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Mars Science Laboratory’s Sample Analysis at Mars (SAM) investigation has measured all of the 
stable isotopes of the heavy noble gases krypton and xenon in the martian atmosphere, in situ, from 
the Curiosity Rover at Gale Crater, Mars. Previous knowledge of martian atmospheric krypton and 
xenon isotope ratios has been based upon a combination of the Viking mission’s krypton and xenon 
detections and measurements of noble gas isotope ratios in martian meteorites. However, the meteorite 
measurements reveal an impure mixture of atmospheric, mantle, and spallation contributions. The 
xenon and krypton isotopic measurements reported here include the complete set of stable isotopes, 
unmeasured by Viking. The new results generally agree with Mars meteorite measurements but also 
provide a unique opportunity to identify various non-atmospheric heavy noble gas components in the 
meteorites. Kr isotopic measurements define a solar-like atmospheric composition, but deviating from the 
solar wind pattern at 80Kr and 82Kr in a manner consistent with contributions originating from neutron 
capture in Br. The Xe measurements suggest an intriguing possibility that isotopes lighter than 132Xe have 
been enriched to varying degrees by spallation and neutron capture products degassed to the atmosphere 
from the regolith, and a model is constructed to explore this possibility. Such a spallation component, 
however, is not apparent in atmospheric Xe trapped in the glassy phases of martian meteorites.

Published by Elsevier B.V.
1. Introduction

The noble gases are key indicators of planetary evolution. Kryp-
ton and xenon are especially useful with their large numbers 
of stable isotopes; six and nine respectively, making them ideal 
for tracking source reservoirs and for understanding the evolu-
tion of planetary interiors and atmospheres. Many of the isotopes 
are formed or fractionated by distinct mechanisms, so their en-
richment or depletion can be informative with regard to source: 
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129Xe is produced by decay of 129I, a now extinct radioactive nu-
clide with a half-life of 15.7 Myr. Isotopes 131Xe, 132Xe, 134Xe and 
136Xe are produced by actinide fission. Radiogenic 129Xe and 136Xe 
can be used (along with other noble gas isotopes) to test hy-
potheses for atmospheric formation and loss: their 129I and 244Pu 
parent species abundances at the time of Earth and Mars’ for-
mation are constrained by their radiogenic daughters in the at-
mospheres. Comparison of planetary interior values (trapped in 
mantle phases of igneous rocks) with atmospheric abundances 
and solar wind abundances can reveal how long ago 129Xe and 
136Xe were degassed (Podosek and Ozima, 2000). Excess 129Xe rel-
ative to 130Xe in Mars’ atmosphere relative to interior components 
supports the hypothesis that Mars degassed soon after planetary 
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accretion, while fractionation of Xe isotopes in the martian atmo-
sphere may indicate substantial loss of atmosphere in a very early 
hydrodynamic escape phase (Pepin, 1991, 2000).

Previous to MSL, what we knew about martian noble gases 
was based on the noble gas measurements of Viking (Owen 
and Biemann, 1976; Owen et al., 1976, 1977) and the analyses 
of meteorites ejected from Mars. These meteorites: shergottites 
(Treiman and Filiberto, 2015), nakhlites (Treiman, 2005), chassig-
nites (Treiman et al., 2007), ALH84001 (Treiman, 1998) and the 
basaltic breccia NWA7034 (Agee et al., 2013) are petrologically dis-
tinct from primitive chondritic meteorites, and the compositional 
similarity of gases trapped in their impact melt inclusions to Mars’ 
atmospheric values is what identified them as martian (Bogard 
and Johnson, 1983; Pepin, 1985; Wiens and Pepin, 1988). But mar-
tian meteorites all contain more than one noble gas component, 
and measurements therefore return a composite of unfractionated 
or fractionated martian atmosphere, martian interior gases, fission 
and cosmogenic additions, and terrestrial contamination.

An elementally unfractionated martian atmospheric component 
was first found in shock melt inclusions in the shergottite EETA 
79001 (Bogard and Johnson, 1983; Becker and Pepin, 1984; Wiens 
et al., 1986; Swindle et al., 1986), establishing the link between 
the SNC meteorites and Mars. The Xe composition was found to be 
isotopically distinct from all other known xenon reservoirs, espe-
cially in its high 129Xe/132Xe ratio and enhanced 134Xe/132Xe and 
136Xe/132Xe ratios (Swindle et al., 1986). This atmospheric com-
ponent was refined using a range of shock melts from four dif-
ferent shergottites, resulting in a recommended 129Xe/132Xe ratio 
of 2.60 ± 0.05 for Mars’ atmosphere (Bogard and Garrison, 1998). 
Most recently, a martian brecciated meteorite (NWA7034, ‘Black 
Beauty’) (Agee et al., 2013) was shown to contain dominantly un-
fractionated martian atmosphere (Cartwright et al., 2014), provid-
ing evidence that this component is not unique to the shergot-
tites. Elementally fractionated Martian atmospheric component(s) 
are found in the nakhlites and ALH84001 (Swindle, 2002) and the 
Martian interior component was first identified in the Chassigny 
meteorite (Ott, 1988).

Terrestrial air can introduce both unfractionated and fraction-
ated contamination to meteorites, with the latter mimicking in-
terior signals (Mohapatra et al., 2009) or completely masking 
martian signatures (Schwenzer et al., 2013). Disentangling those 
components is key to understanding processes such as planetary 
formation. It also provides insights into surface–atmosphere inter-
action and ejection history, but only at the precision with which 
the individual components are known and understood. Precise in 
situ measurements of Xe and Kr in Mars’ atmosphere are not ham-
pered by complications introduced by “contaminating” noble gases.

