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Abstract-This study provides a complete data set of all five noble gases for bulk samples and mineral
separates from three Martian shergottites: Shergotty (bulk, pyroxene, maskelynite), Zagami (bulk,
pyroxene, maskelynite), and Elephant Moraine (EET) A79001, lithology A (bulk, pyroxene). We also
give a compilation of all noble gas and nitrogen studies performed on these meteorites. Our mean
values for cosmic-ray exposure ages from 3He, 2'Ne, and 38Ar are 2.48 Myr for Shergotty, 2.73 Myr
for Zagami, and 0.65 Myr for EETA79001 lith. A. Serious loss of radiogenic “He due to shock is
observed. Cosmogenic neon results for bulk samples from 13 Martian meteorites (new data and
literature data) are used in addition to the mineral separates of this study in a new approach to explore
evidence of solar cosmic-ray effects. While a contribution of this low-energy irradiation is strongly
indicated for all of the shergottites, spallation Ne in Chassigny, Allan Hills (ALH) 84001, and the
nakhlites is fully explained by galactic cosmic-ray spallation. Implanted Martian atmospheric gases
are present in all mineral separates and the thermal release indicates a near-surface siting. We derive
an estimate for the “°Ar/3°Ar ratio of the Martian interior component by subtracting from measured Ar
in the (K-poor) pyroxenes the (small) radiogenic component as well as the implanted atmospheric
component as indicated from 29Xe* excesses. Unless compromised by the presence of additional
components, a high ratio of ~2000 is indicated for Martian interior argon, similar to that in the Martian
atmosphere. Since much lower ratios have been inferred for Chassigny and ALH 84001, the result

may indicate spatial and/or temporal variations of 0Ar/3¢Ar in the Martian mantle.

INTRODUCTION

The SNC group of igneous meteorites was named after
three “typical” samples of the group: Shergotty, Nakhla, and
Chassigny. Long before the scientific community realized that
the SNC meteorites are “exotic” with respect to some of their
features compared to other meteorites (including other
igneous meteorites), precise descriptions of single samples
had been made, e.g., by Tschermak, who in the nineteenth
century described the nature of the amorphous constituent
maskelynite (Tschermak 1872, 1883). More than 100 years
after Tschermak (1872) made Shergotty the “type locality” of
maskelynite, Clayton and Mayeda (1983) found that the SNC
meteorites lie on a fractionation line in oxygen isotopes
displaced from those of Earth and eucrites. This reflects a
distinct parent body different from Earth and the Moon, and
the howardite, eucrite, and diogenite (HED) parent body,
presumably asteroid 4 Vesta. Furthermore, compared to other
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meteorites and lunar samples, the SNC meteorites differ not
only in oxygen isotopes, but also in several other
characteristic chemical and isotopic features, e.g., implied
oxygen fugacity (see McSween 1984, 1994, and 2002 for a
review). In addition, not only does the group include more
highly differentiated rock types like basalts, but these are also
characterized by young crystallization ages (McSween 1984,
1994, 2002; Meyer 2003; Nyquist et al. 2001).

Already in 1966 Wénke considered the possibility of
Moon and Mars being parent bodies of certain meteorites
(Winke 1966); however, starting around 1980, more and
more authors seriously considered the possibility that the
SNC meteorites are from Mars (e.g., Wasson and Wetherill
1979; McSween and Stolper 1980; Wood and Ashwal 1981).
Three observations were considered highly indicative:

1. SNC meteorites belong to one group, as proven by many

chemical and isotopic investigations, pointing to a

common parent body.
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2. All SNC meteorites are differentiated magmatic rocks,
with some of them showing volcanic textures.

3. All SNC meteorites known at the time had young
crystallization ages of 1.3 Gyr, thus requiring a parent
body that still showed igneous activity at such a late time
in solar system history.

Taken together, these arguments paint a picture in which
the SNC meteorites are pieces of the planet Mars.

Additional evidence, which until 2004 was the most
telling direct evidence, came from Viking 1, which landed on
the surface of Mars about 30 years ago. Among other
experiments, the concentrations and compositions of noble
gases were measured by mass spectrometer (Nier et al. 1976;
Owen et al. 1977). The agreement (within error) between the
noble gas composition measured by Viking on Mars and the
signatures found in constituents of some of the SNC
meteorites (see below) constitutes rather conclusive evidence.
Confirming the numbers obtained by Viking (and with better
precision) has not been done until now since none of the
instruments later sent to Mars were capable of analyzing the
isotopic compositions of the atmospheric constituents.

In 2004, the rovers Spirit and Opportunity landed on
Mars; at this time (early 2007) they are still exploring its
surface. Results from these missions are continually adding
further evidence that the SNC meteorites are Martian. In fact,
rocks were found on Mars with chemical signatures identical
to those of some of the Martian meteorites in our collections.
For example, Opportunity investigated a rock named Bounce
Rock and found geochemical characteristics, such as the Fe/
Mg ratio, consistent with that of shergottites (Rieder et al.
2004). Nevertheless, to eliminate any remaining doubt, true
Martian samples need to be investigated in comparison with
the meteorites using high-accuracy analytical techniques.
Although such definite proof will be possible only in the
laboratory after a sample return mission, in this paper we will
use the terms Martian meteorites and SNC meteorites
interchangeably.

Shergottites are the most numerous among the Martian
meteorites. Twenty-three of the currently known 33 Martian
meteorites are classified as shergottites (Meyer 2003;
Goodrich 2002; Russell et al. 2002, 2003, 2004). In the
context of this paper, it is interesting that—as pointed out
above—the similar “fingerprints” of noble-gas abundance
patterns in shergottites and the data from the Viking mission
have played a key role in establishing the SNC meteorites as
Martian. Data from shock glasses in the shergottite Elephant
Moraine (EET) A79001 led Bogard (1982) and Bogard and
Johnson (1983) to conclude that Martian atmosphere is
incorporated in this meteorite. Their findings were confirmed
on the same meteorite by Becker and Pepin (1984a). Martian
atmosphere was also later shown to be present in shock
glasses of Zagami (Marti et al. 1995) and Shergotty (Bogard
and Garrison 1998).

Atmospheric noble gases, both unfractionated and
elementally fractionated, are not the only Martian noble gases

trapped in the SNC meteorites. Another gas component is
“Martian interior,” first described by Ott and Begemann
(1985) and Ott (1988), which is thought to be a component
from the Martian mantle (Swindle 2002). A third signature,
the origin and composition of which is not yet understood,
was found in crushing experiments (Wiens 1988). Findings
for nitrogen (e.g., Becker and Pepin 1984a, 1984b) are
similar to those for the noble gases, showing the presence of a
Martian atmospheric as well as an interior component (for a
review on nitrogen, see Mohapatra [2004]). Table Al in the
Appendix provides an overview of previous publications on
noble gases and nitrogen in the three shergottites studied
here.

EXPERIMENTAL
Samples

Three Martian meteorites have been investigated:
Shergotty, Zagami (normal lithology), and EETA79001
(lith. A). Shergotty and Zagami have been classified as
basaltic shergottites by Goodrich (2002). Both contain mostly
pyroxenes (>70%) and maskelynite (>20%), further
mesostasis, and opaques (Meyer 2003). For EETA79001, the
situation is more complex, as it contains three lithologies:
while lithology C is shock melt glass and lithology B is
regarded as basaltic shergottite, lithology A belongs to the
olivine-phyric shergottites (Goodrich 2002). Our sample is of
lithology A, which contains ~71% pyroxenes and ~17%
maskelynite.

Three different samples of Shergotty and Zagami have
been investigated: bulk, pyroxene, and maskelynite. For
EETA79001, only bulk and pyroxene were investigated
because the available sample volume was small, resulting in a
separated amount of maskelynite less than 2 mg. These small
amounts of sample will be measured after our new system has
been installed, which is capable of dealing with very small
amounts of krypton and xenon. Unfortunately, the bulk
samples, due to the necessity of homogenization and splitting
of the sample for parallel studies (Jochum et al. 2001; Bastian
2003; Fritz 2005), were ground to powder. Grinding can
cause incorporation of noble gases from air, which has been
observed by, e.g., Srinivasan et al. (1978) and Niemeyer and
Leich (1976). Unfortunately, such gases can remain in the
sample in degassing temperatures above 600 °C (Niedermann
and Eugster 1992), and therefore disentanglement of the
Martian air signature from the terrestrial air signature can be
difficult.

