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A B S T R A C T

Accretion of volatile elements is a critical step to make a planet habitable. It is often assumed that terrestrial 
planets initially captured solar gases from the nebula, which are partially ingassed into their interior during the 
magma ocean phase, and then chondritic and/or cometary volatiles are delivered during the main accretion 
phase or after. Recent krypton isotopic measurements of the Martian meteorite Chassigny have however shown 
that chondritic volatiles were acquired on Mars in the first Myr of Solar System formation before nebular capture. 
Yet, Martian mantle is heterogeneous, with multiple reservoirs as evidenced with the hydrogen isotopic 
composition of shergottites, and it is unclear if this is also the case for noble gases. In this study, we investigate 
the noble gas (Ne, Ar, Kr, Xe) isotopic and elemental composition of the chassignite NWA 8694, which consti
tutes a link between chassignites and nakhlites, via laser step-heating in order to assess potential heterogeneities 
of the Martian mantle. Similar to Chassigny, we found evidence for high Ar, Kr and Xe abundances, potentially at 
least one order of magnitude higher than in the Earth’s mantle, in the NWA 8694 mantle source based on a low 
40Ar/36Ar ratio. We also found a chondritic component and a Martian atmospheric component in NWA 8694, the 
latter with fractionated Ar/Kr/Xe elemental ratios compared to Mars’ atmosphere. This Martian atmosphere 
component was possibly introduced through aqueous alteration by surface fluids, as observed in MIL nakhlites. 
The chondritic component corresponds to the composition of the NWA 8694 mantle source and hence confirms 
previous observation in Chassigny. A chondritic Martian mantle is in stark contrast with the presence of solar Kr 
and Xe in the Martian atmosphere. This suggests that chondritic volatiles were delivered to terrestrial planets in 
the first Myr of Solar System formation in presence of the nebula. Solar gases in the atmosphere could have been 
captured from the nebula afterwards or delivered by material similar to comets. If captured from the nebula, it 
would require the solar gases to be trapped either in polar ice caps or the regolith so as not to be lost via hy
drodynamic escape after the nebula dissipates. Alternatively, delivery of solar gases associated with comets could 
occur after cessation of hydrodynamic escape on Mars, but the one comet (67P/C-G) that has been measured so 
far does not show a pure solar-like Xe and Kr isotopic composition.

1. Introduction

The history of volatile elements (i.e., hydrogen, carbon, nitrogen) on 
terrestrial planets is critical to understanding how a planet becomes 
habitable (e.g., Hirschmann and Dasgupta, 2009; Peslier et al., 2017). 
Models of volatile accretion on terrestrial planets often assume that 
planets captured a primordial atmosphere from the solar nebula, that 
was partially ingassed into a magma ocean (Harper and Jacobsen, 1996; 
Mizuno et al., 1980; Pepin and Porcelli, 2002). This solar signature was 
subsequently modified by fractionation during gravitational escape of 

the atmosphere and addition of chondritic and/or cometary volatiles 
during the main phase of accretion or during a late veneer phase (Harper 
and Jacobsen, 1996; Pepin and Porcelli, 2002). However, the sources 
and subsequent evolution of volatiles on terrestrial planets are highly 
debated (Albarède, 2009; Alexander et al., 2012; Halliday, 2013; Marty, 
2012; Moreira, 2013; Péron et al., 2021; Piani et al., 2020). For instance, 
most volatile elements show a chondritic isotopic composition 
(Albarède, 2009; Alexander et al., 2012; Broadley et al., 2020; Holland 
et al., 2009; Marty, 2012; Péron et al., 2021; Piani et al., 2020), and so 
whether the interior of terrestrial planets acquired gases from the nebula 
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remains an open question. While the neon isotopic composition of the 
Earth’s mantle is “solar-like” (e.g., Honda et al., 1991; Moreira, 2013; 
Williams and Mukhopadhyay, 2018), acquisition of this solar signature 
has been debated between solar-wind irradiation of Earth’s precursors 
(Moreira, 2013; Péron et al., 2018) and dissolution of solar gases into the 
mantle captured from the nebula (Mukhopadhyay, 2012; Williams and 
Mukhopadhyay, 2018), and it is debated whether other terrestrial 
planets have solar gases in their interiors.

Since Mars is a planetary embryo, mostly formed in the first 4 Myr of 
Solar System formation (Dauphas and Pourmand, 2011), the volatile 
composition of Mars provides an observational window into volatile 
accretion and evolutionary processes during the early phase of terres
trial planets formation. Being highly volatile and chemically inert, noble 
gases are unique tracers of volatile sources as well as of physical pro
cesses affecting volatiles during and after accretion, like mantle 
degassing, regassing, and atmospheric volatile loss (e.g., Avice et al., 
2018b; Marty et al., 2019; Moreira, 2013; Mukhopadhyay and Parai, 
2019; Parai, 2022). In particular, the isotopic ratios of two non- 
radiogenic noble gas isotopes record information about the volatile 
sources, while isotopic ratios of radiogenic isotopes provide information 
about timing of volatile delivery, degassing and loss (e.g., Avice et al., 
2018b; Marty et al., 2019; Moreira, 2013; Mukhopadhyay and Parai, 
2019; Parai, 2022).

The trapped noble gases of the Martian meteorite Chassigny are very 
distinct from the Martian atmospheric composition and are thought to 
represent the Martian interior composition (Mathew and Marti, 2001; 
Ott, 1988; Swindle, 2002). Based on xenon isotopic analyses of Chas
signy, it was argued that the Martian interior contained solar xenon, and 
by inference solar krypton (Mathew and Marti, 2001; Ott, 1988), like in 
the Martian atmosphere (Avice et al., 2018a; Conrad et al., 2016; 
Mathew et al., 1998). The Martian atmosphere has solar krypton and 
fractionated xenon isotopes, consistent with a starting solar xenon 
component (Avice et al., 2018a; Conrad et al., 2016; Mathew et al., 
1998). Thus, there would be no clear evidence for chondritic heavy 
noble gases on Mars, and it has been assumed that the presence of solar 
heavy noble gases in the Martian atmosphere was the result of degassing 
from the Martian mantle, which inherited solar gases from ingassing of a 
primordial captured atmosphere (Avice et al., 2018a; Mathew and 
Marti, 2001).

