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Abstract-We present concentration and isotopic conitpms of He, Ne, andAr in ten chondrites
from the Nullarbor region in ¥étern Austalia as well as the concentration$tfe, 12%Xe, andt32Xe.

From the measured cosmogeH€ concentrations (Jull et al. 1995hielding-corrected production
rates of“C are deduced using cosmogetiidePNe ratios. For shielding odlitions characterized by
22NefPNe >1.10, this correction becomes significand amsults in shorter terrestrial ages. The
exposure ages of the ten Nullarlobiondrites are in the range of values usually observed in ordinary
chondrites. Some of the meteorites haveradiogenic gases as well as cosmogéié Most of the
analyzed specimens show additional trappedarand Xe of terrestrial origin. The incorporation of
these gases into weathering productsoimmon in chondrites from hot deserts.

INTRODUCTION Jull et al. (1995) and Blahet al. (2000) reporteHC
terrestrial ages for 36 meteorites from the Nullarbor region of
The Nullarbor Plain, situatad the south of Australia, is Western Australia. These ages, howehare been calculated
an ideal place to find meteae#: the treeless limestone deserfrom cosmogeniéd“C measurements using mean production
makes it possible to recognizeegvsmall “black stones” and rates of14C. This could lead to an overestimation of the
the semi-arid to arid climate of the region guarantedsrrestrial age if the samples were irradiated under low
preservation of meteorites over relatively long timeshielding conditions, as shovor the Gold Basin L chondrite
(>30kyr). Since about 1970, thousands of specimens frogiower (Kring et al. 2000; &en et al. 2001). Jull et al.
more than 300 distinct meteorites have been recovered fr¢2901) reported some corrected ages of Nullarbor meteorites
this region and more than 500ditibnal stones remain to be using 1%Be to normalize thé“C production rate, a method
described, making it one of the most productive hot desertswaflid only for meteorites with saturatefBe contents
the world for meteorite recoveries (Bevan and Binns 198@xposure age>10 Myr). These results showed that
Grady 2000). dgether with Roosevelt County in the Unitedmeasurements with the shielding-corrected ages based on
States, the Nullarbor is a “pie@er” for meteorite searches in14C/1%Be are more precise than those based“Gnalone.
hot deserts. Since 1986, the Saha northern Africa has also However none of the meteorites discussed in this paper are
become a major source of new meteorites (e.g., Acfer imcluded.
Algeria, Dar al Gani, and Hammadah al Hamra in Libya), as Another way to make depth estimates is2ByeflINe
has the southern region of the Arabian Peninsula moratios. W\ have therefore measured the noble gases of ten
recently (Dhofar and Sayh al Uhaymir in Oman). Nullarbor chondrites to determine the cosmogéfie”Ne
Terrestrial age of these meteorites is one key part odtio, which is a widely used parameter for shielding. From
understanding the alteration wieteorites on Earth and thus,this parameter a shielding-corrected production rate is
for example, understandinghe influence of terrestrial obtained and a corrected terrestrial age is calculated.
weathering on the noble gas record of these rocks. A Furthermore, gas retention ages,fudifve gas loss,
knowledge of terrestrial ages and weathering rates has madexjpposure ages, and the degree of weathering are obtained
possible to estimate the flwf meteorites on the Nullarbor from measured radiogenic gas components, cosmogenic gas
Plain (Bland et. al. 196; Bevan et al. 1998). isotopes, and the amounttoépped terrestrial gases.
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Table 1. Noble gas concentrations (im3@n*STP/g) in ten Nullabor chondrites.

129%e/ 84K/
Meteorite Type 3He He 20Ne 2INe 2Ne S6Ar  38Ar  40Ar 84Ky B2Xe 13%Ke 132X e
Billygoat Donga L6 23.67 248 547 85 6.16 085 0.78 476 0.017 0.008 1.09 2.13
Boorabie H5 503 1264 094 096 1.08 128 0.39 4605 0.066 0.019 1.14 3.47
Burnabbie H5 7.47 1182 278 2.02 2.28 13.68 2.77 8996 0.571 0.075 1.11 7.61
Carlisle Lakes 002 H4-5 442 1131 1.03 114 1.27 1.03 0.33 4502 0.055 0.024 1.08 2.29
Cocklebiddy H5 2.50 212 172 124 1.39 182 0.47 2133 0.038 0.008 1.28 4.75
Deakin 001 LL3 34.09 249 6.49 6.64 7.67 9.01 239 931 0.235 0.093 2.13 2.52
Forrest 007 H4 545 1197 117 111 1.26 1.18 0.35 4390 0.060 0.028 1.10 2.18
Forrest 009 L6 15.81 175 395 430 4.67 244 0.80 840 0.126 0.025 0.99 5.04
Forrest 010 L4-5 725 1083 171 186 2.06 1.50 0.43 4405 0.057 0.032 1.33 1.78
Kybo 001 LL5 38.94 1003 847 9.12 9.99 147 126 2485 0.039 0.016 1.12 2.44

