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Iodine–Xenon dating of chondrules from the Qingzhen and Kota Kota enstatite chondrites
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Abstract—Initial 129I/127I values (I-Xe ages) have been obtained for individual mineralogically characterized
chondrules and interchondrule matrix from the enstatite chondrites Qingzhen (EH3) and Kota Kota (EH3). In
view of the absence of aqueous alteration and the low-peak metamorphic temperatures experienced by these
meteorites, we suggest that the I-Xe ages for the chondrules record the event in which they were formed. These
ages are within the range recorded for chondrules from ordinary chondrites, demonstrating that chondrules
formed during the same time interval in the source regions of both ordinary chondrites and enstatite
chondrites. The timing of this chondrule-forming episode or episodes brackets the I-Xe closure age of
planetesimal bodies such as the Shallowater aubrite parent body. Although chondrule formation need not have
occurred close to planetesimals, the existence of planetesimals at the same time as chondrule formation
provides constraints on models of this process. Whichever mechanisms are proposed to form and transport
chondrules, they must be compatible with models of the protosolar nebula which predict the formation of
differentiated bodies on the same timescale at the same heliocentric distance.Copyright © 2001 Elsevier
Science Ltd

1. INTRODUCTION

Chondrules are spheroidal silicate objects widely distributed
in the common chondritic meteorites (Hewins, 1994) and, by
inference, were widespread in the early solar system. After
rapid heating to near their melting point, they cooled at several
hundred Kelvin per hour (Hewins et al., 1996); this requires a
surrounding medium with an opacity greater than that of free
space, perhaps due to a low-density cloud of hot dust and gas.
No clear consensus for the environment in which they formed
(“planetary” or “nebular”) nor for a heating mechanism has yet
emerged. Suggested mechanisms requiring a nebular environ-
ment have included lightning (Whipple, 1966; Horanyi et al.,
1995), shock waves (Wood, 1984; Ruzmaikina and Ip, 1996;
Connolly and Love, 1998), X-winds (Shu et al., 1996) and
impacts between small objects (Kieffer, 1975); various authors
have invoked parent-body scenarios for chondrule formation,
usually involving impacts (Urey, 1967; Zook, 1980; Symes,
1997; Sanders, 1998), possibly induced by the gravitational
influence of a newly formed Jupiter (Weidenschilling and Mar-
zari, 1998). Theories of chondrule formation and alteration
have been the subject of recent meetings, and the proceedings
of these conferences form a useful review of the subject
(Hewins et al., 1996; Zolensky et al., 1997).

A potentially important constraint on chondrule production
scenarios is the timing of their formation. However, because
the estimated lifetime of the solar nebula is 10 Ma or less
(Podosek and Cassen, 1994; Hartmann, 1996; Wood, 1996,
Briceno et al., 2001), to distinguish between nebular and early
parent body scenarios requires high precision chronometric

techniques; it is also vital to understand whether a given chro-
nometer records primary crystallization of the minerals or a
secondary alteration overprint. Few chronometers based on
long-lived radionuclides have sufficient precision for such high
temporal resolution measurements. However, short-lived radio-
isotopes allow high-precision relative dating of small samples
such as chondrules and may enable us to disentangle the history
of these objects and to distinguish between alternative scenar-
ios for their formation. To be of use for this purpose, a chro-
nometric system must have a temporal precision of at least 1
Ma (i.e., much less than the nebular lifetime), have a sensitivity
appropriate for application to individual chondrules, and be
readily interpretable. The radioactive decay of129I to 129Xe
(�1/2 � 15.7 Ma) provides one such chronometer for the study
of events in the early solar system (Reynolds, 1960). Iodine is
widely distributed as a trace element in chondritic meteorites,
the I-Xe system is readily examined in single chondrules, and
a precision of better than 1 Ma can be achieved even on such
small samples.

1.1. Iodine–Xenon Dating

Iodine–xenon dating employs the conversion of127I to 128Xe
by neutron capture during artificial irradiation, followed by
isotopic analysis of the xenon released at various temperatures
from the sample. Where a high-temperature correlation is ob-
served between radiogenic129Xe* and127I-derived128Xe*, the
ratio of the two isotopes is used in conjunction with a standard
to determine the129I/127I ratio at the time the system closed to
diffusive loss of xenon. The assumption of homogeneity in the
primordial distribution of129I/127I ratios at some stage then
allows the calculation of relative radiometric ages for the
closure event. Results from the I-Xe chronometer are usually
quoted as relative ages with respect to either Bjurbo¨le whole
rock or, more recently, enstatite from Shallowater, which may
conveniently be used as standards in the neutron irradiation
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step. Progress has however been made in correlating I-Xe ages
with Pb-Pb ages, thus allowing absolute dating with the I-Xe
system and establishing its consistency with other chronome-
ters (Nichols et al., 1994; Brazzle et al., 1999; Gilmour, 2000;
Gilmour and Saxton, 2001).

Previous work has shown a considerable spread in I-Xe ages
for chondrules from carbonaceous and low-petrologic-type or-
dinary chondrites (Nichols et al., 1990; Swindle et al.,
1991a,b). Rather than interpret these as chondrule formation
ages, the authors suggested that they dated either aqueous
alteration (e.g., Semarkona LL3.0) or disturbances due to shock
(e.g., Chainpur LL3.4). In an attempt to avoid similar difficul-
ties in interpretation, we have selected samples from the un-
equilibrated EH chondrites Qingzhen (EH3) and Kota Kota
(EH3), which are believed to have had simpler geological
histories than their counterparts in other groups.

1.2. Enstatite Chondrites

The enstatite chondrites in general show very little evidence
of preterrestrial aqueous alteration and petrologic types 3 and 4
do not seem to have been subject to metamorphic temperatures
much in excess of 700°C (Dodd, 1981; Zhang and Sears, 1996),
although textural and mineralogical features appear to record
different aspects of the thermal history of enstatite chondrites
(Zhang et al., 1995). The EH3 chondrites in particular have not
been heated above 507°C (on the basis of the presence of
copper sulfide; El Goresy et al., 1986), and metamorphism is
more likely to have occurred in the range 300 to 400°C (El
Goresy et al., 1986). They are thus expected to have retained
chronometric information about the initial formation of high-
temperature phases within them. Qingzhen and Kota Kota have
both been classified as shock stage 3—that is, weakly shocked
to �10 GPa (Rubin et al., 1997). Possible effects of aqueous
alteration, metamorphism and shock on the iodine–xenon sys-
tem are discussed below in section 4.1.

Previous work has demonstrated that both 129I with a half-
life of 15.7 Ma (Kennedy et al., 1988) and 53Mn with a half-life
of 3.7 Ma (Wadwha et al., 1997) were still present when host
phases became closed to isotopic exchange of these systems in
low-petrologic-type EH chondrites. The host phase for radio-
genic xenon (from 129I) is not known for certain, but 129Xe* in
EL6 chondrites is associated mainly with enstatite, and in EH3
and EH4 chondrites, it is associated with chondrules, phases
soluble in HCl, and a fine-grained, HCl-insoluble, low-density
component (Crabb and Anders, 1981, 1982). Evidence for
53Mn has been found in sphalerites in Indarch (EH4) but no
excess of 53Cr (from 53Mn) has been found in sphalerite or
niningerite from Qingzhen or in sphalerite from Kota Kota
(Wadwha et al., 1997).

