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Abstract—Oxygen three-isotope ratios of three anhydrous chondritic interplanetary dust
particles (IDPs) were analyzed using an ion microprobe with a 2 um small beam. The three
anhydrous IDPs show A'’O values ranging from —59%, to =+ 1%,, which overlap with those of
ferromagnesian silicate particles from comet Wild 2 and anhydrous porous IDPs. For the first
time, internal oxygen isotope heterogeneity was resolved in two IDPs at the level of a few
per mil in A'7O values. Anhydrous IDPs are loose aggregates of fine-grained silicates (<3 pm
in this study), with only a few coarse-grained silicates (2-20 pm in this study). On the other
hand, Wild 2 particles analyzed so far show relatively coarse-grained (= few pum) igneous
textures. If anhydrous IDPs represent fine-grained particles from comets, the similar A'’O
values between anhydrous IDPs and Wild 2 particles may imply that oxygen isotope ratios in
cometary crystalline silicates are similar, independent of crystal sizes and their textures. The
range of A'’O values of the three anhydrous IDPs overlaps also with that of chondrules in
carbonaceous chondrites, suggesting a genetic link between cometary dust particles (Wild 2

particles and most anhydrous IDPs) and carbonaceous chondrite chondrules.

INTRODUCTION

Oxygen isotope ratios ('*0/'°0 and '"0/'°0) of
extraterrestrial materials are known to show a wide
variation, and many of them plot generally along a slope
approximately one line in the oxygen three-isotope
diagram, in which 80/1%0 and '"0/'°0 ratios are
converted to 8'%0 and 8'70O (per mil deviations from
Vienna Standard Mean Ocean Water). A significant
amount of data has been published that range from
—-80%, to +200%, in 8'0 and 8'70O values, from bulk
meteorites, Ca-Al-rich inclusions (CAIls), chondrules,
meteorite matrix (e.g., Clayton et al. 1977; Clayton 1993;
Kobayashi et al. 2003), cosmic-symplectite (COS)
(Sakamoto et al. 2007), and solar wind collected by the
Genesis Spacecraft (McKeegan et al. 2011). It has been
suggested that the mass-independent isotope variation of
oxygen among extraterrestrial materials originated from
isotope selective photodissociation of CO induced by UV
irradiation in the molecular cloud (Yurimoto and
Kuramoto 2004) or in the protoplanectary disk (Lyons
and Young 2005).

While these significant isotope anomalies have been
obtained from the inner solar system materials, oxygen
isotope ratios of outer solar system objects (beyond the
asteroid belt) are still largely unknown. A missing piece
of information on the oxygen isotope signature of the
outer solar system was provided by particles collected
from comet 81P/Wild 2 (The Stardust mission;
Brownlee et al. 2006). A particle reported from comet
81P/Wild 2 consisted of refractory minerals and was
similar to CAls, especially those in some carbonaceous
chondrites (Zolensky et al. 2006). The CAl-like Wild 2
particle (particle from track 25, Inti) showed oxygen
isotope ratios similar to those of CAIs in chondrites
(McKeegan et al. 2006). Nakamura et al. (2008, 2009)
found ferromagnesian Wild 2 particles that are
petrologically and chemically identical to chondrules in
chondrites, and whose oxygen isotope ratios were
similar to those of chondrules in carbonaceous
chondrites. Ciesla (2007), among others, suggested a
radial transport mechanism of the high temperature
solids from the inner solar nebula to the outer solar
nebula regions which could account for inner solar
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system solids being captured by accreting cometary
objects.

