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Abstract

We report noble gas and nitrogen analyses of newly discovered SNC meteorites, one nakhlite (NWAS817) and four
shergottites (NWA480, NWAS856, NWA1068, and SaU 005). The K-Ar age (1.3 Ga) as well as the cosmic-ray
exposure (CRE) age (10.0+ 1.3 Ma) of nakhlite NWAS817 agree with data of Nakhla. The CRE ages of NWA480,
NWAS856, and NWA1068 (2.35+£0.20, 2.60£0.21 and 2.01+0.65 Ma, respectively) are consistent, within
uncertainties, with other basaltic shergottites, but the CRE age of SaU 005 (1.25%0.07 Ma) is distinct and indicates
a different ejection event. Bulk K—-Ar ages of all shergottites exceed the reported radiometric ages and reveal the
presence of inherited radiogenic “°Ar in basaltic lavas. The isotopic composition of nitrogen trapped in these SNC
meteorites is not homogeneous, since 8'°N values of either +15 to 20%0 or +45%o, indicate different nitrogen
reservoirs. All shergottites contain fission xenon from *#U, and fission Xe of extinct (7}, = 82 Ma) **Pu, previously
identified in ALH84001, in Chassigny and in Nakhla is also present in at least one shergottite (NWAS856). The
shergottites contain less fissiogenic Xe than other SNC, suggesting that either their source was more degassed or that
the magma source region closed at a later time. In nakhlites, fission xenon from 2**Pu correlates with uranium, a
geochemical proxy of plutonium. Thus it is possible that fissiogenic Xe was not inherited during magma
differentiation, but rather was produced in situ and retained in refractory mineral assemblages. In this interpretation,
the magma evolution that settled the mineralogy and geochemistry of nakhlites took place at a time when 2**Pu was
alive and pre-dated the (late) events recorded in their radiometric ages. Alternatively, fissiogenic xenon was trapped
from a mantle source during closed system evolution of the parent magmas, in which case such evolution might have
taken place at considerable depth (pressure) in order to inhibit magma degassing during the course of differentiation.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Chronologies based on extinct radionuclides in
Martian meteorites established that Mars was ac-
creted on time scales of several Ma [1,2]. Con-
straints on the early evolution of Martian vola-
tiles were obtained from the interior reservoirs
(light N and solar ‘Chass-S’ Xe components)
sampled by the Martian meteorite Chassigny
[3,4] and from signatures of an evolved (as-
similated fission gas and radiogenic '®Xe;) Xe
component in ALH84001 [4,5] and in Nakhla
[6-9]. Marty and Marti [10] argued that the pres-
ence of fission Xe from **Pu in Mars is evidence
that (i) fission Xe in the Martian mantle was
not lost, demonstrating different geodynamic re-
gimes between the planets Earth and Mars, and
(i) this extinct radionuclide signature survived
the resetting events recorded in *K—*°Ar, 8’Rb—
89r and 'Y7Sm-'¥*Nd ages of Chassigny and
nakhlites.

The ratios '*Xe/!*?Xe > 2 observed in the 700
1000°C fractions of Nakhla were identified to rep-
resent a rather recent atmospheric component ex-
hibiting the signature of mass-fractionated Xe [6].
Further, 1%Xe,,q excesses relative to Chass-S xe-
non are observed in nakhlites and also in shergot-
tites [3,6-9,11-13]. The Xe signatures observed
in ALH84001 were interpreted to represent an
ancient atmospheric signature that prevailed
~3.95 Ga ago [4,5]. Identifications of paleoatmo-
spheric components are essential for an assess-
ment of changes brought about by the period of
heavy bombardment which was implicated to be
responsible for the warming and melting of sub-
surface ice and the creation of valley network on
Mars [14].

Nyquist et al. [15] reviewed the chronology of
16 Martian meteorites (11 shergottites, subdivided
into eight basaltic and three lherzolitic, three
nakhlites, Chassigny, and the ALH84001 ortho-
pyroxenite). These authors subdivided the sher-
gottites based on their crystallization ages of
~ 175 and 330-475 Ma. The nakhlites and Chas-
signy have distinct crystallization ages of ~ 1.3
Ga, while ALH84001 crystallized ~4.5 Ga ago,
but has a metamorphic age of ~3.9 Ga. The
Martian meteorites have also been grouped on

the basis of their ejection ages [16], and these
data for the shergottites currently require four
events, while a single ejection event is indicated
for the nakhlites. The number of distinct ejec-
tion events indicated by the cosmic-ray exposure
(CRE) ages of SNC meteorites conflict with
those based on radiochronology (see Nyquist et
al. [15)).

2. Experimental procedures
2.1. Sample description

2.1.1. Nakhlite NWAS817

North West Africa 817 is an unbrecciated, ol-
ivine-bearing clinopyroxenite with a cumulate tex-
ture [17]. The mesostasis consists of feldspars with
trace amounts of sulfides, Ti-magnetite and acic-
ular pyroxene. Alteration products similar to
those described in other nakhlites are observed,
which, however, have lower Al and higher Fe
content.

2.1.2. Shergottite NWA480

North West Africa 480 is an Al-poor ferroan
basaltic shergottite that resembles Zagami and
Shergotty [18]. The compositional trend of pyrox-
enes may indicate that NWA480 formed from a
melt with a low nuclei density at a slow cooling
rate as proposed for QUE94201 [19].

2.1.3. Shergottite NWASS56

This basaltic shergottite (320 g) has an REE
pattern similar to Shergotty and Zagami [20]. Mi-
nor minerals identified are merrilite, apatite, pyr-
rhotite, chromite, Fe-Ti oxides, stishovite and
baddeleyite.

2.1.4. Shergottite NWAI1068

North West Africa 1068 is a new picritic sher-
gottite (577 g) [21] with REE similar to those of
Shergotty, Zagami, and Los Angeles. Trace ele-
ment abundances demonstrate that it is not paired
with any other hot desert finds and may derive
from a basaltic shergottite which has accumulated
and partly digested fragments of olivine-rich li-
thology.
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2.1.5. Shergottite SaU 005 (Sayh al Uhaymir 005)

SaU 005 is basaltic, with affinity to lherzolitic
shergottite. Dreibus et al. [22] reported bulk com-
position of this meteorite and Pétsch et al. [23]
reported a noble gas-based exposure age of 1.5
Ma and a K-Ar age of ~1 Ga.

2.2. Mass spectrometry

Small chips (~ 10 mg) of the meteorites were
taken and analyzed at CRPG, Nancy, for the
light noble gases He, Ne and Ar, as well as
132Xe abundances and '?Xe/'3?Xe ratios. The
CRPG data also served as pilot samples for the
stepwise release studies of N, Ar, and Xe in larger
(100-300 mg) samples at UCSD. In all cases in-
terior chips were used for the analyses.

