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Abstract

A large chondrule from Semarkona, the most primitive ordinary chondrite known, has been discovered to contain a record
of mass transport during its formation. In most respects, it is a normal Type I, group A1, low-FeO chondrule that was pro-
duced by reduction and mass-loss during the unidentified flash-heating event that produced the chondrules, the most abun-
dant structural component in primitive meteorites. We have previously measured elemental abundances and abundance
profiles in this chondrule. We here report oxygen isotope ratio abundances and ratio abundance profiles. We have found that
the mesostasis is zoned in oxygen isotope ratio, with the center of the chondrule containing isotopically heavier oxygen than
the outer regions, the outer regions being volatile rich from the diffusion of volatiles into the chondrule during cooling. The
d17O values range from �2.0& to 9.9&, while d18O range from �1.9& to 9.6&. More importantly, a plot of d17O against
d18O has a slope of 1.1 ± 0.2 (1r) and 0.88 ± 0.10 (1r) when measured by two independent methods. Co-variation of d17O
with d18O that does not follow mass-dependent fractionation has often been seen in primitive solar system materials and is
usually ascribed to the mixing of different oxygen reservoirs. We argue that petrographic and compositional data indicate that
this chondrule was completely melted at the time of its formation so that relic grains could not have survived. Furthermore,
there is petrographic and compositional evidence that there was no aqueous alteration of this chondrule subsequent to its
formation. Although it is possible to formulate a series of exchanges between the chondrule and external 16O-rich and
16O-poor reservoirs that may explain the detailed oxygen isotope systematics of this chondrule, such a sequence of events
looks very contrived. We therefore hypothesize that reduction, devolatilization, and crystallization of the chondrule melt
may have produced 16O-rich olivines and 16O-poor mesostasis plotting on a slope-one line as part of the chondrule-forming
process in an analogous fashion to known chemical mass-independent isotopic fractionation mechanisms. During cooling,
volatiles and oxygen near the terrestrial line in oxygen isotope composition produced the outer zone of volatile rich and
16O-rich mesostasis. The chondrule therefore not only retains a record of considerable mass transport accompanying forma-
tion, but also may indicate that the isotopes of oxygen underwent mass-independent fractionation during the process.
� 2009 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

The chondritic meteorites are remnants from the earliest
phases of solar system history. A relatively small number
0016-7037/$ - see front matter � 2009 Elsevier Ltd. All rights reserved.

doi:10.1016/j.gca.2009.04.002

* Corresponding author. Fax: +1 479 575 7778.

Please cite this article in press as: Sears D. W. G. , et al. Mass-independ
drule from the Semarkona LL3.0 ordinary chondrite. Geochim. Cosmo
appear to have suffered only minimal alteration since
agglomeration, and these have the potential to provide un-
ique insights into their formation and early history (Sears,
2004; Lauretta and McSween, 2006; Scott, 2007). The
chondrules, glassy submillimeter spherules, comprise a ma-
jor component of most chondritic meteorites (Sears, 2004,
and references therein). They reach �75% by volume of
ent fractionation of oxygen isotopes in the mesostasis of a chon-
chim. Acta (2009), doi:10.1016/j.gca.2009.04.002
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the ordinary chondrites, the most common class of meteor-
ites. Although it has long been known that chondrules are
completely or partially melted silicate droplets (Sorby,
1864), details of their origin remain elusive two-hundred
years after their discovery (Howard, 1802; Boss, 1996).
Clearly they are crucial to understanding the origin and his-
tory of early solar system matter. In as much as the abun-
dance and properties of chondrules varies from chondrite
class to chondrite class, their formation probably also has
relevance to the formation of the classes and the distinctive
properties of each (Sears, 2004).

One of the most important characteristics of primitive
solar system materials is their oxygen isotope properties,
not just the proportions of the three isotopes of oxygen
(16O, 17O and 18O) but also their co-variation (Clayton,
2008). When meteorite data are plotted as d17O against
d18O, where

d17;18O¼ 1000�fð17;18O=16OÞsample=ð17;18O=16OÞstandardÞ� 1g;

each of the major classes plots in a unique field or along a
unique correlation line. Lunar and terrestrial samples (with
only rare exceptions), plot on a line with slope �0.52, con-
sistent with mass-dependent fractionation. (Isotopic ratio
analyses achievable by ion probe are typically accurate to
�1& so that mass fractionation lines discussed here are
therefore only given to two decimal places.) Mass-depen-
dent fractionation of isotopes is a characteristic of common
chemical and physical processes such as evaporation, con-
densation, crystallization, etc. However, many mineral
components from the ordinary chondrites, chondrules from
ordinary chondrites. and anhydrous mineral phases from
carbonaceous chondrites plot on lines with slopes close to
unity requiring mass-independent fractionation of O iso-
topes (Clayton and Mayeda, 1984, 1999; Macpherson
et al., 1988; Clayton et al., 1991; Young and Russell,
1998; Kobayashi et al., 2003; Krot et al., 2006; Sakamoto
et al., 2007).

The slope-one lines are often assumed to be mixing lines
between two components. An early explanation for a 16O-
enriched reservoir was the heterogeneous mixing of nucleo-
synthetically generated 16O injected into the early solar neb-
ula with an 16O-poor component (Clayton et al., 1973).
However, the lack of similar wide-spread excesses of 24Mg
and 28Si in meteoritic material, and the finding that presolar
oxide grains were rare and tended to be more enriched in
17O than 16O, make this idea unappealing (Nittler, 2003).

Mechanisms that produce mass-independent fractiona-
tions from a single homogeneous component have been
postulated. One such mechanism is photochemical self-
shielding in the early solar nebula or parent molecular
cloud. For example, the CO molecule absorbs ultraviolet
light at specific wavelengths that depend on the isotope of
oxygen present. The incident radiation breaks the molecu-
lar bond. Because 16O is 500 times more abundant than
18O and 2500 times more abundant the 17O, the surface re-
gion of a molecular cloud or the solar nebula will become
optically thick to the radiation that breaks C16O, but the
radiation that will break C17O and C18O will continue dee-
per into the cloud, producing a region when only 17O and
18O are free to react and form other compounds (e.g.,
Please cite this article in press as: Sears D. W. G. , et al. Mass-independ
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H2O). The result is that the cloud is heterogeneous in the
ionization of CO isotopologues (molecules of the same
chemistry but different in their isotopic composition) with
C16O remaining neutral deeper in the cloud and available
for reactions whereas C17O and C18O are ionized and disso-
ciated. This mechanism was first proposed by Thiemens and
Heidenreich (1983) and re-proposed and developed by
Clayton (2002). There were difficulties with this model in
that unless density conditions were favorable, competing
chemical reactions would rapidly homogenize mass-inde-
pendent fractionation effects.