In addition to particles from Wild 2, which sampled
a single comet, many of the interplanetary dust particles
(IDPs) collected in Earth’s stratosphere may have
originated from short period comets (cf. Bradley 2003).
These should have had atmospheric entry velocities of
>14 km s™', generally (but not universally) faster than
those of asteroidal origin (~12 km s™'; Jackson and
Zook 1992). Brownlee et al. (1995) estimated atmospheric
entry velocities of specific captured IDPs based on the
degree of frictional heating deduced from solar-wind-
implanted “He release patterns, and found that IDPs
with atmospheric entry velocities of >18 km s™' were
dominated by anhydrous minerals (see also Joswiak
et al. 2000), consistent with a primitive history. Most
anhydrous chondritic porous IDPs (commonly referred
as CP IDPs) show primitive characteristics, such as
highly variable deuterium/hydrogen ratios that are
thought to have cold molecular cloud origin (Messenger
2000) and high abundances of presolar silicate grains
(e.g., Messenger et al. 2003). They often contain GEMS
(glass with embedded metal and sulfide) grains that are a
mineralogically disequilibrium assemblage of oxygen-
rich, low-iron magnesium silicate glass embedded with
nanometer-sized inclusions of FeNi metal and Fe-sulfides
(Bradley 1994, 2003; Keller and Messenger 2011). These
primitive characteristics and the loosely aggregated
porous texture may be best explained if they originated
from comets in which aqueous fluids were never
generated (Bradley [2003] and references therein). As
approximately 30,000—40,000 metric tons of dust particles,
including anhydrous porous IDPs, are delivered to the
Earth each year (Love and Brownlee 1993), the
anhydrous porous IDPs are more accessible (and less
altered by collection) than Wild 2 particles. Orbit
computations have revealed the timing of dust delivery
to the Earth from Earth-crossing comets, most recently
from 26P/Grigg—Skjellerup and 73P/Schwassmann—
Wachmann 3 (Messenger 2002, 2011). Thus, anhydrous
porous IDPs are suitable samples to study outer solar
system objects, and some of these may have known
origins.

Oxygen in ferromagnesian crystalline silicates in
anhydrous porous IDPs shows a narrow range of oxygen
isotope ratios with A'’O (=8""0 - 0.52 x §'%0) values
~=2%, (Aléon etal. 2009), which are similar to
ferromagnesian crystalline silicate particles from comet
Wild 2 (McKeegan et al. 2006; Nakamura et al. 2008;
Nakashima et al. 2011a). Aléon et al. (2009) suggested a
genetic relationship between the anhydrous porous IDPs
and Wild 2 particles.

To further compare anhydrous IDPs to Wild 2
particles, we report oxygen isotope ratios of three

anhydrous IDPs (L2005 E36, L2005 F39, and L2005
Z17) that were previously studied for their mineralogy
by Zolensky and Barrett (1994). Olivine in the three
anhydrous IDPs shows a wide range of Fo# (Mg/
[Mg + Fe] mole%; ~70-90 for E36, 60-100 for F39,
and 50-90 for Z17; Zolensky and Barrett 1994). L2005
E36 and L2005 F39 are fragments of cluster IDPs
L2005 #25 and L2005 #31 respectively; the latter IDP
shows a large deuterium enrichment (8D ~ +20,000%,;
Messenger 2000).

In the previous oxygen isotope studies of anhydrous
porous IDPs, the samples were often pressed into gold
foils (e.g., McKeegan 1987; Aléon et al. 2009). The
disadvantage of this sample preparation technique is that
the original petrologic texture is destroyed. Furthermore,
the unpolished surface would produce a potential SIMS
analytical bias due to surface topography (Kita et al.
2009). To avoid these problems, we remounted and
polished the IDPs to obtain a flat sample surface, and
followed the new analytical protocols developed for tiny
particles using the multicollector ion microprobe at
University of Wisconsin-Madison (Nakamura et al.
2008; Nakashima et al. 2011b).

ANALYTICAL PROCEDURES
Sample Preparation

The three anhydrous IDPs that we selected in this
study were known to contain olivine and pyroxene
crystals larger than 1-2 um (Zolensky and Barrett 1994),
which are large enough to be individually analyzed by
SIMS. Before embedding in epoxy, the three IDPs were
rinsed with freon and hexane to remove silicone oil,
which is used for collecting IDPs in the stratosphere.
Two IDPs (L2005 E36 and L2005 Z17; hereafter E36
and Z17) were embedded in small epoxy chips
(~200 pm x 100 um x few dozen micrometers) and
another IDP (L2005 F39; hereafter F39) was mounted in
a 200 pm x 200 pm square top mesa of an epoxy potted
butt with an 8 mm diameter. All these particles had a
microtomed surface. Procedures for sample preparation
are similar to those described in Nakashima et al.
(2011b). Epoxy chips containing E36 and Z17 were
individually placed on the center of epoxy disks (8 mm
diameter and ~2-2.5 mm thickness) and fixed with a
drop of epoxy resin (Fig. 1). Two San Carlos olivine
standard grains (50-200 um in longest diameter) were
added to each disk, by leaning against the two side-walls
of the epoxy chips (E36 and Z17) or 200 um square
epoxy mesa (F39) that contained the IDPs. Then, the
surface of the epoxy disks (E36 and Z17) and epoxy rod
(F39) were covered with new epoxy resin and cured. The
covered surface was then ground and polished using
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Fig. 1. Schematic drawing of an epoxy disk (a) and an optical
microscope image (transmitted light) of IDP L2005 Z17 (b),
which is located in an area within 1 mm radius from the center
of the epoxy disk.