Sample fragments were ultrasonically cleaned in
analytical-grade acetone and loaded in a sample
chamber where they were baked overnight at a
temperature of 100°C. They were left under vac-
uum for 3 weeks before analysis, to allow further
degassing of terrestrial contamination. Samples
were heated using a defocused CO; laser in one
(~1600°C) or two (~700°C and 1600°C) tem-

Table 1

perature steps and were analyzed by static mass
spectrometry using previously described proce-
dures [24]. During this study, blanks at CRPG
were 2.0+0.7 X107!19 ¢m3® STP for “He, 6.0*
1.5x10712 cm?® STP for *Ne, 2.0+£0.2x 1012
cm® STP for *Ar, and 1.3£0.8x107!* cm? STP
for 32Xe.

The nakhlite NWAS817, shergottites NWAS856,
NWAT1068 (two chips), and SaU 005 were loaded
into the gas extraction system at UCSD without
wrapping. Shergottite NWA480 was wrapped in
pre-degassed Au foil since many small chips were
used for analysis. The meteorites were step-heated
up to 1000°C in a double-walled quartz system
and then transferred in vacuo into a Mo crucible,
for step-heating by radio frequency to the melting
temperatures. Details of the analysis procedure
were described previously [6,25]. A low-tempera-
ture combustion (in 3 Torr O,) was carried out
to remove terrestrial contamination. Extraction
blanks for N were 0.1-0.4 ng for the =1400°C
steps and were of atmospheric composition
(8N=0%£3%0), while typical blanks for 6Ar
and 3?Xe (also of atmospheric composition)
were 1-3x10712 cm’3STP/g and 1-2x10714

He and Ne abundances and isotopic ratios in NWAS817, NWAS856, NWA480, NWA1068, and SaU 005

Temp. 3He 3He/*He 0Ne Ne/Ne  2!Ne/?’Ne  CRE age (Ma)
(°C) ‘He 2INe BAr BN Tuy
Nakhlite NWA817, 9.3 mg
700 1442 0.0142(1) 60 0.987(20) 0.824(44)
1600 44 0.0159(7) 156 0.977(14) 0.824(29)
Total 1486 0.0142(3) 216 0.994(25) 0.824(53) 8.69 9.28 11.7 103 9.99%1.32
Shergottite NWA480, 17.7 mg
700 396 0.1199(32) 36 1.421(27) 0.749(58)
1600 52 0.0479(86) 53 1.460(25) 0.769(51)
Total 401 0.1176(39) 89 1.465(36) 0.761(77) 2.36 2.53 207 242 235+0.20
Shergottite NWAS856, 9.9 mg
700 384 0.0254(4) 46 1.436(39) 0.699(35)
1600 2 0.0227(30) 45 1.555(41) 0.719(36)
Total 386 0.0254(6) 91 1.514(57) 0.708(50) 2.34 2.86 258 2,60 2.60%0.21
Shergottite NWA1068, 7.7 mg
700 381 0.113(12) 62 4.102(44) 0.579(8)
1600 51 0.169(25) 50 1.205(11)  0.970(13)
Total 432 0.118(15) 112 2.41 1.14 1.89  2.60 2.01%+0.65
Shergottite SaU 005
1.20 1.30  1.25+0.07

The CRE ages based on *He, 2!Ne, 3¥Arc, and '’N¢ (and their averages) are listed.
The data are corrected for blanks and mass discrimination. The 3He and *’Ne abundances are in units 107'° cm3STP/g.



30 K.J. Mathew et al.| Earth and Planetary Science Letters 214 (2003) 2742

Table 2

Measured *°Ar concentrations and Ar isotopic ratios (95% confidence limits)

Sample Temp.  PAr YOAr/30Ar BAr/BAr BArc 32Xe  1PXe/'?Xe FAr/'PXe HKr/'7Xe
(°C)

Nakhlite 150 0.25 290£20 5.3+0.12 0.10 0.98 246 4.6

NWAS17 250 6.20 287+10 5.3£0.06 311 0.98 199 4.2

131 mg 350 9.28 6644 4.58+0.03 0.31 593 1.04 153 3.9
450 9.20 7355 3.75%0.03 0.82 2.04 1.04 425 4.5
550 2.47 51208 1.90£0.02 0.95 0.74 1.04 251 6.0
700 9.11 12850+ 18 1.28+£0.02 6.15 1.59 1.08 321 6.0
800 12.50 36758 2.13+0.010 4.00 3.04  1.12 325 6.0
1000 14.30 19655 2.02+0.008 5.00 21.50 1.17 51 5
1200 81.00 7553 0.82+0.006  95.17 18.60 1.27 103 42
1400 67.10 20.1+2 0.70+0.006  94.84 202 1.64 270 42
1600 1.24 2919 5.20%0.15 0.50 1.08 247 4.2
Total 213 1064 0.958 207.2 59.2 1.18 132 4.6

9.3 mg 700 123 1813+126 2.95+0.008 314 1.13
1600 99 15115 0.61+£0.002 30.3 1.26
Total 222 1084 1.085 187.7 61.7 1.19

Shergottite 250 0.10 292+12 5.30%+0.15 0.13 098 748 42

NWA480 500 2.10 300+8 5.29+£0.08 1.27 098 166 4.1

186.8 mg 450C 0.17 290 £20 5.1£0.3 2.19 098 8 4.0
700 6.07 550+2 4.20+0.04 0.34 290 0.98 202 4.5
900 7.60 1050+4 1.46+0.01 4.30 220 1.08 218 4.3
1000 2.65 720+3 1.08 £0.009 2.23 0.73  1.10 165 4.8
1200 9.72 558+2 0.75+0.006 12.69 097 1.20 152 4.5
1400 6.78 3282 1.40+0.011 4.06 256 1.25 162 4.3
1600 1.15 300+ 10 5.25%0.11 0.87 1.06 132 42
Total 36.3 596 1.34 23.6 13.8 1.07 158 4.0

17.7 mg 700 11 746 +44 2.43+0.012 5.8 1.04
1600 25 653+19 1.02+0.003 4.5 1.22
Total 36 707 1.24 24.6 10.3 1.12

Shergottite 150 0.43 30011 5.30%£0.12 0.22  0.98 194 4

NWAS856 350 0.99 2968 5.28+0.10 042 098 237 3.7

84.1 mg 500 2.57 680 +4 3.50+0.04 0.28 1.80  0.98 132 3.6
450C 0.15 290 +22 5.30£0.15 0.10  0.98 147 3.5
1000 13.80 16309 1.32+0.02 8.97 4.0 1.05 200 4.0
1600 37.80 4015 1.70+£0.02 17.22 21.30  1.07 125 4.2
Total 55.3 716 1.65 26.5 27.6 1.06 139 4.1

9.9 mg 700 12 1339+113 2.33+0.011 48.9 1.02
1600 29 854 +35 1.07+£0.003 6.6 1.16
Total 41 1002 1.279 27.7 55.5 1.04

