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Abstract

40Ar/39Ar ages of single feldspar grains from the paired meteorites Graves Nunatak 06128 (GRA8; 8 grains) and 06129
(GRA9; 26 grains) are presented. Plateau ages (P70% of the 39Ar released) ranged from 4000 to 4600 Ma with an average
1-r uncertainty of ±90 Ma. The most precise ages obtained were 4267 ± 17 Ma for a grain from GRA8 and
4437 ± 19 Ma and 4321 ± 18 Ma for two grains from GRA9. Isotope correlation diagrams yield less precise ages ranging
from 3800 to 5200 Ma with an average 1-r uncertainty of 250 Ma; they indicate a negligible trapped component. Plateau ages,
integrated total fusion ages, and isochron ages are internally concordant at the 95% confidence level.

The distribution of the plateau ages for GRA9 is bimodal with peaks at 4400 and 4300 Ma. In contrast, the plateau age
distribution for GRA8 peaks at about 4260 Ma with broad wings extending toward younger and older ages. To explain the
distributions of grain ages we prefer a scenario that includes a major post-formation event about 4400 Ma ago and a later melt
intrusion event that heated GRA8 more than some parts of GRA9.
� 2014 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

The paired specimens GRA 06128 (448 g) and GRA
06129 (196 g) (henceforth GRA8 and GRA9) consist of so-
dic plagioclase (oligoclase; 75–90% modal abundance) with
pyroxene, olivine, phosphates, and minor opaques and in
this respect are unique among meteorites. Eucrites, the
meteorite group that ranks second in plagioclase modal
abundance, contain only 45–55% (Delaney et al., 1984;
Mayne et al., 2009). The large feldspar abundance of
GRA8 and GRA9 suggests a cumulate origin from a cool-
ing magma, located in the crust of a partially differentiated
asteroid (Arai et al., 2008; Ash et al., 2008; Mikouchi and
Miyamoto, 2008; Liu et al., 2008; Treiman et al., 2008;
0016-7037/$ - see front matter � 2014 Elsevier Ltd. All rights reserved.
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Zeigler et al., 2008; Shearer et al., 2010, 2011; Day et al.,
2012).

Sm–Nd and Al–Mg isotope studies indicate a formation
age for GRA8 and GRA9 of about 4560 Ma (Table 1), con-
sistent with magmatic activity on the parent body within 2–
3 Myr of the formation of CAIs (Shearer et al., 2010). Later
thermal events have altered the petrography (Treiman et al.,
2008; Mikouchi and Miyamoto, 2008; Arai et al., 2008; Ash
et al., 2008) with GRA8 yielding both adcumulate and gra-
noblastic textures along with variable grains sizes (Arai
et al., 2008). The adcumulate texture has not been reported
in GRA9, although a heterogeneous granoblastic texture
has been observed by Shearer et al. (2010). A secondary
Sm–Nd isochron of 3400 Ma is presented by Nyquist et al.
(2008) for both stones. However, the data given here shows
no evidence for a discrete heating event at that time.

The I/Xe, Rb/Sr, Pb/Pb and Ar/Ar chronometers are re-
set (Tables 1 and 2) by later thermal event/s. Published I/Xe
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Table 1
Ages (Ga) of GRA.

4.5659 ± 0.0003 Mg/Al GRA9 Shearer et al. (2010); assumes chondritic source
4.5639 ± 0.0002 Mg/Al GRA9 Spivac-Birndorf and Wadhwa (2009); assumes chondritic source
4.5649 ± 0.0002 Mg/Al GRA8/9 Wimpenny et al. (2011); assumes chondritic source
4.55 ± 0.03 Sm/Nd GRA9 Nyquist et al. (2009)
4.55 ± 0.09 Sm/Nd GRA8 Nyquist et al. (2008)
4.57 ± 0.03 Sm/Nd GRA8 Nyquist et al. (2008)
4.513 ± 0.017 Pb/Pb GRA8 Day et al. (2009) phosphates
4.569 ± 0.023 Pb/Pb GRA9 Day et al. (2009) phosphates
4.458 ± 0.066 Pb/Pb GRA9 Zhou et al. (2011) apatite
4.52 ± 0.28 Pb/U GRA9 Zhou et al. (2011) apatite
4.65 ± 0.22 Pb/U GRA9 Zhou et al. (2011) apatite
4.49 ± 0.01 I/Xe GRA9 Bajo et al. (2010)
4.31 ± 0.45 Rb/Sr GRA8 Nyquist et al. (2009)
4.36 ± 0.61 Rb/Sr GRA9 Nyquist et al. (2009)
3.4 ± 0.4 Sm/Nd GRA8 and GRA9 Nyquist et al. (2008) secondary isochron
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and Ar–Ar ages of GRA9 agree (Bajo et al., 2010; Fernan-
des and Shearer, 2010) (Tables 1 and 2). The Rb/Sr ages of
GRA8 and GRA9 differ by 50 Myr (Nyquist et al., 2008)
with GRA8 having the younger age. Although Day et al.
(2009) report an average Pb/Pb age for GRA8/9, the data
in their supplement 4 reveal that the two stones differ in
age by �60 Myr, again with GRA8 being younger
(Table 1).

Published 40Ar/39Ar plateau ages for GRA8 and GRA9
(Table 2) postdate the Sm–Nd and Al–Mg ages by 670 Ma
reflecting the relative ease of argon resetting during thermal
events. The 40Ar/39Ar ages of GRA8 (4354 ± 19 Ma; Park
et al., 2010) and GRA9 (4467 ± 18 Ma; Fernandes and
Shearer, 2010; Shearer et al., 2010) differ from each other
by �100 Ma, hinting at different thermal histories for the
two stones.

To further constrain the thermal history of GRA, we
studied 40Ar/39Ar systematics in single grains from both
GRA8 and GRA9 with masses of 50 lg or less. Several
groups have reported data for a variety of extraterrestrial
samples on a similar mass scale (e.g., Ilg et al., 1997; Wal-
ton et al., 2007a,b; Levine et al., 2007; Cohen et al., 2005,
2007; Cohen, 2008; Vogel and Renne, 2008; Korochantseva
et al., 2009; Marty et al., 2010). Single-grain studies provide
petrologic characterization and compositional control.
They also permit the effects of sample heterogeneity on re-
lease patterns and of recoil among grains to be examined
and minimized. Such interactions are well known in bulk
samples, where they may lead to complex patterns of argon
release. The contributions to the argon release from various
Table 2
40Ar–39Ar ages (Ma) of GRA. Bold numbers indicate the total mass for

Sample Mass (mg) Plateau age (Ma) Materia

GRA9 48.5 4392 ± 38 Whole r
2.95 4473 ± 16 Whole r
2.30 4467 ± 18 Whole r
0.37 4387 ± 08 Plagiocl
2.95 �2.67 Whole r

GRA8 12.7 4354 ± 17 Plagiocl
0.08 4256 ± 15 Plagiocl
phases have been inferred traditionally from K/Ca ratios
(as determined from 39Ar/37Ar ratios). Arrhenius plots
(e.g., Dixon et al., 2004; Trieloff and Jessberger, 2007; Cass-
ata et al., 2010; Weirich et al., 2011a,b) also carry informa-
tion about the contribution of each phase to Ar release
patterns and thereby may improve age estimates. Although
these techniques resolve some interactions partially without
resorting to small samples, they do not fully document the
fundamental underlying data sets that can be studied di-
rectly in single grain samples.

The primary goals of this work were to examine the dis-
tribution of Ar/Ar ages in GRA8 and GRA9 on a fine mass
scale, to explore further the reported age differences be-
tween the two rocks, and to try to explain them.

