W i |

-~ // Meteoritics & Planetary Science 39, Nr 3, 481-498 (2004)
P \\ Abstract available online at http://meteoritics.org
LL“

Exposure history and terrestrial ages of ordinary chondrites
from the Dar al Gani region, Libya

K. C. WELTEN,!" K. NISHIIZUML,! R. C. FINKEL,? D. J. HILLEGONDS,?
A.J. T.JULL,? L. FRANKE,*and L. SCHULTZ*

ISpace Sciences Laboratory, University of California, Berkeley, California 94720-7450, USA
2CAMS, Lawrence Livermore National Laboratory, Livermore, California 94550, USA
3NSF Arizona AMS Facility, University of Arizona, Tucson, Arizona 85721, USA
4Max-Planck-Institut fiir Chemie, Postfach 3060, D-55020 Mainz, Germany
*Corresponding author. E-mail: kewelten@uclink4.berkeley.edu

(Received 12 December 2003; revision accepted 6 January 2004)

Abstract—We measured the concentrations of noble gases in 32 ordinary chondrites from the Dar al
Gani (DaG) region, Libya, as well as concentrations of the cosmogenic radionuclides !“C, 19Be, 20Al,
36CI, and #!Ca in 18 of these samples. Although the trapped noble gases in five DaG samples show
ratios typical of solar or planetary gases, in all other DaG samples, they are dominated by atmospheric
contamination, which increases with the degree of weathering. Cosmic ray exposure (CRE) ages of
DaG chondrites range from ~1 Myr to 53 Myr. The CRE age distribution of 10 DaG L chondrites
shows a cluster around 40 Myr due to four members of a large L6 chondrite shower. The CRE age
distribution of 19 DaG H chondrites shows only three ages coinciding with the main H chondrite peak
at ~7 Myr, while seven ages are <5 Myr. Two of these H chondrites with short CRE ages (DaG 904
and 908) show evidence of a complex exposure history. Five of the H chondrites show evidence of
high shielding conditions, including low 2*2Ne/?'Ne ratios and large contributions of neutron-capture
36C] and 4!Ca. These samples represent fragments of two or more large pre-atmospheric objects,
which supports the hypothesis that the high H/L chondrite ratio at DaG is due to one or more large
unrecognized showers.

The 'C concentrations correspond to terrestrial ages <35 kyr, similar to terrestrial ages of
chondrites from other regions in the Sahara but younger than two DaG achondrites. Despite the loss
of cosmogenic 3°Cl and *#!Ca during oxidation of metal and troilite, concentrations of 3°Cl and 4!Ca
in the silicates are also consistent with 14C ages <35 kyr. The only exception is DaG 343 (H4), which
has a 4!Ca terrestrial age of 150 + 40 kyr. This old age shows that not only iron meteorites and
achondrites but also chondrites can survive the hot desert environment for more than 50 kyr. A
possible explanation is that older meteorites were covered by soils during wetter periods and were
recently exhumed by removal of these soils due to deflation during more arid periods, such as the
current one, which started ~3000 years ago.

Finally, based on the 2°A1/2!Ne and °Be/2!Ne systematics in 16 DaG meteorites, we derived
more reliable estimates of the !9Be/2!Ne production rate ratio, which seems more sensitive to
shielding than was predicted by the semi-empirical model of Graf et al. (1990) but less sensitive than
was predicted by the purely physical model of Leya et al. (2000).

INTRODUCTION

In the past two decades, thousands of meteorites have
been recovered from hot deserts in Australia, North Africa,
and Oman. These new meteorite collections have greatly
increased the availability of many different meteorite types,
including lunar and martian meteorites. One of the main
meteorite concentration surfaces in the Sahara is the Dar al
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Gani (DaG) plateau in central Libya, which covers a total
area of ~8,000 km?2. In the past decade, more than 1000
meteorites have been recovered from this region. The
geological setting, pairing of meteorites, and recovery
density of the DaG field are described in Schliiter et al.
(2002).

So far, only a few terrestrial ages are known for DaG
meteorites, i.e., 60 £ 20 kyr for the DaG 476 shergottite
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shower (Nishiizumi et al. 2001a) and 80 + 20 kyr for the lunar
meteorite DaG 262 (Nishiizumi et al. 1998). However, based
on the long terrestrial ages of 300-500 kyr for two
achondrites from Oman (Nishiizumi et al. 2001b, 2002)—
compared to terrestrial ages of <40 kyr for chondrites (Jull et
al. 2002)—it was recently suggested that metal-poor
achondrites might survive desert environments much longer
than metal-rich meteorites, such as ordinary chondrites. The
terrestrial ages of the two DaG achondrites may, therefore, not
be representative of the majority of the DaG meteorite
collection, of which more than 90% are ordinary chondrites.

In this work, we report concentrations and isotopic
composition of He, Ne, and Ar, as well as the concentrations
of 8Kr and 32Xe in 32 ordinary chondrites from the DaG
area. In addition, we report concentrations of the cosmogenic
radionuclides *C (half-life = 5,730 yr), 4/Ca (1.04 x 10° yr),
36C1 (3.01 x 105 yr), 2°Al (7.05 x 103 yr), and "Be (1.5 x
106 yr) in 18 of these samples. We discuss the thermal history
and cosmic ray exposure (CRE) history of these meteorites as
well as their pre-atmospheric size and possible pairings. In
addition, we determine the terrestrial ages of 18 DaG
meteorites and evaluate the effects of the hot desert
environment on the noble gas and radionuclide records.
Finally, we will use the 1Be/2!Ne and 26Al/2!Ne ratios in
selected DaG samples to evaluate the shielding dependence of
the 1°Be/2!Ne production rate ratio.

K. C. Welten et al.

EXPERIMENTAL PROCEDURES
Samples

We selected 32 ordinary chondrites from the DaG area for
noble gas analysis. To avoid pairing as much as possible, we
selected meteorites from many different locations in the DaG
area, up to ~140 km apart (Fig. 1). In addition, we selected
meteorites of different chemical and petrologic classification,
shock grade and degree of weathering. One exception to this
sampling strategy is the selection of four L6 chondrites (DaG
328, 457, 458, 757) that were identified to be part of a large
pairing group. We also selected two L6 chondrites (DaG 341
and 906) that may be part of a small pairing group (Schliiter et
al. 2002). The selected samples include 19 H, 10L, 1 L/LL, and
2 LL chondrites, ranging from petrologic type 3 to type 6 (Table
1). The shock grade ranges from S1 to S6 according to the shock
classification of Stoffler et al. (1991). The weathering grade of
the selected meteorites ranges from WO (no signs of oxidation
of metal or troilite) to W5 (complete oxidation of metal and
troilite as well as beginning alteration of mafic silicates)
according to the weathering scale of Wlotzka (1993). For the
radionuclide measurements, we selected 18 of the 32 samples
measured for noble gases. The noble gas exposure age, contents
of radiogenic “He and “°Ar, as well as classification and find
location were used to avoid possible pairings.

336 @
339 304 @
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330 | 85,
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341 5 km
908 @

Fig. 1. Distribution of selected samples projected on a satellite image (Landsat 7, USGS) of the DaG region, in central Libya. The light-colored
area on the west side represents Jurassic and Cretaceous clastic sediments, while the dark area on the east side represents the basaltic complex
of the Haruj al Aswad. Blue dots represent H, red dots L, orange dots L/LL, and yellow dots LL chondrites. The oval shape in the North part
of DaG represents a large strewnfield of L6 chondrites, including DaG 328, 457, 458, and 757. The central part of the DaG region, which shows
the highest meteorite concentration, is enlarged 5% to show the distribution of samples selected from this area.
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Noble Gas Measurements

Concentrations and isotopic ratios of He, Ne, and Ar as
well as concentrations of 8Kr and '32Xe were measured in
chips of ~100 mg at the Max Planck Institute, as described
previously (Scherer et al. 1998). Noble gas results for several
meteorites (DaG 062, 298-302, 304, 308-311, 313) were
previously reported in Scherer et al. (1998, 2000) and Patzer
et al. (1999).

The measured noble gas concentrations, given in Table
1, are a mixture of trapped, radiogenic, and cosmogenic
components. Since the trapped Ne in most samples is
dominated by atmospheric Ne, we assume (2°Ne/%2Ne),, =
9.8 for samples with (2Ne/3°Ar),, <1, except for DaG 300
and 313, which contain planetary Ne, for which we assume
(®**Ne/22Ne),, = 8.4. For samples with (2°Ne/3°Ar), >1, we
assume (2'Ne/22Ne),, = 12.0, corresponding to solar Ne. In
addition, we assume a 3°Ar/38Ar ratio of 5.32 (Scherer et al.
1998) and a “0Ar/3°Ar ratio of 250 for trapped atmospheric
Ar (Welten et al. 2003). The latter value is ~15% lower than
the atmospheric ratio of 296 but is in better agreement with
the experimental data. The uncertainty in the trapped “°Ar/
36Ar ratio affects the concentration of radiogenic “°Ar by
<10% for most samples, except for DaG 301 and 908, in
which >80-90% of the 4%°Ar is due to atmospheric
contamination. For meteorites with planetary Ar (DaG 313),
we assume a “°Ar/3Ar ratio of <1 for the trapped component
(Marti 1967). In addition, some meteorites that were exposed
under high shielding may contain a small contribution of
36Ar from the decay of neutron-capture 3°Cl, but this
component is generally small compared to the contribution
of trapped 3°Ar.