Shergottite 150 0.14 293+23 5.25%0.15 0.12 098 114 4.0

NWA1068 500 2.44 345+ 15 5.24+0.11 3.02 098 81 4.6

287.1 mg 450C 0.06 300+ 30 5.3%0.2 0.05 1.0 125 8.0
800 12.70 1840+ 11 2.06+0.01 4.29 3.14  1.02 315 49
1000 13.50 1376+ 12 1.27£0.01 9.20 216  1.12 347 4.0
1200 9.92 246+2 0.96+0.01 9.65 193 1.24 189 4.2
1600 6.53 264+2 2.80+0.02 1.25 3.65 1.22 157 4.0
Total 45.3 1038 1.51 24.4 14.1 1.11 209 4.4

7.7mg 900 46 3355 3.937+0.06 - - - -
1600 45 951+15 1.701 £0.029 - - - -
Total 91 638 2.387 23.2 - - - -
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Sample Temp. BAr YOAr/30Ar 36 AT/ Ar BArc 132Xe  129Xe/32Xe 30Ar/2Xe  Kr/'2Xe
°C)
Shergottite 150 0.54 296+ 11 5.27%0.15 0.51  0.99 105 5.2
SaU 005 500 1.07 30010 5.3%0.11 1.02  0.98 105 5
207.6 mg 450C 0.17 290+22 52402 0.08 0.99 216 6.5
800 7.77 438+2 3.75+£0.02 0.72 1.90 098 403 6
1000 5.22 920+3 2.07£0.01 1.75 1.26 1.03 324 4.8
1400 11.30 2552 1.20£0.01 8.28 3.89 1.25 151 4
1600 3.21 221%3 1.60£0.03 1.60 1.81 1.05 120 3.6
Total 29.3 423.6 1.78 12.4 10.5 1.05 201 4.3

The data are corrected for blanks and mass discrimination. The ®Ar and ¥ Arc abundances are in units 1070 cm?STP/g and the
132Xe abundances are in 10712 cm3STP/g. C denotes a combustion step in O.

cm®STP/g, respectively. The propagated uncer-
tainties in the isotopic ratios include statistical
errors, and uncertainties in the discrimination cor-
rection and in blank corrections.

Measured abundances of He and Ne are listed
in Table 1, and those of Ar, N, and Xe in Tables
2, 3, and 4, respectively. Since four of the mete-
orites were measured at CRPG and at UCSD for
both Ar and Xe, we have an opportunity for in-
ter-laboratory calibrations. The agreement be-
tween the data sets is very good, considering the
small sample size (= 10 mg) used at CRPG. “°Ar
abundances agree within <11% and the '3?Xe
abundances agree within <17%, except for the
32Xe abundance in NWAS856 measured at
CRPG, which was about twice as much. How-
ever, 88% of ¥?Xe in this crushed sample is re-
leased in the 700°C step and indicates a large at-
mospheric contamination.

3. Cosmic-ray exposure ages

Some SNC launch models are not consistent
with the large number of distinct Martian ejection
events indicated by the CRE ages [15]. Head et al.
[26] report numerical simulations that suggest that
much smaller craters may account for the ejection
of SNC meteorites, and that the required mini-
mum size of impactors depends on the target ma-
terial, specifically the thickness of the regolith
layers. Improved statistics on CRE ages of
SNCs should help to constrain the number of
recent cratering events.

CRE ages of NWAS817, NWA480, and
NWAS8S56 have been reported in an abstract [27]
and the full data set is presented here. For the
identification of trapped and cosmogenic Ne, a
(**Ne/?*Ne)=10.6 [11] was adopted (since the
data are close to the cosmogenic end-member
with (*Ne/*??Ne)c =0.8, adopting a terrestrial ra-
tio of 9.80 yields similar *'Nec ages). *He was
assumed to be entirely cosmogenic since observed
3He/*He ratios are two orders of magnitude high-
er than the solar value. The high (**Ne/?!Ne)c
values of 1.19 (NWAS8I17), 1.31 (NWAS856) and
1.22 (NW480) are suggestive of insignificantly
shielded meteoroids and, at least in the case of
NWAS856, may indicate a contribution by SCR
in addition to the GCR spallation component.
From the Mg/(Si+Al) vs. (*'Ne/**Ne)c diagram

6
5 NWA817
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Gov. Valadares
2 1
pAGa7e | Mmoo LEwsss16 Nakhla Aer‘tom
1 ‘|—‘
QUE94 1A|.|77005 Chassigny
0
ot 2 4 6 8 10 12 14 16

EET79001
Space exposure age, Ma

Fig. 1. Space exposure ages of new SNC meteorites studied
here (filled bars), compared to published data (open bars, see
Eugster et al. [34] for references to literature data).



32 K.J. Mathew et al.| Earth and Planetary Science Letters 214 (2003) 2742

[28,29], we note that the NWARS856 data suggest a
significant contribution from SCR. The cosmo-
genic production rates of *He, *'Ne, and *Ar,
(P3, Py, and P35, respectively), were calculated
following the method of Eugster and Michel [30]
using the reported chemical compositions
[17,18,20,21]. The method computes production
rates for moderate shielding and then applies a
moderation factor computed using the (**Ne/
2INe)c value. A moderation factor for ¥Ar pro-
duction in achondrites was not specified [30], ar-
guing that the dependence of Psg is negligible, in
contrast to Cressy and Bogard [31] and Eugster
[32], who proposed essentially similar shielding
corrections. We corrected the Psg for shielding
using the equation given by Eugster [32]. The cal-

Table 3

culated exposure ages are listed in Table 1 and
those shown in Fig. 1 represent averages.

The CRE age of NWAS817 of 10.0+ 1.3 Ma is
consistent with the 11+0.9 Ma given by Eugster
et al. [16] for the nakhlites (Fig. 1). The average
exposure ages of 2.60%0.21, 2.35%0.20, and
2.01+£0.65 Ma for NWAS856, NWA480, and
NWA1068, respectively, agree well with the time
of ejection from Mars of basaltic shergottites
QUEY%4201, Shergotty and Zagami [16]. In con-
trast, the CRE age of 1.25%0.07 Ma for SaU
005 is distinct from those of the other shergottites
and is consistent with data reported by Pétsch et
al. [23].