The mineral separates did not suffer from this problem.
They were obtained by handpicking from mildly crushed
material. The purity of the separates was checked by scanning
electron microscope (SEM) investigations. The separates
were as pure as one can expect to obtain by handpicking of
“big” grains. Crushing the grains down to a smaller grain size
might have improved the purity, but would have increased the
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danger of introducing air. We obtained 39 mg of maskelynite
(grain size 0.05—1.2 mm) and 123 mg of pyroxene (grain size
0.1-1.5 mm) from Shergotty, 14 mg of maskelynite (grain
size 0.5-1.5 mm) and 47 mg of pyroxene (grain size 0.2—
1.0 mm) for Zagami, and (lith. A) 94 mg of pyroxene (grain
size 0.1-0.7 mm) for EETA79001.

Measurement Procedures

For nitrogen and noble gas measurements, the mineral
separates were wrapped in platinum foil. Platinum is used
because it is inert not only against the noble gases but also
against nitrogen. The foils have to be preheated to 700 °C in
order to obtain low nitrogen extraction blanks. Blanks were
somewhat variable, with typical values being “He = 2 x 1011
cc STP, 20Ne = 2.5 x 10713 cc STP, 36Ar =4 x 10712 cc STP,
40Ar= 1.2 x 1072 cc STP, 3Kr = 6 x 10714 cc STP, 132Xe =
2.5 x 107 ¢c¢ STP, N, = 4 x 10711 pg. High- and low-
temperature blanks were rather similar and within the range
given here. Detailed blank corrections are based on blank
values obtained from measurements of empty Pt foils heated
in the temperature sequence 800 to 1800 °C.

The mineral separates were loaded to the sample holder
and preheated at 130 °C for two days to remove adsorbed
terrestrial contamination from the surface. Step-heating
experiments were performed with details depending on the
mineralogy and amount of sample (see Tables A2-AS).
Samples were heated in at least three steps (holding the
nominal temperature for 30 min at each step) in an iridium
crucible. During heating, condensable gases were collected by
a cold trap (—196 °C, filled with an SSM stainless steel mesh).
After sample heating, the cold trap was separated from the line.
The noncondensable gases, including the noble gases helium
and neon, were exposed to three successive getters (one Ti, two
SAES Zr-Al), then further cleaned by two cold traps (196 °C,
filled with charcoal) and finally measured in the mass
spectrometer (MAP 215-50). For the Ne measurement, one of
the cold traps remained connected to the spectrometer volume.
During mass spectrometric analysis of Ne and He, gases
adsorbed to the stainless steel mesh were released, with 5%
admitted to the nitrogen line, where nitrogen was cleaned by
oxygen released from heated copper oxide and finally admitted
to the mass spectrometer for analysis after He and Ne. The
remaining 95% admitted to the noble gas line were cleaned as
the He and Ne fraction before and frozen to a charcoal filled
cold trap close to the mass spectrometer. From this trap, argon,
krypton, and xenon were released and measured successively.
The analytical procedure will be described in more detail in a
forthcoming paper by R. K. Mohapatra and co-workers.

The bulk samples were measured on a different system
that does not allow measurement of nitrogen. Procedures
were mostly equal except for wrapping the samples in Ni foil.
Furthermore, the entire amount of gas was used for the noble
gas measurements.
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Data Reduction

The data reported below (see the Results section and
Tables A2—-AS) have been corrected for blanks and mass
discrimination. In addition, interference correction was
applied for HD and Hj at *He, for H,'80 and doubly charged
argon and CO, in Ne, for HCI and hydrocarbons at 3°Ar and
38Ar, and also for hydrocarbons at 78Kr. Errors include
uncertainties due to variations in blank amounts and
composition, uncertainties in the proper interference
correction factors, and variations in mass discrimination and
(for the amounts) sensitivity.

RESULTS

Results for the noble gases are summarized in Tables A2—
AS5. Nitrogen was only measured in Zagami mineral separates.
We found 10.2 + 0.6 ppm (pyroxene) and 24.7 £ 1.6 ppm
(maskelynite) of N with 815N of 13.1 + 0.7 and 22.7 + 1.1,
respectively. Nitrogen data will be discussed elsewhere.

Degassing Patterns

Stepwise-heating experiments can provide information
about the nature and siting of the released gases. Helium
almost quantitatively degasses in the low temperature steps
(21000 °C) (Table A2). For neon, degassing patterns are not
as clear-cut (Table A2). For the heavy noble gases, degassing
patterns mostly distinguish between the adsorbed and the
trapped component(s), which are released in different T-steps.
In Fig. 1, the xenon release patterns are shown for the mineral
separates. Xenon is used here because it is most critical
regarding complete degassing. The ratio 129Xe/!32Xe is used
as an indicator to distinguish between the Martian
atmospheric component and adsorbed air. However, this is
only one dimension of a problem that has at least two
dimensions, since it is difficult (considering the precision for
small samples) to distinguish between trapped Martian
interior gas and terrestrial atmosphere using this ratio alone.
All diagrams indicate complete degassing, as the amount of
gas released in the last step is small, if above blank level at all
(Table A5). For the pyroxenes of all three meteorites '29Xe/
132X is close to 1 in the T-steps <800 °C, which is indicative
of adsorbed air. For the higher T-steps the ratio is slightly
higher. The highest ratio of ~1.33 is observed in EETA79001
pyroxene. In contrast, both maskelynite separates show 129Xe/
132X e ratios of ~1.5 in their highest T-steps. A more detailed
disentangling of the components will be done in the
Discussion section.

Component Resolution

The noble gases were partitioned between trapped (plus
radiogenic in the case of “He and “°Ar) and cosmogenic
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Fig. 1. Cumulative release plots from the mineral separates for 132Xe as representative for the degassing patterns of heavy noble gases of the
different phases. Plotted is the '29Xe/!32Xe ratio versus cumulative fraction of 132Xe released.

components. In the following discussion, “c” refers to
cosmogenic and “tr” to trapped (+ radiogenic). For this 3He
was taken to be 100% cosmogenic, together with a ratio of
(*He/’He), = 5.2 + 0.3 (Heymann 1967). Abundances of
trapped 2°Ne and cosmogenic >'Ne as well as estimates
for the cosmogenic (**Ne/?!Ne), ratio were derived using
(*'Ne/?2Ne),, = 10 £ 1, (3'Ne/?2Ne),, = 0.032 £ 0.005 (these
values cover both air and reasonable values for Martian

atmosphere), and (*Ne/?’Ne), = 0.80 + 0.05 (GCR,
chondritic range) (Wieler 2002). To check how much the
derived (*'Ne/*’Ne), depends on the assumed (**Ne/>’Ne).,
we checked (as an extreme value) use of (*'Ne/2?Ne), = 1
(SCR) (Garrison et al. 1995) and found this to result in
decreasing the inferred (*'Ne/??Ne), by 2.1% (for bulk
samples). However, lower (2!Ne/*2Ne), can be due to causes
other than low-energy irradiation; differences in chemistry
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Table 1. Concentrations of cosmogenic isotopes (cc STP/g), production rates P (cc STP/g Myr), and cosmic-ray exposure
ages T (Myr) determined in this study. Literature data for exposure ages are given for comparison. Literature data from:
Eugster et al. (1997), data new in Eugster et al. (1997) (¥), and data compiled by Eugster et al. (1997) (¢). T in Myr.
Elemental data for production rates from Meyer (2003), in detail for Shergotty from column Dreibus (1982), or Zagami
from columns Smith (1984) and McCoy (1992), and for EETA79001 from column Warren (1997).

Shergotty Zagami EETA79001, lith. A
3He, (3.81+£0.16)x 10°8 (4.74+0.34)x 1078 (9.72 £1.22) x 107°
P; 179.6 x 10710 178.6 x 10710 181.9% 10710
T 2.12 2.65 0.53
2INe, (5.44+0.30)x 10~ (5.68 £0.30) x 10~ (1.40+£0.01) x 10~°
Py 16.3x 10710 18.6x 10710 14.4 % 10710
Ty 3.34 3.05 0.97
BAr, (2.99 +£0.16) x 100 (3.99+0.10) x 107° (0.59 £0.04) x 107
Psg 15.2x 10710 16.0x 10710 13.0x 10710
Tsg 1.97 2.50 0.46
8K, (1.45+0.18) x 10712 (172 +£0.17) x 10712 (0.30 £0.14) x 10712
Pg3 866.5 x 10715 793.8 x 10715 310.0x 10713
T3 1.67 2.17 0.98
126X e 222+ 1.4)x 10714 (19.8+1.8)x 10714 (0.5+1.4)x 10714
Pios 50.5x 1071 53.9x 1071 21.6x 10713
Ti26 4.40 3.67
T3 33 2.66 2.77 0.71
T3 126 2.85 2.85
T 3g lit 2.71 £0.45¢ 2.72 £0.50°¢ 0.55+0.16¢

2.90 +0.46"

and shielding may cause variations of the ratio similar to or
even exceeding the variations due to different types of
irradiation (see neon in the discussion). For argon, air or
Martian atmosphere are possible choices as the trapped
component; different choices for (38Ar/3°Ar), within the
range given in the literature (Bogard 1997; Wiens 1988)
change the calculated 38Ar, and 3°Ar, abundances within
error only (exceptions are the 800 °C-steps of Shergotty
pyroxene, Shergotty maskelynite, and EETA79001
maskelynite). Here the value from Wiens et al. (1986) has
been used: (33Ar/3%Ar), = 0.2439 + 0.0112, together with a
cosmogenic ratio (33Ar/3°Ar), = 1.50 £ 0.06. Krypton was
partitioned using (33Kr/34Kr),, = 0.2025 £ 0.0015 (covering
essentially all known trapped components) (cf. Ott 2002), and
(33Kr/3Kr), = 2.17 £ 0.08 (Ott 1988; Bogard et al. 1971). For
xenon we assumed (126Xe/130Xe), = 0.0225 + 0.0025
(covering the range for air, Martian atmosphere, solar, and
AVCC) and (126Xe/139Xe), = 1.02 £ 0.06 (Hohenberg et al.
1981; for a chondritic Ba/light REE ratio).

