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Abstract: Oxygen three-isotope ratios of nine crystalline silicate particles from comet Wild 2 were
measured to investigate oxygen isotope systematics of cometary materials. We are able to analyze
particles as small as 4 um using an ion microprobe with a~1 x 2 pm beam by locating the analysis
spots with an accuracy of +0.4 um. Three particles of Mn-rich forsterite, known as low-iron,
manganese-enriched (LIME) olivine, showed extremely '®O-rich signatures (530, §'70~ —50%),
similar to refractory inclusions in chondrites. The three Mn-rich forsterite particles may have formed
by condensation from an '®0-rich solar nebula gas. Other particles consist of olivine and/or pyroxene
with a wide range of Mg# [ =molar MgO/(FeO +MgO) %] from 60 to 96. Their oxygen isotope ratios plot
nearly along the carbonaceous chondrite anhydrous mineral (CCAM) and Young and Russell lines with
A'70(=8'70-0.52 x §'80) values of -3.0% to +2.5%.. These data are similar to the range observed
from previous analyses of Wild 2 crystalline silicates and those of chondrules in carbonaceous
chondrites. Six particles extracted from Stardust track 77 show diverse chemical compositions and
isotope ratios; two Mn-rich forsterites, FeO-poor pigeonite, and three FeO-rich olivines with a wide
range of A70 values from —24%, to +1.6%.. These results confirmed that the original projectile that
formed track 77 was an aggregate ( > 6 um) of silicate particles that formed in various environments.
The A0 values of ferromagnesian Wild 2 particles (including data from previous studies) increase
from ~ —23%o to+2.5%. with decreasing Mg#: A'70 values of Mn-rich forsterite particles (Mg#=98-99.8)
cluster at —23%o, those of FeO-poor particles (Mg#=95-97) cluster at —2%, and those of FeO-rich
particles (Mg# <90) scatter mainly from —1.5% to+2.5%.. Compared to chondrules in primitive
chondrites, the systematic trend between Mg# and A'’0 among the Wild 2 particles is most similar to
that reported for CR chondrite chondrules. We argue that CR chondrites and some cometary materials share
multiple common chemical and isotope characteristics. We suggest that many of the crystalline silicate
particles formed in the outer regions of the asteroid belt, or regions that share the common properties, and

were transported to comet-forming regions and accreted into comet Wild 2.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction

those in anhydrous chondritic porous interplanetary dust parti-
cles (commonly referred as CP IDPs), most of which are believed

Short-period comets are ancient bodies of ice and silicate that
accreted in cold regions of the solar nebula and are now located in
the Kuiper belt. Returned samples from short-period comet 81P/
Wild 2 (Stardust Mission; Brownlee et al., 2006) were expected to
contain primitive Solar system materials, in particular similar to
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to be cometary in origin (cf., Bradley, 2003). The abundance of
presolar grains in Wild 2 is on the order of 1000 ppm (Leitner
et al., 2012; see also Messenger et al., 2009), which overlaps with
the range observed in primitive IDPs (~400 ppm and sometimes
even up to %-range; Floss et al., 2006; Busemann et al., 2009).
GEMS (glass with embedded metal and sulfide) grains and
enstatite whiskers, which are notable silicate materials in anhy-
drous porous IDPs, were not found, because they may have been
destroyed during capture (Ishii et al.,, 2008). Recently, Stodolna
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et al. (2012) identified an enstatite whisker in a Wild 2 particle.
Crystalline silicate particles from Wild 2 that resemble Ca-Al-rich
inclusions (CAls) and chondrules in chondrites were discovered
(McKeegan et al., 2006; Zolensky et al., 2006; Nakamura et al.,
2008, 2009; Ishii et al., 2010; Bridges et al., 2012; Joswiak et al.,
2012; Ogliore et al., 2012). The discoveries of high temperature
solids (~2000 K) are surprising, because it has been expected that
silicates in comets would be dominated by amorphous or
annealed nanocrystalline solids (~1000 K) (cf,, Brownlee et al.,
2012), but these were not found. Ciesla (2007), among others,
suggested radial transport of the high temperature solids from the
inner to the outer solar nebula regions and capture by accreting
cometary objects to explain the presence of chondrule- and
CAl-like objects in Wild 2. Some studies suggested that parent
asteroids of carbonaceous chondrites may represent cometary
materials that were implanted into the asteroid belt (e.g., Lodders
and Osborne, 1999; Gounelle et al., 2008).

Previous studies of crystalline silicates from Wild 2 showed
heterogeneous oxygen isotope ratios from —50%. to ~0%. in both
580 and §'70 values (deviation of '®0/'®0 and '70/'®0 ratios
from Standard Mean Ocean Water in parts per thousands, known
as SMOW-scale). The most ®0-rich data are obtained from the
CAl-like particle Inti (track 25; McKeegan et al., 2006), a relict
olivine grain in the chondrule-like particle Gozen-sama (track 35;
Nakamura et al., 2008), and an olivine particle (track 112;
Nakamura-Messenger et al., 2011). Other Wild 2 particles are
160_poor with A'70(=8§'70-0.52 x §'80) values mainly ranging
from —5% to +1%. (McKeegan et al., 2006; Nakamura et al.,
2008; Nakashima et al., 2011a; Bridges et al., 2012; Ogliore et al.,
2012), covering a range similar to those of anhydrous IDPs, and
suggesting a genetic link between the Wild 2 particles and
anhydrous IDPs (Aléon et al., 2009; Nakashima et al., 2011a,
2012). Many of these '®0-poor crystalline silicates from Wild
2 particles show mineral compositions and petrographic textures
similar to those in chondrules (e.g., Nakamura et al., 2008). Thus,
it is important to compare oxygen isotope data from Wild
2 particles with those in chondrules in primitive chondrites
(e.g., Krot et al., 2006a).