It might be that the isotopic shifts are preserved by the
formation of water, which can easily be separated from
CO by physical means, but then there are issues in transfer-
ring these isotopic signatures from their formation loca-
tions to the solid phases in the inner solar system (Lunine
et al., 2007). Ways around this were proposed by consider-
ing photoionization of CO above the plane of the protoso-
lar accretion disc (Young and Lyons, 2003; Lyons and
Young, 2005; Young, 2007) or moving the self-shielding
photochemical mechanisms to the progenitor molecular
cloud (Yurimoto and Kuramoto, 2004). The self-shielding
mechanism is appealing in that it has been observed to
cause variable enhancements of the CO isotopomers in
molecular clouds but the details of the mechanism and its
possible applicability to the observation of mass-indepen-
dent fractionation of oxygen isotopes in the early solar sys-
tem is still vigorously debated (Krot et al., 2006; Ali and
Nuth, 2007; Gounelle and Meibom, 2007; Chakraborty
et al., 2008; Clayton, 2008; Davis et al., 2008; Lyons
et al., 2008; Young et al., 2008; Yurimoto et al., 2008).

An alternative possibility is that the mass-independent
fractionation occurred as the result of symmetry-selective
chemistry or photochemical effects similar to processes that
occur in the upper atmosphere and which can be repro-
duced in the laboratory (Thiemens, 1996, 1999, 2006; Cha-
kraborty and Bhattacharya, 2003; Romero and Thiemens,
2003; Savarino et al., 2003; Ali and Nuth, 2007; Kimura
et al., 2007). This isotopic fractionation mechanism relies
upon symmetry in molecules or density of quantum states
being different for different isotopologues. Rates of reaction
for symmetric molecules such as 16O16O16O are different
from that for 17O16O16O or 18O16O16O and this provides
the mechanism for mass-independent fractionation.
Although much of the early research done upon such sys-
tems concentrated upon ozone and gas phase reactions, it
has recently been shown that the chemical mass-indepen-
dent fractionation effect can occur in a range of molecules
and for reactions on solid surfaces (Marcus, 2004; Thie-
mens, 2006; Ali and Nuth, 2007; Kimura et al., 2007) and
that (apart from water vapor), the oxygen in most atmo-
spheric gases are fractionated mass-independently (Thie-
mens, 2006). Young et al. (2008) state that the chemical
mass-independent fractionation effect is attractive because
of its simplicity but were unclear as to how the isotopic sig-
nature of the gas could be trapped in the solid and there is a
lack of experimental evidence that such mechanisms can
have significantly contributed to forming wide-spread
mass-independent fractionation of oxygen isotopes in the
early solar system.
ent fractionation of oxygen isotopes in the mesostasis of a chon-
chim. Acta (2009), doi:10.1016/j.gca.2009.04.002
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A significant difference between these models are the
predictions that if the wide-spread mass-independent oxy-
gen isotope fractionation in the early solar system resulted
from a self-shielding mechanism then it may be expected
that the oxygen isotope composition of the sun would be
significantly 16O enriched compared to the remaining solar
system materials. If more local chemical mass-independent
fractionation mechanisms produced the observed 16O
enrichments of early solar system materials then it is likely
that the average oxygen isotope composition of the sun
would be very similar to the average of early solar system
solids (which spread widely but center on d18O and d17O
of �0&, �0& (V-SMOW)). Preliminary measurements of
d18O and d17O of ��70&, �70&, respectively, for the
oxygen isotopic composition of the sun (Hand, 2008;
McKeegan et al., 2008), clearly favor the self-shielding
model, although there are many potential elemental and
isotopic alteration processes between the initial solar gas-
eous nebula and the solid components in meteorites.

Several authors have explored the exchange of oxygen
between chondrules and the ambient gas by looking for cor-
relations between oxygen isotopes and chondrule size
(Bridges et al., 1998, 1999). However, the work is very dif-
ficult and until recently, chondrules were generally too
small to analyze individually by techniques other than ion
probes, so large numbers of chondrules of different histories
were combined. Sometimes meteorites of high petrographic
type were analyzed, so primary properties were confused
with a metamorphic overprint. Even when analyzed indi-
vidually, the multi-minerallic nature of chondrules was a
problem as oxygen isotope properties then reflect mineral
proportions. It was also difficult-to-impossible to remove
chondrules clean of matrix or fine-grained rims, or free of
selection effects based on chondrule resilience to crushing.

The Semarkona (LL3.0) meteorite is widely regarded as
the least metamorphosed, and thus ‘‘most primitive”, or-
dinary chondrite (Dodd et al., 1967; Sears et al., 1980; Huss
et al., 1981; Grossman and Brearley, 2005). It has highly
heterogeneous mineral compositions, a ‘‘primitive” texture
of highly diverse unaltered objects, no evidence for recrys-
tallization of even the most sensitive phases, contains highly
non-equilibrium assemblages, such as silicon-bearing metal
(Rambaldi et al., 1980), and it has the lowest thermolumi-
nescence sensitivity of any known ordinary chondrite (Sears
et al., 1980).

About 35% (by number) of Semarkona chondrules are
‘‘reduced” (i.e. low FeO silicates, metal-bearing – ‘A1’
chondrules) and volatile depleted (relative to cosmic pro-
portions), while about 60% of its chondrules are ‘‘oxidized”

(i.e. high FeO silicate, metal-free – ‘B1’ chondrules) and
contain CI proportions (Anders and Grevesse, 1989) of
the volatile elements (Sears et al., 1992; Huang et al.,
1996), The existence of two major types of chondrules has
been recognized since Merrill (1920) and has been rediscov-
ered through a variety of observations and recognized
through a variety nomenclatures (see Sears, 2004). For
Semarkona, at least, A1 chondrules are equivalent to the
Jones (1994) Type I chondrules and B1 are their Type II
chondrules, but the equivalency breaks down with chond-
rules from metamorphosed chondrites. Huang et al.
Please cite this article in press as: Sears D. W. G. , et al. Mass-independ
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(1996) and Sears et al. (1996) argued that the main differ-
ence in the history of group A1 and group B1 chondrules
is the intensity of the flash-melting event that created them,
and that while group A1 chondrules were reduced and lost
virtually all of their volatile elements during formation, the
group B1 chondrules did not.

Matsunami et al. (1993) discovered a large (�800 lm)
group A1 chondrule in Semarkona which in most respects
is a perfectly normal example of a group A1 chondrule,
with a ‘‘mesostasis” (glassy groundmass) enclosing large
grains of olivine crystals, sometimes called ‘‘phenocrysts”.
What made the Matsunami et al . chondrule noteworthy
was that its mesostasis displays compositional zoning that
is reflected in a distinct brightening of cathodoluminescence
and thermoluminescence around the edges. The central re-
gions of the mesostasis have 0.5 wt% Na while the outer re-
gions reach �2.0 wt% Na. This is the pattern for several
other relatively volatile elements and, conversely, refractory
elements are depleted in the outer regions of the mesostasis.
It is now known that compositional zoning in the mesosta-
sis of Semarkona group A1 chondrules is fairly common
(DeHart et al., 1992; Grossman et al., 2002). Matsunami
et al. (1993) suggested that volatiles lost from the chondrule
during formation had recondensed and diffused into the
chondrule during cooling. These chondrules clearly bear
witness to the transport of Na and other volatile elements
between the chondrule and its immediate surroundings.