The xenon isotopic composition of Chassigny is, however, ambig
uous with respect to fingerprinting a solar volatile source for the Martian 
interior (Moreira, 2013), and recent high-precision krypton isotopic 
measurements of Chassigny show a clear chondritic component with no 
indication for a solar component in the Martian mantle (Péron and 
Mukhopadhyay, 2022). Since the Martian mantle shows heterogeneities 
in the hydrogen isotopic composition, reflecting multiple water reser
voirs (Barnes et al., 2020), whether the Martian mantle is also hetero
geneous for heavy noble gases remains unclear. To address this issue, 
here we investigate the noble gas composition of NWA 8694, the third 
chassignite discovered after Chassigny and NWA 2737 (Hewins et al., 
2020; Udry et al., 2020). NWA 8694 represents a direct link between 
chassignites and nakhlites based on mineralogy and geochemical 
composition (Hewins et al., 2020) as well as on heavy noble gas 
elemental composition (Nagao et al., 2019). Chassignites and nakhlites 
likely come from the same shield volcano but different magma bodies 
and have similar crystallisation and ejection ages (Hewins et al., 2020; 
McCubbin et al., 2013; Udry and Day, 2018; Udry et al., 2020). The 
chassignite NWA 2737 was shown to have lost its Martian mantle gases 
but contain Martian atmospheric noble gases (Marty et al., 2006). 
Therefore, NWA 8694 is an appropriate sample to investigate potential 
Martian mantle noble gas heterogeneities.

2. Material and methods

The methods used in this study are similar to that described in Péron 
and Mukhopadhyay (2022) and in Péron et al. (2020), with some 

differences that are explained below.

2.1. Samples

Samples of NWA 8694 were provided by the French National 
Museum of Natural History (MNHN). The samples were small fragments, 
less than 1-cm size, and were devoid of fusion crust. Samples were 
cleaned in acetone and then loaded in pre-degassed tantalum capsules. 
One capsule was loaded with 35.9 mg and a second one with 43.6 mg.

2.2. Noble gas analyses

The two sample capsules, as well as an empty and pre-degassed 
tantalum capsule for blank analyses, were loaded in an ultra-high vac
uum laser chamber with a sapphire view port. To protect the view port, a 
sapphire cover slip was added on top of the sample holder. The chamber 
was baked at ~100 ◦C for 24 h in order to remove atmospheric noble 
gases adsorbed on the chamber and processing line. As in Péron and 
Mukhopadhyay (2022), noble gases were extracted by step-heating be
tween 250 ◦C and 1600 ◦C with a 150 W Teledyn Photon Machines 
Fusions Diode laser (wavelength = 810 nm), which is coaxially aligned 
with a single-color optical pyrometer. The procedure used to calibrate 
the pyrometer is given in Péron and Mukhopadhyay (2022).

After extraction, gases were purified with a hot (400 ◦C) and then a 
cold NP10 SAES getter, and then trapped on a Janis stainless steel 
cryogenic trap at 7 K. A second cryogenic trap with activated charcoal 
was used to effectively separate the heavy noble gases (Ar, Kr, Xe) from 
each other. The procedure used for separation is very similar to protocol 
2 in Péron et al. (2020) with one temperature cycle before each sepa
ration, except that one of the cryogenic traps is filled with activated 
charcoal instead of being a stainless steel trap.

Noble gases were analyzed sequentially with a Noblesse HR (Nu in
struments) mass spectrometer fitted with two Faraday cups and six 
electron multipliers (2F6M). The filament voltage was kept at − 78 V and 
the trap current was at 250 μA for all analyses. Neon isotopes, 20Ne, 21Ne 
and 22Ne, were analyzed in multicollection on electron multipliers on 
the right side of the peaks, where interference between 20Ne+ and 
40Ar++ is resolved. Signals of HF+ and CO2

+ were measured to correct 
20Ne+ and 22Ne+ signals, respectively, using a CO2

++/CO2
+ ratio that was 

determined to be 0.0064 ± 0.0003. Argon isotopes, 36Ar, 38Ar and 40Ar, 
were measured in multicollection, with 40Ar on a Faraday cup and the 
non-radiogenic argon isotopes on electron multipliers. Krypton isotopes 
were measured in three steps, all on electron multipliers, with first 78Kr, 
82Kr and 86Kr, followed by 80Kr and 84Kr and finally 83Kr. Xenon isotopes 
were analyzed in two steps on electron multipliers, with 124Xe, 126Xe, 
129Xe, 130Xe, 132Xe, 136Xe measured in the first step and 126Xe, 128Xe, 
131Xe, 132Xe and 134Xe measured in the second step.

Sensitivities and mass discriminations of the mass spectrometer were 
assessed through repeat analyses of an air standard. Blank analyses were 
carried out as for the samples through heating of an empty tantalum 
capsule (i.e., hot blanks). Blanks were below 1 % for Ne, and so the neon 
data are not blank-corrected because blanks are negligible and have an 
atmospheric composition (Table 1). The Ar, Kr and Xe data (Tables 1, 2 
and 3) are corrected for blanks, blank proportions being between 1–16 
%, 5–24 % and 1.4–24 % for Ar, Kr, Xe, respectively. There was a blank 
problem during the 1200 ◦C step of capsule 2 compromising the Ar, Kr 
and Xe analyses, but not the Ne measurement, which is why the Ar, Kr 
and Xe data are not reported for this step. For the 1600 ◦C step of capsule 
1, only the Ne measurement is reported because the sapphire cover slip 
used to protect the view port broke during this step heating, compro
mising the heavy noble gas analyses.

When sample analyses were started the 30 min long cold blanks (i.e., 
line blank isolated for 30 min, which is the duration of each heating step 
for sample and hot blank) were below 2.7 × 10− 14 ccSTP, 5.2 × 10− 13 

ccSTP, 1.7 × 10− 14 ccSTP, 6.4 × 10− 16 ccSTP for 22Ne, 36Ar, 84Kr and 
130Xe, respectively.
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3. Results

3.1. Neon and argon isotopic compositions

The Ne data are plotted in Fig. 1. Most of the heating steps have a Ne 
isotopic composition typical of cosmogenic Ne produced from Galactic 
Cosmic Rays or GCR (Wieler, 2002; Wieler et al., 2016). The two low 
temperature steps (at 250 ◦C) deviate from the GCR composition and 
have a Ne isotope composition close to cosmogenic Ne produced from 
Solar Cosmic Rays or SCR (Reedy, 1992; Wieler et al., 2016). The range 
of SCR cosmogenic Ne was calculated based on NWA 8694 composition 
(Hewins et al., 2020) and the production rates determined for target 
elements for shielding depths between 0.5 and 10 g/cm2 (Reedy, 1992). 
Overall, all the heating steps have a Ne isotope composition interme
diate between SCR and GCR Ne. SCR Ne has been commonly found in 
Martian meteorites (Garrison et al., 1995; Roth et al., 2017; Wieler et al., 

2016). Alternatively, the low temperature steps may represent a trapped 
Martian component in NWA 8694. In that case, the trapped component 
is interpreted to have a 20Ne/22Ne of 5.89 ± 0.64 (Fig. S1 in Supple
mentary Information) based on the intersection between the regression 
line through the measured neon data and the line joining the meteorite 
component Ne-A (Black and Pepin, 1969) and Earth’s atmosphere.