EXPERIMENTAL PR OCEDURES AND RESULTS

than 0.82. Cosmogent8Ar is calculated assuming a trapped

component with8Ar/36Ar = 5.32 and a cosmogenic ratio of
Samples of about 100 mg were wrapped in Ni foil an@.67. Details on the systematic of cosmic-ray-produced noble
stored in a sample holder of the extraction systemieduce gases in meteorites were given recently bglé/ (2002).
the concentration of adsorbed atmospheric gases, the samplesExposure ages are calculated fréide, 2!Ne, and3Ar
were heated in vacuo at abod01°C for at least 24 hours. according to procedures given by Eugster (1988), however
The samples were then dropgatb a cold W crucible of a the production rate of8Ar used is 1% lower than that
resistance-heated double vaculimoven and degassed for proposed by Eugster (1988) because it improves the internal
30min at about 1700 °C. Purifation of the noble gas mixture concordance among all three ages (see Schultz et al. 1991).
took place by T and by ZrAl-alloy getter Using a The cosmogenié2Ne”Ne and the calculated exposure ages
temperature-controlled charcoal trapar, Kr, and Xe were are listed in @ble 2.
separated from He and Ne, which were first admitted into an
all-metal 60° magnetic sector field mass spectrometer
equipped with magnetic peak jumping controlled by a Hall
probe and a desktop computéfter measurement of this Radiogenic Gases and Gas Loss
fraction, the gases were pumpetlarid the fraction with Ar
Kr, and Xe was let into the spectrometer 40Ar in chondrites is predomamtly of radiogenic origin,
He and Ar were measured using a Faraday cup, while fout adsorbed atmospheric Ar is common in stones from hot
Ne, 84Kr, 129Xe, and!¥2Xe an electron multiplier in analogue deserts (Scherer et al. 1994). This is the case for Burnabbie.
mode was applied. Elemental abundances were determiriéte3%Ar concentration is 13.7 - #@m3STP/g, which is very
by peak-height comparison of sample and calibration gasgh for H5 chondrites, which generally have less than
extrapolated back to the time of gas inlet into the ma€s7- 10 8m3STFE®Ar/g (Schultz et al. 1990). It is assumed
spectrometer that the3®Ar in this meteorite is mostly atmospheric. This
Total extraction blanks (in units of ¥8cm3STP) at reduces the concentration of radiogefifr to approximately
1700°C were<0.04, <6, <0.2, <100, <0.04, and<0.01 for 5.1-105cm3STP/g, which is a reasonable value. For Deakin
3He, “He, 2°Ne, 4%Ar, 84Kr, and132Xe, respectivelySample 001, howeverthe38Ar concentration is in the range of types 3
measurements of our laboratstandard Lakewood as well to 4 chondrites. This meteorite has no appreciable amounts of
as that of a Bruderheim standard show the consistency watisorbed atmospheric gases. Three meteorites, Billygoat
previous measurements in this and in other laboratoriB®nga, Deakin 001, and Fest 010, show very low
(cf. Schultz and Franke 2004). radiogenic*®Ar concentrations; th&’Ar of Cocklebiddy and
Results of the noble gas analyses are giveraiileTL. Kybo are also rather lawFor these five meteorites, the
Gas concentrations are believed to be bettertbénfor He, radiogenic*He is also low
Ne, and Ar and-12% for Kr and Xe. Uncertainties in isotope The loss of radiogenic gases takes place during thermal
ratios are better thargd, with the exception 0¥2°Xe/132Xe, events on the parent body ofiondrites. These events are
which should be better thais4 most likely impacts, whichrelease meteoroids from their
None of the analyzed chondrites contain solar gaparent bodies. For exampleylbo 001 is a severely shocked
therefore 3He and?!Ne are taken as purely cosmogenio. TLL5 chondrite containing metiockets, and a heating episode
obtain the cosmogenféNe”Ne, which is used as a shieldingresulting from an impaanay account for the loss éfAr in
correction for production rates, corrections have been matigs meteorite.
for a small atmosphie contribution if2Nef2Ne is greater However radiogenic gas loss also occurs in meteoroids

DISCUSSION
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Table 2. The cosmogenic shielding indicatéde/”INe, exposure ages calculated fréide (T3),2!Ne (T21),38Ar (T38),
and the mean value (L), as well as the terrestrial ages terrestrial agagven by Jull et al. (1995) and the shielding-
corrected ages Taccording to Leya et al. (2000).

