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Abstr act—We measured the concentrations of 10Be, 26Al, 36Cl, 41Caand 14C in the metal and/or stone
fractions of 27 Antarctic chondrites from Frontier Mountain (FRO), including two large H-chondrite
showers. To estimate the pre-atmospheric size of the two showers, we determined the contribution of
neutron-capture produced 36Cl (half-life = 3.01 x 105 years) and 41Ca (1.04 x 105 years) in the stone
fraction. The measured activities of neutron-capture 36Cl and 41Ca, as well as spallation produced
10Be and 26Al, were compared with Monte Carlo-based model calculations. Thelargest shower, FRO
90174, includes eight fragments with an averageterrestrial age of (100 + 30) x 103years; the neutron-
capture saturation activities extend to 27 dpm/kg stone for 36Cl and 19 dpm/kg stone for 41Ca. The
concentrations of spallation produced 10Be, 26Al and 36Cl constrain the radius (R) to 80-100 cm,
while the neutron-capture 41Ca activities indicate that the samples originated from the outer 25 cm.
With a pre-atmospheric radius of 80—-100 cm, FRO 90174 is among the largest of the Antarctic stony
meteorites. Thelarge pre-atmospheric size supportsour hypothesisthat at least 50 of the [1150 classified
H5/H6-chondrites from the Frontier Mountain stranding areabelong to thissinglefall; thishypothesis
does not entirely account for the high H/L ratio at Frontier Mountain. The smaller shower, FRO
90001, includes four fragments with an average terrestrial age of (40 = 10) x 103 years; they contain
small contributions of neutron-capture 36Cl, but no excess of 41Ca. FRO 90001 experienced acomplex
exposure history with high shielding conditionsin thefirst stage (150 < R < 300 cm) and much lower
shielding in the second stage (R < 30 cm), thelatter starting [11.0 million years(Ma) ago. Based onthe
measured 10Be/21Ne and 26Al/21Neratios, the cosmic-ray exposure ages of thetwo showersare 7.2 =
0.5Mafor FRO 90174 and 8 = 1 Mafor FRO 90001. These ages coincide with the well-established
H-chondrite peak and corroborate the observation that the exposure age distribution of FRO H-chondrites
is similar to that of non-Antarctic falls. In addition, we found that corrections for neutron-capture
36Ar (from decay of 36Cl) result in concordant 21Ne and 38Ar exposure ages.

INTRODUCTION

Most cosmogenic nuclides in meteorites are produced by
spallation reactions, but in large objects, such as Allende, Chico,
Jilin, Torino and Knyahinya, thermal neutron-capture also plays
arole(Cressy, 1972; Kleinet al., 1991; Nishiizumi et al., 19914a;
Reedy et al., 1993; Bogard et al., 1995). Radionuclides
produced by neutron-capture include 59Ni (half-life = 7.6 x
104 years) and 60Co (5.27 years) in the metal phase, and 36Cl
(3.01 x 105 years) and 41Ca (1.04 x 105 years) in the silicate
phase. The concentrations of these neutron-capture products
provide valuable information about the pre-atmospheric size
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of ameteorite and the shielding depth of a sample within the
meteoroid.

Antarctic meteorites are not the most likely objects to
search for neutron-capture products: their recovered masses
are on average [1100 times smaller than the masses of non-
Antarctic meteorites. Nevertheless, it has been suggested that
the Antarctic meteorite coll ection contains many unrecognized
showers (Huss, 1991), some of which may have been derived
from large objects. We found that up to 12 out of 26 Frontier
Mountain (FRO) H-chondrites belong to two large showers
based on cosmogenic nuclide concentrations (Welten et al.,
1999a). The largest shower (FRO 90174) includes at least
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seven small fragments (4—20 g) with22Ne/21Neratios of 1.07—
1.10in bulk samples and low concentrations of 10Be (half-life =
1.5 x 106 years), 26Al (7.05 x 105 years) and 36Cl in the metal
phase (Welten et al., 1999a). Onthebasisof the36Cl/10Be versus
10Be correlation (Nishiizumi et al., 1997a), we determined a
terrestrial age of 100 = 25 kafor the FRO 90174 shower, which
corresponds to 36Cl saturation values of 15-21 dpm/kg metal.
These values are significantly lower than those measured in
Knyahinya (20-22 dpm/kg) (Reedy et al., 1993), suggesting
that thefragments of the FRO 90174 shower were derived from
an object larger than 45 cm in radius and thus are likely to
contain neutron-capture 36Cl and 41Cain the stony phase.

The second shower (FRO 90001) contains four fragments
with 22Ne/21Ne ratios of 1.05-1.08. The lower 22Ne/21Ne
ratios suggest higher shielding than observed inthe FRO 90174
shower. However, the radionuclide concentrations indicate
lower shielding conditions during the recent exposure, which
impliesacomplex exposure history for the FRO 90001 shower.
Multi-nuclide studies can in many instances detect a complex
exposure history, but despite the increase of multi-nuclide
studies, well-constrained complex exposure histories have only
been identified for 10-20 ordinary chondrites (e.g., Vogt et
al., 1993; Herzog et al., 1997). Complex exposure histories
provide additional constraints on orbital dynamics models,
which simulate the transport of meteoroids from the asteroid
belt to Earth. These two-stage scenarios are especially
significant: recent developmentsin orbital mechanics models
indicate the presence of amechanism that transports meteoroids
slowly from the main belt to the resonances, after which they
are delivered, within afew million years, into Earth-crossing
orbits (e.g., Morbidelli and Gladman, 1998; Hartmann et al.,
1999; Bottke et al., 2000).

We measured concentrations of 10Be, 26Al, 36C| and 41Ca
in the metal and silicate fractions of the two H-chondrite
showers. In addition, 14C was measured in the stone fraction
of the FRO 90001 shower and other samples with high 36CI
concentrations in order to constrain their terrestrial age. Our
primary objectiveisto determine the contribution of neutron-
capture produced 36Cl and 41Cain the silicate fraction as well
as spallation-produced 10Be and 26Al in metal and stone
fractions, and compare these with theoretical production rate
calculations to estimate the pre-atmospheric size of the two
showers and constrain their exposure history. Once the pre-
atmospheric size is known we use the semi-empirical model
of Graf et al. (1990) to re-evaluate the cosmic-ray exposure
ages of these two objects. Initial work was presented earlier
(Welten et al., 1999b).

EXPERIMENTAL
Meteorite Samples

We selected the four members of the FRO 90001 shower
and all possible members of the FRO 90174 shower, discussed
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by Welten et al. (1999a). We consider FRO 90012 to be part
of the FRO 90174 shower, sinceitsradionuclide concentrations
arevery similar to those of the shower and quite different from
all other samples. FRO 90012 was initially not recognized as
part of the shower, since it contains large quantities of solar
noble gases, as evidenced by its 20Ne/22Ne ratio of 9.1. In
fact, FRO 90174 itself also shows an elevated 20Ne/22Neratio
of 1.83, whereas dl other members of the shower have 20Ng’2Ne
ratios near the cosmogenic value of 0.83. Heterogeneoussiting
of solar gases within gas-rich samples is common (Konig et
al., 1961). A possibleexplanationisthat meteoritesincorporate
varying amounts of solar-gas-bearing dust. Hence, it iswell
conceivable that FRO 90012 and to a lesser extent FRO
90174 are the only analysed samples of the FRO 90174
shower that contain such former asteroidal dust. Although
the sample was not identified as a breccia, this structure is
easily overlooked in small specimens, such asthe members
of the FRO 90174 shower, which are all less than 20 g.
Finally, cosmogenic noble gases are consistent with the
pairing assignment of FRO 90012; however, because more
than 50% of all H-chondrites show exposure ages between
4-10 Ma, as do FRO 90012 and all unambiguous members
of the FRO 90174 shower, the cosmogenic noble gases alone
are not equivocal. In addition to the two showers, we
measured all other FRO H-chondrites and one L-chondrite
discussed in Welten et al. (1999a).