Cosmic-Ray Exposure Ages

We calculated cosmic-ray exposure ages using the
isotopes 3He, 2'Ne, 3Ar, 33Kr, and '2°Xe following the
method of Eugster and Michel (1995) and Eugster et al.
(1997). Our mean values for the ages obtained from 2'Ne and
38Ar are 2.48 Myr for Shergotty, 2.73 Myr for Zagami, and
0.65 for EETA, lith. A. Mean values for ages from all five
cosmogenic isotopes for Shergotty and Zagami are 2.70 and
2.81, respectively. These are in agreement with results found

in the literature (e.g., Eugster et al. 1997). Detailed results are
given in Table 1. Calculation of cosmic-ray exposure ages
from mineral separates works quite well for the pyroxenes,
giving essentially identical values. The empirical formulae
cannot be applied to the feldspar separates, however, because
in this case a significant amount of cosmogenic Ne is
produced from Na, which is not included in the formulae.

DISCUSSION
Helium Loss

Helium contained in the solid or liquid precursors is lost
during rock-formation processes, and one can safely assume
the “memory” to have been reset. Implantation of He from the
Martian atmosphere due to shock metamorphism cannot
account for detectable amounts of He, because He constantly
escapes the atmosphere of Mars. Its lifetime on Mars is 5 X
10* years only, and its concentration as low as 1.1 £ 0.4 ppm
(Krasnopolsky et al. 1994). Therefore, “He in Martian
meteorites has only two sources: radioactive decay of 238235U
and 232Th (accumulated since the rocks reached the closure
temperature for He) and cosmic irradiation during passage
from Mars to Earth. Knowing the crystallization age of a
meteorite and assuming the system was closed since that time,
the expected amount of radiogenic “He can be calculated from
the amounts of 238:235U and 232Th. In a parallel study (Jochum
et al. 2001) U and Th were measured by spark source-mass
spectrometry and can be used for these calculations. The
contribution to “He from cosmic irradiation can be estimated
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respectively, M to the measured concentration. Only data for the bulk
samples are shown; for mineral separates see text.

from the amount of 3He: 3He is almost completely
cosmogenic, while “He is produced by cosmic irradiation
with a ratio of (*He/PHe) g = 5.2 (Heymann 1967) or 6.1 +
0.3 (Alexeev 1998, 2005). For the Martian meteorites we
have been using the lower value 5.2. This seems more
realistic, at least for Martian meteorites, because using the
higher value leads to negative inferred amounts of radiogenic
4He for at least two cases in our complete data set of 13
different Martian meteorites from all classes (Schwenzer
2004): Allan Hills (ALH) A77005 and Dar al Gani (DaG)
476, with measured “He/*He ratios of 4.18 £ 0.12 and 4.88 +
0.20, respectively. Note that Eugster et al. (2002) found a
similarly low ratio for ALHA77005, and the low ratio ~5.0
measured by Eugster et al. (1997) for yet another Martian
meteorite, Queen Alexandra Range (QUE) 94201.
Furthermore, the measured amount of *He in Shergotty and
Zagami maskelynite indicates severe loss of cosmogenic
helium from this phase.

A comparison of the resulting “observed” radiogenic “He
with the expected amount of radiogenic “He in the meteorite
indicates significant helium loss (Fig. 2). Losses amount to
~70% for Shergotty, ~47% for Zagami, and ~56% for
EETA79001. As helium is easily lost due to high diffusion
rates even at relatively low temperatures in silicates and glass
melts (Ozima and Podosek 2002), a possible scenario is that
the helium loss is a result of the shock metamorphism to
which the meteorite was exposed during the launching event
(Schwenzer et al. 2004). The diffusion coefficient for helium
is higher than for argon, so helium is lost more easily than Ar
and other heavy noble gases (Alexeev 2005). The field of
investigating shock pressures and post-shock temperatures
has had some lively debates and is controversial (e.g.,
Malavergne et al. 2001; Fritz et al. 2003; El Goresy et al.
2004; Beck et al. 2005, Fritz et al. 2005). It is worth noting,
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therefore, that our interpretation is independent of the method
with which the shock pressure is estimated and also
independent of the absolute numbers of peak shock pressure
and temperature.

As there is “no” He in the Martian atmosphere
(Krasnopolsky et al. 1994), shock causes a “one-way” effect
for helium. This is different for argon, which is present in the
Martian atmosphere in significant abundance. From 4K
decay—K abundance data again from Jochum et al. (2001)—
similar calculations can be made, but a surplus of 40Ar is
observed instead of loss. We observe “°Ar “gain” of 151% for
Shergotty, 136% for Zagami, and 215% for EETA79001. This
suggests the implantation of atmospheric “%Ar in the course of
the impact event and corresponds to the observation of
Martian atmospheric signatures in these meteorites (e.g.,
Bogard and Johnson 1983; Becker and Pepin 1984a; see also
discussion of argon data).

29

Neon: The Influence of Solar Cosmic Rays

Trapped components contributing to Ne are Martian
atmosphere and Martian interior and (possibly) terrestrial air.
Furthermore, the not-yet-understood component found by
Wiens (1988) when crushing EETA79001 glass can
contribute to the budget. The rather high abundance of
sodium in feldspar may have a special effect on the isotopic
composition of spallogenic Ne released at low extraction
temperatures (Smith and Huneke 1975).

Figure 3a shows our data for Shergotty, Zagami, and
EETA79001 in a diagram of 2Ne/2?Ne versus 2!Ne/22Ne.
There is clear evidence for the presence of a trapped
component in several degassing steps. However, since the
isotopic difference between Ne in the Martian atmosphere
and in terrestrial air is small (see Fig. 3a and references in the
caption), it is impossible to distinguish which of the two is
present based on Ne isotopes alone. In order to get some idea,
we have also taken into account the signatures observed in the
other noble gases. For the 400 °C step of Zagami pyroxene
and for the low-temperature step of Shergotty maskelynite,
heavy noble gas data (see following sections) show the
dominant presence of air, so we suspect the same may be the
case for Ne. Only for the 1600 °C step of Zagami maskelynite
(arrow in Figs. 3a and 3b) does there appear to be a noticeable
contribution from Martian atmospheric Ne.

The spallation composition shown in Fig. 3a covers the
range from 0.80 to 0.95 in 2!Ne/?2Ne, which is the range for
Ne produced by galactic cosmic rays (GCR) as usually
observed in bulk samples of chondrites (e.g., Wieler 2002).
Among our data points, only about half fall into this range,
while the others show lower ratios of cosmogenic 2!Ne/22Ne.
In principle, there are two possible reasons.