The 40Ar/36Ar ratio is corrected for cosmogenic contribution on 36Ar 
(Table 1), considering a cosmogenic 38Ar/36Ar ratio of 1.538 (Wieler, 
2002) and the Phase Q 38Ar/36Ar ratio of 0.1873 (Busemann et al., 2000) 
for the trapped component. Phase Q is likely a carbonaceous phase 
carrying the majority of Kr and Xe in chondrites and sometimes the only 
carrier in achondrites (Busemann et al., 2000; Busemann and Eugster, 
2002). While porous carbon, possibly graphene, was identified as a 
carrier of Q gases in meteorites (Amari et al., 2013), as along with sul
fides (Marrocchi et al., 2015), the precise origin of phase Q is still 
debated (e.g., Marrocchi et al., 2015). Notwithstanding the origin of Q, 

Table 1 
Neon and argon abundances and isotopic compositions of NWA 8694. The 40Ar/36Ar corrected ratio is the 40Ar/36Ar ratio corrected for cosmogenic contribution on 
36Ar. The values considered for the Earth’s atmosphere (air standard) are reported (Eberhardt et al., 1965; Nier, 1950; Sano et al., 2013). Uncertainties are 1sigma. n.a. 
stands for not analyzed, due to analytical issues, Ar, Kr, Xe were not measured in the 1200 ◦C step of capsule 2 and in the 1600 ◦C step of capsule 1 (refer to text).

T 22Ne σ 20Ne/22Ne σ 21Ne/22Ne σ 36Ar σ 38Ar/36Ar σ 40Ar/36Ar σ 40Ar/36Ar corrected σ
(◦C) (×10− 9 ccSTP/g) (×10− 10 ccSTP/g)

NWA 8694 (35.9 mg, capsule 1)
250 0.054 0.001 1.7617 0.0184 0.657 0.013 1.69 0.03 0.2175 0.0008 678.0 11.7 693.5 11.9
500 0.54 0.01 0.9137 0.0027 0.776 0.004 3.42 0.05 0.2788 0.0015 2272.2 32.0 2437.3 34.3
950 2.95 0.03 0.8002 0.0020 0.829 0.003 5.43 0.06 0.5629 0.0011 2719.0 10.6 3766.4 14.7
1150 6.02 0.08 0.8180 0.0009 0.825 0.004 6.27 0.07 1.2176 0.0024 314.3 0.2 1324.9 0.9
1250 4.77 0.06 0.8208 0.0009 0.820 0.004 6.80 0.08 0.9570 0.0026 307.5 0.3 714.8 0.6
1400 4.48 0.06 0.8183 0.0009 0.819 0.004 5.42 0.08 1.0531 0.0059 164.3 1.1 457.7 3.1
1500 1.93 0.03 0.8228 0.0009 0.816 0.004 7.57 0.09 1.1497 0.0025 118.9 0.5 413.5 1.9
1600 1.71 0.02 0.8220 0.0009 0.815 0.004 n.a. ​ n.a. ​ n.a. ​ ​ ​

NWA 8694 (43.6 mg, capsule 2)
250 0.042 0.001 1.8898 0.0199 0.675 0.014 1.72 0.04 0.2134 0.0015 531.9 11.2 542.4 11.4
500 0.50 0.01 0.9340 0.0024 0.798 0.004 2.08 0.05 0.3187 0.0030 2626.1 57.5 2909.0 63.7
950 7.28 0.11 0.8163 0.0010 0.825 0.003 2.27 0.03 0.6308 0.0022 3262.1 23.1 4856.8 34.4
1200 7.32 0.11 0.8115 0.0010 0.826 0.003 n.a. ​ n.a. ​ n.a. ​ ​ ​
1250 5.13 0.05 0.8216 0.0008 0.822 0.003 7.89 0.09 1.3637 0.0023 139.2 0.3 1078.4 2.5
1400 3.04 0.04 0.8214 0.0009 0.818 0.004 4.59 0.07 1.2307 0.0055 128.7 1.1 565.7 4.8
1500 4.72 0.05 0.8214 0.0008 0.817 0.003 8.23 0.09 1.1653 0.0020 109.2 0.3 395.7 1.2

Earth’s atmosphere (used as standard)
​ ​ ​ 9.80 ​ 0.029 ​ ​ ​ 0.188 ​ 295.5 ​ ​ ​

Table 2 
Krypton abundance and isotopic composition of NWA 8694. The values considered for the Earth’s atmosphere (air standard) are reported (Basford et al., 1973). 
Uncertainties are 1sigma.

T 84Kr σ 78Kr/84Kr σ 80Kr/84Kr σ 82Kr/84Kr σ 83Kr/84Kr σ 86Kr/84Kr σ
(◦C) (×10− 12 ccSTP/g)

NWA 8694 (35.9 mg, capsule 1)
250 4.28 0.07 0.00633 0.00042 0.0404 0.0010 0.2056 0.0032 0.2015 0.0030 0.3098 0.0045
500 4.04 0.08 0.00715 0.00048 0.0405 0.0011 0.1997 0.0033 0.2052 0.0033 0.2994 0.0048
950 20.3 0.14 0.00976 0.00032 0.0509 0.0007 0.2161 0.0021 0.2189 0.0019 0.3014 0.0029
1150 4.54 0.08 0.01572 0.00066 0.0679 0.0020 0.2390 0.0033 0.2469 0.0034 0.3039 0.0039
1250 5.41 0.09 0.00998 0.00041 0.0510 0.0015 0.2133 0.0027 0.2188 0.0030 0.3023 0.0038
1400 4.31 0.09 0.00685 0.00039 0.0390 0.0013 0.2040 0.0025 0.2037 0.0027 0.3130 0.0039
1500 6.77 0.12 0.00720 0.00034 0.0416 0.0012 0.2031 0.0022 0.2026 0.0024 0.3100 0.0033

