, cosmic ray production of xenon isotopes from spallation
and secondary neutron capture reactions can be detected.

In this work, we present new analyses of noble gases in the
martian regolith breccia Northwest Africa (NWA) 8114 and con-
sider the constraints they provide on the evolution of the martian
atmosphere over the past 4 billion years. We examine whether ele-
mental noble gas signatures trapped in martian meteorites are the
result of a fractionation process during their incorporation, or
whether they represent a change in the elemental composition of
the atmosphere over time. We also look at the evolution of the
atmosphere as constrained by the xenon isotopic composition of
the present-day atmosphere, and that trapped in meteorites at ear-
lier points in martian history. Before examining our data, we briefly
review martian noble gas reservoirs and the martian regolith brec-
cias grouped with NWA 8114 to provide context for our data.

1.1. Martian Noble Gas Reservoirs

The martian atmosphere was first analysed in situ on the surface
of Mars by the Viking spacecraft in the 1970s (Owen et al., 1977);
neon, argon, krypton and xenon were detected alongside active
species. More recently, the argon, krypton and xenon isotopic com-
positions have been measured by Mars Science Laboratory’s (MSL
or ‘Curiosity Rover’) Sample Analysis at Mars (SAM) instrument
(Atreya et al.,, 2013; Mahaffy et al,, 2013; Conrad et al., 2016).
The relative abundances of the present-day noble gases are similar
to those of Earth’s atmosphere, although the surface pressure of
the martian atmosphere is less than 1 % that of Earth’s atmosphere,
and the mass of the martian atmosphere is around 4 x 107 of the
planetary mass vs 8.5 x 107 for the Earth (Mars Fact Sheet). The
36Ar/132Xe and 34Kr/!32Xe ratios are ~ 350 and 11, respectively,
with uncertainties of ~ 30 % (Owen et al., 1977; Bogard et al.,
2001). The present day “°Ar/?°Ar ratio, as measured by the Curios-
ity Rover, is 1900 * 300 (Mahaffy et al., 2013), while the 33Ar/3°Ar
ratio is 0.238 + 0.006 (Atreya et al., 2013) (both 1o uncertainties).
Both these ratios are higher than the terrestrial atmospheric values
(298.56 + 0.31 and 0.1885 + 0.0003 respectively (Lee et al., 2006)),
a consequence of the more substantial atmospheric loss on Mars
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relative to Earth. Modelling of data from the Mars Atmosphere
and Volatile Evolution (MAVEN) spacecraft requires 66 % of the
36Ar that was ever in the martian atmosphere to have been lost
to space (Jakosky et al., 2017). The isotopic composition of
present-day martian atmospheric krypton is consistent with solar
krypton modified by a contribution to 8Kr and #2Kr from neutron
capture on bromine (Conrad et al., 2016). The xenon isotopic com-
position is fractionated relative to solar xenon, with a large '?°Xe
excess from decay of '°I: the 12°Xe/'3?Xe ratio was determined
to be 2.5221 + 0.0063 (1o uncertainty) (Conrad et al., 2016), com-
pared to a solar ratio of ~ 1 (Crowther and Gilmour, 2013; Meshik
et al., 2014). A contribution from spallation xenon is apparent in
the light isotopes. Excesses in '*!Xe, attributed to neutron capture
on '3%Ba, are observed, whereas contributions to '28Xe from neu-
tron capture on '2’] appear to be minor.

Shergottites are the most abundant and most diverse group of
martian meteorites, commonly subdivided into basaltic, olivine-
phyric and poikilitic subgroups based on their mineralogy. The ele-
mental abundances and isotopic ratios of noble gases trapped in
impact glasses in shergottite meteorite samples, in particular Ele-
phant Moraine A79001 (EETA79001), showed notable similarities
to the present day martian atmosphere (Bogard and Johnson,
1983; Wiens et al., 1986; Wieler et al., 2016; Avice et al., 2018).
It is thought that these atmospheric gases were trapped in the
impact glasses by shock events (Bogard and Johnson, 1983). Stud-
ies have shown that shock implantation of noble gases does not
significantly fractionate the elemental or isotopic composition
(Bogard et al., 1986; Wiens and Pepin, 1988). Most shergottites
have crystallisation ages < 200 million years (Ma), although ages
range up to 600 Ma, and they were all shocked and ejected from
the martian surface within the past 20 Myr (Udry et al., 2020).
The impact glasses must have formed no earlier than the crystalli-
sation age, but possibly as late as the time of the ejection event(s).
This implies that the martian atmospheric component must have
been incorporated more recently than < 200 Ma, sampling the rel-
atively recent martian atmosphere (Garrison and Bogard, 1998).
The isotopic composition measured in shergottites can, however,
be complicated by spallation contributions (e.g.,, Becker and
Pepin, 1984; Swindle et al., 1986), and the calculated isotopic com-
position of the martian atmosphere can depend on the composi-
tions adopted for other isotopic end-members (e.g., Wiens et al.,
1986).

129%e and !3%Xe provide key constraints on the evolution of
noble gas reservoirs (Fig. 1). Swindle et al. (1986) suggested a '2°-
Xe/13?Xe ratio of 2.40 + 0.02 for a martian atmosphere component
trapped in EETA79001 shergottite glass. Bogard and Garrison
(1998) subsequently measured a maximum '?°Xe/!*2Xe ratio of
2.59 £ 0.03 in an individual heating step in a separate aliquot of
the same EETA79001 glass - this is slightly higher than the Curios-
ity Rover measured for the martian atmosphere. All values show a
significant contribution from !?°I decay over a baseline '2°Xe/'3?Xe
of around 1 in solar system xenon reservoirs such as solar wind
(Crowther and Gilmour, 2013; Meshik et al., 2014) and Q-Xe
(Busemann et al., 2000). '¢Xe/!32Xe ratios of 0.3514 * 0.0015
and 0.3533 + 0.0047 are reported for these EETA79001 glass sam-
ples (Swindle et al., 1986; Garrison and Bogard, 1998), and a ratio
of 0.3451 * 0.0023 was measured by the Curiosity Rover (Conrad
et al., 2016). The '36Xe/'32Xe ratio can be accounted for by mass
fractionation of an underlying solar wind component; there
appears to be no conclusive evidence for a fission component in
the heavy isotopes. (Although depending on the choice of starting
compositions, a small fission contribution may be present (Conrad
et al., 2016; Pepin, 2000; Swindle and Jones, 1997)). 3Ar/!32Xe and
84Kr/132Xe ratios (Fig. 2) have been determined to be 900 + 100 and
20.5 = 2.5 respectively for the EETA79001 shergottite glasses
(Bogard and Garrison, 1998) - somewhat higher than the Viking
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Fig. 1. Several xenon components are found in martian meteorites: (1) a martian
atmosphere (MA) component characterised by an elevated '?°Xe/'*?Xe ratio
(compared to values close to 1 for solar system reservoirs such as the terrestrial
atmosphere (Basford et al., 1973) and solar wind (Crowther and Gilmour, 2013));
(2) components derived from reservoirs in the martian interior, which include a
solar xenon reservoir and a source of xenon from spontaneous fission of 24‘Pu
(Chass-S and Chass-E, (Mathew and Marti, 2001)); (3) fission components produced
in situ by spontaneous fission of 2**Pu and/or 23®U; (4) spallation components
produced from reactions of cosmic rays with barium and/or rare earth elements
(REE); and (5) terrestrial contamination. The '2°Xe/!'*2Xe ratio of the martian
atmosphere (MA) is ~ 2.5, as measured by Curiosity (Conrad et al., 2016), and
determined from EETA79001 glass by Swindle et al. (1986) and Garrison and Bogard
(1998), indicating a significant contribution from '2°I decay. The 2°Xe/!3?Xe ratio of
the martian atmosphere component in Nakhla is calculated to be 2.350 + 0.026
(Gilmour et al., 2001), which is a little lower than that seen by Curiosity or in
EETA79001. Selected data for ALH 84001 (Swindle et al., 1995; Gilmour et al., 1998;
Mathew and Marti, 2001) illustrate the lower '2°Xe/!*2Xe and '*Xe/*?Xe ratios of
the ancient martian atmosphere are not consistent with mixing of martian interior
and present day atmosphere. Error bars that are not visible are smaller than the
symbols used.

measurements (Owen et al., 1977; Bogard et al., 2001). It seems
unlikely that these ratios would have changed significantly in
the < 200 Ma between shergottite crystallisation and subsequent
formation of the impact glasses, and the Viking measurement,
and it is thought that the shergottite data are probably a more
accurate representation of the recent Martian atmosphere
(Bogard et al., 2001).

There are only three known Chassignites at the time of writing
(Meteoritical Bulletin Database). They are dunites formed from
basaltic magmas (McSween and Treiman, 1998), and the distinct
noble gas signature of Chassigny has been associated with the mar-
tian interior (Ott, 1988). The composition of xenon released from
Chassigny in step pyrolysis experiments varies with release tem-
perature, suggesting there are two components: Chass-S and
Chass-E (Mathew and Marti, 2001) (Fig. 1). Chass-S, released at
lower temperature, has a solar signature; Chass-E is an evolved
component, which appears to be related to Chass-S by addition
of 244pu-derived fission xenon. Chass-E has a uniform isotopic sig-
nature, implying that the fission component was well mixed with
the solar component before incorporation into the rock (Chassigny
crystallised at ~ 1.3 Ga, the same time as the nakhlites (Nyquist
et al., 2001), ruling out in situ decay of 2**Pu). Both components
have relatively low 2°Xe/'3?Xe ratios (~1.07). The 36Ar/'32Xe and
84Kr/132Xe ratios of Chass-S are constrained to be < 5 and < 1.1
respectively, those of Chass-E are greater than 130 and greater
than 1.8, both of which are distinct from the martian atmosphere
ratios (Mathew and Marti, 2001) (Fig. 2).

The 3*Kr/!32Xe and !?°Xe/!3>?Xe ratios in Chassigny and most
shergottites are thought to define a mixing line between the mar-

374

Geochimica et Cosmochimica Acta 336 (2022) 372-393

tian atmosphere and interior components. Nakhla, however, has
low 36Ar/132Xe and 84Kr/'32Xe ratios relative to its 12?Xe/!3?Xe ratio
(i.e. the 36Ar/'*2Xe and 34Kr/'*2Xe ratios are lower than expected
based on the 12°Xe/!3?Xe ratio, and data plot to the left of the mix-
ing line in Fig. 2). The low elemental ratios are thought to represent
elementally fractionated martian atmosphere (Ott, 1988; Drake
et al., 1994; Bogard and Garrison, 1998). The '%Xe/'3?Xe ratio of
the martian atmosphere component in Nakhla is calculated to be
2.350 + 0.026, based on a mixing line with spallation xenon
(Gilmour et al., 2001). The atmospheric xenon component is asso-
ciated with acid leachable iodine, indicating it is likely to be sited
close to grain surfaces (Gilmour et al., 2001). Dissolution of iodine
in a water soluble phase is ruled out because xenon and iodine are
correlated in water treated samples. The location of iodine close to
grain surfaces, combined with the fractionation of krypton from
xenon in the martian atmospheric component in Nakhla (Drake
et al., 1994; Bogard and Garrison, 1998), has led to the suggestion
that shock implantation of surface adsorbed atmospheric gases is
the most likely mechanism by which xenon and krypton were
incorporated into Nakhla (Gilmour et al., 2001). A shock event at
630 Myr affecting the nakhlite meteorites has recently been
reported by Daly et al. (2019). The cosmic ray exposure ages of
both nakhlites and chassignites are ~ 11 Ma, making in plausible
that they were ejected from the surface by a single event
(Herzog and Caffee, 2014). In contrast, the shergottites have a
range of cosmic ray exposure ages, that require several ejection
events (Herzog and Caffee, 2014).

Allan Hills (ALH) 84001 is a unique martian meteorite, an
orthopyroxenite that is not assigned to one of the SNC groups. It
is significantly older than other known martian meteorites, with
a crystallisation age of ~ 4.1 billion years (Ga) (Bouvier et al,
2009; Jagoutz et al., 2009; Lapen et al., 2010). Ar-Ar ages of ALH
84001 range from ~ 4.1 Ga, identical to the crystallisation age, to
around 3.9 Ga (Ash et al., 1996; Bogard and Garrison, 1999;
Cassata et al., 2010; Turner et al., 1997). The younger age is attrib-
uted to a major shock event which reset the Ar-Ar chronometer
(Turner et al., 1997). The spread of ages is thought to be due to
heterogeneous heating of the ALH 84001 source material during
this shock event (Cassata et al., 2010). Similar to Nakhla, argon
and krypton in ALH 84001 are depleted relative to xenon and the
36Ar/132Xe and 34Kr/!3?Xe ratios are distinct from those of the pre-
sent day martian atmosphere (Mathew and Marti, 2001) (Fig. 2).
The 12°Xe/!32Xe ratio of the trapped component is significantly
lower than that of the present day martian atmosphere; different
authors report values between 1.95 + 0.18 (Gilmour et al., 1998)
and 2.17 £ 0.04 (Mathew and Marti, 2001). Furthermore, combined
with the '36Xe/'32Xe ratio, the xenon isotope signature is not con-
sistent with that expected from mixing of martian interior and
present-day martian atmosphere components, and shows no evi-
dence for in situ decay of ?**Pu or '?°I (Fig. 1). The underlying sig-
nature of the xenon isotopic composition was originally
interpreted to be unfractionated solar xenon (in contrast to the
fractionated signature seen in the present day atmosphere)
(Mathew and Marti, 2001). More recent work suggests the xenon
isotopic signature is fractionated by a similar extent as the
present-day atmosphere, albeit with a lower ?°Xe/!3?Xe ratio
(Cassata, 2017). Nevertheless these observations suggest that the
trapping event occurred at least 4 Gyr ago (Gilmour et al., 1998),
and sampled the ancient 4 Ga martian atmosphere before it had
evolved to its present xenon isotopic composition.