In addition to CRE ages based on He, Ne and
Ar, we may assess the ’N¢ spallation data. The

N concentrations and isotopic signatures in Martian meteorites studied here

Temp. N (ppm) 8"N (%0) Temp. N (ppm) SN (%o) Temp. N (ppm) 8N (%0)
©C) (°C) O
Nakhlite NWA817, 131 mg Shergottite NWA480, 187 mg Shergottite SaU 005, 208 mg
150 0.03 —3.9%42 150 0.01 3.3+52 150 0.01 —-1.0+2.6
250 1.12 4.0+1.0 250 0.08 22+24 250 1.03 —0.8+1.1
300 0.59 2614 350 0.83 —0.6£2.3 350 1.28 —24%0.8
350 0.70 37117 500 0.86 5.1+22 500 0.45 —-7.6+1.9
400 0.16 42+%1.6 450C 1.16 3.7+1.9 450C 0.13 20+1.6
450 0.15 29+13 600 0.74 157+1.3 600 0.15 144+1.6
550 0.04 14.4+49 700 1.37 144+1.3 700 0.38 143+1.5
700 1.07 335+14 800 0.94 14.0£1.3 800 0.36 13.1£0.8
800 1.23 475%1.2 900 0.32 145+1.3 900 0.12 13.8+1.0
900 1.30 57.0£2.7 1000 0.086 14.6+2.0 1000 0.08 14.0x1.7
1000 0.76 43.1£1.5 1200 0.055 59.5%+3.1 1200 0.06 55.0£33
1200 0.32 85.9%£2.0 1400 0.050 88.9t4.5 1400 0.04 542+59
1400 0.19 126.8+3.9 1550 0.013 80.6+9.4 1550 0.01 —49+538
1550 0.03 114.0£8.6 Total 6.51 104+1.7 Total 4.1 33£1.2
Total 7.69 34.6+1.7 Shergottite NWA1068, 287 mg
Shergottite NWAS856, 150 0.01 1.6+£2.5
150 0.03 34+£54 250 0.55 1.1+14
250 0.29 20+2.1 350 1.14 3.1£0.7
350 0.34 36%13 500 0.72 3.0£0.9
500 0.40 35+1.2 450C 0.69 1.5+1.1
450C 0.57 1.5+1.6 600 0.17 126+1.5
600 0.20 13.9+2.6 700 2.21 22.0+1.0
800 0.73 414+1.4 800 2.26 22.6%1.1
1000 0.34 43.6%1.3 900 0.92 125+1.2
1200 0.06 105.0+2.3 1000 0.43 128+1.2
1600 0.07 99.0+4.9 1200 0.069 59.5£3.9
Total 3.03 21.5+1.7 1400 0.066 74.814.6

1600 0.009 72.3%+8.9

Total 9.24 147£1.1

C denotes a combustion step in O;.
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Table 4
Measured Xe isotopic ratios in NWAS817, NWA480, NWAS856, NWA1068, and SaU 005
Temp.(°C) 132Xe 12Xe=1.00
(10712 cm?/g) 1246 1266 1285 1296 1306 131xe 1340 1366
Nakhlite NWAS817, 131 mg
550 0.74 0.0033  0.0030 0.0724 0.99 0.1511 0.785 0.3877 0.3311
+12 13 23 6 24 14 36 32
700 1.59 0.0037 0.0040 0.0742 1.081 0.1527 0.7944 0.3852 0.3307
+8 10 14 21 15 68 23 21
800 3.04 0.0040 0.0042 0.0817 1.119  0.1599 0.8172  0.3959 0.3405
t6 6 10 11 12 58 20 19
1000 21.53 0.0133 0.0193 0.1014 1.169 0.1674 0.8392 0.4028 0.3420
+4 7 8 6 11 40 17 13
1200 18.56 0.0307 0.0478  0.1417 1.268 0.1890 0.8876  0.3992 0.3340
t5 6 9 6 10 41 19 14
1400 2.01 0.0125 0.0179  0.0986 1.638 0.1624 0.8360 0.4047 0.3446
t4 6 10 29 12 47 22 20
1550 0.50 0.0102 0.0138 0.0891 1.082 0.1612 0.8224 0.3942 0.3432
+11 14 17 24 19 100 35 32
Total 48.0 0.0189 0.0285 0.1141 1.217 0.1743  0.8539  0.4001 0.3384
Shergottite NWA480, 187 mg
700 2.90 0.0035 0.0031 0.0718 0.97 0.1513 0.7921 0.3838 0.3302
+8 9 19 3 23 86 37 36
900 2.20 0.0037 0.0036 0.0734 1.08 0.1535 0.7932 0.3862 0.3333
+7 9 12 2 13 51 24 18
1000 0.73 0.0039  0.0041  0.0802 1.10  0.1577 0.8046 0.3976 0.3397
+8 10 16 2 17 68 27 20
1200 0.97 0.0137 0.0198 0.1036 1.19 0.1692 0.8263 0.3967 0.3356
t6 6 12 2 14 57 22 20
1400 2.56 0.0171 0.0254 0.1134 1.254 0.1810 0.8457 0.3986 0.3362
+6 6 10 24 11 48 20 17
1550 0.87 0.0118 0.0172  0.1021 1.06 0.1734 0.8243  0.3976 0.3348
+11 15 16 2 18 68 25 22
Total 10.2 0.0086 0.0116 0.0887 1.10  0.1632 0.8126 0.3914 0.3339
Shergottite NWAS856, 84.1 mg
1000 4.0 0.0048 0.0056 0.0858 1.047 0.1583 0.8078  0.3988 0.3411
+8 9 12 22 13 55 22 22
1500 21.3 0.0060  0.0066 0.0848 1.066 0.1590 0.8086 0.3983 0.3400
+4 4 9 5 9 45 16 14
Total 25.3 0.0058  0.0064 0.0850 1.063  0.1589 0.8085 0.3984 0.3402
Shergottite NWA1068, 287.1 mg
800 3.14 0.0035 0.0032 0.0727 1.020 0.1523 0.7973 0.3886 0.3312
+7 8 12 21 13 56 25 21
1000 2.16 0.0051  0.0063 0.0841 1.120 0.1600 0.8267 0.4023 0.3432
+7 7 11 23 13 58 29 26
1200 1.93 0.0095 0.0125 0.0938 1.235 0.1640 0.8240 0.3971 0.3380
t6 7 12 21 12 66 24 19
1600 3.65 0.0075  0.0095 0.0891 1.219 0.1627 0.8252  0.3902 0.3308
+5 7 9 14 11 55 18 13
Total 10.9 0.0062 0.0076  0.0842 1.145 0.1594 0.8172 0.3934 0.3347
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Table 4 (Continued).

Temp.(°C) 132Xe

132Xe =1.00

(10712 cm?/g) 124X e

IZSXC 129X€ 13())(e 131X6 134Xe 136)(e

Shergottite SaU 005, 208 mg

800 1.90 0.0035
£5
1000 1.26 0.0033
+6
1400 3.89 0.0048
+4
1600 1.81 0.0063
+6
Total 8.9 0.0046

0.0046  0.0822 1.132 0.1598 0.8137  0.3899

0.0034  0.0719 1.02  0.1511 0.789  0.3916 0.3340

4 12 3 12 6 25 21

0.0032  0.0786 1.06  0.1556 0.8066 0.3969 0.3390

6 11 2 12 55 26 23

0.0042  0.0854 1.248 0.1642 0.8263 0.3867 0.3256

3 9 24 10 47 21 18

0.0077  0.0886 1.051 0.1623  0.8174  0.3900 0.3279

7 11 20 11 52 23 19
00.3298

The 3*Xe are in units (1072 cm3STP/g). The extractions below 500°C (and a combustion step at 450°C) with terrestrial Xe are
not included. Uncertainties listed are those in the least significant figures of the isotopic ratios (95% confidence levels).