diamond lapping film and diamond suspension until
both IDPs and standard grains were exposed on the flat
surface. The epoxy rod was sliced to a thickness of
approximately 2.5 mm from the final polished surface in
order to fit in the special adaptor for the SIMS sample
holder.

During the mounting of IDPs and San Carlos olivine
standard grains in the epoxy disks, we carefully located
them precisely within a 1 mm radius from the center of
the epoxy disks (Fig. 1a). This is important for SIMS
analysis, because instrumental mass fractionation occurs
at the outside of the 1 mm radius from the center of the
epoxy disks (>+0.5%, in 8'%0; Nakashima et al. 2011b).
We also carefully adjusted the height of San Carlos
olivine standard grains to be above the original
microtomed surface of the IDPs. In this way, the
standard grains would be exposed to the surface of the
final epoxy disk so that they could be analyzed
repeatedly before and after the IDP analyses.

Electron Microscopy

The polished surface of the IDPs was observed using
a scanning electron microscope (SEM; Hitachi S3400)
with an energy-dispersive X-ray spectrometer (EDS) at
University of Wisconsin-Madison, resulting in backscattered
electron (BSE) and secondary electron (SE) imaging.
Long periods of exposure of samples to the electron
beam at high beam intensities would damage the epoxy
resin surrounding IDPs, creating significant depressions
or deformation. This topography or tilting of the sample
surface could cause a significant instrumental mass
fractionation in oxygen isotope ratios. Therefore, we
tried to minimize the beam intensity and the total
exposure time of SEM observation before the SIMS
analysis. Detailed observation using SEM was done after
ion microprobe analyses; at that time all SIMS pits were
inspected. In addition to the Hitachi S3400 SEM, a Zeiss
LEO1530 field emission (FE) SEM at Material Science
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Center, University of Wisconsin-Madison was used to
confirm the analyzed positions.

As mentioned earlier, IDP samples were cleaned
with freon and hexane to remove silicone oil prior to
sample mounting. Silicone oil mainly consists of Si, H,
and O, so that a small amount of leftover oil could
contaminate oxygen isotope analyses of the IDPs. We
carefully examined fine-grained phases in the three IDPs
using SEM-EDS so as to estimate the amount of
phosphorous, which is used as an indicator of
contamination of silicone oil in IDPs (Bradley et al.
2011). The EDS spectra of the fine-grained phases in the
three IDPs did not show clear peaks of phosphorous,
suggesting that contamination of silicone oil is not
significant in the three IDPs.

Oxygen Isotope Analyses

The 8 mm epoxy disks that contain the IDPs were
mounted in the sample holding disk (25 mm in diameter)
with three holes (8mm in diameter), which was developed
especially for high precision SIMS stable isotope
analyses of cometary particles (Nakashima et al. 2011b).
Oxygen isotope ratios of the three IDPs were analyzed
with the CAMECA IMS-1280 ion microprobe at the
WiscSIMS laboratory (Kita et al. 2009). The analytical
conditions and measurement procedures were similar to
those in Nakamura et al. (2008). A focused Cs™ primary
beam was set to approximately | um X2 pm and
intensity of approximately 3 pA. The '°O~, 'O~ and
0~ jons were detected simultaneously. Secondary ions
of '°0~ and 'O~ were detected using Faraday cup (FC)
and electron multiplier (EM) on the multiple collector
trolleys, respectively, with mass resolving power (MRP)
of 2200 (at 10% height). The EM at the ion optical axis
and fixed position (mono collection detector) was used
for detection of 7O~ with MRP ~ 5000 (at 10% height).
Intensities of '°0O~ were approximately 2 x 10° cps. The
baselines of the multi-FC were measured during the
presputtering (240 s) in respective analyses and used for
data correction. The contribution of the tail of '°O'H™ to
the 'O~ signal was corrected by the method described in
Heck et al. (2010). The uncertainties of the corrections
(14% of corrected amounts) were added to the final error
assignments for 8'’0 and A'7O (see Heck et al. 2010).