For the cosmogenic component, we assume ratios of
(*He/*He), = 6 for He (Alexeev 1998), (2'Ne/22Ne), = 0.84 for
Ne, and (3°Ar/38Ar), = 0.67 for Ar (Scherer et al. 1998). The
concentration of cosmogenic 38Ar is difficult to determine for
some DaG meteorites due to large amounts of trapped Ar: in
seven samples >90% of the measured 38Ar is trapped Ar, in
most cases, atmospheric contamination. The concentration of
cosmogenic 2!Ne is more reliable since the amount of trapped
2INe is usually negligible (<1%). Corrections for trapped
22Ne are <10% for meteorites with 20Ne/2?Ne ratios <1.7 but
become more significant for samples with 20Ne/22Ne ratios
>1.7, resulting in a less-precise cosmogenic 22Ne/2!Ne ratio
(which otherwise has an uncertainty of ~1%). Four samples
(DaG 304, 339, 903, and 908) show elevated 2°Ne/22Ne ratios
of 3.6-5.3. For DaG 339 and 908, we adopted the corrected
(3*Ne/?Ne), ratios of 1.18 + 0.03 and 1.08 = 0.03,
respectively (Table 1). For DaG 304 and 903, we adopted the
lower cut-off value of 1.05 and the average value of 1.11,
respectively.

We calculated CRE ages from the cosmogenic 3He, 2!Ne,
and 38Ar concentrations and production rate methods, which
use the 22Ne/?Ne ratio as a shielding parameter (Nishiizumi
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et al. 1980; Eugster 1988). We lowered the 38Ar production
rate of Eugster (1988) by 13% as suggested by Schultz et al.
(1991). The 2!Ne ages, given in Table 2, have typical
uncertainties of 10% for meteorites with 22Ne/?!Ne ratios
>1.10, while the ages are less reliable for meteorites with low
22Ne/?!Ne ratios, as will be discussed later. In contrast, the
3He and 3Ar ages have uncertainties >10% for all samples
due to gas losses and uncertainties in the cosmogenic 33Ar
concentrations.

After correcting measured concentrations of “He and
40Ar for cosmogenic “He and trapped *°Ar, we determined
U,Th-*He and “°K-*Ar gas retention ages, assuming average
concentrations of Th, U, and K in ordinary chondrites from
Wasson and Kallemeyn (1988). These ages, shown in Table 2,
have typical uncertainties of 10-20%, mainly due to
uncertainties in the correction for trapped 4°Ar and to
variations in concentrations of Th, U, and K.

Radionuclide Measurements

Cosmogenic *C was extracted from bulk meteorite
samples of 80-570 mg wusing techniques described
previously (Jull et al. 1989, 1990). Measurements of '“C by
accelerator mass spectrometry (AMS) were carried out at the
University of Arizona. Uncertainties in the measured '4C
concentrations range from ~1% in samples with high !4C to
~15% in samples with low “C. For measurements of !'Be,
26A1, 36Cl, and “!Ca, we crushed ~1 g of sample and
separated the metal (if any). The stone fraction was
homogenized, and an aliquot of 100-140 mg was used for
radionuclide analyses. For one sample, DaG 908, we also
measured radionuclide concentrations in 61.4 mg of the
metal fraction. The stone fraction was dissolved together
with carrier solutions, containing 3—-5 mg of Be and Cl, in
concentrated HF/HNO;. After dissolution, aliquots of the
dissolved samples were taken for chemical analysis by
atomic absorption spectroscopy (AAS). To the remaining
solution, a carrier solution containing 5-10 mg Al was
added. The Be, Al, Cl, and Ca fractions were isolated using
chemical separation methods described previously (Welten
et al. 2000) and were purified and converted to BeO, Al,O3,
AgCl, and CaF,. Measurements of 1°Be, 26Al, 3°Cl, and *'Ca
were carried out at the Lawrence Livermore National
Laboratory AMS facility (Davis et al. 1990). The measured
10Be/Be, 20Al/Al, 36Cl/Cl, and 4!Ca/Ca ratios were
normalized to the following standards: an ICN (ICN
Chemical & Radioisotope Division) Be standard, NBS
(National Bureau of Standards) 2°Al and 3¢Cl standards
(Nishiizumi et al. 1984; Sharma et al. 1990; Nishiizumi
Forthcoming), and a 4!Ca standard (Nishiizumi et al. 2000).
The measured radionuclide concentrations given in Table 3
include 1o uncertainties of the AMS measurements but not
the absolute uncertainties in the standards. The chemical
composition of each sample is given in Table 4.
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Table 2. Cosmic ray exposure ages (T3, T,;, and T;gin Myr) and gas retention ages (T4 and Ty, in Gyr) based on

concentrations (in 10~ cm3 STP/g) of cosmogenic *He, 2'Ne, and 38Ar and radiogenic *He and “°Ar. CRE ages are based
on the production rates of Eugster (1988), while radiogenic ages are based on the chondritic U, Th, and K concentrations

of Wasson and Kallemeyn (1988).2

DaG 22Ne/21NeC 3He 21Ne 38A1‘ T3 T2| T3g T3/T2| 4Her T4 40Arr T40 T4/T40
H chondrites

299 1.151 50.1 8.86 0.95 314 34.0 234 0.92 1226 3.55 4797 4.15 0.86
300 1.213 21.3 3.54 0.70 13.6 16.8 19.2 0.81 1039 3.18 2926 3.95 0.80
302 1.064 46.3 11.17 1.11 284 28.7 239 0.99 1117 3.34 5062 4.24 0.79
304 1.05 1.07 0.33 0.07 0.70 0.79 - 0.84 783 2.56 5472 4.37 0.59
308 1.041 2.92 1.17 0.15 1.8 2.6 32 0.68 577 1.99 3494 3.64 0.55
310 1.062 33.5 7.97 0.76 20.5 20.3 16.4 1.01 1377 3.81 4313 3.98 0.96
311 1.044 6.92 1.62 0.18 4.2 3.7 3.8 1.14 1180 3.47 4900 4.20 0.83
312 1.121 40.2 9.35 1.07 25.0 31.6 25.2 0.79 159 0.60 460 1.10 0.55
321 1.111 5.73 2.28 0.24 3.6 7.4 5.5 0.48 536 1.87 2087 2.86 0.65
322 1.221 304 4.05 0.67 19.4 19.6 18.7 0.99 1149 3.40 5216 4.29 0.79
336 1.138 5.33 0.95 0.12 33 3.4 2.9 0.97 1285 3.66 5589 4.41 0.83
339 1.18 3.29 1.54 0.20 2.1 6.6 5.1 0.32 576 1.99 1279 2.18 0.91
343 1.288 6.51 0.81 0.11 4.2 4.7 39 0.89 1319 3.72 5444 4.36 0.85
388 1.077 44.6 11.41 1.18 27.3 31.5 26.0 0.87 116 3.43 4442 4.03 0.85
903 1.11 16.2 3.62 0.49 10.0 11.7 11.4 0.86 - - b
904 1.075 1.14 0.38 0.02 0.7 1.0 0.5 0.66 827 2.68 4528 4.06 0.66
905 1.05 2.81 0.86 0.06 1.7 2.0 1.2 0.84 1071 3.24 4902 4.19 0.77
907 1.090 22.7 4.61 0.65 14.0 13.6 14.6 1.03 1783 4.32 5723 4.45 0.97
908 1.08 0.22 0.27 0.03 0.14 0.77 0.8 0.18 34 0.13 198 0.56 0.24
L and LL chondrites

062 1.132 19.8 3.70 0.54 12.3 12.2 14.0 1.01 1300 3.68 5600 3.95 0.93
298 1.104 88.5 17.97 2.07 54.8 52.6 47.2 0.85 1437 3.90 6180 4.48 0.87
301 1.044 31.2 9.30 0.97 19.0 19.7 20.4 0.96 47 0.18 502 1.13 0.16
309 1.218 13.6 2.22 0.33 8.7 9.9 9.2 0.88 681 2.29 5780 4.37 0.52
313 1.146 15.1 3.47 0.53 9.5 12.1 134 0.78 1274 3.64 6235 4.50 0.81
328 1.056 66.4 15.51 2.12 40.6 354 45.1 1.15 229 0.86 1398 2.23 0.38
330 1.154 12.5 252 - 7.9 9.1 - 0.86 1023 3.14 5176 4.19 0.75
341 1.157 17.7 3.33 0.36 11.1 12.1 9.8 0.92 655 2.21 5619 4.32 0.51
342 1.069 58.2 17.09 1.54 35.7 41.9 36.1 0.85 1088 3.28 4091 3.80 0.86
457 1.078 65.1 15.23 1.77 40.0 393 38.9 1.02 351 1.28 1393 2.22 0.58
458 1.066 72.4 16.66 2.12 443 40.3 457 1.10 229 0.86 1263 2.10 0.41
757 1.074 432 10.90 1.18 26.6 27.5 25.8 0.96 315 1.16 1455 2.28 0.51
906 1.296 8.30 0.87 0.09 5.4 4.8 3.0 1.13 1324 3.73 4500 3.96 0.94

aCosmogenic 2?Ne/?'Ne ratios with large uncertainties due to corrections for trapped Ne are shown in italics as are low *He ages due to loss of cosmogenic *He
and 38Ar concentrations and ages with large uncertainties due to large corrections (i.e., >90%) of trapped 3¥Ar.
YDue to large amounts of solar gases in DaG 903, radiogenic gas concentrations and ages could not be calculated.