Qingzhen and Kota Kota were selected for this study because
other EH3 chondrites exhibit various degrees of weathering and
terrestrial alteration that it was felt might have introduced
iodine in sufficient abundance to complicate I-Xe studies. In
particular, most of the �50 known EH3 meteorites have been
recovered from the Antarctic, an environment demonstrated to
introduce iodine (Langenauer and Krähenbühl, 1993). Qing-
zhen is an observed fall from 1976 (Wang and Xie, 1982), and
Kota Kota was reported to have fallen some years before 1905
(Prior, 1914). Although Kota Kota has been reported as badly

weathered (Mason, 1965), with alteration products present in
the fine-grained rims around chondrules (Leitch and Smith,
1982), there is no mineralogical evidence of alteration in the
chondrules selected for this study. Neither our samples of
Qingzhen nor of Kota Kota show any preterrestrial aqueous
alteration, and both still contain readily water-soluble sulfides
such as oldhamite, suggesting that terrestrial weathering has
had little effect. The presence of hydrated iron–chromium
sulfides in the matrix of Qingzhen has been reported (El Goresy
et al., 1986, 1988), but these were not observed in any of the
chondrule samples used in this work.

2. ANALYTICAL PROCEDURES

2.1. Sample Preparation

Eight chondrules (QC1 to QC8) and five pieces of matrix
(QM1 to QM5) from Qingzhen and four chondrules (KC1 to
KC4) and five pieces of matrix (KM1 to KM5) from Kota Kota
were extracted from hand specimens with dental tools. Chon-
drules were recognized by their structure; matrix samples rep-
resent the poorly characterized, generally fine grained material
found between chondrules and metal-sulfide assemblages,
which may in part consist of comminuted chondrules. Super-
fluous adhering material was removed from the chondrules,
which were then rinsed with acetone before being weighed and
cleaved into two or more pieces. The largest piece of each
chondrule was included in neutron irradiation MN9 in the
rodeo position of the Petten reactor (fast fluence of 6.0 � 1018

neutrons cm�2, thermal fluence 3.5 � 1019 neutrons cm�2),
whereas the remainder was retained for mineralogical and
petrological characterization with electron microprobe stub
mounts. The matrix samples were not split and were irradiated
in their entirety.

Petrographic analyses were carried out with a JEOL JSM-
840A scanning electron microscope by means of both photomi-
crography and low-resolution element mapping. Element maps
were digitally combined to produce images from which mineral
abundances could be derived. Mineral chemical analyses were
obtained with the Smithsonian Institution’ s JEOL JXA-8900R
electron microprobe, and cathodoluminescence studies were
made with an ELM-3R luminoscope.

Unfortunately, chondrule sample KC3 was lost as the irra-
diated samples were prepared for loading into the mass spec-
trometer, and only the matrix sample KM2 was analyzed be-
cause the other Kota Kota matrix samples had become
extremely fragile during the irradiation and were difficult to
handle safely.

2.2. Xenon Analysis

Xenon isotope analysis was carried out with the RELAX
laser resonance ionization time-of-flight mass spectrometer
(Gilmour et al., 1994) in conjunction with laser-stepped heating
of the samples. To heat the samples, the beam from a Nd:YAG
continuous wave laser (� � 1064 nm) with a gaussian (TEM00)
spot of approximately 3-mm diameter was used (considerably
larger than the samples); heating was for 60 s at each step with
laser beam powers from 0.1 to 9 W. Accurate sample temper-
atures are hard to measure or calculate, but an estimate can be
made by equating the incoming laser power to heat loss by
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thermal radiation by use of Stefan’ s Law. Previous work based
on comparison with filament-stepped heating experiments has
shown this to yield reasonable estimates at high temperature
(Gilmour et al., 1998). This procedure suggests that the high
end of the power range corresponds to more than 1700°C. All
samples were heated to beyond the point at which they melted,
thus ensuring that all gas was released. Temperature gradients
across the sample are believed to have been small compared
with the temperature steps, resulting in well-resolved stepped-
release profiles.

A data collection cycle consisted of an atmosphere-derived
calibration aliquot (8 � 10�15 cm3 132X at Standard Temper-
ature and Pressure), then a blank measurement, three stepped-
heating measurements, and another calibration aliquot. Each
measurement involves collecting data for 3000 ionization cy-
cles (5 min) as sets of time-of-flight spectra averaged 100
cycles (10 s) each. Blanks were less than 1 � 10�16 cm3 STP
132Xe throughout the period in which this work was carried out.
The atmospheric aliquots bracketing the sample analyses were
used to correct for instrumental mass discrimination and to
account for minor fluctuations in sensitivity.

Aliquots of both a nonmagnetic fraction from the aubrite
Shallowater and whole-rock portions of Bjurböle were included
in the irradiation as iodine standards (Brazzle et al., 1995;
Gilmour et al., 1997), and the hornblende standard Hb3gr
(Turner, 1971; Roddick, 1983) was also used as a fluence
monitor. No measurable difference in fluence was observed
among the Shallowater standards or hornblende monitors. The
conversion factor for 127I(n,��)128Xe was calculated directly
from the known initial iodine ratio of the Shallowater standard
(Hohenberg, 1967); factors for 130Ba(n,e-capture)131Xe,
130Te(n,2�)131Xe and the xenon yield from neutron-induced
fission of uranium were calculated by means of the measured
fluences and published neutron capture cross sections, branch-
ing ratios, and fission yields (General Electric, 1988; Ozima
and Podosek, 1983).

2.3. Data Reduction

After neutron irradiation, xenon in chondritic meteorites is a
mixture of isotopically distinct components. To decompose this
mixture, 132Xe was apportioned between “planetary” and fis-
sion components by use of the measured 134Xe/132Xe ratio and
the values of Wieler et al. (1992) for a trapped planetary
component and those of Ozima and Podosek (1983) for the
induced fission component. (The fission correction was small
and the choice of induced uranium fission xenon or spontane-
ous plutonium fission xenon as the end member made no
difference to the 129Xe/128Xe correlations.) The fission-cor-
rected 132Xe value representing the amount of planetary xenon
is denoted 132XeP. Excesses of 128Xe and 131Xe produced by
neutron irradiation were calculated over the trapped component
(assumed to be of planetary composition except where other-
wise noted); the excess of 131Xe was then corrected for an
induced fission contribution to give the amount of 131Xe due to
neutron capture by 130Ba and 130Te. These irradiation produced
excesses are denoted by 128Xe* and 131Xe*. A similar proce-
dure was followed to obtain the excess of 129Xe denoted by
129Xe*. Three-isotope plots among 129Xe, 128Xe* and 132XeP

were then used to seek a correlation between iodine-derived

128Xe* and excesses of 129Xe. Where these were present, line
fits (which used an appropriate least-squares fitting procedure;
York, 1969) were employed to derive the initial 129I/127I ratio
and the 129Xe/132Xe ratio of any accompanying trapped (i.e.,
nonradiogenic) component.

129I/127I ratios have been determined by using the Shallowa-
ter enstatite achondrite as a standard (129I/127I � 1.125 �
0.012 � 10�4; Hohenberg, 1967), it having been demonstrated
that Shallowater is a more reproducible standard (McCoy et al.,
1995; Gilmour et al., 1997) than Bjurböle (129I/127I � 1.095 �
10�4; Hohenberg and Kennedy, 1981) when small quantities
(�1 mg) are used. Enstatite from Shallowater has a reproduc-
ible 129I/127I value, whereas chondrules from Bjurböle exhibit
a range of values (Caffee et al., 1982b; Gilmour et al., 1997).
Samples of Shallowater and Bjurböle whole rock that have
been irradiated together are reported as having varying frac-
tional differences in their initial iodine ratios (Kehm et al.,
1993; Brazzle et al., 1995; McCoy et al., 1995), all of which are
different from the value obtained by considering the absolute
values given earlier. It seems reasonable to ascribe this varia-
tion to the observed distribution of initial iodine values of
chondrules within Bjurböle.