Recent analyses have shown evidence for mass-indepen-
dent fractionation of oxygen and sulphur isotopes in chond-
rules. These include the CV3 carbonaceous chondrite
Mokoia (Jones et al., 2004), studies of chondrule chemistry
and isotope systematics (Krot et al., 2006; Zanda et al.,
2006), mass-independent fractionation of sulphur isotopes
in Dhajala chondrules (Rai and Thiemens, 2007) and a new
record for enrichment of 16O of �75& in a chondrule from
Acfer 094 (Kobayashi et al., 2003). Lyon et al. (1999) and
Sears et al. (1999) presented evidence of non-mass-dependent
fractionation of oxygen isotopes in the mesostasis of this
Semarkona chondrule and corroboration that something
interesting had happened to the oxygen isotope systematics
in Semarkona chondrules was reported by Kita et al.
(2007). Kita et al. report mass-independent fractionation of
oxygen isotopes between the mesostasis and olivine and
clinopyroxene phenocrysts, although they do not report mes-
ostasis oxygen isotope ratios as light as values for the olivine
phenocrysts reported in the present work.

In view of the interesting mass transport processes wit-
nessed by this chondrule, and the complications surround-
ing measurements by bulk techniques, it seemed worthwhile
to make a detailed study of the Matsunami et al. chondrule
by ion microprobe, since this instrument can resolve spatial
variations in isotopic composition on the scale of 10s of
micrometers.

2. ANALYTICAL DETAILS

2.1. Description of the chondrule

The original chondrule section studied by Matsunami
et al. (1993) was not available for ion microprobe studies
ent fractionation of oxygen isotopes in the mesostasis of a chon-
chim. Acta (2009), doi:10.1016/j.gca.2009.04.002
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but these authors kindly provided the opposing cut face
where its diameter was 400 lm compared with 800 lm
diameter of the section studied by Matsunami et al.
(1993) (Fig. 1). If we assume that the chondrule was spher-
ical and that the Matsunami et al. section passed through
Fig. 1. Back scattered electron images of the chondrule from the
Semarkona LL3.0 chondrite that is the subject of the present study.
(a) The chondrule as it appeared originally. (b) Sketch showing the
location of electron microprobe analyses (Table 1). (c) Sketch
showing the location of ion microprobe analyses (Table 2). The
sizes of the points analyzed are slightly smaller than the black
squares in the sketch.
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the center of the chondrule then our section is offset by
345 lm. Fig. 1a shows a backscattered electron image of
the chondrule showing a number of large olivine pheno-
crysts surrounded by a refractory mesostasis. It seems that
�50% by volume of the chondrule is olivine grains ranging
in size from 10 lm to 100 lm and �50% is mesostasis, so
that available mesostasis areas are typically 30 lm across
but reach �120 lm by �70 lm in one instance. Elemental
data for the mesostasis were obtained using a Cameca
SX100 Electron Microprobe at the University of Manches-
ter using quantitative wavelength dispersive analysis along
two perpendicular profiles (Fig. 1b). The results are shown
in Table 1 and Fig. 2. The section of the chondrule studied
here shows all the physical and compositional properties
previously observed and discussed by Matsunami et al.
(1993). Fig. 1c shows the locations at which ion microprobe
data were obtained.
2.2. Ion microprobe analysis

Our oxygen isotope ratio analyses were acquired using
the Manchester Isolab 54 ion probe. The instrument and
procedures have been extensively described elsewhere (Sax-
ton et al., 1996; Sears et al., 1998; Jones et al., 2000) but
briefly: A 10 keV Cs+ ion beam was focused to a �15 lm
diameter spot on the sample whose surface was held at –
8 kV. An 18 kV (net 10 keV electron energy on the sample)
electron beam a few 100 nA and a few 100 lm in size at the
sample neutralized sample charging. The secondary ions
were focused onto the source slit of a double-focusing mass
spectrometer which passed the three oxygen isotopes into a
multi-collector, using a Faraday detector for 16O and con-
version-dynode system multipliers (Saxton et al., 1996) for
17O and 18O. The 17O beam was used for electrostatic peak
centering. The mass resolution of our instrument was 6000
(10% peak height), sufficient to resolve 16OH from 17O. We
also made a correction to the 17O peak for overlap with the
16OH peak, but this typically amounted to <1& in the
17O/16O ratio.

Glass standards of group A1 mesostasis composition
were provided by Steve Symes and Gary Lofgren at the
NASA Johnson Space Center by fusing mixed oxides.
The 1r scatter (for oxygen isotope ratios as measured, with-
out normalization to any other standards or an average va-
lue of the ensemble of measurements) for 17O/16O and
18O/16O ratios on the glass standards were both about
1.4& on several hundred analyses obtained over periods
of many months. This scatter includes all sources of error
including variability of the CDS detectors used to measure
the 17O and 18O currents relative to the Faraday detector
used to measure the 16O current. This value is therefore
used as the 1r confidence limit for a single oxygen isotope
ratio analysis of an unknown material, provided that the
unknown material has the same chemical composition as
the glass standards. Standard measurements were inter-
spersed with the sample measurements. We also analyzed
four olivines in the present section for comparison with
our earlier study, using olivine from the Brenham pallasite
as a standard. The 1r values for both 18O/16O and 17O/16O
on the Brenham olivine were �2&.
ent fractionation of oxygen isotopes in the mesostasis of a chon-
chim. Acta (2009), doi:10.1016/j.gca.2009.04.002



Table 1
Elemental analyses of mesostasis in the Semarkona chondrule analyzed here for oxygen isotopes (expressed as oxides in wt%).

Point Dist (lm) Na2O MgO SiO2 Al2O3 K2O TiO2 Cr2O3 CaO NiO FeO MnO Total

Profile 1

1 0 1.38 5.59 52.07 20.30 0.01 1.19 0.60 17.22 0.03 0.64 0.15 99.18
2 36 1.44 4.77 51.88 20.03 0.02 1.22 0.60 17.27 0.04 0.40 0.20 97.85
3 71 1.52 5.96 56.23 19.35 0.04 1.01 0.46 16.23 0.02 0.33 0.17 101.32
4 80 1.54 5.58 56.08 19.69 0.03 0.99 0.47 16.23 0.02 0.39 0.18 101.20
5 88 1.56 5.59 55.55 19.30 0.09 0.93 0.41 16.14 0.00 0.40 0.16 100.14
6 101 2.13 5.28 55.78 19.34 0.03 0.96 0.47 15.69 0.00 0.97 0.28 100.92
7 130 1.99 5.42 55.95 19.32 0.07 0.93 0.36 15.58 0.03 0.49 0.13 100.28
8 110 2.42 4.88 56.11 19.22 0.07 0.95 0.38 15.77 0.03 0.76 0.14 100.71
9 131 2.39 5.35 58.11 18.07 0.09 0.91 0.40 14.99 0.01 0.56 0.24 101.12

10 131 2.34 5.27 58.42 18.24 0.08 0.92 0.30 14.97 0.02 0.62 0.13 101.31
11 142 2.54 4.96 59.25 17.68 0.13 0.83 0.22 14.16 0.12 1.61 0.16 101.67
12 150 2.88 4.59 60.23 18.08 0.11 0.83 0.27 13.93 0.07 0.69 0.16 101.82
13 137 2.31 5.13 58.27 18.38 0.05 0.82 0.30 14.36 0.00 0.47 0.23 100.33
14 141 2.33 4.66 59.60 18.78 0.11 0.84 0.21 14.19 0.00 0.50 0.15 101.37