NOBLE GASES: THERMAL HISTORY, COSMIC RAY
EXPOSURE HISTORY, AND EFFECTS OF
TERRESTRIAL WEATHERING

Trapped Noble Gases

Most DaG samples contain significant amounts of trapped
Ne, Ar, Kr, and Xe. The trapped 2°Ne/3%Ar ratios in most of
these samples are <0.4, (averaging 0.13 +0.09), indicating that
trapped Ne and Ar in these samples is dominated by
atmospheric contamination (Fig. 1a). The only exception to
this trend is DaG 313, an L/LL3 chondrite with a very high
trapped 3%Ar concentration and a trapped 2°Ne/3%Ar ratio of

~0.1. The trapped gases in this unequilibrated meteorite are
clearly dominated by planetary noble gases, as is also evident
from the high 132Xe concentration and high '32Xe/34Kr ratio
(Marti 1967). In addition, three samples (DaG 321, 339, and
903) show elevated (2'Ne/3%Ar),, ratios of 1.3—10.7, which
indicate significant contributions of solar neon. The largest
contribution of solar gases is found in DaG 903, an H3-6
chondrite regolith breccia, which also shows very high
concentrations of “He as well as trapped 2°Ne. Based on a 2'Ne/
36Ar ratio of ~20 for the solar-gas-rich matrix of Fayetteville
(Wieler et al. 1989), the ratio of 10.7 in DaG 903 indicates that
~99% of the trapped Ne and ~50% of the trapped Ar are solar.
DaG 321 and 339 also show elevated (*Ne/30Ar),, ratios
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Table 3. Cosmogenic radionuclide concentrations (in dpm/kg.stone) and #C and *C-19Be terrestrial ages (T, in 103 yr)

of 18 DaG meteorites.

DaG Type 1“C T(“C) T(*C/Be) 9Be 26A1 36C1 36Cle 41Ca 41Cab
304 H6 - - - 6.140.1 29.6+0.6 97402 44+3 13.6+0.6 74+6
308 H6 51403 183+14 - 137403 439409 9.9+02 4243 105+0.5 53+5
311 H6 41406 20.1+18 - 132403 395+08 9.5+02 4243 104+0.6 55+5
312 H6 28402 23.1+15 220+09 149403 372+07 41+0.1 191 37402 2042
321 HS 63+03 165+14 165+07  182+04 49.1+1.0 48+0.1 212 51405 2643
322 H4 344409 25+13 1.0+06  155+03 43.6+11 49+0.1 212 55403 2843
336 H5/6 23401 248+14 262409  165+03 462+12 45+0.1 2242 3003 1742
339 H5 152402  92+13 84406  158+03 453409 49+0.1 2242 45402 2442
343 H4 1.1£02  >31 >30 137403 349407 34+01 14+1 1603 92
388 H5/6 23402 249+15 249+09 175404 472+10 50+0.1 22+2 3.6£03 19+2
904  H6 16402 27.6+1.6 - 51401 254+05 122402 52+4 18.5£0.9 94+8
907  H6 304402 3.5+13  41+07  21.0+04 53.6+11 58+0.1 23+2 41404 1942
908  H6 344402  2.5+13 - 77404 40.1+08 11402 40+3 52404 2242
330 LS 259402 56+13 46+06 172403 492+10 54401 20+2 41403 18+2
341 L6 247402  60+13 54+06  17.7+04 472409 49+0.1 19+1 3.6£03 1742
342 L56  14.6+02 103+13 104+0.6 201404 53.5+1.1 56+0.1 20«2 45407 19+3
906 L6 85402 148+13 132406 139403 369407 45+0.1 17+1 43+03 19+2
062 LL5-6 345+03 39+13 33+06 19704 529+1.1 75402 26+2 57403 2242

adpm/kg(Fe + 8Ca + 15K).
bdpm/kg(Fe + 6Ca) (see text).

Table 4. Elemental concentrations (in wt%), measured by atomic absorption spectrometry, in stone fraction of 18 DaG
meteorites. The bulk content of unoxidized metal is indirectly derived from the measured concentrations of Fe + Ni in

the stone fraction.

DaG Type Metal Mg Al K Ca Fe Ni
304 H6 0.0 12.4 1.19 0.11 1.34 23.8 1.2
308 H6 2.2 13.9 1.24 0.09 1.51 224 1.3
311 H6 0.0 13.3 1.17 0.09 1.47 24.1 1.6
312 Hé6 0.0 13.1 1.00 0.09 1.33 23.0 1.7
321 H5 32 14.0 1.09 0.09 1.43 21.7 1.5
322 H4 6.8 15.2 1.10 0.09 1.36 20.0 1.2
336 H5/6 0.0 13.1 1.10 0.11 1.16 24.2 1.1
339 H5 2.0 14.2 1.11 0.10 1.37 224 1.4
343 H4 5.8 14.0 1.12 0.11 1.46 20.6 1.1
388 H5/6 0.0 12.8 1.07 0.10 1.48 23.8 1.6
904 Hé6 1.1 14.0 1.09 0.10 1.52 22.8 1.5
907 H6 12.6 15.2 1.23 0.11 1.45 17.2 0.4
908 H6 18.0 17.4 1.49 0.09 1.73 13.0 0.6
330 L5 2.4 15.2 1.23 0.10 1.38 19.5 0.7
341 L6 <0.5 14.5 1.18 0.10 1.33 214 0.7
342 L5-6 5.1 15.2 1.19 0.10 1.50 17.8 0.6
906 L6 <0.5 14.6 1.02 0.09 1.51 21.1 1.2
062 LL5-6 1.5 15.5 1.17 0.10 1.43 19.6 1.1

(Fig. 2a), indicating that they contain a small contribution of
solar gases, even though this is not apparent from their
relatively low “He concentrations. The ratio of trapped 132Xe/
84Kr ranges from 0.1-0.5 in most DaG samples (Fig. 2b),
which is much closer to the value of dissolved 132Xe/3*Kr =
0.073 in water (at 0 °C) than to the average planetary value of
~1.7 (Scherer et al. 1994). Higher 132Xe/34Kr ratios (combined
with 132Xe concentrations >10710 cm3 STP/g) are found in two
unequilibrated samples (DaG 300 and 313), which contain a

significant planetary gas component. Several other samples
(DaG 328, 457, 458, and 757) also show 132Xe/34Kr ratios of
~1.0, but these are all based on very small amounts of trapped
Kr and Xe (<1010 cm3 STP/g).

The amount of trapped atmospheric gases generally
increases from weathering grade W1 to W4/W5, most notably
for 84Kr and !32Xe. These observations indicate that the
majority of the trapped heavy noble gases are atmospheric
contamination carried by water into the meteorite during
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Fig. 2. Trapped noble gases in DaG samples. (a) shows that the
trapped 2ONe/3°Ar ratio in most DaG samples is <1 (closed circles),
which indicates that trapped Ne and Ar in most of these samples are
dominated by atmospheric contamination (grey area), while DaG 300
and 313 contain planetary gases. Only three samples (open circles)
show a 20Ne/3°Ar ratio >1, indicating a significant contribution of
solar Ne. The high 20Ne/3%Ar ratio in DaG 903 indicates a large solar
gas component, while the 2'Ne/3®Ar ratios of 1.3—1.7 in DaG 321 and
339 indicate a small contribution of solar Ne. (b) shows the
correlation of the 84Kr/132Xe ratio versus 1/%Kr in DaG meteorites
(solid symbols) compared to modern H chondrite falls (grey area;
Schultz et al. 1990) as well as Antarctic H chondrites (open squares;
Schultz et al. 1991). The low 84Kr/132Xe ratios of 0.1-0.4 in most
DaG meteorites are much closer to the value of dissolved gases in
water (represented by X) than to planetary values of 1.0-2.5,
indicating trapped Kr and Xe are mainly due to atmospheric
contamination brought into the samples via water. The higher $4Kr/
132Xe ratios in DaG 300 and 313 indicate these unequilibrated
meteorites contain a significant contribution of planetary Kr and Xe.
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weathering (Scherer et al. 1994). However, based on the
amount of trapped Ar, Kr, and Xe, DaG 304 (W4) and DaG
330 (W3) seem to be as much weathered as samples with
weathering degree W5. Another interesting observation is
that the amount of trapped 36Ar varies by a factor of 2-7
between different aliquots of DaG 062, 304, and 311, as was
also observed for other hot desert meteorites (Scherer et al.
1994; Stelzner et al. 1999). However, contrary to the results
for six meteorites from the Acfer region in Algeria (Stelzner
et al. 1999), we did not find any correlation between the
amount of trapped Ar, Kr, and Xe and the terrestrial age of
DaG meteorites (Table 3). This lack of correlation with
terrestrial age suggests that the majority of the atmospheric
noble gases is trapped within the first few thousand years after
their fall, which is consistent with a scenario of rapid initial
weathering proposed by Bland et al. (1998).