First, there could be differences in chemical composition.
Magnesium, which is a dominant target element in
chondrites, is comparably low in many SNCs; as a result the
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are the trapped components air (lower black dot) and Martian
atmosphere (upper black dot; Bogard and Garrison, 1998; Swindle,
2002). The gray line indicates the range of results for Martian
atmospheric Ne given in the literature, which ranges from 2°Ne/22Ne
=7to 11 (Swindle et al. 1986; Wiens et al. 1986; Pepin 1991; Ott and
Loéhr 1992; Bogard and Garrison 1998; Mohapatra et al. 2003;
Schwenzer et al. 2005; Park and Nagao 2006). Also shown is the
SCR-Ne signature (after Garrison et al. 1995; data from Reedy 1992)
as well as the 2'Ne/?2Ne ratio derived by Smith and Huneke (1975)
for pure sodium spallation. b) Lower right part near spallation
composition, enlarged. The arrow in Figs. 3a and 3b points to the
1600 °C data point for Zagami maskelynite, which may show
evidence for trapped Martian Ne.
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Fig. 4. Neon isotopic data for thirteen Martian meteorites
(Schwenzer 2004; LEW 88516 from Ott and Lohr 1992). For
endmembers and references, see Fig. 3. Six meteorites (QUE 94201,
EETA79001, LEW 88516, ALHA77005, and Shergotty) out of
thirteen show (2'Ne/22Ne), ratios lower than the GCR spallation
range observed in chondrites.

statement by Garrison et al. (1995) that Al and Na (both
giving low 2'Ne/?2Ne) are “relatively less important” does not
always apply in the case of the SNCs. In addition, we call
attention to the fact that, apart from its influence on the
isotopic composition, Na is not taken into account in
empirical formulae for Ne production rates (e.g., Eugster
1988; Eugster and Michel 1995; Schultz et al. 2005).

Second, there could be contributions from solar cosmic ray
(SCR) spallation, which is only rarely observed in chondrites
(e.g., Wieler 2002), but has been inferred for some shergottites
(Garrison et al. 1995; Eugster et al. 1997). Unfortunately the
most up-to-date work on SCR production rates considers the
targetelements Mg, Al, and Sionly (Reedy 1992).

The region near the spallogenic corner is shown enlarged
in Fig. 3b. For the mineral separates differences due to
chemistry are obvious. Maskelynite, especially in low
temperature steps, tends to show lower cosmogenic 2'Ne/22Ne
ratios than pyroxene and bulk of the same meteorite.
Nevertheless, the data in this representation do not allow us to
clearly distinguish the chemical composition effect from the
influence of SCR.

We next turn to the situation for bulk SNC meteorites in
general, before getting back to the mineral separates. Figure 4
shows our complete data set including data for other SNC
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Table 2. Minimum radii and cosmogenic (2'Ne/22Ne), in suite of 13 Martian meteorites.

S. P. Schwenzer et al.

Recovered Min. pre-
Name Class? mass® Density® Min. radius¢ Min. category® (>'Ne/22Ne),,  atmosph. radiuse
(kg) (g/em?)  (cm) (cm) (cm)
Chassigny Chassignite 4 4.7 59 5 0.906 £0.024 24+2
ALHA 84001 Orthopyroxenite 1.93 33 52 5 0.834 £ 0.005
Lafayette Nakhlite 0.8 33 3.9 5 0.826 + 0.007
Nakhla Nakhlite 10 33 9.0 10 0.865+0.006 22+l
Governador Nakhlite 0.158 33 23 5 0.864 + 0.006
Valadares
Dar al Gani 476  Olivine phyric >6-7 pieces 3 7.8 10 0.839+0.015
shergottite
Sayh al Olivine phyric >10, about 3 9.3 10 0.806£0.005 25+2
Uhaymir 005 shergottite 7 pieces
EETA79001, Olivine phyric 7.94 3 8.6 10 0.760 + 0.007
Lith. A Shergottite
LEW 88516 Lherzolitic 0.0132 3 1.0 5 0.7722 £ 0.005
shergottite
ALH 77005 Lherzolitic 0.482 3 34 5 0.779 £ 0.006
shergottite
QUE 94201 Basaltic shergottite  0.012 3 1.0 5 0.755+£0.030 24+1
Zagami Basaltic shergottite ~ ~18 3 ~11.3 15 0.821+0.006 231
Shergotty Basaltic shergottite 5 3 7.4 10 0.785+£0.010 23«1
aGoodrich (2002).
bMeyer (2003).

¢Estimated from mineralogical composition.
dRadius of a sphere with the mass in column 3 and density in column 4.

¢The data in Leya et al. (2000) for radii: 5, 10, 15, 25, 32, 40, 50, 65, and 85 cm. For “minimum category” we have used the radius, closest to the minimum

radius in column 5. This refers to the range shown as solid line in Fig. 4.
fData for bulk samples from Schwenzer (2004).
gPre-atmospheric size from Eugster et al. (2002).
hData from Ott et al. (1996).

meteorites, which will be discussed in more detail in a
forthcoming separate publication. Obviously, for six out of
the thirteen Martian meteorites, cosmogenic (2!Ne/22Ne), is
lower than the spallation field from chondrites indicates. For
further evaluation, whether this is caused by chemistry or
SCR, it is necessary to check the influence of chemistry in
more detail. We have done so using the modern production
rates for GCR-produced Ne as a function of shielding and
chemical composition given by Leya et al. (2000) that were
not yet available to Garrison et al. (1995). In contrast to
earlier similar “physical models,” the model of Leya et al.
(2000) fairly reliably predicts not only production rates but
also Ne isotopic ratios. For example, production at depth
~10cm in a 25 cm L chondrite (as other similar cases),
reproduces the “normal shielding” value (**Ne/2!Ne), = 1.11,
which is also in agreement with the empirical model of Graf
et al. (1990).

GCR spallation on Na produces (3!Ne/22Ne),
significantly lower than that produced on the main target
elements Mg and Si. The abundance of Na relative to the
latter is often relatively high in SNC meteorites when
compared to chondrites, hence the influence of Na content on
the Ne isotopic composition is correspondingly larger. For
example, neglecting the target element Na in the Leya

calculations predicts a (2!Ne/22Ne), ratio for a 5 cm radius L
chondrite that is too high by between 0.5% (surface) and 1.2%
(center), while for an equivalent target having the
composition of Shergotty the effect ranges between 0.9%
(surface) and 1.8% (center). For a meteoroid having a radius
of 40 cm (note the minimum 23 cm radius of Shergotty,
Eugster et al. 2002), on the other hand, the corresponding
numbers are larger: 2.3 to 3.4% (surface to center with L
chondrite composition) versus a quite significant 4.4 to 6.1%
(Shergotty chemical composition).

In a simplified picture, the trend of (2!Ne/22Ne), as a
function of size and depth is largely controlled by the
mineralogical makeup of a given sample. This is because in
the elemental production rates of Leya et al. (2000) two
different types of patterns show up: for production on Na,
(3'Ne/22Ne), decreases with increasing radius and shielding
depth; the same behavior is shown by Al (also with relatively
low (2!Ne/%2Ne),). Since abundances of Na and Al run largely
parallel with feldspar content of a given sample, the effects of
both elements add up. Production on magnesium and silicon,
on the other hand, shows the opposite trend. Iron (decreasing
with radius and depth) and calcium (increasing) have only
minor influence, because production is much lower than on
Na, Mg, Al, and Si.
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More to the point, we have calculated (2'Ne/22Ne), for
the individual chemistry of each of the 13 meteorites from our
complete study, based on the Leya et al. (2000) GCR model
(Table 2). For the chemical composition mostly the mean
values in the compilation of Lodders (1998) are used.
Exceptions are as follows: a) Lafayette: the only value for Na
has been obtained by Boctor et al. (1976) on fusion crust. As
crust may be depleted in Na, for the bulk rock a value of
0.42% (by weight) has been adopted, based on petrologic
investigation and Na,O content of plagioclase (Treiman 2005;
A. H. Treiman, personal communication). b) Sayh al Uhaymir
(SaU) 005 and Dar al Gani 476: data from Dreibus et al.
(2000) and from Zipfel et al. (2000) are used.

The predicted GCR-produced Ne in all but one case
(QUE 94201) shows increasing (3!Ne/?2Ne), ratios with
increasing radius and depth, which can be explained by the
dominance of mafic Mg-, Si-rich minerals (pyroxene,
olivine). In Fig. 5 we have plotted (3'Ne/?2Ne), values
(calculated as described in the chapter ‘“component
resolution”) from our own complete data set (diamonds)
(Table 2) as well as from data for the same meteorites taken
from the literature (compilation of Schultz and Franke 2004;
+ signs). These are compared to the range of possible values
produced by GCR. The range is bounded on the high mass
end by a radius » = 85 c¢m, the maximum in Leya et al. (2000).
On the low mass side, we chose 10 cm for Nakhla, DaG 476,
SaU 005, EETA79001, and Shergotty; we chose 15 cm for
Zagami. These are based on “minimum radii” calculated from
the recovered masses and assuming spherical geometry of 9,
8,9,9,7,and ~11 cm (Table 2). For the other meteoroids, the
calculations include radii down to 5 cm, the minimum in the
Leya et al. (2000) compilation. Also shown is the resulting
restricted range if one follows Eugster et al. (2002) who,
based on the production of neutron capture 8Kr, derived
minimum radii between 22 and 25 cm for Chassigny, Nakhla,
SaU 005, QUE 94201, Zagami, and Shergotty.