NWA 8694 (43.6 mg, capsule 2)
250 3.48 0.06 0.00753 0.00049 0.0417 0.0010 0.2025 0.0033 0.2073 0.0034 0.3058 0.0046
500 2.53 0.06 0.00670 0.00057 0.0439 0.0014 0.2077 0.0042 0.2004 0.0038 0.3050 0.0057
950 12.7 0.10 0.00924 0.00037 0.0472 0.0007 0.2119 0.0025 0.2145 0.0022 0.3056 0.0033
1250 4.54 0.08 0.01085 0.00046 0.0516 0.0014 0.2208 0.0025 0.2173 0.0028 0.3099 0.0036
1400 2.36 0.07 0.00728 0.00051 0.0422 0.0016 0.2072 0.0029 0.2018 0.0032 0.3008 0.0045
1500 8.94 0.10 0.00651 0.00025 0.0389 0.0009 0.2013 0.0018 0.2007 0.0019 0.3110 0.0027

Earth’s atmosphere (used as standard)
​ ​ ​ 0.00609 ​ 0.0396 ​ 0.2022 ​ 0.2014 ​ 0.3052 ​
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similar 40Ar/36Ar ratios are obtained if instead of Q a solar-like 
38Ar/36Ar ratio is considered for the trapped component. The cor
rected 40Ar/36Ar ratios of the high temperature steps (>1400 ◦C) may 
represent upper limits of the Martian mantle 40Ar/36Ar ratio (Mathew 
and Marti, 2001). As such, the Martian mantle source of NWA 8694 
would have a 40Ar/36Ar ratio of ~400, consistent with values of 
~300–400 obtained for Chassigny (Mathew and Marti, 2001; Péron and 
Mukhopadhyay, 2022).

Cosmic-ray exposure ages were determined based on the 21Ne and 
38Ar data, and the NWA 8694 composition (Hewins et al., 2020), 
following methods in Eugster and Michel (1995) and Welten et al. 
(1997). For neon, we considered that all steps were purely cosmogenic 
and for argon we corrected for the trapped component as explained 
above. The average 21Ne exposure age is 10.65 ± 1.47 Ma and the 
average 38Ar exposure age is 9.06 ± 0.68 Ma for the two capsules. These 
values are in agreement with literature data for chassignites: a range 
between 8.3 Ma and 12.3 Ma has been determined based on 21Ne and 
38Ar (Marty et al., 2006; Nagao et al., 2019; Ott, 1988).

3.2. Krypton and xenon isotopic compositions

The krypton isotopic composition of NWA 8694 is represented in 
Fig. 2, showing the 86Kr/84Kr and the 83Kr/84Kr ratios. Isotope 86Kr is 
not produced in significant amount through spallation reaction (Wieler, 
2002) and so the 86Kr/84Kr ratio is ideally suited to trace the Martian 
trapped component, whereas 83Kr is the Kr isotope most affected by 
spallation (Wieler, 2002), making the 83Kr/84Kr ratio ideal for decon
volving the cosmogenic contribution. Individual heating steps of NWA 
8694 (Fig. 2a) have larger uncertainties than our measurements of 
Chassigny (Péron and Mukhopadhyay, 2022), due to lower analyzed 
mass. However, the NWA 8694 data plot in a triangle between chon
dritic (as represented by AVCC and Phase Q), solar-like (solar wind or 
Martian atmosphere) and a cosmogenic component. To identify trends 
more clearly, we computed error-weighted averages of the low (500 
◦C− 1150 ◦C) and high-temperature heating steps (1250 ◦C–1500 ◦C), Ta
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Fig. 1. Three neon isotope plot of NWA 8694 heating steps. Each symbol 
corresponds to one heating step. The two low temperature steps at 250 ◦C are 
represented with the open diamonds. As reference, compositions of Earth’s 
atmosphere, Ne-A (Black and Pepin, 1969), cosmogenic Ne produced from 
Galactic Cosmic Rays or GCR (Wieler, 2002) and Solar Cosmic Rays or SCR are 
indicated. The range for SCR was calculated based on NWA 8694 composition 
(Hewins et al., 2020) and production rates from target elements (Reedy, 1992). 
The Ne isotope data of NWA 8694 is consistent with the presence of GCR and 
SCR Ne. Alternatively, extrapolation of the Ne data intersects the Ne-A and 
Earth’s atmosphere line at 20Ne/22Ne = 5.89 ± 0.64 (Fig. S1).
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since the cosmogenic component is mostly released at ≤1200 ◦C, and 
steps above 1250 ◦C are mostly reflective of the trapped meteorite 
component (i.e., the Martian mantle) (Mathew and Marti, 2001; Ott, 
1988; Péron and Mukhopadhyay, 2022). The error-weighted averages 
(Fig. 2b) of the low temperature steps are 0.2215 ± 0.0015 and 0.2110 
± 0.0019 for the 83Kr/84Kr ratio, and 0.3018 ± 0.0021 and 0.3054 ±
0.0029 for the 86Kr/84Kr ratio, for capsules 1 and 2, respectively. The 
two low-temperature steps at 250 ◦C are not considered here as they are 
more susceptible to terrestrial atmospheric contamination, but similar 
results would be obtained if included. The error-weighted averages of 
the high temperature steps are 0.2072 ± 0.0015 and 0.2052 ± 0.0014 
for the 83Kr/84Kr ratio, and 0.3085 ± 0.0021 and 0.3088 ± 0.0020 for 
the 86Kr/84Kr ratio, for capsules 1 and 2, respectively. When considering 
these error-weighted averages, the data plot along a mixing line between 
a chondritic and cosmogenic end-member with the averages for the high 
temperature steps very close to the chondritic value (86Kr/84Kr of 
0.3092 ± 0.0002 for Average Carbonaceous Chondrites or AVCC, (Péron 
et al., 2021)), similar to data for Chassigny (Fig. 2c). The error-weighted 
averages of the low temperature steps deviate slightly from a chondritic- 
cosmogenic mixing line towards a solar composition, suggesting that in 
addition to chondritic and cosmogenic Kr, a minor solar-like component 
is present in NWA 8694.