Recently, high precision SIMS analyses of minerals and glass in
more than 40 chondrules from Acfer 094 (ungrouped C3.0) revealed
that the oxygen isotope ratios of individual chondrules are internally
homogeneous, except for relatively minor relict olivine grains, and
represent the oxygen isotope reservoirs of the local protoplanetary
disk (Ushikubo et al., 2012). Furthermore, chondrules in Acfer 094
show the bimodal A0 values at —5%, and — 2%, that negatively
correlate with the Mg# [=molar MgO/(MgO+FeO) %] of pheno-
crysts, which suggests the existence of two separated isotope
reservoirs with different redox states. Other primitive (<3.0)
carbonaceous chondrites also show a similar systematic trend
between Mg# and A0 values, though the detail trends are specific
to individual chondrite groups (e.g., Connolly and Huss, 2010;
Nakashima et al, 2010; Tenner et al, 2011a, 2011b, 2012;
Schrader et al., 2012). Ushikubo et al. (2012) also pointed out that
the oxygen isotope ratios of chondrule-like objects studied by
Nakamura et al. (2008) match the isotope reservoirs with A'’0
value of —2%., which would widely distribute throughout the outer
solar system. The total number of Wild 2 particles that were
analyzed for oxygen isotopes with sufficient precision ( 4+ 1—2%.;
20 and 2SD) is still limited (n=10; McKeegan et al., 2006;
Nakamura et al., 2008, 2009; Nakashima et al., 2011a; Ogliore
et al., 2012). Detailed mineral chemistry data of these particles are
not always available. Therefore, the detailed distributions of A'70
and Mg# values among Wild 2 particles are not well known.

Among the Wild 2 crystalline silicates, Mn-rich forsterite, also
known as low-iron, manganese-enriched (LIME) olivine, has been
identified in Stardust tracks (Zolensky et al., 2006; Joswiak et al.,

2012), although no oxygen isotope analyses have been obtained
so far. LIME olivine was originally found in IDPs and primitive
chondrites (e.g., Klock et al., 1989; Weisberg et al., 2004). Ebel
et al. (2012) suggested that LIME olivine was a condensate from a
vapor of solar composition (see also Klock et al., 1989). Oxygen
isotope analyses of LIME olivine from an IDP showed an '®0-poor
signature (A'70=—2%; Aléon et al., 2009) similar to other
anhydrous IDPs, while those in AOAs from CR2 chondrites show
180-rich signatures (A'’0~ —20%.; Weisberg et al, 2007),
indicating there could be various formation processes/environ-
ments for LIME olivine.

In this study, we analyzed the oxygen isotope ratios of nine
ferromagnesian Wild 2 particles in order to compare them to
chondrules in various types of primitive chondrites. We report
analyses of six particles from a single Stardust track (track 77)
with a wide range of Mg# (Joswiak et al., 2012), which allow us to
explore the diversity of oxygen isotope ratios within the original
Wild 2 projectile. Three Mn-rich forsterites were also selected for
the study, two from track 77 and one from track 57; we report the
oxygen isotope ratios of LIME olivine from Wild 2 particles for the
first time.

We established routine analyses of tiny particles (<10 um in
diameter) at 1-2%o precision using the IMS-1280 ion probe at the
WiscSIMS laboratory (Nakamura et al, 2008; Nakashima et al.,
2011b). In this study, we applied two modifications to the established
analytical procedures for more accurate analyses: (1) use of indium to
mount microtomed samples which avoids the risk of consuming a
significant portion of the samples during repolishing to re-expose the
microtomed surface and (2) use of focused ion beam (FIB) marking on
the sample surface that is identified by the 0~ secondary ion
imaging for improving aiming accuracy.

2. Analytical procedures
2.1. Sample preparation

The accuracy of oxygen isotope analyses using a secondary ion
mass spectrometer (SIMS or ion microprobe) depends on the
topography of the sample surface from which secondary ions are
generated (Kita et al., 2009). In the previous studies, particles
with microtomed surfaces were individually embedded in epoxy
resin along with a mineral standard, which were then ground and
polished to flat disks with a 6-8 mm radius (Nakamura et al.,
2008; Nakashima et al.,, 2012). These small epoxy disks were
suitable for accurate oxygen isotope analyses in terms of minimal
sample topography and hydride production (Nakashima et al.,
2011b). One of the Wild 2 particles in this study was prepared
using an 8 mm epoxy disk, the same mounting technique of
Nakashima et al. (2011b, 2012). However, the procedure of
mounting small particles ( < 10 pum) is difficult and there is a risk
of consuming a significant portion of the remaining samples
during repolishing. For the remaining 8 particles in this study,
we used acrylic cubes (~100 um) containing particles with
microtomed surfaces that were pressed into indium in 8 mm
aluminum disks, without reprocessing the surface. Polished San
Carlos olivine standard grains (~100-200 pm in size) were also
mounted into the disks. Detailed procedures for sample mounting
methods are described in the Supplementary information.

In each mount, the Wild 2 particle and San Carlos olivine
standard were positioned within a 0.7 mm-radius from the center
of the aluminum disk in order to minimize the instrumental mass
fractionation between samples and standards ( < + 0.5%. in 8'20
within 1 mm-radius of the 8 mm disks; Nakashima et al., 2011b).
The flatness of the sample mounts using indium was examined by
a ZYGO NewView white light profilometer at the Materials
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Science Center, University of Wisconsin. The flatness of the entire
aluminum disk including indium, acrylic cube, sample particle,
and San Carlos olivine was typically within 5 pm.

2.2. Electron microscopy

Backscattered electron (BSE) and secondary electron (SE)
images of the Wild 2 particles were obtained using field emission
scanning electron microscopes (FE-SEMs) and a SEM at several
steps of sample preparation including: before mounting in
aluminum disks, after FIB marking, and after oxygen isotope
analyses. Periods of exposure of samples to the electron beam
were minimized so as to avoid significant depressions or defor-
mation of acrylic (and epoxy) surrounding the Wild 2 particles,
because the topography or tilting of the sample surface could
cause a significant instrumental mass fractionation in oxygen
isotope ratios (Kita et al., 2009).

Major element compositions of microtomed thin sections of
the Wild 2 particles were obtained using a FEI TF20 scanning
transmission electron microscope equipped with an energy-
dispersive X-ray spectrometer (TEM-EDS), for which measure-
ment parameters were described in Joswiak et al. (2009). The
chemical compositions were reported in Matrajt et al. (2008) and
Joswiak et al. (2009, 2012). Elemental compositions of a particle
in an epoxy mount were measured with an electron probe
microanalyzer (EPMA; CAMECA SX100) equipped with five
wavelength-dispersive X-ray spectrometers (WDS) at the
American Museum of Natural History. WDS quantitative chemical
analyses of individual silicate phases were performed at 15 kV
accelerating voltage and 15 nA beam current with a focused beam
of approximately 1 pm in diameter.