1.2. Martian Regolith Breccias NWA 7034 and its pairs
The Northwest Africa (NWA) 7034 (‘Black Beauty’) meteorite

(Agee et al., 2013) and grouped stones NWA 7475 (Wittmann
et al,, 2015), NWA 7533 (Humayun et al., 2013; Hewins et al.,
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2017), NWA 7906 (Hofmann et al., 2014), NWA 7907 (Hofmann
et al., 2014), NWA 8114 (Griffiths et al., 2014; MacArthur et al.,
2019), NWA 8171 (Hofmann et al, 2014), NWA 8674, NWA
10922 (Habermann et al, 2017), NWA 11220, NWA 11522
(Cohen et al, 2018), NWA 11896, NWA 11921, NWA 12222,
NWA 13561, Rabt Sbayta 003, Rabt Sbayta 010 and Rabt Sbayta
012 are dark-coloured, polymict breccia martian meteorites with
a combined mass of just under 1 kg (Meteoritical Bulletin
Database). The samples are lithologically distinct from the other
martian meteorites, which are igneous rocks. The samples are typ-
ically heterogeneous stone to stone, but have shared characteris-
tics, including a typically fine-grained matrix derived from
altered basaltic mineral fragments and diverse lithic clast compo-
sitions (Humayun et al,, 2013; Santos et al., 2015). The samples
contain rare phyllosilicates (Muttik et al., 2014) and a variety of
Fe oxides including maghemite and magnetite (Beck et al., 2015)
indicating that the source materials experienced aqueous alter-
ation. The meteorites’ mineralogy and chemistry suggest they are
representative of a source region on Mars similar to basaltic rego-
lith in low albedo (dust-poor) dark plains areas (Humayun et al.,
2013; Cannon et al., 2015). Several studies (e.g.,, Humayun et al.,
2013; Santos et al., 2015) have suggested that the bulk composi-
tion of this group of meteorites most closely match the rocks in
Gusev Crater, as analysed by the Mars Exploration Rover Spirit
(Gellert et al., 2004, 2006; Yen et al., 2005).

Old U-Pb ages of zircon crystals in NWA 7034 and NWA 7533,
at ~ 4.44-4.43 Ga, provide evidence for early martian crustal dif-
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ferentiation (Humayun et al., 2013; Nemchin et al., 2014). A second
group of ancient zircons suggests NWA 7034 records at least two
igneous events between 4.44 and 4.35 Ga (Yin et al., 2014). Rb-Sr
dating of the bulk rock yielded ages ~ 2.1 Ga in the Amazonian
epoch (Agee et al., 2013), but evidence of disturbance of the Rb-
Sr system and a Sm-Nd mineral isochron of 4.39 Ga (Nyquist
et al., 2016) establishes an older age for most of the breccia compo-
nents. Younger zircon and phosphate U-Pb ages of 1.7 Ga
(Nemchin et al., 2014) and 1.4-1.3 Ga (Yin et al., 2014; Bellucci
et al., 2015) could represent the final assembly of the breccia, a late
stage impact, or a magmatic resetting event (Bellucci et al., 2015).
K-Ar ages of ~1.6 Ga (Cartwright et al., 2014; Stephenson et al.,
2017), and the Ar-Ar ages of ~ 1.3 Ga recorded in NWA 7034
(Cassata et al., 2018) and ~ 1.4 Ga in NWA 7533 (Lindsay et al,,
2021), are all probably related to resetting during one or more
impact-related heating events (Cassata et al., 2018). Lindsay et al.
(2021) suggest that these Ar-Ar ages of the breccia are similar
enough to the crystallisation ages of the nakhlite-chassignite suite
to warrant the possibility of contact metamorphism of the breccia
at ~ 1.4 Ga by the nakhlite intrusives. However, distinct cosmic ray
exposure (CRE) ages (Herzog and Caffee, 2014) exclude ejection
upon the same impact. A U/Th-He age of ~ 170 Ma has been
reported, which is similar to the crystallisation ages of shergottites
(Nyquist et al., 2001), perhaps hinting at a comparable thermal his-
tory (Cartwright et al., 2014). Cassata et al. (2018) report slightly
younger U-Th-Sm/He ages of ~ 135 and ~ 133 Ma, and suggest
the differences are due to incomplete degassing of “He during
metamorphic events, brecciation and/or ejection. They also suggest
that the U-Th-Sm/He ages constrain the time of brecciation to no
earlier than 225 Ma (Cassata et al., 2018).

<

Fig. 2. Standard plot of (a) '?°Xe/*2Xe vs 3®Ar,/'3?Xe and (b) '*°Xe/'*?Xe vs
84Kr/'32Xe (Table 1). The *Ar,/'>?Xe and '?°Xe/!32Xe ratios for our datum for NWA
8114 plots on the mixing line between modern martian atmosphere (Bogard and
Garrison, 1998) and a component consistent with the martian interior (Mathew and
Marti, 2001) or with elementally fractionated terrestrial atmosphere (EFA,
(Mohapatra et al., 2009; Mohapatra et al., 2002)). The ?°Xe/!32Xe vs 34Kr/'3?Xe
point lies to the left of a mixing line between the martian interior component and
the modern atmosphere. This is likely due to elemental fractionation of one or both
of martian or terrestrial atmosphere during their incorporation into the host rock.
The ‘Air Corrected’ point in (a) shows how the 36Ar./'*?Xe and ?°Xe/'3?Xe ratios
change if corrected for a 51 % contribution to '*2Xe from terrestrial air, based on
modelling of the data that also incorporated modern martian atmosphere, fission
and spallation components (Section 3.2). Data for NWA 7034 (Cartwright et al.,
2014; Cassata, 2017) are plotted as the total gas released from each sample, for
direct comparison with our single step analysis. Nakhla (Mathew and Marti, 2002),
Chassigny (Mathew and Marti, 2001), EETA79001 glass (Bogard and Garrison,
1998), and the ancient martian atmosphere determined from ALH 84001 (Mathew
and Marti, 2001) are shown for comparison. Examples of shergottites LAR 06319,
12011, 12095, and 12240 show evidence of the EFA component (Clay et al., 2020).
Additional literature values are also shown for the terrestrial atmosphere (Basford
et al., 1973), the martian atmosphere (MA) as measured by Viking (Owen et al.,
1977; Bogard et al., 2001), Curiosity (Conrad et al., 2016) and in shergottite glasses
(Swindle et al., 1986; Bogard and Garrison, 1998), and solar wind (Vogel et al.,
2011). Direct measurements of the elemental ratios were not made by Swindle et al.
(1986) or Curiosity, so the range of the '2°Xe/'*?Xe ratios are shown as grey bars.
The ratios plotted for Chass-S are the lowest 36Ar/'32Xe and %*Kr/!'32Xe ratios
measured in SNC meteorites, and represent an upper limit for the component
(Mathew and Marti, 2001). Chass-E is related to Chass-S by addition of 24Pu-
derived xenon (Fig. 1); the values plotted here represent a lower limit for the
36Ar/132Xe and 8Kr/'32Xe ratios (Mathew and Marti, 2001). Schwenzer and Ott
(2006) estimate a 84Kr/'*?Xe ratio of 8 + 1 for elementally fractionated martian
atmosphere (EFM) endmember. The dashed gray line indicates mixing between
terrestrial air and elementally fractionated air. The dotted grey line in (b) indicates
mixing between the martian interior component and EFM endmember, which
passes through the ALH 84001 datum; a similar line is drawn in (a) from the
martian interior component, passing through the ALH 84001 datum, to the martian
atmosphere 2°Xe/!32Xe ratio. Error bars that are not visible are smaller than the
symbols used, with the exception of the '?°Xe/'*?Xe ratio measured by Viking,
which has an uncertainty of + 2 that is not shown for scale.
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Two studies have examined the noble gas composition of NWA
7034, but have drawn different conclusions. The first study
reported 6Ar/132Xe and 34Kr/!32Xe ratios within the range of other
martian meteorites, and a maximum '?°Xe/!*?Xe ratio of
1.725 £ 0.14 for a single heating step (Cartwright et al., 2014).
The trapped component is most likely elementally fractionated
modern martian atmosphere, and xenon data are consistent with
mixing of the modern martian atmosphere with a martian interior
component. In contrast, a more recent study argues that the 36-
Ar/13?Xe, 34Kr/132Xe and ?%Xe/!3?Xe ratios contain a trapped com-
ponent consistent with that identified in ALH 84001, i.e. an ancient
martian atmosphere component (Cassata, 2017). Maximum '%°-
Xe/132Xe ratios of ~ 2.1-2.2 are reported, which are indistinguish-
able from the 2°Xe/'32Xe ratio found in ALH 84001 (Gilmour et al.,
1998; Mathew and Marti, 2001). The 3®Ar/'®>?Xe and 3%Kr/'*?Xe
ratios of this component also appears consistent with the trapped
component of ALH 84001 mixing with terrestrial atmosphere.
These observations are interpreted to suggest that the trapped
components in ALH 84001 and NWA 7034 are elementally and iso-
topically similar (Cassata, 2017).

In this study, we present new analyses of the noble gas compo-
sition in NWA 8114, and consider the implications for the evolu-
tion of the martian atmosphere over the past 4 billion years. We
examine whether the 3®Ar/’3?Xe and 84Kr/'32Xe elemental signa-
tures require a change in the elemental composition of the atmo-
sphere over time, or whether they are the result of a
fractionation process during their incorporation into the host rock.
We also investigate the xenon isotopic composition and look at
how the evolution of the martian atmosphere can be constrained
by the xenon isotopic composition recorded in ALH 84001
(Gilmour et al., 1998; Mathew and Marti, 2001), Nakhla (Gilmour
et al., 2001) and NWA 8114, and the present day composition of
the martian atmosphere as measured by Curiosity Rover (Conrad
et al., 2016).

2. Experimental methods

The petrology of NWA 8114 is described in detail in MacArthur
et al. (2019); characterisation of our sample of NWA 8114 is dis-
cussed in detail in the Supplementary Information (Section S3.1).
Briefly, preliminary analysis was carried out using a computerised
X-ray computed tomography (CT) scanner (Nikon custom Bay at
the Manchester X-ray Imaging Facility (MXIF)), the sample was
characterised by optical and electron microscopy (Phillips FEI
XL30 Environmental Scanning Electron Microscope-Field Electron
Gun (ESEM-FEG) at the University of Manchester), major and
minor elemental concentrations were obtained by Electron Probe
Micro-Analyser analysis (Cameca SX-100 at the University of
Manchester), and the modal mineralogy of NWA 8114 was calcu-
lated using QEMSCAN modal phase analysis (QEMSCAN® 4300 at
the Camborne School of Mines, University of Exeter). Following
the preliminary characterisation, material was selected for noble
gas, xenon and halogen analysis, and Ar-Ar dating. In this work
our focus is on the evolution of the martian atmosphere as
recorded by noble gases, so we discuss the noble gas and xenon
analyses in detail here. Ar-Ar dating and halogen analyses are
reported and discussed in the Supplementary Information. In addi-
tion to the xenon isotopic analyses discussed here, a further two
samples were artificially neutron irradiated in a nuclear reactor
prior to analysis of the xenon composition, in an attempt to exam-
ine isotopes of xenon produced from neutron capture by 27
(128Xe) and '¥°Ba (*'Xe), and neutron-induced fission of 23°U
(131-136Xe). These analyses were dominated by iodine- and
barium-derived xenon and are available in the online Research
Data.
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2.1. Total Fusion Noble Gas Analysis

The isotopes of all the noble gases, helium to xenon, were anal-
ysed at ETH Ziirich by fusing a bulk sample (62.63 + 0.02 mg) taken
from three chips of NWA 8114. The samples were analysed accord-
ing to standard procedures described in detail by Riebe et al.
(2017). The sample was extracted in a single heating step at
1700 °C; a further, higher temperature step contained no gas. Blank
corrections (determined in empty aluminium packages, but other-
wise measured identically to the sample) were < 0.2 % of the mea-
sured gas for >4He, 21??Ne, <1.2 % for ?°Ne, 3849Ar, ~3 % for 3®Ar, 0-
7 % for the krypton, and 0-10 % for the xenon isotopes.

2.2. Xenon Isotope Analysis

The xenon concentrations and isotopic compositions were anal-
ysed using the RELAX (Refrigerator Enhanced Laser Analyser for
Xenon) mass spectrometer (Gilmour et al., 1994; Crowther et al.,
2008). Two single chips of rock from split 6a, which originated
from the centre of our sample and had no fusion crust (samples
labelled NWA8114_6a_1 and NWAS8114_6a_2, with masses 2.56
and 1.52 mg, respectively), were analysed alongside a third sample
which comprised 4 grains of matrix cuttings, i.e., material left over
from the Sample O cutting process (labelled NWA8114_133, total
mass 1.33 mg) - see Fig. S2 for details of how the sample was split.

The samples were step-heated with a continuous wave Nd:YAG
laser (A = 1064 nm), with each step of 1 min duration, at a series of
sequentially increasing powers. The gas extracted in each heating
step was gettered (sintered Zr, ~350 °C) for one minute to remove
active gases before being admitted into the RELAX mass spectrom-
eter. Gas in the mass spectrometer is continually condensed on a
localised cold spot, and is released every 0.1 s by pulses from an
infrared laser (A = 1064 nm, 5 mJ, 10 ns pulse). The ionising laser
(A = 249.6 nm, 2 m]J) is then fired through the resulting plume of
gas when its concentration in the ionising region reaches a maxi-
mum, selectively ionising xenon. The xenon isotopes are separated
according to mass by the time-of-flight analyser, and microchannel
plate detectors allow for the detection of all xenon isotopes from
each laser pulse.

Data were acquired from 3,000 consecutive condensation-
release-ionisation cycles over a period of 5 min. These were
summed over 10 s intervals to produce 30 mass spectra, each of
which corresponds to the integrated signal detected in that period.
Scatter of the isotope ratios derived from these data around an evo-
lution line was used to determine the measurement uncertainty
(Crowther et al., 2008). In this work, the sum of the first 5 summed
spectra (first 50 s of data collection) was used to determine isotope
ratios and errors, and the signal intensity of a normalising isotope.
Sample analyses were interspersed with air calibrations and proce-
dural blanks. Air calibrations enable a correction for instrument
dependent mass fractionation, and for the absolute quantities of
gas to be calculated. The procedural blank ranged
between ~ 1400 and ~ 2500 atoms '*?Xe during these analyses,
and a blank correction has been applied to the data presented here.
10 uncertainties are quoted for all xenon data.