T3 T21 T38 Trmean T; T
Meteorite 22NelINe Exposure ages ($§r) Terrestrial ages (£0yr)
Billygoat Donga 1.045 14.4 12.4 15.9 143 15 76+ 1.3
Boorabie 1.127 3.1 3.3 3.9 3.4 04 0.9+ 1.3 -1.9
Burnabbie 1.078 4.6 5.6 4.9 5@& 05 231+ 14
Carlisle Lakes 002 1.115 2.7 3.8 3.6 3% 0.12 28+ 13 1.0
Cocklebiddy 1.069 1.5 3.3 3.1 3.2 0.12 19+ 13
Deakin 001 1.151 21.4 23.7 21.1 221 1.4 27.1+ 1.4 22.4
Forrest 007 1.119 34 3.7 34 3.5 0.2 34+ 13 1.2
Forrest 009 1.084 9.7 114 9.5 10.2 1.0 59+ 1.3
Forrest 010 1.104 4.5 5.4 4.1 4.%# 0.7 179+ 1.3 16.9
Kybo 001 1.093 24.0 25.3 27.1 254 1.6 22+ 1.3
aT21 and T38 only
T T T T I/
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Fig. 1. CosmogenitHeINe versug2NePNe. The solid lines represent a best fit for ordinary chondrite and the dashed lines intliégse a
band covering the variations caused bfedént shielding to @mic rays. Cocklebiddy plots below this band, indicating adb%de, possibly
caused by solar heating of its meteoroid on an orbit with small perihelion distance.

with small perihelion distances due to solar heating (e.goncentrations (e.g., Nyquist &t 1973). Only Cocklebiddy

Hintenbeger et al. 1966). Such a loss is generallynay have lost cosmogenitle (and possibly the radiogenic

accompanied with a deficit of cosmogeride, caused by gases) due to solar heating as a meteoroid on an orbit with

direct loss offHe, or of tritium (a precursor of cosmogenicsmall perihelion distance.

SHe). A deficit of 3He is recognized in 8He”Ne versus The position of Billygoat Dnga with an extremely low

22NePNe diagram, the so-called Bern plot (Eberhardt et 22Nef!Ne ratio may be caused by adarshielding in a

1966), which is shown for the Nullarbor chondrites in Fig. 1meteoroid with rather lge mass. Another reason may be
Most of the chondrites plot within theé15% band deviation from the mean chemical composition of L

covering the variation caused by fdient chemical chondrites.

composition or dierent shapehut the general trend implies

smaller3HefINe ratios than most chondrites. In meteoriteExposure Ages

from hot deserts, this ratio can be influenced by weathering

effects because the oxidation of the metal with the loss of The exposure ages of the ten Nullarbor chondrites range

cosmogenic gases would réisin relatively lower 3He  from about 3 Myr to about 25 MyThis is in the usual range



662 L. Schultz et al.

?D v ' T v T v T v T T y T v
[ ® L:50cm
60 @  L:40cm
v L:25cm
o ® L:15cm
= O H:50cm
(=] 50 O H:40cm
'E v H:25 cm
a 0 H:15cm
T 40
. §
& 30 ™ j
I o ]
20 ]
10 L PR - el - 1 YR TR e i ik i
1.06 1.08 1.10 1.12 1.14 1.16 1.18 1.20

2Ne/*'Ne

Fig. 2. The production rate &fC (P.,) as a function of the cosmogenic shielding indicétefNe according to Leya et al. (2000). Data
are given for L and H chondrites with pre-atmospherii tdd.5, 25, 40, and 50 cm. For shielding characterize#\gfNe > 1.10 (radius
less than-20 cm or the outer parts of ¢gr meteoroids), the production ratg Beviates from observed mean values.

of exposure ages of stony meteorites (e.gel® and Graf 22NefINe ratio, we can compensdke shielding dependence
2001). None of the five analyzed H chondrites belong to tieé the production rate of*C. Leya et al. (2000) have
main cluster around 7 Mythat includes about 3@ of all H calculated depth-dependent and size-dependent production
chondrites, which are produced as meteoroids in a majates of cosmogenic nuclidé®m a physical model with a
collision event. All Nullarbor H chondrites have exposur@ormalization to measured saturation activities. From their
ages of less than 5 Mgnd thus belong to the %5n this age tables, the dependence of the production ratd@®f(P,,) is
range of that chondrite type. A possible pairing of thesevaluated in Fig. 2 for measured cosmogéfie”INe of H
meteorites is excluded, howeybecause their find locations and L chondrites of pre-atmospheric radii between 15 and
are too far apart to be members of a shower (e.g., Bevan &tctm.
Binns 1989). The use of a constant fFis justified for ratios<1.10