2.3. FIB marking and sample aiming

In the previous studies, the accuracy of aiming the analysis
locations was limited by the optical resolution of the reflected

160~ (cps)

light microscope (originally ~3.5 um, but recently improved to
1.8 um using a UV light source). Inaccurate aiming causes
significant beam overlap with surrounding resin and adjacent
mineral phases and aerogel, which results in inaccurate oxygen
isotope ratios. In the present study, we employed FIB marking at
the selected locations of each sample prior to the ion microprobe
analyses, which were identified by the '®0~ secondary ion
imaging. A Zeiss 1500XB CrossBeam workstation equipped with
a gallium ion source at the University of Wisconsin was used to
remove surface coatings from the Wild 2 particles (carbon and
palladium coatings ~40 nm) and a San Carlos olivine standard for
test analyses (carbon coating ~20 nm; see the Supplementary
information). A 30 keV focused Ga* ion beam set to 2-5 pA was
rastered within a 1 pm x 1 pm square on the sample surface for
~90-100 s, so that only the surface coating was removed without
significant milling of silicate mineral from the sample surface
(Fig. 1a). For smaller particles (less than 4 um of surface expo-
sure), only one FIB square was made at the center. For larger
particles (>4 pum) two FIB squares were made on the surface
guided by BSE images of the same particles.

Prior to each oxygen isotope analysis, secondary '®0~ ion
images of the Wild 2 particles with FIB squares were obtained
using the CAMECA IMS-1280 ion microprobe at the University of
Wisconsin (WiscSIMS; Kita et al., 2009). The Cs™ ion beam was
focused to <1 pum diameter (~1 pA) that was rastered over an
area of 10 um x 10 um. The secondary '°0~ ions were detected
with a multi-collector electron multiplier (EM; L2) by applying an
X-deflector after the secondary magnet (DSP2X) without moving
other multi-collection detectors nor changing the magnetic field
that was set up for the oxygen isotope analysis. Since the carbon
and palladium coatings of the 1 pum x 1 pm square within the
Wild 2 particles were previously removed using FIB, the 160~
signals were generated only from the FIB square within 5 min of
sputtering (Fig. 1b). The intensity of the primary beam used for
ion imaging was low enough that the rest of surface coating
remained intact. Following this, we moved the stage in order to

Fig. 1. An SE image of a Wild 2 particle (fragment 4 from track 77) after FIB marking (a), an '®0~ ion image (10 um x 10 um) of the Wild 2 particle before the oxygen
isotope analysis (b), an '®0~ ion image (10 um x 10 um) of the Wild 2 particle after the oxygen isotope analysis (c), and an SE image of the Wild 2 particle after the oxygen
isotope analysis (d). In panels a and d, irregular surface with many dimples of the Wild 2 particle was made by microtoming to obtain TEM thin sections. In panels b and c,
centers of cross-wires correspond to the center of the Cs* primary beam. The 0~ ion images were taken in 512 x 512 pixels (~20 nm/pixel) and in linear scale.
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locate the FIB square to the center of the 10 pm x 10 um raster
area where the oxygen three-isotope analysis was made in spot
mode as described below. The 10 pm x 10 um '°0~ ion images
were taken after each SIMS analysis to confirm the positions of
analyzed spots (Fig. 1c). The new aiming protocol is applied for
the particles smaller than ~10 um in size. We confirmed that
there was no detectable instrumental mass fractionation on the
FIB squares through the test analyses on a San Carlos olivine grain
(see the Supplementary information).

2.4. Oxygen isotope analyses

Oxygen isotope ratios of the nine Wild 2 particles were
analyzed with the WiscSIMS IMS-1280. The analytical conditions
and measurement procedures were similar to those in Nakashima
et al. (2011b, 2012). The 8 mm aluminum (or epoxy) disks
containing the Wild 2 particles were mounted in the sample
holding disk (25 mm in diameter) with three holes (8 mm in
diameter), which minimized the surface topography effects on
high precision SIMS stable isotope analyses of cometary particles
(Nakashima et al., 2011b). A focused Cs* primary beam was set to
~1umx2um and intensity of ~3 pA. The secondary '°0-,
170-, and 80~ ions were detected simultaneously by a Faraday
Cup ('®0~) and electron multipliers (70—, '¥0~) on the multi-
collection system. Intensities of '°0~ were ~1—2 x 10° cps. The
contribution of the tailing of '®*0'H~ interference to 1’0~ signal
was corrected by the method described in Heck et al. (2010),
though the contribution was negligibly small ( <0.4%.). Nine
particles were analyzed in three separate sessions (see the
Supplementary Table A1).

One to five analyses were performed for each Wild 2 particle,
bracketed by eight to nine analyses (four or five analyses before
and after the unknown sample analyses) on the San Carlos olivine
grains mounted in the same disks. For one mount, the San Carlos
olivine standard grain in the same aluminum disk was not used as
a running standard, because the standard grain showed irregular
surface and was not suitable for standardization. Instead, a San
Carlos olivine grain mounted in other hole was used for standar-
dization, where an inter-hole instrumental mass bias does not
change more than 0.5—0.7%. in 580 (Nakashima et al., 2011b).
The external reproducibility of the running standards was
1.4—3.0%0 for 5'80, 1.0-2.8%. for 8!70, and 1.2—2.5%. for A'70
(2SD; standard deviation), which were assigned as analytical
uncertainties of unknown samples (see Kita et al., 2009, 2010
for detailed explanations). We analyzed two olivine (Fo;go and
Fogp), two low-Ca pyroxene (Eng; and Engs), diopside, and
plagioclase (Angg) standards (Valley and Kita, 2009; Kita et al.,
2010) in the same session for correction of instrumental bias of
olivine, pyroxene, and plagioclase. Instrumental biases estimated
from above mineral standards (matrix effect) are within a few %o
in 880 (Supplementary Table A2; see also Valley and Kita, 2009;
Ushikubo et al., 2012). After SIMS analyses, all SIMS pits were
inspected using a FE-SEM to confirm the analyzed positions
(Fig. 1d).

3. Sample description

Nine ferromagnesian crystalline silicate Wild 2 particles
(Fig. 2) were selected for the oxygen isotope study from four
Stardust tracks (cf., Joswiak et al., 2009, 2012) including one
particle from track 22 (track name Aton), one particle from track
57 (track name Febo), six particles from track 77 (track name
Puki), and one particle from track 81. These particles were chosen
in part according to the availability of particles large enough for
one to multiple spot analyses, as well as with the purpose of

examination of multiple grains in track 77 that are known to
contain particles with a wide range of chemistry (Joswiak et al.,
2009, 2012).