For consistency with previously published work concerned
with I-Xe dating, a half-life for 129I of 15.7 Ma has been
adopted when discussing age differences (Emery et al., 1972),
although 17 Ma has been suggested as a more appropriate value
(Holden, 1990). By use of the literature values given above,
bulk Bjurböle is calculated to have an I-Xe closure age some
0.6 Ma later than bulk Shallowater, although the difference is
not statistically significant in this case. It should be borne in
mind that a systematic error in the initial iodine isotope ratio
assigned to Shallowater (due to the difficulties of measuring
absolute production rates of 128Xe from 127I), as has been
suggested possible by Hohenberg et al. (2000), will result in
all129Xe/127I and inferred 129I/127I values reported in this work
being similarly in error. Nevertheless, provided ratios (and
ages) are referred to a common monitor, preferably Shallowater
or Bjurböle, then the effect of any systematic error would be to
scale reported Xe/I ratios uniformly, resulting in a constant
offset for inferred ages. We believe it is essential to use
correlation plots based on 129Xe, 132Xe and the inferred 127I,
rather than on 129Xe, 132Xe and 128Xe. Unless this is done it is
difficult to compare data from different laboratories and irra-
diations. The idea that it is sufficient to compare inferred
relative ages is flawed in that it ignores the additional informa-
tion present in isotope correlation diagrams.

3. RESULTS

Petrographic descriptions of the chondrule fragments are
summarized in the Appendix, and their significance for the
interpretation of the I-Xe system is discussed in section 4.1.
Although the proportion of textural types sampled is not a good
match with the distribution observed in the bulk of Qingzhen
(Johnston, 1995), each of the major types is, however, repre-
sented.

Sample masses and data from xenon analyses are presented
in Table 1. Where barium and tellurium are present in chon-
dritic abundances (Anders and Grevesse, 1989), tellurium dom-
inates 131Xe* production. However, our chondrule samples do
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not necessarily have chondritic abundances. No significant
spallation component was detected, so correlation with spalla-
tion-produced 124Xe and 126Xe could not be used to attribute
131Xe* to barium; it was thus impossible to distinguish between
barium or tellurium as the parent of 131Xe*, so derived con-
centrations of these two elements in Table 1 are upper limits,
each calculated on the assumption that only one of them was
present.

3.1. Qingzhen

In all Qingzhen samples, the trapped xenon component in-
ferred from three-isotope plots had a 129Xe/132Xe ratio consis-
tent with that of the ordinary chondrite (129Xe/132Xe � 1.040;
Lavielle and Marti, 1992) or Q-trapped components (129Xe/
132Xe � 1.036; Wieler et al., 1992), so the former composition
was used to calculate excess 129Xe (129Xe*) from decay of 129I.
The matrix samples generally had higher abundances of
trapped planetary xenon than the chondrules, as previously
observed by Whitby et al. (1998) for a Saharan EH3 and as
suggested by the data of Crabb and Anders (1982) for size/
density separated fractions of Qingzhen. (The matrix is finer
grained than that of the chondrules.) Iodine, uranium, and
tellurium or barium (Table 1) are more abundant in chondrules
from Qingzhen than in the matrix, but correlation between
these elements is poor, suggesting that more than one host
phase is responsible.

The uranium concentrations for Qingzhen chondrules of 1 to
21 ppb found in this work bracket the whole-rock value of 8.2
ppb (Kaczaral et al., 1988). These values are consistent with the
observed 1 to 6% abundances of sulfide minerals (Appendix) if
it is assumed that the uranium concentration in troilite and other
sulfide minerals present is not very different from the mean

concentration of uranium in oldhamite from Qingzhen of 300
ppb (Rambaldi et al., 1984), and that uranium is predominantly
hosted by sulfide minerals. Crystallites in glassy mesostasis in
some chondrules from Qingzhen have also been shown to have
locally high (140 ppb) uranium concentrations (Rambaldi et al.,
1984) and would lead to uranium concentrations in chondrules
higher than expected from contributions from oldhamite alone.

Stepped heating of the chondrules shows that the endoge-
nous and trapped gases have different release patterns, suggest-
ing that they are hosted by different minerals. Trapped xenon is
released from synthetic enstatite at lower temperatures than
iodine-derived xenon (Zaikowski et al., 1979), but this does not
explain all the patterns observed. Furthermore, although the
release patterns for each of the endogenous components are
similar within a given chondrule, in detail, the proportions
within and between chondrules differ. These results suggest
that although the endogenous components (e.g., xenon derived
from iodine, barium, tellurium, and fission) may not be hosted
by the same mineral, they are nevertheless subject to the same
controls on diffusion path lengths, perhaps due to minor phases
included within a host with a higher melting point (e.g., ensta-
tite). Alternatively, there may be a host mineral common to
each chondrule, but with varying trace-element chemistry. In
contrast, the release patterns from the matrix samples show all
xenon components behaving similarly, perhaps as a result of
the finer grain size. Previous work (Crabb and Anders, 1982)
suggests that enstatite hosts a significant fraction of the radio-
genic 129Xe in bulk Qingzhen and is likely to be responsible for
the high temperature release; this is consistent with observa-
tions that 129Xe* is associated with enstatite in the Yilmia EL6
chondrite (Crabb and Anders, 1982), the Indarch EH4 chon-
drite (Wacker and Marti, 1983), and the Shallowater aubrite
(Kehm et al., 1994).

Table 1. Summary of initial iodine ratios, 1-Xe ages, and iodine, tellurium/barium, and uranium abundances for all samples.a

Sample
Chondrule
mass (�g)

Analyzed
mass (�g)

129Xe cm3

STP/g
(�1012)

132Xep

cm3 STP/g
(�1012)b [I]ppb [Te]ppbc [Ba]ppbc [U]ppb 129I/127I (�104)d 128Xe (%) e Age/Maf

QC1 2180 1410 170 8.3 10 15 140 1.4 1.13 � 0.023g — �0.1 � 0.56g

QC2 570 300 110 23 6.5 1700 15000 6.0 1.15 � 0.029 77 �0.45 � 0.57
QC3 1280 570 360 22 19 81 730 7.2 1.11 � 0.013 56 0.33 � 0.26
QC4 740 330 240 18 11 110 980 10 1.17 � 0.013 88 �0.95 � 0.25
QC5 170 170 310 12 18 61 550 4.5 1.06 � 0.029 86 1.26 � 0.62
QC6 3790 790 190 30 10 14 130 5.3 1.12 � 0.013 85 0.19 � 0.26
QC7 720 160 850 35 46 790 7100 21 1.07 � 0.019h 74 1.20 � 0.41h