A correlation between measured “°Ar and the estimated
amount of trapped 3°Ar (=measured — cosmogenic) for DaG
samples with high °Ar (>5.5 x 10~% cm? STP/g) yields a slope
of ~250 and an intercept of °Ar = 5.2 x 107> cm? STP/g for
36Ar, = 0. The slope corresponds to an effective *°Ar/3Ar ratio
of 250 for trapped Ar, while the intercept corresponds to a K-
Ar age of 4.2-4.3 Gyr. This *0Ar/3%Ar ratio of ~250 is lower
than the atmospheric ratio of 296 but identical to the ratio
found for trapped Ar in 15 fragments of the Gold Basin shower,
an L4 chondrite with low radiogenic “°Ar and with variable
amounts of trapped Ar due to its 15 kyr residence in the desert
of northwest Arizona (Kring et al. 2001; Welten et al. 2003).
Since the concentration of atmospheric 3°Ar is correlated to the
degree of weathering, the low “0Ar/30Ar ratio of the trapped Ar
component is most likely an artifact of terrestrial weathering.
Complete oxidation of the metal in H chondrites dilutes the
concentration of radiogenic *°Ar per gram sample by ~10%,
thereby reducing the slope in the correlation of total 40Ar
versus trapped 3°Ar by 10-20% (assuming an atmospheric
36Ar contribution of 1-2 x 10~7 ¢cm?® STP/g). In addition, it
cannot be excluded that the most weathered samples have lost
a small amount of radiogenic *0Ar.

Effect of Weathering on Cosmogenic and Radiogenic
Noble Gases

Terrestrial weathering does not only lead to
contamination with atmospheric noble gases but also results in
lower concentrations of cosmogenic and radiogenic noble
gases (Herzog and Cressy 1976; Gibson and Bogard 1978;
Scherer et al. 1994). However, a recent study of Stelzner et al.
(1999) on meteorites from the Acfer region in Algeria shows
no evidence of radiogenic or cosmogenic noble gas losses in
samples of weathering grade W4 and W5. For the DaG
samples, we find no systematic decrease in the concentration
of radiogenic “He as a function of the degree of weathering (as
indicated by the Wlotzka scale). However, if we exclude the
samples with low radiogenic 4°Ar (<4 x 10~ cm? STP/g), we
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do find a trend of lower “He concentrations with increasing
concentrations of trapped atmospheric 3°Ar (which provides
an independent measure of the degree of weathering). From
the observed trend, we estimate that a trapped atmospheric
36Ar concentration of 10~7 cm3 STP/g corresponds to a ~20%
loss of radiogenic “He. This estimate implies that the most
contaminated samples (DaG 304 and 330) may have lost up to
~40% of their radiogenic “He due to terrestrial weathering,
while most samples have lost <20% of their radiogenic “He.

Based on elemental production rates, we estimate that
~20% of the 3He,, ~1% of the 2!Ne,, and ~30% of the 38Ar, in
H chondrites are produced in the metal fraction. This implies
that oxidation of the metal may lead to significant losses of
cosmogenic 3He and 38Ar, especially for H chondrites, while
loss of 2!Ne should be negligible. Meteorites that have lost *He
are easily identified since they show low *He/?!Ne ratios,
while loss of cosmogenic Ar from weathered samples is less
obvious due to the large amount of trapped atmospheric Ar.
Figure 3 shows that the *He/?!Ne ratios in 27 of the 32 DaG
samples (including samples of weathering category W4—W5)
are within 20% of the 3He/>'Ne versus 22Ne/?!'Ne correlation
known as the Bern-line (Eberhardt et al. 1966). All of the five
samples with low *He/2!Ne ratios (DaG 308, 321, 339, 904,
and 908) show only minor to moderate degrees of weathering
(W1-W3), which suggests that these samples did not lose
large amounts of 3He due to weathering. The most
contaminated aliquots of DaG 304 (W4) show 10-15% lower
3He/2!Ne ratios, indicating significant loss of cosmogenic
3He. In contrast, the most weathered aliquot of DaG 062 (i.e.,
the sample with the highest amount of trapped Ar) shows no
evidence of 3He loss, which is consistent with the lower
amount of metal in LL chondrites. These observations confirm
that oxidation of the metal results in loss of cosmogenic *He
(and 38Ar), but the effects of 3He loss are generally <20% for
H chondrites and <10% for L and LL chondrites.

Since we conclude that the low 3He/?!Ne ratios in five
DaG samples are not due to weathering, this leaves the
following possible explanations: i) very high shielding
conditions (Masarik et al. 2001); ii) loss of *He and “He
during ejection of the meteoroid from its parent body, as was
observed for the Jilin H5 chondrite (Begemann et al. 1985); or
iii) loss of 3He due to solar heating in space (Hintenberger et
al. 1966). The low 2*Ne/?>'Ne ratios in DaG 308 and 904
indicate high shielding conditions, but the cosmogenic °Be
and 2°Al concentrations are not as low as in Gold Basin, so
very high shielding conditions do not seem to be a plausible
explanation for the low *He/?'Ne ratios in any of the DaG
samples. The other two explanations will be discussed in
relation to the radiogenic *He and “°Ar ages.

Cosmic Ray Exposure (CRE) Ages

The 2!Ne exposure ages show typical values for ordinary
chondrites in the range of ~1 Myr to over 50 Myr (Fig. 4).
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Fig. 3. Correlation of (*He/2!Ne)® versus (22Ne/2!Ne), for all DaG
samples listed in Table 1. The solid line represents the Bern-line, as
defined by Nishiizumi et al. (1980), while the dashed lines represent
variations from the Bern-line of £20%. The closed symbols represent
samples with no significant loss of cosmogenic *He, while the open
symbols represent samples that seem to have lost more than 20% of
their 3He.
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Fig. 4. Histogram of 2'Ne CRE ages of 19 H chondrites from the DaG
region compared to those of 190 falls and finds (Graf and Marti
1995). The DaG H chondrites show few ages coinciding with the
main H chondrite peak at ~7 Myr, while a relatively large fraction
show ages <5 Myr.

Four of the H chondrite exposure ages coincide with the H
chondrite peak at 33 Myr, while only two coincide with the
main peak at ~7 Myr. Another unusual feature in the DaG age
distribution is that eight of the 19 H chondrites (=42%) show
exposure ages <5 Myr, while only 10-15% of modern H
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chondrite falls show exposure ages <5 Myr (Graf and Marti
1995). Interestingly, six out of those eight meteorites
experienced high shielding conditions, as judged from their
low 22Ne/?!Ne ratios. Therefore, it is likely that, in our suite of
DaG samples, the number of independent H chondrite falls
with a CRE age <5 Myr is less than eight, because: 1) possible
pairings could reduce the six meteorites to three independent
falls; and ii) for some of the meteorites with high shielding,
the CRE age is probably underestimated. The latter follows
from recent model calculations for large objects, which show
that, at high shielding conditions, the simple relationship
between the 2!Ne production rate and the 22Ne/2!Ne ratio is
not valid, resulting in an overestimation of the production rate
(e.g., Graf et al. 1990; Leya et al. 2000; Masarik et al. 2001).
To obtain more reliable ages for these samples, we also
calculate CRE ages based on the 20A1/2'Ne method (Graf et al.
1990) as discussed below.

Gas Retention Ages and their Relation to He and 2!Ne
Exposure Ages

The concentrations of radiogenic “He and 4Ar
correspond to U,Th-He ages of 0.1-4.3 Gyr and K-Ar ages
of 0.5-4.5 Gyr, respectively. Only ~10% of the U,Th-He
ages are >3.8 Gyr if we don’t correct for the loss of
radiogenic “He due to weathering. This number increases to
~30% if we do correct for weathering effects on the basis of
the amount of atmospheric 3°Ar. In contrast, about 65% of
the K-Ar ages are >3.8 Gyr, and the U,Th-He ages are
always lower than the corresponding K-Ar ages (Fig. 6).
These observations can be explained by the fact that “He is
more easily lost from its host minerals than “°Ar (Huneke et
al. 1969). Another trend that follows from Fig. 5 is that the
gas retention ages show a negative correlation with shock
stage: samples with a low shock stage (S1-S2) show
consistently high K-Ar ages of >3.8 Gyr, while lower K-Ar
ages are only found in samples with shock stage S3-S6
(Fig. 5). This trend is consistent with previous observations
(Stoffler et al. 1991; Schultz and Stoffler 1993). We find that
low U, Th-He ages (<2.0 Gyr) and low K-Ar ages (<3.8 Gyr)
are equally common among DaG H chondrites (5/19 = 26%)
and L chondrites (2/7 = 28%), while low radiogenic ages are
usually more common among L chondrites (Wasson and
Wang 1991; Bogard 1995).