The xenon isotopic data are plotted in Fig. 3, showing the 
136Xe/130Xe and 126Xe/130Xe ratios. Isotope 136Xe is not produced in 
significant amount by spallation, whereas 126Xe is the most affected by 
spallation (Wieler, 2002). The Xe data fall into a triangle between 
Martian atmosphere (contribution from Martian atmosphere and 
terrestrial contamination cannot be distinguished in Fig. 3), a chondritic 
or solar component and a cosmogenic component. Fig. 4 showing the 
129Xe/132Xe and 136Xe/132Xe ratios allows to better identify the different 
components in NWA 8694. The error-weighted averages (Fig. 4b) of the 
low temperature steps (500 ◦C − 1150 ◦C) are 1.285 ± 0.003 and 1.117 
± 0.003 for the 129Xe/132Xe ratio, and 0.3293 ± 0.0010 and 0.3295 ±
0.0013 for the 136Xe/132Xe ratio, for capsules 1 and 2, respectively. As 
for Kr, including the 250 ◦C steps in these calculations would give 
similar results. Also, we note that Xe concentrations are quite low for the 
500 ◦C step for the two separate aliquots, especially for the aliquot in 
capsule 2 (Table 3), and so these two steps may not be very meaningful. 
The error-weighted averages of the high temperature steps (1250 

Fig. 2. Krypton isotope composition of NWA 8694. a) Our measurements of 
NWA 8694 are represented with the green diamonds. Each symbol corresponds 
to one heating step. The two low temperature steps at 250 ◦C are represented 
with the open diamonds. b) The error-weighted averages for the low temper
ature steps (500 ◦C–1150 ◦C, light blue triangles) and high temperature steps 
(1250 ◦C− 1500 ◦C, dark blue triangles) are represented for both capsules. c) 
The error-weighted averages for NWA 8694 are compared to literature data for 
Chassigny (Eugster et al., 2002; Ott, 1988; Ott et al., 2019; Péron and 
Mukhopadhyay, 2022). On all panels, dotted lines represent mixing lines be
tween cosmogenic Kr and Phase Q (Busemann et al., 2000)/Solar Wind (Meshik 
et al., 2014). The compositions of Earth’s atmosphere (Basford et al., 1973), 
Mars’ atmosphere (Swindle et al., 1986), and Average Carbonaceous Chondrites 
or AVCC (Péron et al., 2021) are also reported. The high-temperature error- 
weighted averages (panel b) clearly point towards a trapped chondritic Kr 
component (i.e., for the NWA 8694 mantle source).

Fig. 3. Xenon isotope composition of NWA 8694. The NWA 8694 data are 
compared to literature data for Chassigny (Mathew and Marti, 2001; Ott, 1988; 
Péron and Mukhopadhyay, 2022). The composition of U-Xe is also reported 
(Pepin, 2000). The compositions of the Martian atmosphere is from Mathew 
et al. (1998), AVCC from Eugster et al. (1967), and the cosmogenic component 
from Marti et al. (1966). Refer to caption of Fig. 2 for more details.
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◦C–1500 ◦C) are 1.052 ± 0.002 and 1.014 ± 0.002 for the 129Xe/132Xe 
ratio, and 0.3239 ± 0.0010 and 0.3252 ± 0.0008 for the 136Xe/132Xe 
ratio, for capsules 1 and 2, respectively. Most of the individual heating 
steps (Fig. 4a) and the weighted averages of the low and high temper
ature steps fall into a triangle between a chondritic end-member, the 
Earth’s atmosphere and the Martian atmosphere, with a little deviation 
towards the cosmogenic component for a few of the steps. NWA 8694 
shows more terrestrial atmospheric contamination for Xe than Chas
signy, which is commonly the case for desert meteorites (Wieler et al., 
2016).

3.3. Elemental ratios

The elemental ratios 36Ar/132Xe and 84Kr/132Xe in Figs. 5 and 6 also 
show mixing between a chondritic component and a Martian atmo
spheric component. Some of the heating steps of NWA 8694 tend to have 
lower 84Kr/132Xe ratios than expected based on mixing between a 

chondritic component and a Martian atmospheric component, consis
tent with Nagao et al. (2019)’s results from NWA 8694. These latter 
steps plot in the field of MIL nakhlites, which show an elementally 
fractionated Martian atmospheric component (Nagao et al., 2019).

We further note that the elemental ratios need not be strictly taken at 
face value to represent the mantle composition due to potential 
elemental fractionation during noble gas extraction (Mathew and Marti, 
2001). In particular, the 36Ar/132Xe and 84Kr/132Xe ratios that are lower 
than the chondritic values (as represented by Phase Q and AVCC) for 
Chassigny and NWA 8694 (Fig. 6) remain to be explained. Another 
complication for desert meteorites like NWA 8694 is the potential 
occurrence of elementally fractionated terrestrial air (or EFA), as 
observed in several Martian meteorites from hot and cold (Antarctica) 
deserts mostly in low temperature (<1000 ◦C) heating steps showing air- 
like Xe isotopic ratios and low 36Ar/132Xe and 84Kr/132Xe ratios about 10 
and 1–2, respectively (e.g., Mohapatra et al., 2009; Nagao et al., 2008; 
Schwenzer et al., 2009). From our NWA 8694 data it seems like the 
Earth’s atmosphere component is not severely fractionated elementally 
but we cannot completely exclude a fractionated air component.

Importantly, all the data points in Fig. 6 are strikingly distinct from 
the solar wind composition and cluster around the chondritic compo
nent with some deviation towards Mars’ atmosphere for NWA 8694.

3.4. Cosmogenic xenon

Cosmogenic Xe is not preponderant for most of the heating steps, 
except for the 1150 ◦C and 1250 ◦C steps (Fig. 3). Hence, correction for 
cosmogenic Xe is not required to identify the trapped components of 
NWA 8694. Here we further note that correcting for cosmogenic Xe may 
not be straightforward, likely due to important variability of the 
cosmogenic Xe isotopic composition with target material composition 
(Hohenberg et al., 1981; Hohenberg and Rowe, 1970).

Fig. 4. Xenon isotope composition of NWA 8694. a) Individual heating steps of 
NWA 8694, b) the error-weighted averages for NWA 8694 and literature data 
for Chassigny (Mathew and Marti, 2001; Ott, 1988; Péron and Mukhopadhyay, 
2022). The compositions of cosmogenic Xe from Barium and Rare Earth Ele
ments are from Hohenberg et al. (1981) and Average Carbonaceous Chondrites 
(AVCC) from Pepin (2003). Refer to caption of Figs. 2 and 3 for more details.