QC8 7720 3830 190 5.9 11 52 470 1.5 1.04 � 0.013 87 1.68 � 0.28
QM1 — 320 39 28 2.8 22 200 2.1 — — —
QM2 — 710 140 4.3 8.3 59 540 2.9 — — —
QM3 — 190 170 120 22 160 1400 8.8 — — —
QM4 — 1170 160 140 10 60 540 3.5 — — —
QM5 — 500 140 210 12 63 570 10 — — —
KC1 2070 880 170 15 12 29 260 3.7 1.10 � 0.026 37 0.46 � 0.53
KC2 1550 180 320 70 18 160 1500 13 1.13 � 0.029 80 �0.13 � 0.58
KC4 1720 470 44(11)i 230 1.9 360 3300 6.5 — — —
KM2 — 550 90 120 6.0 26 240 3.6 — — —

a The data in Table 1 are slightly different from those reported by us in earlier abstracts of this work (Ash et al., 1997; Whitby et al., 1997) as a
result of a more complete analysis of the results. In particular, QC1 does not exhibit a satisfactory isochron, QC2 had not been fully analyzed and
the highest temperature datum for QC7 has now been omitted from the fit (see Fig. 2a). b Planetary component; see text. c Coupled upper limits; see
text. d Calculated by using Shallowater 129I/127I � 1.125 � 10�4. e Fraction of iodine-derived xenon in correlation line. f I-Xe age relative to
Shallowater using half-life of 15.7Ma. g Based on single large highest temperature release. h Highest-temperature datum omitted. i Figure in brackets
calculated using trapped component with 129Xe/132Xe � 1.18.
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Seven of the eight Qingzhen chondrules analyzed gave well
defined high-temperature initial iodine ratios (Table 1 and Figs.
1 and 2). Figure 2 shows initial iodine ratios plotted against
fractional iodine release (analogous to Ar-Ar age spectra) be-
cause the relatively small amounts of trapped planetary xenon
released at high temperatures render conventional three-isotope
isochron plots uninformative. Chondrule QC1 did not exhibit a
good correlation between 128Xe and 129Xe, but the high tem-
perature release accounting for 50% of the iodine-derived
129Xe* had a value of 129I/127I � 1.13 � 10�4, similar to the
other chondrules. If these initial iodine ratios are interpreted as
formation ages, then they correspond to a range of 2.6 Ma, with
a mean value indistinguishable from closure in the Shallowater
enstatite achondrite. The matrix samples from Qingzhen did not
give such well defined initial iodine values, and two were
clearly disturbed, however the other three samples of matrix
gave initial iodine values similar to those observed in the

chondrules. It may be that where an aliquot of matrix material
gives a well-defined initial iodine value, this is due to a frag-
ment of a chondrule or some other discrete object dominating
the xenon composition.

Some of the Qingzhen chondrules appeared to contain a
xenon component released at low temperatures (600 to 800°C)
that had a measurable 129Xe/127I excess ratio much lower than
that derived from the remaining temperature steps. This com-
ponent can be seen in Figure 1, which shows data for all the
Qingzhen chondrules on a three-isotope plot. It can also be seen
as an indistinct shoulder on plots of 129Xe*/128Xe* vs. cumu-
lative 128Xe* in Figures 2a and 2b. It is quite common in
stepped-heating I-Xe studies for low-temperature releases to
consist mostly of 128Xe derived from 127I during the neutron
irradiation; this is usually interpreted as arising either from
terrestrial iodine contamination or from late closure (i.e., after
decay of all 129I) of low-temperature iodine-bearing phases.

Fig. 1. Three-isotope plot for all Qingzhen chondrule samples. A purely iodine-derived xenon component plots on the
y-axis; mixing with a planetary xenon component moves points diagonally up and to the right, parallel to the dotted lines
(which assume 129Xe/132Xe � 1). High temperature points define a line with 129Xe/132Xe �1 consistent with a trapped
planetary component in each chondrule; the fairly well defined intercept and mixing line graphically demonstrate the narrow
range of ages in the chondrules. The low temperature points fall below this mixing line as a result of the addition of iodine
with a lower initial 129I/127I ratio. Terrestrial iodine mixing with terrestrial air would result in an array of points lying on
a line passing through the origin with slope similar to that indicated by the dotted line.

351I-Xe dating of chondrules from Qingzhen and Kota Kota



Because Qingzhen chondrules clearly released excess 129Xe in
the low-temperature component, it is not due solely to terres-
trial iodine contamination and raises the possibility of some
alteration event or disturbance having been recorded in these
samples while some 129I still existed.

An alternative explanation is that there has been an incom-
plete separation of a nonradiogenic low-temperature compo-
nent and a higher temperature radiogenic 129Xe-bearing com-
ponent. Stepped-heating release patterns for the Shallowater
aubrite (used as a standard in this work) where the host phase
for iodine is believed to be enstatite (Kehm et al., 1994) show
a clearer separation between a low-temperature, pure 127I-
derived component and a high-temperature component with a
single 129Xe*/128Xe* value. That the two components are not
clearly separated in the Qingzhen chondrules supports the
presence of one or more mineral phases, with low-closure
temperatures hosting 129I-derived xenon that are not resolved
from a pure 127I-derived low-temperature component.

3.2. Kota Kota

Two of the three chondrules from Kota Kota (KC1 and KC2)
gave good initial iodine values indistinguishable from that of
the Shallowater standard; the matrix sample (KM2) was also
within error of the standard (Table 1 and Fig. 2b). A previous
whole-rock study (Kennedy et al., 1988) did not yield a satis-
factory isochron, so these are the first model-independent io-
dine–xenon ages obtained for Kota Kota. In each case, the
129Xe/132Xe ratio of the trapped xenon was again indistinguish-
able from the ordinary chondrite planetary or Q component.

The situation for the third chondrule KC4 is more compli-
cated. Figure 3 is a three-isotope plot of total 129Xe, 127I
(inferred from 128Xe*), and the planetary component of 132Xe.
In this plot, if data fall on a line, then the y-intercept corre-
sponds to the initial iodine ratio (or age), and the gradient gives
the 129Xe/132Xe value for the trapped component. A generally
poor correlation between total 129Xe and 132XeP is observed,

Fig. 2. (a) Iodine isotope ratios vs. cumulative 127I released by
stepped heating for chondrules QC1-QC6. (b) Iodine isotope ratios vs.
cumulative 127I released by stepped heating for QC7, QC8, KC1, KC2,
and KM2. (c) Iodine isotope ratios vs. cumulative 127I by stepped
heating for all Qingzhen matrix samples QM1 to QM5.

Fig. 3. Three-isotope plot for chondrule KC4 demonstrating trapped
xenon component with elevated 129Xe/132Xe. Solid triangles denote the
two highest-temperature gas releases; solid squares denote the midtem-
perature releases. Inset is an expanded view showing data from chon-
drules KC1 and KC2. See text for discussion.
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yet six midtemperature releases give a well-defined array of
points with a gradient corresponding to a trapped xenon com-
ponent with 129Xe/132Xe � 1.18 � 0.03, significantly higher
than the ordinary chondrite value of 129Xe/132Xe � 1.04. A line
through these midtemperature points intercepts the y-axis to
give an initial iodine value of 129I/127I � 3 � 10�5, corre-
sponding to a closure age 30 Ma later than Shallowater. If a line
with the former gradient is fitted to the last two (high temper-
ature) releases, it intercepts the y-axis at a value corresponding
to an initial iodine value similar to those of KC1 and KC2 (i.e.,
the same I-Xe closure age as Shallowater).

Chondrule KC4 is rich in trapped xenon, with a concentra-
tion of trapped 132Xe an order of magnitude greater than any of
the other chondrules studied in this work, and actually greater
than any of the matrix samples from either Qingzhen or Kota
Kota. The iodine concentration is the lowest of any of the
chondrule or matrix samples reported here, and the resulting
127I/132Xe ratio of �1 � 103 is much less than the values for
enstatite chondrite chondrules or whole-rock of �1 � 105.
Because there is nothing unusual about the grain size or pe-
trology of this chondrule, it seems likely that the trapping of the
evolved component took place in the presence of a partial
pressure of xenon considerably in excess of that experienced by
other samples in this suite.