For Chassigny, ALH 84001, and the nakhlites there is a
“direct match” in that the observed (?'Ne/??Ne), lies in the
“allowed range” for production by GCR. For these five (out
of thirteen meteorites), experimental values are reasonably
compatible with values expected from GCR irradiation, and
there is no need to invoke a contribution from solar cosmic
rays. The situation is different for the eight shergottites,
where most experimental (2!Ne/22Ne), ratios are lower than
the calculated GCR range. These are discussed in detail
below.

Olivine-Phyric Shergottites DaG 476, EETA79001, and
SaU 005

Most data plot lower than the GCR range, but the latter
two show a wide range with some values even above the
allowed range. Data points at the high end can only be
explained as the result of mineralogical variability and
fortuitous measurements of pieces with unusual composition.
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Fig. 5. Cosmogenic (3'Ne/??Ne), for the thirteen Martian
meteorites shown in Fig. 4 as derived from measured Ne, compared
with the range of possible ratios according to production rates of
Leya et al. (2000) for GCR spallation (cf. Table 7). Open diamonds
are (2'Ne/??Ne), ratios from Schwenzer (2004), while gray crosses
are (>'Ne/?2Ne), ratios calculated from data of various authors as
given in the compilation of Schultz and Franke (2004). For
EETA79001, lith. A data are plotted on the line, lith. C data slightly
below, lith. B data slightly above. Thick solid lines indicate the
theoretical 2'Ne/?2Ne range for the size, which fits most closely to
the calculated minimum radius derived from the recovered mass.
Dotted lines show range of ratios for radii up to 85 cm (see text and
Table 7). Meteorites with an asterisk have a pre-atmospheric radius
of at least 22-25 c¢m according to 8Kr measurements by Eugster
et al. (2002). For these cases the light gray field in the background
shows the range predicted for a radius of 25 cm to the maximum
range by Leya et al. (2000).

For SaU 005, low values may also be explained if GCR
production occurred in a meteoroid with an effective radius of
~5 c¢m, smaller than the “minimum radius” calculated from
the recovered mass assuming spherical shape. This is because
production in a meteoroid of nonspherical shape such as an
ellipsoid can be approximated by production in a sphere with
smaller radius (Kim et al. 2005). However, for DaG 476 and
EETA79001 even this is not sufficient to explain the observed
low (2!Ne/22Ne), ratios.

Lherzolithic Shergottites (LEW 88516 and ALHA 77005) and
Basaltic Shergottites (QUE 94201, Shergotty, Zagami)

For all of these, most measured (2!Ne/22Ne), values are
lower than the GCR minimum predicted values. Varying the
chemistry within the compositional range given in Meyer
(2003) does not change this situation. Also, invoking
nonspherical shape again and considering effective radii
down to 5 cm as for SaU 005, while extending the range to
lower values, still leaves most measured values outside the
GCR range. Evidently neon systematics suggests that
contributions from SCR are required, although for QUE
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Fig. 6. Measured (>'Ne/?2Ne), and calculated (2'Ne/?2Ne)gcr ratios
for mineral separates and bulk samples of Shergotty and Zagami.
Otherwise like Fig. 5. The chemical compositions of the bulk
meteorites have been taken from the compilation of Lodders (1998).
The mineral chemistry for Shergotty maskelynite and pyroxene is
from Stoffler et al. (1986), and that for Zagami is from Stolper and
McSween (1979).

94201 this is not supported by cosmogenic radionuclide data
(see Kring et al. 2003 and discussion therein).

Mineral Separates (Shergotty and Zagami)

Coming back to the mineral separates, the results for
cosmogenic (#'Ne/??Ne), in the Shergotty and Zagami
separates (Fig. 6) support the conclusions based on bulk-
meteorite data. For a comparison with the GCR model
predictions, the mineral chemistry for Shergotty maskelynite
and pyroxene was taken from Stoffler et al. (1986), and that
for the Zagami minerals from Stolper and McSween (1979).
Results for pyroxene again strongly suggest the influence of
solar cosmic rays. No clear evidence is visible in the case of
maskelynite, but this simply may be due to the fact that for
maskelynite (high in Na) the ratio from GCR irradiation is
low already, so it is less sensitive to the addition of another
component (SCR) with low (2!Ne/2?Ne),.

Presence of spallogenic Ne produced by SCR irradiation
requires that the meteoroids suffered only little ablation. Its
detection also implies that the samples that have been
analyzed must have been close (maximum 2-3 cm) (cf.
Hohenberg et al. 1978; Reedy 1992) to the pre-atmospheric
surface. This may not be too surprising for the small ones
(LEW 88516, ALHA77005, QUE 94201), since the
outermost 3 cm of the meteorite make up the meteorite’s main
mass, and, assuming negligible ablation, also the main portion
of the meteoroid. For the larger ones the chance to sample the
outermost 3 cm (of the meteorite) can be estimated as roughly
20—40%, if random sampling is assumed. While this agrees

S. P. Schwenzer et al.

well with the distribution of data points for DaG 476 and SaU
005, for EETA79001, Shergotty, and Zagami more than 70%
of the data points are lower than the calculated range.

Garrison et al. (1995) have discussed several possibilities
for the apparent prevalence of SCR contributions in
shergottites. Short cosmic-ray exposure times may have
helped. This is because space erosion constantly removes
material from the surface and the SCR component within
them. Hence material currently in the outermost few
centimeters received its SCR component later (and only for a
fraction of the total cosmic-ray exposure), but contains GCR-
produced nuclides that accumulated during the full cosmic-
ray exposure time. Another possibility is that SCR fluxes
were higher in the past few million years. The difference in
exposure ages (e.g., Eugster et al. 1997; Nyquist et al. 2001)
between the shergottites and the chassignite/nakhlite group of
meteorites allows for both of these scenarios. However, there
are non-Martian meteorites, which are also small and also
have short exposure ages that do not show evidence for a SCR
contribution, calling these explanations into question
(Garrison et al. 1995; Rao et al. 1994). What may be required
is unusual orbital parameters that may have resulted in slow
entry velocities and very little ablation. Orbits of Martian
meteorites differ from those of meteorites from other sources,
as Mars is a relatively small planet with a comparatively
excentric orbit. According to the models of Gladman
(Gladman et al. 1996; Gladman 1997), a meteoroid remains in
the gravitational field of Mars for only about 103 years and
reaches Earth in a time span between 16,000 and 30 million
years (after which collision with Earth gets highly
improbable). Those special orbits could also have led the
meteoroids closer to the Sun, resulting in higher SCR fluxes
(Garrison et al. 1995). In fact, the low abundances of
cosmogenic 3He in the maskelynites (only 20-25% of those in
the bulk) (Table A2) may be indicative of such orbits leading
to loss of *He due to solar heating. It may also be of interest to
explore the influence of the specific types of ejection
mechanisms required to lift off meteorites from a planetary
rather than an asteroidal body (Artemieva and Ivanov 2004;
Wetherill and Chapman 1988) and whether these ejection
mechanisms may have led to nonspherical shapes with a
higher fraction of near-surface material recording the effects
of SCR.

Argon

The bulk of argon (both 3°Ar and 38Ar) from Zagami
maskelynite is released in the 1200 °C step (Table A3). For
Shergotty maskelynite, where the 1200 °C step was omitted
because the amount of sample was small, main release was at
the next higher temperature, 1535 °C. The composition of
maskelynite in Shergotty and Zagami is about AnsyAbs,
(Meyer 2003). The melting point for such plagioclase is
clearly above 1100 °C (Deer et al. 1992), so the observed
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degassing temperatures clearly reflect the melting of
plagioclase. The melting temperature of pyroxene is higher,
and the fact that main gas release from pyroxene is in T steps
above 1400 °C clearly reflects this. Unfortunately, due to
restrictions concerning the oven system at the time of
measurement, the pyroxene separates of Shergotty and
Zagami were only heated up to 1600 °C. In the case of
EETA79001, there is nominal release of some trapped gas at
1700 °C and at 1780 °C, after a 1650 °C step, which is at
nominal blank level (Table A3). As the compositional range
of pyroxenes in these meteorites is largely the same
(cf. compositional diagrams V-4 [Shergotty], VI-5 [Zagami],
and IX-13 [EETA79001] of Meyer 2003), we cannot exclude
with certainty that, if present, we missed such a type of
trapped gas in the case of Shergotty and Zagami pyroxenes. It
appears unlikely, however, since pyroxenes of the given
compositions melt between 1250 and 1400 °C (Deer et al.
1992). Instead, since olivine is much more abundant in
EETA79001 (lith. A) than in Shergotty and Zagami, the gas
observed in EETA79001 at 1700 °C is more likely to derive
from olivine than from pyroxene. Even more likely, however,
is that the high-T trapped gas in EETA79001 pyroxenes is an
artifact caused by underestimation of the blank. These high
extraction temperatures were only rarely used and are only
slightly lower than the degassing temperature of our Ir system
for N and noble-gas extraction. This interpretation is
supported by the isotopic composition of the Ar, which in
these steps is indistinguishable from that of air. Consequently,
the 1700 °C, 1780 °C, and (blank-level) 1650 °C steps of
EETA79001 pyroxene have not been included in the
calculation of the totals for Ar (Table A3).