Fig. 5. Xenon and krypton isotope and elemental compositions of NWA 8694. 
The heating steps of NWA 8694 are represented with the green diamonds, the 
two low temperature steps at 250 ◦C with the open diamonds. Our NWA 8694 
data appear consistent with the results of Nagao et al. (2019). The ranges of 
composition of MIL nakhlites, which show mixing between a Martian interior 
(chassigny-like) component and an elementally fractionated Martian atmo
sphere component, is also reported (Nagao et al., 2019). For reference, the 
compositions of Mars’ atmosphere (Bogard and Garrison, 1998; Mathew et al., 
1998), Earth’s atmosphere (Ozima and Podosek, 2002), Phase Q (Busemann 
et al., 2000) and Solar Wind (Heber et al., 2009) are shown. Chassigny data 
(Mathew and Marti, 2001; Ott, 1988; Péron and Mukhopadhyay, 2022) are not 
reported here as they plot on top of Phase Q in this space. NWA 8694 data show 
mixing between a chondritic interior component and a fractionated Martian 
atmospheric component.
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An example of cosmogenic correction is given in Fig. 7. We used the 
same method as presented by Cassata (2017), which does not make 
assumption of the exact isotopic composition of the trapped component. 
Similar results are obtained if assuming that the trapped component has 
a composition similar to Phase Q. However, results vary depending on 
the Xe isotopic composition considered for the cosmogenic end-member, 
in particular for the 131Xe/130Xe ratio (Fig. 7). For the cosmogenic end- 
member, we consider the composition obtained by fitting the steps 
above 500 ◦C with the Isoplot software in a iXe/130Xe-136Xe/130Xe iso
topic space, with iXe one Xe isotope as they show two-component mixing 
between a cosmogenic and trapped end-members (method 1 in Fig. 7). 
This gives a cosmogenic 131Xe/126Xe ratio of 2.40 ± 0.32. We also 

consider values obtained with equation 1 of Hohenberg et al. (1981)
taking into account that the ratio (La + Ce + Nd)/Ba is 0.292 for NWA 
8694 based on Hewins et al. (2020)’s data (method 2 in Fig. 7), which 
gives a cosmogenic 131Xe/126Xe ratio of 3.98 ± 0.10, significantly 
higher than the previous value obtained by fitting the measured data. 
Some of the corrected data considering this second method plot below 
AVCC or Solar wind (Fig. 7), which does not appear reasonable. Other Xe 
isotopic ratios for the cosmogenic end-member are similar between the 
two methods, except to a much lower extent for the 132Xe/126Xe ratio, 
which is 0.46 ± 0.34 with method 1 and 0.92 ± 0.03 with method 2. The 
reason for an apparent lower 131Xe/126Xe cosmogenic ratio for NWA 
8694 than the predicted value given by Hohenberg et al. (1981) is un
clear, but could be related to the sample composition and/or to the fact 
that production of cosmogenic 131Xe is strongly depth-dependent, with 
the 131Xe/126Xe ratio increasing with depth (Burnett et al., 1975).

Overall, the Xe data corrected for cosmogenic composition plot in a 
triangle between Earth’s air, Mars’ atmosphere and the chondritic end- 
member (Fig. 7), which support previous observations (sections 3.2 and 
3.3). However, we note that the cosmogenic correction requires as
sumptions and the corrected Xe data alone do not allow unambiguous 
identification of the trapped components of NWA 8694.

4. Discussion

4.1. The trapped components in NWA 8694

The heavy noble gas (Ar, Kr, Xe) elemental and isotopic composition 
of the chassignite NWA 8694 (Figs. 3, 4, 5 and 6) is distinct from 
Chassigny, which shows a nearly pure trapped chondritic component 
(Péron and Mukhopadhyay, 2022). Instead, the Kr and Xe isotopic ratios 
and the 36Ar/132Xe and 84Kr/132Xe ratios of NWA 8694 consistently 
show mixing between a chondritic component, Earth’s atmosphere, a 
solar-like component identified as the Martian atmosphere based on the 
129Xe/132Xe and elemental ratios, with addition of a cosmogenic 
component. These components are most clearly seen in the low- and 
high-temperature error-weighted averages of the two sample aliquots. 
Given the larger uncertainties of the individual steps in NWA 8694 
compared to Chassigny (due to smaller sample size), we use the error- 
weighted averages of Kr and Xe isotopic compositions (Figs. 2 and 4), 
together with the elemental ratios to infer the composition of the NWA 
8694 mantle source.

The presence of an Earth’s atmosphere component (as seen in 
particular in Fig. 4) is attributable to contamination of the samples 
during its residence on Earth. Hence, the NWA 8694 data point to two 
trapped components: a component isotopically similar to the Martian 
atmosphere but with elementally fractionated ratios, released at low 
temperatures (<1150 ◦C) and also observed in MIL nakhlites (Nagao 
et al., 2019), as well as a chondritic component released at higher 
temperatures (>1200 ◦C), similar to the trapped component in Chas
signy (Péron and Mukhopadhyay, 2022). Note that the third chassignite, 
sample NWA 2737, mostly contains a modern Martian atmosphere 
component with unfractionated noble gas elemental ratios (Marty et al., 
2006).

Nagao et al. (2019) suggested that MIL nakhlites and NWA 8694 
were aqueously altered by surface fluids to account for the presence of 
the elementally fractionated Martian atmosphere component, consistent 
with the fact that this component is released at lower temperatures. 
Additional evidence that the parental melt of NWA 8694 interacted with 
the Martian surface comes from the Ge/Si ratio that shows melt 
degassing (Hewins et al., 2020). Since the Kr and Xe isotopic ratios, 
along with the 84Kr/132Xe ratio, suggest that the solar-like component is 
elementally fractionated Martian atmosphere, the solar-like component 
is not reflective of the NWA 8694 mantle source composition.

The chondritic component that is clearly visible in the Kr and Xe 
isotopic compositions of the high temperature steps in NWA 8694 
(Figs. 2, 4, 5) corresponds to the composition of the NWA 8694 mantle 

Fig. 6. Argon, krypton and xenon elemental ratios. a) Individual heating steps 
for NWA 8694, b) comparison with literature data for Chassigny (Mathew and 
Marti, 2001; Ott, 1988; Péron and Mukhopadhyay, 2022). The two low tem
perature steps at 250 ◦C are represented with the open diamonds. Abundance of 
36Ar is corrected for cosmogenic contribution (refer to text), but not 84Kr and 
132Xe as this is negligible. The compositions of Phase Q (Busemann et al., 2000), 
Carbonaceous chondrites (Mazor et al., 1970), Solar Wind (Heber et al., 2009), 
the Earth’s (Ozima and Podosek, 2002) and Mars’ (Bogard and Garrison, 1998) 
atmospheres are reported as reference. The heating steps show a composition 
close to the chondritic component with some mixing with a Martian atmo
spheric component, as in Fig. 5.
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source. The Kr measurements of NWA 8694 however do not allow us to 
identify whether the composition is better represented by Average 
Carbonaceous Chondrites − AVCC (Eugster et al., 1967; Péron et al., 
2021) or the composition of Phase Q (Busemann et al., 2000).