2. Experimental

Previously, we reported measurements of the stable isotopes 
of argon: 40Ar/36Ar = 1.9 ± 0.3 × 103 and 36Ar/38Ar = 4.2 ± 0.1
(Atreya et al., 2013; Mahaffy et al., 2013). The 40Ar/36Ar ratio used 
dynamic mass spectrometry to directly measure these masses. To 
obtain the ratio of 36Ar to 38Ar, it was necessary to develop a semi-
static enrichment experiment to reach sufficiently high signal-to-
noise (S/N) and background contrast for measurement of 38Ar, the 
least-abundant Ar isotope (Atreya et al., 2013). However, while 
semi-static experiments provided moderate S/N and low enough 
background contrast to also enable Kr isotope measurements, they 
were unable to enrich the Xe signals to the extent necessary for 
precise isotopic measurement. That required development of a 
fully static mass spectrometry experiment (Table 1).
Table 1
Semi-static and static SAM experiments on Mars.

Experiment ID Solar longitude Sol

Semi-static enrichment mass spectrometry
25111 (Kr) 358 341
25269 (Kr) 336 976

Static mass spectrometry
25253 (Xe) 301 915
25269 (Xe) 336 976

2.1. Static mass spectrometry

The relevant components of the SAM suite are described in 
Mahaffy et al. (2012). Gas is ingested, flowing through both zeolite 
(Linde 13x) and magnesium sulfate chemical scrubbers, effectively 
removing >95% of the CO2 and H2O, and weakly adsorbing all 
other active gases. The post-scrubber gas mix is enriched in N2, 
Ar, Kr, and Xe, which then flows over a cooled hydrocarbon (HC) 
trap to efficiently trap out Xe, allowing other gases to pass. The HC 
trap consists of three adsorbents in series, Tenax® TA, silica beads, 
and carbosieve®. The approach and scripting were validated in the 
SAM high fidelity test bed at Goddard Space Flight Center.

The tunable laser spectrometer (TLS), which has been evacuated 
prior to atmospheric ingestion, is used as a storage volume so that 
gases not trapped out on the HC trap, particularly Kr, are collected 
here for later analysis.

The enrichment flows gas over the scrubbers and trap for 
5400 s, after which the HC trap and TLS are closed off from the 
rest of the SAM manifolds. The manifolds are evacuated, and the 
scrubbers activated to clean them of adsorbed gas.

Xe-enriched gas collected on the trap is slowly released into 
the quadrupole mass spectrometer (QMS) in a semi-static scan-
ning mode, where the conductance out to the pump is throttled 
to increase the S/N in the MS. Once the majority of the gas has 
been released into the manifold, the valve to the pump is closed, 
and the remaining gas is scanned in fully static mode. The low 
abundance of Xe allows fully static mode without increasing the 
pressure inside the mass spectrometer to a saturated level. The 
masses of interest (the nine stable Xe isotopes) are scanned. Once 
analysis of Xe is complete, the manifolds and MS are evacuated 
prior to releasing the Kr-enriched gas from the TLS. The QMS is 
returned to semi-static mode for analysis of Kr; static mode be-
ing too risky because of the high Ar partial pressure in the gas. 
Because Kr and Xe cannot be scanned at the same time in this 
method a direct measurement of the 84Kr/132Xe elemental ratio 
could not be obtained, nor could 84Kr/36Ar since the enrichment 
of 36Ar saturates the detector.

2.2. Data processing

Experimental Kr and Xe data were corrected for detector dead 
time, mass discrimination (Appendix A1), quadrupole mass spec-
trometer (QMS) tuning effects, and instrument background, as dis-
cussed in Franz et al. (2014). Because the background as well as 
analytic signal grew with time during the semi-static and static 
QMS modes utilized for Kr and Xe measurements, background 
models were based on tracer m/z representative of the instrument 
background. For Kr, a tracer of m/z 12 was used in experiment 
ID #25111 and m/z 79 in ID #25269. For Xe, m/z 127 was used 
as the tracer in both ID #25253 and ID #25269. The background 
model is implemented by scaling the trend exhibited by the tracer 
m/z based on the relative proportions of the analyte and tracer 
m/z during the background region prior to introduction of Xe or Kr 
gas to the manifold. Uncertainties in the background model were 
computed from the difference in isotope ratios derived with the 
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Table 2
Xenon.a

124/132 126/132 128/132 129/132 130/132 131/132 134/132 136/132

ID#25253 (Static) 0.00483 0.00368 0.0757 2.5268 0.1542 0.8105 0.3982 0.3486
Standard deviation 0.00240 0.00303 0.0091 0.1042 0.0142 0.0377 0.0256 0.0261
No. of measured ratios N 74 74 74 74 74 74 74 74
s.e.m. 0.00028 0.00035 0.0011 0.0121 0.0017 0.0044 0.0030 0.0030
s.e.m. + bkg uncertaintiesb 0.00054 0.00073 0.0031 0.0668 0.0032 0.0089 0.0079 0.0125
δ wrt solar Xe [�] −13 −125 −101 1428 −64 −18 77 161
Error [�] 111 174 37 64 20 11 21 42

ID#25269 (Static) 0.00464 0.00418 0.0746 2.5221 0.1537 0.8125 0.4026 0.3451
Standard deviation 0.00230 0.00252 0.0081 0.0888 0.0132 0.0351 0.0247 0.0215
No. of measured ratios N 198 198 198 198 198 198 198 198
s.e.m. 0.00016 0.00018 0.0006 0.0063 0.0009 0.0025 0.0018 0.0015
s.e.m. + bkg uncertaintiesb 0.00028 0.00048 0.0008 0.0063 0.0010 0.0030 0.0027 0.0023
δ wrt solar Xe [�] −51 −5 −114 1423.9 −67.4 −15.9 88.6 149.3
Error [�] 58 115 10 6.5 6.2 4.0 7.5 7.8

Unweighted average 0.00473 0.00393 0.07514 2.5245 0.15396 0.8115 0.4004 0.3468
s.e.m. 0.00009 0.00025 0.00055 0.0024 0.00026 0.0010 0.0022 0.0017
δ wrt solar Xe [�] −32 −65 −108 1426.2 −65.8 −17.1 82.7 155.0
s.e.m. [�] 23 62 7 3.3 2.3 1.9 6.2 6.0