3.1. Particles from track 77

Track 77 (T77) is a type B track (Burchell et al., 2008), which
has a broad cavity near the entry point and ends in three
prominent separate terminal grains, one being by far the largest
(Joswiak et al., 2012). It was suggested that the original projectile
was a loose aggregate ( > 6 um in diameter) of mineral grains and
disruption of the aggregate may have formed the broad cavity
near the entry point during impact into aerogel (Joswiak et al.,
2009, 2012). Particles from T77 were classified as coarse-grained
particles if they were larger than ~1 pm (Joswiak et al., 2012). Six
T77 particles analyzed in this study consist of single (or multiple)
minerals larger than 1 pm. Fragments 1 (terminal particle), 5, and
50 were each mounted in separate aluminum disks, while frag-
ments 4, 6, and 9 were mounted in a single aluminum disk. Two
particles consist of FeO-rich olivine: fragment 1 (hereafter F1/
T77; Foe, _s7; Fig. 2a) and fragment 4 (hereafter F4/T77; Fosg _¢g1;
Fig. 2b) (Joswiak et al., 2012). Two particles consist of forsterite:
fragment 6 (hereafter F6/T77; Foggg; Fig. 2d) and fragment 50
(hereafter F50/T77; Foggg; Fig. 2f). F6/T77 and F50/T77 contain
MnO of 0.35 and 0.46 wt% and FeO of 0.11 wt% and 0.18 wt%,
respectively. Because the MnO/FeO ratios are >1, the two
particles are classified as LIME olivines (cf., Kléck et al., 1989).
In fragment 5 (hereafter F5/T77; Fig. 2c), FeO-rich olivine (Fogg),
Na- and Cr-bearing diopside (Ens;Wo46; kosmochloric pyroxene),
and Al-Si-glass are intimately mixed (Joswiak et al., 2012). Such
mineral assemblages (Kool grains) are observed only in other
Stardust tracks and IDPs and have chemical compositions similar
to those of type Il chondrules in ordinary chondrites (Joswiak
et al., 2009). Fragment 9 (hereafter F9/T77; Fig. 2e) consists of a
Cr- and Mn-rich pigeonite (transitional to augite; EnggWoqo;
Cr;05=2.62 wt¥%; MnO=7.95 wt%; Joswiak et al., 2012). Major
element compositions of microtome sections of the T77 particles,
which were measured using TOF-SIMS, were similar to those that
we described above (Stephan, 2009).

3.2. A particle from track 22

Fragment 7 from track 22 (hereafter F7/T22; Fig. 2g) consists of
FeO-rich olivine (Fog7_91) and Al + Na silicate glass. F7/T22 can be
classified as a coarse-grained particle, because FeO-rich olivine
and glass are larger than 1 pm. T22 exhibits a carrot-shape which
tapers down towards the terminal particle (Joswiak et al., 2012)
and can thus be classified as a type A track (Burchell et al., 2008).

3.3. A particle from track 57

Track 57 was classified as a type B track (Joswiak et al., 2012).
Fragment 10 (hereafter F10/T57; Fig. 2h) consists of forsterite
(Fogg) and is enriched in MnO (1.30 wt%). Because the MnO/FeO
ratio is < 1(Fe0=2.24 wt%), F10/T57 is not classified as a LIME
olivine, but is considered a Mn-rich forsterite. Unlike F10/T57, the
terminal particle of track 57 is composed of a large pyrrhotite
crystal with attached fine-grained material consisting of sub-pum
silicates and sulfides. These fragments, along with other frag-
ments and material studied in the track indicate that the original
projectile that produced track 57 was an aggregate of fine- and
coarse-grained particles (Joswiak et al., 2012). NanoSIMS analyses
of TEM sections of material adjacent to the terminal particle show
nitrogen isotope anomalies (8'°N from +420% to +640%o),
which correspond to those of carbonaceous material (Matrajt
et al., 2008).
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Fig. 2. SE and BSE images of the Wild 2 particles after oxygen isotope analyses; (a) F1/T77, (b) F4/T77, (c) F5/T77, (d) F6/T77, (e) F9/T77, (f) F50/T77, (g) F7/T22,
(h) F10/T57, and (i) F1/T81 (BSE). Numbers near the SIMS pits in panels a, ¢, d, g, h, and i indicate spot numbers of SIMS analysis, which correspond to spot numbers in
Table 1. Dashed lines correspond to boundary between Wild 2 particles and compressed aerogel. The dotted line in panel g corresponds to boundary between olivine (OI)
and Al + Na silicate glass (Gl), whereas that in panel i corresponds to boundaries between low-Ca pyroxene (Lpx) and plagioclase (Pl). White small spherical materials
around the SIMS pits are Cs deposits. In panel i, the surface of plagioclase is partially dark and has numerous dimples. This is because the surface of F1/T81 is tilted against
the polished surface and plagioclase is partially underneath epoxy, so that the dimples on the plagioclase surface made by microtoming were not removed during the

polishing.

3.4. A particle from track 81

Track 81 is classified as a type B track (see http://www.curator.
jsc.nasa.gov/stardust/catalog/index.cfm), from which fragment
1 was extracted (terminal particle; F1/T81; 15 x 20 um). F1/T81
consists of low-Ca pyroxene (Eng;Wo3; ~10 x 10 um) and plagi-
oclase (AngsAbss; ~15 x 15 um) (Fig. 2i) and is similar to TEM
analyses obtained from microtomed thin sections of the same
fragment as analyzed by Dobrica and Brearley (2011). Because the
original microtomed surface of F1/T81 was slightly tilted against
the polished epoxy surface (Fig. 2i) the surface of F1/T81 is
partially underneath epoxy. However, the 10 x 10 pm surface
area of low-Ca pyroxene that was exposed was large enough for
multiple spot analyses by SIMS.

4. Results of oxygen isotope analyses

We made a total of nineteen spot analyses in nine Wild
2 particles. After inspection of the SIMS analysis spots by
FE-SEM, 3 out of the 19 analyses were rejected, because they
overlapped with the edge of the particle and surrounding aerogel
and/or acrylic (spot 3 in F1/T77, spot 2 in F6/T77, and spot 2 in

F10/T57; Fig. 2). A summary of the sixteen spot analyses taken
from all 9 particles is shown in Table 1; a more complete table is
given in the Supplementary Table Al. For samples with FIB-
marks, the SIMS spots were located within 0.4 pm of the center of
FIB-square on average (see the Supplementary information).