Our favored interpretation of these observations is that chon-
drule KC4 experienced an event that injected a xenon compo-
nent with an evolved 129Xe/132Xe ratio and probably resulted in
the loss of some iodine. As a result of this disturbance, the I-Xe
system in most phases within the chondrule was reset, dating
the event at �30 Ma later than closure in Shallowater. The two
highest-temperature gas releases seem to record an earlier age,
suggesting that they were not completely reset by this event. If
the phase responsible for the earlier ages was not reset, it
should not have acquired the same evolved trapped component.
There may, however, have been a degree of mixing between the
different components due to diffusion during the high-temper-
ature releases, which are therefore only indicative of a forma-
tion age similar to chondrules KC1 and KC2. Although the
chondrule has clearly been disturbed subsequent to its initial
formation, there is no petrological evidence for aqueous alter-
ation or very high shock pressures (Appendix). However, with
only a probe mount of the sample, it is impossible to assess
shock effects below about shock stage S5 because the criteria
require the use of transmitted light (Stöffler et al., 1991; Rubin
et al., 1997).

4. DISCUSSION

4.1. Setting of EH3 Chondrule Initial Iodine Ratios

The chondrules studied in this work show no uniform pet-
rological evidence for aqueous alteration or significant meta-
morphism (Appendix). There is evidence that both carbona-
ceous and ordinary chondrites have undergone aqueous
alteration, but the enstatite chondrites have done so to a much
lesser or negligible extent. For example, the presence of clay
minerals and biopyriboles in the least metamorphosed members
of the carbonaceous and ordinary chondrite groups are common
features observed by transmission electron microscopy, but in
general, the enstatite chondrites do not contain hydrated min-
erals, thus indicating a paucity of water. (The matrix of Qing-

zhen has however been reported to contain iron-chromium
sulfides with low analytical totals that are inferred to be due to
hydration; El Goresy et al. 1986, 1988.) The briny fluids of the
carbonaceous and ordinary chondrites also facilitated iron
metasomatism, as shown by the presence of nonigneous iron
zoning within silicates in these rocks, and iron enrichments at
the edges of chondrules and isolated silicate grains. Con-
versely, iron in the enstatite chondrites is largely present as a
sulfide or metallic phase and, where it is present in silicates,
exhibits little zoning. Leaching of feldspathic chondrule glass
in carbonaceous and ordinary chondrites is also attributable to
dissolution by flowing water, a feature not observed in enstatite
chondrite chondrules. Enstatite chondrites also lack carbonate
or sulfate veins, a common feature in carbonaceous and, more
rarely, ordinary chondrites. These are the result of saturated
fluid flow through the chondrite parent bodies.

The enstatite chondrites are the most reduced of the chon-
drite groups, with normally lithophile elements forming sulfide
minerals (e.g., oldhamite, alabandite, niningerite) rather than
silicates. These sulfides are generally highly soluble in water
and readily react with carbon dioxide to produce carbonates.
The ease of decomposition of these minerals during terrestrial
weathering is well documented (El Goresy et al., 1988; Rubin,
1997) and the presence of these sulfides, as primary minerals
within the enstatite chondrites, attests to the lack of significant
water or carbon dioxide fluid flow within the enstatite chondrite
parent body.

The enstatite chondrites in general, and the chondrules ex-
amined in this study in particular, show none of the features
mentioned above that would suggest hydrothermal alteration
was ever an important feature of the history of these rocks.
They contain primary readily soluble sulfides such as oldhamite
and so cannot have been exposed to an abundant aqueous fluid.

Sodium, chlorine, and potassium show highly variable en-
richments in some chondrules (particularly QC1 and QC2).
These enrichments are associated with cracks and grain bound-
aries in the mesostasis, suggesting a postcrystallization diffu-
sion controlled influx of these elements. This may be inter-
preted as having occurred immediately after the high-
temperature formation of the chondrules (and thus having had
no effect on the ages defined by the I-Xe chronometer), or at a
later date, perhaps from a fluid on a parent body. Neither of
these chondrules shows any increase in iodine concentration
compared to the other Qingzhen chondrules in this study, nor
do they appear unusual in their xenon concentration, the shape
and quality of their age spectra, or their inferred initial iodine
isotope ratios. It would appear therefore that any postformation
influx of light alkali and halogen elements has had no observ-
able effect on the I-Xe system.

The low metamorphic temperatures experienced by the un-
equilibrated EH chondrites would not have allowed significant
xenon exchange, and so postaccretion thermal episodes do not
account for the I-Xe ages of the chondrules. All the chondrules
in this study still contain glass except QC6, suggesting the
absence of any prolonged heating after formation.

Although the K-Ar and Rb-Sr systems show evidence of a
late alteration episode in Qingzhen at 2 Ga (Jessberger, 1983;
Müller and Jessberger, 1985; Torigoye and Shima, 1993),
which has affected some minerals in the matrix, especially
djerfisherite (El Goresy et al., 1988), other phases have been
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less affected, particularly those within chondrules. The high
proportion of iodine-derived 128Xe that correlates with 129Xe*

(Table 1) is also a clear indication that there has been little
interaction of the chondrules with fluids since the event dated
by the I-Xe closure age.

Shock effects are unlikely to account for the observed I-Xe
ages because both Qingzhen and Kota Kota are classified as
shock stage S3 (Rubin et al., 1997), which would not have led
to much loss of trapped xenon, nor to a significant rise in
temperature (Stöffler et al., 1991). Furthermore, shock-induced
redistribution of iodine or xenon tends to reduce the range of
iodine/xenon ratios (Caffee et al., 1982a), which is not consis-
tent with the very high peak iodine/xenon ratios observed in the
high temperature releases responsible for the I-Xe correlation
in these samples. Additionally, the distinct release patterns for
trapped planetary xenon and the radiogenic component, cou-
pled with the high precision of the isochrons, make shock
disturbance an implausible explanation of the observed I-Xe
ages for the majority of the chondrules in this study.

It was suggested to us that the rims of the chondrules could
have a different initial iodine ratio than the cores and that the
rims might be the source of the iodine-derived xenon observed
at high-temperature steps, as suggested by Nichols et al. (1990).
However, the uniformity of initial iodine ratios observed over
multiple temperature steps for any one chondrule and the
typically large fraction of 127I-derived xenon included in the
correlation (Table 1) argue against multiple iodine ratios within
a chondrule. Furthermore, fine-grained external material would
be expected to degas at lower temperatures than the core of a
chondrule.

In summary, there is, with the possible exception of KC4, no
evidence for any event that would have opened the phases
responsible for high temperature xenon releases during stepped
heating to xenon re-equilibration since their formation. We
therefore conclude that initial iodine isotope values of chon-
drules from these unequilibrated EH chondrites were last reset
by the high-temperature formation of the chondrules.