2. EXPERIMENTAL PROCEDURES

2.1. Samples

Samples of GRA8 and GRA9 were provided by the
Meteorite Working Group. A small chip, �1.9 mm �
1.4 mm (GRA8) and 1.8 mm � 1.3 mm (GRA9), was taken
from each sample, mounted in epoxy, and polished for elec-
tron microprobe analysis. To separate feldspar grains for
Ar analysis, the material remaining from each sample was
crushed gently in an agate mortar with a pestle. In the case
of GRA9, the most magnetic fraction was removed with
a hand magnet. The remainder was further separated by
heavy liquid (sodium polytungstate solution; density
2.76 g/cm3, T = 25 �C), cleaned by sonication in acetone
each stone used in this work.

l References

ock Bajo et al. (2010)
ock Fernandes and Shearer (2010)
ock Fernandes and Shearer (2010)
ase This work (N = 26)
ock Low-T release pattern Fernandes and Shearer (2010)
ase Park et al. (2010)
ase This work (N = 8)
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and deionized water, and then handpicked. As experience
with GRA9 showed that the grains were large enough to
handpick, GRA8 was separated by handpicking only,
which minimized chances of mass loss via liquid separation
and cleaning procedures.

The 11 GRA grains included in the second irradiation
(Irradiation 53; Table EA1) were weighed directly with a
microbalance. Without access to a microbalance for the
first irradiation (Irradiation 49), we estimated each grain’s
mass in two different ways (see EA1 for discussion). For re-
sults and discussion, we adopt the optical mass for GRA9
grains with the exception of 21080 and 21092- series as out-
lined in the Supplementary discussion (EA1; Table EA1).

2.2. Electron microprobe analyses

The polished sections were analyzed quantitatively on a
JEOL JXA 8200 electron microprobe at the Rutgers Uni-
versity Microanalytical Laboratory. Analyses were done
with an electron excitation voltage of 15 kV in a beam of
20 nA and with a time-dependent intensity correction pro-
cedure that minimizes the effect of charge-driven ion migra-
tion for the elements Na, K, and Si in the sample. Emphasis
was placed on silicate phases, particularly feldspars. Oxide,
sulfide, and phosphate phases were noted but not analyzed
quantitatively.

We initially mounted grains in indium (GRA9), but
found smearing to be problematic when retrieving the
grains, which then needed further cleaning. For GRA8,
we mounted the grains on carbon rounds. As with the sep-
arations, less handling of the grains (e.g. cleaning) lessens
the chance of losing mass. The cleaning itself does not alter
the composition of the grain, however, so it does not effect
the outcome of the Ar measurements. Energy-dispersive
spectroscopy (EDS) was used to identify mineral phases
and to establish which grains generated the highest potas-
sium count rates.

2.3. Irradiations and standards

It has been standard practice to irradiate tens of grains
in a single pit or well of a sample holder in many other lab-
oratories including Rutgers. In this work, each GRA8 or
GRA9 grain was loaded in a separate well to preserve its
identity; a schematic diagram of our sample holder is given
in Electronic Annex 2 (EA2). The GRA grains were co-irra-
diated with the reference mineral Fish Canyon sanidine
(FC-2) to calibrate the neutron flux. Values of J ranged
from 0.017038 to 0.017546 and from 0.017280 to 0.017499
for the samples of Irradiation 49 and Irradiation 53, respec-
tively. The age adopted for FC-2 is 28.201 Ma (Kuiper
et al., 2008), just within the 2-r uncertainty of the determi-
nation presented by Rivera et al. (2011), namely,
28.172 ± 0.028 Ma. As a procedural monitor, the Hb3gr
hornblende mineral standard (1080.4 Ma; Jourdan and Re-
nne, 2007) was treated as an unknown in both irradiations.
The samples and standards were irradiated at the US Geo-
logical Survey TRIGA reactor for 80 h using Cd shielding
to minimize the fluence of thermal neutrons. The software,
Mass Spec Version 7.816 from Alan Deino at the Berkeley
Geochronology Center, was set to omit from plateau dia-
grams any step with <1% 39Ar release.

For all reported ages, uncertainties are expressed as 1r
unless otherwise specified. We use the following symbols
and constants in the calculations: Ar* = radiogenic argon;
39ArK = 39Ar produced from 39K; Decay constants:
40Kke = 5.81 � 10�11 y�1; 40Kkb = 4.962 � 10�10 y�1;
39Ark = 7.068 � 10�6 d�1; 37Ark = 1.975 � 10�2 d�1;
40K/Ktotal = 1.167 � 10�4 (Steiger and Jäger, 1977); Reactor
constants: 36ArCa/37ArCa = (2.81 ± 0.06) � 10�4; 39ArCa/37

ArCa = (7.11 ± 0.5) � 10�4; 38ArCa/37ArCa = (3.29 ± 0.8) �
10�5; 40ArK/39ArK = (1.0 ± 0.4) � 10�3; 38ArK/39ArK =
(1.31 ± 0.001) � 10�2; 37ArK/39ArK = (3.32 ± 0.52) � 10�4;
36ArCl/

38ArCl = (6.5 ± 3.0) � 10�2.

2.4. Argon measurements

After irradiation, single grain samples were transferred
into stainless steel sample disks with 6-mm diameter wells.
The samples were loaded into the extraction system of the
mass spectrometer, evacuated, and “baked” at �70–80 �C
overnight.

Sample(s) were incrementally step-heated using a New
Wave 40-watt CO2 laser. Faceted integrator lenses built
into the laser system produce either a 6 � 6 mm or a
2 � 2 mm image. The corresponding maximum power den-
sities available are 0.97 and 8.8 watts/mm2. The gases re-
leased with each heating step are exposed to a getter
(SAES C-50 Ti-alloy) to remove the reactive gases. The
remaining species - mostly the rare gases - are then admitted
to the mass spectrometer. Typically, data for eight heating
steps were obtained; for some samples as few as seven or as
many as fifteen steps were measured. All samples were
heated to fusion.

Argon isotopes were analyzed using a Mass Analyzer
Products (MAP) 215–50 noble gas mass spectrometer with
an ion pulse-counting detector upgrade (Turrin et al.,
2010). System blanks were measured after every third sam-
ple measurement (�every three hours). The system blanks
were plotted against the time of measurement and the re-
sults of a best fit time series for each isotope were then sub-
tracted from the isotopic data for samples and for
standards. A typical system blank, measured with laser
off, (10�18 mol) is: 40Ar = 748 ± 24; 39Ar = 7.7 ± 1.0;
38Ar = 0.6 ± 0.2; 37Ar = 24 ± 0.2; 36Ar = 2.4 ± 0.14; we as-
sume the blanks are independent of temperature.

The mass spectrometer mass fractionation correction
was determined by analyzing atmospheric Ar from a pipet
system that delivers 1.8 � 10-14 moles of 40Ar. Air pipettes
were measured after every eight measurements (samples
and blanks inclusive), typically every five hours. These data
were also plotted versus time to test for any temporal vari-
ations in the mass fractionation correction. Where varia-
tions were observed, an appropriate regression was used
to make (time-dependent) corrections to the sample and
standards (Turrin et al., 2008, 2010).

Signals (106 counts s�1) for each isotope were extrapo-
lated to the time of spectrometer inlet and then corrected
for baseline, mass discrimination, and blank. Mass discrim-
ination was determined from bracketing analyses of an air
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standard corrected for depletion assuming the initial values
40Ar/36Ar = 298.6 ± 0.1 and 40Ar/38Ar = 1575.8 ± 1.0.
Blanks were measured at regular intervals, ordinarily before
and after a total of 3 analyses of other materials. By occa-
sional monitoring of blanks after standards, we confirmed
that system memory of the standards was small compared
to blank levels. Barring an unusual disruption in machine
operations (e.g., to replace a filament), spectrometer sensi-
tivities and baselines seldom varied by more than 4%. The
signals for reactor-produced 37Ar and 39Ar were corrected
to a common time – the end of the neutron irradiation –
based on the decay constants 0.0198/day and 7.07 � 10�6/
day of the two isotopes, respectively.