The oxygen isotope ratios show a wide variation from —50%o
to +7% in 8'%0 along the Carbonaceous Chondrite Anhydrous
Mineral (CCAM) and Young and Russell (Y&R) lines (Clayton et al.,
1977; Young and Russell, 1998; Fig. 3). The data from three
Mn-rich forsterite particles including two LIME olivine particles
(F6/T77,F50/T77, and F10/T57) plot at the lower end of the CCAM
line; their A'70 values are around —23%. (Table 1). One of the
three data points (spot 1 in F10/T57) deviates from the slope-1
lines towards low &'80 (Fig. 3). This might be due to the ion beam
hitting a small fraction of acrylic (see the Supplementary
information; McKeegan et al., 2006). The effect of acrylic
contamination, however, on the measured A'70 value is not
significant (see the Supplementary information).

The other six particles show oxygen isotope ratios that plot
around the TF line (F1/T77, F4/T77, F5/T77, F9/T77, F7/T22, and
F1/T81), similar to Wild 2 particles from previous studies (Fig. 3;
McKeegan et al., 2006; Nakamura et al., 2008; Nakashima et al.,
2011a; Ogliore et al., 2012). Data from two FeO-poor particles
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Table 1
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Oxygen isotope ratios of the nine Wild 2 particles measured using the three-hole disk and IMS-1280.%"<

Track#  Sample name (NASA JSC name)  Spot# 5180 + 2SD (%) 8170 + 2SD (%) A0 +2SD (%) Target? Size (pum)
77 F1/T77 (C2009,20,77,1,0) 1 6.0 14 4.4 1.5 1.3 1.7 Foes 7%x8
2 53 14 4.1 1.5 13 1.7
Average 13 1.2
77 F4/T77 (C2009,20,77,4,0) 6.8 1.8 21 14 -1.5 1.2 Fogo 4x4
77 F5/T77 (€2009,20,77,5,0) 1 7.1 1.7 5.5 2.8 1.8 2.5 Eng;Woye 5x7
2 2.8 1.7 2.9 2.8 14 2.5 mixed®
Average 1.6 1.8
77 F6/T77 (C2009,20,77,6,0) —46.4 1.8 —47.0 14 —-229 1.2 LIME Ol (Fogg g) 4 x4
77 F9/T77 (€2009,20,77,9,0) 0.3 1.8 ~29 14 ~3.0 1.2 EngsWoio 2x4
77 F50/T77 (C2009,20,77,50,0) —488 18 —492 18 ~239 16 LIME Ol (Foge ) 4x4
22 F7/T22 (C2115,24,22,7,0) 1 6.7 24 5.9 1.5 2.5 1.7 Fosg 4x6
2 2.5 2.4 0.6 1.5 -0.7 1.7
57 F10/T57 (C2009,2,57,10,0) 1 —555 15 —50.9 1.0 —22.0 1.3 Fogg (Mn —rich) 3x4
81 F1/T81 (C2092,7,81,1,0) 1 1.8 3.0 —-0.2 1.7 -1.1 1.8 Eng,Wos3 15x20
2 14 3.0 0.1 1.7 -0.6 1.8 Eng,Wos3
3 3.2 3.0 0.4 1.7 -13 1.8 Eng,Wos3
4 2.0 3.0 0.1 1.7 —09 1.8 Eng;Wos +AngsAbss
5 2.5 3.0 -0.5 1.7 -1.8 1.8 Eng,Wo3
Average 22 1.3 0.0 0.7 -1.1 0.8

2 The uncertainties associated with isotope ratios are external reproducibility (2SD) of eight sets of bracketing analyses of San Carlos olivine standard grains which are

embedded with the Wild 2 particles in 8 mm disks.

b Instrumental bias correction was applied for all the spots. Average values of the chemical compositions were used for instrumental bias correction.

€ The uncertainties associated with average values are twice the standard error of the mean (2SE).

4 Average (or representative) chemical compositions are shown (Joswiak et al., 2012).

€ Spot 2 in F5/T77 is a mixed phase between olivine (Fogg) and diopside (Ens;Wo4e) in the proportion of one part to 1.6, and may also include a glass phase, but which

is not taken account.
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Fig. 3. Oxygen three-isotope ratios of the nine Wild 2 particles. TF, Y&R, and
CCAM represent the terrestrial fractionation line, the Young and Russell line, and
the carbonaceous chondrite anhydrous mineral line. Literature data of ferromag-
nesian Wild 2 particles are shown for comparison, which are from McKeegan et al.
(2006), Nakamura et al. (2008), Nakashima et al. (2011a), and Ogliore et al. (2012).

(F9/T77 and F1/T81) plot below the TF line. Isotope ratios of
F1/T81 are reproducible within analytical uncertainties, and the
average and 2SE (standard error of the mean) of A'70 values of
five analyses are —1.1+0.8%.. Data from FeO-rich particles,
excluding F4/T77 data and one of two data from F7/T22, plot
above the TF line. The A'70 values from F7/T22 are —0.7%. and
+2.5%0 and marginally different (3.2 + 2.3%.). We treat the two

data from F7/T22 separately. While the A'70 values from F5/T77
are consistent within the analytical uncertainties (average
value=+1.6 + 1.8%; 2SE), the 8'%0 values differ significantly
(7.1%. and 2.8%0; Table 1). Spot 2 of F5/T77 (5'30 of 2.8%)
appears to have overlapped Al-Si-glass (67 wt% SiO,; Joswiak
et al., 2009), but the instrumental bias correction for a mixture of
diopside and FeO-rich olivine was applied (Table 1). It is likely
that the 580 and §!70 values of Spot 2 are underestimated along
the mass fractionation line because the instrumental bias (in
5180) of Si0,-rich glass is significantly lower than that of diopside
and FeO-rich olivine by ~10%. (Valley and Kita, 2009).