Three to seven analyses were performed in individual
IDPs, bracketed by eight analyses on the San Carlos
olivine grains mounted in the same epoxy disks. External
reproducibility of the San Carlos olivine grains was 0.9—
1.5%, for 8'®0, 1.2-1.8%, for 8'70, and 1.0-2.0%, for
A0 (2 SD; standard deviation), which are assigned as
analytical uncertainties of unknown samples (see Kita
et al. 2009, 2010 for detailed explanations). We analyzed
two low-Ca pyroxene (En97 and En85) standards (Kita
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et al. 2010) in the same session for correction of
instrumental bias of low-Ca pyroxene. Individual data
were carefully examined after the inspection of SIMS pits
using the SEM.

To evaluate the effects of epoxy potentially being
present in fine-grained phases of anhydrous porous IDPs
(E36 and F39), we analyzed epoxy resin and olivine
standards in one disk, although the test was made under
oxygen two isotope ('*0/'°0) analyses using 10 pm spots
(primary beam intensity of ~2 nA) and multiple FC
detectors, similar to the condition described in Kita et al.
(2009). Analyses were made with variable proportions of
epoxy and olivine mixtures in the analysis spots; from
100% (clean epoxy) to 0% (olivine). Data are shown in
the Supporting Information section. These measurements
of epoxy resulted in low 8'%0 values (as low as —35%,).
The secondary '°O~ count rates from epoxy were only
1.2 x 10® cps, which was approximately one-twentieth of
those of San Carlos olivine (2.6 x 10° ¢ps). In the case of
approximately 3 pA primary beam that yields secondary
10~ of 2 x 10° cps for olivine standard, the secondary
10~ count rates from epoxy are expected to be
1 x 10° cps. Because of the relatively low secondary
oxygen ion yield from epoxy resin, the effect of epoxy
contamination on the measured oxygen isotope ratios are
probably not a significant factor in the analyses of fine-
grained phase in the IDPs.

RESULTS
Petrology of Anhydrous IDPs

Figure 2 shows BSE images of the three IDPs (see
also Zolensky and Barrett 1994). E36 is porous and
consists of submicrometer silicates (Fig. 2a; mainly low-
Ca pyroxene and olivine; Zolensky and Barrett 1994).
Formerly, this IDP contained a large enstatite crystal
(~10 pm x 15 um) with Fe-Mg zoning (Zolensky and
Barrett 1994). However, it was lost before the current
sample preparation. F39 is also porous and consists of
olivine and pyroxene (mostly low-Ca pyroxene) smaller
than 3 pm (Fig. 2b). The surface of this IDP is partially
underneath epoxy. This is because the microtomed
surface of the IDP was slightly tilted against the polished
surface. The two IDPs (E36 and F39) are porous, and
for this reason, epoxy permeated into intercrystalline
voids (Figs. 2d and 2e). The third IDP Z17 consists of
low-Ca pyroxene grains larger than 2 pm up to 20 um,
submicrometer silicate, and FeNi metal grains (detected
by SEM-EDS; Fig. 2c). There are two kinds of fine-
grained domains in Z17: dense and porous. The dense
domain consists of submicrometer silicates (olivine and
low-Ca pyroxene) that are packed together and are
almost free of epoxy (Fig. 2f). In the porous domain,
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Fig. 2. BSE images of the surfaces of the three IDPs; (a) L2005
E36, (b) L2005 F39, and (c) L2005 Z17. Enlarged SE images
show the SIMS pits in individual IDPs: (d) L2005 E36, (e)
L2005 F39, and (f) L2005 Z17. Panel (g) shows the fine-grained
porous domain in Z17. In panel (g), there is a hole at the edge
of low-Ca pyroxene, which is a pit made by SIMS analysis that
was aborted in the middle of measurement, because significant
drift of isotope ratios occurred. White rectangles in the
respective BSE images indicate the locations of panels (d), (e),
(f), and (g). White arrows indicate SIMS pits in the IDPs.
Numbers near the SIMS pits in panels (c), (d), and (e)
correspond to SIMS analysis spot numbers in Table 1.
Lpx = low-Ca pyroxene.