3. Results

The mineralogy and petrology of our sample of NWA 8114 is
discussed in detail in the Supplementary Information (Sec-
tion S3.1). Briefly, it is a polymict regolith breccia (Figs. S3 and
S4) that contains multiple mineral fragments and a range of
polymineralic clasts surrounded by a fine-grained matrix. It is pre-
dominantly composed of calcic pyroxene and feldspar, with a
range of accessory phases including chlorapatite, magnetite, ilme-
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nite, chromite, calcite (as secondary veins), zircon and pyrrhotite
(Fig. S4 and Table S5). Our sample is consistent with the texture
and mineralogy of NWA 8114 reported by MacArthur et al.
(2019), and those of NWA 7034 and grouped stones (e.g., Agee
et al,, 2013; Humayun et al., 2013).

The aliquots chosen for argon-argon dating, noble gas, halogen
and two of the xenon analyses were small chips from the centre of
the sample with no fusion crust, and are indicated in Fig. S2. They
were broadly representative of the bulk sample, but the hetero-
geneity of NWA 8114 on a mm-scale (Fig. S1, Fig. S4) means that
individual sub-splits selected for these analyses will likely be very
dependent on the specific split being analysed (i.e., clast rock type,
clast size, mineral content, terrestrial weathering veins). The third
sample analysed for xenon isotopes comprised grains of material
left over from the sample splitting process and was likely domi-
nated by matrix.

Argon-argon dating and halogen results are discussed in detail
in the Supplementary Information. Ar-Ar step release ages are
between 1012 and 1370 Ma with an apparent isochron age of

1385 + 21 Ma (Section S3.2). Halogen concentrations of
1410 + 110 ppm chlorine, 1800 + 210 ppb bromine and
1930 + 140 ppb iodine were determined, which correspond to

Br/Cl and I/Cl ratios of (1.3 + 0.2) x 10> and (1.4 + 0.2) x 107,
respectively (Section S3.4).

3.1. Noble Gas Abundances and elemental ratios

Table 1 presents concentrations and ratios of the noble gases
measured in a single release step by fusing the bulk, 62.63 mg sam-
ple of NWA 8114 at ETH Ziirich. The noble gas concentrations are
broadly consistent with those reported for NWA 7034
(Cartwright et al., 2014; Cassata et al., 2018). The helium, neon
and argon isotopic compositions are mixtures of radiogenic (“He,
40Ar), cosmogenic (°He, all Ne isotopes, >®Ar) and minor amounts
of trapped components (best visible in 3®Ar), again generally con-
sistent with similar analyses of NWA 7034 (Cartwright et al.,
2014; Cassata et al., 2018).

The 3®Ar,/132Xe and '*°Xe/!32Xe ratios plot on the mixing line
between the modern martian atmosphere and a component con-
sistent with the martian interior or elementally fractionated ter-
restrial atmosphere (EFA, Mohapatra et al., 2002, 2009) (Fig. 2a).
The data point of the bulk sample in the 2°Xe/'3?Xe vs 34Kr/!*?Xe
plot (Fig. 2b) plots to the left (low #Kr/'*2Xe) of a mixing line
between the modern martian atmosphere and the martian interior
or EFA. This could be due to either a contribution from the ancient
martian atmosphere or elemental fractionation; it is discussed fur-
ther in Section 4.3.1.

3.2. Xenon Isotopes

The xenon isotopic composition for the single-step extraction of
this sample measured at ETH (Table 1) was modelled as a combi-
nation of components plausibly expected to be present in the sam-
ple using the methodology described in Crow et al. (2020)
(Table S1). Contributions were allowed from the modern martian
atmosphere, terrestrial air, spallation of barium and rare earth ele-
ments, and fission of 2**Pu and 238U. These components are consis-
tent with the mineralogy of NWA 8114 (Table S5): K-feldspar
contains barium, and both chlorapatite and zircon incorporate rare
earth elements. Zircon also contains uranium, and the old U-Pb
ages of zircon crystals identified in paired stones NWA 7034 and
NWA 7533 (Humayun et al., 2013; Nemchin et al., 2014; Bouvier
et al., 2018; Costa et al., 2020) allow for the incorporation of live
244py (half-life 82 Ma) at the time of crystallisation (as has been
detected in ancient terrestrial zircons (Turner et al., 2004)). If %
per degree of freedom of this maximum likelihood model
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was < 2, the model was deemed to account for the data - the
observed xenon composition can be accounted for by the expected
components, or a subset of them. If a successful fit cannot be
achieved either another component is present or a process not
accounted for in the model has occurred. *'Xe was not included
in the calculation of y? because the production rate arising from
secondary neutron capture on >°Ba depends on burial depth dur-
ing cosmic ray exposure. '28Xe is potentially produced after sec-
ondary neutron capture on '?’I; a fit including '*®Xe was
acceptable (y? per degree of freedom was 1.6) but called for an
approximately 2G excess in this isotope; while a fit excluding this
isotope yielded y? per degree of freedom of 0.2 (Table S1). The ETH
data are given as isotope ratios to '>2Xe rather than atoms per iso-
tope, so uncertainty in the measurement of 32Xe is included in
each ratio contributing to the fit; this leads to an underestimate
of »% Thus there is some evidence of production of 26Xe from
1271 through capture of secondary neutrons generated by cosmic
rays.

Since an acceptable fit was possible there is no need in these
data for components other than those included in the model,
although that does not categorically rule them out. Acceptable fits
call for a 42-43 % contribution to '*>Xe from modern martian
atmosphere, with a 50-52 % contribution from terrestrial air
(Table S1). There is a 9-10 % contribution to '*®Xe from fission of
either 2#*Pu or 238U, but it is not possible to determine which par-
ent is responsible. There is a 25-30 % contribution to the spallation
signature at !'2°Xe from rare earth elements. Correcting the 3°-
Arg/13?Xe and '?°Xe/'3?Xe ratios for a 51 % contribution from ter-
restrial air to the measured '*>Xe moves the point much closer
to the modern martian atmosphere composition in Fig. 2a. The
krypton isotopic signature can be accounted for in a similar way,
with a small contribution of 8%82Kr from neutron capture on bro-
mine isotopes.

Turning to the step heating analyses conducted using the RELAX
mass spectrometer, xenon data for the two samples of split 6, and
the sample of matrix cuttings analysed are summarised in Table 2,
and full data with isotope ratios from individual heating steps are
given in Table S2. Data from heating steps with uncertainties of the
ratios of the major isotopes < 5 % of the measured values are illus-
trated in Fig. 3 to Fig. 5. The three samples gave consistent results,
they have similar concentrations of '*2Xe and the isotope ratios
show the same trends of evolution with increasing temperature
across the three samples. The concentrations of excess '*°Xe (over
a solar ratio of 1) are within a factor of 2.2 or less of the bulk sam-
ple (Table 1) and the concentrations reported for NWA 7034
(Cartwright et al., 2014; Cassata, 2017); any differences are likely
due to the heterogeneity of samples and the different masses of
material analysed. Measured '2°Xe/!32Xe ratios are high, up
to ~ 2.4 (Fig. 4 and Table S2). 1**Xe/'*?Xe and '3®Xe/!*?Xe show
a general increase with increasing temperature (corresponding to
an increasing contribution from fission) (Fig. 5), as do the '24-
Xe/13?Xe and '?5Xe/'32Xe ratios (contribution from spallation)
(Fig. 3 and Fig. 4).

As earlier, xenon data from individual step releases were mod-
elled as mixtures of components reasonably expected using the
approach detailed in Crow et al. (2020) (Table S3). 12Xe may be
produced by secondary neutron capture on '2’I and there is some
evidence of its presence in the total fusion result, so this isotope
was excluded from the calculation of y? and monitored as an
excess over the composition predicted from the best fit model
(RELAX can also exhibit an interference at mass 128 due to non-
resonant ionisation of hydrocarbons (Crowther et al., 2008)). Once
again '*'Xe was excluded because secondary neutrons derived
from the cosmic ray flux cause the 3'Xe/'?®Xe ratio associated
with barium spallation to vary with depth during exposure.
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Table 1

Noble gas data for a single, 62.63 (2) mg sample of NWA 8114 measured at ETH Ziirich. The subscript t refers to the trapped component, and c to the cosmogenic component.

3He, “He 3He/*He 2Ne 2INe, 20Ne/22Ne 21Ne/*Ne
(x 108 cm3®STP g ') (x 108 cm3STP g ') (x 108 cm3STP g !) (x 108 cm3®STP g 1)
3.8436 (85) 1265.3 (4.7) 0.003038 (13) 1.641 (15) 1411 (13) 0.9083 (24) 0.7807 (27)
36Ar 40Ar 36Ar/38Al. 40Ar/36Ar 3GA1.t 38Al'c BGArt/IBZXe
(x 108 cm®STP g7 ") (x 108 cm®STP g ") (x 108 cm?STP g ") (x 108 cm®STP g7 1)
1.566 (28) 2091 (62) 1.751 (14) 1335 (31) 1.146 (49) 0.646 (43) 362(17)
84Kr 74Ky /34Ky 80K r/84Kr 82Kr/34Kr 83Kr/84Kr 86Kr/84Kr 84Kr/132Xe
(x 107" cm®STP g 1)
2.059 (55) 0.01555 (32) 0.1158 (18) 0.2615 (38) 0.2575 (42) 0.2965 (47) 6.51(21)
132Xe 124Xe/132Xe IZGXe/]32Xe 128)(6/132)(e 129Xe/132Xe 130Xe/132xe 131Xe/132Xe 134Xe/132Xe 136Xe/132Xe
(x 107" cm®STP g 1)
0.3162 (60) 0.02802 (66) 0.0435 (12) 0.1378 (40) 1.652 (33) 0.1773 (46) 0.868 (24) 0.398 (13) 0.3515 (90)

Uncertainties are 1 ¢, and are given in the units of the last significant figure(s).

Production rates are determined based on the physical model predictions for ordinary chondrites* (Leya and Masarik, 2009, and updates), the bulk target element chemistry given for NWA 7034 (Agee et al., 2013) and the measured
purely cosmogenic >'Ne/??Ne used as shielding indicator, which suggests a most likely pre-atmospheric radius of ~20 cm. We consider further “allowed” shielding conditions (Mertens et al., 2021), with radii >50 cm and sample
depths of >~30 cm highly unlikely. This would suggest a pre-atmospheric radius of the NWA 7034 clan meteoroid of ~1.7 t. The total mass of ~940 g of all NWA 7034 clan rocks would yield a sphere of ~4 cm radius.

*A comparison of a model for shergottites and ordinary chondrites (Krietsch, 2020; Wieler et al., 2016) yields no significant matrix effects. However, as the shergottite model calculations cover only small meteoroids with <7 cm

radius, we used here the OC model for radii 10-500 cm.

We obtain production rate ranges (in cm>g~'"Myr—!) for P; 1.544-1.780, P,; 0.203-0.269 and P53 0.100-0.138. Resulting CRE ages are T5 2.2-2.5 Myr, T»; 5.2-7.0 Myr and Tsg 4.4-6.9 Myr.
Interestingly, the model (Leya and Masarik, 2009) predicts 2'Ne/?’Ne ratios < 0.8 for many shielding conditions for the bulk chemistry of NWA 7034, because it is particularly sodium-rich, without the need to postulate the presence
of solar cosmic ray- (SCR)-derived neon (see discussion by Krietsch (2020) and Wieler et al. (2016)). A ratio of <0.8 is considered there a good indicator for the presence of SCR-Ne.
The measured 3°Ar/>®Ar ratio has been decomposed into trapped and cosmogenic argon components, assuming (3®Ar/>®Ar). is in the range 0.63-0.67 (Wieler et al., 2016) and (*®Ar/*®Ar), in NWA 8114 ranges from air (5.319) to

martian atmosphere (4.2 + 0.1, (Atreya et al., 2013)).
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Summary of xenon data for the three NWA 8114 samples analysed using the RELAX mass spectrometer; full data tables with isotope ratios from individual heating steps are given
in Table S2. The measured xenon isotope ratios can be modelled as a mixture of martian atmosphere, spallation and fission (with a contribution from terrestrial atmosphere in the
first heating step of each sample): the concentrations of each component are given here as '>?Xeya, 12°Xes and '3®Xer respectively.

Sample Type Mass Max Total 32Xe 132%eva 129% @ axcess 126%eg 136X er
(mg) '2°Xe/®?Xe? (x 10" em>STP g ') (x 10" em? STP g!)° (x 10" em3 STP g!)° (x 1072 cm® STP g")° (x 107'2 cm? STP g!)°
NWA8114_6a_1 Chip  2.56 2.423(88) 1.84(1) 129 (2) 2,08 (2) 1.16 (3) 128 (8)
NWAS114_6a_2 Chip  1.52 2450(45) 272 (2) 217 (3) 3.46 (3) 1.38 (4) 1.6 (1)
NWAS114_133 Matrix 133 2288 (52) 2.45(2) 1.76 (2) 2.71 (3) 123 (4) 15(1)
cuttings

Uncertainties are 1 o, and are given in the units of the last decimal place.

3 Maximum '2°Xe/'*?Xe ratios are determined following a spallation correction, assuming a '>?Xe/'?6Xe ratio of 1.6 + 0.4 for both barium and REE spallation (Hohenberg
et al., 1981). Figure 5 illustrates the effect of using '2°Xe/'?®Xe ratios of 1 and 2.2 for the spallation correction, which raise and lower the maximum corrected '2°Xe/'3?Xe

ratios respectively, but values are within uncertainty of those quoted here.

b 132x e 125Xes and '3%Xer have been determined on the basis that most heating steps can be adequately modelled as a mixture of martian atmosphere, barium spallation,
and a fission component derived from a mixture of 2*4Pu and 233U. Low temperature heating step for each samples require a contribution from terrestrial air. Three high
temperature releases require a contribution from REE spallation for an acceptable fit.

¢ The concentration of excess '2°Xe is calculated over a solar 12°Xe/!*?Xe ratio of 1.