In all the mineral separates, 3°Ar and 33Ar are dominated
by the cosmogenic component. Although the chemical
compositions of pyroxene and maskelynite are completely
different, 38Ar, is present in comparable concentrations in
pyroxene and maskelynite. This is as expected from
production rates for 38Ar, (Freundel et al. 1986; Eugster and
Michel 1995), and the relative abundance of K, Fe, and Ca
(the latter approximately the same in both minerals)
(Terribilini et al. 1998). Trapped 3°Ar,, is also rather similar in
pyroxene and maskelynite (Table 3). “Ar, however, is higher
by a factor of 2.3 (Shergotty) and 2.9 (Zagami) in maskelynite
than in pyroxene. This is also the only isotope that does not
show a maximum of degassing at or above the melting
temperature of the respective mineral. Instead the amount of
40Ar is almost the same in all T-steps. “VAr/3%Ar,, is low, in the
low-temperature steps, most probably reflecting air
contamination, and shows a uniform (and high) ratio in the
higher T-steps (Tables A3 and 3). Thus, while the (mostly
cosmogenic) 3°Ar and 38Ar generally occupy positions within
the structures of the mineral phases, 4°Ar may be, at least in
part, located close to the surface. The diverging degassing
patterns reflect the different sources of the isotopes: whereas
the trapped component is incorporated during mineral
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growth, cosmogenic 3Ar, is produced from nuclides in the
structure of the phase. Furthermore, Ar from the atmosphere
is incorporated during shock metamorphism. In fact, in
agreement with our conclusion above, Gilmour et al. (2001)
infer from their study of Nakhla and comparison with
Chassigny and ALH 84001 that the Martian atmospheric
component introduced by shock is located close to grain
surfaces.

In principle, it is also possible to obtain Ar-isochron
ages, which date the rock formation, from Martian meteorites
by plotting the ratio of trapped plus radiogenic #%Ar to
trapped 3°Ar (*0Ar, , 4 *Ar,) versus K/A0Ar,, the ratio of
potassium to trapped 3°Ar (Terribilini et al. 1998). However,
it is unlikely that these agree with ages from undisturbed (by
shock) isotopic systems. Our isochron “ages,” based on the
data points for maskelynite and pyroxene each, are ~130 Myr
for Shergotty and ~150 Myr for Zagami. An age could not be
calculated for EETA79001 (lith. A) because we do not have
data for maskelynite. These ages are lower than the widely
accepted crystallization ages of about 165 Myr for Shergotty
and 207 Myr for Zagami (Nyquist et al. 2001; cf. Meyer
2003), and thus below the range of published ages obtained
by different techniques and from different minerals, which
show a range between 600 and 147 Myr for Shergotty and
180 and 230 Myr for Zagami (Meyer 2003). A possible
shortcoming in our approach is that the data for K had to be
taken from the literature (Table 4) and were not obtained on
the same sample as the noble gases. In addition, shock may
have influenced Ar content and distribution. Nevertheless,
within the respective uncertainties our result for Shergotty is
compatible with the isochron “age” of Terribilini et al. (1998)
of 196 + 40 Myr.

The effect of Ar implantation from the Martian
atmosphere is clearly seen in the three-isotope-diagram '29Xe/
132Xe versus 3°Ar,/132Xe of Fig. 7. Clearly, there is more
shock-implanted Ar in maskelynite than in pyroxene, most
likely because this phase underwent more intense structural
changes during the shock event. In addition, Fig. 7 shows the
effect of the unwanted introduction of noble gases into the
bulk samples during the grinding procedure. As grinding
introduces more Xe than Kr and more Kr than Ar (relative to
the starting composition), bulk samples are shifted to the left
in comparison to pyroxene. While for argon the effect of
grinding the bulk sample is still comparably small, the Kr and
Xe results for bulk are compromised by the sample
preparation more seriously (see below).

Krypton and Xenon

Unfortunately, the effect of introducing fractionated air
by grinding the sample can be seen in our whole-rock data
like in a textbook example (Fig. 7; Tables A4 and AS). This
shows up, e.g., in that the amounts of 8Kr as well as 132Xe in
the whole-rock samples are much higher than expected from
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Table 3. Trapped and cosmogenic Ar components. Calculated using (38Ar/3°Ar),, = 0.2439 + 0.0119 for the Martian

trapped component (Wiens et al. 1986) and (*3Ar/*%Ar),
102 cc STP/g.

= 1.50 = 0.06 (see text). Concentrations are given in

Temperature
Sample (°0) AT, 3BAT, (*OAr/3Ar),,
Shergotty pyroxene (123.12 mg) 800 0.353 +0.029 0.049 £ 0.006 2021 + 158
1200 0.212+0.024 0.287+0.014 1810 +200
1500 0.243+0.104 2.577+0.112 2054 + 883
1700 0.040 + 0.007 0.074 +0.008 651+ 107
Sum 0.848 £ 0.111 2.986 +0.114 1914 + 250
Shergotty maskelynite (39 mg) 988 0.589 £+ 0.065 0.699 +0.036 3160 =335
1535 0.500+0.101 2.116 £0.092 3738 + 756
Sum 1.169 + 0.052 2.811+£0.101 3215+ 194
Zagami pyroxene (46.9 mg) 800 0.146 = 0.020 0.068 = 0.009 4013 +£ 521
1200 0.122 +0.043 0.790 + 0.064 2322 + 816
1550 0.072 +£0.075 1.920 +0.083 1509 + 1588
Sum 0.339 +0.089 2.779 £ 0.105 2875+ 507
Zagami maskelynite (14 mg) 800 0.080 + 0.024 0.156 £ 0.037 6106 = 1593
1200 0.239+0.107 1.662 +0.162 6490 + 2893
1600 0.162 +£0.076 0.921+0.136 5076 +2334
Sum 0.481+0.134 2.739+0.214 5950 + 1630
EETA79001 pyroxene (94.3 mg) 800 0.131+£0.015 0.057 +0.006 1847 £ 217
1000 - 0.087+£0.019 —
1400 - 0.389 £ 0.060 -
Sum 0.131+0.011 0.533 +£0.063 4012 £ 4762

aIncludes “°Ar released at 1000 °C and 1400 °C (cf. Table 3).

the weighted averages of pyroxene and maskelynite. The
isotopic signature especially of xenon, showing lower 'Xe/
132Xe in the whole rock than in all separates, proves the
additional component to be air. Therefore the whole-rock data
are not further discussed.

Looking at the degassing patterns of Kr and Xe from the
mineral separates, the contribution from terrestrial
atmosphere can be discerned in the first temperature step
(e.g., by the low 129Xe/132Xe) (Tables A3 and A4). The main
amount of Martian Kr and Xe is released in T-steps 21200 °C
and therefore is related to the melting temperature of the
phases. Amounts of 8Kr and '32Xe are higher in Shergotty
maskelynite than in Shergotty pyroxene. Differences in Kr
isotopic composition are due to the higher abundance of
cosmogenic Kr in maskelynite, due to the distribution of the
trace target elements Sr, Y, and Zr. The situation is similar in
Xe, where spallogenic contributions in the light isotopes are
more clearly visible in maskelynite than in pyroxene.

As for Ar, the implanted Martian atmosphere can be
detected by its isotopic signature, i.e., by the high 129Xe/!132Xe
ratios (Fig. 8). As 129Xe (in contrast to 40Ar) is only from two
sources (Martian interior and atmosphere), it is
straightforward to determine the amount of implanted '>°Xe.
For EETA79001 pyroxene as well as Shergotty pyroxene and
maskelynite, the degassing patterns (Fig. 1) show elevated
129X e/132X e in the high-T steps. For Zagami the picture is not
that clear; only maskelynite shows a high a 129Xe/!32Xe ratio

>1.4, but 12Xe/!32Xe in pyroxene does not exceed 1.2. The
amounts of '2°Xe” calculated as excess over 129Xe/!132Xe =
1.03 (Martian interior; Ott 1988) are shown in Table 4. In
summary, for the heavy noble gases the study on mineral
separates shows the maskelynite to contain abundant Martian
atmospheric gas, but some implanted atmosphere can also be
found in pyroxene.