Profile 2

15 22 1.34 4.30 52.92 21.59 0.03 1.00 0.47 17.31 0.00 0.32 0.16 99.45
16 37 1.16 5.18 55.33 19.51 0.04 1.21 0.66 17.24 0.01 0.30 0.20 100.83
17 53 1.24 4.83 54.22 20.11 0.07 0.96 0.45 16.60 0.00 0.33 0.15 98.97
18 63 1.25 6.67 55.54 19.13 0.03 1.05 0.54 16.25 0.00 0.42 0.24 101.12
19 73 1.51 5.86 54.25 20.90 0.02 1.03 0.47 16.21 0.00 0.48 0.21 100.92
20 83 1.79 5.91 54.60 20.32 0.04 1.02 0.45 15.83 0.02 0.62 0.25 100.85
21 96 1.72 6.56 54.38 18.93 0.06 0.87 0.40 14.95 0.06 2.22 0.23 100.38
22 102 1.67 6.52 56.78 18.41 0.03 0.91 0.39 15.27 0.01 0.46 0.25 100.67
23 117 1.71 5.99 57.45 19.02 0.05 0.83 0.29 15.26 0.04 0.51 0.19 101.33
24 109 1.68 7.16 57.52 17.74 0.05 0.93 0.34 15.49 0.12 0.59 0.24 101.84
25 125 1.83 5.96 57.58 18.35 0.05 0.81 0.19 15.36 0.12 0.88 0.21 101.33
26 134 2.06 5.08 56.48 18.71 0.09 0.84 0.17 15.67 0.12 2.07 0.22 101.51
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Our early results (Lyon et al., 1999; Sears et al., 1999)
had shown an interesting correlation between oxygen iso-
tope ratio composition and distance from the center of
the chondrule. However, we subsequently discovered dur-
ing extensive scrutiny and checking of our data for stan-
dards following the earlier results, that there was evidence
for variable apparent width of the 17O peak and further-
more, a small but significant correlation between measured
17O/16O ratio (to the level of 1–2&) and the peak width. We
deduced that the mass-defining slit for the 17O detector was
not quite parallel. This problem and its correction is de-
scribed in the Appendix.

While correcting for a non-uniform slit width as dis-
cussed in the Appendix seemed straightforward, we also
developed an independent method for making these mea-
surements. Therefore, instead of moving the beam over
the sample and varying the beam geometry relative to the
slit, we connected the sample stage to a stepper motor
and gearbox so that the sample stage could be moved and
the beam geometry maintained. The process was automated
by a microcontroller attached to the data acquisition com-
puter and a series of 20-s measurements made by cycling a
number of spots under the beam until counting statistics
were acceptable. This method had an additional advantage
that fluctuations in detector sensitivity average out, but has
the disadvantage that sample coverage is limited and stan-
dards cannot be included in the sequence. Within experi-
mental error, the oxygen isotope ratio slope found within
the chondrule by the two methods are in agreement. Data
from these two methods are presented below.
Please cite this article in press as: Sears D. W. G. , et al. Mass-independ
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3. RESULTS

3.1. Data acquired by manually moving the sample and

interspersing the sample analyses with standard analyses

As an additional quality control step we first measured
the oxygen isotope composition of the large olivine pheno-
crysts present in the chondrule in order to compare them
with our previously published results (Sears et al., 1998).
Unfortunately, no peak shape monitoring data were ob-
tained for these analyzes, and the slit correction cannot
be applied, but the additional error resulting from this lack
of correction is not thought to be more than 1&, based on
the agreement with our previously published data. The data
appear in Table 2. The values we obtained were within
about four permil of (0, 0) for 18dO and 17dO, and ran-
domly distributed, and very similar to our previous data
for the large olivine grains in this chondrule. Our previously
published data will also have been affected by the variable
slit width problem. However, the data were acquired over
an extended period involving multiple analysis sessions with
new orientations of the section, so these errors would in-
crease the scatter and not cause systematic differences be-
tween the earlier and the present data.

We analyzed 22 spots in the chondrule mesostasis
(Fig. 1c) and the results are given in Table 2 and Figs. 3
and 4. The data have been corrected for detector dead-time,
the slit width issue discussed in the Appendix, and normal-
ized to V-SMOW values by comparison to the measured
standards. The d17O values range from �2.0& to 9.9&,
ent fractionation of oxygen isotopes in the mesostasis of a chon-
chim. Acta (2009), doi:10.1016/j.gca.2009.04.002



Fig. 2. Electron microprobe analyses of the mesostasis of the present Semarkona chondrule along the profiles shown in Fig. 1b. As observed
for previous analyses of this chondrule by Matsunami et al. (1993), the mesostasis of this chondrule is compositionally zoned with the outer
region being depleted in refractory elements and enriched in volatile elements relative to the central region.
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Table 2
Oxygen isotope analysis results for chondrule mesostasis and
olivine obtained by ion microprobe.a

Spot d17O d18O D17O
& & &

SMOW SMOW

Mesostasis analyses

1 �1.9 �1.9 �1.0
2 1.9 5.0 �0.7
4 8.3 9.6 3.3
5 4.7 7.8 0.7
6 4.4 4.3 2.2
7 1.4 1.1 0.9
8 (8.7) 10.6 (3.2)

9 3.4 3.0 1.8
10 (3.3) 4.1 (1.1)

11 (1.8) 3.8 (�0.2)

12 (�0.8) 0.4 (�1.1)

13 1.6 1.6 0.8
14 9.9 7.5 6.0
15 7.7 7.2 3.9
16 �2.0 1.2 �2.6
19 4.7 8.9 0.1
20 2.9 1.6 2.0
21 2.4 4.0 0.3
22 8.2 8.3 3.9
23 3.4 6.9 �0.2
24 9.3 9.3 4.5
26 7.2 8.9 2.5

Olivine analyses

1 (0.7) �4.1 (2.8)
2 (0.0) �1.2 (0.6)
3 (�3.0) �3.9 (�1.0)
4 (�3.3) 1.1 (�3.8)

The 1r values for both 18O/16O and 17O/16O on the Brenham
olivine were �2& and for the glass standards were �1.4&.

a The d17O values given in brackets and italics are uncorrected for
the ‘slit correction’ (explained in the text) and are not used in the
calculation of the slope looking at the co-variation of d17O with
d18O.

Fig. 3. d17O against d18O for the mesostasis of the chondrule. The
regression line through the present data has a slope of 0.88 ± 0.10.
Also shown is the line terrestrial fractionation line (TFL)
(slope � 0.52) from Clayton et al. (1991). Typical 1r uncertainties
for the present data are shown.