In general, the gas extracted from each heating step was mod-
elled adequately (i.e. %2 per degree of freedom < 2) as a mixture
of martian atmosphere, barium spallation, and a spontaneous fis-
sion component (Table S3). Low temperature releases from each
aliquot required a contribution from either terrestrial air or mar-
tian interior xenon; given that this is released at low temperature
the most likely explanation is the presence of xenon adsorbed from
the terrestrial atmosphere (e.g. Schwenzer et al., 2012). In addition,
three high temperature releases require a contribution from spal-
lation of light rare earth elements for an acceptable fit of the mod-
elled isotopic composition to the experimental data. Acceptable
models can be found for each release when either 2**Pu or 228U
is included as the sole fission parent, though y? per degree of free-
dom is generally higher when uranium is chosen. The step heating
data are thus consistent with the bulk analysis described above. All
the individual releases can be accounted for without the need for
an ancient martian atmospheric signature. These data are dis-
cussed further in Section 4.3.2, where Fig. 3 to Fig. 5 combine to
support the models of the data: the plots show that no releases
require an ancient atmospheric component.

4. Discussion

NWA 8114 is a breccia similar in terms of lithology and mineral
content to the other NWA 7034 grouped stones (Supplementary
Information Section S3.1); the noble gas composition and content
is also broadly similar. These stones are uniquely placed to provide
us with new information about Mars’ ancient regolith surface, and
how that surface and the rocks it contains has interacted with the
martian atmosphere through time.

Ar-Ar ages of our sample of NWA 8114 (1.385 £ 0.021 Ga, Sec-
tion S3.2) are similar to the age of 1.13-1.25 Ga determined for
clasts in a different portion of NWA 8114 (MacArthur et al.,
2019), and those for paired stones that range between ~ 1.191
and 1.391 Ga for whole rock fragments (Cassata et al., 2018;
Lindsay et al., 2021). The span of Ar-Ar ages of plagioclase and feld-
spar separates is larger, from ~ 0.788 to 2.250 Ga (Lindsay et al.,
2021). Other dating systems, including U-Pb ages of apatite
(1.35-1.85 Ga; Bellucci et al., 2015; Hu et al., 2019; McCubbin
et al., 2016; Yin et al., 2014) and lower-intercept discordant U-Pb
ages on zircon (1.4-1.7 Ga; Bellucci et al., 2015; Hu et al., 2019;
Humayun et al., 2013; McCubbin et al., 2016; Nemchin et al.,
2014; Yin et al., 2014), also yield ages that are variable. It has been
suggested that these differences in ages may reflect heterogenous
resetting due to a prolonged and varied series of events, including
metamorphic events (Cassata et al., 2018).
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The halogen concentrations (Section S3.4 and Table S9) of the
bulk NWA 8114 sample are high relative to other reported mea-
surements for martian meteorites (e.g., Cartwright et al., 2013;
Cartwright et al., 2014; Clay et al., 2020; Dreibus and Wanke,
1987) (Fig. S10). The Br/ClI ratio of NWA 8114 is broadly chondritic
but the I/Cl is elevated compared to the chondritic value reported
by Clay et al. (2017). The high concentration of iodine (1.9-
2.8 ppm, compared to ~ 3 ppb to 1.7 ppm iodine in other martian
meteorites) may suggest a component of terrestrial iodine contam-
ination. Alternatively, the high iodine may derive from a halogen-
rich phase like chlorapatite which is present in 2.2 % modal abun-
dance in NWA 8114 (Fig. S4, Table S5). lodine concentrations in
chlorapatite from paired stone NWA 7533 are abundant but vari-
able, ranging from 2 to 84 ppm (Bellucci et al., 2017).

4.1. Cosmic Ray Exposure Age

The measured cosmogenic “shielding indicator” 2'Ne/>’Ne
(Table 1) indicates a low contribution from neutron capture on
mainly Mg compared to production from spallation, and so a rel-
atively low secondary neutron flux. In addition, our modelling of
the step heating xenon data using the approach of Crow et al.
(2020) allowed the *'Xe/'?®Xe ratio associated with barium spal-
lation to be calculated (Table S3). The correlation between the
modelled contribution to '?®Xe from Ba spallation and excess
131%e calculated over the modelled composition (MSWD = 0.76)
yielded 3'Xe/'?6Xe = 3.56 + 0.17. This calculation is based on the
releases where a contribution from light rare earth element spalla-
tion was not required to achieve an acceptable fit, where 1?°Xe was
not included in the calculation of %2 to avoid assuming an under-
lying 2°Xe/'3?Xe ratio in the martian atmospheric component,
and where both U and Pu were allowed as potentially contributing
to any fission component. '3'Xe/!?%Xe ratios determined from sim-
ilar calculations that allow just 24Pu or just 238U are within uncer-
tainty of this value. The derived 3'Xe/?®Xe ratio indicates slightly
lower production by secondary neutron capture on '*°Ba than
observed by Hohenberg et al. (1981) in the angrite Angra Dos Reis
(31Xe/125Xe = 4.36 £ 0.11), and so is consistent with the conclusion
based on neon isotopes.

For the determination of the cosmic ray exposure (CRE) age, we
followed the method described by Wieler et al. (2016) and Krietsch
(2020), to enable comparison with their large datasets comprising
in total more than 50 recently found shergottites. These studies
(see notes under Table 1) use a chemistry-dependent physical
model (Leya and Masarik, 2009, and updates). Adopting the bulk
chemistry of paired NWA 7034 (Agee et al., 2013) and the mea-
sured cosmogenic “shielding indicator” 2!Ne/?’Ne (Table 1); the
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Fig. 3. (a) An overview graph of 35Xe/13?Xe vs '2%Xe[!32Xe suggests data are
consistent with mixing between two components. One of these components has a
composition close to the modern martian atmosphere, with a low 24Xe/'*?Xe (and
high '2°Xe/!32Xe) ratio. The other component has higher 36Xe/!32Xe and 24Xe/!32-
Xe ratios (and a lower '2°Xe/!32Xe ratio), consistent with an intimate mixture of
fission (here shown as 2**Pu) and spallation (Ba) xenon. The arrowed region
indicates possible end members of the spallation-fission component mixed with the
atmospheric component. On an expanded scale (b) the data indicate a small
contribution of '?>#Xe to the atmospheric component and two points with a low
spallation contribution. If the lowest heating steps are excluded, the data show a
linear trend of increasing '2#Xe/'32Xe and !36Xe/'3?Xe, as illustrated by the dotted
black line. Both the fission and spallation contributions increase with increasing
temperature, as shown by the grey arrow that indicates the general trend with
increasing temperature. In a plot of '2°Xe/!32Xe vs 24Xe/!3?Xe (Fig. 4) it is apparent
that these two (low temperature points) have a contribution from the terrestrial
atmosphere. Literature values are shown for terrestrial atmospheric (air, (Basford
et al.,, 1973)), solar wind (Crowther and Gilmour, 2013), martian atmosphere (MA)
as measured by Curiosity (Conrad et al., 2016)) and in shergottite glasses (Swindle
et al., 1986), martian interior (Mathew and Marti, 2001), >**Pu fission (Ozima and
Podosek, 2002) and Ba and REE spallation (Hohenberg et al., 1981) components.
Ratios are derived from data in Table S2, and data points with large uncertainties
('?°Xe/*2Xe and '*®Xe/'3?Xe errors greater than 5 % of the measured values) are
excluded for clarity and scale. Data for Nakhla (Gilmour et al., 2001) are shown as
small light grey diamonds for comparison.

model examines a range of potential pre-atmospheric meteoroid
sizes and considers 4 irradiation. In this case the model suggests
that the low relative contribution of >'Ne from neutron capture is
most likely achieved in a pre-atmospheric meteoroid radius of
20 cm - larger radius meteoroids exhibit significantly higher sec-
ondary neutron fluxes at all exposure positions. Production of
8082Kr from neutron capture on bromine isotopes requires a radius
at least 30-55 cm (Marti et al., 1966), suggesting the observed
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Fig. 4. The '?°Xe/"*?Xe vs '2*Xe/'*?Xe ratios show fission mixing with spallation.
The lowest temperature heating steps have the lowest spallation contributions, i.e.
124¥e/132Xe ratios closest to the martian atmosphere ratio. These steps also include
a small amount of contamination from the terrestrial atmosphere. As the temper-
ature increases, the spallation contribution increases, increasing the 2Xe/'3?Xe
ratio, as indicated by the grey arrow. The heating steps with the highest spallation
contributions (highest '?#Xe/'3?Xe ratios) are also those with the highest fission
contributions (lowest '2°Xe/'32Xe ratios), suggesting the fission component is
associated with the spallation component. If the lowest heating steps are excluded,
the data show a linear trend away from the martian atmosphere composition, as
illustrated by the dotted black line. Literature values for end members and data for
Nakhla are the same as in Fig. 3.

excesses of 8%Kr and #2Kr may have been produced in the martian
regolith rather than during the meteoroid’s transit from Mars.

Using the production rate ranges for cosmogenic >'Ne and 3®Ar
(see notes under Table 1) we calculate T,; ages in the range 5.2-7.0
Myr and Tsg ages in the range 4.4-6.9 Myr. From these we estimate
the CRE age to be 5.7 + 1.3 Myr (see Table 1 for details). This is con-
sistent with most of the many CRE ages covering a large range
determined for NWA 7034, NWA 7906 and NWA 7907
(Cartwright et al., 2014; Stephenson et al., 2017; Cassata et al,,
2018) and hence supports the suggestion, based mostly on chem-
istry and petrology, that NWA 8114 is paired with these stones
(Section 1.2). As these stones are known to be derived from the
same strewnfield, they will have experienced the same Mars to
Earth transit history, and any differences may be due to different
burial depths in the original meteoroid, and/or different exposure
histories on the surface of Mars.

Differences in the ages are likely due to the distinct methods
used to calculate production rates and heterogeneity in target ele-
ment chemistry. Our age production rate takes account of the very
high concentration of sodium and low concentration of magnesium
in NWA 7034 and its pairs. Cartwright et al. (2014) favour a >He
and 38Ar. age of ~ 5 Myr, based on production rates by Eugster
and Michel (1995), over their >'Ne.-derived CRE age of ~ 9 Myr.
They preferred a pre-atmospheric radius of 50 cm, determined
using the model by Leya and Masarik (2009), with a radius of
10-25 cm, consistent with the radius determined here, being also
possible. In contrast, Cassata et al. (2018) gave apparent ages
between 2 Myr (*He) and 12 Myr (78Kr), with their 2'Ne and 3®Ar
ages being intermediate, at 4 to 5 Myr. These ages have also been
calculated with the production rate scheme by Eugster and Michel
(1995) which also covers cosmogenic krypton and xenon isotopes,
and a nominal shielding of 40 g/cm?, i.e. ~ 14 cm shielding.

Due to the use of distinct models and differently derived shield-
ing conditions, CRE ages are not easy to compare, and the concen-
trations of *He, 2'Ne and 3®Ar (Table 1) might be more useful. The
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Fig. 5. Mixing diagram of '36Xe/'32Xe vs 12°Xe/!32Xe for data that have been corrected for a spallation contribution. (a) Data corrected using the '2°Xe/!?Xe ratio of 1.6 + 0.4
adopted for both barium and REE spallation by Hohenberg et al. (1981). The steps which required a contribution from REE spallation are shown as open diamonds with a dot
in the centre, in the same colours as the other heating steps for that sample (one heating step for the sample labelled NWA8114_6a_2, and two heating steps for that labelled
NWA8114_6a_1). Several steps have '2°Xe/!32Xe ratios consistent with the modern martian atmosphere. Many steps have high '3®Xe/'3?Xe ratios, indicative of a contribution
from spontaneous fission of 2**Pu and/or 2*®U: the data might suggest that the fission component in NWA8114_133 and NWA8114 _6a_1 (blue and green points) is
dominated by 2*Pu, and that in NWA8114_6a_2 (red points) by 223U, but it is not possible to conclusively identify one source and eliminate the other from these data. As the
temperature increases, so too does the fission contribution; the grey arrow indicates the general trend with increasing temperature. The data are also corrected using
129%e/126Xe ratios of 1 (b) or 2.2 (c) for the spallation component, to illustrate that different ratios can be obtained for the underlying martian atmosphere component,
depending on the choice of '?°Xe/!?®Xe ratio for the spallation component. Data for NWA 7034 are also shown (Cartwright et al.,, 2014; Cassata, 2017), and have been
corrected for spallation contributions as detailed in the original publications. Literature values for end members and data for Nakhla are the same as in Fig. 3. Selected data for
ALH 84001 (Swindle et al., 1995; Gilmour et al., 1998; Mathew and Marti, 2001), which illustrate the lower '>°Xe/!32Xe and !35Xe/'3?Xe ratios of the ancient martian

atmosphere compared to the present day values, are also shown.

lowest and highest concentrations of the helium, neon and argon
isotopes (Cartwright et al., 2014; Cassata et al., 2018; this work)
vary unsystematically. The concentrations measured in NWA
7034 by Cartwright et al. (2014) and Cassata et al. (2018) (only
their average concentrations) are mostly within < 30 % of those
measured here for NWA 8114. Only 3He given by Cartwright
et al. (2014) is more than a factor of two higher than those given
by Cassata et al. (2018) and here. The noble gas concentrations
could, hence, broadly be taken to support the suggestion based
mostly on chemistry and petrology, that NWA 8114 is paired with
NWA 7034 (Section 1.2). In detail, the measured gas concentrations
show enormous variations, likely reflecting that the NWA 7034
rocks are brecciated and even the major element chemistry can
vary significantly at the 10s of mg scale. In spite of this, our 3He
CRE age of ~ 2.3 Myr is similar to the He age of Cassata et al.
(2018) and much lower than the ages determined for 2!Ne and
38Ar. The >He age determined by Cartwright et al. (2014) in con-
trast is close to their preferred ~ 5 Myr. This illustrates that the
same production rate systematics need to be used before age dis-
tributions for martian meteorites (and other meteorites) can be
rigorously compared.
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4.2. U-Xe Age

As discussed in Section 3.2, the xenon isotopic signature
includes a fission component, although it is not possible to distin-
guish from the measured isotope ratios whether this is from spon-
taneous fission of 244Pu, spontaneous fission of 238U, or a mixture of
the two. A bulk uranium concentration has not been measured for
NWA 8114, but a concentration of 0.512 = 0.024 ppm is reported
for NWA 7034 (Agee et al., 2013), and 0.29 £ 0.03 ppm for NWA
7475 (Wittmann et al., 2015). Based on the concentration of
fission-derived xenon in the samples and these uranium concen-
trations, it is possible to calculate apparent U-Xe ages (Table 3
and supplementary Section S3.3). It should be noted that this group
of meteorites are heterogeneous, and the bulk uranium concentra-
tions are not necessarily representative of the uranium concentra-
tions of the small amounts of material (<2.6 mg) analysed in this
study. The calculated ages using these bulk concentrations must,
therefore, be evaluated with that in mind.