Radionuclide Analyses

Bulk samples of 1-2 g were crushed in an agate mortar
and separated into a magnetic and a non-magnetic
("silicate") fraction. The magnetic fraction was cleaned
several timesin an ultrasonic bath with 0.2 N HCI and once
with concentrated HF to dissolve attached troilite and
silicates. In this way, we obtained clean metal with less
than 0.2% silicates. The measurements of 10Be, 26Al, 36C|
in the metal fraction were described in a previous study
(Welten et al., 1999a). In thiswork we separated Ca from
the remaining solution by cation exchange chromatography.
The Cawas first precipitated as Ca oxalate, then dissolved
in 0.5N HCI and precipitated as CaF, by HF. The CaF,was
washed with dilute HF and Milli-Q water, dried in afurnace
at 500 °C, and then mixed with Ag powder (2:1 wt/wt) and
loaded into Al target holders. The silicate fraction was
dissolved with HF/HNO3 mixture along with Be and Cl
carrier. After Cl wasisolated as AgCl, an aliquot was taken
for chemical analysis by atomic absorption spectroscopy
(AAS). Al and Ca carriers were added. Be and Al were
separated by anion exchange chromatography, acetylacetone
solvent extraction, and cation exchange chromatography.
Cawas separated from the aqueous fraction of the extraction
step and converted to CaF» as described above. The Be and
Al fractionswere further purified and converted to BeO and
Al>Og3, respectively, for AMS measurements.
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The 10Be, 26Al, 36Cl and 41Ca concentrations were
determined using the Lawrence Livermore National
Laboratory tandem accelerator (Davis et al., 1990). The
measured 10Be/9Be ratios ranged from 5 x 10-12 to 8 x 10-12,
the 26A1/27Al ratios from 7 x 10-12 to 1.4 x 10-11, the 36CI/Cl
ratiosfrom 8 x 10-13t0 8 x 10-12, The41Ca/Caratiosrange
from 1 x 10-13 to 2 x 10-12 for the silicate fraction and
from 2 x 10-13 to 4 x 10-12 for the metal fraction. After
making corrections for isobaric interferences (10B for 10Be
and 36S for 36Cl), and for chemical blanks (3 x 10-14 for
10Be/Be, [2 x 10-15 for 26Al/Al, 3 x 10-15 for 36CI/CI,
and [b x 10-14 for 41Ca/Ca), the measured ratios were
normalized to an ICN 10Be standard (ICN Radiochemicals),
NBS (National Bureau of Standards, present National
Institute of Standards and Technology) 26Al and 36ClI
standards and new 41Castandards. All AMS standardswere
prepared by one of the authors (Nishiizumi et al., 1984,
2000; Sharma et al., 1990). In addition, for samples with
36CI/10Be terrestrial ages <60 ka, we also measured 14C in
the silicate fraction to determine the terrestrial age more
accurately. The 14C measurements were performed at the
University of ArizonaNSF-AMSfacility (Jull et al., 1998).

Model Calculations

We used the Los Alamos High Energy Transport (LAHET)
Code System (LCS) to calculate the primary and secondary
particlefluxesin cosmic-ray irradiated H-chondriteswith radii
ranging from 4 to 200 cm (Masarik and Reedy, 1994). The
transport of high-energy particlesisdonewiththe LAHET code
(Prael and Lichtenstein, 1989), whereas neutronswith energies
below a cut-off energy of 15 MeV are further transported to
thermal energies ([10.02 eV) by the Monte Carlo N-Particle
(MCNP) code (Briesmeister, 1993). Using the fluxes of high-
energy particles, we calculated the production rates of 36Cl in
the metal phase and of 10Be and 26Al in both the metal and
stone fractions. For the production of 10Be we included
reactions on O, Mg, Al, Si, Fe and Ni, since other target
€lements contribute less than 1% of the total 10Be production.
For the production of 26Al we also included production rates
from S. The model calculations were previously shown to
agree within about 10% with the measured concentrations in
the metal and stone fraction of the Knyahinya L-chondrite
(Reedy et al., 1993). Based on the calculated thermal neutron
fluxes and thermal neutron-capture cross sections of 44 barn
for 35Cl and 0.43 barn for 40Ca (Mughabghab et al., 1981), we
also calculated the (n,y) production rates of 36Cl and 41Cain
the silicate phase. For the calculations we assumed average
H-chondrite abundances of 80 ppm Cl and 1.25% Ca (Mason,
1979). Inorder to make accurate correctionsfor the spallation
component of 36Cl, production rates of 36Cl from Ca and K
relativeto that of 36Cl from Fe were cal culated as afunction of
shielding conditions.
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RESULTS AND DISCUSSION
Elemental Concentrations

Concentrations of Al, K, Ca, Feand Ni, measured by AAS
of small aliquots of the dissolved stone fraction, are shown in
Table 1. The measured Fe and Ni concentrations in the stone
fraction are significantly higher than average literature values
of 13.5 = 0.5 wt% Fe (Welten, 1999; derived from FeO and
FeS analyses of Jarosewich, 1990) and 0.05 = 0.02 wt% Ni
(Rambaldi et al., 1978) for H-chondrite falls. These high Fe
and Ni concentrations indicate that the stone fraction of most
FRO samples contains significant amounts of oxidized metal
due to terrestrial weathering (Welten and Nishiizumi, 2000).

TABLE 1. Elementa concentrations and amount of oxidized metal in
the stone fraction of Frontier Mountain H chondrites.

FRO Al* K* Ca Fe* Ni* (Mot
FRO 90001 shower

90001 1.22 0.091 124 17.2 0.80 0.087
90050 1.28 0.085 1.19 18.8 1.02 0.122
90073 1.21 0.093 1.22 175 0.73 0.092
90152 1.37 0.091 1.25 17.4 0.75 0.090
FRO 90174 shower

8403 1.27 0.095 1.32 17.7 0.87 0.099
90012 1.27 0.091 1.19 18.2 1.02 0.111
90087 1.31 0.092 1.26 17.7 1.05 0.101
90107 1.22 0.090 1.26 16.9 1.13 0.088
90174 1.34 0.092 1.27 16.8 0.84 0.080
90203 1.26 0.086 1.23 18.2 0.90 0.108
90204 1.15 0.095 1.32 18.4 0.92 0.111
90207 1.21 0.091 1.36 16.9 0.84 0.081
90211 1.19 0.090 124 17.2 0.90 0.088
Other FRO meteorites

90002¢ 1.41 0.100 143 15.1 0.39 0.038
90043t  1.40 0.102 1.43 14.6 0.36 0.027
900698 141 0.094 145 14.8 0.57 0.035
901508 1.33 0.096 1.25 17.2 0.82 0.087
90025#  1.39 0.095 1.38 16.4 0.88 0.072
90151#  1.36 0.097 1.32 14.6 0.50 0.031
90024 1.31 0.085 1.27 17.4 0.95 0.094
90037 1.36 0.094 1.32 17.0 1.06 0.088
90059 1.48 0.101 143 14.1 0.38 0.018
90048 1.28 0.108 1.38 16.6 0.67 0.072
90072 1.35 0.103 1.56 15.3 0.38 0.041
90082 1.18 0.090 1.42 19.1 0.87 0.125
90104 1.21 0.088 1.28 17.3 1.00 0.092
8401(L6) 1.41 0.099 1.31 16.1 0.19 0.005

*Elemental concentrations in wt%o, uncertainties are 1-2%.
tAmount of oxidized metal in stone fraction.
t. 8 #Possible pairings (Welten et al., 1999a).
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Based on equations given in Welten (1999), we calculate that
the stone fraction of the FRO samples contains between 0.5 wt%
(8401) and 12.5 wt% (90082) of oxidized metal (Table1). This
implies that the concentrations of cosmogenic 10Be and 26Al
in the stone fraction were significantly diluted, since the
concentrations of 10Beand 26Al inthe metal phasearemuchlower.
We will discuss how to make corrections for this dilution effect.