SN¢ production rates from oxygen are sensitive
to low-energy secondaries and may constrain pos-
sible regolith exposures or break-up processes.
The “N¢ components are calculated relative to
adopted indigenous nitrogen signatures and
may, in turn, constrain the indigenous nitrogen
component. We first calculate spallation ’Nc
amounts relative to the nitrogen signatures in
the 1000°C step, with only minor spallation com-
ponents (as in ALH84001, Chassigny and Nakhla
[4,6]). The spallation "N¢c components in the
> 1000°C steps are: 119 pg/g in NWAS817, 30.9
pg/g in NWAS856, 28.0 pg/g in NWA480, 30.6 pg/
g in NWA1068, and 15.7 pg/g in SaU 005. These
SN data, when coupled to an average lunar pro-
duction rate of 11.6 pg/g/Ma [33], yield ’N¢ ex-
posure ages listed in Table 1 (this 4 production
rate fits those inferred from Chassigny,
ALHS84001, and Nakhla [4,6]). The 'Nc-based
CRE ages are consistent with those based on
3He, 2'Ne, and *®Ar, and with those of Eugster
et al. [34], who suggested that the nine shergottites
required four ejection events, 0.73, 1.2, 2.7 and
19.8 Ma ago and inferred pre-atmospheric sizes
of 0.2-2 m.

4. YK*Ar age systematics

The Ar isotopic abundances are corrected for
the spallation components adopting the following
ratios: (P°Ar/*®Ar),=5.3, for interior Ar from
Chassigny [4], and (*®Ar/*¥Ar)c =0.65 [35], which

is actually observed in the 1600°C step of
NWASI17. Alternatively, a ratio (*°Ar/*®Ar),=3.9
[35] may be used for trapped Ar, but this yields
similar ¥Arc and 3°Ar, abundances (within
~5%). On the other hand, a 3% change in the
adopted (*°Ar/®Ar)c ratio changes the 3°Ar,
abundance of NWA480 by ~16%, and by
= 6% for other meteorites.

4.1. NWASI7

The largest release of *°Ar occurs at ~ 700°C,
and >90% of *Ar is released between 600 and
1000°C, while only ~ 8% 3 Arc is observed in this
temperature range. If “*Ar=2.04x10"° cm?*STP/
g (450-1000°C steps) represents a pure radiogenic
component, a K-Ar age of 1.36 Ga [K=2657
ppm [17]) is calculated for NWAS17. Alterna-
tively, if all 3®Ar is assumed to represent a Mar-
tian atmospheric component (**Ar/**Ar=1800),
the calculated K—Ar age is reduced to 530 Ma.
However, this option conflicts with the nitrogen
and xenon signatures in NWAS817 and is rejected.
On the other hand, assuming that all **Ar, repre-
sents either an ancient Martian atmospheric com-
ponent of the type observed in ALH84001 or an
interior Ar component of the type observed in
Chassigny (both with *°Ar/3Ar =200 [4]), a K-
Ar age of 1.36 Ga is estimated from the total
OAr. The PXe excesses in NWAS817, when as-
signed to a modern Martian atmospheric compo-
nent (**Ar/'?Xe ratio of 1.4x10°), yields a lower
limit of 730 Ma for the K—Ar age, but if the *°Ar/
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Fig. 2. The stepwise release of nitrogen from nakhlite NWAS817, and from shergottites NWA480, NWA1068, NWA856, and SaU
005. Temperatures (in 100°C) are indicated. The low-temperature data reveal terrestrial nitrogen contamination (8'*N=2125%o0).
The plateau release in the temperature range > 500 to 1000°C show the signature of indigenous N. The > 1000°C data show sig-
nificant shifts due to spallation >N components, which permit the calculation of CRE ages. These space exposure ages are con-
sistent with CRE ages derived from noble gas data. For reference, the Nakhla release systematics [6] is included.

129X e ratio is fractionated by a factor of ~ 5 (sim-
ilar to the °Ar/!3Xe ratio) then again a K-Ar
age of 1.3 Ga is obtained. Since the radiometric
ages of all nakhlites and also of Chassigny are
consistent at 1.3 Ga, the NWAS817 Ar data sug-
gest that an atmospheric Ar component, if any, in
NWAS17 has “°Ar/*®Ar ratios much lower than
that in modern Martian atmosphere.

4.2. Shergottites

The shergottites release “°Ar over a wider tem-
perature range (600-1500°C) than nakhlite
NWAS17. If all °Ar is assigned to the radiogenic
component, we calculate upper limits of 615 Ma,
790 Ma, 820 Ma, and 1.25 Ga [K =830, 1079,
1328, and 183 ppm [18,21,20,22]) for the K-Ar
ages of NWA480, NWAS856, NWAI1068, and
SaU 005, respectively. If all *Ar, in these sher-

gottites is assigned to a modern Martian atmo-
spheric component, then the calculated atmo-
spheric “°Ar components are larger than
measured abundances. Thus most *®Ar, represents
either indigenous Ar, or an early atmospheric
component of the type observed in ALH84001
(°Ar/*®Ar < 200 [4]). If °Ar, represents an interi-
or Ar component (of the type observed in Chas-
signy), K—Ar ages of 520, 670, 690, and 900 Ma
are obtained for NWA480, NWA1068, NWAR&56,
and SaU 005, respectively. We may assume a
smaller contribution of modern Martian atmo-
spheric Ar, limited by the observed excess '**Xe.
The “*Ar/'?Xe ratio (1.4X 10°) of the modern at-
mosphere can be used to subtract such a compo-
nent and lower limits of 315, 420, 490, and 620
Ma, for the K—Ar ages of NWA480, NWA1068,
NWARSS56, and SaU 005, respectively, are derived.
These lower limits are comparable to the reported
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K-Ar age of Shergotty (480-530 Ma, [3]), but are
significantly higher than radiometric ages of sher-
gottites which fall into groups with 175 Ma (Sher-
gotty has an Ar—Ar age of 167 Ma [36] and feld-
spar separates yielded a plateau Ar—Ar age of 250
Ma [37]) and 330-475 Ma [15]. Therefore, it ap-
pears that the shergottites studied here have in-
herited some “’Ar from their source region, as is
observed for fission Xe components (discussed lat-
er). It is likely that, during incorporation, the
40Ar/129Xe ratio became fractionated, and if frac-
tionated by a factor of ~ 5 (similar to those in the
3Ar/132Xe ratios), K—-Ar ages of 485, 610, 650,
700 Ma (higher than radiometric ages) are esti-
mated for NWA480, NWA1068, NWAS856, and
SaU 005, respectively. The *°Ar,mospheric COMpo-
nent abundances derived above are strict upper
limits (since all '*’Xe excesses are attributed to
atmospheric component) and, therefore, the con-
clusion regarding inherited radiogenic “’Ar ap-
pears robust.