Martian Interior Argon

Interestingly, our mineral separate data, particularly for
Shergotty pyroxene, allow us to arrive at some tentative
conclusions regarding the 40Ar/3°Ar ratio of the “Martian
interior” component. The data, if correct, have strong
implications on the nature of the Martian mantle. The
Chassigny meteorite has the highest relative abundance of
interior versus the atmospheric component, so it would
appear to be the best choice for obtaining this information. In
practice, however, Chassigny is difficult because the large
radiogenic contribution (due to its 1.3 Gyr crystallization
age) totally dominates the 4“°Ar budget (Ott 1988).
Nevertheless, stepwise-heating data on Chassigny as well as
on ALH 84001 have been interpreted as indicating for the
Martian interior component a “°Ar/3°Ar ratio significantly
lower than that in the Martian atmosphere (Mathew and
Marti 2001). The pyroxenes of our study provide us with a
different and independent approach: constraining the “°Ar/
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Table 4b. Decomposition of measured *°Ar,,., into radiogenic *°Ar,,4 (Table 9a), Martian atmospheric (MA), and Martian
interior (MI = rest), and inferred “°Ar/3°Ar for Martian interior component.

Mineral 40Armeas 40Arrad 129X e* 40ArMA 40ArMI (40Ar/36Ar)Ml

Shergotty maskelynite 3.73 1.38 1.26 1.30 - -
(0.14) (0.44-2.30) (0.42) (0.43)

Shergotty pyroxene 1.60 0.13 0.48 0.49 1.00 1735
(0.04) (0.11) (0.12) 0.12) (444)

Zagami maskelynite 2.86 2.12 0.65 0.67 - -
(0.13) (0.69-3.54) (0.55) (0.56)

Zagami pyroxene 0.98 0.083 0.11 0.11 0.78 2822
(0.04) (0.03-0.13) (0.09) (0.09) (0.10) (844)

EETA79001 pyroxene 0.52 0.014 0.29 0.30 0.21 -
(0.02) (0.007-0.021)  (0.10) (0.10) (0.11)

Calculations have been performed using the “mean” radiogenic “°Ar abundance; the range corresponding to various reported K abundances is given in
parentheses (cf. Table 9a). Implanted Martian atmospheric *°Ary, is inferred from '29Xe*, where 129Xe” is the excess '29Xe over the 129Xe/!32ratio = 1.03
in Chassigny (Ott 1988). An error of 0.02 has been assigned to this baseline ratio. The 4°Ar/'29Xe" of the implanted Martian atmosphere = 1.03 x 10° has
been taken from Bogard et al. (2001). Also shown is the inferred “°Ar/30Ar ratio of the Martian interior component (MI); a ratio “°Ar/3*Ar = 1800 for the
Martian atmospheric component (Bogard et al. 2001) has been used for this calculation. Ar is given in units of 107 cc STP/g, Xe in 107!2 cc STP/g.

Table 4a. Estimation of radiogenic contributions to “°Ar of mineral separates.

K
Mineral 40Armeas (Wt%) 40Arrad 40Arrad (mean)
Shergotty maskelynite 3.73 0.137 (0.066, 0.299)? 0.92 (0.44,2.01) 1.38
0.344° 2.30
0.10-0.21¢ 0.67-1.39
0.087-0.099¢
Shergotty pyroxene 1.60 0.02b 0.13 0.13
Zagami maskelynite 2.86 0.12¢ 0.87 2.12
0.49f 3.54
0.0958 0.69
Zagami pyroxene 0.97 0.005-0.01" 0.035-0.090 0.08
0.0166-0.018¢ 0.12-0.13
EETA79001 pyroxene 0.70 0.001-0.002! 0.0071-0.021 0.014

aStoffler et al. (1986): average of all given analyses (min, max); YTerribilini et al. (1998); °Smith and Hervig (1979); 9Hale et al. (1999); ¢Stolper and McSween
(1979); Bogard and Garrison (1999); &Shih et al. 1982; "Treiman and Sutton (1991): range of all given analyses; ‘Steele and Smith (1982): range of all given

analyses.

Estimates of radiogenic *°Ar are given in units of 10~ cc STP/g. They are based on various K contents as reported in the literature and radiometric ages taken
the compilation by Nyquist et al. (2001): 165 + 4 Myr (Shergotty), 177 + 3 Myr (Zagami), and 173 = 3 Myr (EETA79001). No loss of radiogenic Ar during
the shock is assumed. Minimum and maximum values are shown in italics. The last column is the mean of maximum and minimum. They are compared to

measured “0Ar (column 2).

36Ar ratio of the Martian interior component from mass
balance considerations. Our pyroxenes have both low K and,
being from shergottites, young ages so that precise
knowledge about the radiogenic component is fairly
uncritical.

Detailed results of our calculations, both for the
pyroxenes and the maskelynite samples, are summarized in
Tables 4a and 4b. Measured *0Ar is assumed to be the sum of
the radiogenic component (*0Ar,,4) from “°K decay, 40Ary
from the Martian atmosphere, and 4°Ary; from the Martian
interior (with the tiny cosmogenic contribution being
neglected).

40

40 40 40
Ar = TAr t Ay, + Ay

meas

(M

while trapped 3°Ar (i.e., measured 3Ar after subtraction of the
cosmogenic fraction; listed in Table 3) is assumed to have
contributions from Mars’s atmosphere and interior:

36

36 36
Ar,. = Ay, T Ary

ir @

The contributions to Ar from the Martian atmospheric
component listed in Table 4b are based on the observed '2Xe*
that is a characteristic of the Martian atmospheric component
(['®¥Xe/132Xe]pa = 2.6; Bogard et al. 2001). They have been

calculated as an excess over 129Xe/132Xe = 1.03 + 0.02, the
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signature of the Martian interior component found in
Chassigny (Ott 1988). Martian atmospheric “°Ary;, and
36Arya were derived using “°Ary,/'2°Xe” = 1.032 x 10° and
(*OAr/3Ar)\a = 1800 (Bogard et al. 2001). That shock in all
likelihood has introduced Martian atmosphere without
fractionating the Ar/Xe ratio has been demonstrated in
experiments by Bogard et al. (1986) and Wiens and Pepin
(1988). No errors have been assigned to these model values;
the sensitivity to the assumptions has been checked by
performing them with a different set of ratios (see below).

Uncertainties are introduced into the calculation of
radiogenic *°Ar due to the fact that there are no “same
sample” K analyses and K concentrations reported in the
literature (listed in Table 4a) are quite variable. For the
pyroxenes, in particular, K is low and for our separates may
be even lower than those listed. This is because in many
reported analyses K was below detection limit, and actually
reported numbers may represent only the most K-rich cases.
Fortunately, radiogenic “°Ar still accounts for at most 13% of
measured 0Ar in Zagami pyroxene, distinctly less than that
(~8%) for Shergotty pyroxene, and not more than 4% in the
case of EETA79001. Gas retention ages of 165, 177, and
173 Myr were assumed for Shergotty, Zagami, and
EETA79001 respectively in this calculation, together with no
loss of radiogenic Ar during the shock event(s) that launched
the shergottites from Mars. For the mass balance calculations
in Table 4b, the mean value (without error) of the total range
has been used.

Not surprisingly, the results for maskelynites and
pyroxenes are quite different. For the maskelynite separates,
the sum of radiogenic + trapped Martian atmospheric 40Ar
easily matches the measured abundances. For the pyroxenes,
amounts not accounted for by these two components are ~10.0
x 1077, 7.8 x 1077, and 2.1 x 1077 cc STP/g for Shergotty,
Zagami, and EETA79001, respectively. If we assume a ~50%
higher ratio “°Ary;,/'2°Xe”, such as the ratio 1.4 x 10° inferred
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for EETA79001 glass by Becker and Pepin (1984a), amounts
inferred for the interior component are slightly lower (8.2 x
1077, 7.8 x 1077, and 1.0 x 1077 cc STP/g, respectively).
36Arya/12°Xe" is virtually identical in the atmospheric sets of
Bogard et al. (2001) and Becker and Pepin (1984a), so the
higher “°Ary,/!12°Xe" in the latter directly corresponds to their
higher inferred (**Ar/3°Ar)ya of ~2400 instead of ~1800. A
possible explanation for at least part of the difference is that
Becker and Pepin (1984a) arrived at their estimate by
subtracting from the gases measured in their EETA79001
glass sample those measured in a lithology A sample, without
taking into account the higher K and hence radiogenic Ar
content of the glass. In any case, using the extreme value of
Becker and Pepin leads to a higher contribution to “°Ar from
Mars atmosphere and an accordingly reduced contribution
from the interior. With essentially no effect on 3°Ar, this
difference then also directly translates into the inferred “°Ar/
36Ar ratio for the interior component. For our best case
(analytically), Shergotty pyroxene, our data yield values of
1735 + 444 (Table 4b) using Bogard et al. (2001) versus 1429
+ 456 using Becker and Pepin (1984a).