2.5. Calculations and criteria

40Ar/39Ar ages are calculated from the standard relation

(e.g., McDougall and Harrison, 1999) t ¼ 1
k Ln J

40Ar�
39ArK
þ 1

� �
where 40Ar* and 39ArK are, respectively, the measured
amounts of radiogenic 40Ar and of 39Ar produced from K
in the reactor; J is the reactor constant for the sample;
and k is the decay constant as discussed above. In general,
the 40Ar released may include a trapped (Tr) component:
40Ar� ¼ 40Ar� 40ArTr which, if present, must be removed
for the reliable calculation of an age. Prior 40Ar/39Ar stud-
ies of GRA8 and 9 show little evidence for 40ArTr. Our data
Table 3
Average wavelength dispersive electron microprobe analyses (wt%).

GRA 06129

Olivine Pyroxene Pl

n = 10 n = 1 Opx n = 6 Cpx n

SiO2 33.24 52.10 51.61 62
TiO2 b.d. 0.15 0.37 b.
Al2O3 b.d. 0.11 0.42 22
Cr2O3 b.d. b.d. 0.45 b.
FeOT 47.66 27.40 11.93 0.
MnO 0.74 0.57 0.32 b.
MgO 18.20 16.80 12.82 b.
CaO 0.09 1.18 20.29 3.
Na2O b.d. b.d. 0.45 11
K2O b.d. b.d. b.d. 0.
Total 99.93 98.3 98.67 10

Number of formula atoms based on 24 O

Si 8.36
Al 3.51
Fe 0.04
Ca 0.46
Na 3.02
K 0.05
Z 11.88
X 3.56

End-member compositions and iron/manganese ratios

Fo 40.5 Wo 2.4 42.4 An 13
Fa 59.5 En 51.0 37.9 Ab 85
Fe/Mn 63.3 Fe/Mn 47.7 37.3 Or 1.

Fa = fayalite; Fo = forsterite; Fs = ferrosilite; En = enstatite; Wo = woll
Notes: FeOT is total FeO.
are consistent with this finding (see below).Evaluation of
the age data follows Turrin et al. (1998, 2007) and Fleck
et al. (1977). We define a plateau as three or more consec-
utive steps that: (1) are indistinguishable from adjacent
ones at the 95% confidence level; and (2) comprise at least
50% of the total 39ArK released from the sample (see Dal-
rymple and Lanphere, 1969, 1974). The plateau ages and
their errors are calculated using the variance-weighted
mean of the plateau steps (see Taylor, 1997). Isochron ages
are calculated from the slopes of conventional isochrons
(plots of 40Ar/36Ar vs. 39Ar/36Ar), rejecting data arrays with
MSWD > 2.5 (Brooks et al., 1972 and see Turrin et al.,
2007 and references therein). Finally, integrated ages are
calculated by summing the amounts of 39ArK and 40Ar*

from all temperature release steps for a sample and substi-
tuting the results into the age equation above.

3. RESULTS

3.1. Masses

The eight GRA8 grains, with an average of 9.6 ± 0.8 lg,
range in mass from 5–29 lg. The masses of twenty-six
GRA9 grains range from 5 to 43 lg and average
18.3 ± 1.5 lg. Overall and notwithstanding the differences
in methodology (EA1), we conclude that the GRA9 grain
masses were larger than the GRA8 grain masses.
GRA 06128

agioclase Olivine Pyroxene Plagioclase

= 9 n = 15 n = 22 n = 23

.58 33.54 52.62 65.02
d. b.d. 0.30 b.d.
.30 b.d. 0.64 22.55
d. b.d. 0.37 b.d.
34 47.84 11.59 0.30
d. 0.71 0.30 b.d.
d. 17.46 12.51 b.d.
19 0.08 20.91 3.14
.64 b.d. 0.47 9.70
30 b.d. b.d. 0.32
0.35 99.63 99.72 101.00

8.53
3.49
0.03
0.44
2.47
0.05
12.02
2.99

.0 Fo 39.4 Wo 44.2 An 14.9

.6 Fa 60.6 En 36.7 Ab 83.3
4 Fe/Mn 66.5 Fe/Mn 38.6 Or 1.8

astonite; Ab = albite; An = anorthite; Or = orthoclase.



100 F.N. Lindsay et al. / Geochimica et Cosmochimica Acta 129 (2014) 96–110
3.2. Wavelength dispersive and energy dispersive electron

probe analyses (WDS and EDS)

Table 3 and Electronic Annex 3 (EA3), respectively, doc-
ument the average and individual elemental compositions
for GRA silicate grains obtained from wavelength dispersive
electron microprobe analyses of the polished chips taken
from GRA8 and GRA9. The criteria for feldspar stoichiom-
etry is 65% error in formula atom cations sum and 62% er-
ror in the tetrahedral cation sum (Si + Al). The range in
feldspar composition (wt%) for GRA8 is: SiO2, 64.0–66.5;
Al2O3, 22.1–23.1; FeOT, below detection-0.9, CaO, 2.9–
3.5; Na2O, 7.9–10.1; K2O, 0.3–0.4; the range of endmember
compositions, An14–17Ab81–84Or2, includes that reported by
Treiman et al. (2008; An16Ab82Or2) and is slightly more
calcic than reported by Arai et al. (2008; An13–15Or2).

The plagioclase endmember composition for GRA9,
An12–15Ab84–86Or1–2, agrees with those reported in previous
studies [Shearer et al., 2008 – An16Ab85–82Or2; Liu et al., 2008
– An15Ab84; Mikouchi and Miyamoto, 2008 – Ab82–84Or2].
Oxide concentration ranges in GRA9 feldspar (wt%) are:
SiO2, 61.1–64.3; Al2O3, 21.7–22.7; FeOT, 0.07–0.47; CaO,
2.9–3.7; Na2O, 11.3–12.2; K2O, 0.3. Detailed mineralogy
can be found in Shearer et al. (2010) and Day et al. (2012).

Energy dispersive spectroscopy (EDS) prior to irradia-
tion was used as a semi-quantitative tool to measure K
and choose grains with appreciable concentrations for ship-
ment to the reactor. Measured [K]EDS concentrations have
large uncertainties (�30%) but were generally consistent
with results from WDS. Initially, single, mono-mineralic
grains were picked using a binocular microscope (50�) after
which backscatter imaging verified the absence of second-
ary phases. Although small olivine inclusions (Liu et al.,
2008) and sulfide inclusion (Treiman et al., 2008) in the pla-
gioclase are reported, we did not see these. A small mineral
inclusion, however, would likely add a very small percent-
age of gas release and would not affect the plateau ages.

3.3. Procedural monitor, hornblende Hb3gr

The results of analyzed aliquots of the reference stan-
dard Hb3gr hornblende served to check the consistency of
our procedure between irradiations (i.e., no systematic er-
ror in data reduction methods between irradiations). From
the first irradiation, six total fusion measurements and one
step-heating experiment of Hb3gr gave an average apparent
age of 1083 ± 5 Ma (Electronic Annex 4; Table S4-1); the
variance (1/r2) weighted average of the seven samples from
the first irradiation is 1084.6 ± 1.8 Ma. The results of
Hb3gr from the second irradiation yielded an average
apparent age of 1093 ± 22 Ma and a variance weighted
average of 1076.9 ± 3.9 Ma. In the data reduction we took
28.2 Ma as the age of FC-2 (Kuiper et al., 2008). Published
values for the age of Hb3gr (Electronic Annex 4; Table S4-
2) are tied to an assumed age of 28.02 Ma for Fish Canyon
sanidine FC-2 (Renne et al., 1998). To compare directly our
results and published results for Hb3gr we adjust the latter
upward by a factor of 28.2/28.02 = 1.0064 (EA4; Table S4-
2). After this adjustment, the Hb3gr ages agree to within
0.4%, which is well within the error limits.
3.4. Argon isotope data

We present the argon isotope measurements for the indi-
vidual heating steps and the summed argon isotope mea-
surements for each sample in Electronic Annex 5 (EA 5).
For comparisons with the total 39Ar releases presented in
Table 4, the values for the 39Ar blank (Section 2.3) must
be multiplied by the number of degassing steps, which
range from 8 to 15.