1/σ 2-weighted average 0.00468 0.00403 0.07466 2.5221 0.15374 0.8123 0.4021 0.3452
Error 0.00025 0.00040 0.00077 0.0063 0.00094 0.0029 0.0026 0.0022
δ wrt solar Xe [�] −43 −41 −113 1424.0 −67.1 −16.2 87.4 149.7
Error [�] 52 97 9 6.5 5.9 3.8 7.1 7.7

EETA 79001, Lith. C [1] 0.00378 0.00327 0.0735 2.394 0.1543 0.7930 0.4008 0.3514
Error 0.00022 0.00022 0.0011 0.029 0.0010 0.0077 0.0039 0.0036
EETA 79001, Zagami [2] 0.00353 0.00322 0.0724 2.384 0.1532 0.7934 0.3959 0.3475
Error 0.00040 ≡ 0 0.0022 0.020 0.0010 0.0073 0.0042 0.0033
Genesis solar Xe [3] 0.00489 0.00420 0.08420 1.0405 0.16480 0.8256 0.36979 0.30030
Error 0.00006 0.00007 0.00020 0.0010 0.00030 0.0012 0.00059 0.00049

Solar fractionation factor [4] 0.7470 0.8035 0.8643 0.8964 0.9297 0.9642 1.0757 1.1570
Errorc 0.0050 0.0040 0.0029 0.0022 0.0015 0.0008 0.0018 0.0038
Fractionated solar Xe 0.00365 0.00338 0.0728 0.9327 0.1532 0.7960 0.3978 0.3475
Error 0.00005 0.00006 0.0003 0.0025 0.0004 0.0013 0.0009 0.0013
Fract. solar wrt solar [�] −253 −196 −135.7 −103.6 −70.3 −35.8 75.7 157.0
Error [�] 14 19 4.1 2.5 2.8 2.1 3.0 4.7

Table 2 References: [1] Swindle et al. (1986), [2] Mathew et al. (1998), [3] Meshik et al. (2015), [4] Appendix A6.
a 130Xe/132Xe ratios corrected for interference by 129XeH hydride (Appendix A2). All ratio data in Appendix A7.
b Total error, including uncertainties in background (bkg) corrections. Error augmentations based on differences in isotope ratios yielded by the selected and alternate 

background subtraction models (Sec. 2.2).
c Estimated variance in fit to meteorite data.
nominal background model as described above and an alternate 
model. For Kr, the alternate background model used a tracer of 
m/z 55 in ID #25111 and m/z 63 in ID #25269. For Xe, the alter-
nate background model for both ID #25253 and ID #25269 used a 
constant value at each relevant m/z, acquired before the Xe analy-
sis region.

3. Results and discussion

The number N of individually measured and corrected isotope 
ratios, their standard deviation and standard error of their mean 
(s.e.m.), and assessment of total error are set out in Tables 2 and 3
for all Xe and Kr analyses. A total of ∼5000 individual ratios were 
included in the analyzed regions of the four experiments. Graphical 
displays of measurements vs. time, selected to include data sets 
for both low and high abundance Xe and Kr isotopes, are shown in 
Appendix A4. Tabulations of all Kr and Xe isotope ratio data used 
in the analyses, corrected for backgrounds, peak shapes and mass 
discriminations, are contained in Appendix A7.

The SAM isotopic compositions reported here for Xe and Kr 
in Mars’ atmosphere are averages of results obtained in the re-
peated experiments, #25253 and #25269 for Xe and #25111 and 
#25269 for Kr. These were calculated in two ways from the sep-
arate experiment results: (a) unweighted averages with s.e.m. er-
rors given by their standard deviation/

√
2; or (b) 1/σ 2

j -weighted 
averages where σ j is the ±1 sigma error in each of the two ex-
periments. The first ignores errors in the individual experiment
measurements, the second takes them explicitly into account. Final 
Xe and Kr compositions calculated using both averaging protocols 
are listed in Tables 2 and 3.

3.1. Xenon

Comparisons of the experiment ID#25253 and ID#25269 aver-
ages in Table 2 show satisfactory reproducibility of the separately 
measured isotopic compositions. Differences between the individ-
ual isotope ratio sets (e.g. [124Xe/132Xe ±σ ]25269 − [124Xe/132Xe ±
σ ]25253) are all <60% of the errors in the differences; across the 
Xe spectrum they average ∼30%. This agreement is reflected in the 
close correspondence of the unweighted and 1/σ 2-weighted aver-
ages in Table 2, within—and for isotope masses >126 well within—
their associated uncertainties. In this case it seems appropriate to 
select 1/σ 2-weighted averaging: it biases results toward the more 
precise experiment #25269 data, and also generates more conser-
vative errors than unweighted averaging.

Atmospheric Xe isotope ratios relative to 132Xe generated 
from the SAM data in this way are plotted in Fig. 1 relative 
to the composition of Genesis SW-Xe (Meshik et al., 2015), to-
gether with measurements listed in Table 2 on shergottite glasses 
from EETA79001 (Swindle et al., 1986) and EETA79001 + Zagami 
(Mathew et al., 1998). Error bars are shown where they ex-
ceed the symbol sizes. Effects of adopting unweighted instead of 
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Table 3
Krypton.

80/84 82/84 83/84 86/84

ID#25111 (Semi-static) 0.0666 0.2209 0.2021 0.3129
Standard deviation 0.0316 0.0598 0.0521 0.0651
No. of measured ratios N 247 247 247 247
s.e.m. 0.0020 0.0038 0.0033 0.0041
s.e.m. + bkg uncertaintiesa 0.0021 0.0041 0.0033 0.0042
δ wrt solar Kr [�] 617 75 −6 39
Error [�] 52 20 16 14

ID#25269 (Semi-static) 0.0779 0.2116 0.2025 0.2989
Standard deviation 0.0418 0.0657 0.0658 0.0810
No. of measured ratios N 432 432 432 432
s.e.m. 0.0020 0.0032 0.0032 0.0039
s.e.m. + bkg uncertaintiesa 0.0053 0.0080 0.0041 0.0057
δ wrt solar Kr [�] 891 30 −4 −8
Error [�] 129 39 20 19