The U-Xe ages calculated using the NWA 7034 bulk uranium
concentration do not exceed the age of the sample so there is no
requirement for an additional 2*4Pu contribution, but that does
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Table 3
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U-Xe and Pu-U-Xe ages calculated from bulk uranium concentrations reported for NWA 7034 (Agee et al.,, 2013) and NWA 7475 (Wittmann et al., 2015), and estimated uranium

concentrations for these samples.

Sample U-Xe Age (Ga)*

Pu-U-Xe Age (Ga)”

NWA 7034 bulk U NWA 7475 bulk U

Estimated U® NWA 7475 bulk U Estimated U*

NWAS8114_6a_1 3.06 £ 0.20 4.70 £ 0.41
NWAS8114_6a_2 3.68 £0.27 5.54 + 0.50
NWA8114_133 3.46 £ 0.26 5.24 +0.48

4.77 £ 0.25 4.02+04 4.03+04
4.99 £ 0.31 4.11+03 4.06 £ 0.4
5.22+0.33 4.09 £0.3 4.08 £ 0.3

3 U-Xe ages are calculated from '*5Xe; concentrations (Table 2), assuming the fission component is entirely derived from 233U, and assuming 1175Y; to be 6.83 x 10718 a!

(Ragettli et al., 1994).

b Calculations of Pu-U-Xe ages also incorporate an initial Solar System Pu/U ratio of 0.0068 + 0.0010 (Hudson et al., 1989), along with a 2*Pu branching ratio of 1.25 x 10~

and '3®Xe yield of 5.6 % (Ozima and Podosek, 2002).

¢ See Supplementary information Section S3.3 for further information about the estimated uranium concentrations.

not necessarily rule it out; we revisit this in the next section. In
contrast, the ages calculated from the NWA 7475 bulk uranium
concentration are older than the sample and therefore require a
contribution from 244Pu (Table 3). We also estimate uranium con-
centrations for the individual samples (Section S3.3), which are
very similar to the concentration in NWA 7475. Again, the ages cal-
culated from these concentrations are older than the sample and
require a 2**Pu contribution.

In situ production of 244Pu fission Xe would require formation
more than 4 Gyr ago; a Sm-Nd internal isochron yielded an age
of 4.39 Ga (Nyquist et al., 2016), and old U-Pb ages (~4.4 Ga) have
been reported for zircons in NWA 7034 and NWA 7533 (Humayun
et al., 2013; Nemchin et al., 2014). Zircon grains have been identi-
fied in the NWA 8114 sample (Section S3.1, Table S5, Fig. S3d,
Fig. S4, Fig. S7j), so this is a realistic proposition. If the *Pu fission
component was produced in situ, Pu-U-Xe ages for these samples
are ~ 4 Ga (Table 3). However, parentless 2**Pu fission xenon has
previously been identified in martian meteorites (Mathew and
Marti, 2001, 2002; Ocker and Gilmour, 2004), and, if an inherited
component is present in the meteorites analysed here, then the fis-
sion signature would preserve no chronological information.

4.3. Ancient or Modern Martian Atmosphere in NWA 8114?

4.3.1. Krypton and Xenon Elemental Abundances

Data from our krypton and xenon elemental analyses are simi-
lar to those from analysis of both Nakhla (Mathew and Marti, 2002)
and ALH 84001 (Mathew and Marti, 2001), in that the 84Kr/'3?Xe
ratios lie to the left of mixing lines between the martian interior
and the modern martian atmosphere (Fig. 2b). In the case of
Nakhla, this has been interpreted to be a consequence of elemental
fractionation of a noble gas component derived from the martian
atmosphere before or during incorporation into the host rock
(Ott, 1988; Drake et al., 1994). So, while it remains possible that
this represents a change in the elemental composition of the mar-
tian atmosphere over time (e.g., Cassata, 2017; Mathew and Marti,
2001), we suggest that elemental fractionation favouring the heavy
elements is the norm during incorporation of noble gases into a
solid phase from an ambient atmosphere, and it is the Shergottite
impact melt glass samples that are exceptional in this respect, in
that their noble gases were shock implanted without mass frac-
tionation (Bogard et al., 1986). For meteorites that are finds rather
than falls, it has been shown that incorporation of noble gases from
the Earth’s atmosphere during terrestrial surface weathering leads
to elemental fractionation favouring the heavy elements (Scherer
et al., 1994; Schwenzer et al., 2013). The extent of this fractionation
is very similar in martian meteorites found in both hot and cold
deserts, suggesting differences in temperature and moisture on
Earth do not lead to major differences in fractionation
(Mohapatra et al., 2009; Schwenzer et al., 2013). Therefore, a sim-
ilar process might be expected to operate on Mars in spite of the
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different ambient temperature and moisture, leading to fractiona-
tion of the martian atmospheric noble gas signatures in martian
meteorites (Schwenzer et al., 2013). The identification of calcium
carbonate on the martian surface indicates that weathering pro-
cesses did, indeed, operate on Mars in the past (Boynton et al.,
2009; Bultel et al., 2019). And the presence of calcium carbonate
(calcite) in our sample of NWA 8114 (Table S5, Figs. S3 and S8)
implies that it experienced weathering processes at some point
in its history. Aqueous alteration on Mars has also been proposed
(e.g., Drake et al., 1994) to play a role in this fractionation; alter-
ation similar to that which has affected Nakhla has been reported
in paired meteorites of NWA 8114/7034 (Table S6 and MacArthur
et al., 2019). Thus, noble gas element abundances do not require
the presence of a contribution from the ancient martian
atmosphere.

4.3.2. Xenon Isotopic Data

Each of our individual temperature release steps are consistent
with the elevated '?°Xe/'3?Xe ratio being derived from the modern
martian atmosphere, so we now consider mixing diagrams to
examine whether trends in the data provide further constraints.
In Fig. 3 and Fig. 4 we show that our data from NWA 8114 resemble
Nakhla data previously reported. Gilmour et al. (2001) acquired
data from Nakhla samples that had been lightly etched with acid,
washed in water, and left untreated (two replicates of each). We
restrict discussion here to the releases from samples that had been
water-washed or acid-etched, as these treatments resulted in
removal of most terrestrial atmospheric xenon (Gilmour et al.,
2001). They reported that data exhibited mixing between two end-
members; one with small or no contribution from spallation xenon
and an elevated '2°Xe/'32Xe ratio of 2.350 + 0.026, and one consist-
ing of a mixture of martian interior xenon and spallation that was
reproducible within the precision of the data. In step heating
experiments, the former component (i.e. that with a high '2°Xe/!32-
Xe ratio) was released before the latter, with a clear contribution
from the terrestrial atmosphere at the lowest temperatures
(Fig. 4). This release pattern, terrestrial air at the lowest
temperatures, followed by a high 1>°Xe/!3>?Xe component, and then
increasing contributions from a spallation-rich signature at
higher temperature, is similar to that observed in NWA 8114
(see Fig. 4).

Fig. 3 relates the 12*Xe/'32Xe and 35Xe/'3?Xe ratios, illustrating
mixing between one or more trapped components (candidate
sources are modern martian atmosphere, ancient martian atmo-
sphere, terrestrial air and martian interior), spallation, and fission
end members (see Fig. caption for references). (As noted above,
spallation is dominated by production from barium, while it is
not possible in any release to unambiguously identify whether
the fission parent is 28U or 24Pu). In both Nakhla and NWA
8114, ?*Xe[!3?Xe increases with release temperature, indicating
an increasing proportion of spallation xenon. In Fig. 3, Nakhla data
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indicate a mixture between martian atmosphere and a spallation
component, whereas NWA 8114 data require a significant contri-
bution from a fission component that appears to be well mixed
with spallation xenon. Barium and uranium are both large, incom-
patible atoms. Barium is primarily hosted in K-feldspars, and ura-
nium in chlorapatite, both of which are present in NWA 8114
(Table S5) and paired stones (Humayun et al., 2013). Although
the abundance of chlorapatite is low (~2 %, Table S5), it is highly
enriched in uranium and may be the source of the fission xenon
component. However, phosphates are also the primary host of
REE, so it is perhaps somewhat surprising that there is little evi-
dence of REE spallation in the xenon isotopic signature. Without
further analyses of mineral separates, we can only speculate about
the host phases of these xenon components. The principal con-
straint from Fig. 3 is that the Ba-spallation component and the
U-fission component are present in rather uniform ratios within
each of the temperature steps. Since no single mineral host is
known to have both elements in sufficient abundances, the abun-
dant fine-grained lithologies including the intraclast matrix and
the clast-laden melt rocks (CLMR, (Hewins et al., 2017); see also
Wittmann et al., 2015; McCubbin et al., 2016) are likely petrologic
features corresponding to the sources of both Xe components.

Fig. 4 relates the '?#Xe/'32Xe and ?°Xe/'3?Xe ratios. It is appar-
ent that low temperature releases include a component with a low
129%e/132Xe ratio that is most readily interpreted as terrestrial air
(129Xe[132Xe = 0.9832, (Basford et al., 1973)), mixed with a trapped
component. The trapped component is close in composition to the
modern martian atmosphere (129Xe/!*2Xe = 2.5221 + 0.0063,
(Conrad et al., 2016)), with a high 2°Xe/'32Xe ratio.

Considering Fig. 3 and Fig. 4 together, apart from the lowest
temperature releases, data from both Nakhla and NWA 8114 are
consistent with mixing between a component with low 24Xe/!32-
Xe and a second component with high ?*Xe/'*2Xe. In Fig. 3 NWA
8114 data form a linear trend that intersects with the mixing line
from modern martian atmosphere to Ba spallation, suggesting that
a small contribution from spallation is present alongside martian
atmospheric xenon in NWA 8114. Plausible petrologic features cor-
responding to the sources of this trapped atmospheric component
accompanied by Ba-spallation are the vitrophyres that contain
veins with Ba-rich feldspar (Hewins et al., 2017). In Fig. 4, both
Nakhla and NWA 8114 data require that the spallation-rich end-
member include a contribution of '*?Xe from other sources. In
Fig. 3, elevated '®Xe/'3?Xe ratios indicate that in the case of
NWA 8114 this includes a fission contribution. In the case of
Nakhla, it may be martian interior xenon, though Mathew and
Marti (2002) identified a contribution from Pu fission xenon as
well.

From these mixing diagrams we conclude that the additional
component alongside spallation in NWA 8114 is fission xenon
(Fig. 3). The decomposition of individual releases detailed in Sec-
tion 3.2 supports this conclusion: the gas extracted in individual
heating steps was modelled as a mixture of martian atmosphere,
barium spallation, and a fission component. In Nakhla a similar
data analysis demonstrates there is a contribution from martian
interior xenon alongside the spallation component, as originally
proposed by Gilmour et al. (2001).

In Fig. 4, the step releases with the lowest spallation contribu-
tion that lie on the mixing line (i.e., contain no clear contribution
from terrestrial air) have '24Xe/!32Xe ~ 0.02. We now explore the
effects of a spallation correction to the data. The 12°Xe/'2%Xe ratio
from spallation of both Ba and REE elements is not well con-
strained; Hohenberg et al. (1981) adopted 1.6 + 0.4 for both targets.
Because the uncertainty in the ratio introduces a systematic error
affecting all data in the same sense, we show the effects of assum-
ing 1?9Xe/'3?Xe = 1.6, 1.0 and 2.2 in Fig. 5, illustrating that different
ratios can be obtained for the underlying martian atmosphere
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component depending on the choice of the 12°Xe/'?®Xe ratio used
for the spallation correction. As noted above, acceptable fits of
modelled compositions to each individual release can be found
when either 2**Pu or 223U is included as the sole fission parent.
However in Fig. 5 the data fall into groups corresponding to the
separate sample aliquots, suggesting that the fission components
in the samples labelled NWA8114_133 and NWA8114_6a_1 are
dominated by 2*4Pu, whereas that in NWA8114_6a_2 is dominated
by 238U. This difference between aliquots is not a surprising result
given the diversity of clast types and mineral compositions seen
within the NWA 8114 main mass (Supplementary Movie 1) and
section (Figs. S3 and S4, Tables S2 and S3). Ancient zircon crystals
have been identified in paired stones NWA 7034 and NWA 7533
(Humayun et al., 2013; Nemchin et al., 2014) that could, in princi-
ple, have incorporated live 24*Pu and retained its fission products,
but other zircons show evidence of disturbance after 2**Pu was
extinct (Yin et al., 2014), which may have resulted in degassing
of 2*‘pu-derived xenon. Once again, these mixing diagrams
demonstrate that xenon from our NWA 8114 samples is entirely
consistent with high '?°Xe/!32Xe ratios being caused by a contribu-
tion from the modern martian atmosphere. The highest measured
129Xe[132Xe ratios are ~ 2.4 (Table S2). This places a lower limit on
the “true” composition of the martian atmospheric component: it
could, in principle, have a higher 2°Xe/!32Xe ratio if the measured
value is mixed with another component, but atmospheric ratio
cannot be lower than the measured value.