3.5. Ages

We repeat and stress that we have normalized our data
to a Fish Canyon age of 28.2 Ma. Use of the younger age
for FC-2 that other laboratories have adopted, 28.02 Ma,
would make all of our Ar ages younger by a nearly constant
factor of 0.9936, or about 0.64%. For a rock of 4000 Ma,
the difference in age would be �25 Ma. On the other hand,
adopting the proposed FC age of 28.29 Ma (Renne et al.,
2011), would increase our ages by �13 Ma and increase
ages reported by Fernandes and Shearer (2010), Park
et al. (2010) and Bajo et al. (2010) by �40 Ma.

Electronic annex 6 (EA6) and Table 4 show the plateau
ages calculated from stepwise heating measurements for 34
samples. Fig. 1 shows our four most precise plateaus. In
many GRA grains, low apparent ages (<2 Ga) for Ar re-
leased at the lowest laboratory heating temperatures suggest
the loss of radiogenic 40Ar, although contamination with
terrestrial K is another possibility. Losses of 40Ar may have
occurred during handling or irradiation, but the effects ap-
pear to predate the nuclear reactor. Antarctic weathering,
atmospheric ablation, or differential shock heating on the
parent body could have caused the losses. If the pre-atmo-
spheric surmise is right, then the study of single grains opens
avenues for investigating all these processes, possibilities
that are lost in larger samples – even with mineral separates.

3.5.1. Plateau ages for GRA8

The plateau ages for GRA8 range from 4000 ± 130 to
4370 ± 120 Ma with an average of 4207 ± 41 (s.d.m.) and
a weighted average of 4256 ± 15 Ma. Of the eight samples
analyzed, 21272–01 has the most precise plateau age,
4267 ± 17, and this one value exerts a strong influence on
the weighted average.

At small fractional 39Ar releases, five of the eight GRA8
samples have ages younger by more than 2r than their
respective plateau ages (27273-01, 0.8 Ga, 20% 39Ar;
27275–01, 1.0 Ga, �4% 39Ar; 21282–01, 0.2–2 Ga, 25%
39Ar; 21283–01, 2 Ga, 7% 39Ar; and 21286–01, 2.2 Ga,
15% 39Ar). Noting similar behavior for GRA9 samples,
Fernandes and Shearer (2010) assigned minimum times of
disturbance to the lowest low-temperature ages measured.
We interpret the scatter of our low-temperature ages to
mean that the low-temperature disturbance(s) occurred re-
cently, probably on Earth. Four of the plateau diagrams
(21282-01, 21283-01, 21285-01, and 21286-01) give the vi-
sual impression of decreasing apparent age at the highest
fractional 39Ar releases.

The plateau ages tend to exceed the integrated ages, on
average by �5%; they also correlate modestly (R2

adj ¼ 0:46)



Table 4
Integrated, Plateau and Isochron ages (Ga) of measured grains along with wt% concnetrations of [k] and [Ca] and total moles of 39Ar.

Mass
(lg)

Integrated
age (Ga)

Plateau age
(Ga)

% 39Ar
plateau

Isochron
Age (Ga)

Isochron
Intercept
(103)

MSWD [K]
(wt%)

[Ca]
(wt%)

Total 39Ar
(10�16 mol)

GRA 9

21064-01 38.5o 4.44 ± 0.04 4.45 ± 0.03 100 4.46 ± 0.05 �1 ± 2 0.5 0.25 2.24 5.50
21065-01 12.9o 4.25 ± 0.13 4.37 ± 0.09 91 4.40 ± 0.24 �0.2 ± 3.5 0.6 0.19 2.07 1.41
21066-01 17.6o 4.44 ± 0.07 4.45 ± 0.06 100 3.86 ± 0.71 5 ± 7 0.8 0.25 2.13 2.46
21067-01 22.1o 4.37 ± 0.13 4.36 ± 0.08 96 3.99 ± 0.22 1 ± 2 0.9 0.11 2.75 1.36
21068-01 24.1o 4.40 ± 0.07 4.43 ± 0.06 100 4.48 ± 0.08 0.2 ± 1.9 0.6 0.21 1.97 2.85
21069-01 36.2o 4.44 ± 0.04 4.45 ± 0.04 99 4.77 ± 0.32 �10 ± 12 0.6 0.25 1.95 5.12
21070-01 10.2o 4.40 ± 0.30 4.20 ± 0.20 100 3.81 ± 0.47 1 ± 3 0.4 0.10 1.72 0.60
21077-01 7o 4.41 ± 0.12 4.41 ± 0.09 100 4.32 ± 0.15 1 ± 2 0.4 0.34 3.36 1.33
21078-01 5o 4.26 ± 0.12 4.30 ± 0.07 90 4.36 ± 0.15 �1 ± 1 0.4 0.44 3.14 1.25
21079-01 18.1o 4.40 ± 0.06 4.43 ± 0.05 97 4.50 ± 0.08 1 ± 1 0.9 0.26 1.91 2.64
21080-01 7.0c 3.71 ± 0.11 4.21 ± 0.10 72 4.34 ± 0.19 �1 ± 1 0.7 1.96 0.97
21080-03 2.2c 3.70 ± 0.30 4.11 ± 0.19 81 4.16 ± 0.22 �0.1 ± 0.4 0.1 2.47 0.30
21080-04 6.2c 4.34 ± 0.17 4.40 ± 0.10 91 4.35 ± 0.26 0.2 ± 1.2 0.6 2.75 0.86
21081-01 2.6c 4.40 ± 0.30 4.60 ± 0.30 83 4.81 ± 0.35 1 ± 2 0.6 3.37 0.36
21081-02 7.4c 4.26 ± 0.12 4.32 ± 0.08 98 4.47 ± 0.21 �1 ± 2 0.5 2.49 1.03
21081-03 8.0c 4.13 ± 0.12 4.32 ± 0.11 83 3.97 ± 0.22 0.3 ± 0.7 1.3 2.46 1.11
21082-01 43.6c 4.46 ± 0.03 4.437 ± 0.019 100 4.43 ± 0.03 �1 ± 1 0.7 2.30 6.09
21090-02 8.9o 4.35 ± 0.13 4.39 ± 0.08 100 4.40 ± 0.08 0.2 ± 1.7 0.7 0.15 1.56 0.77
21092-01 6.4c 4.34 ± 0.16 4.40 ± 0.12 97 4.42 ± 0.25 �0.1 ± 2.2 0.3s 2.48 0.89
21092-02 6.4c 4.17 ± 0.10 4.24 ± 0.09 100 4.36 ± 0.15 �0.2 ± 2.4 0.1 1.68 0.90
21092-03 7.2c 4.28 ± 0.11 4.33 ± 0.09 100 4.32 ± 0.10 0.1 ± 0.9 0.7 1.82 1.00
21092-04 6.4c 4.35 ± 0.13 4.37 ± 0.09 100 4.33 ± 0.22 �1 ± 2 0.5 1.82 0.90
21096-01 12.0o 4.46 ± 0.10 4.47 ± 0.08 100 4.52 ± 0.14 �1 ± 2 0.3 2.31 1.42
21295-01 12 4.29 ± 0.05 4.30 ± 0.04 98 4.31 ± 0.06 0.2 ± 0.2 0.5 0.23 3.17 1.59
21296-01 13 4.01 ± 0.12 4.31 ± 0.08 85 4.64 ± 0.24 �2 ± 3 0.7 0.09 2.68 0.67
21301-01 35 4.30 ± 0.02 4.321 ± 0.018 99 4.37 ± 0.04 �1 ± 1 0.3 0.23 3.19 4.63
GRA 8