5. Nitrogen isotopic composition

We now characterize Martian indigenous nitro-
gen components. The low-temperature nitrogen
data (as well as the heavy noble gases) in meteor-
ites recovered from hot deserts are compromised
by terrestrial contamination. The data between
800 and 1000°C are useful for an analysis of the
indigenous Martian N, as the spallation ’Nc
component appears predominantly in the
>1000°C data (Table 3 and Fig. 2). The latter
data show spallation >'N¢ components.

Nitrogen data at low temperatures (= 500°C
pyrolysis steps and 450°C combustion step)
show a component slightly heavier (8"°N=2-
5%o ; Table 3) than terrestrial atmospheric N,
but consistent with contaminant signatures in ter-
restrial samples [38]. This component accounts for
30-50% of the total N. On the other hand, nitro-
gen signatures of SaU 005 reveal a light N com-
ponent (3'°’N=—8%0), as observed for indige-
nous Martian nitrogen (e.g. in Chassigny and
ALHS84001), but signatures in terrestrial weather-
ing products like caliche [39] are similar.

A large number of observations on Holocene
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Fig. 3. The evidence for fission components is shown in two
correlations. The upper panel shows the spallation-corrected
132%e/136Xe ratios vs. '2Xe/!3Xe. For reference, the terres-
trial and Mars atmospheric composition [13] are shown;
Chass-S and Chass-E represent the solar and evolved (fission
plus solar) Xe components in Chassigny [4]. The lower panel
shows the spallation-corrected isotopic ratios '32Xe/!3Xe vs.
128Xe/136Xe. In both plots the addition of fission Xe due to
24Py and U to Chass-S xenon are apparent. Most data
fall along tie-lines of Chass-S and 2**Pu fission Xe, but in
shergottites with low fission Xe concentrations (e.g. SaU 005
and NWA480) the shifts towards the 2**U fission end-mem-
ber are apparent.

markers of humid conditions show that the Sa-
hara was humid during most of the Holocene
and the region experienced a drastic move to to-
day’s arid conditions following a series of climatic
oscillations. The most abrupt episode started
around 5.0 ka ago and aridity culminated at 3.8
ka ago and did not significantly change since then
[40]. Note that most of the Xe released in the low-
temperature steps (up to ~ 700°C) represents ter-
restrial contamination. This contrasts with the
rather small contamination levels observed in
ALHS84001, Chassigny and Nakhla.
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The indigenous Martian nitrogen signatures are
best documented in plateau releases in the range
~700-1000°C (Fig. 2). These signatures in
NWA480 and SaU 005 (~50% and ~25% of
total N, respectively) are uniform (8N = ~ 14 %o)
and consistent with the (evolved) N component
in Chassigny [4]. In contrast, Nakhlite NWAS§17
and shergottite NWAS856 release heavier N
(8N ~40-50 %0 ), comparable to the indigenous
component in Nakhla (8N = ~40%o [6]). While
in Nakhla, evidence for modern Martian atmo-
spheric Xe was reported [6-8], this source is not
found in data of either nakhlite NWAS§17 or ba-
saltic shergottite NWAS856. Shergottite NWA1068
shows heavy N (83N ~22 %o ) but only in the 700
and 800°C steps, while the data of the 600, 900,
and 1000°C steps (8'°N =13 %o ) agree with those
observed in NWA480 and SaU 005. These results
suggest that two or more distinct nitrogen com-
ponents are present in the source regions of sher-
gottites and nakhlites.

Alternatively, the heavy N signatures in the
intermediate steps may be affected by modern
Martian atmospheric nitrogen. However, since
nitrogen in the 700-1000°C steps is not accom-
panied by '»Xe excesses of the modern (and an-
cient) Martian atmosphere, such a source is not
likely.

Table 5

37

6. Fission xenon components: identification in
shergottites

All meteorites analyzed during this study show
Xe isotopic excesses on the heavy isotopes that
highlight the occurrence of fissiogenic xenon.
Fig. 3 shows the correlations '3?Xe/'**Xe and
134X e/136Xe vs. 128Xe/!3Xe, which allows a sepa-
ration of the different Xe components. One end-
member, Chass-S, was identified in low temper-
ature of Chassigny and is thought to represent
xenon from the Martian interior [3,4]. Also shown
are the terrestrial and Martian atmospheric com-
positions, which are distinct from Chass-S xenon
in this diagram. Contributions of fissiogenic Xe
from 2¥U and ***Pu (see arrows in Fig. 3) are
evident in Xe signatures (>1000°C steps) of
Chassigny (Chass-E), Nakhla, and of ALH84001
[4,6]. These data plot on the **Pu fission mixing
line rather than on the 2®U fission line, showing
that fissiogenic Xe is mainly contributed by **Pu,
a view fully consistent with the fission Xe concen-
trations (see below). Fission Xe components were
recently also observed in EETA79001 and Sher-
gotty [41].

We now evaluate the fission Xe components in
the new shergottites and in nakhlite NWAS817.
Mathew and Marti [6] used the stepwise release

The fission (compared to Chass-S Xe) and radiogenic '*Xe excesses (compared to '2Xe/!'3?Xe=1.03, the lowest measured ratio

in Chassigny) in the Martian meteorites studied here

132)(e 136Xey U 136X€U 129X€* 136Xey/136XeU 129)(6*/136)(6F 4°Ar K K-Ar ages
(ppb) (ppm)  (Ma)

NWAS17 42.6 28 136 1.05-4.64 9.28 26-7 33 234 2657 1300-1360
NWA480 5.1 2 64 0.11-2.18  0.67 9-1 3.4 235 830 315-520
NWAS856 25.3 15 94 0.26-3.2 1.05  41-5 0.7 4.05 1079 490-690
NWA1068 7.7 4 100 0.23-3.41 136 21-1 3.2 5.22 1328 420-670
SaU 005 7.0 2 50 0.17-1.70  0.67 5-1 3.4 1.23 183 620-900
Nakhla [6] 8.3 7 56 0.43-1.91 16-4 6.4 7.37
ALHS84001 [4] 20.0 9 12 0.36-0.41 15.9 25-22 8.8
Chassigny [4]  27.0 7 15 012051 1.6 5814 23

K and U abundances are from Sautter et al. [17], Barrat et al. [18,21], Jambon et al. [20] and Dreibus et al. [22].