Figure 6 shows a plot of the 3He-exposure-age/?'Ne-
exposure-age ratio versus the radiogenic U,Th-He age/K-Ar
age, or T3/T,; versus T4/T4. This plot can be used to determine
ifradiogenic “He was lost before or after the start of cosmic ray
exposure (Eugster et al. 1993). Figure 6 shows that most of the
L chondrites (and one H chondrite, DaG 312) with low T4/T,
ratios show T3/T,, ratios between 0.8—1.2, which implies that
they lost radiogenic “He and “°Ar before they were exposed to
cosmic rays, most likely due to large impacts on their parent
body. However, the correlation of T4/T,q versus T3/T»,; in most
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Fig. 6. Correlation of the cosmic ray exposure age ratio, T3/T,,
versus the gas retention age ratio, T4/T4y. Many L chondrites (open
symbols) have lost radiogenic “He and “°Ar before they were
exposed to cosmic rays, while most H chondrites (closed symbols)
with low radiogenic ages also show loss of cosmogenic 3He,
indicating that radiogenic “He was lost during cosmic ray exposure,
either due to impacts on a precursor body or due to solar heating
caused by orbits close to the sun. In addition, two samples with low
T4/T4, ratios (DaG 304 and 341) have probably lost “He due to
weathering. The relatively high T,/Ty4 ratios in DaG 339 (and to a
lesser extent DaG 321) are due to a significant contribution of solar
4He; corrections for solar He brings these samples closer to the 1:1
correlation.
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DaG H chondrites with low T,/T4, ratios (308, 321, 904, and
908) suggest that they lost both “He and 3He after the onset of
cosmic ray exposure. In contrast to previous studies, where
none of the samples plot below the 1:1 correlation in a T3/T5;
versus T4/Tyy diagram (Eugster et al. 1993; Scherer et al.
1998), DaG 339 and (to a lesser extent) DaG 321 seem to be
outliers with T3/T,; <T4/T4 (Fig. 6). Since these two
meteorites contain small—but detectable—amounts of solar
Ne, we conclude that deviations from the 1:1 correlation are
probably due to small contributions of solar “He, for which we
did not correct. Thus, we estimate that DaG 321 and 339
contain ~150-390 x 1078 ¢m3 STP/g “He of solar origin,
respectively. DaG 304 also shows a low T4/Ty ratio, but its
high K-Ar age (~4.4 Gyr) and high concentration of
atmospheric Ar suggest that most of the *He loss is due to
terrestrial weathering.

A question that we have not yet addressed is whether
losses of radiogenic “He and cosmogenic 3He in H chondrites
are due to impacts on the parent/precursor body (Eugster et al.
1993) or to solar heating (Hintenberger et al. 1966; Schultz
and Stoffler 1993). The first scenario requires a previous CRE
on a larger body, while the second scenario requires an orbit
with a perihelion close to the Sun. Our cosmogenic
radionuclide results indicate that DaG 908 had a complex
exposure history, so it is possible that, for this meteorite, most
of the cosmogenic 3He produced in the first stage and >95%
of the radiogenic “He and “°Ar were lost simultaneously
during a recent breakup event. However, for the other four H
chondrites with low T3/T,; and low T,/Ty, ratios, we have no
compelling evidence for a complex exposure history, so it
seems likely that most of the gas losses in these meteorites are
due to solar heating.

RADIONUCLIDES: TERRESTRIAL AGES AND
PRE-ATMOSPHERIC SIZE

14C and “C-19Be Terrestrial Ages

The 'C concentrations range from 1-35 dpm/kg. Based
on average production rates of 46.4 dpm/kg for H, 51.1 dpm/
kg for L, and 55.2 dpm/kg for LL chondrites, these
concentrations correspond to terrestrial ages of 2.5-31.0 kyr,
similar to '“C ages of many other Saharan meteorites (Jull et
al. 1990; Bland et al. 1998). For DaG meteorites in which
10Be is saturated, based on the noble gas exposure age (Table
3), we calculated a shielding-corrected terrestrial age using
the 14C-19Be method, assuming a '*C/!%Be production ratio of
2.65 £ 0.15 (Jull et al. 2000). The thus derived *C-1°Be ages
(Table 3) are in good agreement with the *C ages. Although
the terrestrial ages do not show a clear correlation with the
degree of weathering, the four oldest meteorites are also the
most weathered (W3—W5), while meteorites younger than
10 kyr generally show only minor to moderate oxidation of
the metal (W1-W3).
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Fig. 7. Correlation of cosmogenic 3¢Cl (a) and *!Ca (b) versus total
Fe + Ni in the stone fraction of 18 DaG samples. The negative
correlation for about two-thirds of the samples indicates that
cosmogenic 3°Cl and *'Ca are lost from the oxidized metal phase
during weathering. The addition of oxidized metal to the “stone”
fraction increases concentrations of Fe and Ni, while it dilutes the
concentrations of cosmogenic 3°Cl and “#!Ca. Elevated
concentrations of 3°Cl and 4!Ca in four samples (DaG 304, 308, 311,
904) and of 3°Cl in one sample (DaG 908) are due to neutron-capture
contributions, while the relatively low concentrations of 3¢Cl and
41Ca in DaG 343 indicate a terrestrial age >100 kyr.

36C1 and *!Ca Terrestrial Ages

The 3Cl concentrations in the stone fraction range from
3-12 dpm/kg, although most (12) samples show values
between 3—-6 dpm/kg. The 3°Cl concentrations in 11 of these
12 samples show a negative correlation with the total Fe + Ni
concentration (Fig. 7a), which increases with the amount of
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oxidized metal in the stone fraction (Welten 1999). This trend
suggests that most of the cosmogenic 3°Cl produced in the
metal phase is lost during weathering (oxidation) of the metal
fraction. During magnetic separation of the metal, most of the
36Cl-free oxidized metal ends up in the non-magnetic “stone”
fraction, thereby diluting the cosmogenic 3°Cl concentration
in the stone fraction. We assume that cosmogenic 3°CI from
troilite (FeS) is also lost during weathering, although our
results do not provide clear evidence for or against this
assumption. On the other hand, 3°Cl in clean metal should be
retained, but for the more weathered meteorites, little or no
clean metal could be separated.

Due to the loss of cosmogenic 3¢Cl from metal and
troilite during weathering, the measured 3°Cl concentrations
should not be normalized to the measured concentration of Fe
in the stone samples because part of this Fe is from oxidized
metal and troilite. From chemical analyses of H chondrite
falls (Jarosewich 1990), it follows that the non-metallic
fraction contains 13.5 wt% Fe, of which ~9.5 wt% is in
silicates and ~4.0 wt% in troilite. We normalized the
measured 3°Cl concentration in H chondrite samples to a Fe
concentration of 13.5 wt% for samples with minor weathering
(W1), decreasing to a Fe concentration of 9.5% for the most
weathered samples (W4/5). The latter value is based on the
assumption that, in the most weathered samples, all troilite is
oxidized, while only the 3°Cl produced from Fe in silicate
minerals is retained. Based on chemical analyses of
Jarosewich (1990), similar normalizations were done for L
and LL chondrites, assuming Fe concentrations decreasing
from 16—17 wt% for fresh L and LL’s (W1) to 12—13 wt% for
weathered L and LL’s (W4/5). We accounted for the
production of 3¢Cl from Ca and K by adopting production rate
ratios of P(3¢C1)Ca/P(*°Cl)Fe = 8 (Begemann et al. 1976) and
P(eCHK/P(3Cl)Ca = 1.8 (Welten et al. 2000).

The #!Ca concentrations in the stone fraction range from
1.6-18.5 dpm/kg, although most samples (13) show values
between 3-6 dpm/kg. The concentrations of *!Ca in these
samples show a similar correlation with total Fe + Ni (Fig. 7b)
as those of 3°Cl, indicating that cosmogenic *!Ca in the metal
phase is also lost upon oxidation. Therefore, we normalized
the 4!Ca concentrations in the same way as the 3°Cl
concentrations, assuming a production rate ratio of 'Ca from
Ca relative to that from Fe, P(*!Ca)Ca/P(*!Ca)Fe = 6 (Vogt et
al. 1991). In addition, we corrected for the dilution with
oxidized metal, which is up to 15% for H chondrites but <10%
and <5% for L and LL chondrites, respectively (Welten 1999).