Unweighted average 0.0723 0.2163 0.2023 0.3059
s.e.m. 0.0056 0.0047 0.0002 0.0070
δ wrt solar Kr [�] 754 53 −5.4 16
s.e.m. [�] 137 23 1.4b 23

1/σ 2-weighted average 0.0681 0.2190 0.2023 0.3075
Error 0.0020 0.0036 0.0026 0.0033
δ wrt solar Kr [�] 654 66 −6 21
Error [�] 48 18 13 11

EETA 79001, Lith. C [1] 0.0432 0.2063 0.2029 0.3009
Error 0.0007 0.0017 0.0015 0.0023
EETA 79001, Lith. C [2] 0.0440 0.2065 0.2044 0.2993
Error 0.0015 0.0028 0.0038 0.0039
Genesis solar Kr [3] 0.0412 0.2054 0.2034 0.3012
Error 0.0002 0.0002 0.0002 0.0004

Table 3 References: [1] Swindle et al. (1986), [2] Becker & Pepin, (1984), [3] Meshik 
et al. (2014).

a Total error, including uncertainties in background (bkg) corrections. Error aug-
mentations based on differences in isotope ratios yielded by the selected and al-
ternate background subtraction models (Sec. 2.2). Standard deviation and s.e.m. =
standard deviation/

√
N calculated using all individual ratios measured throughout 

the analysis region (Appendix A7).
b Small error likely fortuitous. Average expt. ID measurement error of ∼ ± 18�

adopted for Fig. 2.

1/σ 2-weighted averaging are indicated by the white squares at 
124Xe and 126Xe. The two averaging protocols yield statistically in-
distinguishable results at these minor isotopes, and in fact for all 
isotopes.

The solid curve in Fig. 1 represents Meshik et al.’s SW-Xe mass-
fractionated in hydrodynamic escape (Appendix A6) to the degree 
required for best fit the EETA79001 and EETA + Zagami measure-
ments. Correspondence of the curve with the meteorite data is 
striking. The SAM atmospheric measurements for isotopes heavier 
than 126Xe generally follow the same pattern. Averaged δ128Xe and 
δ130Xe–δ136Xe ratios in Fig. 1 agree with the fractionation curve, 
and therefore with the meteorites, to within ∼25� or less. These 
direct in situ measurements support the conclusion from the me-
teorite data that the base composition of atmospheric Xe on Mars, 
except for the large radiogenic 129Xe contribution, is fractionated 
solar Xe (Pepin, 2000). This conclusion is reinforced by the ob-
servation that Mars’ interior (i.e., mantle) Xe is very similar to 
SW-Xe (Jakosky and Jones, 1997; Swindle and Jones, 1997; Ott, 
1988; Swindle, 2002).

However significant offsets of the nonradiogenic atmospheric 
ratios from the curve are evident, large for δ124Xe and δ126Xe, 
smaller for δ128Xe and δ131Xe but still up to > 5x their mean 
errors above the average meteorite ratios. The origins of these 
nonradiogenic excesses are presently not understood. There are no 
identified analytic mass interferences at these isotopes that could 
account for them, from products found in SAM that could be con-
taminants in the gas processing manifold or mass spectrometer. 
We have calculated the potential effect of masses that could be as-
Fig. 1. Martian meteorite, fractionated solar wind, and average SAM Xe data plot-
ted as δ-values referenced to the solar wind (SW) composition, where δMXe =
1000[(MXe/132Xe)measured/(MXe/132Xe)SW − 1]�. SW ratios from Meshik et al.
(2015). SAM ratios are 1/σ 2

j -weighted averages of the two expt ID Xe averages 
in Table 2, where σ j is the ±1σ error in each (Sec. 3.1); 1/σ 2-weighted error 
bars shown where exceeding symbol sizes. White squares at 124Xe and 126Xe are 
δ-values obtained by unweighted averaging of the two average expt ID ratios (Ta-
ble 2). Differences between the heavier isotope δ-values for the two types of aver-
aging are too small to be visible at the scale of the figure.

sociated with the degradation of the SAM derivatization reagent N-
Methyl-N-(tert-butyldimethylsilyl)-trifluoroacetamide (MTBSTFA), 
vapors of which were previously reported to have been released 
and detected as a hydrocarbon background in SAM solid sample 
analyses (Glavin et al., 2013) and find that such a background 
subtraction would still be insufficient to account for the elevated 
124Xe and 126Xe (Appendix A3). However small background sig-
nals are indeed seen at these masses, whatever their origin. These 
were incorporated into the background model and subtracted to 
yield corrected isotope ratios. It is interesting to note that Viking 
also detected high abundances at the trace masses 124 and 126, 
though they were unable to report them quantitatively (Owen et 
al., 1977). Although attributed to hydrocarbon contamination, they 
could alternatively suggest the interesting possibility that these, 
in part, were the first hint of elevated light masses of Xe in the 
martian atmosphere.

Another possible explanation for elevation of the light Xe 
isotope ratios above the SW fractionation curve, discussed in 
Sec. 3.3.1, is the presence of spallogenic and neutron-capture Xe 
produced by galactic cosmic ray (GCR) irradiation of target el-
ements in soil and rocks on or near the martian surface and 
released over time into the atmosphere. Such degassing of a re-
golith product generated from neutron-irradiated Br is a likely 
explanation for the presence of excess 80,82Kr in the atmospheric 
Kr trapped in the shergottite glasses (Sec. 3.2).