21272-01 29 4.23 ± 0.02 4.267 ± 0.017 95 4.35 ± 0.06 �2 ± 2 0.5 0.30 2.67 5.05
21273-01 10 3.91 ± 0.10 4.14 ± 0.09 79 5.19 ± 0.49 �4 ± 3 0.7 0.20 2.59 1.14
21275-01 6 4.20 ± 0.01 4.23 ± 0.08 94 4.37 ± 0.26 0.1 ± 0.5 0.3 0.24 2.97 0.83
21282-01 8 3.57 ± 0.15 4.00 ± 0.13 77 4.26 ± 0.45 �1 ± 1 0.6 0.11 1.89 0.53
21283-01 5 4.13 ± 0.16 4.37 ± 0.12 90 4.56 ± 0.18 0.2 ± 0.2 1.0 0.17 1.95 0.50
21285-01 6 4.21 ± 0.11 4.25 ± 0.08 100 4.79 ± 0.48 �3 ± 4 0.7 0.24 2.30 0.83
21286-01 6 3.87 ± 0.09 4.11 ± 0.08 87 4.25 ± 0.11 �1 ± 1 0.9 0.23 3.54 0.80
21287-01 7 4.27 ± 0.09 4.29 ± 0.06 98 4.19 ± 0.24 0 ± 1 0.2 0.23 2.89 0.94

Notes: c = chemical mass; o = optical mass (see text). The four most precise plateau ages are shown in boldface type.
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with the fraction of 39Ar in the plateau. Unsurprisingly, as
the difference between the integrated and plateau age in-
creases, the ‘length’ of the plateau decreases and the relative
standard deviation of the plateau age increases.

Fig. 2b shows the relative probability density of a given
age vs. age. In constructing this distribution we assumed for
each sample (1) a normal (Gaussian) distribution of ages
centered at the measured plateau age and (2) a value of r
equal to the stated uncertainty. The GRA8 peak (dashed
line) centered at 4266 Ma in Fig. 2b reflects the strong influ-
ence of sample 21272-01. With only eight data points, we
cannot test convincingly whether the data follow a normal
(Gaussian) distribution. Considered pairwise, no two sam-
ples differ significantly at the 2-r level. We therefore assume
all the GRA8 samples represent a single population with an
age equal to the weighted average of 4256 ± 15 Ma.

In order to compare our ages with previous workers who
adopted flux standards that correspond to a Fish Canyon
age of 28.02 Ma (e.g. NL-25: 2650 Ma; Bogard et al.,
1995), we have adjusted the published values upward by a
factor of 1.0067. In an attempt to avoid confusion, we ital-
icize these adjusted published ages. Park et al. (2010) pres-
ent a plateau diagram for a 12.7-mg plagioclase separate
from GRA8. With one exception, no single step yields an
age less than 4348 Ma. Park and co-workers recommend
an age of 4394 ± 19 Ma based on the measurements ac-
quired for the cumulative release of 39Ar between 52%
and 80%. Our peak age (4266 ± 25, Fig. 2b) and theirs
for GRA8 differ by �130 Ma or �2r.

3.5.2. Isochron ages for GRA8

The isochron ages for GRA8 (Tables 4 and 5 and Fig. 3)
are older than the corresponding plateau ages by about 6%
or 1.5-r and have larger uncertainties. For the most part,
the older isochron ages owe to the negative and non-
physical values (Table 4) for five of the eight trapped
ratios (y-intercepts) on the isochron plots. The negative
intercepts, in turn, result from the small, highly uncertain,
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and occasionally negative (because of blank corrections)
36Ar measurements. We draw two inferences from these
observations. First, within the uncertainties of our measure-
ments, 36Ar is not measurably correlated with a trapped
40Ar component. Second, the calculated isochron ages for
GRA8 are over-corrected for a non-physical trapped
component, i.e., one with a negative 40Ar/36Ar ratio, and
may be either artificially high or low by 5–10%, depending
on which temperature release steps are most affected by the
nominally negative values of 36Ar.
3.5.3. Plateau ages for GRA9

Plateau ages for GRA9 range from 4110 ± 190 to
4600 ± 300 (1-r) Ma with a mean of 4362 ± 25 (s.d.m.)
and a weighted mean of 4384 ± 9 Ma (Tables 4 and 5).
Samples 21082-01 (4437 ± 19 Ma) and 21301-01,
(4321 ± 18 Ma) have the most precise plateau ages. These
ages differ by 116 ± 26 Ma.

Overall, the plateau and isochron ages for GRA9 sam-
ples agree significantly better than do those for GRA8:
the average of Tplateau/Tisochron is 0.940 ± 0.061 (s.d.m.)
for GRA8 and 1.008 ± 0.060 for GRA9. The GRA9 pla-
teaus incorporate a larger fraction of the 39Ar released,
95% on average, than do those for GRA8. In GRA8 the

plateau ages correlate modestly (R2
adj ¼ 0:46) with the frac-

tion of 39Ar in the plateau. The data for GRA9 show no

such trend: R2
adj ¼ �0:02.
The smoothed probability distribution for GRA9 pla-
teau ages has two peaks (Fig. 2b), which capture the clum-
piness of the age distribution for the individual samples
(Fig. 2d). The center of the older age peak or cluster is
4437 ± 50 Ma and of the younger one, 4324 ± 50 Ma.
The older value may be compared with the GRA9 age re-
ported by Fernandes and Shearer (2010), 4499 ± 17 Ma
and by Bajo et al. (2010), 4420 ± 38. The age of the younger
GRA9 peak, 4324 ± 50 Ma, is about 60 Ma older than but
within one standard deviation of the peak age (Fig. 2) of
GRA8, 4266 ± 25; it is younger than, but again within
one standard deviation of the age reported by Park et al.
(2010) for GRA8 that ranges from a lower bound of
4373 ± 15 Ma to an upper bound of 4394 ± 19 Ma.

3.5.4. Isochron ages for GRA9

Although the isochron ages for GRA9 agree better with
the plateau ages than do those for GRA8, large uncertain-
ties in and negative values of the intercepts again suggest
that the fitting procedures do not identify a single well-de-
fined trapped component.

3.5.5. Combined age distributions for GRA8 and GRA9

The combined probability distribution for the plateau
ages of GRA8 and GRA9 samples is bimodal (Fig. 2b).
The smoothed curve has peaks at 4439 and 4304 Ma. The
younger peak can be interpreted either as a broad peak,
or one with a shoulder at 4267 Ma. Mainly plateau ages
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Fig. 2. (a) Literature ages for GRA 06128 and GRA 06129. Literature argon ages have been increased by a factor of 1.0067 (see text) for
differences in standardization. Legend is at right of figure. (b) Smoothed probability distributions of plateau ages. (c) Histogram of plateau
ages; GRA06128 is hatched pattern; GRA06129 is unfilled. (d) Plateau ages and uncertainty of each sample.
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of GRA9 define the position of the upper peak, whereas the
younger peak incorporates the ages of both GRA8 and
GRA9 grains (Fig. 2c).

3.5.6. Mass dependence of plateau ages

In Fig. 4 we plot plateau ages against sample mass. The
plateau ages for smaller grains (m < 10 lg) span the entire
range of measured values, from 4000 to 4600 Ma (standard
deviation of 133 Ma and % RSD of 29) whereas the larger
grains, which range from 4267–4470 Ma have a standard
deviation of 66 Ma and % RSD of 18. The horizontal lines
are plotted at the ages corresponding to our most precisely
determined ages for GRA8 and GRA9 (Table 4). The great-
er scatter for low-mass particles may result partly from the
larger uncertainties associated with small gas loads. It may
also reflect, however, greater ease of degassing smaller
grains, assuming their observed sizes track their original
sizes in the meteorites.