The normalized and  dilution-corrected  3°Cl
concentrations (Fig. 8a) show values of 20-26 dpm/kg(Fe +
8Ca + 15K) for most samples, which is consistent with the 4C
terrestrial ages <30 kyr. The normalized 3°Cl concentration of
~16 dpm/kg for DaG 343 corresponds to a terrestrial age of
~150 kyr but has a large uncertainty. The high 3¢Cl
concentrations of 40-56 dpm/kg(Fe + 8Ca + 15K) in DaG
304, 308, 311, 904, and 908 are due to neutron-capture 3°Cl,
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Fig. 8. Correlation of cosmogenic 3°Cl (a) and *'Ca (b) in the stone
fraction (normalized to the amount of Fe + xCa + yK) versus the 14C-
derived terrestrial age (closed symbols). In the absence of “C data
for DaG 304, its terrestrial age was estimated at 25 = 5 kyr from the
degree of weathering (open symbol). If we exclude the samples (DaG
304, 308, 311, 904, and 908) with large contributions of neutron-
capture products, the 3°Cl and *'Ca concentrations in most samples
are consistent with terrestrial ages <30 kyr. The only exception is
DaG 343, for which the 1*C concentration of ~1 dpm/kg only gives a
lower limit of ~30 kyr, while the 4'Ca concentration of ~9 dpm/kg(Fe
+ 6Ca) corresponds to a terrestrial age of 150 + 40 kyr, which is also
in agreement with the age of 100200 kyr derived from 3¢Cl.

indicating a large pre-atmospheric size of these meteorites.
For meteorites with large contributions of neutron-capture
products, the 3°Cl and “#!Ca concentrations in the stone
fraction can obviously not be used to calculate terrestrial ages.

The normalized 4'Ca concentrations show a slight
decrease with the !4C terrestrial age (Fig. 8b), but the
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uncertainties in the 4!Ca values are too large to determine
terrestrial ages on a timescale of <30 kyr. However, the
normalized 4!Ca concentration of ~8 dpm/kg for DaG 343
corresponds to a terrestrial age of 150 + 40 kyr. This age is
consistent with the 3Cl terrestrial age but is much longer than
the 14C age of 31 kyr. The “C age of DaG 343, therefore,
should only be considered as a lower limit because
contamination with terrestrial CO, may be a problem at the
level of ~1 dpm “C/kg. With a terrestrial age of ~150 kyr,
DaG 343 is the oldest chondrite found outside Antarctica,
with exception of the 480 Myr old “fossil chondrites” found
embedded in Ordovician limestone in Sweden (Schmitz et al.
2001).

The long terrestrial age for DaG 343 indicates that not
only achondrites but also ordinary chondrites can survive
longer than 50 kyr in hot deserts. Schliiter et al. (2002)
suggested that meteorites may have been protected from wet
periods in the Sahara, such as the one between 11,000 and
3000 years ago, by soil coverage. This soil was removed by
deflation during the current arid period, exhuming the
meteorites. Fig. 9 shows that the terrestrial age distribution of
chondrites at DaG is similar to the age distribution of those
found in Acfer (Algeria), while those found in the Daraj
region (Western Libya) tend to be younger. The younger
terrestrial ages at Daraj may be explained by the somewhat
wetter conditions in this area, resulting in faster weathering
rates than in the DaG region (Abu Aghreb et al. 2003).

Pre-Atmospheric Size and Exposure History

The 1°Be and 26Al concentrations range from 5-21 and
25-54 dpm/kg, respectively. Considering the terrestrial ages
of <30 kyr for most samples, the variations in 1°Be and 26Al
must be due to differences in shielding effects and exposure
history. Three samples (DaG 304, 904, and 908) show low
10Be concentrations (5.1-7.7 dpm/kg) and high 26Al1/!9Be
ratios (4.8-5.2), which indicate short exposure ages. If we
assume a maximum 26A1/19Be production rate ratio of 3.5,
then the measured ratios correspond to exposure ages of less
than 1.5-2.0 Myr, consistent with their 2!Ne exposure ages of
0.8-1.0 Myr.

The high #!Ca values of 55-104 dpm/kg(Fe + 6Ca) in
four samples (DaG 304, 308, 311, and 904) are clearly due to
neutron-capture produced 4/Ca. These values correspond to
specific 4!Ca activities (at saturation) of 0.4-0.5 dpm/gCa for
DaG 308 and 311 up to values of 0.9-1.1 dpm/kg for DaG 304
and 904, respectively. The large contributions of neutron-
capture 3°Cl and *!Ca indicate that these four meteorites had
large pre-atmospheric radii (R >50 cm), which is consistent
with their low 22Ne/2!Ne ratios.

Exposure History of DaG 908

The low concentrations of '9Be and 2°Al in the stone
fraction of DaG 908 are consistent with a simple CRE history
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Fig. 9. Histogram of terrestrial ages of Saharan meteorites. The
histogram includes 17 DaG chondrites studied in this work, 10
chondrites from the Daraj region in western Libya (Jull et al. 1990),
and 51 chondrites from the Acfer region in Algeria (Bland et al.
1998), as well as two DaG achondrites (Nishiizumi et al. 1998;2001).

of 0.8—1.0 Myr, while the high neutron-capture-produced 3°Cl
indicates high shielding. The only result inconsistent with this
simple exposure history is the low concentration of #'Ca,
which indicates a low thermal-neutron flux and, thus, a small
pre-atmospheric size (R <30 cm). This can only be explained
by a recent breakup event, which must have occurred 0.2—
0.4 Myr ago, i.e., long enough for a significant part (i.e.,
>75%) of the neutron-capture *!Ca (produced in the first stage)
to decay but short enough to retain ~40—60% of the neutron-
capture-produced 3°Cl. The measured 4!Ca concentration of
18.9+0.9 dpm/kg in the metal phase is significantly lower than
expected for small meteorites (24 + 2 dpm/kg), which suggests
that the recent irradiation in a small object could not have been
longer than ~0.2 Myr. Based on a measured 2°Al/!9Be ratio of
5.2 in the stone fraction and a recent irradiation of ~0.2 Myr,
we constrain the first-stage exposure to ~0.8 Myr. The 1Be
concentrations of 1.34 £ 0.05 dpm/kg in the metal and 7.7 £ 0.1
dpm/kg in the stone fraction indicate production rates of 2.7—
3.3 dpm/kg in the metal and 19-23 dpm/kg in the stone during
the first-stage irradiation. These production rates suggest a
radius of 70-110 cm (Welten et al. 2001).

The 2°Al concentration of 2.07 £ 0.05 dpm/kg in the
metal also reflects a short irradiation at high shielding, but the
26A1/19Be ratio of 1.54 £ 0.07 in the metal is ~25-30% higher
than the expected ratio for the proposed exposure scenario.
Assuming a P(°Al)/P('°Be) ratio of 0.68-0.72 (Albrecht et
al. 2000), this high 26A1/1%Be ratio cannot be explained by any
other exposure scenario but must be due to significant
phosphorus (and possibly sulphur) in the metal fraction.
Calculations by Leya and Michel (1998) show that, in the
center of an object with a radius of ~350 g/cm?
(corresponding to R ~1 m for chondrites), only 0.2—-0.3% P +
S is needed in the metal to increase P(?°Al) by 25-30%.
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We conclude that DaG 908 experienced two impact
events in the last ~1 Myr: the first impact ~1 Myr ago ejected
an object with a radius of 70—110 cm from its parent body, and
the second impact ~0.2 Myr ago, resulted in a breakup of this
object into smaller pieces, one of which (DaG 908) eventually
collided with Earth. It is interesting to note that the 3He
exposure age of ~0.14 Myr agrees fairly well with the recent
irradiation of ~0.2 Myr deduced from the radionuclide
concentrations. This could indicate that >95% of the
cosmogenic *He produced in the first stage as well as most of
the radiogenic “He was lost during the recent breakup event.
A similar scenario was also proposed for the Jilin HS5
chondrite, which lost most of its cosmogenic *He produced in
the first stage as well as most of its radiogenic *He during
excavation from its parent body ~0.4 Myr ago (Begemann et
al. 1985, 1996). However, since we have only one data point
for DaG 908, the evidence for a short thermal event is not as
strong as for Jilin, and, therefore, we cannot exclude that loss
of He and radiogenic “°Ar occurred more gradually due to
solar heating in a low-perihelion orbit.

EXPOSURE AGES BASED ON 26A1/21Ne
AND 1'Be/?'Ne RATIOS

Both model calculations and empirical studies have
shown that the 2'Ne production rate is not simply a function of
the 22Ne/2!Ne ratio but scatters widely for low 22Ne/2!Ne
ratios. The semi-empirical model of Graf et al. (1990)
suggests that the 1°Be/2!Ne and 26A1/2!Ne ratios are relatively

insensitive to shielding and, thus, provide an alternative
method for calculating exposure ages for high shielding.
However, recent model calculations (Leya et al. 2000)
suggest that the P(!Be)/P(3'Ne) ratio is much more
dependent on shielding than suggested by Graf et al. (1990).
For high shielding conditions (**Ne/?!Ne <1.10), the model
by Leya et al. (2000) yields 20-40% lower P(1°Be)/P(?!Ne)
ratios than the model of Graf et al. (1990). These large
discrepancies between the two models make the 1°Be/2!Ne
method less reliable. The 26Al/2INe production rate ratio in
chondrites is less dependent on shielding than the 1°Be/2!Ne
ratio since the size and depth dependence of the 2!Ne
production is more similar to that of 2°Al production than to
10Be production. The model of Leya et al. (2000) yields
P(%°Al)/P(*'Ne) ratios, which increase from 0.36-0.37 for L
chondrites with radii between 25 and 120 cm to 0.40-0.42 for
objects with a radius of 5 cm. In comparison, model
calculations using the LAHET Code System yield only
slightly higher ratios of 0.40-0.45 (Masarik and Reedy 1994).
For our exposure age calculations, we used the following
equation to determine the 26A1/2!Ne production rate ratio as a
function of the 22Ne/2!Ne ratio in each sample:

P(2A1)/P(2'Ne) = 0.375 + 0.20%(22Ne/2'Ne — 1.11) (1)

This equation yields P(2°Al)/P(*'Ne) ratios ranging from
0.36 atom/atom in the most shielded samples to a ratio of
~0.41 atom/atom in the least shielded samples, consistent
with the model of Leya et al. (2000). Exposure ages are
calculated from the measured concentrations of 2!Ne in bulk

Table 5. Cosmic ray exposure ages, T in Myr, based on 2!Ne concentrations in DaG meteorites. Exposure ages are either
based on the correlation between P(2!Ne) and 22Ne/2!Ne (Eugster 1988) or on a relatively constant production ratio of the
2INe/26Al nuclide pair (Graf et al. 1990). Measured 2!Ne/2°Al ratios and production rate ratios, P(2A1)/P(3!Ne), calculated
using Equation 1, are given in atom/atom. Measured 2'Ne/!9Be ratios and 2'Ne/2°Al exposure ages are then used to
estimate the 1°Be/?!Ne production rate ratios in these samples.