Radionuclide Results

The 14C, 10Bg, 26Al, 36Cl and 41Ca results are shown in
Table 2 along with previous results of 10Be, 26Al, and 36Cl in
the metallic fraction (Welten et al., 1999a). The uncertainties
include al known AMS errors (1o) but not the uncertainties of
the AM S standards. Assuming an H-chondrite saturation value
of 46 = 10 dpm/kg (Jull et al., 1998), the measured 14C
concentrations correspond to terrestria ages ranging from 13 ka
to >45 ka, but we will use the 14C-10Be method to calculate
shielding-corrected terrestrial ages (Jull et al., 2000). The
concentrations of 10Be and 26Al in the silicate fraction show
relatively tight ranges of 14-20 and 35-65 dpm/kg,
respectively, whereas the concentrations of 36C| and 41Cain
members of the FRO 90174 shower show much wider ranges
of 3t0 26 dpm/kg and <1 to 11 dpnmv/kg, respectively. Figure 1lab
shows that the high 36Cl and 41Ca concentrations found in
members of the FRO 90174 shower can not solely be explained
by spallation-produced 36Cl and 41Ca, but must be due to
significant contributions of neutron-capture 36Cl and 41Ca.
Thiswill be discussed in more detail below.

Terrestrial AgesBased on 14C-10Bg, 41Ca-36Cl and 36Cl-10Be

14C-10Be-Since both 14C and 10Bein stone meteorites are
mainly produced by spallation of oxygen, their productionratio
is not only independent of shielding conditions, but also of a
meteorite's composition. The shielding independence of the
14C/10Be method was illustrated by a set of samples of the
Gold Basin meteorite shower, which show a wide range of
shielding conditions (Jull et al., 2000). We derived 14C-10Be
agesfrom the 14C and 10Be concentrationsin the stonefraction,
after applying corrections for undersaturation of the 10Be
concentration, based on the exposure ages from Welten et al.
(1999a). We used an average production rate ratio of 2.65 +
0.20, derived from Fig. 1 of Jull et al. (2000). For 14C
concentrations below 1 dpm/kg, we only give minimum
terrestrial ages of 3045 ka, since at these low levelsit cannot
be excluded that some of the measured 14C isdueto terrestrial
contamination (Jull et al., 1998).

36C|-10Be-The 36CI-10Be terrestrial ages of the FRO
sampleswere previously reportedin Welten et al. (1999a). The
36Cl-10Be method is based on 36Cl and 10Be concentrationsin
the metal fraction of stone and iron meteorites falls and was
applied for iron meteorite finds with terrestrial ages up to
(0.6 Ma (Nishiizumi et al., 1997a). In order to apply this
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method to chondrites, corrections are necessary for the
undersaturation of 10Bein case of meteoriteswith short exposure
ages (<10 Ma). In addition, the 36Cl-10Be method may lead to
meaningless negative terrestrial ages for meteorites with
unrecoghized complex exposure histories, as was shown for
the FRO 90001 shower and FRO 90104 (Welten et al., 1999a).

41Ca-36Cl—Systematic measurements of 36Cl and 41Cain
the metal phase of chondrites and iron meteorites suggested
that the 41Ca/36ClI ratio increases slightly as a function of
shielding (Nishiizumi and Caffee, 1998). However, additional
41Ca measurements have yielded a constant ratio of 1.06 +
0.13 over awide range of shielding conditions (unpubl. data).
Dueto the short half-lives of 36Cl and 41Ca, their concentrations
areindependent of the cosmic-ray exposure age, aslong asthe
irradiation lasted more than 1-2 Ma. The measured 41Ca/36Cl
ratios in the metal phase are thus a direct measure of the
terrestrial age (Table 3). The 41Ca-36Cl terrestrial agesarein
good agreement with the shielding-corrected 36Cl-10Be ages
and the 14C-10Be ages, except for meteorites with complex
exposure histories. Note that also the 36Cl-10Be age of FRO
90024 is much lower than its 41Ca/36Cl| age, which supports a
complex exposure history, as suggested by Welten et al.
(1999¢).

In the following discussions, the measured activities were
corrected to the time of fall using the adopted terrestrial ages
of the last column of Table 3. These adopted ages are either
the 14C-10Be ages for samples with 14C activities >1 dpm/kg,
or the average of the 36CI-10Be and 41Ca-36Cl ages, whileusing
the minimum 14C ages (where available) as alower limit.

Pre-Atmospheric Size of FRO 90001 and FRO 90174

In order to estimate the pre-atmospheric size of the two
H-chondrite showers, wefirst compare the saturation activities
of 10Be and 26Al in the stone and metal phase to LCS
calculationsfor objectswith pre-atmospheric radii of 45-120 cm
(Fig. 2a,b). Before comparing the measured values with the
model calculations, we have to correct for the dilution of the
stone fraction with oxidized metal. Assuming that 10Be and
26A| were retained within the meteorite while the metal was
oxidized, the dilution factor (D) can be estimated from the
amount of oxidized metal in the stone fraction, fMoy (Table 1),
and the stone/metal ratio for 10Be or 26Al (Table 2), using the
following equation which was derived from Welten (1999):

fMox (1)

D = (1- fMgy ) + 0.65x
( ox) R(sto/ met)

For members of the two showers, the 10Be concentrations
werediluted by 7—11%, those of 26Al by 8-12%. The corrected
10Be and 26All saturation activities for the FRO 90174 shower
indicate a pre-atmospheric radius between 60 and 120 cm,
although best agreement between measurements and model is
obtained for a80-100 cm radius. For the FRO 90001 shower,



TABLE 2. Concentrations of 14C in stone and 10Be, 26Al, 36C| and 41Cain stone and metal fraction of Frontier Mountain H-chondrites.