5. Discussion

5.1. Mn-rich forsterite Wild 2 particles with '°0-rich oxygen isotope
ratios

All three Mn-rich forsteritic Wild 2 particles have '®0-rich
oxygen isotope ratios (A'70 ~ —23%,). Mn-rich forsterite, known
as LIME olivine, was identified in IDPs (Kl6ck et al., 1989),
amoeboid olivine aggregates (AOAs, e.g., Weisberg et al., 2004;
Sugiura et al., 2009; Ruzicka et al., 2012), chondrules in CR
chondrites (Ichikawa and Ikeda, 1995), and matrix of primitive
chondrites such as Semarkona (LL3.0) and Murchison (CM; Kléck
et al., 1989). Ebel et al. (2012) suggested that LIME olivine formed
by condensation from a reduced vapor of solar composition (see
also Klock et al., 1989; Klock and Stadermann, 1994). It is unlikely
that Mn-rich forsteritic Wild 2 particles formed by reduction of
FeO- and MnO-rich olivine because of the absence of detectable
metallic iron inclusions as a product of reduction in the Mn-rich
forsterite Wild 2 particles (Fig. 2d, f, h).

Weisberg et al. (2004) argued that the formation temperature
of Mn-rich forsterite in the solar nebula was between 1100 K
and 1440K (see also Sugiura et al, 2009), corresponding
to the condensation temperatures of Mn,SiO; and Mg;SiOy,
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respectively. These high temperatures should have been achieved
only in the inner solar nebula. The A'70 values of ~ —23%, for the
three Mn-rich forsterite particles are similar to those of LIME
olivines from AOAs (~ —20%.) but different from that of LIME
olivine from an anhydrous IDP (~ —2%.) (e.g., Weisberg et al.,
2007; Aléon et al., 2002, 2009). Similar to the CAl-like particle in
Track 25 (Inti) (McKeegan et al., 2006), the Mn-rich forsterites
might have been transported to comet assembly regions from the
innermost solar nebula where '®0-rich CAls and AOAs might have
formed (A0 ~ —20%.; Krot et al., 2002). Nakamura-Messenger
et al. (2011) reported a similar '®0-rich forsterite Wild 2 particle
from track 112 (A'70 ~ —27%) and suggested that the particle
formed by condensation from an '®O-rich solar nebula gas
together with refractory inclusions.

5.2. Oxygen isotope heterogeneity of particles from a single track

Six particles extracted from T77 have variable mineral composi-
tions (Joswiak et al, 2012). The A'70 values scatter widely from
~ —23%o to +1.6%0 and show a few %o variation from — 3.0 + 1.2%o
to + 1.6 + 1.8%o. (Table 1), which was not observed in previous studies
of Wild 2 particles from single tracks (Nakamura et al., 2008;
Nakamura-Messenger et al., 2011). Although an ®0-rich relict olivine
grain was found in the chondrule-like particle Gozen-sama, the Mg#
of the relict olivine was consistent with other minerals in the same
particle (Nakamura et al., 2008). The original projectile (> 6 pum;
Joswiak et al., 2009) that was captured in aerogel was an aggregate
of um to sub-pum size silicate particles that formed in a range of
environments.

5.3. Comparison of A'70-Mg# trends between ferromagnesian Wild
2 particles and chondrules

Nakamura et al. (2008) discovered Wild 2 particles that were
similar to chondrules in carbonaceous chondrites in terms of their
mineralogy, igneous textures, and negative A'70 values. Due to
the lack of heat sources to form chondrules in the Kuiper belt,
they suggested that chondrule-like objects formed in asteroidal
regions must have been later transported to comet assembly
regions. Although annealing in the inner solar nebula, as
suggested by Nuth et al. (2000), cannot be entirely ruled out,
true igneous chondrule-forming processes may have been essen-
tial for producing the crystalline silicate particles in comet Wild 2
(e.g., Nakamura et al., 2008, 2009; Ogliore et al., 2012). Here we
compare oxygen isotope systematics between ferromagnesian
Wild 2 particles and chondrite chondrules, which may help to
constrain the source of solid materials that were transported to
the Kuiper belt.

In Fig. 4a, we plot A'70 values of ferromagnesian Wild
2 particles against their Mg# using results obtained in this study
(six particles from Table 1) along with five additional Wild
2 particles from the literature (Nakamura et al, 2008;
Nakashima et al., 2011a; Ogliore et al., 2012) with 1-2%. precision
(Table 2). The averages of multiple spot analyses are shown,
except for F7/T22 which shows two different A70 values. The 11
particles shown in Fig. 4a are derived from 8 different tracks. Data
from a '®0-rich relict olivine in Gozen-sama (Nakamura et al.,
2008) and '80-rich forsterite (Nakamura-Messenger et al., 2011)
are excluded. Five FeO-poor particles (Mg# >90) in Fig. 4a
show indistinguishable A'70 values, with the average value of
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Fig. 4. Comparisons between A'70 values and Mg# of ferromagnesian Wild 2 particles, excluding '°0-rich particles (a), chondrules from Acfer 094 and Yamato-81020
chondrites (b), chondrules from CR chondrites (¢), and chondrules from LL3 and enstatite type 3 (E3) chondrites (d). Note the difference in the Mg# scaling between type I
chondrules (FeO-poor particles) and type II chondrules (FeO-rich particles). Literature data of Wild 2 particles are from Nakamura et al. (2008), Nakashima et al. (2011a),
and Ogliore et al. (2012). A'”0 values and Mg# of carbonaceous chondrite chondrules are from Ushikubo et al. (2012) for Acfer 094 chondrules, Tenner et al. (2011a) for
Yamato-81020 chondrules, Tenner et al. (2011b, 2012) and Connolly and Huss (2010) for CR chondrite chondrules, Kita et al. (2010) for LL3 chondrite chondrules, and
Weisberg et al. (2011) for enstatite type 3 chondrite chondrules. In panel a, an enstatite particle from track 69 is not plotted, because the Mg# is not available (McKeegan
et al., 2006). For a FeO-rich particle with A'70 of —3.8%,, uncertainty is 2SD. Data in panel ¢ contain many data of type II chondrules which were selectively analyzed by
Connolly and Huss (2010), though type II chondrules are much less common compared to type I chondrules in CR chondrites (Weisberg et al., 1995). The A'”0 values
increase with decreasing Mg# for Wild 2 particles and carbonaceous chondrite chondrules, but not for chondrules from LL3 chondrites and enstatite type 3 chondrites.
The A'70-Mg# trend of the Wild 2 particles resembles CR chondrite chondrules most.
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Table 2

Mg# and A'70 values of ferromagnesian crystalline silicate Wild 2 particles in the previous studies with 1-2%, precision®.