4.2. Interpretation of Initial Iodine in Chondrules

Broadly similar initial iodine isotope values have been ob-
tained for chondrule formation by using chondrules from dif-
ferent groups of meteorites (Fig. 4). Because these groups
represent chemically distinct parent bodies thought to have
formed at different radii from the sun, any spatial inhomoge-
neity in 129I/127I ratios can only have been minor and of no
significance to I-Xe studies at their current level of precision.
Previous studies of the iodine–xenon system within individual
chondrules have resulted in a range in ages, often interpreted as
reflecting postformation alteration of the chondrules by either
shock disturbance or aqueous alteration (Swindle et al., 1996;
Swindle, 1998). Results have been published for chondrules
from the ordinary chondrites Semarkona LL3.0 (Swindle et al.,
1991a), Chainpur LL3.4 (Swindle et al. 1991b), Parnallee
LL3.6 (Gilmour et al., 1995, 2000), Tieschitz H/L3.6 (Nichols
et al., 1991), Bjurböle L/LL4 (Caffee et al., 1982b; Gilmour et
al., 1995, 2000), and the carbonaceous chondrites Allende CV3
(Swindle et al., 1983; Nichols et al., 1990) and Efremovka CV3
(Swindle et al., 1998). These data (with the exception of that of
Tieschitz and Efremovka) are summarized graphically in Fig-

ure 4, which, for comparison, also includes the I-Xe ages of two
clasts from the Barwell chondrite, which are believed to be
igneous in origin (Hutchison et al., 1988; Gilmour et al., 2000),
and the ages of feldspars from ordinary chondrites and Acap-
ulco (Brazzle et al., 1999), which are the result of metamor-
phism. The data illustrated in Figure 4 are referenced to Bjur-
böle rather than Shallowater because that was the standard
adopted in the majority of cases. Experimental uncertainty in
calibration of the 128Xe production rate from 127I may have
introduced small systematic errors in initial iodine values be-
tween different irradiations, and these additional errors have
not been included in the figure. I-Xe closure in Shallowater is
taken to have occurred 0.66 Ma earlier than in Bjurböle (see
section 2.3).

Much of the total range in chondrule ages is accounted for by
the Chainpur data, where the authors interpreted the apparent
I-Xe correlations as due to shock disturbance after chondrule
formation. Disturbance of the I-Xe system in these chondrules
is supported by the very low (subsolar) inferred trapped 129Xe/
132Xe values reported for several of the Chainpur chondrules.
Seventeen chondrules from Semarkona were studied, of which

Fig. 4. I-Xe ages relative to Bjurböle whole rock for chondrules from
several meteorites (after Swindle et al., 1996). The age of Shallowater
is �0.66 Ma on this scale. The I-Xe ages of two igneous clasts from
Barwell and feldspar separates from ordinary chondrites are shown for
comparison (see section 4.2 for discussion and references). For clarity,
not all data from Chainpur chondrules are included. Only one of the
Allende chondrules studied by Swindle et al. (1983) has been included;
the relatively early feldspar age shown is from Allegan and is probably
a result of shock effects (Hohenberg et al., 2000).
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the majority gave I-Xe ages within (2�) error of Bjurböle
whole rock. Three chondrules from Semarkona formed a clus-
ter of I-Xe ages �5 Ma later than Bjurböle, suggested by the
authors to be a result of aqueous alteration, and a few clustered
around a value �4 Ma earlier. Four chondrules from Parnallee
have been studied, of which one (P6) gave a precise age 7.7 Ma
later than Bjurböle, one (P32) gave an age comparable to
Bjurböle, and two showed poor iodine correlations that could
be interpreted as I-Xe ages within error of the Bjurböle stan-
dard. I-Xe ages have also been reported for cristobalite-rich
objects from Parnallee (Bridges et al., 1993; Gilmour et al.,
2000), but these may not be chondrules. Chondrules from
Bjurböle generally yield good-quality isochrons that span a
range of some 7 Ma centered on the whole-rock value; these
have been interpreted as chondrule formation ages.

Only one of the Allende chondrules studied by Swindle et al.
(1983) gave an isochron, and it was within 0.5 Ma of the
Bjurböle whole-rock standard used. The Allende chondrules
studied by Nichols et al. (1990) gave ages from 0.37 Ma earlier
than Bjurböle whole rock to 1.4 Ma later.

Although these literature values for I-Xe ages from chon-
drules have a range in excess of 10 Ma, the later ages can often
be shown to be shock artefacts or due to aqueous alteration. The
majority of the published ages can be consistently explained as
dating closure to diffusion of xenon during cooling immedi-
ately subsequent to chondrule formation. This conclusion is
supported by the results from this work, in which all chondrule
ages were within 2 Ma of the Shallowater standard and date
chondrule formation, not subsequent alteration.

There appears to be a real and well-substantiated range in the
I-Xe formation ages of chondrules from both the EH3 meteor-
ites studied here and the previously reported data, so whatever
the conditions necessary for chondrule formation were, they
occurred repeatedly (or continuously) over a period of several
million years and in regions of the solar nebula sampled by the
parent bodies of enstatite chondrites, ordinary chondrites, and
carbonaceous chondrites. Furthermore, the I-Xe formation ages
of chondrules bracket the I-Xe age of the Shallowater aubrite
(interpreted as due to resetting in an impact between planetes-
imals; Keil et al., 1989; McCoy et al., 1995) and postdate
igneous clasts in Barwell (Hutchison et al., 1988; Gilmour et
al., 2000), indicating that differentiated bodies were active at
the same time as chondrule formation.

4.3. Chondrule Formation Scenarios

If chondrules did indeed form over a period of a few million
years and this interval brackets the formation of �100-km size
and differentiated bodies, what constraints, if any, does this
place on the chondrule formation process and environment?
Current models of the formation of planetesimal and planet-
sized objects (Weidenschilling, 2000) have 1-km objects form-
ing within �104 yr at 3 AU from an initial dusty environment,
and objects of mass 1026 g (�3000 km diameter) forming
within �106 yr from such a planetesimal swarm. At this point,
half the mass of the original dust remains suspended as fluffy
aggregates in gas in the nebula, keeping it optically opaque. It
then takes a further 108 yr to form objects the size of the
terrestrial planets; this final accretionary stage may be acceler-
ated by the loss of nebular gas that would reduce the damping

that tended to keep eccentricities low. There is certainly scope
within this picture for chondrules to form from “dustball”
precursors over a period of a few million years, even if a
comparably sized interval is allowed between CAI formation
and chondrule formation.

Proposed chondrule-forming events such as accretion
shocks, lightning in the nebula, and nebular shocks require a
(actively accreting) dusty nebula that is predicted to be the case
for �10 million years (Weidenschilling, 2000; Briceno et al.,
2001), although there must be a source for shock generation
within the nebula for the latter case. An active pre–main se-
quence star could provide a source of nebular shocks (by, e.g.,
FU Orionis outbursts) and later T-Tauri activity could provide
energetic solar flares capable of melting solids in the nebula
and could be the source of an X-wind capable of exposing
material to sufficient solar radiation to cause melting (Shu et
al., 1996). Astronomical observations suggest T-Tauri activity
of this kind could continue for up to several million years
(Feigelson, 1999). The formation of chondrules from an impact
melt requires high relative velocities (Taylor et al., 1983), and
although it has been suggested that these relative velocities are
unlikely to be obtained when there is still significant gas in the
nebula, they can occur naturally in the model outlined above
after the formation of a planetesimal population due to gravi-
tational stirring. This leads again to a timescale of a few million
years for plausible conditions. Other proposed chondrule-form-
ing mechanisms also plausibly occurred over a period of sev-
eral million years after the formation of the first solids.

It would seem that chondrule formation spanning a few
million years is a natural consequence of all the popular models
(we are equating the nebular lifetime with a few million years),
which are all similarly imprecise about the duration of such
events. If chondrules are assumed to be nebular in origin, then
the observation that most chondrule formation ages are within
5 million years of each other does suggest that the protosolar
nebula did not have a lifetime greatly in excess of this, and this
is consistent with astronomical observations (Briceno et al.,
2001; Hartmann, 1996). A difficulty with the above is that the
range of observed chondrule formation ages is large compared
to their dynamical lifetime for drifting into the sun—of the
order of 105 yr for millimeter-sized objects a few astronomical
units from the sun (Cameron, 1995). We must suppose that a
fraction of chondrules formed are then somehow stored before
final accretion and compaction for �106 yr on planetesimals
large enough to have a significantly greater dynamical lifetime
(i.e., �1 km).