DaG Type 22Ne/?'Ne  P(%Al1)/P(?'Ne) T(*'Ne) 2INe/26Al  T(*%A1/2'Ne) P(?'Ne) 2INe/"9Be  P(19Be)/P(*'Ne)
304 H6 1.05 0.363 0.8 5.5 1.6 0.206 12.8 0.110
308 H6 1.041 0.361 2.6 13.5 5.0 0.234 20.7 0.124
311 H6 1.044 0.362 3.7 20.3 7.4 0.219 29.1 0.122
312 H6 1.121 0.377 31.6 123.4 45.1 0.207 146.7 0.149
321 H5 1.111 0.375 7.4 23.7 9.3 0.245 30.1 0.141
322 H4 1.221 0.397 19.6 49.5 21.6 0.188 64.7 0.144
336 H5/6 1.138 0.381 34 10.1 3.8 0.250 13.4 0.158
339 H5 1.18 0.389 6.6 17.3 6.8 0.226 233 0.141
343 H4 1.288 0.411 4.7 10.6 4.4 0.184 13.7 0.171
388 H5/6 1.077 0.368 31.5 118.3 44.3 0.258 152.0 0.135
904 Hé6 1.075 0.368 1.0 7.5 2.6 0.146 17.6 0.097
907 H6 1.090 0.371 13.6 48.8 18.4 0.251 57.4 0.148
908 H6 1.08 0.369 0.77 4.1 0.94 0.287 9.9 0.125
330 L5 1.154 0.384 9.1 26.2 10.2 0.247 35.1 0.136
341 L6 1.157 0.384 12.1 35.2 13.8 0.241 44.2 0.144
342 L5-6 1.069 0.367 41.9 166.6 62.1 0.275 208.5 0.138
906 L6 1.296 0.413 4.8 11.7 4.9 0.178 14.7 0.172
062 LL5-6 1.134 0.380 12.2 34.7 13.4 0.269 43.7 0.142
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samples and of 2°Al in the stone fraction after the latter were
corrected for radioactive decay during the terrestrial
residence times of 0—150 kyr and normalized to bulk samples.
The normalization of 2°Al to bulk was done by correcting for
the estimated amount of unoxidized metal that we separated
from bulk samples (Table 4), assuming that the metal has 10—
20 times lower 2°Al than the stone fraction (Nagai et al.
1993). Using P(°Al)/P(3'Ne) ratios from Table 5, the
obtained 2!Ne/20Al ratios in the bulk (b) were then converted
to exposure ages, T (in Myr), according to the following
equation:

T/(1 — eT) = (2\Ne/26Al), *1.017*P(26Al)/P(2'Ne) )

where A is the decay constant of 2°Al (in Myr~!). The low 20Al
concentrations in DaG 304, 308, 311, and 904 lead to 26Al/
2INe ages that are 1.8-2.6 times higher than the
corresponding 2'Ne ages (Fig. 10). These are also the four
samples with large contributions of neutron-capture 3°Cl and
41Ca, so the lower 2!Ne production rates that follow from the
26A1/2'Ne method are consistent with their large pre-
atmospheric size and confirm that the relation between
P(?'Ne) and the 22Ne/2'Ne ratio is not unambiguous.

The 20A1/2!Ne age of ~1.6 Myr for DaG 304 is consistent
with its high 26Al/!°Be ratio of ~4.9. This short age yields
10Be and 2°Al production rates of 11.7 and 37.5 dpm/kg,
respectively, which are consistent with the high shielding
conditions of DaG 304. The 2°Al/2!Ne ages for DaG 308 and
311 correspond to '9Be production rates of 13.6 dpm/kg (DaG
311) and 15.2 dpm/kg (DaG 308). These production rates
indicate somewhat lower shielding conditions than in DaG
304, which is consistent with the lower neutron-capture 3°Cl
and #!Ca concentrations in DaG 308/311. The 2°Al/2!Ne ages
of DaG 304/308/311 correspond to 2'Ne production rates of
0.20-0.23 x 10-8 cm3 STP/g.Myr, i.e., almost a factor of two
lower than those predicted by the correlation of Eugster
(1988). Interestingly, the revised CRE age of DaG 311 now
coincides with the main H chondrite peak at ~7 Myr. The only
inconsistency is found for DaG 904, for which the 2°Al/2!Ne
age of 2.7 Myr is significantly higher than the maximum CRE
age of 2.0 Myr, which we derived from the 26Al/!%Be ratio. A
recent exposure age of 2.7 Myr would imply an unrealistically
high 26A1/'9Be production rate ratio of ~3.8, which is higher
than measured ratios of 3.3-3.5 in large chondrites, such as
Chico (Garrison et al. 1992), Ghubara (Ferko et al. 2002), and
Gold Basin (Welten et al. 2003). Thus, for DaG 904, we have
to consider a complex exposure history with a first-stage
exposure on the parent body followed by a 4r exposure of 1—-
2 Myr as a large object. The complex exposure histories of
DaG 904 and 908 confirm the trend observed by Herzog et al.
(1997) that many meteorites with “short” CRE ages have
complex exposure histories.

Samples with 22Ne/2'Ne ratios >1.13 show 20Al1/2'Ne
ages that agree, within the experimental uncertainty of ~20%,
with the 2!Ne ages. However, for five meteorites with 22Ne/
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Fig. 10. Dependence of the T(*°Al/2!Ne)/T(*'Ne) exposure age ratio

as a function of the 22Ne/2!Ne ratio. For small objects (with 22Ne/
2INe ratios >1.13), the two ages show good agreement, while for
large objects (with 22Ne/?!Ne ratios <1.09 and significant
contributions of neutron-capture 3°Cl and 4!Ca), the 2A1/>'Ne age is
1.8-2.6 times higher than the 2'Ne age. These results confirm that the
relation between the 2!Ne production rate and the 22Ne/?'Ne ratio is
not unambiguous.

2INe ratios of 1.07-1.12, the 26Al1/2!Ne ages are 25-50%
higher than the corresponding 2'Ne ages. The higher 2°Al/
2INe ages are due to relatively low 2°Al concentrations of 38—
52 dpm/kg, i.e., 20-40% lower than would be expected for
medium-sized objects with 22Ne/>!Ne ratios of 1.07-1.12.
Low 26Al production rates occur in very large objects (R
>60 cm) as well as in very small objects (R <20 cm). Since
the absence of neutron-capture 3°Cl and *'Ca rules out a large
pre-atmospheric size, we conclude that these meteorites were
relatively small in the last few Myr of their exposure. In
contrast, the low 22Ne/2!Ne ratios indicate that their “average
size” (during their entire exposure history) must have been
significantly larger, i.e., these meteorites were previously
exposed under higher shielding conditions, either on the
surface of their parent body or in a larger object in space.
Since the half-lives of the radionuclides used in this study are
too short to constrain the exposure history of these samples,
we will assume that the 2!Ne exposure ages for these samples
are the most reliable.