3.2. Krypton

SAM measurements at m/z = 78 were compromised by a large 
unresolved interference, most likely due to known benzene or 
dichloropropane fragmentation contaminants in the gas process-
ing system. 78Kr/84Kr ratios are therefore not reported. Some of 
the other isotope ratios measured in the two Kr experiments show 
more scatter than is present in the Xe experiments. For 80Kr/84Kr 
and 86Kr/84Kr in particular, differences in ratio averages exceed 
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Fig. 2. Martian meteorite and average SAM Kr data plotted as δ-values referenced 
to the SW composition, where δMKr is defined as in Fig. 1 with Kr isotope ratios 
replacing Xe ratios in the δ equation. SW ratios from Meshik et al. (2014). SAM 
ratios from the unweighted averages of the two Kr averages in Table 3. Error bars 
for the SAM data reflect ±1σ standard errors of the means (s.e.m.) of the two data 
sets, except at 83Kr where a more conservative error estimate is shown (Sec. 3.2, 
Table 3). Diamond symbols at M = 80 and 82 denote subtractions from measured 
80,82Kr/84Kr ratios of isotopes produced by neutron capture in Br; details discussed 
in Sec. 3.2.

the errors in their differences by a factor of ∼2 (Table 3). It is 
possible that dissimilar experimental techniques, including differ-
ent gas pathways and scanning sequences for experiments #25111 
and #25269, could have played a role. Modification of the method 
for Kr isotope measurements in #25269 was necessary in order 
to achieve the static mode for Xe isotope measurements, although 
the Kr was measured in semi-static mode (sec. 2.1). There is no ev-
idence, however, that either of these analyses by itself is the better 
representative of atmospheric Kr composition. In this situation un-
weighted averaging of the data sets is the more conservative choice 
since the s.e.m. values overlap both of the individual experiment ID 
averages while errors associated with 1/σ 2-weighted averages do 
not (Table 3). However, the uncertainty shown in the table for av-
eraged 83Kr/84Kr is unrealistically small (∼ ± 1.5�) compared to 
other isotopes. It likely reflects fortuitous agreement of this ratio in 
the two experiments. An alternative and perhaps overly conserva-
tive estimate is the average uncertainty of ∼±18� in the separate 
experiment measurements (Table 3).

Fig. 2 shows the averaged data from the SAM experiments 
compared to the solar wind (Meshik et al., 2014) and meteorite 
compositions. The SAM Kr isotopic distribution agrees with the 
SW composition within ±1σ uncertainty at 86Kr, and also at 
83Kr if the plotted alternate error suggested above is adopted, but 
show substantial enrichments above the SW trend for the light 
isotopes 80Kr and 82Kr. Elevations above SW-Kr at these two iso-
topes, although at considerably lower levels, are also observed 
in Kr trapped in shock glasses from the EETA79001 shergottite 
(Fig. 2) and are thought to result from neutron capture in Br 
via 79,81Br(n, γ β−)80,82Kr (Becker and Pepin, 1984; Swindle et al., 
1986; Rao et al., 2002). Moreover, there is evidence that these ex-
cesses originated on Mars, and are not due to capture of neutrons 
generated by in-space GCR irradiation during meteorite transits 
from Mars to Earth (Swindle et al., 1986; Rao et al., 2002).

The relative magnitudes of the 80,82Kr excesses measured by 
SAM support the capture hypothesis. If the 80Kr elevations are due 
solely to 79Br(n, γ β−)80Kr reactions, one can calculate from the 
79Br and 81Br neutron capture cross sections what the correspond-
ing enhancement at 82Kr from 81Br(n, β−)82Kr would be. Sums 
of resonance integrals for high, epithermal, and thermal energy 
neutron capture in 79,81Br (Dorval et al., 2008) yield an 80Kr/82Kr 
production ratio of 2.58 ± 0.25, indistinguishable from the ∼2.5 
ratio that accounts for 80Kr and 82Kr excesses in large chondritic 
meteorites (Marti et al., 1966). Application of Dorval et al.’s pro-
duction ratio to the excesses above solar of 80,82Kr observed in 
both the SAM and meteorite data (Table 3, Fig. 2) yields the cor-
rected 80,82Kr/84Kr ratios indicated by the diamond symbols in 
Fig. 2. Corrected 80Kr/84Kr is solar (δ = 0) by assumption. The 
n-corrected SAM 82Kr/84Kr ratio falls at δ = −6�, a nominal re-
duction of ∼60� from the measured value. The attached error bar 
includes the 82Kr/84Kr measurement error plus augmentations due 
to uncertainties in measured 80Kr/84Kr and the 80Kr/82Kr produc-
tion ratio.

It is evident that the 82Kr/84Kr ratios, without their n-capture 
components, are close to solar for both the meteorite measure-
ments and those reported here for the atmosphere if the corrected 
80Kr/84Kr ratios are likewise solar. This strengthens the view that 
Mars’ base atmospheric Kr composition is in fact solar, overlain by 
neutron capture components at 80,82Kr. An unexplained puzzle is 
why the meteorite glasses, which purport to sample the recent at-
mosphere, display much smaller n-capture excesses than those in 
the present-day atmosphere (Fig. 2).

Garrison and Bogard (1998) propose that enrichments of 
80–83Kr/84Kr and a depletion of 86Kr/84Kr relative to the solar 
composition, observed in one sample of EETA 79001 impact glass, 
signal the presence of mass-fractionated solar Kr in which an 80Kr 
excess is absent or minor. However, both the meteorite and direct 
atmospheric measurements in Fig. 2, including those of Swindle et 
al. (1986) which are viewed as the most precise for the meteorites, 
show no evidence for such fractionation.

3.3. Regolith-derived spallation and neutron-capture Xe and Kr in the 
martian atmosphere?

3.3.1. Xenon
Excesses in δ124Xe and δ126Xe are often signatures of spallation 

Xe components. Their presence in the SAM data suggests that the 
martian atmosphere may contain spallogenic and neutron capture 
products generated in and outgassed from the regolith (Rao et al., 
2002). Assuming that atmospheric spallation and (n, γ β−) compo-
nents are actually present in the atmosphere, corrections to the 
SAM measurements were calculated using the following parame-
ters:

3.3.1.1. A REE/Ba wt.% ratio of 0.54 GCR spallations of Ba and the 
rare earth elements (REE) are the dominant contributors to spal-
logenic Xe. Spallation Xe production rates for these elements are 
given in Hohenberg et al. (1978). They are calculated using a ra-
tio of 6.9 for REE abundances summed from Ce to Er, relative 
to La abundance. Of interest for this model is Hohenberg et al.’s 
(Ce + Pr)/La ratio of 3.0. In the 6 SNC meteorites for which data 
exist in the Lodders (1998) compilation, this ratio is 3.0 ± 0.5. 
Although there are insufficient SNC abundance data to enable sim-
ilar comparisons for most of the heavier REEs, this agreement 
suggests that they are also likely to be approximately compati-
ble with Hohenberg et al.’s REE distributions. The SNC La/Ba ra-
tio is 0.069 ± 10% (Lodders, 1998), and therefore “La”/Ba, with 
“La” including all the REE targets, is probably reasonably close to 
0.069 × (1 +6.9) = 0.54. REE concentrations on Mars are unknown. 
The REE/Ba ratio of 0.54 that arguably characterizes the SNC mete-
orites is taken as proxy for the martian regolith.