As more chondrule ages of high precision are measured, we
will obtain a better idea of the frequency distribution of chon-
drule formation events, and this, in conjunction with more
quantitative modeling, may allow improved discrimination be-
tween formation scenarios. An alternative approach to this
problem would be to find an independent method of determin-
ing the duration of the solar nebula that does not rely on
modeling with poorly known boundary conditions and coeffi-
cients or on arguments based on chondrule formation ages.

4.4. Implications for the Enstatite Parent Body or Bodies

The difference in ages between the EH and EL subgroups
(Kennedy et al., 1988; Wadwha et al., 1997) has been invoked
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by models both for their formation on a common parent body
(Kong et al., 1997) and on separate parent bodies (Keil, 1989).
In either case, the observation of components within unequili-
brated types having ages that span the previously reported
difference between the EH and EL subgroups poses new con-
straints for these models, although these are readily dealt with
in multiple parent-body scenarios. Kong et al. (1997) proposed
a single parent-body model consisting of a planetesimal with a
layered structure of (proceeding radially inward) EL6, EL3,
EH3, EH4, and EH5 arising from heterogeneous accretion
together with both internal and external heat sources. This
model requires EL material to accrete later than EH material,
and so the existence of chondrules within EH3 meteorites that
formed as late as some EL whole-rock ages is a problem.
However, in this model, low petrologic-type enstatite chon-
drites are expected to have accreted in a time interval interme-
diate between higher petrologic-type EH and EL chondrites.

The range of I-Xe ages observed for chondrules from Qing-
zhen (EH3) and Kota Kota (EH3) in this work span the appar-
ent hiatus in whole rock I-Xe ages between EH and EL chon-
drites observed by Kennedy et al. (1988). The observation that
the EL group closed to xenon diffusion some 4 Ma later than
the EH group is supported by results from a Mn-Cr study of
sulfides in unequilibrated enstatite chondrites that suggests an
age difference of at least 3 Ma between the EH and EL groups
(Wadwha et al., 1997). Figure 5 shows the initial iodine values
for the chondrules reported in this work, and the whole-rock
values observed by Kennedy et al. (1988) for EH and EL
chondrites. The only EH3 chondrite included in Kennedy’s

study was Kota Kota (classified as EH4 at the time), which did
not yield a good whole-rock initial iodine value, and so it is not
clear whether subcomponents of enstatite chondrites generally
span a greater range of initial iodine values than the whole-rock
isochrons for a given petrologic type, or whether it is a feature
of unequilibrated enstatite chondrites only. Because the sample
masses in the I-Xe work reported here were around three orders
of magnitude less than in the study by Kennedy et al. (1988), it
is likely that a considerable degree of averaging went on to give
the apparent whole-rock isochrons.

There is some evidence for scatter in the Mn-Cr ages of
individual sulfide grains within single enstatite chondrites
(Wadwha et al., 1997). Variations in inferred initial 53Mn/55Mn
were ascribed to diffusional redistribution of chromium rather
than to different formation times on the grounds that an 11-Ma
interval between sphalerites within one meteorite was incon-
sistent with the timescale for accretion of chondritic compo-
nents. However, we feel that at least some of the variation in
initial 53Mn/55Mn in sulfides may plausibly be due to formation
(or resetting) at different times before assembly and lithifica-
tion, and that this is consistent with the range of ages for
individual chondrules from EH3 meteorites reported in this
work.

5. SUMMARY

Chondrules from EH3 meteorites have an observed 2.6-Ma
range of I-Xe closure ages, which bracket the I-Xe closure age
for enstatite from the Shallowater enstatite achondrite and are

Fig. 5. EH3 chondrule I-Xe ages from this work (solid symbols) and whole-rock enstatite chondrite ages (open symbols)
as summarized by Kennedy et al. (1988). The sequence of whole-rock ages is as follows: Indarch EH4, Abee EH4, Kota
Kota EH3 (model age), St. Marks EH5, Saint Sauveur EH5, Daniel’ s Kuil EL6, Hvittis EL6, Blithfield EL6, Khairpur EL6,
and Atlanta EL6.
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similar to the majority of chondrule ages from ordinary and
carbonaceous chondrites. The EH3 chondrule I-Xe ages re-
ported in this work most likely record the cooling of the
chondrules shortly after their formation and are not the result of
any subsequent processing. If, as proposed by Keil et al. (1989)
and McCoy et al. (1995), the I-Xe age of Shallowater enstatite
is a result of disruption and reassembly of a 100-km body, then
objects of this diameter must have existed at the same time as
chondrule formation. The temporal coexistence of bodies of
this size with an environment suitable for chondrule formation
is predicted by current accretion models and popular chondrule
formation theories (cf. section 4.3). This coexistence is required
to explain the survival of chondrules formed a few million
years apart because of the short dynamic lifetime of such small
objects. The recognition that I-Xe chondrule formation ages are
similar to I-Xe ages observed for igneous clasts and the impact
processing of planetesimals provides a means of coupling the
timescales of models for planetesimal accretion and differenti-
ation with those for flash-heating events occurring in the neb-
ula.
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APPENDIX

Petrographic and Mineralogical Descriptions

QC1: Radial Pyroxene (En 68; Ol �1; Glass 24; SiO2 4; Metal 2;
Sulfide 1)
The enstatite laths are 200 to 300 �m long by �30 �m wide. They
consist of nearly pure enstatite with, at most, 1.0 wt% FeO. In places,
the pyroxene encloses forsteritic olivine (Fo98.8 to Fo99.8). The mes-
ostasis consists of material with a feldspathic composition containing
up to 11.6 wt% Na; Al contents are fairly uniform between 15.1 and
19.1 wt% and SiO2 up to 70 wt%. This material also shows extraor-
dinary chlorine abundances, up to 4.0 wt% Cl. The Na and Cl are both
heterogeneously distributed, with many areas with Cl levels below
detection (�0.01%). Elemental mapping shows that both chlorine and
sodium are preferentially enriched along grain boundaries and in
cracks. Probe analyses show no clear correlation between the elements,
although there is a tendency for spots high in Cl to also be enriched in
Na. Potassium is present in high and somewhat variable concentrations
(between 0.17 to 0.40 wt%). Fe, Mg, and Ca are also variable but
generally only present in low concentrations and do not correlate
obviously with each other or with other elements. Mean mesostasis
compositions (wt%) are as follows: FeO 0.409 (0.49); MgO 0.91
(1.51); Na2O 10.65 (1.46); CaO 0.34 (0.27); Al2O3 18.12 (0.9); K2O
0.266 (0.08); Cl 1.28 (1.8).

QC2: Porphyritic Pyroxene–Olivine (Px 56; Ol 13; Glass 26; SiO2

0; Metal 2; Sulfide 1)
Pyroxene crystals are typically euhedral, 500 � 200 �m, with some
smaller porphyritic crystals. The pyroxene is pure enstatite with the
FeO content not exceeding 0.6 wt%. The olivines are somewhat
smaller, equant grains up to 100 �m in diameter; these too are Mg rich
with compositions ranging to only Fo98.9. The mesostasis has a highly
variable composition. For example, the sodium content ranges from 2.1
to 10.5 wt% and the Cl content up to 3.4 wt%. It is also Mg rich, up 18
wt% MgO. Mean mesostasis compositions (wt%) are as follows: FeO
0.141 (0.94); MgO 9.10 (5.46); Na2O 7.16 (2.62); CaO 0.092 (0.026);
Al2O3 22.06 (1.50); K2O 1.98 (0.106); Cl 0.98 (0.453).