132Xe abundances (>1000°C steps, since lower temperature extractions are affected by terrestrial Xe) and '*Xe* are in units
10712 cm?STP/g and the fission excesses are in units 10713 cm>STP/g. The lower and upper limits in the fission *Xe from U
fission are listed. These correspond to 23¥U-produced fission Xe component during the lower K—Ar age and during an assumed
age of 4.4 Ga. The “Ar abundances are in 107® cm3®STP/g units. The upper limits to the K-Ar ages are calculated assuming a
Chassigny-type interior Ar component (with “°Ar/*Ar <200) and the lower limits in addition assume that all observed '*’Xe*

are modern Martian atmospheric-derived.
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Fig. 4. Measured 3°Xe/'3?Xe vs. 12Xe/!3?Xe isotopic ratios.
Reference compositions are the same as in Fig. 3, with the
addition of data for (solar-type) ‘early Mars atmospheric’ Xe
in ALH84001. Expected shifts due to addition of fission Xe
are indicated. Corrections due to a spallation component are
minor for these isotopic ratios. Two-component mixtures of
Chass-S and modern Martian atmospheric Xe or three-com-
ponent mixtures (with terrestrial Xe as the third component)
cannot explain the isotopic variations (see text).

systematics of Xe isotopes in Nakhla for disen-
tangling indigenous and nucleogenic components.
We use a similar approach for nakhlite NWAS817,
since the isotopic signatures show variations
with temperature. First, the data show that the
fission Xe component in the high-temperature
(>1000°C) steps is well mixed with indigenous
Xe as the two components are released together.
In contrast, differential releases are observed
for the cosmic-ray spallation component and for
radiogenic 'Xe,. The subtraction technique
(1200°C step minus 1000°C step) permits the eval-
uation of the spallation Xec spectrum, which
turns out to be consistent with that observed
in Nakhla, indicating similar small shielding ef-
fects and consistent Ba/REE abundance ratios.
We adopt the following spallation spectrum
124506+ 12650 - 1286 - 1290 - 130 g - 131 X0 - 132X g - 134X e =
0.606+0.003:=1.00:1.45+0.03:1.64+0.15:0.93
+0.06:2.59£0.3:0.85+0.25:0.28£0.11 [6] and
report the spallation-corrected Xe isotope ratios
in Appendix A'. For shergottites, because of their

! See online version of this paper.

shorter exposure ages, the spallation corrections
are smaller.

The spallation-corrected Xe data show in
NWASI17 as well as in all shergottites, isotopic
shifts due to fission Xe components added to so-
lar-type Xe (Chass-S). Fig. 3 shows that the fis-
sion component in nakhlite NWAS817 carries the
24Py signature, while some temperature fractions
of shergottites NWA480 and SaU 005 plot close
to the 23%U fission Xe tie-lines, hence suggesting
significant fission contribution from U rather
than 2**Pu. We calculate how much fissiogenic
Xe could be produced from >*U, during either
the radiometric ages of the meteorites, or during
a 4.4 Ga evolutionary time frame, based on the
presence of extinct 2*4Pu, which in the latter mod-
el survived the events recorded in radiometric
ages. Results of such calculations confirm that
the observed fission Xe excesses in NWA480
and SaU 005, and probably also in NWA1068,
can largely be accounted for by fission Xe from
decay of 2¥U (Table 5). For other SNC, the ma-
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Fig. 5. This figure illustrates expected shifts due to degassing
and magmatic fractionation. Concentrations of **Xe; due to
fission of >*Pu (in 103 cm3STP/g) vs. uranium abundances
are plotted. The '3¢Xe; concentration does not include the
component due to *¥U fission Xe produced during the past
44 Ga. The ‘chondritic’ data point corresponds to '30Xey
calculated for fission of ***Pu in initially chondritic abundan-
ces and present-day U in chondrites. The vertical arrows
correspond to magma degassing and the ‘magmatic fraction-
ation’ arrow illustrates the correlated evolution of **Xe; and
U in closed-system conditions, assuming that both are in-
compatible during magma differentiation.
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jor fraction of fissiogenic Xe was contributed by
244py (Table 5). Furthermore, nakhlite NWAS817
reveals a uniform mixture of assimilated fission
Xe into the indigenous component, as already ob-
served in Nakhla [6]. Finally, Fig. 3 also shows
that the Xe isotopic signatures in the high-temper-
ature steps are not consistent with mixtures of
mass-fractionated components (e.g. Martian at-
mospheric Xe) as the second end-member.

7. Time of differentiation: two-step model

To sum up the Xe isotopic results, SNCs, con-
tain a well-homogenized mixture of indigenous
Xe, presumably of interior origin, and of fissio-
genic Xe, which in ALH84001, Chassigny, and
the nakhlites and at least one shergottite is dom-
inated by the extinct ***Pu (T}, =82 Ma). The
occurrence of such a fossil component has far-
reaching implications that are discussed here in
the framework of the early history of Mars as
recorded by extinct radioactivities.

The fission component is well mixed with the
indigenous interior component, as shown in Figs.
3 and 4. Such uniform mixing could be due to
incorporating variable amounts of a xenon com-
ponent having a near-constant proportion of
244Ppu-produced fission Xe relative to interior Xe.
Alternatively, it could also result from magmatic
differentiation when >**Pu was still alive, provided
that both interior Xe and Pu were incompatible
elements during the course of magma evolution.
With respect to this possibility, it is interesting to
note that, for the two nakhlites, uranium and
REE as proxies for Pu are enriched with respect
to both chondrites and other SNC, and correlate
with fission Xe (as well as with indigenous Xe;
Fig. 5). Such coupled enrichments suggest that
both incompatible and volatile elements have
been concentrated through magma fractionation
that led to the observed mineralogy and chemistry
of nakhlites [17].

The early history of Mars as recorded in the
decay products of radionuclides 4Sm [1,42] and
82Hf [1] in SNC document that the Martian man-
tle retained heterogeneities from the early, large-
scale differentiation of Mars through magma
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Fig. 6. The calculated ‘Time of reservoir closure’ vs. ‘Time
constant for Pu/l fractionation’ (following Marty and Marti
[10]). The former corresponds to the time necessary to allow
decay of ?**Pu in open-system conditions, considering the
amount of fissiogenic Xe left in analyzed SNCs (no 23U fis-
sion correction was applied so that times of closure of sher-
gottites are upper limits, whereas those of other SNCs are
little affected since fissiogenic Xe is dominated by **Pu fis-
sion). The time constant of Pu/I fractionation is the time in-
terval required to divide by a factor of 2 the Pu/l ratio of
the Martian mantle, by extraction of volatile elements includ-
ing iodine.

ocean episodes. In particular, SNCs, including
nakhlites and Chassigny, reveal '?Nd anomalies
that require fractionation of their source regions
in order to get suprachondritic Sm/Nd ratios
[42,43]. Such a suprachondritic ratio is not ob-
served in the chemical composition of nakhlites
and Chassigny, which, in contrast, present Sm/
Nd ratios lower-than-chondritic and, therefore,
require a two-stage evolution that can be summa-
rized as follows. Large-scale mantle fractionation
episodes took place within a few tens of Ma after
start of solar system formation [1]. At some later
stage (after decay of '*°Sm, half-life=106 Ma),
some local or regional magma differentiation set-
tled the chemistry of nakhlites and of Chassigny.
Such magmatism could either have happened very
early, or about 1.3 Ga ago, if the radiometric ages
of these meteorites in fact document magmatic
episodes.