To determine numerical constraints on the 12°Xe/!32Xe and !°-
Xe/'32Xe ratios of the underlying spallation- and fission- free com-
ponent in NWA 8114 and Nakhla we return to Fig. 3 and Fig. 4. In
both NWA 8114 and Nakhla, the measured point least affected by
spallation xenon and terrestrial air has '24Xe/!32Xe ~ 0.02. (Only
the very lowest temperature heating steps have '24Xe/'32Xe ratios
lower than ~ 0.02, and these are consistent with air contamina-
tion.) In the case of NWA 8114 data points with **Xe/!3?Xe ~
0.02 may represent the endmember: a component derived from
the martian atmosphere mixed with pure spallation; the composi-
tion of this component lies at the intersection of the trend line
from the data with the mixing line between modern martian atmo-
sphere and barium spallation in Fig. 3. Although it might appear
that the trend line could extend to a composition closer to the solar
composition (Fig. 3), there are no data points below the mixing line
between the modern martian atmosphere and barium spallation,
i.e. no analyses with low '*®Xe/!32Xe ratios characteristic of the
ancient martian atmosphere. The measured '*®Xe/32Xe ratio of
this endmember is thus consistent with the modern martian atmo-
sphere. The corresponding 2°Xe/!'3?Xe ratio is obtained by making
a spallation correction to the point on the trendline established by
the data at '2%Xe/!32Xe = 0.02; this yields '>°Xe/!3?Xe = 2.46 + 0.03,
which is within 2 ¢ of the modern martian atmospheric value 2.
5221 + 0.0063 (Conrad et al., 2016). Thus the trends in the data
can be accounted for by modern martian atmosphere contributing
the xenon responsible for the elevated '2°Xe/'3?Xe ratio.

Alternatively, the trend lines defined by the data can be extrap-
olated to the point where 24Xe/'32Xe = 0.00464 (Fig. 4). This leads
to 129Xe/'32Xe = 2.55 + 0.03 for NWA 8114 (identical within error
to the modern martian atmosphere). However, *6Xe/'32Xe is then
0.305 * 0.008, significantly lower than the martian atmosphere
ratio of 0.3452 + 0.0022 (Conrad et al., 2016). While this might
be an expected composition of an ancient martian atmospheric sig-
nature, as noted in the previous paragraph there are no data on the
trend line that require its presence. Similar extrapolations for the
other xenon isotopes give ratios that are, for the most part, within
2 o of the modern atmospheric values; the only other exception is
134X e/'32Xe ratio which is also slightly low, but there are again no
data points with low 3*Xe/'3?Xe ratios. The majority of isotopes
point towards a modern atmospheric composition.
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The xenon isotopic plots should not be taken in isolation from
each other, they must be considered together to fully understand
and properly interpret the data. If the trend lines in Fig. 3 and
Fig. 4 were to be extrapolated to a 135Xe/'3?Xe ratio of ~ 0.3, then
a line through the data in Fig. 5 would also have to be extrapolated
to the same value. This would give a '2°Xe/!32Xe ratio higher than
that of the modern martian atmosphere, whereas the ancient
atmosphere is characterised by a lower '2°Xe/!32Xe ratio.

In the case of Nakhla, extrapolation of the trend line yields '%°-
Xe/13?Xe = 2.34 £ 0.03, while making a spallation correction to the
composition on the line where ?4Xe/!32Xe = 0.02 leads to '%°-
Xe/13?Xe = 2.30 + 0.02. Each interpretation yields a 2°Xe/!3?Xe
ratio for the Nakhla component lower than that of the present
day martian atmosphere by more than 5 G.

We thus find no compelling evidence for ‘ancient’ martian
atmospheric xenon in our analyses of NWA 8114. Instead we sug-
gest that the previous identification (Cassata, 2017) was either an
unfortunate coincidence resulting from consistent releases of a
mixed component, or a consequence of sample heterogeneity —
our data cannot rule out the possibility that other portions (stones)
or different lithologies of this regolith breccia definitively record an
ancient atmosphere isotopic signature, but there is no compelling
evidence for its presence in the material we have investigated.
The ancient zircon crystals identified in NWA 7034 and NWA
7533 (Humayun et al., 2013; Nemchin et al., 2014) demonstrate
that there are components in these meteorites that are, in princi-
ple, old enough to have incorporated an ancient atmospheric com-
ponent, but the range of resetting events dated by the Ar-Ar age of
NWA 8114 and several other chronometers (Section 1.2) indicate
that any ancient component experienced subsequent thermal
resetting that could have partially or totally erased the ancient
noble gas component (e.g., Lindsay et al., 2021). If the estimated
U-Xe ages (Section 4.2) are chronologically significant, they sug-
gest that some phases (likely zircon) retained a significant fraction
of xenon produced by in situ decay of 233U and ?#*Pu over their his-
tory, but the martian atmosphere component was incorporated
more recently.

The low !2°Xe/132Xe ratio observed in Nakhla is, however,
intriguing since it appears to be sampled by all the high tempera-
ture releases from the four aliquots reported by Gilmour et al.
(2001). At the time of publication this appeared to be consistent
with modern martian atmospheric xenon (as determined from
Shergottite glass (Mathew et al., 1998; Swindle et al., 1986)). In
light of the Curiosity datum (Conrad et al., 2016), with its higher
129%e/132Xe ratio, it is worthy of re-examination. It appears that
there are two possible explanations; it represents a consistent
mix of martian interior xenon with martian atmospheric xenon,
or it samples a martian atmosphere trapped since the formation
of Nakhla 1.38 Gyr ago (Nyquist et al., 2001) that had, at that point,
not evolved to the present day ?°Xe/!3?Xe ratio. We consider that
a reproducible mixture of interior and atmospheric xenon is hard
to envisage in a surface-correlated component (the atmospheric
component in Nakhla is associated with acid leachable iodine
(Gilmour et al., 2001), Section 1.1). The Ar-Ar isochron age of
NWA 8114 (1385 + 21 Ma, Fig. S 9a) is identical to the crystallisa-
tion age of Nakhla, but the different 12°Xe/!3?Xe ratios observed in
the two meteorites suggests that they sampled the martian atmo-
sphere at different times. NWA 8114 sampled the atmosphere
recently, when the 2°Xe/'3>?Xe ratio had evolved to the present-
day value. In the next section we develop a model to understand
the implications of the presence of spallation xenon in the martian
atmosphere and consider further constraints that might be
imposed if Nakhla records an earlier stage in its xenon isotopic
evolution.
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4.4. Evolution of the Martian Atmosphere, 3.7 Gyr to the present

The history of the martian atmosphere can be broadly divided
into two periods: the first period was characterised by a high car-
bon dioxide pressure and possibly a greenhouse effect, the second
by a low pressure generally similar to the environment today (e.g.,
Fanale et al., 1992). The transition between the two may have been
initiated by polar condensation of carbon dioxide, ~3.7 Gyr ago
(e.g., Gierasch and Toon, 1973; Haberle et al., 1994; Jakosky and
Jones, 1997; Pepin, 1994).

The modern martian atmosphere xenon isotopic composition
suggests an underlying primordial composition inherited from
the early solar system that was modified by mass fractionation
and acquired '?°Xe from the decay of '?°I (Conrad et al., 2016).
Depending on the choice of the underlying starting composition
(solar wind, U-Xe, chondritic xenon) a small contribution from fis-
sion (most likely of 24*Pu) may also be present in the modern
atmosphere (Swindle and Jones, 1997; Pepin, 2000; Conrad et al.,
2016). The components observed in martian meteorites indicate
contributions from other reservoirs that must correspond to
regions of the martian crust/mantle (e.g. the martian interior com-
ponent incorporated in Chassigny, which is distinct from the mar-
tian atmosphere (Mathew and Marti, 2001)). These reservoirs
include a source of solar xenon and a reservoir with a high relative
abundance of xenon from fission of 24Pu. In addition, the present-
day composition of the martian atmosphere requires that a reser-
voir enriched in 1?°Xe from '2° was at least formerly present, but
as yet a distinct source of that reservoir has not been definitively
identified in the sample suite. Evolution from the base composition
to the atmospheric composition observed today can be inferred to
have taken place over Mars' geological history, with a general
expectation that the atmosphere became more radiogenic over
time as daughter isotopes were released from reservoirs that pref-
erentially incorporated their parent elements.

Assuming that the present day atmosphere persisted for the last
3.7 Gyr, Conrad et al. (2016) calculated that 43 % of 3°Kr generated
in the regolith from secondary neutrons over that time is in the
present day atmosphere. They assume that the 43 % degassing also
applies to xenon derived from barium spallation in the regolith. To
explore the possibility that the 12°Xe/'32Xe ratio has evolved in the
last 1.38 Gyr (i.e., since the crystallisation of Nakhla (Nyquist et al.,
2001)) we have developed a simple model of martian atmospheric
evolution within the same time frame. Since the two endmembers
we identify in Nakhla are identical within 1 & error, we adopt 2°-
Xe/132Xe = 2.33 £ 0.05 for this component (to incorporate the upper
and lower limits of the two values calculated in Section 4.3.2).

The specifics of the model are discussed in the following sec-
tions; in summary, we consider the evolution of the martian atmo-
sphere following collapse of the early atmosphere. The amount of
132X e present acts as a proxy for the thickness of the atmosphere,
which is assumed to be uniform and not vary with altitude. It is
assumed that *2Xe is lost from the atmosphere in the same pro-
portion as other species, i.e. the fraction of 132Xe in the atmosphere
remains constant; however later we discuss the effects of relaxing
this constraint. Excess '>°Xe, produced from decay of '?°I in the
crust before the start of the model, is degassed into the atmo-
sphere, causing the 2°Xe/'32Xe ratio to increase over time. Cosmic
ray interactions with barium and rare earth elements in the rego-
lith produce spallation derived xenon isotopes, which are also
degassed into the atmosphere. The model aims to reproduce the
129%e/132Xe ratios recorded by ALH 84001 and Nakhla at the times
the signatures were trapped in those meteorites, the present day
129%e/132Xe ratio as measured by the Curiosity rover (Conrad
et al,, 2016), and the fraction of spallation derived xenon in the
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present day atmosphere calculated by Conrad et al. (2016). This is
achieved by varying the atmospheric loss rates and crustal/regolith
outgassing rates. Although there are several individual heating
steps in our analyses of NWA 8114 that are identical within uncer-
tainty to the modern martian atmosphere (Fig. 5), we choose to use
the xenon composition of the modern (i.e., present day) atmo-
sphere determined by the Curiosity rover (Conrad et al., 2016) in
this model because it is more precise than our values. Furthermore,
our data, or indeed data from other meteorites, are complicated by
additional components (e.g. fission). Atmospheric loss has two con-
sequences for the model. If the atmosphere was thicker in the past,
production rates of spallation xenon in the regolith were lower due
to reduced penetration of secondary cosmic-rays. Furthermore,
some of the spallation xenon degassed from the regolith will be
lost along with the other constituents of the atmosphere. This sets
a limit on the extent of atmospheric loss allowed within the model.
This simple model assumes a single phase of atmospheric collapse,
but there may have been several such events, e.g. caused by giant
impacts.

4.4.1. Characteristics of the Model

As a starting point, it is assumed there are two distinct periods
in the evolution of Mars’ atmosphere (Section 4.4); our model con-
siders only the second phase. During the first period extensive
degassing drove development of a dense atmosphere, which ele-
vated the ?°Xe/!3?Xe ratio from an initial solar composition to
the value observed in ALH 84001 ~ 4 Gyr ago (Gilmour et al.,
1998). It is assumed that the atmosphere was too thick to allow
any significant production of spallation xenon in the crust during
this period. The second period occurred after atmospheric collapse
more recently than 3.7 Gyr ago; our model tracks the evolution of
the xenon signature over this interval. The less dense atmosphere
now allows for production of spallation xenon in the crust, and
degassing of both spallation xenon and '?°Xe make notable contri-
butions of the xenon isotopic composition of the atmosphere. Any
low-level degassing of the atmosphere during this period is consid-
ered to have occurred by different processes from the early degas-
sing phase.

Within the timeframe considered by the model, it is assumed
that the original atmosphere persisted up to a time of atmospheric

Table 4
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collapse (7. - model parameters are defined in Table 4). Thereafter,
the atmospheric xenon was modified by: (1) loss of xenon either
from the atmosphere to space, or possibly by mineral/clathrate
sequestration at the surface; (2) crustal outgassing of 2°I-derived
129%e (hereafter '?°Xe*), and (3) outgassing of spallation xenon
from the upper ~ 5 m of the regolith (i.e., the zone interacting with
cosmic rays (Rao et al., 2002)). Both (1) and (2) occurred at a rate
much lower than during formation of the pre-collapse atmosphere;
and (3) is assumed negligible until after the collapse event
occurred because the thick atmosphere prevented production of
cosmogenic xenon in the regolith. The 12°Xe/!3?Xe ratio at the time
of atmosphere collapse is assumed to be that measured in ALH
84001 (1.95 + 0.18 (Gilmour et al., 1998)), where the 129Xe*/132Xe
ratio (the ratio of excess '2°Xe to 132Xe) is 0.95. Following collapse,
further low-level loss of atmospheric xenon is recorded by the
132Xe content of the atmosphere. Because the production of *2Xe
in the regolith is insignificant, the abundance of this isotope decli-
nes exponentially post-collapse with a mean life t, (in each expo-
nential decay term, the mean life is the reciprocal of the decay
constant) in the model. It is assumed that the same proportion of
the atmospheric budget of each xenon isotope is lost in any time
step. By assuming a constant volume fraction of '*2Xe in the atmo-
sphere (i.e. 132Xe is lost from the atmosphere in proportion to other
atmospheric species), the mass of the atmosphere immediately
after collapse is set by the mean life of '32Xe loss post-collapse
and the present day abundance of '32Xe. (The effect of relaxing this
constraint is discussed below.).

The low '3%Xe/!32Xe ratio of xenon in ALH 84001 relative to the
modern atmosphere suggests that the atmosphere was fraction-
ated in favour of the heavy isotopes since its trapping in ALH
84001. The ALH 84001 datum at ~ 4 Ga may record a pre-
collapse atmospheric xenon signature and collapse may therefore
have played a role in causing the fractionation observed in the
modern atmosphere; conversely, it may record the xenon isotopic
composition after atmospheric collapse which would imply the
fractionation also occurred after collapse. However, we adopt the
129%e/132Xe ratio recorded by ALH 84001 as the starting point of
our model and do not include mass fractionation.

It is assumed that, before the start of the model, '°I was
sequestered into a crustal reservoir with negligible xenon and with

Summary of '2°Xe/'32Xe ratios and parameters used in the model for the evolution of the martian atmosphere (Section 4.4). A mean lifetime t, is the reciprocal of the decay

constant for the corresponding process, /.