FRO 14C 10Be 26A| 36C 41Ca 10Be* 26A1* 36C|* 41Ca 41Ca/36Cl 10Be(sto)/  26Al(sto)/
(stone) (stone) (stone) (stone) (stone) (metal) (metal) (metal) (metal) (metal) 10Be(met)t  26Al(met)T
FRO 90001 shower
90001 096 + 010 174+02 566=*14 77=+02 33=04 354+008 306+009 214+02 199+17 093+0.08 533+013 202=+08
90050 022 +004 164+03 513*+12 96=*+02 26=05 351+012 299+011 203+02 163+13 081+0.06 522+ 021 194=*038
90073 0.76 £ 0.08 169+ 04 554+13 86=x02 25=+04 3.09+007 270+010 206+03 196+16 095=+0.08 595+ 019 225+ 10
90152 026 £ 010 176+ 03 589=+x17 73x01 28=*04 350*007 299=+020 207*04 205*16 099008 547015 214=*=16
FRO 90174 shower
8403 - 162+03 460+x14 57=+02 26=+x03 372+x011 258+009 17.1+15 - - 478 + 0.17 19.7 09
90012 - 201+05 595+17 87=*x02 46+04 357+009 237+007 158+02 96=*+21 061+x013 624+023 27.7+x11
90087 - 188+ 03 605+20 92+02 80+x05 318+008 225+010 142+02 99*14 070+010 6.46=* 018 295+ 1.6
90107 - 182+02 526=+13 73x02 50=x07 378x015 273+x016 149*+02 72=x18 048=x012 522+022 21.0*x13
90174 - 172+ 03 532=*+18 6702 32x04 350=*x007 261+009 149+x02 87=x10 058=*0.07 528+014 219*10
90203 - 175+ 03 593*+20 130x02 108=x05 261+006 187007 125*+x02 6708 054007 741+021 353*18
90204 - 181+02 539+16 142+03 67*x06 293+006 227+012 139+02 77+x31 055+022 6.87=*017 267+ 16
90207 - 181+ 0.7 558+14 187+04 106+08 260+006 188=006 122+01 114+15 093+012 750=+031 320+ 13
90211 - 185+ 06 555+13 262+05 95+08 283+006 200+009 130+02 87=+07 067+005 711+0.29 303+15
Other FRO samples
90002 022+010 176+ 04 613+x18 68+01 39+x04 411*013 322=*0.19 199=*0.2 - - 441 = 017 195*13
90043 - 191+03 650+x19 76=*x01 36=+x05 366+008 297=+009 189+ 0.2 - - 536+ 015 222+ 09
90069 121+0.01 198+08 550+16 62=*+02 41+03 511+011 380%014 23.7+02 - - 400 + 0.17 148 + 0.7
90150 143 +0.01 184+03 527+x17 64=*+02 35+x08 541+027 408=+016 23.0=+03 - - 365+ 019 139 =+ 07
90025 - 140+02 454=+20 47x02 25x03 514+013 355=+*011 183+03 10509 057*0.05 288+ 0.09 135=*0.7
90151 - 138+ 02 37109 40x02 11+x05 497015 374*011 18104 92=x12 051*0.07 285 =*0.09 10.2=*04
90024 - 146+02 351+x08 3201 04=x03 423010 314+=019 141+x03 46=x05 032*x0.04 375*010 123*=0.38
90037 021 +003 147+02 374*+12 42+01 23=03 6.09+037 380+012 194+02 124+11 0.64=+0.06 259+ 016 10.7 =05
90048 054+009 152+02 618+18 51=+01 - 586+ 012 383*011 208+ 0.7 172+ 08 083 =*=0.05 275+ 0.08 172+ 0.7
90059 0.34+003 170+03 586=*17 65+x02 31*+03 415+0.09 316+ 016 196+02 143+10 073+x005 417+011 185=*11
90072 - 193+03 491=+x12 5801 - 5.66 + 0.13 4.07 £ 0.15 229 +0.3 - - 353+ 0.10 123+ 0.6
90082 - 154+02 371+15 50=x01 - 577012 352+016 17303 89*x09 051+006 296 =*009 11.8 0.7
90104 187+009 143+x02 45410 70x02 40x13 429+x016 368=+011 232+x02 234*x26 101=+011 361=+015 136 =*05
8401(L6) 104 +12 182+07 524+17 67*x02 37+x03 604+015 420=*013 231+04 - - 3.02+ 015 124 + 06

Radionuclide concentrations are given in dpm/kg, errors are 1o.
*10Be, 26A| and 36ClI results in metal fraction are from Welten et al. (1999a).

TCorrected for dilution (D) of 10Be(stone) and 26Al(stone) in the stone fraction with oxidized metal according to D = (1 —fMgy) + 0.65 x fMgy/R(sto/met).
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Fic. 1. Measured concentrations of 36Cl (a) and 41Ca (b) in the metal and silicate phase of Frontier Mountain meteorite samples. For
members of the FRO 90001 shower, typical analytical uncertainties (1) are shown. The dotted line represents a rough estimate of the
contribution of spallation produced 36Cl and 41Ca in the silicate phase as a function of their concentrations in the metal phase.
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TABLE 3. Terrestria agesof of Frontier Mountain H-chondrites, based
on new 14C and 41Ca data.

Sample  T(terr) T(terr) T(terr) T(terr)
14C-10Be 41Ca-36C] 36C]-10Be

FRO 90001 shower

90001 >32 30 £ 47 (<0) 40 + 10
90050 >44 62 + 45 (<0) 40 + 10
90073 >34 25 + 47 (<0) 40 = 10
90152 >43 16 + 46 (<0) 40 = 10
FRO 90174 shower

8403 - - 65 = 64 100 = 30
90012 - 125 = 101 78 = 39 100 = 30
90087 - 94 + 68 88 + 38 100 = 30
90107 - 179 + 116 125+ 42 100 = 30
90174 - 134 + 58 99 + 38 100 = 30
90203 - 155 = 59 69 = 34 100 = 30
90204 - - 64 = 38 100 = 30
90207 - 30 = 66 69 = 35 100 = 30
90211 - 104 + 46 84 + 38 100 = 30
Other FRO samples

90002 >43 - 35+ 48 45+ 15
90043 - - 26 = 46 45+ 15
90069 322 - <30 305
90150 30=x2 - 13 + 46 30£5
90025 - 139 + 49 127 =+ 53 140 * 30
90151 - 165 + 66 133 = 58 140 * 30
90024 - 268 + 61 195 = 42 230 = 40
90037 >42 114 + 47 103 = 49 110 = 30
90048 >34 56 = 36 64 = 39 60 = 30
90059 >40 86 + 37 60 + 51 80 + 30
90072 - - 17 £ 37 17 £ 37
90082 165 + 55 147 + 36 155+ 35
90104 272 11 +58 (<0) 27+ 2
8401 132 - 19 + 37 132

Terrestrial ages are giveninka. Errorsin the 41Ca-36Cl agesinclude
20-uncertainties of radionuclide analyses aswell asa 12% uncertainty
inthe 41Ca/36Cl production rate (1.06 + 0.13). The 36Cl-10Be ages of
members of the FRO 90174 shower and of FRO 90207 were
recalculated using exposure ages of 7.2 and 10.5 Ma, respectively
(Table 6). Negative 36Cl-10Be ages are shown in parentheses, since
they are due to complex exposure histories.

the situation is more complicated due to its complex exposure
history. The high 36Cl saturation activities of 22-24 dpm/kg
in the metal phase indicate a pre-atmospheric radius of <30 cm
duringthelast (1l Ma. However, the 26Al dataseem to indicate
aradius of 60-80 cm, whereas the 10Be data indicate a radius
of >120 cm. The 10Be data are most likely to reflect the
shielding conditions of the first-stage exposure, which
apparently occurred in a very large object. Based on these
data alone we can not exclude that the first stage involved 27-
irradiation on the surface of the H-chondrite parent-body,
followed by a 4x-irradiation in a medium-sized object.

Welten et al.

However, with a maximum saturation value of [112 dpm/kg
under 2rz-irradiation (Graf et al., 1990; Leyaet al., 2000), the
second stage must have lasted at least 1.5 Main order to obtain
10Be concentrations of [119 dpm/kg in the stone fraction. The
neutron-capture produced 36Cl and 41Ca should further
constrain the exposure history of the two showers as well as
the depth of each sample in the meteoroids.