Chassigny and NWA 8694, and more globally chassignites and 
nakhlites, are closely related, likely coming from the same shield vol
cano but different magma bodies, based on mineralogy, geochemical 
composition (e.g., trace element abundance patterns, volatile abun
dances, radiogenic isotopes), similar crystallization and ejection ages 
(Hewins et al., 2020; McCubbin et al., 2013; Udry and Day, 2018; Udry 
et al., 2020). The measurements of NWA 8694 in this study confirm the 
identification of a chondritic mantle source for Kr and Xe for Chassigny 
(Péron and Mukhopadhyay, 2022). This chondritic Martian mantle 
component is thus likely common to at least the chassignites and 
possibly nakhlites.

4.2. A volatile-rich Martian interior

As with Chassigny, the NWA 8694 Kr and Xe data supports high 
primordial gas abundances in the Martian mantle (also see Marty and 
Marti, 2002) and so virtually no fissiogenic Kr and Xe is observable. 

Spontaneous fission of 244Pu (half-life of 82 Myr) produces 86Kr as well 
as 131Xe, 132Xe, 134Xe and 136Xe, with fission yield of 0.11 % and 5.6 % 
for 86Kr and 136Xe, respectively (Ozima and Podosek, 2002). Sponta
neous fission of 238U (half-life of 4.468 Gyr) produces 83Kr, 84Kr, 86Kr as 
well as 131Xe, 132Xe, 134Xe and 136Xe, with fission yield of 0.95 % and 
6.3 % for 86Kr and 136Xe, respectively (Ozima and Podosek, 2002). 
Maintaining a low 40Ar/36Ar ratio (~300) for the chassignite mantle 
source over 4.5 Gyr of 40K production would require a mantle 36Ar 
concentration ~ 2 × 10− 12 mol/g, assuming a mantle K concentration of 
170 ppm (Taylor et al., 2010). Taking the K concentration of at least 309 
ppm for Bulk Silicate Mars (Dreibus and Wänke, 1987; Taylor, 2013; 
Wanke et al., 1994; Yoshizaki and McDonough, 2020) would give even 
higher estimates for Mars noble gas abundances, but the Martian crust 
was likely formed very early (Bouvier et al., 2018), with about 50 % of K 
having been extracted from the mantle to the crust (Grott et al., 2013), 
and so it seems more appropriate to make estimates for mantle con
centrations rather than for Bulk Silicate Mars. This estimated 36Ar 
concentration for the Martian mantle is at least one order of magnitude 
higher than that of the bulk Earth mantle (Halliday, 2013; Marty, 2012). 
Given the chondritic elemental ratios Ar/Xe and Kr/Xe for Chassigny 
(Mathew and Marti, 2001; Péron and Mukhopadhyay, 2022) and NWA 

Fig. 7. Xenon isotopic ratios 131Xe/130Xe vs. 136Xe/130Xe. a) Individual heating steps above 500 ◦C for NWA 8694, b) measured data are compared with data 
corrected for cosmogenic contribution using either a fit to determine the cosmogenic end-member composition (method 1, black diamonds) or equation 1 of 
Hohenberg et al. (1981) to calculate the values of the cosmogenic end-member (method 2, red circles). Error-weighted averages for the high temperature and low 
temperature steps are shown for data corrected with method 1. Refer to captions of Figs. 2 and 3 for more details.
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8694 (Fig. 6), if the chassignite mantle source has about 2 × 10− 12 mol/g 
of 36Ar, then it would also have at least 2.1 × 10− 14 mol/g of 84Kr and 
2.6 × 10− 14 mol/g of 132Xe, assuming the values of Phase Q for the 
elemental ratios (Busemann et al., 2000), which is also at least one order 
of magnitude higher than the Earth’s mantle (Halliday, 2013; Marty, 
2012). Fissiogenic Kr is negligible for the Earth’s mantle (Péron et al., 
2021), and so with such high concentrations of primordial gas for the 
Martian mantle it is also expected to be negligible. This would also be 
the case for Xe. The latter conclusion however relies on supposedly high 
heavy noble gas abundances in the Martian mantle based on the low 
40Ar/36Ar ratio of Chassigny and NWA 8694. It is indeed difficult to 
estimate the heavy noble gas concentrations of the chassignite mantle 
source based on the measured abundances of Ar, Kr and Xe of Chassigny 
and NWA 8694 alone. In particular, for NWA 8694 there is clear evi
dence for melt degassing based on the Ge/Si ratio (Hewins et al., 2020) 
and this meteorite also shows addition of Martian atmospheric gases and 
cosmogenic gases. However, high abundances of heavy noble gases are 
consistent with other lines of evidence showing high volatile abun
dances (e.g., halogens, moderately volatiles) for the Martian mantle 
compared to the Earth’s mantle (Dreibus and Wänke, 1987; Khan et al., 
2022; Taylor, 2013). Therefore, Chassigny and NWA 8694 show evi
dence for a volatile-rich Martian mantle based on Ar, Kr and Xe isotopic 
and elemental compositions, with negligible fissiogenic Kr and Xe. This 
implies that the Martian mantle has not been strongly degassed, unlike 
the Earth’s mantle (Allègre et al., 1986).

4.3. Martian volatile sources

A chondritic Kr and Xe mantle source for chassignites is in stark 
contrast with solar Kr and Xe in the Martian atmosphere (Avice et al., 
2018a; Conrad et al., 2016; Marty et al., 2006; Mathew et al., 1998; 
Swindle and Jones, 1997). The Martian atmosphere contains isotopi
cally solar Kr, and mass-dependently fractionated solar Xe consistent 
with a starting solar Xe component that was progressively lost by hy
drodynamic escape (Avice et al., 2018a; Cassata et al., 2022; Conrad 
et al., 2016; Mathew et al., 1998). This observation suggests that 
chondritic heavy noble gases were acquired in the Martian interior prior 
to solar gases in the atmosphere. Interestingly, the nitrogen isotopic 
composition of Chassigny also shows origin from chondritic-like mate
rial (Deligny et al., 2023). Given the rapid formation timescale of Mars, 
with most of its mass accreted in less than 4 Myr after the start of Solar 
System formation (Dauphas and Pourmand, 2011; Tang and Dauphas, 
2014), it implies that chondritic volatiles were being delivered to 
planetary embryos from their building blocks in the first Myr after Solar 
System formation, in the presence of the solar nebula, which dissipated 
in about 4 Myr (Wang et al., 2017). Therefore, our study further supports 
early acquisition of chondritic volatiles by terrestrial planets in the 
presence of the solar nebula (Deligny et al., 2023; Péron and Mukho
padhyay, 2022).