Track# Sample name Mg# A0 + 2SE (%o) Remark References
35 Torajiro® 82 -3.8 19 Chondrule-like Nakamura et al. (2008)
69 -1.6 0.6 Enstatite McKeegan et al. (2006)
74 Iris 64 -03 2 Chondrule-like Ogliore et al. (2012)
108 Gozen-sama 95 -23 0.6 Chondrule-like Nakamura et al. (2008)
108 Gen-chan 96 -23 1.7 Chondrule-like Nakamura et al. (2008)
130 Bidi 97 -1.9 1.2 Ol+Hpx+Pl+SiO, Nakashima et al. (2011a); Joswiak et al. (2012).

3 Mg# and A'70 values are average values excluding '®0-rich relict grains. For average A'”0 value of Torajiro, while Ushikubo et al. (2012) used only pyroxene data, we

used all oxygen isotope data from olivine and pyroxene.
P Uncertainty of average A'’0 value of Torajiro is 2SD.

—2.1 4+ 1.3%0 (2SD, n=6, including an enstatite particle from track
69 without reported Mg#; McKeegan et al., 2006). The A'70
values of six FeO-rich particles (Mg#=60-82) range from — 3.8%o
to +2.5%.. We note that the lowest A0 value (—3.8%o) is from
the FeO-rich particle Torajiro (track 35), which is reported to be
internally heterogeneous (Nakamura et al., 2008). Except for
Torajiro, the average A0 value of the FeO-rich particles is
+0.1 +3.0% (2SD, n=5).

Chondrule data are compiled mainly from the recent high
precision SIMS data of type ~3.0 chondrites with known Mg# of
mafic minerals (Kita et al., 2010; Connolly and Huss, 2010; Tenner
et al., 2011a, 2011b, 2012; Ushikubo et al., 2012), which are
shown in Fig. 4b-d.

For Acfer 094 (an ungrouped type 3.0 carbonaceous chondrite)
and Yamato-81020 (C03.0), chondrules mainly show a bimodal
distribution of A'70 at ~ —5%, and ~ —2%. for chondrules with
Mg# > 96 and <96 (including type II chondrules), respectively
(Fig. 4b; Ushikubo et al., 2012; Tenner et al., 2011a). Rudraswami
et al. (2011) observed similar results from the Allende CV3
chondrite (petrologic type > 3.6; Bonal et al., 2006), though the
A'70-Mg# trend is not shown due to possible changes of Mg#
from thermal metamorphism. Chondrules and isolated olivines in
Murchison (CM) studied by Jabeen and Hiyagon (2003) seem to
show a bimodal distribution of A'”0 very similar to that in Fig. 4b.
The majority of chondrules in these chondrites are those with
Mg# > 96 and A'70 of ~ —5%..

In contrast, chondrules in CR chondrites frequently have A'70
values of ~ —2%, (Krot et al., 2006b) and show a different A70-
Mg# trend (Fig. 4c). The A'70 values of most type I chondrules
(Mg# >90) cluster at —2%. with most Mg-rich chondrules (Mg#
> 98) being systematically lower in A'’0O down to —5%, (Tenner
et al,, 2011b, 2012; see also Krot et al., 2006b), while those of type II
chondrules distribute from —2%. to +1%. (Connolly and Huss,
2010; see also Schrader et al., 2012). CH and CH/CB chondrites
contain abundant cryptocrystalline chondrules that show bimodal
A'70 values of —2%, and +1.5%. for FeO-poor and FeO-rich ones,
respectively, while those of porphyritic chondrules scatter widely
from —5% to +5%. (Krot et al., 2010; Nakashima et al., 2010,
2011b). Isolated olivine and pyroxene (most likely liberated chon-
drule phenocrysts) in CI chondrites show a systematic A'”0 increase
from ~ —5%o to +3%. with decreasing Mg# from 99 to 70 (Leshin
et al, 1997). The FeO-poor (Mg# >97) chondrules and olivine
separates from Tagish Lake (C2-ungrouped) show the A0 values
from —5%. to —2%. that are inversely correlated to Mg# (Russell
et al., 2010). These data are very similar to those of CR chondrites.

Unlike chondrules in carbonaceous chondrites, most chondrules
from type 3 LL and enstatite chondrites show fairly constant A70
values independent of Mg#: —0.2%0 to +1.6%0 and — 1%o to + 1%,
respectively (Fig. 4d; Kita et al., 2010; Weisberg et al., 2011). The
A0 distributions of forsteritic olivines from carbonaceous and
ordinary chondrites (Libourel and Chaussidon, 2011) are consistent
with those shown in Fig. 4b—d.

The different distributions observed among chondrites may repre-
sent heterogeneous oxygen isotope reservoirs that existed in the
protoplanetary disk (e.g., Ushikubo et al., 2012). Repeated chondrule
formation processes accompanying evaporation and condensation of
solid precursors would homogenize local isotope reservoirs (Kita
et al, 2010; Ushikubo et al., 2012). For carbonaceous chondrite
chondrules, the addition of water ice with A'70 >0% to the
anhydrous solid precursors would result in systematic increase of
A0 values for type Il chondrules compared to those of type I
chondrules in the same chondrites (Fig. 4b—c; Connolly and Huss,
2010; Tenner et al., 2012; Ushikubo et al., 2012).

The A'70 values of the ferromagnesian Wild 2 particles range
from — 4% to +2.5%o (Fig. 4a). In particular, the A0 values of FeO-
poor particles (Mg#=95-97) cluster at —2%. and those of FeO-rich
particles (Mg#=60-82) scatter mainly from — 1.5%o to +2.5%o. FeO-
poor crystalline silicates with A’’0 > 0% and ~ —5%, have not
been observed. Although the amount of data available is limited
(n=12), the A170-Mg# trend of the Wild 2 particles most closely
resembles CR chondrite chondrules among the chondrite groups
described above. This is in agreement with the suggestion from
mineralogy and chemistry of Wild 2 particles and chondrites
(Weisberg and Connolly, 2008) and late formation of many CR
chondrules and type Il chondrule-like Wild 2 particle Iris compared
to chondrules in other chondrites based on 2°Al chronology ( >3 Ma
vs. ~2 Ma after CAls; Nagashima et al., 2007, 2008; Hutcheon et al.,
2009; Ogliore et al., 2012; see also Kita and Ushikubo, 2012). It
should be noted that there are notable differences between chon-
drules in CR chondrites and Wild 2 particles. Phenocryst sizes in the
chondrule-like Wild 2 particles ( <10 pm; Nakamura et al., 2008;
Ogliore et al., 2012) are much smaller than those in CR chondrules
(=50 pum; Krot et al., 2006b; Connolly and Huss, 2010), which may
be due to sampling bias for Wild 2 particles (Brownlee et al., 2012).
It seems that FeO-rich particles are more frequently observed from
comet Wild 2 crystalline silicates than in carbonaceous chondrites
including CR chondrites (Zolensky et al., 2006, 2008; Dobrica et al.,
2009). The FeO/MnO ratios of FeO-rich Wild 2 olivines overlap not
only those in CR chondrites but also in other carbonaceous and
ordinary chondrites (Frank et al., 2012). In spite of these differences,
the similarity of the A'70-Mg# trends between chondrules in CR
chondrites and ferromagnesian Wild 2 particles suggests a close
relation between their local disk environments that had similar
oxygen isotope ratios and redox states.