Fig. 4. Comparison of the zoning in the present chondrule. (a) Na
X-ray image of the chondrule showing the sodium enrichment in
the outer regions of the chondrule. (b) Distribution of oxygen
isotope values (d18O&, d17O&) with the area of heavy oxygen
indicated. Values in italics have not been corrected for certain
instrumental effects. The refractory central regions of the chondrule
mesostasis contain isotopically heavier oxygen than the outer
regions.
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while d18O range from �1.9& to 9.6&. Measurements of
17O peak width obtained during peak centering were not
available due to failure of electronic data transfer during
acquisition for spots 8, 10, 11 and 12 so we were not able
to apply the peak width correction to d17O values for these
spots. The d17O values for these spots in Table 2 are there-
fore shown in brackets and have not been used to calculate
the slope of the correlation line between d18O and d17O in
Fig. 3 (although any correction to the d17O values are not
likely to have been more than �1&). These data points
are shown in Fig. 3 as gray squares and do not deviate sig-
nificantly from the regression line defined by the corrected
data points.

A least squares fit line through the data which takes into
account the experimental uncertainties in the data has a
slope of 0.88 ± 0.10 (1r). The d18O and d17O values do
not vary randomly with position; but the highest d18O
and d17O values are mostly found in the central region of
the chondrule while lower values are found in the outer re-
gions (Fig. 4b). In other words, the chondrule mesostasis is
Please cite this article in press as: Sears D. W. G. , et al. Mass-independent fractionation of oxygen isotopes in the mesostasis of a chon-
drule from the Semarkona LL3.0 ordinary chondrite. Geochim. Cosmochim. Acta (2009), doi:10.1016/j.gca.2009.04.002
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zoned in oxygen isotopes, as it is in elemental composition
(Figs. 2 and 4a), but remarkably, the d18O and d17O values
plot along a line that within experimental error is signifi-
cantly different from the mass-dependent fractionation
slope of �0.52.

There is a correlation between oxygen isotope composi-
tion and radial location in the chondrule with mesostasis in
the center of the chondrule being isotopically heavier than
mesostasis towards the outer edge of the chondrule. This
is illustrated in Fig. 4b.

3.2. Data acquired by mechanically stepping the sample

between two different spots on the sample

The measured 18O/16O and 17O/16O ratios for three runs,
each of four spots on the A1 glass standard are presented in
Table 3. These data confirm that the precision of both our
18O/16O and 17O/16O ratios is limited only by counting sta-
tistics. The same sequence of analyses were acquired on the
mesostasis of the chondrule with some spots being within
the outer mesostasis and others being near the center. Be-
cause there was such limited movement possible with the
sample stepper motor system, it was not possible to inter-
sperse analyses of the chondrule with analyses of the stan-
dard using this method. The results for the sample shown
in Table 4 are therefore not absolute (relative to V-SMOW)
oxygen isotope ratio values but are calibrated relative to the
mean observed ratio. The important quantity that we
wished to derive from this sequence of analyses was the
Table 3
Oxygen isotope data from standard glass obtained by ion micro-
probe multi-spot analysis.

Date 17O/16O 17O/16O 18O/16O 18O/16O
1r
actual &

1r
expecteda &

1r
actual &

1r
expecteda &

30-4-01 1.2 1.0 0.3 0.4
1-5-01 1.3 1.4 1.4 0.6
2-5-01 0.9 1.2 0.5 0.5

a ‘‘Expected values” are those determined by A.E. Fallick
(Scottish Universities Environmental Research Centre) using bulk
techniques.

Table 4
Oxygen isotope ratios for chondrule olivines and mesostasis
obtained by ion microprobe multi-spot analysis.a

Date Spot d17O (&) d18O (&) D17O Material

23
May

1 2.0 ± 1.7 4.4 ± 0.7 �0.3 Mesostasisb

2 �2.0 ± 1.5 �4.6 ± 0.6 2.0 Olivine
3 1.4 ± 1.7 3.8 ± 0.8 �0.5 Mesostasis
4 �4.7 ± 1.4 �3.6 ± 0.6 �1.2 Olivine

1 June 1 3.6 ± 0.9 3.2 ± 0.3 1.8 Heavy
mesostasis

2 �3.6 ± 0.8 �3.2 ± 0.4 �1.8 Mesostasisb

a Each data set has an arbitrary zero point. The olivine-glass
matrix effect is included. See text for further discussion.

b 23 May point 1 and 1 June point 2 sampled same region of
mesostasis.

Please cite this article in press as: Sears D. W. G. , et al. Mass-independ
drule from the Semarkona LL3.0 ordinary chondrite. Geochim. Cosmo
slope of the d17O versus d18O line to compare with our pre-
vious measurements.

The spots labeled 23rd May in Table 4 did not properly
sample the span of mesostasis position that we intended
and show olivine data as well as results from mesostasis
for the outer part of the chondrule. After inspection of
the chondrule in an SEM to determine the sampled areas,
we obtained further data on 1st June and these spot pairs
successfully spanned the mesostasis in the center of the
chondrule and the mesostasis near the edge. Oxygen isotope
values reported here are relative to the mean value for that
day and cannot be compared in absolute value with data re-
ported in Table 2 that are normalized to V-SMOW. The
measured relative oxygen isotope ratios may however be
used to determine the relative values between the measured
spots during a single run. The slope of the d17O versus d18O
line for the spots on the inner mesostasis compared with the
outer mesostasis is 1.1 ± 0.2 (1r), independently confirming
our previous measurements that the slope is significantly
different from �0.52 predicted for mass-dependent
fractionation.

3.3. Data summary

To summarize our ion microprobe data: (i) The olivines
have more 16O-rich oxygen isotopic values than the meso-
stasis (Fig. 3). (ii) As with elemental composition, the mes-
ostasis is compositionally zoned in oxygen isotopes (d18O,
d17O) being about (0&, 0&) in the outer regions and
(+10&, +8&) in the central region (Fig. 4); (iii) On a plot
of d17O versus d18O, the mesostasis analyses plot along a
line with a slope of 0.88 ± 0.10 (1r), which is significantly
different from �0.52 (Fig. 4).
4. DISCUSSION

We will not discuss at length the nature of the elemental
profiles in the chondrule mesostasis and their causes except
to observe that the present section shows the same proper-
ties as the section of the same chondrule described by Mats-
unami et al. (1993) and the same interpretations apply.
Fig. 2 shows the compositional profiles and Fig. 4 shows
images of this chondrule by Na X-rays, and measured
d18O and d17O values. Just as the chondrule is zoned in ele-
mental analysis, with volatile elements enriched near the
perimeter (Fig. 2), the mesostasis in the periphery is 16O en-
riched. Fig. 4 compares the areal extent of the Na-enriched
regions and the region of heavy oxygen.

The Na/Al ratios for the mesostasis range between
0.08 and 0.24 and K/Al ratios range between 0.01 and
0.17 (Table 1). The Na/Al and K/Al show a positive
correlation. Grossman and Brearley (2005) following
Grossman et al. (2002) presented data showing that mes-
ostasis in Semarkona chondrules followed a trend be-
tween very low K/Al and Na/Al values (�0.01 and
0.1, respectively, for unmetamorphosed and unaltered
chondrules) up to values of 2.5 and 1, respectively, for
metamorphosed and altered chondrules. Our data for
this chondrule places the mesostasis as unmetamor-
phosed and unaltered.
ent fractionation of oxygen isotopes in the mesostasis of a chon-
chim. Acta (2009), doi:10.1016/j.gca.2009.04.002
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Finally we note here the ample evidence that this chon-
drule has not suffered any form of aqueous alteration. First,
the mesostasis around the edges of the chondrule is opti-
cally clear glass, with no sign of the formation of hydrous
silicates noted by Hutchison et al. (1987). Second, our elec-
tron microprobe analyses sum to 100%, Hutchison et al.
(1987) found values as low as 77.9%, reflecting the presence
of �20% of water undetectable by the microprobe. Third,
thermoluminescence and cathodoluminescence is highly
susceptible to aqueous alteration and quickly diminish be-
low detectable levels where as we see an increase in the
intensity of these near the edges of the chondrule.