3.5.7. Synthetic age spectra

We combined the release data for the grains from GRA8
and from GRA9 in order to generate ‘synthetic’ age spec-
tra, i.e., the spectra one might have observed had all the
grains been degassed together. In our experiments, we did
not measure the grain temperatures, but set and recorded
the areal power, P i, delivered by the laser. We take this
quantity as the ‘common denominator’ for all sets of mea-
surements. Because the heating schedules – i.e., the se-
quence of P i chosen - differed from grain to grain, we
needed to ‘re-bin’ the 39Ar data into congruent, fictitious
intervals of P i. Once re-binned for each sample, the
amounts of 39Ar could be added and the ages averaged
for different grains. Results are shown in Fig. 5, which con-
firms some observations made above and reveals some fea-
tures not readily apparent from examining the laser release
data for individual grains.

The synthetic plots reinforce systematically younger
apparent ages for GRA8 than for GRA9 (4240 ± 8 Ma
and 4350 ± 5 Ma, respectively). As all eight GRA8 grains
(along with 3 of the GRA9 grains) were irradiated sepa-
rately from the other 23 GRA9 grains, we considered pos-
sible heating losses linked to the second irradiation, but not
the first. The hypothesis seems unlikely. During both irradi-
ations the grains were in direct contact with a large mass of
aluminum that is water-cooled. In many years of work we
have not seen evidence that temperatures inside the quartz
irradiation tube exceed 150 �C, although other reactors may
get hotter. The calculated J values for the samples indicate
minimal differences in fluxes for the two irradiations and we
know of no evidence suggesting strong temperature gradi-
ents or fluctuations over time. Finally the apparent ages
of the hornblende standard, Hb3gr, of both Irradiation
49 and 53 agree. We conclude that variations in reactor
conditions probably did not lead to enhanced Ar losses
from GRA8 samples.

As noted above, grain size may offer a more plausible
explanation (Fig. 4), assuming that the grain sizes we ob-
served in the laboratory correlate well with the original
grain sizes in the meteorite. We expect the fractional Ar
losses to be larger for smaller grains of a given type



Table 5
Summary of ages. Our best estimates are in boldface type. Note that there are 2 best estimates for GRA9 reflecting a bimodal age distribution.

Integrated Ma Plateau Ma Isochron Ma Intercept

GRA 9: 375 lg, N = 26
Average 4362 ± 25 4351 ± 47 165 ± 1380
Wtd average 4384 ± 9 4407 ± 18 -51 ± 148
Distribution 4438 ± 33a

4302 ± 100a

Most precise 4460 ± 30b 4437 ± 19b 4425 ± 30b �480 ± 570
4270 ± 20c 4321 ± 18c 4374 ± 45c �1275 ± 1150

Best estimatee 4439 ± 40

4304 ± 40

GRA 8: 77 lg, N = 8
Average 4207 ± 41 4495 ± 130 �579 ± 905
Wtd average 4256 ± 15 4351 ± 47 199 ± 148
Distribution 4266 ± 25a

Most precise 4230 ± 20d 4267 ± 17d 4350 ± 59d �1830 ± 1650
Best estimatee 4256 ± 40

a Fig. 2.
b 21082-01.
c 21301-01.
d 21272-01.
e Weighted averages with uncertainties multiplied by 3.
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(feldspar) and larger for 40Ar (released, perhaps, at any time
during the history of GRA) than for 39Ar (released only
after formation in the reactor). We tried to exploit the fact
that grain 21081 broke into three pieces to test qualitatively
the hypothesis that heating during irradiation led to prefer-
ential gas loss from smaller grains. Unfortunately the re-
sults are not precise enough to reach a firm conclusion.
Preferential Ar losses from smaller grains could have oc-
curred outside the reactor, too. Weathering, known to be
more severe for GRA8 (McBride, 2007; McCoy et al.,
2007), could have led to larger Ar losses from smaller
grains.

Fig. 5 offers no evidence for a single low-temperature
event at 2.6 Ga (Shearer et al., 2010): 3 of 13 crystals show
slight disturbances (1–4% of the total 39ArK), which may be
due to terrestrial weathering, suggesting a range of partial
39,40Ar losses.

At the highest cumulative releases of 39Ar, the apparent
ages of synthetic spectra decrease by about 5% from their
maximum values. We considered three possible explana-
tions. One is that our system blanks for 39Ar, which we
measured with the laser off, are too low. We see no evidence
for increases in other Ar isotopes at higher temperatures
but do not exclude this possibility. Secondly, the high-
power drop-off in apparent ages may reflect recoil of reac-
tor-produced 39Ar into small K-poor inclusions (Huneke
and Smith, 1976). Images in Shearer et al. (2011) show
GRA plagioclase containing small pyroxene and olivine
inclusions Although we did not observe inclusions, we can-
not rule out their existence. Finally, it may be that the de-
crease in apparent age shown during the final few percent
of gas release represents grains that were brought to the
highest temperatures. Few of the individual plateau age
spectra (EA5) show a high-power drop off, but not all pla-
teaus have 100% gas release.
3.6. K and Ca concentrations

The concentrations of K and Ca in Irradiation 53 sam-
ples (Table 4) were calculated from the grain masses and the
measured 39Ar and 37Ar concentrations after corrections
for reactor-produced interferences. The concentrations of
K and Ca in Irradiation 49 samples were calculated with
the optical masses where available. In cases where we had
only chemical masses, we could calculate Ca independently,
but the results have larger uncertainties – probably 40%.

The average concentrations (wt%) of K and Ca mea-
sured for the Irradiation 53 samples are 0.21 ± 0.02 and
2.71 ± 0.16 (standard deviation of the mean), respectively,
and for Irradiation 49, 0.23 ± 0.03 and 2.29 ± 0.11. Our
electron microprobe analyses gave (K, Ca wt%)
0.27 ± 0.01 and 2.2 ± 0.06 for GRA8 and 0.25 ± 0.01 and
2.3 ± 0.06 for GRA9. Shearer et al. (2010) reported values
of 0.27 and 2.14 for GRA9.

3.7. Cosmic-ray exposure ages (CRE Ages)

Our results allow us to calculate cosmic-ray exposure
ages (CRE) using the relation t38 ¼

38Arc

P 38
where P38

(10�8 cm3 STP g�1 Ma�1) is the production rate of cosmo-
genic argon 38, 38Arc, (10�8 cm3 STP g�1). Our average
measured ratio of 36Ar/38Ar for GRA8 was 0.86 ± 0.08
and for GRA9, 2.67 ± 0.10. These values are between the
cosmogenic ratio of 0.65 and trapped ratio of 5.35, indicat-
ing the absence of large concentrations of trapped argon for
GRA8 and moderate concentrations of trapped argon in
GRA9 (Eugster and Michel, 1995; Leya et al., 2004).
Although the measurements of 38Ar are near the detection
limit, 36Ar/38Ar ratios also indicate minimal interferences
from reactor-produced Cl. Amounts of 38Arc are too small
in some grains to calculate a cosmic-ray exposure age for
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each grain. Therefore, 38Arc is calculated by summing the
38Arc measured for individual grains of each stone and
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applying the lever rule. The composition dependence of
the production rate was taken from published work (Freun-
del et al., 1986; Eugster, 1988; Eugster and Michel, 1995;
Electronic Annex 5; Table 1). Equations used for the calcu-
lations are shown in Appendix A. The 38Ar production rate,
P38, in GRA8/9 is dominated by contributions from cal-
cium and potassium and those from elements of higher Z

can be neglected. The specific compositions of the samples
were calculated in two different ways: (1) from published
production rates and the average composition of [K] and
[Ca] from our EPMA results and (2) from Ar isotope molar
ratios (see Appendix A). A summary of the exposure age
calculations is given in EA5.