Modeling the Xe records of extinct radioactiv-
ities 12°T and ?**Pu in SNC, Marty and Marti [10]
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proposed a two-stage history for interior volatiles,
with large-scale degassing and Pu/I fractionation
taking place within the first 60 Ma, followed by
residual mantle degassing that could have lasted
several hundred Ma (Fig. 6).

Two types of scenarios can account for the oc-
currence of fissiogenic xenon from 2*Pu. In the
first one, a xenon component consisting of fission
products, assimilated to and mixed with interior
Xe, was either added in variable proportions to
each meteorite parent magma, or was fractionated
to variable extent. In this case the magmatic frac-
tionation that shaped the mineralogy of these me-
teorites could have taken place at any time after
the decay of **Pu in the parent reservoirs. The
only requirement in this scenario is that this as-
similated xenon component survived, or even was
acquired, during the 0.2-1.3 Ga metamorphic epi-
sodes that affected all known SNCs, except for
ALHS84001, despite resetting events for the K-
Ar as well as Rb—-Sr, Sm—Nd and U-Pb chronom-
eters. A second, and more puzzling, scenario is
that 2**Pu was still alive during the magmatic epi-
sodes, as suggested by the U-Xer correlated en-
richments of nakhlites (Fig. 5). This scenario im-
plies that magmatic fractionation took place early
in Mars history, within the first few hundred Ma,
and that the metamorphisms at 1.3 Ga and later
were not magmatic. It also implies that the xenon
component survived such episodes, in contrast to
argon isotopic signatures, which were reset.

In both scenarios proposed above based on iso-
topic records, xenon has to be enriched in the
nakhlite liquids during the course of magma dif-
ferentiation, as the mixed indigenous and fission
components correlate with incompatible elements
like U or REE. Such closed-system conditions for
noble gases require considerable pressure (depth)
for the evolving liquids, although an exact depth
cannot be assessed since magma degassing is con-
trolled by the major volatile (H,O and CO;) con-
tents, which are not known for Mars. This con-
dition is nevertheless compatible with a recent
study by Lentz et al. [44]. These authors studied
elemental abundances of Li, Be and B to trace
water-magma interactions and found differences
between nakhlites and shergottites. They suggest
that the evidence might indicate B and Li in py-

roxenes were affected by a hot aqueous fluid in
magma at depth >4 km, where water would re-
main dissolved in the parent magma.

The shergottites contain much less fissiogenic
Xe than other SNCs and do not exhibit correla-
tions between incompatible elements and either
interior Xe or fissiogenic Xe (Table 5 and Fig.
5). Assuming that fission Xe contents below a
chondritic reference value result from mantle
source degassing (following Marty and Marti
[10]), we use I/Pu ratios computed from measured
129X e*/136Xer ratios in shergottites studied here
and model the implied time intervals characteris-
tic of I/Pu evolution. We find that the time scale
for ‘primary’ volatile/refractory fractionation is
significantly longer than those calculated for
ALHS84001, Chassigny, and nakhlites (Fig. 6),
and also that the time required for residual degas-
sing of the Martian mantle is much longer, up to
1 Ga. Although model-dependent, these time
scales suggest that the source regions of shergot-
tites experienced dynamic histories that differed
from those of other SNCs.

Fig. 4 illustrates that (with the possible excep-
tion of SaU 005) the mixing ratios of fission com-
ponents and indigenous Chass-S xenon are very
tightly constrained and that their resolution by
stepwise release is not possible. This figure also
shows that this uniformity in Xe mixtures does
not extend to '?Xe, since shifts up to '2*Xe/
132X e =1.64 are observed in NWAS817. In the con-
text of the previous discussion of the fission com-
ponents, we visualize two options for this varia-
tion: (1) a residue of either in situ produced
129X e, from the decay of '*I or an early trapping
of the decay product in a refractory phase, which
affects 12°Xe/!3?Xe ratios measured predominantly
at high temperatures; and (2) '*Xe/'3?Xe varia-
tions are due to mixing and incorporation of crus-
tal or paleoatmospheric components with isotopic
signatures of Chass-S (solar-type) xenon, except
for 12Xe. We note that variable '*Xe/'**Xe ratios
were also reported for temperature fractions
(>1000°C) of Nakhla [6]. The shergottites
NWA480, NWA1068, and SaU 005 show smaller,
but nevertheless well-resolved '*°Xe/!3?Xe varia-
tions too. In the former case (1), the '>*Xe, com-
ponent further constrains the timing of the initial
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differentiation as 1 was available only during
the first ~ 100 Ma of Martian history.

8. Conclusions

1. The CRE age of nakhlite NWAS817 (10.0£1.3
Ma) is consistent with the ejection time of oth-
er nakhlites from Mars. The exposure ages of
2.60+0.21 Ma, 2.35+0.20 Ma, 2.01 £0.65 Ma,
for NWAS856, NWA480, NWA1068, respec-
tively, are consistent with previously inferred
ejection times for basaltic shergottites, but a
lower CRE age of shergottite SaU 005 is con-
firmed.

2. The K-Ar ages of nakhlite NWAS817 and of
the shergottites NWA480, NWAS856, NWA-
1068, and SaU 005 are similar to ages reported
in literature for the respective groups. The
shergottite K—Ar ages, however, are older
than the reported radiometric ages, indicating
the incorporation of ‘excess “°Ar’ into the
lavas.

3. Distinct N signatures are identified in the Mar-
tian meteorites. Indigenous N in shergottites
NWA480 and SaU 005 is consistent with the
Chass-E (evolved) N signature (8N =13 %0 ).
The indigenous N components in nakhlite
NWASI17 and in shergottite NWAS856 are sim-
ilar to indigenous N in Nakhla (8N =40 %o ).

4. Fission Xe components due to 2**Pu are not
only identified in nakhlite NWAS817 but also
in at least one shergottite. The observed fission
excesses are higher by factors of 5-41, com-
pared to the in situ produced > U fission com-
ponent and are well mixed with indigenous Xe.

5. While the presence of a recent Martian atmo-
spheric Xe component was inferred in some
temperature steps of Nakhla, no such signature
is present in nakhlite NWAS817 and this allows
the identification of radiogenic excess '>’Xe in
the latter.
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