5.4. Implication to the origin of crystalline silicate Wild 2 particles

Oxygen isotope analyses revealed that crystalline silicates
from comet Wild 2 include '®O-rich and relatively '®0-poor
particles, which is very similar to primitive chondrites that
contain '®0-rich CAls and relatively '®0-poor chondrules (e.g.,
Yurimoto et al., 2008). It is suggested that both '®0-rich and -poor
solids were widely distributed throughout the outer solar nebula,
from the asteroid belt to the Kuiper belt (Aléon et al., 2009;
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Ushikubo et al, 2012). The '®0-rich Mn-rich forsterite Wild
2 particles may have been transported from where '°O-rich
refractory inclusions formed (the innermost solar nebula) to
comet-forming regions by outward flow in the protoplanetary
disk, as the early formed refractory inclusions were widely
dispersed in the solar nebula (e.g., Ciesla, 2010).

In contrast, chondrules show different characteristics for each
chondrite group including oxygen isotope systematics (Fig. 4b-d)
and size of chondrules (Scott and Krot, 2003; Jones, 2012).
A similarity of oxygen isotope ratios between bulk chondrules
and their host chondrites (e.g., Clayton, 2003) indicates that
chondrite accretion regions may be closely related to chondrule
formation regions, which might have been spatially separated for
different chondrite groups (e.g., Kurahashi et al., 2008). Chon-
drules might have formed later than refractory inclusions (e.g.,
Kita and Ushikubo, 2012) in a dust-rich layer of the protoplane-
tary disk where efficiency of radial transport was low enough and
they did not migrate far before they accreted to planetesimals.
However, given the similarity of oxygen isotope systematics
between crystalline silicate Wild 2 particles and CR chondrules,
some fractions of crystalline silicates in comet Wild 2 were
derived from the inner protoplanetary disk that may be closely
related to the location of CR chondrite parent body formation.

Here we discuss a possible location of source regions of Wild
2 crystalline silicates in the early solar nebula. It is generally
considered that accretion locations of carbonaceous chondrites
were further from the Sun than those of enstatite and ordinary
chondrites based on chondrite properties (e.g., Rubin and Wasson,
1995). Among carbonaceous chondrites, CR chondrites show large
deuterium and '"N enrichments in organics, H,0, and bulk
samples that may be the products of low temperature chemistry
in the interstellar medium or the early outer Solar System
(Weisberg et al., 1995; Busemann et al, 2006; Floss and
Stadermann, 2009; Alexander et al., 2010), suggesting accretion
of CR chondrites at the furthest locations of any carbonaceous
chondrite (Fig. 5), probably outer regions of the asteroid belt.
Alternatively, Aléon (2010) suggested that a late accretion of CR
chondrites accounts for the '°N enrichments. These two sugges-
tions are compatible, given that the growth of an object is slower
at larger heliocentric distances (cf., Weidenschilling, 2005). Thus,
we suggest that both chondrules in CR chondrites and many
crystalline silicates in Wild 2 formed in the furthest regions of
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chondrule formation. This is consistent with frequent occurrence
of FeO-rich particles with A'’0 > 0%, that may have formed by
an addition of '®0-poor water ice, given that further locations
from the Sun may have been more abundant in water ice (e.g.,
Cuzzi and Zahnle, 2004). Crystalline silicates at greater helio-
centric distances might have been transported outward more
effectively, considering that the Sun’s gravitational potential is
inversely related to the heliocentric distance. Although particles
from inner asteroid regions would have been transported to
comet-forming regions, an appreciable fraction of the ferromag-
nesian crystalline silicates in comet Wild 2 might have been
delivered from the furthest regions of chondrule formation, which
probably corresponds to the outer regions of the asteroid belt.

6. Conclusions

Oxygen three-isotope ratios of nine Wild 2 particles were
analyzed using a 1 x 2 um spot with 4+ 0.4 pm aiming accuracy.
Three Wild 2 particles of Mn-rich forsterite showed A'70 values
of ~ —23%, which are comparable to those of °0-rich AOAs and
CAls (e.g., Aléon et al., 2002). It is suggested that the three Mn-
rich forsterite particles formed by condensation from an 60-rich
gaseous reservoir in the innermost solar nebula.

Six particles from track 77, a type B track, showed a signifi-
cantly large chemical and isotope heterogeneity with the A0
variation from —24%. to +1.6%.. The original projectile of the
track 77 particles may have been an aggregate of silicate particles
that formed in a range of environments.

Four FeO-rich Wild 2 particles showed A!'70 values from
—1.5%0 to +2.5%, while two FeO-poor particles showed A0
values of —3.0% and —1.1%. Combined with results of the
previous studies, the A'70 values of the ferromagnesian Wild
2 particles distribute from —4%o to +2.5%o, while A'”0 values of
FeO-poor particles (Mg#=95-97) cluster at —2%o and those of
FeO-rich particles (Mg#=60-82) scatter mainly from —1.5%. to
+2.5%0. The A170-Mg# trend is most similar to that of chondrules
in CR chondrites, but very different from other carbonaceous
chondrites, including Acfer 094, CO3, and CV3. Many of the
crystalline silicate particles may have been derived from the
outer regions of the asteroid belt where carbonaceous chondrites
formed.
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Fig. 5. Schematic diagram showing outward radial transport processes from the inner solar nebula to the comet assembly regions (Fig. 2 from Scott and Krot, 2005)
Abbreviations: E, enstatite chondrites; O, ordinary chondrites; C, carbonaceous chondrites; CR, CR chondrites.
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