Matsunami et al . considered the following possible
explanations for the elemental zoning:

� Differences in the degree of olivine crystallization dur-
ing cooling. This was ruled out because of the detailed
nature of the elemental trends and textural uniformity
of the olivine.

� Element migration along steep temperature gradients,
which was again ruled out because of the detailed nat-
ure of the elemental trends.

� Elemental transport during aqueous alteration was elimi-
nated because of the lack of petrographic evidence for
aqueous alteration and analytical sums of 100% during
quantitative electron probe micro-analysis. Subsequent
work (Grossman et al., 2002; Grossman and Brearley,
2005) has shown evidence for aqueous alteration in some
Semarkona chondrules. However, our analyses are in
agreement with the Matsunami et al. (1993) data and con-
firm that there was no aqueous alteration of this chondrule.

� Zoned precursor materials were thought unlikely
because the mesostasis is a contiguous phase that was
once entirely melted. There were also elemental trends
that seemed inconsistent with this idea.

� A mechanism involving reduction of precursor aggre-
gates was eliminated because diffusion rates are too
small for this to occur on the timescale of chondrule
formation.

� Element transport into the chondrule by diffusion fol-
lowing recondensation of previously evaporated com-
ponents appeared to be consistent with elemental
trends, quantitative considerations and laboratory
experiments. The characteristic diffusion length (Dt)½,
for Na in a glass at the melting point is 66 lm for 1 s
and 510 lm for 1 min, assuming a diffusion coefficient
of 4.3 � 10�5 cm2/s (Young et al., 1998). Thus a chon-
drule liquid phase of just a few seconds seems required
for a chondrule immersed in a volatile-rich gas to
acquire these compositional profiles in its mesostasis.
Many authors have demonstrated in the laboratory
how volatile elements can escape from chondrule-like
silicate mixtures at elevated temperatures (Sears, 2004;
Alexander and Grossman, 2005). The order of loss in
a reducing atmosphere follows the expected thermody-
namics, Na, then K, then FeO is reduced to Fe which
is lost, then Si is lost and finally Mg. It has also been
demonstrated in laboratory experiments that Na can
readily reenter an experimental charge it has previously
escaped from as conditions change (Lewis et al., 1993).
Please cite this article in press as: Sears D. W. G. , et al. Mass-independ
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There has also been much work on isolated olivine
phenocrysts in chondrules with a view arising that some
are actually relic grains from a previous generation of chon-
drule formation, often retaining 16O-rich compositions
(Saxton et al., 1995, 1998; Jones et al., 2000; Krot et al.,
2006; Zanda et al., 2006; Libourel et al., 2008). Young
et al. (2002) show that there are olivines within chondrules
that resemble relic grains and that are 16O-rich relative to
mesostasis. It is possible that this is a wide-spread feature.
We are of the view however that the petrographic evidence
suggests that the olivine phenocrysts in this chondrule crys-
tallized from a completely molten droplet, for the reasons
explained by Matsunami et al. (1993), with the help of
nucleation centers too small to affect mass balance. Not
only does the composition suggest peak temperatures dur-
ing chondrule formation in excess of the liquidus tempera-
ture, but melt-solid distribution coefficients are consistent
with crystallization from a melt. At the same time, the oli-
vines in this chondrule lack any of the properties associated
with relic grains, such as anomalous compositions or evi-
dence for reaction between the grain and the mesostasis.

These observations and deductions being so, it seems
reasonable to ask whether the mass transport associated
with chondrule formation involved isotopically unusual
oxygen and whether oxygen isotope ratio measurements
of this chondrule can yield further insight into the chon-
drule-forming process.

From the earlier discussion of mechanisms that can pro-
duce non-mass-dependent isotopic fractionation of oxygen
isotopes we can envisage several scenarios that can poten-
tially account for the observed isotopic systematics and ele-
mental patterns of this chondrule: these are described
schematically in Fig. 5.

(a) Prior to the formation of the chondrule there existed
a mixture of olivine and mesostasis precursors that
were depleted in volatile elements and differing in
oxygen isotopes in a non-mass-dependent fashion,
the olivine precursors being 16O-rich and the meso-
stasis precursors being 16O-poor. How these proper-
ties came about we consider outside our purview,
although mechanisms like self-shielding either in the
early solar nebula, or the parent molecular cloud,
are possible with volatile depletions arising because
of either a heating event like impact, or accretion at
high temperatures. These components were flash
melted into a chondrule without changing their prop-
erties. While still hot, the chondrule became
immersed in a gas containing 16O-rich oxygen and
volatile elements that diffused into the outer regions
of the mesostasis. This process could have occurred
in the nebula phase, prior to accretion of the parent
body of the chondrites.

(b) The same combinations of precursors and events as
scenario (a) can be envisaged but the instead of the
hot chondrule being embedded in the nebular cloud,
we can imagine that the hot chondrule was buried in
a regolith on the parent body where it interacted by
an aqueous fluid containing 16O-rich material and
volatile elements.
ent fractionation of oxygen isotopes in the mesostasis of a chon-
chim. Acta (2009), doi:10.1016/j.gca.2009.04.002



Fig. 5. Schematic representations of five scenarios by which the oxygen isotopic, petrographic, and compositional properties of the present
chondrule could have been achieved. Scenarios (a) and (b) assume that the chondrule precursors were heterogeneous, volatile poor, and
oxygen in the components fractionated relative to each other by mass-independent means. The volatile elements and 16O-rich oxygen were
then introduced to the chondrule from the gaseous environment or by aqueous alteration. Scenario (c) assumes chondritic precursor materials
and that most of the properties of the chondrule were achieved during chondrule formation with volatiles and 16O-rich oxygen back reacting
with the chondrule during cooling. Scenarios (d) and (e) achieve the properties of the present chondrule by exposure to multiple different
environments, two environments being required if the precursors were 16O-rich, three were required if the precursors were chondritic. We
argue in favor of scenario (c) since it is simplest in terms of number of events and number of environments, assumes chondritic precursors, and
it is consistent with the petrography and composition of the chondrule. We argue that the other scenarios are not consistent with the
petrography and composition of the chondrule and sometimes require an unlikely combination of events. On the other hand, scenario (c)
suggests that crystallization of phenocrysts in the chondrule melt resulted in mass-independent fractionation of the oxygen isotopes, a process
that seems plausible in view of recent empirical and theoretical work on mass-independent oxygen isotope fractionations.
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(c) Precursor grains with chondritic abundances, includ-
ing volatile components, and intermediate oxygen
isotope composition were flash melted into a melt
spherule which cooled to produce olivine phenocrysts
and feldspathic mesostasis. During this process vola-
tiles were lost, the chondrule was reduced, and oxy-
Please cite this article in press as: Sears D. W. G. , et al. Mass-independ
drule from the Semarkona LL3.0 ordinary chondrite. Geochim. Cosmo
gen was fractionated in a mass-independent way,
the olivines becoming 16O-rich and the mesostasis
16O-poor. As the object cooled, it was immersed in
a cloud of material made of the volatile elements
and oxygen-bearing species produced by the heating
event, and these back-reacted with the chondrule to
ent fractionation of oxygen isotopes in the mesostasis of a chon-
chim. Acta (2009), doi:10.1016/j.gca.2009.04.002
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form the outer mesostasis zone that is 16O-rich and
high in volatiles. Thus virtually all the elemental
and isotopic properties of the chondrule are attrib-
uted to the chondrule-forming process and subse-
quent cooling. Oxygen isotopes are fractionated in
a mass-independent way by crystallization of the
phenocrysts in the melt. In terms of the oxygen
three-isotope diagram, this scenario is described in
Fig. 6. This scenario requires the hypothesis that
the chemical reactions within the molten chondrule
can mass-independently fractionate oxygen isotopes
in an analogous way to known mechanisms discussed
by Thiemens et al. (1996), Thiemens (2006), Kimura
et al. (2007) and Ali and Nuth (2007).