Spallation production rates used in this modeling are from 
Hohenberg et al. (1978), calculated for a La/Ba ratio set to 0.069 
and an adjustable Ba abundance (Sec. 3.3.1.3). They are integrated 
over a regolith depth of ∼500 g/cm2. The resulting spallation com-
position is listed in Table 4. To account for the present atmospheric 
overburden of ∼17 g/cm2 the regolith surface was repositioned to 
17 g/cm2 and production rates were integrated from this depth to 
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Table 4
ID#25269 xenon corrected for spallation and (n, γ β−) products.

124/132 126/132 128/132 129/132 130/132 131/132 134/132 136/132

Measured (Table 3) 0.00464 0.00418 0.07459 2.5221 0.15369 0.8125 0.4026 0.3451
Total errora 0.00028 0.00048 0.00080 0.0063 0.00098 0.0031 0.0027 0.0023
δ wrt solar Xe [�] −51 −5 −114 1423.9 −67.4 −15.9 88.6 149.3
Error [�] 58 115 10 6.5 6.2 4.0 7.5 7.8

Spallation compositionb 0.609 ≡ 1 1.509 1.765 0.662 3.19 0.031 0
Error 0.007 0.023 0.043 0.014 0.15 0.001

Measured minus spallation 0.00395 0.00310 0.07277 2.5221 0.15293 0.8090 0.4026 0.3451
� wrt measured Xe −0.00069 −0.00108 −0.00183 0 −0.00076 −0.0035 0 0
�/measured Xe [�] −149 −258 −24.4 0 −4.9 −4.3 0 0

Measured minus (n, γ β−)c 0.00464 0.00418 0.07451 2.5221 0.15369 0.7916 0.4026 0.3451
� wrt measured Xe 0 0 −0.00008 0 0 −0.0209 0 0
� range wrt measured Xe ∼0 −0.0163

−0.00081 −0.0753
�/measured Xe [�] 0 0 −1.1 0 0 −26 0 0
� range/measured Xe [�] 0/−10.9 +20/−93

Corrected ID#25269 0.00395 0.00310 0.07269 2.5221 0.15293 0.7882 0.4026 0.3451
± uncertainty 0.00028 0.00048 +0.00080 0.0063 0.00098 +0.0166 0.0027 0.0023

−0.00108 −0.0754
δ wrt solar Xe [�] −192 −262 −136.7 1424.0 −72.0 −45.3 88.6 149.3
± uncertainty [�] 58 115 +9.8 6.5 6.2 +20.2 7.5 7.8

−13.0 −91.3
δ wrt fract. solar Xe [�] 81 −81 −1.1 1704 −1.8 −9.9 12.0 −6.7
Uncertainty [�] 78 143 +11.8 10 6.9 +20.9 7.2 7.5

−15.4 −94.7
Fract. solar wrt solar [�] −253 −196 −135.7 −103.6 −70.3 −35.8 75.7 157.0
Uncertainty [�] 14 19 4.1 2.5 2.8 2.1 3.0 4.7

a See Table 2, footnote (b).
b Spallation 132Xe/126Xe = 0.504 ± 0.013. Degassed spallogenic contributions to atmospheric 132Xe and 129Xe inventories are negligible, 0.5� and 0.7� respectively. 

Neither of these is included in spallation corrections to measured MXe/132Xe ratios.
c For 127I(n, γ β−)128Xe, 127I = 100 ppb ± a factor 10. For 130Ba(n, γ β−)131Xe and Ba = 602 ppm, adopted 131Xe production rate (PR) = log average of the Hohenberg et 

al. (1978) and Rao et al. (2002) PRs. Upper and lower � ranges calculated for each of these PRs separately.
500 g/cm2. No attempt was made to calculate production rate vari-
ations due to different—and unknown—atmospheric densities that 
could have occurred over the past 3700 Ma.

3.3.1.2. A 43% regolith degassing efficiency Martian Br is taken to be 
36 ppm, about midway in the concentration range measured by 
Pathfinder (Gellert et al., 2004) and Curiosity (Blake et al., 2013). 
Combined with modeling of neutron capture by 79Br in the re-
golith (Rao et al., 2002) the 80Kr excess measured by SAM (Fig. 2) 
requires 43% degassing of the regolith inventory produced over 
3700 Ma by GCR-generated neutrons. This 43% release is assumed 
to apply to spallogenic and (n, γ β−) Xe products as well.

3.3.1.3. With these choices, the Ba concentration in the martian regolith 
is a free parameter in the model Results of applying it to the static 
experiment #25269 Xe measurements, the more precise of the two 
data sets, are shown in Fig. 3. Barium abundance was adjusted un-
til spallation-corrected δ124Xe and δ126Xe were equally spaced on 
either side of the fractionated SW curve, both within ∼1σ error of 
the curve or less (Fig. 4). Required Ba concentration in this base-
line model is 602 ppm. Other fits of corrected δ124Xe and δ126Xe 
to fractionated SW are possible; for example, error-weighting their 
positions relative to the curve, which would move δ124Xe closer 
and δ126Xe further away. But this has only a minor (<10%) effect 
on required Ba.