QC3: Radial Pyroxene (Px 67; Ol 31; SiO2 0; Metal 0; Sulfide 2)
Pyroxene crystals 10 � 100 �m with interstitial feldspathic glass. A
curious feature is that the center is rich in small troilite grains that
become less abundant toward the rim. The enstatite grain size also
reduces toward the rim. Mean mesostasis compositions (wt%) are as
follows: FeO 1.09 (0.56); MgO 28.79 (7.61); Na2O 1.09 (0.56); CaO
1.44 (0.92); Al2O3 4.17 (2.60); K2O 0.030 (0.018); Cl 0.128 (0.087).

QC4: Radial Pyroxene Silica (Px 68; Ol 0; Glass 13; SiO2 15;
Metal 0; Sulfide 3)
Pyroxene laths up to 200 � 25 �m with small �10-�m equant silica
grains. The pyroxene compositions are variable and can be relatively
iron rich, up to 4.6% FeO. The composition of the mesostasis is
variable with some areas showing coenrichments of Na (up to 3.4 wt%)
and Cl (up to 0.33 wt%) and a more feldspathic composition with up to
7.2% Ca. However, the glass also contains up to 7 wt% FeO. Mean
mesostasis compositions (wt%) are as follows: FeO 3.26 (3.02); MgO
13.33 (10.56); Na2O 1.98 (1.16); CaO 3.61 (2.12); Al2O3 10.49 (5.39);
K2O 0.049 (0.027); Cl 0.18 (0.101).

QC5
The entire chondrule was used for I-Xe analysis.

QC6: Radial Pyroxene (Px 74; SiO2 13; Feldspathic Mesostasis 8;
Sulfide 6)
Fine-grained (5 to 20 �m) enstatite containing up to 2.2 to 3.2 wt%
FeO. Mesostasis is mostly silica, with some rarer Ca-poor feldspathic
regions containing a uniform 10 to 10.5 wt% Na2O. Abundant small
(�10 �m) troilite grains exist in the mesostasis, but there are �200-�m
regions that are porous and sulfide poor, which appear to have had the
troilite removed. Mean mesostasis compositions (wt%) are as follows:

FeO 0.51 (0.07); MgO 3.48 (1.34); Na2O 9.51 (0.154); CaO 0.042
(0.0075); Al2O3 15.80 (0.119); K2O 0.118 (0.015); Cl 0.062 (0.03).

QC7: Porphyritic Olivine Pyroxene (Px 51; Ol 21; Glass 24; SiO2

0; Metal 0; Sulfide 3)
Equant pyroxene grains up to 150 �m across with a single large
pyroxene grain more than 800 �m across. Olivines are up to 100 �m
but are generally smaller, typically 20 to 50 �m. Held in a Na-rich
mesostasis (Na up to 9 wt%) of variable composition that shows clear
evidence of partial devitrification, containing small (1 to 2 �m) crys-
tallites, probably of augite. Chlorine content of the mesostasis is up to
0.5 wt% Cl. All mineral phases contain small blebs and stringers of
troilite and rare Fe metal. Mean mesostasis compositions (wt%) are as
follows: FeO 0.44 (0.202); MgO 4.94 (1.74); Na2O 7.14 (0.60); CaO
4.99 (1.15); Al2O3 19.69 (1.73); K2O 0.081 (0.017); Cl 0.18 (0.082).

QC8: Porphyritic Olivine-Pyroxene/Radial Pyroxene (Px 20
[Porph]; Ol 23; Groundmass 50; Sulfide 6)
Euhedral olivine and pyroxene up to 600 �m with oldhamite laths up
to 500 � 50 �m. The groundmass consists of radial pyroxene (55%) in
a silica and feldspathic glass. Glass compositions are difficult to de-
termine due to fine grain size (but see below for low Mg–high Al
analyses). Also some fine interstitial sulfide, largely troilite with minor
oldhamite and alabandite (MnS). There are also numerous holes that
may be due to plucking or to leaching. Mean mesostasis compositions
(wt%) are as follows: FeO 0.277 (0.046); MgO 3.12 (3.46); Na2O 6.97
((3.76); CaO 0.66 (0.052); Al2O3 19.51 (2.24); K2O 0.299 (0.012); Cl
0.784 0.39).

KC1: Radial Pyroxene (Px 57; Glass 21; SiO2 10; Metal 4; Sulfide
8)
Enstatite laths radiate from a single point to edge of chondrule, typi-
cally 10 �m wide, with occasional thicker cross-cutting enstatite laths.
Interstitial material is largely sodic (up to 8% Na2O) feldspathic ma-
terial, with some troilite and metal grains (up to 20 � 30 �m). Thick
sulfide/metal rim, up to 600 �m thick, 53% troilite, 17% metal, and
27% enstatite, with trace amounts of other sulfides. Mean mesostasis
compositions (wt%) are as follows: FeO 0.944 (0.86); MgO 19.11
(7.56); Na2O 5.79 (1.70); CaO 1.93 (0.05); Al2O3 8.173 (2.86); K2O
0.146 (0.06); Cl 1.41 (0.96).

KC2: Porphyritic Pyroxene/Radial Pyroxene (Px 69; Ol 2; Glass 21;
Metal 3; Sulfide 5)
Individual domains up to 150 �m across but made up of crystallites 10
�m across. Some areas show partially resorbed (relic?) olivine grains.
The pyroxene composition is near pure enstatite, not exceeding 1.5%
mol Fs. The Ca-rich mesostasis contains abundant troilite, up to 30 �m
and rarer oldhamite grains up to �10 �m. Thick sulfide/metal rim up
to 400 �m thick. Mean mesostasis compositions (wt%) are as follows:
FeO 0.976 (0.71); MgO 18.48 (12.51); Na2O 4.82 (3.56); CaO 1.25
(1.80); Al2O3 9.28 (5.98); K2O 0.063 (0.036); Cl 0.084 (0.086).

KC3: Radial Pyroxene (Px 63; Glass 20; SiO2 11; Metal 2; Sulfide
4)
Pyroxene laths up to 400 � 150 �m in Mg-rich feldspathic and silica
mesostasis with abundant small (5 �m) troilite and oldhamite grains
scattered throughout. Mesostasis has variable composition, up to 14.7
wt% Na2O and iron from 0.76 to 8.76 wt%. This sample was not used
for I-Xe analysis because the sample was lost during preparation. Mean
mesostasis compositions (wt%) are as follows: FeO 2.98 (2.48); MgO
10.07 (9.15); Na2O 7.19 (3.02); CaO 0.18 (0.297); Al2O3 10.07 (9.15);
K2O 0.076 (0.028); Cl 0.050 (0.051).

KC4: Radial Pyroxene Olivine (Px 52; Ol 13; Glass 28; SiO2 0;
Metal 2; Sulfide 6)
Enstatite laths radiating from a single point to opposite rim. Some
enclose parallel blades of olivine (Fo�99.3) that are in turn bisected by
sulfide stringers. The mesostasis has variable sodium (up to 10.7 wt%
Na2O) and low calcium concentrations. Also contains rare Ca-rich
pyroxene. Abundant small troilite grains especially in the mesostasis
and with some larger interstitial troilite grains and larger troilite and
metal grains (to 40 �m) toward the rim. Mean mesostasis compositions
(wt%) are as follows: FeO 0.329 (0.142); MgO 13.49 (9.73); Na2O 6.90
(2.54); CaO 0.621 (1.853); Al2O3 12.66 (5.50); K2O 0.084 (0.043); Cl
0.108 (0.190).
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