submicrometer silicates and FeNi metal loosely aggregate
and the void spaces are filled with epoxy (Fig. 2g).
The grain size of submicrometer silicate is estimated
as approximately 100 nm to 1 um from FE-SEM
observation. SEM—EDS shows that the fine-grained dense
domain around the SIMS pits (spots 5 and 7; Fig. 2c¢) is
dominated by olivine rather than low-Ca pyroxene in
various proportions (olivine makes up >90% around spot
Sand ~70% around spot 7).

Previous TEM observations did not find GEMS
grains in the three IDPs (Zolensky M. E. unpublished
data). We also searched for GEMS grains in the three
IDPs with FE-SEM using an example from Aléon et al.
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Table 1. Oxygen isotope ratios and secondary '°O count rates of three anhydrous IDPs, L2005 E36, F39, and

Z17%5,
OH
%0 correction
Spot# 30 £ 2SD (%) 870 £ 25(%) A0 £ 25(%,) Target (10 cps)  (%)°
L2005 1 0.0 1.1 Fine-grained 2.06 0.4
E36 2 1.1 1.1 Fine-grained 2.20 0.4
3 -2.8 1.1 Fine-grained 1.84 0.5
Average -0.6 0.8
L2005 1 -2.1 1.1 Fine-grained 1.91 4.0
F39 2 -4.6 1.4 Fine-grained 2.07 7.2
3 -2.5 1.0 Fine-grained 2.16 1.6
Average -3.0 0.6
L2005 1 -1.9 1.5 -4.5 1.8 -3.5 2.0 Low-Ca px 1.73 0.1
zZ17 2 -33 1.5 -6.0 1.8 -4.3 2.0 Low-Ca px 1.78 0.1
3 -1.0 1.5 =53 1.8 —4.8 2.0 Low-Ca px 1.67 0.1
4 -6.2 1.5 =71 1.8 -39 2.0 Low-Ca px 1.88 0.2
5 -0.9 2.0 Fine-grained 2.12 0.8
6 -2.0 1.5 -6.3 1.8 =52 2.0 Low-Ca px 1.72 0.1
7 0.0 2.0 Fine-grained 2.70 0.6
Average -2.9 0.7 -5.8 0.8 —-4.3 0.9 Low-Ca px
Average -0.4 14 Fine-grained

aThe uncertainties associated with 8'®0 are external reproducibility (2 SD) of eight sets of bracketing analyses of San Carlos olivine standard
grains which are embedded with the IDPs in epoxy disks, while confidence errors (95%; 20) associated with 3'70 and A'’O include external

reproducibility and uncertainty of hydride correction (Heck et al. 2010).

“Instrumental bias correction was not applied for the fine-grained phases in E36, F39, and Z17 (see text).
“Bold-faced numbers are average values and twice the standard error of the mean (2 SE).
9Hydride correction (%,) = '®O'H" intensity/['’O™ intensity x (’O~ tail/!”O~ intensity)] x 1000; 7O~ tail/!’O~ intensity = 1.3 x 107>

(2009), without success. Although the absence of GEMS
might indicate that the fine-grained phases in these IDPs
are equilibrated aggregates (Bradley 1995), Zolensky and
Barrett (1994) reported a wide range of Fo# in olivine in
the three IDPs (see the Introduction). This indicates that
these three IDPs are truly unequilibrated. Therefore, it is
likely that the three IDPs were originally depleted in
GEMS grains compared to typical anhydrous porous
IDPs, but we cannot completely rule out the presence of
GEMS grains in the three IDPs.

Oxygen Isotope Ratios in IDPs

We obtained a total of 13 spot analyses from three
IDPs. The full data table is shown in the Supporting
Information section, and a summary of the analyses is
shown in Table 1.