The exposure ages of the summed grains for GRA8 and
GRA9 are 3.7 ± 2.0 Ma and 2.4 ± 0.6 Ma, respectively.
Totaling the released gas from both stones gives an expo-
sure age of 2.7 ± 0.7 Ma. Concentrations of 38Arc increase
with mass for grains larger than 10 lg. However, there is
no discernible correlation between concentration and mass
for grains less than 10 lg, which may reflect the uncertain-
ties associated with weighing and the measurement of very
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Fig. 5. Synthetic plateau diagrams for GRA8 and GRA9. The
argon release spectra for the 8 grains of GRA8 (stars) and for the
26 grains of GRA9 (circles) were combined numerically. To do so,
we divided each heating step, i, at laser power, Pi, into small, fixed,
indexed intervals, each one 0.01 watts/mm2 m ‘wide’; there were
400 such intervals in all, covering the power range from 0 to
40 watts/mm2. We assumed that the 39,40Ar released by a grain
during a heating step could be evenly distributed across the smaller
power intervals within the power range of the step. For example, if
P1 was 1.00 watt/mm2, and P2 was 1.37 watt/mm2, we assigned the
argon released during step two to 37 intervals, the first one from
1.00 to 1.01 and the last to 1.36 to 1.36999 watt/mm2. To construct
the synthesized spectrum we added the amounts of 39,40Ar released
from each grain into each of the smaller intervals and constructed
the release diagram shown in the usual way. Many of the 400 data
points on each synthetic curve overlap so that not all of them can
be seen. The uncertainties plotted were obtained by standard error
propagation techniques.
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small amounts of gas. If we exclude the low-mass grains
(<10 lg), the CRE ages decrease �25%. Excluding data
for heating steps for which (1) the blanks exceeded the
amounts released from the samples, and (2) the relative er-
ror is greater than 2, increases the ages �2%. Our preferred
age, 2.7 ± 0.6 Ma, is for both stones summed together and
uses the compositional dependence of Eugster and Michel
(1995) for eucrites, which have more modal plagioclase
than L-chondrites, our isotopic measurements of 38Arc,
37Ar and 39Ar, and excludes heating steps that meet the
two criteria described above. Generally, GRA8 exposure
ages that are �1.5 times older than GRA9 but the errors
are large and at the 2 sigma level, they are indistinguishable.
Cosmic-ray exposure ages based on 38Ar of other brachi-
nites, with which GRA8/9 have been associated, fall be-
tween 5.9 – 66.0 Ma (Weigel et al., 1997; Swindle et al.,
1998; Patzer et al., 2003). For a bulk sample of
GRA06129, Matsuda et al. (2008) reported t21 as 2.9–
3.0 Ma.

4. DISCUSSION

4.1. Apparent ages – one 40Ar/39Ar age only?

We begin with the simplest hypothesis: that all the grains
studied in GRA8 and GRA9 come from a single population
with a well-defined age (4353 ± 3, R2 = 0.95 from the
Gaussian fit to all data shown in Fig. 2b) and a distribution
explainable by experimental uncertainties. In this picture,
the age represents an upper bound on the time of a re-set-
ting event. A v2 test (see Taylor, 1997, chapter 12) gives
only a 30% probability that a normal (Gaussian) distribu-
tion describes the smoothed probability function for all
samples in Fig. 2. Taken alone, this observation does not
rule decisively against the one-age hypothesis, but several
other observations also tilt against it.

First, the combined distribution of measured ages
(Fig. 2b) has two peaks. Second, as noted above, when con-
sidered pairwise, the most precise ages differ by more than
3-r. The various means for GRA8 and GRA9 samples (Ta-
ble 5) differ by 2-r or more. Third, we carried out a Monte
Carlo calculation to estimate the probability of selecting at
random a group of 8 grains with a low average age of
4248 Ma or less from 34 infinitely large reservoirs of grains,
each with one of the 34 sample ages measured. The value of
4248 Ma chosen for the simulation is a kind of upper limit
obtained by summing the average GRA8 plateau age,
4207 Ma, and one standard deviation of the mean, 41 Ma
(Table 5). The probability of choosing 8 such grains is
about 10%. Further, if we separate our grains into two pop-
ulations based on the break in the age distribution between
4330 and 4360 Ma (Fig. 2d) and calculate the critical value
(Dalrymple and Lanphere, 1969), the apparent difference in
the two ages, 186 Ma, exceeds the critical value of 52, hint-
ing that, at 95% confidence, the difference in age is real. Fi-
nally, although Day et al. (2009) reported an average Pb–
Pb age of 4520 Ma, the ages from the phosphates of the
two stones, given in Supplemental material, yield a differ-
ence of 140 Ma exceeding the calculated critical value of
105. A difference is that in the Day et al. (2009) data, the
younger phosphate age of GRA8, 4479 Ma, overlaps Ar–
Ar ages for GRA9; the Pb–Pb age of GRA9, 4619 Ma, is
anomalously old.

Statistics and our data aside, the one-age hypothesis
runs into headwinds from the disagreement between pub-
lished Ar/Ar data for GRA9: 4499 ± 17 Ma (Fernandes
and Shearer, 2010) and GRA8: 4394 ± 19 Ma (Park et al.,
2010). We cannot rule out the hypothesis that all grains rep-
resent a population with a single age, but it seems unlikely.

4.2. Two or more ages/events

We adopt 4270 and 4440 Ma as the two ages most par-
simoniously able to accommodate all our Ar/Ar data. All
the GRA8 plateau ages are consistent (<2-r) with the value
of 4270 Ma, although we recognize that N is small (8). On
the other hand, GRA9 contains grains with both of these
ages (Table 4, Fig. 1 and Fig. 2c). The occurrence of grains
in GRA9 with ages close to the best ages measured for
GRA8 indicates that both GRA8 and GRA9 recorded
the younger event. It also requires an explanation for why
GRA8 preserves mainly the younger (4270 Ma) one. If a
biased sample does not account for the observation then
we need a physical mechanism for distinguishing the two
sets of grains.

We have no independent information concerning the
source of energy for the heating events that affected the ar-
gon systematics in GRA8/9. Impact heating is one possibil-



Fig. 6. Photomicrograph taken from Arai et al. (2008). This shows
“lithology 1” in crossed polar light; field of view is 2.6 mm across.
The light colored dashed line delineates a veinlet of fine-grained
plagioclase. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this
article.)
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ity and, with subsequent annealing, may explain textural
differences in plagioclase grains (Arai et al., 2008). A second
possibility is magmatism driven by differentiation. To our
knowledge the radiothermal heating due to U and Th decay
has not been evaluated quantitatively for GRA8 and 9.
Temperatures (600–960 �C) proposed by Day et al. (2009)
and Shearer et al. (2010) during subsolidus post-crystalliza-
tion re-equilibration events and alteration may have been
extensive enough to partially, if not fully, reset the plagio-
clase. Prior shock would have enhanced cation mobility
and thereby increased the likelihood of such re-
equilibration.

Nyquist (pers. comm.) has suggested that the precursors
of GRA8 and GRA9 lay many meters apart on the parent
body. In one possible history, the precursor of GRA9 expe-
rienced a major shock heating event 4440 Ma ago that re-
set all grains. A later event, presumably an impact, at
4270 Ma at the location of GRA8 could have juxtaposed
a hot lump of GRA8 material with GRA9 and welded
the two together. Either the highly variable nature of shock
heating – more for GRA8 and less on average for GRA9 –
or an accident of the joining event could have preserved the
different grain ages within GRA9. This scenario does not
account for the details of assembly, which could have oc-
curred either 4270 Ma ago or later with minimal resetting,
perhaps even as late as the time of launch.