(d) 16O-rich precursors are melted by a flash-heating
event and cooled to produce phenocrysts, without
any change in isotopic composition but with the lost
of volatiles and reduction. Thus the olivine grains
and the mesostasis are 16O-rich. This chondrule was
immersed in a 16O-poor reservoir, which diffused into
the mesostasis without affecting the olivines. The
chondrule was then exposed to a second and different
16O-rich gaseous reservoir and volatiles, which dif-
fused onto the outer regions of the mesostasis.

(e) Our final scenario for creating the present chondrule
is the same as (d) except that we start with precursors
of chondritic composition and intermediate oxygen
isotope composition. After formation of the chon-
drule by the flash-heating event during which the vol-
atile were removed and the chondrule was reduced,
the hot chondrule was immersed in an 16O-rich vapor
that diffused throughout the chondrule olivines and
mesostasis. Thereafter the scenario is the same as (d).

Scenarios (a) and (b) attribute the most critical proper-
ties of the chondrule, the loss of volatiles and, more
Fig. 6. Scenario (c) production of the elemental and oxygen
isotopic properties of this chondrule during chondrule formation
and back-reaction during subsequent cooling expressed in terms of
an oxygen three-isotope plot. Precursor grains with chondritic
properties are melted during chondrule formation and the melt
crystallizes to produce phenocrysts that are 16O-rich and mesostasis
that is 16O-poor and fractionated mass-independently relative to
each other. At this point the chondrule is devolatilized and
reduced. Back reaction of the chondrule with the gases released on
heating produce the isotopic and compositional zoning observed in
the chondrule.
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especially, the mass-independent fractionation of oxygen
between olivine grains and feldspathic materials that were
to become mesostasis, to nebular and/or parent body pro-
cesses. Either of the previously discussed mechanisms for
chemical fractionation – self-shielding or surface–gas inter-
actions – might apply to processes occurring in the nebula
prior to chondrule formation. What is important, is that
mineralogical differentiation occurs during isotope fraction-
ation. The most frequent method for separating feldspathic
phases from mafic phases is melt formation and crystalliza-
tion, but one might imagine fractional condensation or
evaporation processes would also work. The weakness of
scenarios (a) and (b) is that they are not consistent with
the petrography of this chondrule and with our conviction
that this object was entirely molten during formation, that
the olivine grains are phenocrysts that formed by crystalli-
zation, not relic grains, and that this object has not suffered
aqueous alteration.

The third scenario is the simplest in that it involves
chondritic precursors, few steps, and few environments.
In fact, since the ambient gas is produced by the chon-
drule-forming event, it essentially is a single environment,
multi-phase but single step process. However, it involves
proposing a new process for mass-independent oxygen iso-
tope fractionation, namely crystallization from a melt. It
might be that some of the statistical arguments used by
Marcus (2004) to describe mass-independent isotope fracti-
onations on the gas–solid interface might apply at the melt-
solid interface. The strength of scenario (c) is that it is con-
sistent with the petrography and composition of this chon-
drule as described and discussed in some detail by
Matsunami et al. (1993).

Several types of symmetry-selective chemical reaction
lead to mass-independent fractionations, addition reac-
tions, gas phase isotopic exchange, thermal decomposition
or exchange of an oxygen atom with CO2. Thiemens
(1996) proposed that reactions such as:

O� þOSiO ¼ OþOSiO�

Oð1DÞ þ CO2 () CO2
�

CO3
�þ ! CO2 þOð3PÞ

and many others occurring during open system chondrule
formation will all lead to slope-one lines on the d17O versus
d18O plot. These processes produce 16O-poor chondrules
and an 16O-rich residual solid (Fig. 5d).

A chemical process that produces mass-independent
fractionation of oxygen isotopes during CAI formation
has been proposed by Marcus (2004). While we stress that
there are differences as well as similarities between his work
and our proposed scenario, his observations prompt us to
consider an analogous mechanism for explaining oxygen
isotope systematics during chondrule formation. The factor
that induces the apparent asymmetry between 16O and the
two heavier isotopes 18O and 17O arises because of the nat-
urally high abundance of 16O (�99.8%) compared with 18O
(�0.2%) and 17O (�0.038%). Any molecule that contains
two oxygen atoms is highly unlikely to contain two 17O
atoms or two 18O atoms. In a quantum system such for
the molecules discussed here, differences in the number of
ent fractionation of oxygen isotopes in the mesostasis of a chon-
chim. Acta (2009), doi:10.1016/j.gca.2009.04.002
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allowed states in molecules arise when two of the atoms are
identical compared to when the two atoms are not identical.
17O and 18O have such low natural abundances that in
nearly all of the molecules analyzed, the abundance
comparisons are between 16OX16O and 16OX17or18O where
X is a cation such as Si or Al in the case of CAIs and Mg
or Fe in the case of chondrules. In a highly dynamic situa-
tion such as for reactions like OXabs + O M OXOabs, which
are occurring on the surface of a growing miniature body
such as a CAI or chondrule, the position of the equilibrium
point can be different for symmetric and asymmetric mole-
cules. The symmetry of the 16OX16O molecule results in
some forbidden quantum states that are allowed for
molecules with 16OX17or18O. The former therefore has a
poorer density of vibrational quantum states compared to
the latter asymmetric molecules and a longer lifetime for
dissociation. This makes it more amenable to collisional
de-excitation to form the solid OXO. Mass-inde-
pendent fractionation therefore occurs for 16O compared
with 17,18O.

There is now good experimental evidence that the for-
mation of solids can involve mass-independent fraction-
ation of oxygen isotopes (Thiemens, 2006; Ali and
Nuth, 2007; Kimura et al., 2007) so the formation of
the chondrule could have induced mass-independent frac-
tionation in its components with subsequent recondensa-
tion of some of the material bringing back more
16O-enriched and volatile-enriched composition to the
outer part of the chondrule. However, it is still difficult
to envisage how the olivines acquired their 16O-enriched
composition if they were formed by crystallization from
a melt, which was 16O-poor, having acquired that compo-
sition from the chondrule-forming process. A possibility
is that mass-independent fractionation reactions can also
occur within a liquid. All the chemical reactions studied
so far that show mass-independent fractionation behavior
has been gas phase or gases condensing onto solid sur-
faces but may be these mechanisms are extendable into
other phases.