129xe/132Xe ratios

Source 129%e[132Xe Time

ALH 84001 1.95+0.18 Adopted at atmosphere collapse, post crystallisation at ~4.5 Ga
(Gilmour et al., 1998; Nyquist et al., 2001)

Nakhla 2.33 £0.05 Post crystallisation at 1.38 Ga (Gilmour et al., 2001; Nyquist
et al., 2001)

Curiosity 2.5221 £ 0.0063 Present day (Conrad et al., 2016)

Spallation

Target

43 % Of spallation produced in crust in the baseline model with no atmospheric

loss, is in present day atmosphere (Conrad et al., 2016)

Model parameters

Parameter Description Input or Calc?
Te Time of collapse of original high mass atmosphere Input
tq Mean life of (post collapse) atmospheric degassing Dictates the thickness of  Input
the atmosphere at the start of the model
t Mean lifetime of outgassing of '°Xe* from the crust into the atmosphere Calc
tq Mean lifetime of regolith processing, i.e. of outgassing of spallation xenon Calc

from the crust into the atmosphere

¢ Indicates whether each parameter is an input value for the model, or whether it is calculated (Calc) as an output from the model.
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negligible sources of other xenon isotopes. In particular, we follow
previous workers (e.g., Musselwhite and Drake, 2000) by noting
that the martian atmosphere has a large excess from '?°I decay
but little or no evidence of excesses of isotopes produced by fission
of 24Py, requiring that iodine and plutonium were geochemically
or otherwise separated into distinct reservoirs early in the history
of Mars. We assume that, in the period covered by the model,
129%e* was degassed from this reservoir to the atmosphere with
a rate declining exponentially with mean life t,. Three observed '°-
Xe/13?Xe ratios help to constrain the degassing of 12°Xe*: the initial
129%e/132Xe ratio of the martian atmosphere at the start of the
model is stipulated by the ALH 84001 ratio (Gilmour et al.,
1998); the 2°Xe/!32Xe ratio observed in Nakhla (Gilmour et al.,
2001) provides a snapshot of the composition of the atmosphere
at the time it was incorporated into the meteorite; and the value
measured by the Curiosity Rover (Conrad et al., 2016) corresponds
to the present day composition.

We also assume that processing of the regolith (that leads to
degassing of spallation xenon) declined exponentially with a mean
life tg. Assuming the current atmospheric conditions and the cur-
rent cosmic ray flux prevailed for at least the last 3.7 Ga, and taking
a plausible concentration of bromine in the regolith, Conrad et al.
(2016) showed that 43 % of the 8°Kr generated in the regolith by
secondary neutrons over the last 3.7 Gyr currently resides in the
atmosphere. They assume the 43 % regolith degassing also applies
to spallogenic xenon products. Our model is constructed to dupli-
cate this result rather than explicitly parameterising target ele-
ment concentration and cosmic ray flux. That is to say, the
production rate at the present day is chosen so that, with a con-
stant atmospheric pressure over the lifetime of the model, 43 %
of the total production of spallation xenon would be present in
the atmosphere today. To account for the lower production of spal-
lation xenon under a thicker atmosphere, we assume that the pro-
duction rate at the surface varies purely as a function of the
thickness of the overlying atmosphere.

When atmospheric loss is allowed during the period considered
by the model (i.e. low level loss after collapse), the earlier, thicker
atmosphere at the start of the model lowers the production rate of
spallation xenon from the modern baseline. To address this, the
data of Hohenberg et al. (1978) are used to model the effects of
an increased atmospheric mass. For shielding depths greater
than 20 g cm~2 the data are consistent with a production rate that
is an exponentially decreasing function of shielding depth with a
mean depth of 136 g cm 2 (an average between those for produc-
tion from barium and light rare earth elements: 154 and
118 g cm~2 respectively).

4.4.2. Implications for Martian history since 3.7 Ga

For the baseline model (7. = 3.7 Ga, with no further loss of
xenon from the atmosphere after collapse) a constant degassing
rate of 0.034 % Myr~! of the regolith budget of spallation-
produced xenon is sufficient to account for the spallation content
of the modern martian atmosphere. This degassing rate is indepen-
dent of the production rate of spallation xenon, as the target is 43 %
of the spallation xenon produced over 3.7 Gyr is in the present day
atmosphere rather than an absolute concentration. If a higher or
lower proportion is required in the atmosphere, the degassing rate
must increase or decrease respectively. The production and degas-
sing rates can, however, be used to determine an absolute amount
of spallation xenon in the atmosphere in this baseline model. The
model can then be varied to reproduce this amount of spallation
xenon under different conditions. Fig. 6a, for example, plots the
accumulation of spallation xenon in the atmosphere as a function
of time for different atmosphere thicknesses at the start of the
model, aiming to reproduce the same absolute amount of spalla-
tion xenon in the present day atmosphere.
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If xenon loss is permitted after collapse, but with a very long
mean lifetime ¢, (i.e.,, when the mass of the atmosphere has been
effectively constant since collapse), atmospheric collapse can have
occurred no more recently than t. = 1.7 Ga. At this point the spal-
lation xenon content of the atmosphere today (as determined by
the baseline model) is equal to the total generated in the regolith
since atmospheric collapse.

If atmospheric loss over time is allowed (post collapse), the
total spallation xenon that must be degassed to account for the
present-day abundance increases, because some of the degassed
spallation xenon has been lost over time. However, atmospheric
loss necessitates a thicker initial (post collapse) atmosphere than
today, reducing the production rate of spallation xenon isotopes
(Fig. 7a and b). Together these constraints imply that more spalla-
tion xenon must be produced, however the production rate has
increased with time, imposing a limit on the maximum initial
atmospheric mass at the start of the model and the loss history.
In models where the atmosphere collapsed at 1. = 3.7 Ga, in order
to accumulate sufficient spallation derived xenon in the present-
day atmosphere and satisfy the conditions imposed by the '2°-
Xe/'32Xe ratios (discussed below), the atmosphere at the start of
the model was no more than 4.9 times more massive than today’s,
with a loss rate of 0.043 % Myr~! (Fig. 7b). A thicker initial (post-
collapse) atmosphere and associated faster loss rate does not
allow for a sufficient amount of spallation xenon to accumulate
in the atmosphere (Fig. 6). For more recent 7. the maximum
allowable loss rate decreases, and, therefore, the atmospheric
mass at 7. is lower in order to accommodate the lower loss rate
over the shorter time period involved.

In the baseline model it is assumed that the xenon signature of
Nakhla records the atmospheric composition at its crystallization
age of 1.38 Ga (Nyquist et al., 2001), and the '**Xe/!*2Xe ratio is
one of the target ratios the model uses to calculate the mean life-
time for '2°Xe* outgassing (t;). Since the atmospheric '3>?Xe content
is constant in this baseline model (i.e. no loss after collapse), the
rate of change of the observed '2°Xe/'3?Xe ratio between trapping
in Nakhla (at 1.38 Ga) and the present day is similar to that
between 3.7 Ga, when the 2°Xe/'32Xe ratio was that recorded by
ALH 84001, and the time of trapping in Nakhla (Fig. 6b). For this
reason, the mean lifetime for degassing of '2°Xe* into the atmo-
sphere, t;, is very long (10.7 Gyr - in effect the degassing rate of
129%e* can be considered constant). Models that allow for atmo-
spheric loss require higher rates of ?°Xe* degassing early on
(Fig. 7a and b), and so shorter t; values (because larger amounts
of 12°Xe* degassed early on in the model have been lost more effec-
tively, Fig. 6¢). Later collapse times also require shorter t; values: it
is assumed that degassing of '2°Xe* before collapse was not suffi-
cient to affect the 12°Xe/!3?Xe ratio of the prevailing, thick atmo-
sphere, so later collapse allows less time to evolve from the ALH
84001 ratio to that of Nakhla, while the time available to evolve
from the Nakhla value to the present day remains the same
(Fig. 6d). Conversely, for declining rates of degassing of 12°Xe* to
the atmosphere, as might be expected based on the decline in vol-
canic activity, atmospheric loss after collapse is required to
account for the Nakhla datum.

Gilmour et al. (2001) speculated that the atmospheric signature
in Nakhla may have been incorporated by shock rather than at
crystallisation, possibly due to the event that ejected it from the
martian surface. If the time of trapping of the atmospheric signa-
ture in Nakhla is more recent than the crystallization age there is
an increased need for atmospheric loss, i.e., an increased need for
the atmosphere at the start of the model to be thicker than the pre-
sent day. This is because later trapping of the Nakhla signature
means the '2°Xe/!32Xe ratio has less time to evolve between the
Nakhla and present day values, requiring a higher degassing rate
of 129Xe* into the atmosphere. This, in turn, would have rapidly
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Fig. 6. [llustrations of the model for the evolution of the martian atmosphere discussed in Section 4.4.2. (a) shows the amount of spallation derived xenon in the atmosphere
as a function of time. Assuming there is no further loss from the atmosphere after collapse 3.7 Gyr ago (i.e. the thickness of the atmosphere 3.7 Gyr ago was the same as the
present day thickness), the baseline model targets 43 % of the spallation xenon produced in the crust over the last 3.7 Gyr being in the present day atmosphere (Conrad et al.,
2016). If the atmosphere 3.7 Gyr ago was thicker than the present day, the model aims to reproduce the same absolute final amount of spallation xenon in the present day
atmosphere, and examples for an initial atmosphere between twice and five times the density of the present day atmosphere are illustrated. However the denser initial
atmosphere reduces the production of spallation xenon, and necessitates atmospheric loss. (b) illustrates the 12°Xe/'?Xe ratio as a function of time, again assuming there was
no further loss from the atmosphere after collapse 3.7 Gyr ago. The '2°Xe/'3?Xe ratio at the start of the model is assumed to be 1.95 as recorded in ALH 84001 (Gilmour et al.,
1998) and the Nakhla signature is assumed to have been trapped when the rock crystallised at 1.38 Ga (Nyquist et al., 2001). The rate of change of the '2°Xe/'*?Xe ratio
between trapping in Nakhla and the present day is similar to that between the start of the model at 3.7 Ga and the time of trapping in Nakhla. Models for initial atmospheres
between twice and 5 times the present day thickness produce almost identical curves to that shown in (b), but require higher '?°Xe* outgassing rates early on, and hence
shorter 2°Xe* lifetimes, t;, as illustrated in (c). (d) shows the effect of later atmospheric collapse on the evolution of the '2°Xe/'3?Xe ratio as a function of time, assuming no
further atmospheric loss for a range of collapse times between 3.7 and 2.0 Ga. It is assumed that the '2°Xe/!'32Xe ratio recorded in ALH 84001 represents the ratio at the time of
collapse, and therefore later collapse allows less time to evolve from the ALH 84001 ratio to the Nakhla ratio, while the time to evolve from the Nakhla value to the present
day ratio is unchanged, requiring shorter mean lifetimes for the outgassing of '°Xe* from the crust into the atmosphere, t;. If collapse occurred more recently than ~ 2 Ga and
there was no further loss, it is not possible to reproduce the ALH 84001, Nakhla and present day '2°Xe/'*?Xe ratios in this no-loss scenario.

driven up the ratio between 3.7 Ga and trapping in Nakhla unless the duration of the model, for consistency with both a declining

the atmosphere was thicker during this period. 129%e* degassing rate and the amount of spallation derived xenon
The constraint imposed by the cosmic ray spallation signature in the present day atmosphere.

observed in the modern martian atmosphere (i.e. in order for suf- Our model tracks the '32Xe content of the atmosphere, and up

ficient spallation xenon to accumulate in the atmosphere, the ini- to this point, we have assumed other chemical species are lost

tial post-collapse atmosphere at 3.7 Ga can have been no thicker from the atmosphere in the same proportion as 32Xe (Fig. 7a
than 4.9 times the present day, with an atmospheric loss rate no and b). Xenon should be the least likely species to escape from a
greater than 0.043 % Myr~!) requires that the Nakhla datum be planetary atmosphere by Jeans escape, but it is highly depleted rel-
recorded no more recently than 720 Myr ago, for consistency with ative to the other noble gases in the terrestrial atmosphere and, to

a 129Xe* degassing rate that is constant or declining over time. It is a lesser extent, the martian atmosphere (e.g., Ozima and Podosek,
hard to avoid these constraints on initial atmospheric mass and 2002; Zahnle, 1993). Whereas loss of xenon may have occurred
time of trapping in Nakhla since it is the loss of spallation- preferentially in an early thick atmosphere (e.g., Avice and Marty,
derived xenon from the atmosphere that plays the largest role in 2020; Zahnle et al., 2019), once the bulk of the atmosphere is gone,

providing this constraint, rather than the reduced production rate the same xenon loss process probably does not operate and xenon
caused by the early, thicker atmosphere. The model age of possible may then switch to being the least efficiently lost (Scherf and
atmospheric trapping significantly predates the ejection of Nakhla Lammer, 2020). It is possible to see the effects of allowing differen-

from Mars (estimated to have occurred ~ 11 Ma ago (Nyquist et al., tial loss of xenon by decoupling the production rate of spallation in
2001)). A shock event that affected the nakhlites has also been the regolith (dependent on total atmosphere) from the amount of
identified at 630 Ma (Daly et al., 2019). If the xenon was incorpo- 132Xe in the atmosphere. If xenon was lost less efficiently from

rated by this earlier shock event, it would require later collapse of the atmosphere compared with other species, the initial atmo-
the early atmosphere accompanied by atmospheric loss through sphere must have been thicker than implied by the initial xenon
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Fig. 7. Each stack of graphs illustrates how the atmosphere thickness, '2°Xe/!3?Xe ratio, amount of '?°Xe and amount of spallation vary with time, for a different scenario in
the model of the evolution of the martian atmosphere. The top plot in each stack illustrates the thickness of the atmosphere relative to the present day atmosphere (=1); the
second shows the evolution of 12°Xe/'?Xe ratio, with ratios recorded in ALH 84001, Nakhla and the present day ratio also shown; the third plot show the crustal inventory of
129%e*, the amount in the atmosphere, and the amount lost from the atmosphere, relative to the amount of '2°Xe* in the present day atmosphere in the baseline, no-loss
model (=1); and the bottom plot in each stack shows the total amount of spallation xenon produced, and how much of that remains in the regolith, is in the atmosphere, and
has been lost, again relative to the target amount of spallation in the present day atmosphere in the no-loss model (=1). (a) illustrates these quantities in a model with a very
long mean lifetime and associated low level of loss; (b) shows an initial atmosphere 4.9 times more massive than the present day atmosphere. (¢) considers a scenario where
xenon was lost from the atmosphere less efficiently than other species, with an example in which the mass of the initial atmosphere was 10 times higher than today, in which
case the initial xenon mass can only have been ~ 2.0 times higher than today. (d) considers a scenario where xenon was lost more efficiently than other species, using an
example where the initial atmosphere was only 10 % higher than today, and the initial xenon mass can have been no more than 6.8 times higher than today. Note the scale of
the thickness of the atmosphere (top plot) in (c¢) and (d) is different to that in (a) and (b).
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abundance. Therefore, the initial spallation production in the rego-
lith would have been lower than that assumed from the xenon
abundance. For example, if the mass of the atmosphere was 10
times higher than today at the start of the model, the xenon mass
can only have been 2 times higher than today (Fig. 7c). Combined
with a reduction in the production of spallation-derived xenon in
the regolith due to the thicker atmosphere, a higher loss rate asso-
ciated with a higher initial xenon mass would prevent sufficient
spallation xenon accumulating in the atmosphere. Similarly, if we
consider a hypothetical situation where xenon was lost more effi-
ciently from the atmosphere than other species, the initial atmo-
sphere was not as thick as implied by the xenon abundance, and
the initial spallation production would have been correspondingly
higher. For example, if the mass of the atmosphere at the start of
the model was only 10 % higher than today, the xenon mass can
have been no more than 7 times higher than today (Fig. 7d).
Although, in this case, ample spallation-derived xenon is produced
in the regolith, a higher initial xenon mass and associated higher
loss rate, again, does not allow sufficient spallation xenon to accu-
mulate in the atmosphere.