The exposure age of Billygoat Donga of 14.3 Myr mapecause under these shielding conditions, the production rates
be a lower limit because the production rate could bduster around the mean valuesed by Jull et al. (1995)
overestimated due to the low cosmogerfNe”Ne. independent from the radius of meteoroids. Fagele#?Ne/
Cosmogenic radionuclide data are needed to verify that tRi\Ne values, however correction is appropriate. Such a

meteorite came from a very ¢gr object. correction would lead to smaller £ which results in lager
numbers of terrestrial ages.
Terrestrial Ages Best-fit lines through the data of H or L chondrites are

shown in Fig. 2. These lines have the form:

The terrestrial ages of Nullarbor meteorites calculated
from cosmogenid“C have been given by Jull et al. (1995) P/~ a - exg—b- 22Ne/21Ne) (1)
and Bland et al. (2000) andedisted in Bble 2 under J. 11C
in chondrites is produced majrfrom oxygen; therefore, the with a = 1.639 - 1and b = 9.592 for H chondrites. For L
saturation activity o¥/C depends on the class of the meteoritehondrites, a and b are 1.673 ¢ aAd 9.536, respectively
investigated. In addition, the production raté4@ for small Five of the investigated Nullarbor chondrites hé&ie/
meteorites is dependent on shielding. More detailédNe ratios>1.10. Their terrestrial ages, calculated with the
discussions are given by Jullo@1) and Jull et al. (2000). production rates according to Equation 1 are giverahbier2

The terrestrial ages;re calculated by Jull et al. (1995)under T .
with constant production ratésr each meteorite class (L and It is confirmed that Boorabie is a recent fall. The
LL: 51.1 dpmkg?; H: 46.5 dpmkg') because no shielding calculated negative terrestrige may also indicate that Leya
indicator was available at that time.itW the cosmogenic et al. (2000) have systematically underestimated ffe
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Fig 3.132XefKr versus 13*Kr in meteorites from the Nullarbor region and modfalis. While the falls cluster around the average value
observed for planetamyases in chondrited3gXe/f4Xe ~1.7) meteorites from the Nullarbor regioantain much smaller values due to an
addition of adsorbed atmospheric gadé¥e/f*Kr = 0.036). The two lines indicate the valuestfu terrestrial atmosphere (dotted) and for
dissolved gases in waterQ.076).

production rate for low shielding conditions. The terrestriakhich are close to values observed in the atmosphere (dotted

ages of Carlisle Lakes 00Beakin 001, Forrest 007, andline) or those of gases dissolved in water (dashed line). This is

Forrest 010 are, howeveconsderably shorter than those a typical pattern of gases in meteorites from hot deserts, a

calculated without shielding-corrected production rate$eature which is much smaller in those from Antarctica

Because cosmogenié®NefINe ratios >1.15 are not (Scherer et al. 1994).

uncommon in chondrites from hdeserts or the Antarctic, According to Scherer et al. (1994), #éXeKr ratio is

such a correction, or one using radioactive nuclide ratioslso roughly correlated to theeathering grade as defined by

should be applied for terrestrial age determinations. Wilotzka (1993). According to this criteria, Burnabbie and
Forrest 009 are the most atbered chondrites among this

Terrestrial Weathering suite of Nullarbor chondrites.

Scherer et al. (1994) have discussed the influence of CONCLUSION
adsorbed atmospheric gases on the concentrations &ir,Ar
and Xe in chondrites from dérent find locations (hot From the measurement of the cosmogenic noble gases in
deserts, Antarctic meteorites, and modern falls). ®A¢e/ ten chondrites from the Nullarb®lain in Australia, we can
84Kr ratio is especially #ctedby the addition of atmospheric conclude that their noble gascord is comparable to that of
gases because the terrestriahaiue is 0.036, compared to ameteorites from other hot desert areas. This concerns
value of about 1.7 usually obsedrin chondrite falls. This is exposure ages, loss of radiogenic gases and of cosmogenic
demonstrated in Fig. 3which shows a comparison of 3He, and of adsorbed terrestrial atmospheric gases.
measurements of H chondritdl$a(Schultz et al. 1990) and The production of cosmogeni¥’C in chondrites is
the Nullarbor meteorites. dependent on the size of the meteoroid and the position of the
The addition of terrestrial atmospheric gases imample within this object. Using the shielding parameter
meteorites with weathery products causes higher22NefINe and model calculations by Leya et al. (2000), we
concentrations and thus lowef*Klr and 132Xef*Kr values, have shown that mean production rates4 should be
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corrected for shielding characterized #Ne”Ne >1.10. Carbon-14 terrestrial ages and weathering of meteorites from the
This influences the calculah of terrestrial ages of Nullarbor region, estern Australia. Proceedingsoishop on

; ; Meteorites from Cold and Hot Deserts. pp. 37—-38.
meteorites from measurétC concentrations. JullA.J.T, Lal D., Burr GS., Bland PA., Bevan A. WR., and Beck

. i J. W 2000. Radiocarbon beyond this workladiocarbon42:
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