Spallation Corrections

The production of 36Cl and 41Cain the silicate phase is a
mixture of spallation and thermal neutron-capture. In order to
isolate the thermal neutron-capture component, the spallation
component in the silicate phase was estimated on the basis of
the measured 36Cl| and 41Ca concentrations in the metal phase
and the concentrations of major target elements (Fe, Ni, Ca
and K) in the silicate phase. The contribution of spallation-
produced 41Cainthesilicate phase can easily be calculated (Table
4), sinceitisdirectly proportional to the concentration of 41Cain
the metal phase and the concentrations of Fe + Ni in the silicate
phase. The contribution of spallation-produced 36Cl inthesilicate
phase cannot be determined as accurately, because the
contributions from Caand K are highly shielding dependent and
have to be estimated relative to the spallation contribution from
Fe. Empirical production rate ratios are P(36Cl)c5/P(36Cl)ge = 8
and P(36Cl)k/P(36Cl)c5 = 4 (Begemann et al., 1976). However,
our LCS calculations show that the 36Cl production rateratio is
not constant, but increasesfrom (4 in small objectsto (25 in the
center of H-chondrites with a radius of 200 cm (Fig. 3). The
LCS calculations aso show that the contribution of K is constant
relative to Ca, but with an average P(36Cl)k/P(36Cl)c, ratio of
1.8 = 0.2 instead of 4. Calculated P(36Cl)c4/P(36Cl)ge ratiosin
the outer 20 cm of a large H-chondrite increase from 9 to 15,
which agreeswith theratio of 12 derived from lunar surface cores
at depths between 25 and 75 g/cm? (Nishiizumi et al., 1991b). In
addition, the LCS calculations show agood correlation (R=0.998)
between the P(36Cl)4/P(36Cl)ge ratio and the 10Be(stone)/
10Be(metal) ratio, an empirical shielding parameter recently
discussed by Welten et al. (1999c).

m = 27.6)('095108(3(&8_7.3 (2

P(*Cl)re H°Be(metal)

This correlation can be used to calculate the spallation
contribution of 36Cl from Ca, sincethe concentration of 10Bewas
measured in both the stone and metal phase (Table 2). The
calculated P(36Cl)4/P(36Cl)e ratios for the FRO meteorites
measured in thiswork rangefrom 4.1 for FRO 90037 to values of
16-17 for the three most shielded members of the FRO 90174
shower (Table 4). Due to the complex exposure history of the
FRO 90001 shower, the 10Be(stone)/10Be(metal) ratio is not a
reliable shielding indicator for the last (1L Ma. We adopted
P(36Cl)/P(36Cl)ge ratios of 10 =+ 2 for thefour members of the
FRO 90001 shower, assuming a pre-atmospheric radius of <30 cm
whichisbased on the high 36CI concentrationsinthe metal phase.
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TABLE 4. Spallation and neutron-capture components of 36Cl and 41Ca in stone fraction of Frontier Mountain H-chondrites.

FRO P(36Cl)c4 36C 41Ca P(36Cl)(n-capt) P(41Ca) (n-capt)
P(36Cl) ket

(spall) (spall) at/kg min at/kg min dpm/g Ca
FRO 90001 shower
90001 10 6.9 + 0.6 33+05 09+09 <0.2 <0.02
90050 10 6.8 =05 3406 31+09 <0 <0
90073 10 6.6 = 0.6 32+05 22+09 =<0 <0
90152 10 6.7 = 0.6 32x05 0.7+ 0.9 <0 <0
FRO 90174 shower
8403 114 6.1+ 0.7 22+04 -05+15 0.3+06 0.05 = 0.09
90012 14.6 6.2 = 0.6 18+04 32=*09 49+ 10 0.39 = 0.08
90087 15.0 57+05 18+0.2 44 =08 108+ 1.1 0.96 = 0.09
90107 124 53+05 12+03 25+08 6.4+ 13 0.51 = 0.08
90174 12.6 53+ 05 15+02 1.7+08 29+08 0.25 = 0.07
90203 16.7 53+ 05 12+01 9.7+10 165+ 1.3 152 + 0.09
90204 15.8 6.0+ 05 15+ 06 103+ 11 9.0+ 14 0.77 = 0.12
90207 16.8 53+05 19+03 169+ 1.3 149+ 14 123 +0.12
90211 16.2 53=*05 15+01 264+ 18 138+ 14 126 + 0.13
Other FRO samples
90002 105 6.5+ 05 26+03 04+08 15+08 0.10 = 0.05
90043 12.8 6.7 £ 05 24 +03 1.0+ 0.8 13+08 0.09 = 0.05
90069 9.3 72+ 06 3204 -1.1+09 04 =06 0.03 = 0.04
90150 8.2 6.8 £ 0.6 3705 -05+ 0.8 <0 <0
90025 54 47 =04 1.7+0.2 00=08 1.7+08 0.11 + 0.05
90151 5.2 42+ 05 13+02 0.3+ 0.7 =<0 <0
90024 4.0 34+04 11+02 0.4 + 0.6 <0 <0
90037 4.0 47+ 04 21+02 -0.6 = 0.7 01+07 0.01 + 0.05
90048 49 52+ 05 - -01+ 05 - -
90059 9.8 59+ 05 20+03 06 *0.8 18+ 05 0.12 = 0.04
90072 7.8 6.6 = 0.6 - -0.8+ 0.8 - -
90082 5.7 50+ 05 - 00=+08 - -
90104 8.0 6.9 + 0.6 40+ 04 0.1+08 -01+10 <0.10
8401 6.0 58 + 0.6 37+03 0.6+ 0.7 00=+06 <0.04

Neutron-capture produced components of 36Cl and 41Ca were calculated on the basis of measured concentrations in the silicate fraction,
corrected for spallation contributions (in dpm/kg) on Fe and Ni (for 41Ca) and on Fe, Ni, Caand K (for 36Cl).
*Calculated using the correlation P(36C1) /P (36Cl) e = 27.6 x l0g(10Beg/10Bemg) — 7.3. All neutron-capture results were calcul ated after

terrestrial age correction.

Neutron-Capture 36C| and 41Ca Activities

The contributions of neutron-capture 36Cl and 41Ca are
determined by subtracting spallation components from total
36CI and 41Ca activities in the silicate phase (Table 4). For
most FRO samples the excesses of 36C| and/or 41Ca are not
significant or very small, except for the members of the FRO
90174 shower, which show large contributions of neutron-
capture 36Cl and41Ca. The neutron-capture saturation activities
in the FRO 90174 shower are up to 27 dpm/kg stone for 36Cl
and up to (119 dpm/kg stone for 41Ca (Table 4). These high
neutron-capture activities corroborate alarge pre-atmospheric
size of this shower.

Figure 4 shows that the neutron-capture produced 36Cl in
the stone fraction of the FRO 90174 shower is inversely
correlated to spallation-produced 36Cl in the metal phase.
Except for the high 36Cl neutron-capture component in FRO
90211, the experimental results are consistent with calculated
values for a wide range of shielding depths in H-chondrites
with a pre-atmospheric radius of 60-100 cm and a bulk Cl
concentration of 80 ppm. The production rate of neutron-
capture 36Cl is relative to the concentration of intrinsic Cl,
which may vary considerably from meteorite to meteorite and
from sample to sample within a meteorite (Garrison et al.,
2000). Unfortunately, the concentration of intrinsic Cl is
difficult to determinefor Antarctic meteoritesdueto terrestrial



310

PESCI,/PEACT,

7100
Depth (cm)

FiG. 3. Elemental production rate of 36Cl from Carelativeto that from
Fe, as afunction of size and depth, based on LCS calculations for
H-chondrites with radii of 4-200 cm.
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Fic. 4. Neutron-capture produced 36Cl in the silicate phase and
spallation-produced 36Cl in the metal phase of the FRO 90174 shower,
compared to LCS model calculations for H-chondrites with radii of
60-120 cm and bulk CI contents of 80 ppm.

contamination (Langenauer and Krahenbdhl, 1993). In
addition, it was argued that the formation of Fe-Ni corrosion
products such as akaganéite may have redistributed some of
the intrinsic and terrestrial Cl (and possibly also cosmogenic
36CI) within weathered Antarctic chondrites (Buchwald and
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FiG. 5. Neutron-capture produced 36Cl and 41Cain thesilicatefraction
of the FRO 90174 shower, compared to LCS model calculations for
H-chondrites (asumming 1.25% Ca) with radii of 100 cm and with Cl
contents increasing from 50 to 250 ppm.