Volcanic activity on Mars has declined over time (Greeley and
Spudis, 1981; Carr and Head, 2010), and so magmatically driven
degassing of '2°Xe* might also be expected to have decreased over
time. Higher, early degassing rates require atmospheric loss to
account for the change in '?°Xe/'*2Xe ratios from ALH 84001, to
the Nakhla value, then to the present day value. When the require-
ment for a constant volume fraction of xenon in the atmosphere is
relaxed (i.e. when the model hypothetically allows for xenon to be
lost from the atmosphere more or less efficiently than other spe-
cies), higher initial atmospheric masses reduce the scope for loss
of xenon. This is because there is less production of spallation
xenon in the regolith, the total amount of spallation xenon pro-
duced is lower, and so less xenon can be lost in the model. Because
there is less scope for loss of xenon over time, the rate at which
129%e* is added to the atmosphere by degassing from the interior
(/1) is lower. Thus, to have a decline in degassing rate for '2°Xe*,
linked to a decline in volcanic activity, the volume fraction of
132Xe in the atmosphere has to be higher at the start of the model
than at the end, which means that xenon has to be lost more read-
ily than the major constituents of the atmosphere. This is perhaps
counterintuitive if the gases are lost to space, however it might be
possible if the loss process is trapping on surfaces in a way that
removes xenon from the atmosphere over the lifetime of the
model. The heavier noble gases have stronger Van der Waals bond-
ing than the lighter species, so are preferentially adsorbed on sur-
faces. Laboratory measurements using analogues for the martian
regolith predict that at least 90 % of xenon could be adsorbed on
the regolith, compared to up to 25 % of krypton (Fanale et al.,
1978). In this case the xenon would be lost from the atmosphere
to a surface reservoir more readily than other species, but not lost
to space.

Observations of erosion rates, valley networks, and surface min-
eralogy on the martian surface indicate a transition to a low mass
atmosphere around the time of the late heavy bombardment
at ~ 3.9 Ga (e.g., Bottke et al., 2015; Carr, 2012), while the rate
of volcanic activity has declined over the period since (Greeley
and Spudis, 1981; Carr and Head, 2010). Combined with the con-
straint on the 12°Xe/13?Xe ratio imposed by Nakhla, our model indi-
cates that this requires loss of xenon from the martian atmosphere
over the last 3.7 Gyr (i.e. since collapse of an initial, thick atmo-
sphere) with the present day budget being as little as 20 % of that
at the start of this period.

To summarise, our model investigates the presence of spallation
xenon in the martian atmosphere, with the additional constraints
imposed if the 1°Xe/!3?Xe ratio observed in Nakhla records an ear-
lier stage in the xenon isotopic evolution of the martian atmo-
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sphere when compared to the present day ratio. The baseline
model assumes no further atmospheric loss after atmospheric col-
lapse at 3.7 Ga, and 43 % of the spallation xenon produced in the
crust since that time is in the present day atmosphere. If atmo-
spheric loss is permitted over time, the thicker initial atmosphere
reduced the production rate of spallation xenon, and requires that
some of the degassed spallation xenon is lost over time, imposing a
limit on the maximum initial thickness of the atmosphere. Com-
bining the constraint on the ?°Xe/'*?Xe ratio imposed by Nakhla
with declining 1?°Xe* degassing rates, requires loss of xenon from
the martian atmosphere over the last 3.7 Gyr (i.e. since collapse
of an initial, early, thick atmosphere), and the present day budget
is as little as 20 % of that at the start of this period.

4.5. Formation of Martian Volatile Reservoirs

Bulk silicate material accounts for 70 % of the mass of Mars, and
the iodine concentration in bulk silicate Mars is estimated to be in
the range 6 to 36 ppb (Taylor, 2013; Clay et al., 2020). But halogen
abundances vary greatly in martian materials, covering 4-5 orders
of magnitude (Clay et al., 2020 and references therein). The iodine
concentration of NWA 8114 measured in this work is
1930 + 140 ppb (Sections 3 and S3.4). Using the total mass and
mean molecular weight of the martian atmosphere, along with
the abundance of xenon (Mars Fact Sheet), we calculate that the
modern atmosphere contains 7.8 x 1033 atoms 12°Xe*. If we adopt
the upper and lower limits of the bulk silicate iodine concentration
(as above), and assume that 50 % of the bulk silicate iodine took
part in crust formation (similar to chlorine, (Taylor, 2013)) and
subsequently degassed into the atmosphere, this requires an initial
1291/127] ratjo in the range ~ 1.2 x 10 to ~ 2 x 1077, corresponding
to “closure” to '?°Xe* loss around 100 to 150 Myr after solar sys-
tem formation ('2°1/'?’ = 10 (Brazzle et al., 1999)). Our models
allow for a loss of 80 % of the atmospheric xenon budget present
at 3.7 Ga, corresponding to a reduction in the closure interval of
around two half-lives of 12°I (~72 to 110 Myr after solar system
formation). This is at odds with the proposal that Mars is a remnant
planetary embryo that completed its growth within the first 4 Myr
of solar system history (Dauphas and Pourmand, 2011). For consis-
tency, we would require that atmospheric collapse removed a frac-
tion of xenon, or that a largely un-degassed interior reservoir has
stored xenon produced by '?°I decay.

Under what circumstances can the volatile reservoirs inferred
from martian meteorites form? These reservoirs include an atmo-
sphere enriched in the decay product of 2°], but lacking the decay
product of 244Py, an interior reservoir with a solar xenon signature,
and separate reservoirs dominated by decay products of '*°I and
244py, The reservoir with a solar xenon signature requires that at
least some of the martian interior was un-degassed, so that radio-
genic decay did not significantly alter the primordially trapped
xenon isotope signature. Solidification of a magma ocean (e.g.,
Elkins-Tanton, 2008; Lammer et al., 2013) provides a natural route
to degas a substantial portion of a planet of its xenon, while creat-
ing separate reservoirs concentrating iodine and plutonium
(Musselwhite and Drake, 2000). Xenon degassed as the crust
formed must be lost from Mars before subsequent release of iodo-
genic 12%Xe* can lead to the observed high 2°Xe/!32Xe ratio of the
atmosphere. Early crust formation can produce a xenon reservoir
dominated by '?°Xe* even if plutonium and iodine are incorpo-
rated quantitatively. For instance, a reservoir formed at 20 Myr
after solar system formation would have evolved to 3%Xe*/12%Xe*
= 0.0010 after a further 50 Myr of **Pu decay ('3®*Xe* denotes
136X e produced from spontaneous fission of 2*4Pu) (Fig. S11). Such
a reservoir can act as a source to enrich the ?°Xe* of the martian
atmosphere. After complete decay, this reservoir would reach
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136Xe*[129%e* = 0.0026 (Fig. S11), allowing it to be a candidate
source for the continued evolution of the martian atmosphere’s
129%e/132Xe ratio during the 3.7 Gyr period covered by our model
without producing a measurable increase in the 26Xe/!32Xe ratio.

However, at least some plutonium must be concentrated in a
reservoir depleted in iodine to produce the observed fissiogenic
interior component (Chass-E, Fig. 1). This requires that iodine
and plutonium were at least partially separated during crust for-
mation; the residue of the iodine-rich reservoir can then act as a
source driving further atmospheric evolution while the
plutonium-rich reservoir can act as a source of the parentless fis-
sion xenon identified in Chass-E. Such a model can account for
the early formation of Mars in spite of its late apparent closure
interval - a significant fraction of '>°Xe from '2°I decay is still
trapped in a solid planetary reservoir.

The final reservoir required by Curiosity observations (Conrad
et al.,, 2016) is dominated by spallation of barium and must be in
the upper 5 m of the regolith (i.e., in the zone where cosmic-rays
can penetrate). Assuming a 43 % degassing efficiency, Conrad
et al. (2016) calculate that a regolith barium concentration of
602 ppm over a depth interval of ~ 500 g/cm? is needed to account
for the observed excesses of '?*Xe and '2°Xe in the atmosphere. If
complete degassing is assumed, the concentration decreases to
300 ppm. This concentration is much higher than estimates for
the martian crust (4.37 ppm (Taylor, 2013)) and bulk concentra-
tions measured in other NWA 7034 grouped stones (~100-
150 ppm (Humayun et al., 2013; Wittmann et al., 2015) where bar-
ium is likely hosted in K-feldspar (Table S5), hyalophane (Hewins
et al.,2017) and evolved petrological rock types (Fig. S6)). However
analyses by Sojourner, the MER rovers and Curiosity on the surface
of Mars indicate a more evolved composition (summarised by
Sautter et al. (2016)): measurements of barium using the Chem-
istry Camera (‘ChemCam’) instrument onboard the Curiosity Rover
show local enrichments up to 1500-2000 ppm in individual peb-
bles and rocks (Ollila et al., 2014). A martian regolith barium con-
centration of 300 ppm is not excessive if terrestrial analogue
systems are considered (e.g., Best, 2003; Li, 2000).

5. Conclusions

In this work we have analysed the noble gas composition of the
martian meteorite NWA 8114. Helium, neon and argon show no
evidence of a trapped composition; the measured He, 2'Ne and
38Ar appear to be entirely cosmogenic (Table 1). The heavy noble
gases krypton and xenon are elementally fractionated with respect
to the present day martian atmosphere and the terrestrial atmo-
sphere, similar to Nakhla. Using production rates for cosmogenic
2INe and 38Ar we estimate the CRE age to be 5.7 + 1.3 Myr. CRE
ages for paired stones cover a large range between ~ 2 and
12 Ma (Cartwright et al., 2014; Stephenson et al., 2017; Cassata
et al,, 2018), and our age falls in the middle of this range. However,
it is important to note that we used partly different methods to cal-
culate production rates and target element chemistry than were
used to calculate NWA 7034 CRE ages, and that in order to properly
compare ages across these (and other) samples the same produc-
tion rate systematics need to be used.

The xenon isotopic composition we measured in NWA 8114
shows evidence of a component enriched in '>°Xe (relative to a
solar '29Xe/'32Xe ratio of ~ 1), a spallation component, and a fis-
sion component. The gas extracted in most heating steps can be
adequately modelled as a mixture of the modern martian atmo-
sphere, barium spallation, and a fission component (although it is
not possible to distinguish whether the fission component is from
244py, 238y or a mixture of the two). Low temperature releases
require a contribution of terrestrial air, and three high temperature
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releases require a contribution from spallation of rare earth ele-
ments. Data are consistent with two component mixing, between
(i) a component close to the modern martian atmosphere (high
129%e/132Xe, low 136Xe/132Xe), with a small contribution from spal-
lation xenon, and (ii) an intimate mixture of fission and spallation
xenon (low '2°Xe/132Xe, high '®Xe/!32Xe and '?*Xe/!*2?Xe). The
maximum (spallation corrected) '2°Xe/'3?Xe ratio observed is 2.4
50 + 0.045 (Table 2), which is within 2c uncertainty of the the
Curiosity measurement (Conrad et al., 2016). We see no evidence
of a contribution from the ancient martian atmosphere (charac-
terised by a lower '?>°Xe/'3?Xe ratio of ~ 1.95 to ~ 2.17 (Gilmour
et al., 1998; Mathew and Marti, 2001)) in these analyses.

We developed a model for the evolution of the martian atmo-
sphere, to investigate the evolution of the !2°Xe/!32Xe ratio
(recorded by ALH 84001, Nakhla and observed at the present
day) and the amount of spallation xenon in the atmosphere. The
baseline model assumes collapse of Mars’ early atmosphere 3.7
Gyr ago (with no further loss of xenon after collapse), after which
magmatic degassing of '2°Xe* from the crust drove up the
129%e/'32Xe ratio. The spallation-derived xenon accumulated in
today’s atmosphere can be accounted for by a constant degassing
rate of 0.034 % of the regolith budget of spallation produced xenon
per Myr. If low level loss is permitted after collapse, a thicker atmo-
sphere at the start of the model decreases the ability to produce
spallation xenon. In order to accumulate sufficient spallation
xenon in today’s atmosphere, the initial atmosphere was no more
than 4.9 times thicker than today’s, with a corresponding loss rate
no more than 0.043 % Myr~'. For consistency with a 1>°Xe* degas-
sing rather that decreases over time, the '2°Xe/'32Xe ratio recorded
in Nakhla must have been trapped no more recently than 720 Myr
ago.

In summary, combining the constraint on the '2°Xe/!32Xe ratio
imposed by Nakhla with declining '?°Xe* degassing rates, the
model requires loss of xenon from the martian atmosphere over
the last 3.7 Gyr (i.e., since collapse of an initial, thick atmosphere),
and the present day budget is as little as 20 % of that at the start of
this period.
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