Effects on isotope ratios of subtracting calculated spallation and 
neutron capture components are set out numerically in Table 4
and plotted in Fig. 3 and, at higher resolution, in Fig. 4. Essen-
tially all of the δ128Xe excess is removed by spallation correction. 
Additional production of 128Xe by 127I(n, γ β−)128Xe capture is 
probably minor. Estimates for iodine in the martian regolith range 
from ∼100 ppb in three non-Antarctic, presumably uncontami-
nated SNCs (Lodders, 1998) to ∼500 ppb with large uncertainty 
Fig. 3. As in Fig. 1, but here for measured SAM Xe ratios and errors in expt ID 
#25269 alone. Corrections for hypothetical atmospheric spallation and n-capture 
127I(n, γ β−)128Xe and 130Ba(n, γ β−)131Xe components (yellow squares) discussed 
in Sec. 3.3 and listed in Table 4. Upper and lower tips of the asymmetric error bar 
around δ131Xe denote different corrections calculated for 130Ba(n, γ β−)131Xe con-
tributions using, respectively, the Hohenberg et al. (1978) and Rao et al. (2002)
n-capture production rates.

(Rao et al., 2002). Correction for production from iodine at the 
100 ppb level is negligible (∼1�), and only ∼10� even with 
10x this abundance (Table 4). Spallation corrections to measured 
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Fig. 4. expt ID #25269 Xe ratios corrected for spallation and (n, γ β−) products (yel-
low squares) compared with fractionated solar Xe ratios. The expt ID #25269 and 
meteorite data are referenced here to the fractionated solar composition itself and 
differences are therefore illustrated at higher resolution than in Fig. 3. Discussion 
and data in Sec. 3.3.1 and Table 4. See Fig. 3 caption for discussion of asymmetric 
error at δ131Xe.

δ130Xe and δ131Xe are small (<5�). Most of the δ131Xe excess is 
attributable to n-capture in Ba, but the 130Ba(n, γ β−)131Xe con-
tribution is uncertain because the production rates given by Rao 
et al. (2002) and estimated from Hohenberg et al. (1978) dif-
fer by a factor of ∼20, due primarily to a ∼6-fold difference in 
adopted capture cross sections. Using the log average of the two 
130Ba(n, γ β−)131Xe production rates—1.9 × 1015 atoms/s for Ba =
602 ppm in the baseline model—corrects δ131Xe to within 10�
of the fractionation curve, but with the large uncertainties shown 
in Table 4 and Fig. 3. Other isotope ratios (δ134Xe, δ136Xe, and 
129Xe/132Xe) are essentially unchanged by spallation subtraction. 
Fig. 4 demonstrates that correction of the measured ID #25269 iso-
tope ratios for the assumed presence of atmospheric spallation and 
(n, γ β−) products leads to notable agreement with the fraction-
ated SW and shergottite glass compositions. All corrected isotope 
ratios fall within error in the ±10� band around the fractionated 
SW reference composition, and only δ134Xe is >1σ away from the 
reference.

The 602 ppm Ba content obtained for the baseline model is 
sensitive to adopted values of a number of parameters: (a) the 
132Xe atmospheric volume mixing ratio (VMR), not measured di-
rectly by SAM (Sec. 2.1) but derived from the measured 36Ar 
VMR in Mars’ atmosphere (Atreya et al., 2013; Mahaffy et al., 
2013) and an estimate of 132Xe/36Ar from the shergottite glasses 
(Garrison and Bogard, 1998); (b) the La/Ba ratio in the martian re-
golith (Sec. 3.3.1.1); and (c) the regolith Br abundance which sets 
the regolith outgassing efficiency (Sec. 3.3.1.2). The latter has the 
most severe impact on Ba requirements. As regolith Br is varied 
over its most likely range of ∼20–60 ppm (Blake et al., 2013;
Gellert et al., 2004) with corresponding changes in regolith de-
gassing efficiencies from 76% to 26% respectively, the Ba con-
centrations needed to replicate Figs. 3 and 4 range from 340 to 
1020 ppm. Variations in any of these parameters produce propor-
tional changes in required Ba, and so one cannot specify a single 
regolith Ba content that uniquely generates Figs. 3 and 4. However 
the model is resilient to parameter variations in the sense that a 
particular Ba value can always be found that reproduces the cor-
rected composition in the figures. Varying these parameters within 
their probable uncertainty ranges leads to a spread in required Ba 
of ∼200 to 1000 ppm.
3.3.1.4. Barium Barium in martian soils and rocks has been mea-
sured by Curiosity’s ChemCam LIBS instrument. Estimates range 
from a few 10’s of ppm in sand and soil up to ∼1640 ppm in 
a trachyte rock (Ollila et al., 2014; Payré et al., 2016); the major-
ity of the measurements fall between ∼100 and 500 ppm (Payré 
et al., 2016). The Ba concentration of ∼600 ppm in the baseline 
spallation model is significantly above their average. However, the 
∼200–1000 ppm spread in required Ba concentrations generated 
by variations in modeling parameters falls with the range of LIBS 
measurements reported by Payré et al.

Within its uncertainties, the Ba content of the martian regolith 
required by the model may be compared to the ∼250 ppm es-
timate for Earth’s bulk crust (McLennan, 2001; Payré et al., 2016)
and ∼350 ppm in ocean island basalts (OIB) (Sun and McDonough, 
1989). The REE/Ba ratio of 0.54 adopted for Mars is close to Sun 
and McDonough’s OIB value of ∼0.56 and intermediate between 
∼0.34 in Earth’s bulk continental crust (McLennan, 2001) and ∼1.2 
in oceanic crust (White and Klein, 2014), consistent with the more 
mafic nature of the martian surface compared to the terrestrial 
continental crust.

3.3.1.5. Comparison with Xe trapped in shergottite glasses This spal-
lation scenario is potentially capable of accounting for observed 
excesses in the SAM Xe data at nonradiogenic isotopes lighter than 
132Xe. It conflicts, however, with evidence that shock glasses in 
shergottites record the composition of the martian atmosphere. 
Xe trapped in glassy phases of EETA79001 (Swindle et al., 1986)
and EETA79001 + Zagami (Mathew et al., 1998), plotted in Fig. 1, 
shows no evidence for the presence of atmospheric spallation or 
neutron capture Xe. These meteorites do display spallogenic en-
richments in the light Xe isotopes, particularly in Zagami with its 
long exposure age, but these are consistent with production in 
space by GCR spallation during post-ejection transit from Mars to 
Earth (Swindle et al., 1986; Mathew et al., 1998). When these in 
situ spallation products are subtracted, δ124Xe, δ126Xe, and δ128Xe 
ratios in the glasses fall close to the SW fractionation curve (Fig. 1) 
with no evident way to accommodate additional atmospheric spal-
lation or (n, γ β−) components.