Clarke, 1989). It istherefore extremely difficult to obtain the
specific activity (per g Cl) of neutron-capture 36Cl in Antarctic
meteorite samples. On the other hand, the intrinsic
concentration of Caisrelatively constant, easy to measure and
much less sensitive to terrestrial contamination. The neutron-
capture component of 41Caisthereforeamorereliableindicator
of thermal neutron fluxes in Antarctic meteorites than the
neutron-capture 36Cl component. In fact, Fig. 5 suggests that
some of the high 36Cl values (FRO 90204, 90207, 90211) are
mainly dueto highintrinsic Cl concentrations of 150-250 ppm
rather than to high neutron-fluxesin the center of alarge object.

The maximum neutron-capture component of 41Ca,
measured in FRO 90203, correspondsto [11.5 dpm/g Ca. This
value is higher than the maximum values measured in the
Apollo 15 core (1.05 dpm/g Ca) and Allende (1.25 dpm/g Ca),
comparable to Chico (1.53 dpm/g Ca), but lower than in Jilin
(2.0 dpm/g Ca) (Nishiizumi et al., 1997b, 1991a; Klein et al .,
1991; Bogard et al., 1995). Figure 6ashowsthe neutron-capture
41Ca production rates calculated by LCS for H-chondrites with
radii of 60120 cm. The neutron-capture 41Ca concentrations
up to 1.5 dpm/g Ca correspond to a maximum shielding depth
of 25 cm. This is supported by the maximum 10Be(stone)/
10Be(metal) and 26Al (stone)/26Al(metal) ratios, which indicate
amaximum depth of 30-35 cmin objectswith aradiusranging
from 80 to 120 cm (Fig. 6b,c). The same ratios can aso be
found in the center of an object with aradius of 60 cm, but this
would beinconsistent with the measured neutron-capture41Ca,
which is much lower than the calculated values of [2.5 dpm/g
Ca. The combined data set thus constrains the pre-atmospheric
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radiusto =80 cm.
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FiG. 6. Continued.

radius of the FRO 90174 shower to 80-100 cm. It may seem
coincidental that all fragments come from the outer 30 cm, but
for an object with a radius of 80-100 cm, the outer 30 cm
makes up 65—75% of thetotal volume. It isquite possible that
the interior portion of this shower survived as one (or several)
large pieces, similar to the Jilin meteorite, which has a
comparabl e pre-atmospheric radius of 85 cm (Jilin Consortium
Study 1, 1985).

Despite the very low 22Ne/21Ne ratios (1.05-1.08), the FRO
90001 shower only shows a small component (1-3 dpm/kg) of
neutron-capture 36Cl and no significant excess of 41Ca. This
is consistent with a complex exposure history with high
shielding in the first and low shielding conditions in the
second stage. According to this scenario, the second-stage
exposure must have lasted [11.0 Ma (i.e., long enough for
all neutron-capture 41Cato decay), but short enough to retain
~10% of the neutron-capture 36Cl. In order to explain the
high 10Be in the meteorite, thisrelatively short second-stage
irradiation excludes 2rt-irradiation on the surface of the
H-chondrite parent body and suggestsa4s-irradiation in an object
with alarge radius, most likely between 150 and 300 cm.

Neutron-Capture 36Ar (From 36Cl)

The measured 36Ar/38Ar ratios of FRO samplesvary from
1.0 to 4.8, which means they are considerably higher than the

cosmogenic ratio of 0.65 (Wieler et al., 1989). The three
highest ratios (4.0-4.8) found in FRO 90002, 90012 and 90043
can be attributed to solar gases, as discussed in Welten et al.
(1999a), but the remaining samples still show values between
1.0 and 3.9. These high ratios are mainly due to primordial
Ar, but some of the samples may aso contain a significant
36Ar component from the decay of neutron-capture produced 36Cl.
If we do not correct for this neutron-capture component, then the
primordial Ar component will be overestimated, which resultsin
an over-correction for 33Ar and thus to an underestimation of the
38Ar exposureage. Infact, Table 5 showsthat without corrections
for neutron-capture 36Ar, the 38Ar exposure ages are up to 30%
lower than the 21Ne ages for the FRO 90174 shower, and up to
50% lower for the FRO 90001 shower.

From the measured concentrations of neutron-capture
36CI in the silicate fraction of shower FRO 90174 and an
exposure age of 7.2 Ma, as will be explained in the next
section, we calculated concentrations of neutron-capture
36Ar in the range of ~5 x 10-10 cm3 STP/g for the least
shielded samples to [13.6 x 109 cm3 STP/g for the most
shielded samples (Table 5). The effect of these values on the
cosmogenic 38Ar concentration is only 3-5% for FRO 90012,
90087, 90107 and 90174, but ranges from 10-30% for FRO
90203, 90204, 90207 and 90211. For the FRO 90001 shower,
the contribution of neutron-capture 36Ar is more difficult to
estimate because of its complex exposure history. Assuming
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TABLE 5. Contribution of 36Ar from neutron-capture produced 36Cl and corrected cosmogenic 38Ar concentrations in members of Frontier

Mountain H-chondrite showers.

FRO 36Ar 38AT 38Ar T(38Ar)/ 36CI 36Ar 38AT T(38Ar)/
(meas)* (meas)* (cos-1) T(2Ne) (n-capt) (n-capt) (cos-2) T(2Ne)
FRO 90001 shower
90001 0.52 0.25 0.17 = 0.01 0.85 9+9 012+ 011 0.20 + 0.03 0.98
90050 0.91 0.25 0.09 = 0.01 0.48 31+9 043+ 0.11 0.18 + 0.03 0.97
90073 0.43 0.21 0.15 = 0.01 0.81 22=+9 0.29 = 0.12 0.21 = 0.03 115
90152 0.39 0.24 0.19 = 0.01 0.92 7*9 0.09 = 0.11 0.21 = 0.03 101
FRO 90174 shower
8403 0.84 0.34 0.21 = 0.01 1.00 -05+15 <0.01 0.21 + 0.01 1.00
90012 4.65 1.16 0.33 = 0.03 (1.22) 32=+09 0.04 = 0.01 0.34 + 0.05 (1.25)
90087 0.67 0.32 0.22 = 0.01 0.94 44 =09 0.06 = 0.01 0.24 = 0.01 1.00
90107 2.78 0.72 0.23 = 0.02 0.98 25+038 0.03 = 0.01 0.23 = 0.03 101
90174 0.93 0.35 0.20 = 0.01 0.85 17+=08 0.02 = 0.01 0.21 = 0.01 0.87
90203 0.70 0.31 0.20 = 0.01 0.85 9.7+ 10 0.13 + 0.02 0.23 + 0.01 0.97
90204 0.64 0.28 0.18 = 0.01 0.83 103+ 1.1 0.14 + 0.02 0.21 + 0.01 0.96
90211 133 0.39 0.16 = 0.01 0.69 264 +18 0.35 + 0.03 0.24 + 0.02 1.02
(90207) 0.91 041 0.27 = 0.01 0.86 169+ 1.3 0.33 = 0.03 0.34 = 0.02 1.08

*Noble gas concentrations (in 10-8 cm3 STP/g) from Welten et al. (1999a), uncertainties in measured Ar concentrations are [5%. The
concentration of cosmogenic 38Ar, before (cos-1) and after (cos-2) correction for neutron-capture 36Ar, was cal culated assuming 36Ar/38Ar
ratios of 5.32 for the trapped component and of 0.65 for the cosmogenic component (Eugster, 1988). The 21Ne and 38Ar exposure ages were
calculated using the production rates of Eugster (1988), but with a 13% lower production rate for 38Ar (Schultz et al., 1991). Saturation
activities for neutron-capture 36Cl are given in dpm/kg. Neutron-capture produced 36Ar was cal culated on the basis of a two-stage exposure
history for the FRO 90001 shower, with atotal exposure of 8 Ma and a second-stage exposure of 1.0 Ma (seetext). For members of the FRO
90174 shower, we adopted a simple exposure history of 7.2 Ma, except for FRO 90207 which may represent a separate fall with an exposure
age of 10.5 Ma. The cosmogenic 38Ar concentrations and thus the T(38Ar)/T(21Ne) ratios of FRO 90012 have large uncertainties due to the

high contribution of solar Ar.

that the second stage lasted [ Ma and no neutron-capture 36Cl
was formed in the second stage, we find cosmogenic 38Ar
concentrations up to a factor of 2 higher than without
corrections for neutron-capture 36Ar (Table 5). After
corrections for neutron-capture 36Ar, the 38Ar exposure ages
agree within 10% with the 21Ne ages for both showers (Table 5).