Coarse Low-Ca Pyroxene in Z17

In Z17, five analyses were made in low-Ca pyroxene
grains that are as large as several micrometers to 20 um.
The inspection of SIMS pits using the SEM indicates that
the individual spots are within low-Ca pyroxene grains
and do not overlap with other domains. Secondary ion
intensities were stable and as high as those of the San
Carlos olivine standards. The interference correction
from '°O'H™ was smaller than 0.2%, (Table 1). These

data are reproducible within analytical uncertainties and
plot between the carbonaceous chondrite anhydrous
mineral (CCAM) and Young and Russell (Y&R) lines
(Clayton et al. 1977, Young and Russell 1998). The
average and 2 SE (standard error of the mean) of 3'%0,
3'70, and A'7O values of five analyses are —2.9 + 0.7%,,
-5.8 £ 0.8%,, and —4.3 + 0.99,,, respectively. One data
point (spot 4; Fig. 3; Table 1) slightly deviates toward
low 8'80 compared to the other low-Ca pyroxene data.
However, spot 4 appears to hit the edge of the low-Ca
pyroxene grain, which may have induced slight
mass-dependent instrumental fractionation (Kita et al.
2009).

Analysis of Fine-Grained Phases

Eight analyses were made in fine-grained phases in
three IDPs. The inspection of SIMS pits using the SEM
indicates that the individual spots were all mixtures of
submicrometer olivine and pyroxene grains (plus epoxy
in E36 and F39), as we did not find GEMS. We noticed
that the secondary '°O™ intensity during the analyses of
fine-grained phases was 5-50% higher than those of the
olivine standard. Secondary ion intensities fluctuated
during individual analyses. Often, raw &'*O values
drifted more than 15%, toward lower values during a
single analysis, which was never observed during the
analyses of standards and coarse low-Ca pyroxene grains
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Fig. 3. Oxygen isotope ratios of coarse low-Ca pyroxene in
IDP L2005 Z17. TF, Y&R, and CCAM represent the terrestrial
fractionation line, the Young & Russell line, and the
carbonaceous chondrite anhydrous mineral line.

in Z17. It is possible that the conditions of sputtering of
the fine-grained phases were very different from that of
single mineral analysis. It is possible that heterogeneous
sputtering rates resulted from the mixture of multiple
minerals. Instrumental mass fractionation during the
analysis of fine-grained phases would be variable from
spot to spot, and the matrix corrections using mineral
standards might not be completely successful. However,
this instrumental mass fractionation occurs in a mass-
dependent manner, and therefore the A'’O values from
these fine-grained phase analyses would not be affected.
Indeed, raw A'7O values did not drift in any analyses of
fine-grained phases and were not correlated with the drift
of raw 8'®0 values (see the Supporting Information
section). Thus, we only report A'’O values for these eight
fine-grained phase analyses (Fig. 4; Table 1).

The fine-grained domains in Z17 are free from epoxy
(Fig. 2f), whereas in E36 and F39 analysis spots include
epoxy resin that permeated porous fine-grained phases in
the IDPs. Contamination by resins such as epoxy and
acrylic is known to produce low 'O values along the
terrestrial fractionation (TF) line (McKeegan et al. 2006;
test analyses in this study; see the Supporting
Information section), which is similar to the effects seen
in the analyses of fine-grained phases. However, the
secondary ion intensity of oxygen from epoxy resin must
be more than an order of magnitude smaller than those
of the IDP analyses, which were similar to or even
greater than those of the olivine standard (see the
Analytical Procedures section). Therefore, the low 8'*0
values cannot be readily explained by epoxy alone. We
speculate that ion bombardment of the silicate—epoxy
mixture at the nanometer scale results in instrumental
mass fractionation that is different from silicates.
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Fig. 4. Oxygen isotope ratios of the three IDPs (L2005 E36,
F39, and Z17) are plotted as deviations from the terrestrial
fractionation (TF) line (A'7O = §'70 - 0.52 x 3'*0). The
A0 values of ferromagnesian silicate particles from comet
Wild 2 and ferromagnesian silicates in anhydrous IDPs are
shown for comparison: [1] Aléon et al. (2009), [2] McKee%an
et al. (2006), and [3] Nakamura et al. (2008). Average A'’O
values of two Wild 2 particles (Pyxie and Bidi) are also shown
for comparison: [4] Nakashima et al. (2011a). Two chondrule
groups having distinct A'’O values of —5%, and —29%, from
Acfer 094 are shown for comparison: [5] Ushikubo et al.
(2011). A0 values of F39-Fg need to be treated with caution,
because of large hydride corrections for the fine-grained phases
(Table 1).