Alternatively, if GRA8 and 9 were close together on the
parent body, a process preserving differences in their indi-
vidual thermal histories is needed. The passage of meteor-
oids through the Earth’s atmosphere can set up large
thermal gradients, but is unlikely to re-set the ages as ob-
served. Terrestrial weathering effects are an even less effec-
tive way to re-set plateau ages, although it could have
caused low-temperature alteration of smaller grains. A pro-
cess that results in very spatially variable but localized heat-
ing of the two samples is needed. Intrusion of a thin shock-
melted layer (in the form of a vein or dikelet) in closer prox-
imity to GRA8 than GRA9 would satisfy this condition.
On cooling, the GRA8/9 assemblage would be composi-
tionally uniform but texturally varied. As distance from
the intruding material, assumed to have a thickness x, in-
creases, temperatures decrease with a half-width propor-
tional to x. Accordingly, the greater 40Ar losses from
GRA8 grains indicate their proximity to the intrusive heat
source (the dikelet). In this model the bimodal ages of
GRA9 reflect the bake zone further from the dikelet while
the more uniform ages of GRA8 reflect more intense
annealing close to the heat source. More intense annealing
of GRA8 may also explain the lower Na concentration
(9.7 wt% versus 11.6 wt% in GRA9) measured in GRA8
as Na tends to migrate during incipient melting.

The latter hypothesis is supported by the heterogeneous
textures observed by Arai et al. (2008) in GRA8, particu-
larly their “lithology 1” wherein fine-grained plagioclase
forms veins and replaces some coarser-grained plagioclase
(Fig. 6). Although such dikelets have not been reported
for GRA9, we expect that if more sections were studied, a
well-defined demarcation of intrusive dikelets would be vis-
ible in thin section showing the two distinct grain sizes. The
dikelet intrusions coincide with the second and third step of
Arai et al. (2008) thermal history and stage three and/or
four of Shearer et al. (2010) early asteroidal processes.

We propose the following sequence of events: (1) initial
slow cooling of a Na-rich plagioclase normative material
more than 4.50 Ga ago. During this cooling, plagioclase
formed coarse grains up to 5 mm in size (Arai et al.,
2008; Zeigler et al., 2008; Shearer et al., 2010; Day et al.,
2012). The older population (4400 Ma) reflects this event;
(2) less than 200 Ma later, a pulse of plagioclase melt
cross-cut the older crystalline material and cooled quickly
yielding smaller grains while resetting an aureole of sur-
rounding material to varying degrees. This event caused
the younger ages of GRA8 (4270 Ma) and younger ranging
ages of GRA9 (4320 Ma). The intrusive melt could have
been sourced at depth, (Goodrich et al., 2007), or derived
from a nearby impact (Keil et al., 1997); (3) much later,
an impact event expelled a mass containing both GRA8
and GRA9 from the parent body; (4) prior to or during
its final placement on earth, the meteoroid broke apart near
the weakness in the rock’s fabric caused by the intrusion;
the resulting fragments contained various proportions of
re-set feldspar.

5. CONCLUSIONS

We step-heated and obtained 39,40Ar release spectra for
34 grains separated from GRA 06128 and GRA 06129 that
yielded apparent ages ranging from 4.00 ± 0.30 to
4.60 ± 0.30 Ga. Three analyzed grains (masses of 15, 29
and 35 lg) had 1-r uncertainties less than 20 Ma, which
are comparable to those reported for analyses of samples
10s to 100s of times more massive. Precision of age mea-
surements decreases with decreasing mass as signals move
toward blank levels. However, acceptable precision, ±30–
100 Ma (0.5–2.5%), was achieved for eleven grains with
masses less than 10 lg. Attainment of these levels of preci-
sion was possible because the concentrations of the trapped,
chlorine-derived, or other Ar components are sufficiently
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low relative to the concentration of accumulated radiogenic
Ar.

The plateau ages are the most precise of the three types
of ages presented (plateau, integrated, and isochron). The
age distribution of GRA9 grains is bimodal and may be
interpreted as two separate thermal events, magmatic or
collisional, at �4.4 and 4.3 Ga. A major event at 4.4 Ga
is followed by thermal metamorphism associated with
intrusion of a vein or dikelet at 4.3 Ga that reset GRA8
more completely than GRA9. A single event at �4.3 Ga
with variable subsequent degassing controlled by the loca-
tion of the particular grain in relation to the heat source
is less plausible based on the data presented. We prefer
the two-age hypothesis because it explains simply the fea-
tures of Fig. 2 and eliminates some of the previously dis-
cussed difficulties. Finally, the stones were ejected from
the parent body at �3 Ma.

The most precise age for the older resetting event,
4437 ± 19 Ma (21082–01) is �60 Ma younger than those re-
ported by Fernandes and Shearer (4490 Ma; 2010) (see also
Shearer et al., 2010) and 20 Ma older than one reported by
Bajo et al. (4420 Ma; 2010) (Fig. 2). The precise age of
4267 ± 17 Ma for one plagioclase grain from GRA8
(21272-01) and another of 4321 ± 18 Ma for one grain from
GRA9 (21301-01) are 70–120 Ma younger than the age of
4394 Ma that Park et al. (2010) reported for a multigrain
plagioclase separate from GRA8 (Fig. 2) and attributed
to subsolidus equilibration. These differences may result
from: (1) in GRA9, the use of bulk samples, which often
yield more complicated age spectra, and (2) in GRA8, the
uncertainties of 40Ar/39Ar ages caused by relatively large
milligram-scale samples that homogenize the intrinsic
variability of the grains.

While dating of 5–10 lg grains appears feasible for
meteorites with ages >4 Ga and K concentrations
>0.2 wt%, the analysis of such small grains may not always
be practical or efficient. We obtained our best results for
samples weighing �30 lg. When a ‘bulk’ age is the main
goal and sample plentiful, the analyses of larger masses
make sense. The low-mass capability helps most in dis-
turbed, heterogeneous meteorites, where grain-by-grain
study may identify discrete processes or events. In GRA8
and 9, grain-by-grain examination reveals that some feld-
spar grains had simple histories but that others experienced
at least two major resetting events (i.e., a major resetting
event followed by thermal metamorphism associated with
intrusion of a vein or dikelet).

The results demonstrate the need for detailed petro-
graphic context to be known for irradiated grains.
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APPENDIX A. EQUATIONS FOR CRE AGES

The lever rule used to calculate
38Arc : 38Arc ¼ RT

38Armsd�36Armsd
RT�Rc

, where RT = 5.35, RC = 0.65
and xArmsd is the total measured argon of a given isotope,
x.

For conventional cosmic-ray exposure age
calculations, we start with the equation

t38ðMaÞ ¼ 38Arcð10�8cm3STP=ðgsampleÞÞ
P 38ð10�8cm3STP=ðgsampleÞ�MaÞ ; with the numerator de-

rived from the measured amount of 38Arc (mol) and mass
(g). The production rate (P 38) is calculated using K and
Ca concentrations (g element/g sample) from electron
microprobe data and elemental production coefficients k1

and k2 of Freundel et al. (1986) or Eugster and Michel
(1995) (See EA5; Tables 1 and 2):

t38ðMaÞ¼
38ArcðmolÞ�2:24�1012 10�8cm3STP

mol

� �
msampleðg sampleÞ k1½Ca�þk2½K�½ ��1

:

For the isotopic age calculations, the numerator is as
above. P 38 again incorporates the elemental coefficients k1

and k2 but, instead of using elemental concentrations from
electron microprobe measurements, we derive them from
isotopic mole ratios and conversion constants for the reac-
tor, c1 and c2. The constants c1 and c2 relate the irradiated
masses of Ca and K, respectively, to the amounts of 37Ar
and 39Ar produced during irradiation (see EA5; Table 1):

t38ðMaÞ¼
38Arcðmol38ArÞ
37Arðmol37ArÞ

� �
k1c1þ k2c2

39Arðmol39ArÞ
37Arðmol37ArÞ

� �� ��1

�2:24�1012:
APPENDIX B. SUPPLEMENTARY DATA

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.gca.2013.12.023.
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