Exposure Ages Based on 10Be-21Ne and 26Al-21Ne Pair s

Previous suggestions that the 22Ne/21Ne ratio is not a
reliable shielding parameter under high shielding conditions
have recently been supported by model calculations which
show that the 21Ne production rate obtained from the "Bern-
ling" is overestimated for 22Ne/21Ne ratios <1.09 (Graf et al.,
1990; Leyaet al., 2000; Masarik et al., 2000). In our previous
paper (Welten et al., 1999a) we calculated 21Ne production
rates for samples with low 22Ne/21Ne ratios according to the
model of Graf et al. (1990), assuming meteoroid radii of 40—
60 cm. Sincetheradius of the FRO 90174 meteorite shower is
now estimated to be 80—100 cm, the 21Ne production ratesin
these samples are probably 30-40% lower than previously
assumed and we thus significantly underestimated the cosmic-

ray exposure age of this meteorite, which was reported to be
55 = 1.1 Ma (Welten et al., 1999a). For the FRO 90001
shower, the situation is little more complicated due to its
complex exposure history. However, most of the cosmogenic
21Newasformed during thefirst stagein an object >150 cmin
radius. Therefore, we probably also underestimated the 21Ne
exposure age for the FRO 90001 shower, which showed an
average age of 6.4 = 1.7 Ma, but for which we adopted an age
of 4.5 = 0.9 Ma, based on the 21Ne age of the least shielded
sample (Welten et al., 1999a).

The model of Graf et al. (1990) proposes to use 10Be and
26A| as internal shielding parameters to calculate 21Ne
production rates. The P(10Be)/P(21Ne) and P(26Al1)/P(21Ne)
ratios are relatively independent of shielding and their
correlation with the 22Ne/21Ne ratio has been experimentally
determined for objects with radii between 15 and 45 cm. The
model of Graf et al. (1990) reproducesthe experimental results
and extrapolates the calculations to larger objects. We
calculated the exposure age of the FRO 90174 and the FRO
90001 H-chondrite showers using the measured 10Be/21Neand
26A\1/21Ne ratios and the model parametersin Table 3 of Graf
et al. (1990). First, we calculated the bulk 10Be and 26Al
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contents (in at/g) at the time of fall from the measured 10Be
and 26Al concentrationsin the metal and silicate fractions and
the terrestrial age (Table 6). After converting the 21Ne
concentrations to units of at/g, we calculated the exposure ages
on the basis of Egs. (3) and (4), shown below, and the
P(10Be)/P(21Ne) and P(26Al)/P(21Ne) ratios (in at/at) given by
Graf et al. (1990).
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Eight of the nine members of the FRO 90174 shower show
10Be/21Ne and 26Al1/21Ne ages in a narrow range of 6.5-8.1 Ma
(Table 6), with averages of 7.3 = 0.5 and 7.1 = 0.4 Ma,
respectively. Only FRO 90207 shows a significantly higher
age (10.6 = 0.7 Ma) as a result of its [40% higher 21Ne
concentration. Since FRO 90207 also shows 30-40% higher
cosmogenic 3He and 38Ar concentrations, it is doubtful that
this meteoriteis part of the FRO 90174 shower. Interestingly,
the revised exposure age of the FRO 90174 shower now
overlaps with the major H-chondrite peak at 7-8 Ma.

The exposure age of the FRO 90174 shower corresponds
to 21Ne production rates of (0.22-0.30) x 10-8 cm3 STP/g Ma.
These values are consistent with 2INe production rates of (0.22—
0.29) x 10-8 cm3 STP/g Mawhich follow from our LCS model
calculationsfor an object with aradius of 80-100 cm. However,
we remind the reader that more care has to be taken for very
small meteoroids, say with 22Ne/21Ne ratios of >1.20 (Welten
et al., 1994). Thisisconfirmed by Table 6, which shows that
for low-shielding samples the 10Be/2INe and 26Al/21Ne ages
are up to 40% and 60% lower than the corresponding 21Ne
ages based on the formalism of Eugster (1988), which has
proven to be reliable for low shielding conditions. The large
discrepancies of the 26A1/21Ne ages of FRO 90025, 90037 and
90048 are believed to be an artifact of the contribution of solar-
cosmic-ray produced 26Al in the stone fraction, which leadsto
an overestimation of the 21Ne production rate. However, the
low 10Be/21Ne ages of FRO 90151, 90025 and 90037 are
demonstrating that the nearly constant 10Be/21Neratio proposed
by Graf et al. (1990) is not valid for very low shielding
conditions. Interestingly enough, the 10Be/21Ne and 26Al/21Ne
ages of FRO 90072 and 90082 are closer to the main H-chondrite
peak at 7-8 Mathan the previously reported 21Ne ages of 8.2
and 9.1 Ma (Welten et al., 1999a).

Thefour membersof the FRO 90001 shower show 10Be/21Ne
and 26A1/21Ne ages between 6.5 and 7.7 Ma, with an average
of 7.3 £ 0.5 and 7.0 = 0.4 Ma, respectively (Table 6).
However, Egs. (3) and (4) underestimate the exposure age in
the case of a complex exposure history such as FRO 90001,
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sincetheradionuclide concentrations adjust faster to the higher
production rates of the second stage than the 21Ne
concentration. Using reasonable production rates for both
irradiation stages, we arrive at atotal exposure age between 7
and 9 Ma. The revised exposure ages of the two H-chondrite
showers now coincide with the main H-chondrite peak at
7-8 Ma, thereby reinforcing the existence of a peak which
was previously barely visible in the exposure age distribution
of FRO H-chondrites (Welten et al., 1999a). About half of the
H-chondrites we studied belong to the 7-8 Ma peak; non-
Antarctic meteorites display asimilar distribution.

H/L-Chondrite Ratio at Frontier Mountain

Previously we discussed the role of large H-chondrite
showersin explaining the high H- to L-chondriteratio (3.0) at
Frontier Mountain (Welten et al., 1999a). Here we confirm
that the FRO 90001 and FRO 90174 showersplay asignificant
role, since together they represent 50% of the 26 randomly
selected H5/H6 chondrite samples. In addition, the large pre-
atmospheric size of the FRO 90174 shower makes it likely
that about a third of all H5/H6 chondrites in the Frontier
Mountain collection belong to thissingle shower. If weassume
that the two showers represent half of all H-chondrites at
Frontier Mountain, the H-/L-chondrite ratio would be reduced
from the observed value of 3.0 to [11.5, which is close to the
ratio of [11.0 for non-Antarctic falls. However, thisratio does
not take into account that the collection of L-chondrites from
Frontier Mountain, which has not been studied in such detail
yet, possibly also contains one or several showers. Therefore,
we conclude that the two H-chondrite showers partly explain
the high H-/L-chondrite ratio at Frontier Mountain, but that
other factors such as a higher occurrence of fragmentation
among H-chondrites, probably also play a significant role
(Welten et al., 1999a).