Exposing the chondrule to multiple environments as in
scenarios (d) and (e) can also explain the elemental and iso-
topic properties of this chondrule, but two independent
environments are required if the precursors are enriched
in 16O, and three are required if the precursors are chon-
dritic. We find these scenarios somewhat contrived. It is
not clear how the different environments would be created,
and – most important – these scenarios are not consistent
with the petrography and composition of the chondrule
that suggest complete melting with subsequent crystalliza-
tion of the olivine phenocrysts. We also argue that if the
species bringing in the 16O-rich material at the end of the
sequence of events was water, that there would be clear
indications of aqueous alteration.

In short, we consider all the properties of this chondrule
– petrographic, mineralogical, compositional, and isotopic
– to be best explained in terms of scenario (c), requiring a
method of mass-independent isotope fractionation that,
while analogous to previous suggestions, has not previously
been discussed.
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5. CONCLUSIONS

We have analyzed oxygen isotopes in a group A (Type 1)
chondrule from the Semarkona meteorite. There is strong
petrological evidence that the chondrule material was com-
pletely molten during chondrule formation and that olivine
phenocrysts crystallized from the melt leaving glassy meso-
stasis, which solidified without further change. The olivine
phenocrysts have 16O-enriched oxygen, the inner mesostasis
has 16O-depleted oxygen and the mesostasis in the outer rim
of the chondrule has 16O-enriched oxygen. We have sought
here to understand how this pattern of oxygen isotope com-
position could arise and what light it may shed upon chon-
drule formation.

There are two main mechanisms by which oxygen can
undergo non-mass-dependent fractionation. (i) Formation
of reservoirs in the early solar system or its precursor
molecular cloud which are mass-independently fractionated
relative to each other. The mechanism for the isotopic frac-
tionation being photochemical self-shielding by CO mole-
cules. (ii) Mass-independent isotopic fractionation occurs
through symmetry based selection during chemical reac-
tions. This mechanism would lead to more localized, fine-
scale variation in oxygen isotope fractionation than the
external reservoir scenario. Preliminary measurements of
the oxygen isotope composition of solar wind implanted
into collectors recovered from the Genesis mission suggest
that the sun may be significantly mass-independently frac-
tionated relative to much of the solid material observed in
the remainder of the solar system, thus giving support for
the model with large separate oxygen reservoirs.

We examined both of these mechanisms for producing
the detailed isotopic systematics observed in this Semark-
ona chondrule and have been unable to formulate a satisfy-
ing way in which either can account for the details
observed. Petrological evidence suggests that the chondrule
material was completely molten and that the olivine pheno-
crysts were formed by crystallization from the melt, the
remaining material forming a solid glassy mesostasis. There
is no evidence for relic grains or aqueous alteration in this
chondrule.

It is clear that most chondrules had a complex, probably
multi-step history. We have found a single chondrule which
is of a type that is widely assumed to have been completely
melted and devolatilized (Scott and Taylor, 1983; Sears
et al., 1996), that has suffered some reentry of volatiles
and that contains mesostasis with an oxygen isotope frac-
tionation that is not mass dependent. We have considered
five scenarios by which these properties could have been ob-
tained. We conclude that the simplest scenario that is most
consistent with its oxygen isotope systematics and its
petrographic and compositional properties is that these
properties were created during chondrule formation, crys-
tallization, and subsequent cooling. Thus we propose that
crystallization from a melt can produce mass-independent
fractionations of oxygen isotopes. It is at least arguable that
mass-independent fractionations so often observed in chon-
drite material may in some way be associated with chon-
drule formation.
ent fractionation of oxygen isotopes in the mesostasis of a chon-
chim. Acta (2009), doi:10.1016/j.gca.2009.04.002
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APPENDIX A

As stated in the main text, a systematic variation of
17O/16O ratio with ion beam position on the sample was
suspected. This results in some small corrections (of up to
1–2&) to data presented here and hence some small differ-
ences with data published previously in abstracts (Lyon
et al., 1999; Sears et al., 1999). The effect results from an in-
ferred slight tapering of width with height of the slit in front
of the 17O detector.

The defining slit in front of the 17O detector was set to
90 lm and the variation in width amounted to a decrease of
a few microns in moving several millimeters along the line of
the slit from the center vertical line of the instrument. In order
to explain what effect this may have had on the data and how
we have corrected our data, we expand upon this below.

To ensure complete accuracy in acquiring isotope ratio
measurements, it is necessary that an ion beam enters the
detector with 100% transmission through the mass-defining
slit in front of the detector. The condition for this require-
ment is that the ion beam width should be much smaller
than the detector slit. In oxygen isotope ratio measure-
ments, this condition is most stringent for analyses of 17O
since a mass resolution of �6000 is required to adequately
resolve 17O from the major 16OH interference and because
17O/16O � 3.8 � 10�4 so that the 17O� beam current is
small, perhaps a few hundred counts per second. To acquire
better than 1& precision on measuring 17O/16O ratios re-
quires >106 acquired counts of 17O so with the 17O beam,
in practice it is nearly impossible to verify the complete
transmission of the 17O beam into the detector to an accu-
racy of 1 part in 1000 under realistic analytical conditions.
A slight loss of transmission into the detector will not mat-
ter if it is always the same for every analysis. This could be
true if the detector defining slit is completely parallel and
the peak is accurately centered upon the slit for every mea-
surement. If the defining slit is not completely parallel how-
ever, and the ion beam enters the detector at different places
along the slit for different analyses, then there may be a
slight loss of transmission into the detector where the slit
Please cite this article in press as: Sears D. W. G. , et al. Mass-independ
drule from the Semarkona LL3.0 ordinary chondrite. Geochim. Cosmo
is narrower. A drop from 100% to 99.9% transmission di-
rectly translates into a 1& change in the measured
17O/16O ratio, an amount equal to the confidence limit on
the measurement. There would also be no problem if the
17O beam entered the detector at exactly the same slit width
each time, but we found that this may not necessarily have
been the case.

A slightly different ion beam trajectory around the
instrument (such as is caused when the primary ion beam
is steered to a different spot on the sample for analysis of
a different area) can cause the secondary ion beam to fall
on a different part of the mass-defining slit in front of the
detector. Fortunately we used the 17O ion beam for electro-
static beam centering and routinely monitored and re-
corded the apparent width of the 17O peak during nearly
every single ‘17O/16O ratio measurement including the
extensive measurements on standards. We found that there
was a slight correlation between measured 17O/16O ratios
against 17O peak width from the extensive standards data.
We used this correlation and the beam monitoring data
for 17O/16O and 18O/16O analyses on the sample to correct
the 17O/16O ratios for measurements on the chondrules.
The correction typically amounted to between 0& and
2& in the measured 17O/16O ratios making our data re-
ported here, slightly different from those reported by Lyon
et al. (1999) and Sears et al. (1999).
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