This could be a telling argument against the spallation hypoth-
esis if the light isotope enhancements recorded by SAM could 
be shown to be attributable to hydrocarbon interferences, but no 
plausible candidates among species known to be present in the 
QMS analytic system have been identified (Appendix A3.1). The 
alternative to instrumental interferences, where the SAM light iso-
tope signatures are taken to be true measures of atmospheric com-
position, would seem to require a specific degassing history for the 
martian regolith in which the bulk of spallation Xe products was 
released after the shergottite glasses had acquired their trapped at-
mosphere. However, there is relatively strong evidence that 80,82Kr 
from neutron capture in regolith Br was degassed to the atmo-
sphere and incorporated into the glasses (Sec. 3.2). At the moment 
neither of these potential explanations, either SAM hydrocarbon 
interferences or an arbitrarily constructed spallation degassing sce-
nario, is particularly robust.

3.3.2. Atmospheric fission Xe on Mars?
Mars’ atmosphere is notable for the large 129Xe excess dis-

played by the SAM and shergottite glass measurements in Figs. 1
and 3, yet in none of these data sets are there discernable eleva-
tions of heavy isotope ratios that would signal the existence of a 
244Pu fission Xe component expected to accompany outgassed ra-
diogenic 129Xe (Swindle and Jones, 1997). Models suggesting that 
Pu–Xe is actually present but concealed, and their status from the 
perspective of the meteorite and SAM data in Tables 2 and 4, are 
discussed in Appendix A5.
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3.3.3. Krypton
The elevated atmospheric 80,82Kr/84Kr ratios measured by SAM 

(Sec. 3.2) appear to be consistent with addition of a Kr component 
generated in the regolith by neutron capture in Br. One would ex-
pect that release of these products into the atmosphere would be 
accompanied by degassing of Kr produced by GCR spallation of Rb, 
Sr, and other target elements. However, unlike the case for the 
light Xe isotopes, addition of spallogenic Kr has only a minimal 
and undetectable effect on measured Kr isotopic abundances. Av-
erage regolith Rb (65 ppm) and Sr (225 ppm) concentrations are 
reported by Payré et al. (2016) and estimates of Y/Sr (∼0.74) and 
Zr/Sr (∼0.37) by Clark et al. (1976). Using elemental production 
rates from these elements (Hohenberg et al., 1978) and the 43% 
degassing efficiency of regolith inventories required by the SAM 
80Kr excess and the selected martian Br concentration of 36 ppm 
(Sec. 3.3.1.2), calculated spallation contributions elevate 80Kr by 
only ∼2� and by <1� at the heavier isotopes.

4. Conclusions

SAM measurements of martian atmospheric Kr and Xe provide 
an in-situ benchmark for the SNC meteorite values. We see en-
richments above the SNC isotopic values, particularly in the lighter 
isotopes of both Kr and Xe. What remains unclear, in particular 
for Xe, are the source(s) of the excesses. Either analytic mass in-
terferences or the presence of atmospheric spallation and neutron 
capture components could cause such effects in Xe. The first of 
these possibilities seems doubtful since interfering species of suf-
ficient magnitude appear to be absent in the SAM analytic system. 
The second is capable of explaining Xe isotope excesses relative 
to the fractionated SW composition, but conflicts with the obser-
vation that such components are not recorded in atmospheric Xe 
trapped in the shergottite glassy phases.

The elevated light isotopes in Kr (Fig. 2) are consistent with 
neutron capture in regolith bromine. The SAM measurements lend 
support to the proposal that Kr (and Xe) from neutron capture has 
been produced in the regolith and released into the atmosphere 
over time (Rao et al., 2002).

Measured δ134Xe and δ136Xe values are subject to neither re-
solvable spallation corrections or plausible mass interferences. SAM 
averages at these isotopes, and at δ130Xe where a spallation contri-
bution is minor, differ from the corresponding meteorite averages 
by <12� (Fig. 1). This strongly suggests that the base composi-
tion of Mars’ atmospheric Xe follows the SW fractionation curve 
defined by the meteorite data. An assumed presence of spallation 
and (n, γ β−) Xe in the atmosphere can quantitatively account for 
elevations above the curve for the remaining nonradiogenic iso-
topes (Fig. 4).

The new SAM Xe data reinforce an old and enigmatic problem 
related to martian actinide chemistry and degassing history. De-
cay products of the extinct radionuclides 129I and 244Pu are both 
present in Earth’s atmosphere (Pepin, 2000), but on Mars only one 
of these, a large excess of radiogenic 129Xe, is apparent. This mys-
tery has driven modeling attempts to argue that Xe from fission 
of 244Pu actually is present in Mars’ atmosphere but is fortuitously 
concealed from observation. Evaluation of such models in the con-
text of the SAM and meteorite Xe data reported here suggests they 
are only marginally viable and in any case allow at most a minor 
contribution of Pu–Xe to the atmosphere (Appendix A5). Its near 
absence likely points to a very specific outgassing history for Mars, 
one in which 129Xe from short-lived 129I was released in early de-
gassing but fission Xe from longer-lived 244Pu is still sequestered 
within the planet.

It appears from the SAM Xe and Kr measurements that plausi-
ble arguments can be made for the presence of spallation and neu-
tron capture products in the contemporary martian atmosphere. 
There are implications in this observation for understanding the 
breadth of regolith degassing by impact and other thermal pulses, 
and perhaps for the age of trapped atmosphere components in 
martian meteorites on the basis of accumulating n-capture and 
spallogenic contributions to the krypton and xenon inventories.
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