Chondritic heavy noble gases could have been delivered by inner 
solar system bodies like enstatite chondrites (Piani et al., 2020), or outer 
solar system bodies similar to carbonaceous chondrites scattered in
wards due to giant planet migrations or radial transport in the disk 
before the formation of Jupiter (Ciesla and Cuzzi, 2006; O’Brien et al., 
2014). Based on moderately volatile elements, it was recently suggested 
that most of Martian volatiles were delivered by inner solar system 
bodies similar to enstatite chondrites and ordinary chondrites, with 
minor contribution of carbonaceous chondrite-like bodies (Kleine et al., 
2023; Paquet et al., 2023). Heavy noble gases, as well as the N isotopic 
composition of Chassigny (Deligny et al., 2023) cannot currently allow 
us to distinguish between these different chondritic sources.

Given the Martian mantle is chondritic, the solar composition in 
Mars’ atmosphere cannot be accounted for solely by outgassing of the 
Martian mantle, as generally assumed in models of atmosphere forma
tion (Lammer et al., 2018; Pahlevan et al., 2022). Outgassing of the 
chondritic Martian mantle associated with hydrodynamic escape also 

could not produce the solar atmosphere, as this combination of pro
cesses would enrich the atmosphere in heavier isotopes, and solar Kr is 
depleted in heavier Kr isotopes compared to chondritic Kr.

If solar Kr and Xe in the Martian atmosphere originate from nebular 
capture, then a specific process must be at play in order not to lose these 
solar gases due to hydrodynamic escape caused by higher solar activity 
after the nebula dissipated (Erkaev et al., 2014). It also implies that the 
magma ocean phase may have ended before dissipation of the nebula, 
which is consistent with rapid mantle solidification in about 4–5 Myr 
(Elkins-Tanton, 2008). We suggest that atmospheric solar Kr and Xe 
could have been trapped in the polar ice caps or the regolith (Zahnle, 
1993) to prevent their loss, a scenario that would require Martian sur
face to have been cold, below the freezing point of water, after dissi
pation of the nebula. Alternatively, solar noble gases could have been 
delivered by cometesimals (or planetesimals) to the Martian atmosphere 
after dissipation of the nebula. However, it is unclear if comets have a 
solar composition for Kr and Xe, and the one comet for which Kr isotopes 
were measured, comet 67P/C-G, seems to show a deficit in 86Kr relative 
to solar Kr (Rubin et al., 2018) as well as a deficit in 134Xe and 136Xe 
relative to solar (Marty et al., 2017). No planetesimal carrying signifi
cant concentrations of solar Xe and Kr gas has yet been identified. 
However, we note that based on nucleosynthetic anomalies (e.g., in 
94Mo, 96Zr) there appears to have been planetesimals in the inner solar 
system that are not in our collection of meteorite samples (Burkhardt 
et al., 2021). And finally, we note that late addition of chondritic noble 
gases has to be negligible in order not to alter the near pure solar Kr 
isotopic composition of the Martian atmosphere.

5. Conclusion

We investigated the noble gas (Ne, Ar, Kr, Xe) isotopic and elemental 
compositions of the chassignite NWA 8694 via laser step-heating in 
order to determine the Martian mantle composition and hence assess 
Martian volatile sources.

We found that the 40Ar/36Ar ratios corrected for cosmogenic 
contribution on 36Ar of the high temperature steps is about 400, which 
may represent an upper limit of the NWA 8694 mantle source (Mathew 
and Marti, 2001), and is similar to values of about 300–400 obtained for 
Chassigny (Mathew and Marti, 2001; Péron and Mukhopadhyay, 2022). 
This low radiogenic value suggests that the Martian mantle has been 
only slightly degassed, and heavy noble gas (Ar, Kr, Xe) concentrations 
in the chassignite mantle source are likely at least one order of magni
tude higher than in the Earth’s mantle. Such high concentrations for 
heavy noble gases would be consistent with other evidence showing 
high abundances of halogens and moderately volatile elements in the 
Martian mantle (Dreibus and Wänke, 1987; Khan et al., 2022; Taylor, 
2013), arguing for a volatile-rich Martian interior.

The Kr and Xe isotopic and elemental compositions of NWA 8694 
show mixing of three trapped components, a chondritic component, 
Martian atmosphere and Earth’s atmosphere, with addition of cosmo
genic gases. These components are most clearly visible in the low- and 
high-temperature error-weighted averages of the two sample aliquots. 
The Earth’s atmospheric component is related to shallow contamination 
of the meteorite on Earth. The Martian atmospheric component is 
released at low temperatures and is elementally fractionated, as 
observed in MIL nakhlites (Nagao et al., 2019), which could be attrib
uted to aqueous alteration by surface fluids (Nagao et al., 2019). The 
chondritic component is mostly identified in the higher temperature 
steps and corresponds to the composition of the NWA 8694 mantle 
source, as observed for the Chassigny mantle source for heavy noble 
gases (Péron and Mukhopadhyay, 2022) and nitrogen (Deligny et al., 
2023). Given chassignites and nakhlites are likely coming from the same 
shield volcano (Hewins et al., 2020; McCubbin et al., 2013; Udry and 
Day, 2018; Udry et al., 2020), this chondritic composition is expected to 
be common to chassignites and nakhlites.

A chondritic Martian mantle for Kr and Xe is in stark contrast with 

S. Péron and S. Mukhopadhyay                                                                                                                                                                                                             Geochimica et Cosmochimica Acta 392 (2025) 137–147 

145 



solar Kr and Xe in the Martian atmosphere (Avice et al., 2018a; Conrad 
et al., 2016; Mathew et al., 1998). This suggests that chondritic volatiles 
were acquired before solar gas in the atmosphere. Since Mars formed in 
a few Myr (Dauphas and Pourmand, 2011; Tang and Dauphas, 2014), it 
suggests that chondritic volatiles were delivered to terrestrial planets in 
the first Myr after Solar System formation in the presence of the nebula 
(Deligny et al., 2023; Péron and Mukhopadhyay, 2022). Solar gases in 
the atmosphere could originate from capture of the nebula or late de
livery by cometary-like material. Captured nebular gases would need to 
have been trapped in polar ice caps or the regolith (Zahnle, 1993), after 
magma ocean solidification, in order not to be lost via hydrodynamic 
escape, a process expected to be efficient after the dissipation of the 
nebula (Erkaev et al., 2014).
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