Since the 2°Al/>'Ne exposure age method seems fairly
robust (Leya et al. 2001), we can use the 2°A1/2!Ne ages of the
DaG meteorites to determine the 1°Be/2'Ne production rate
ratios from the measured '°Be and 2'Ne concentrations in
these samples. We exclude DaG 904 and 908 from this
exercise since these samples show clear evidence of a
complex exposure history. The resulting P(!°Be)/P(>'Ne)
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Fig. 11. The '"Be/?'Ne production rate ratio as a function of the
cosmogenic 2*Ne/?!Ne ratio. The production rate ratios are based on
measured 1°Be, 2°Al, and 2!Ne concentrations in 18 DaG samples and
T('°Be/?'Ne) = T(*°A1/2'Ne) and P(*°Al)/P(3'Ne) is calculated using
Equation 1. The solid line represents a linear fit through the solid
symbols (this study), which represent samples with a simple
exposure history. The dashed line represents the correlation derived
by the physical model of Leya et al. (2000), the semi-dashed line the
semi-empirical correlation of Graf et al. (1990).

ratios in the remaining 16 samples range from 0.11-0.17.
Figure 11 shows that this range is significantly larger than the
range of 0.138-0.150 predicted by Graf et al. (1990) but much
smaller than the range of 0.08-0.21 proposed by Leya et al.
(2000). We find a fairly good correlation (R = 0.84) of the
P('9Be)/P(>'Ne) ratio with the 2?Ne/?!Ne ratio:

P(1°Be)/P(2'Ne) = 0.138 + 0.17%(22Ne/2!Ne — 1.11) 3)

We estimate that the uncertainties in the derived P(1°Be)/
P(*'Ne) ratios are 5-7% for objects with radii of 5-100 c¢m,
while the ratios in very large objects, such as the Gold Basin
meteoroid (R = 3-5 m; Welten et al. 2003), may be ~10%
lower than predicted by Equation 3.

PAIRING AND SHOWERS

One of the fundamental pieces of information that we can
obtain from the distribution and terrestrial ages of hot desert
meteorites is the meteorite infall rate (to the Earth) over the
past 10-50 kyr (Bland et al. 1996). To determine this flux, it is
important to identify paired specimens and large strewnfields,
as was first done for the DaG meteorites using classification
characteristics and find location only (Schliiter et al. 2002).
Here, we add the noble gas and radionuclide data to evaluate
some of the pairings proposed by Schliiter et al. (2002) and to
identify additional pairings.

The large pairing group of L6 chondrites DaG 328, 457,
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458, and 757 is confirmed by the high CRE ages and low
U,Th-He and K-Ar ages. DaG 757 has an ~30% lower 2!Ne
exposure age than the other three L6 chondrites, but this may
be due to different shielding conditions for which the low
22Ne/?'Ne ratio (~1.07) does not correct properly.
Unfortunately, no radionuclide data are available for these
samples to verify this difference in shielding. Based on the
CRE age alone, DaG 342 may also be part of this shower, but
its radiogenic gases and different find location (78 km apart
form the DaG 328 strewnfield) seem to rule out pairing. We
can also rule out the proposed pairing of DaG 341/906
because they show very different CRE ages, radiogenic ages,
and terrestrial ages. Since none of the other L or LL
chondrites are paired, this reduces the 13 L and LL chondrites
to 10 independent falls.

None of the selected H chondrites are paired specimens
based on classification characteristics and find location alone
(Schliiter et al. 2002). However, as we mentioned before, it is
striking that a relatively large portion of the H chondrites (6 out
of 19) show short exposure ages (<5 Myr) and high shielding
conditions (23Ne/2!Ne <1.08), which suggests that some of
these specimens may be paired. DaG 908 is clearly a distinct
fall, based on its complex exposure history and very low
radiogenic gas ages. Of the remaining five H chondrites with
high shielding, we suggest two possible pairing groups based
on the available noble gas and radionuclide data: i) DaG 304/
904, and ii) DaG 308/311/905. The very similar radionuclide
concentrations (low 'Be and 2°Al combined with high 3¢Cl
and #!Ca) in DaG 304/904 and the relatively short distance of
5.3 km between their locations of find support pairing. The
15% difference in the 2!Ne concentration and the 40%
difference in 2'Ne/!Be and 2'Ne/?°Al ratios could be used as
an argument against pairing but can also be explained by a
complex exposure history of a large object, in which DaG 904
acquired a small amount of 2'Ne on the parent body, while DaG
304 was buried deep enough to avoid significant production of
2INe. Of the second pairing group, DaG 311 and 905 form the
most likely pair because of similar radiogenic ages and
relatively close find locations (5.5 km apart), while DaG 308
was found ~26 km to the north. Other possible H chondrite
pairings are DaG 300/322 and 302/388, although the find
locations of the members of these two pairs are 17.5 and ~50
km apart, respectively. These possible pairings reduce the 19
H chondrites to a minimum of 14 different falls.

Whether they are paired or not, the large pre-atmospheric
sizes of DaG 304, 308, 311, 904, and 905 suggest that these
five H chondrites may be part of several large (unrecognized)
showers. Maybe these showers went unnoticed because their
strewnfields were more widely dispersed than those identified
by Schliiter et al. (2002). An example of such a large
strewnfield is the group of five shergottites (DaG 476/489/
670/735/876) that were found up to 58 km apart. Our
conclusion based on cosmogenic nuclide data supports the
suggestion of Schliiter et al. (2002) that several unidentified H
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chondrite showers are present, which would explain the high
H/L chondrite ratio of 1.6 at DaG compared to a ratio of 0.92
for ordinary chondrite falls (Grady 2000). It must be noted that
high H/L chondrite ratios are also found in several Antarctic
meteorite collections, such as those from the Allan Hills (Huss
1991), the Lewis CIiff (Cassidy et al. 1992), and the Frontier
Mountain ice fields (Welten et al. 1999). In all these cases, the
high ratio was attributed to one or several large H chondrite
showers. Harvey (2003) recently pointed out that, among
well-documented falls, H chondrites are 50% more likely to
produce showers of more than 10 fragments than L chondrites.
Although no physical reason was given for this observation, it
may explain the trend of high H/L chondrite ratios at Antarctic
and non-Antarctic collection sites.

CONCLUSIONS

The terrestrial ages of most DaG samples are <30 kyr,
based on '“C. The only exception is DaG 343 (H4), which has
a terrestrial age of 150 £ 40 kyr, based on 3¢Cl and *'Ca
concentrations. DaG 343 is the oldest ordinary chondrite
found in any desert outside Antarctica, indicating that not
only achondrites can survive the hot desert environment for
more than 50 kyr, but ordinary chondrites can as well.

Noble gases and cosmogenic radionuclide concentrations
indicate that the 32 DaG meteorites studied represent between
25 and 29 individual falls. Four H chondrites show significant
contributions of neutron-capture 3°Cl and *'Ca, indicating a
large pre-atmospheric size (R >50 cm), which suggests that
they may be part of several large unrecognized showers. The
presence of these showers could help to explain the high H/L
chondrite ratio in the DaG meteorite collection relative to
ordinary chondrite falls.

The trapped noble gases are dominated by atmospheric
gases, which increase with the degree of weathering,
especially for 34Kr and !32Xe. The amount of atmospheric
contamination is not related to terrestrial age, which suggests
that the majority of atmospheric noble gases are trapped
within the first few hundred years after their fall. In addition
to atmospheric gases, we identified planetary gases in two
unequilibrated chondrites (DaG 300 and 313) and solar gases
in three chondrites (DaG 321, 339, and 903).

Gas retention ages based on U,Th-He range from 0.1—
4.4 Gyr, while most K-Ar ages are between 3.8—4.5 Gyr. Ten
DaG samples show significant losses of radiogenic 40Ar,
corresponding to ages of <3.6 Gyr. The difference between H
and L chondrites with low radiogenic ages is interesting: the L
chondrites lost radiogenic gases before cosmic ray exposure
due to impacts on the parent body, while the H chondrites lost
radiogenic gases (as well as cosmogenic 3He) during cosmic
ray exposure, either due to impacts on the parent body or to
solar heating. In addition, some of the most weathered
samples show significant losses of radiogenic “He (and
cosmogenic *He) due to terrestrial weathering, while the K-
Ar ages seem little affected by weathering.

K. C. Welten et al.

We calculated CRE ages using the correlation of 2/Ne
versus 22Ne/?'Ne for small meteorites and the 20A12!Ne
method for meteorites with a large pre-atmospheric size. CRE
ages of L chondrites are dominated by one shower with an age
of ~40 Myr. The age distribution of 19 DaG H chondrites
differs from that of moderns falls since only three meteorites
coincide with the main H chondrite exposure age peak at ~7
Myr, while seven samples show CRE ages <5 Myr. The high
fraction of low exposure ages may be due partly to
unrecognized pairings. Two H chondrites show evidence of a
complex exposure history: i) DaG 908 shows significant
neutron-capture 3°Cl but only a small amount of neutron-
capture 4!Ca, indicating a recent change, about 0.15 Myr ago,
from a large object to a small object; ii) the exposure history
of DaG 904 is less well-constrained, but its cosmogenic
nuclide record is best explained with a first-stage exposure on
the parent body and a second stage of 1-2 Myr as a relatively
large (m-sized) object in space. Low 2°Al (and !9Be)
concentrations in five other DaG samples with intermediate
22Ne/?!Ne ratios seem to indicate that they experienced a more
moderate change in size during their exposure history, either
due to a breakup event and/or due to the gradual process of
space erosion. But, this topic warrants further studies.

Finally, we used the 2°A1/2!Ne and '°Be/?'Ne ratios in 16
DaG meteorites to derive a more reliable equation for the
10Be/2INe production rate ratio as a function of shielding. The
P(1°Be)/P(?!Ne) ratio seems more dependent on shielding
than was predicted by the semi-empirical model of Graf et al.
(1990), but much less than was predicted by the purely
physical model of Leya et al. (2000).
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