CONCLUSIONS

The determination of neutron-capture 36C| and 41Ca in the
silicate phase of two Frontier Mountain H-chondrite showers, in
addition to spallation-produced radionuclides, provides awedlth
of information about the cosmic-ray exposure history of these
two objects. (1) The measured concentrations of 36C| and 41Ca
in the silicate phase of the FRO 90174 shower, corrected for a
terrestrial age of 100 ka give neutron-capture production rates up
to (27 atoms/min/kg for 36Cl and (119 atoms/min/kg for 41Ca.
According to our theoretical model calculations, the
concentrations of spallation-produced 10Be and 26Al as well
as neutron-capture produced 36Cl and 41Ca are consistent with
thosein the outer 25-35 cm of an object with apre-atmospheric
radius of 80—100 cm. Thissuggeststhat the FRO 90174 shower
represents one of the largest pre-atmospheric size chondrites
in Antarctica. It ispossible that more-shielded samples of the
FRO 90174 meteoroid will be found among other H5/6



TABLE 6. Shielding corrected 10Be/21Ne and 26A1/21Ne cosmic-ray exposure ages of the two FRO H-chondrite showers and of samples with low shielding, based on 2Ne/21Ne

ratios =1.20.
FRO 2INe* 22Ne/ 10Be 26A| 10Be/2INe 26A1/21Ne P(19Be)/ P(26Al)/ Texp* Texp Texp
2INe* bulk bulk at/at at/at P(21Ne) P(21Ne) (2'Ne) 10Be/2INe 26A1/21Ne
FRO 90001 shower
90001 1.75 1.06 158+ 04 511+ 20 0.038 = 0.002 0.058 = 0.004 0.139 0.423 6.1 76x05 74+ 05
90050 152 1.075 15.6 = 0.6 494 £ 22 0.044 = 0.003 0.065 = 0.004 0.139 0.413 45 6.6 =05 65+ 05
90073 164 1.05 155+ 05 51.0 = 2.2 0.040 = 0.002 0.062 = 0.004 0.138 0.430 8.6 72+05 70+ 05
90152 1.78 1.06 158+ 04 52.8 + 3.8 0.038 = 0.002 0.059 = 0.005 0.139 0.423 6.4 77x05 73+07
FRO 90174 shower
8403 1.58 1.09 153 =05 44721 0.041 = 0.003 0.056 = 0.004 0.140 0.401 4.7 71x05 72x05
90012 212 1.08 193 = 0.7 59.0 = 24 0.038 = 0.002 0.055 = 0.004 0.140 0.410 6.9 76x05 75+ 05
90087 193 1.07 18.0 = 0.6 60.4 = 3.3 0.040 = 0.002 0.062 = 0.005 0.139 0.416 5.9 73+05 6.8+ 0.6
90107 1.70 1.10 178 = 0.7 532+ 34 0.044 = 0.003 0.062 = 0.005 0.141 0.397 53 6.5+ 05 6.5+ 06
90174 1.80 1.09 163+ 04 519+ 25 0.038 = 0.002 0.057 = 0.004 0.140 0.401 5.6 76+05 73+ 06
90203 1.96 1.07 16.8 = 0.5 59.5 + 3.0 0.036 = 0.002 0.060 = 0.004 0.139 0.416 6.0 81x05 71x05
90204 181 1.07 176 =04 54.6 = 3.3 0.041 = 0.002 0.060 = 0.005 0.139 0.416 55 70+ 04 70+ 06
90207 2.61 1.07 16.8 = 0.7 535+ 21 0.027 = 0.002 0.041 = 0.003 0.139 0.416 7.9 10908 104 = 0.7
90211 1.90 1.07 171+ 0.7 529 + 2.6 0.038 = 0.003 0.055 = 0.004 0.139 0.416 5.8 77x05 76+ 06
Low shielding samples
90072 1.84 1.20 17205 41819 0.040 = 0.002 0.045 = 0.003 0.146 0.331 82 77x05 74+ 06
90082 1.89 1.22 155+ 04 38424 0.040 = 0.002 0.047 = 0.004 0.147 0.317 9.1 77x05 6.9 = 0.7
90048 6.06 1.24 143 =03 56.5+ 28 0.010 = 0.001 0.019 = 0.001 0.148 0.304 311 31920 16.7 =13
90151 0.58 127 133+ 04 370+ 14 0.098 = 0.006 0.128 = 0.008 0.149 0.284 32 19=01 1901
90025 0.66 1.28 141 =04 480 = 26 0.090 = 0.005 0.145 = 0.011 0.150 0.278 38 25+02 15 +01
90037 1.05 1.32 144 = 0.9 37317 0.058 = 0.005 0.071 = 0.005 0.152 0.251 6.6 50+ 05 35203

Concentrations of cosmogenic 21Ne are given in (10-8 cm3 STP/g), radionuclide concentrations after correction for terrestrial age in (dpm/kg bulk). Uncertainties (10) in 21Ne
concentrations are [5%, uncertainties of the cosmogenic 22Ne/21Neratio are [11%. The concentration and production ratios of 10Be/21Ne, 26Al/21Ne aregivenin (atoms/atoms). The
10Be/21Ne and 26A1/21Ne exposure ages (Ma) are calculated on the basis of Egs. (3) and (4) and compared to the 21Ne exposure ages given by Welten et al. (1999a). Therelatively
low 26Al/21Ne exposure ages of FRO 90048, 90025 and 90037, printed in italics, are probably an artifact of the contribution of solar-cosmic-ray produced 26Al in the stone fraction
(Welten et al., 1999c) and should therefore be disregarded.

*Data from Welten et al. (1999a).
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chondritesin the FRO collection, unlesstheinterior portion of
the meteoroid survived as one or several large pieces, outside
of the catchment area of the Frontier Mountain stranding area.

(2) A second shower (FRO 90001) containing four members
showssmall contributions of neutron-capture36Cl inthesilicate
phase, but no significant component of neutron-capture 41Ca.
We propose a complex exposure history in which the low
22Ne/21Ne ratios and the small neutron-capture component of
36Cl arearelict of high shielding during thefirst stage, followed
by lower shielding conditions during a second stage, which
started [11.0 Ma ago. This meteoroid with aradius of 150—
300 cm was produced at the 7-8 Ma H-chondrite collisional
event and broke up again 1.0 Ma ago, delivering a small to
medium sized object (R < 30 cm) to Earth. This scenario is
consistent with recently developed models of meteoritedelivery
from the asteroid belt to Earth, which propose that the
Yarkovsky orbital drift slowly transports meter-sized
meteoroids from the main belt to the resonances, after which
the meteoroids are perturbed into Earth-crossing orbits within
a few million years (Farinella and Vokrouhlicky, 1999;
Hartmann et al., 1999).

(3) On the basis of measured 10Be/21Ne and 26Al/21Ne
ratios and semi-empirical ratios from the model of Graf et al.
(1990), we revise the cosmic-ray exposure ages of the FRO
90174 and FRO 90001 showersto 7.2 = 0.5 Maand 8 = 1 Ma,
respectively. These ages coincide with the well-established
peak for H-chondrites at 7-8 Ma.

(4) We corrected for the neutron-capture component of 36Ar
based on measured neutron-capture 36C| and obtained better
agreement between the cosmogenic 21Ne and 38Ar exposure
ages for members of the two showers.

(5) The new radionuclide data confirm the two pairing
groups and suggest that 8 of the 26 H5/6-chondrites (31%)
belong to the FRO 90174 shower. Combined with the large
pre-atmospheric size of the FRO 90174 meteoroid, it is quite
possible that 25-50% of all H5/6 chondrites at Frontier
Mountain belong to this single shower. This large shower
partialy explains the high H- to L-chondrite ratio at Frontier
Mountain.
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