As discussed earlier, the radiogenic contribution to 40Ar
in Shergotty pyroxene is 8% at most, so the uncertainty
introduced by this is much smaller than the difference
between using the two estimates for the Martian atmosphere.
In fact, in our calculations the main uncertainties in the
Shergotty pyroxene (*°Ar/3%Ar)y ratio are introduced about
equally from both the error in the 3°Ar,. (MA +MI) abundance
due to the uncertainty assigned to the endmember
compositions in correcting for cosmogenic Ar (cf. Table 3)
and the analytical error in excess '2°Xe that is used as a proxy
for the atmospheric contribution (Table 4b). Barring the
presence of additional components not taken into account, it
seems safe to conclude that Martian interior Ar in Shergotty
pyroxene has a high 40Ar/3%Ar ratio of ~2000, similar to that
in the atmosphere. Of course, in a qualitative way, this also
follows directly from considering that a) measured ratios
40Ar/30Ar,, (Table 3) are similar to 4°Ar/?°Ar in the Martian
atmosphere, b) radiogenic contributions are small, and
c) contributions from the interior component are of similar
size as those from the atmospheric component (Fig. 7). The
Shergotty pyroxene result is confirmed, although with less
precision, by our Zagami pyroxene data (Table 4b). No
conclusions can be drawn from the data for EETA79001
pyroxene because abundances are so low that the remaining
Ar (both 3%Ar and “0Ar) (Tables A3, 3, and 4b) that can be
attributed to the interior source is dwarfed by the analytical
errors.

The value (**Ar/3°Ar) derived here is clearly different
from values for Ar in Mars interior derived by others so far.
Bogard and Garrison (1999) conclude from shergottite
analyses that the ratio for the Martian mantle component “is
probably <500 but is poorly constrained.” For the EETV
component in EETA79001, which may be related to the
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Martian interior, Wiens (1988) reports a possible range of 430
to 680. Low 0Ar/3°Ar ratios were also measured by Mathew
and Marti (2001) in both Chassigny (212 + 12) and in ALH
84001 (128 + 6) in the gas released at the highest extraction
temperature of 1600° C and were attributed to Martian
interior argon.

However, there are potential problems associated with all
of these results. As for the shergottites, Bogard and Garrison
(1999) estimate an approximate upper limit of ~330 from
intermediate temperature steps for ALHA77005 and ~300
from Shergotty, but themselves recognize that the situation is
somewhat problematic and air contamination cannot be
completely ruled out. On the other hand, the low ratios for
Chassigny and ALH 84001 were measured on small amounts
of gas released at the highest extraction temperature. The same
is true for the only one of our analyses listed in Table 3 (the
1700 °C step of Shergotty pyroxene, which does not
contribute significantly to the total) showing a low 40Ar/3%Ar,,
ratio. We consider an underestimated blank the most likely
explanation. The mass balance approach, finally, could be
compromised in two ways: first, if the pyroxenes were not
completely degassed at the time of their formation ~170 Myr
ago, but inherited some radiogenic Ar, and and second, if
additional components not considered in our mass balance
calculations were present. As for incomplete degassing,
Bogard and Garrison (1999) discuss the possibility that
inherited radiogenic Ar is present in Zagami feldspar leading
to a somewhat (~15%) enhanced apparent Ar-Ar age of
209 Myr. Presence of significant amounts of inherited
radiogenic Ar in our pyroxenes appears unlikely, however. For
one, the similarity of the interior with the atmospheric isotopic
ratio, while possible, would be a remarkable coincidence.
Note further that for our Shergotty and Zagami pyroxenes the
interior component as listed in Table 4b dominates the “°Ar
inventory and an ~15% higher radiogenic contribution would
be negligible. Even an addition to pyroxene of 15% of the
radiogenic “°Ar concentration measured in maskelynite,
difficult because of mass balance considerations alone
already, would not bring down our inferred (*°Ar/3°Ar),; into
the range below ~1000. As for additional components, the fact
that the pyroxene data do not plot on the Chassigny-Mars
atmosphere mixing line in Fig. 7 may be taken as evidence for
this. Alternatively, this could be due to incomplete degassing
of Xe from our pyroxenes. However, there is no evidence for
this; an upper limit to the amount of 32Xe released at the
1700 °C step not listed in detail in Table A is 0.23
x 10712 ¢c¢ STP/g (~6% of the total given) (Schwenzer 2004).
Even so, if we correct for such an effect by moving the data
points in Fig. 7 upward and/or to the left so that they fall on the
mixing line—corresponding to increasing the ratio of Martian
atmospheric 12°Xe* to trapped 3°Ar—(*0Ar/3%Ar)y; ratios
calculated in our approach are still high. If an extra component
is present in Ar (and Kr) (Fig. 8), our conclusion that “°Ar/3¢Ar
is high applies to the sum of Martian interior Ar and that of the
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putative extra component. On the other hand, without further
understanding of the trapping process, there is no obvious
reason why the elemental composition of the interior
component in Shergotty pyroxenes should be exactly equal to
that in Chassigny (olivine). In support of this, data points for
pyroxenes and maskelynites fall on mixing lines in Figs. 7
and 8, joining Martian atmosphere with a composition 36Ar/
132Xe ~180, 84Kr/132Xe ~6. The presence of important
additional gas carriers besides pyroxene and maskelynite that
may shift the meteorites’ totals to the MA-Chassigny mixing
line is further indicated by the fact that they account for no
more than 20-30% of 129Xe”*, but most (~93% for Shergotty
and 66% for Zagami) of the meteorites” 40Ar.

Taking all data (literature as well as ours) at face value,
the observed/inferred differences in (**Ar/3®Ar)y point to the
possibility of variability (as function of locality and/or time)
in the Ar inventory of the mantle source(s) from which the
different petrologic groups of Martian meteorites acquired
their “interior” noble gas component. In a way, this would be
similar to the case of Xe, where in Chassigny two different
“interior components,” Chass-S and Chass-E, have been
identified (Mathew and Marti 2001). If confirmed, this will
put new and interesting constraints on the geological
development of planet Mars.

SUMMARY

1. We obtained cosmic-ray exposure ages for Shergotty
(2.48 Myr), Zagami (2.73 Myr), and EETA79001 (lith.

A) (0.65 Myr).

2. K-Ar ages cannot be calculated due to gain,
redistribution, and loss of Ar caused by shock
metamorphism.

3. Shock metamorphism caused significant loss of

radiogenic “He: ~70% for Shergotty, ~47% for Zagami,
and ~56% for EETA79001 (lith. A).
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4. The Ar degassing patterns suggest the implanted “0Ar
tends to degas before the melting temperature of the
phase, whereas 3°Ar and 33Ar, which are primarily
located in the mineral structure, tend to degas at higher
temperatures. In contrast to “He, which has been lost due
to shock effects and where the extent of loss can be
related to the degree of shock metamorphism, 4°Ar from
the Martian atmosphere is implanted by the same process
(shock) that caused loss of radiogenic “°Ar.

5. For neon, in addition to the results for the mineral
separates of this study, we discuss bulk meteorite data
from 13 Martian meteorites of all subgroups. Data on
production rates for galactic cosmic ray exposure (Leya
et al. 2000) provide us with a tool to eliminate variation
of the cosmogenic (2!Ne/?2Ne), ratio due to chemistry
and thus to identify contributions from solar cosmic rays.
The mineral separate results confirm the results based on
bulk data: there is no evidence for solar cosmic-ray
effects in case of Chassigny, ALH 84001, and the
nakhlites, whereas it is required for all of the shergottites.

6. Maskelynite shows the highest abundance and contains a
major fraction of the Martian atmospheric gas, but
Martian gas both from the atmosphere and from the
interior is also found in pyroxene.

7. By subtracting from measured Ar radiogenic
contributions (minor in the case of the pyroxenes) as well
as implanted Martian atmosphere (derived via the
characteristic excess 29Xe), we derive an estimate for

the Martian interior (**Ar/°Ar)y; ratio in the
shergottites. Barring the presence of additional
components, the ratio is ~2000, similar to the

composition of the atmospheric component, which is in
stark contrast to estimates for Chassigny and ALH
84001. This may reflect the temporal development of the
Martian interior, but may also point to an
inhomogeneous Martian interior with different volatile
reservoirs sampled by the different groups of Martian
meteorites.
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