The A'’O values of two analyses in the fine-grained
dense domain in Z17 are approximately 0%, which is
different from those in the coarse low-Ca pyroxene
grains in the same IDP. Therefore, Z17 must consist of
grains with heterogeneous oxygen isotope ratios. The
A0 values of three analyses of E36 are slightly variable,
showing one data at —2.8 £+ 1.19,, and two others at 09,
to +19%,. The A0 values of three analyses of F39 show
values approximately —39%,, although one of them has
larger analytical errors of 149, due to hydride
corrections as high as 79, (Table1). Possible
explanations for the relatively high hydride contribution
may be adsorbed water on the fine-grained phases that
have large surface area and/or permeated epoxy. The
magnitude of the 'O'H™ peak was recorded after each
SIMS analysis for hydride correction (see Heck et al.
2010), so that we did not know the hydride contribution
to '"O” during the SIMS analysis. The large hydride
correction (7%,) might account for the low A'’O value of
-4.6%, in F39 (i.e., overcorrection), or the hydride
contribution might have been higher than 79, during the
analysis, which results in lower A'’O value than the
current value (i.e., undercorrection). The same might be
true for the spot with the A'’O value of —2.1%, and 49,
hydride correction in F39 (Table 1). These two data with
4%, and 7%, hydride corrections are needed to be treated
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with caution. However, it should be noted that the A'’O
values of the three IDPs are not correlated with the
magnitude of the hydride correction (Table 1).

DISCUSSION

Similarity of A'’O Values Between Anhydrous IDPs and
Wild 2 Particles

In Fig. 4, A0 values of three IDPs obtained in this
study are compared to those in anhydrous porous IDPs
and ferromagnesian Wild 2 particles from previous
studies. Aléon et al. (2009) reported oxygen three-isotope
analyses of crystalline silicates in porous IDPs containing
micrometer to submicrometer grains, which were pressed
into gold foils and analyzed using approximately 10 um
spots. Their data mainly cluster at A0 = -2%,
although uncertainties of individual data (229, are
somewhat larger than for the present study. Data from
several ferromagnesian Wild 2 particles have been
reported (McKeegan et al. 2006; Nakamura et al. 2008;
Nakashima et al. 2011a) that show A'’O values ranging
from —-59, to —1%, (Fig. 4), except for relict olivine in
particle Gozen-sama (track 35) which has A0 values as
low as —19%,. The A'7O values of the three anhydrous
IDPs in the present study have a range from —59%, to
+1%, (Fig. 4), which overlaps with ferromagnesian Wild
2 particles and crystalline silicates in anhydrous IDPs
reported in the literature. By contrast, two GEMS-rich
IDPs reported by Aléon et al. (2009) showed a wider
spread in A'7O values of —9.3%, and +3.0%,. GEMS
were not identified from the fine-grained phases of the
three IDPs in this work, which may explain the narrower
range of A'’O values compared to those in Aléon et al.
(2009). As mentioned by Nakamura et al. (2008), the
oxygen three-isotope data from Wild 2 particles overlap
with those of chondrules in primitive carbonaceous
chondrites, which show a range of A'’O values mainly
from approximately —69%, to 09, (Krot et al. 2006a;
Rudraswami et al. 2011; Tenner et al. 2011; Ushikubo
et al. 2011). Nakamura et al. (2008) suggested that
crystalline silicate particles in Wild 2 are chondrules that
originally formed in the inner solar system and were
transported to the outer solar nebula where comet Wild
2 formed.

Internal Isotope Heterogeneity Between Coarse- and
Fine-Grained Domains of Z17

Data from coarser low-Ca pyroxene grains in Z17
have an average A'’O value of —4.3 + 0.9%,, which is
close to the lower end of the A'’O variation for the Wild
2 particles in Fig. 4. This value is systematically lower
than that of anhydrous porous IDP data reported by

Aléon et al. (2009). The coarse low-Ca pyroxene grains
in Z17 are enclosed by a fine-grained domain with A'’O
of approximately 0%, (Fig. 4). Negative A'’O values are
common for cometary dust particles (Fig. 4), whereas
A0 values close to 0%, are rarely seen. If this IDP was
pressed into gold foil for SIMS analyses, as in the case of
previous IDP studies (McKeegan 1987; Aléon et al.
2009), coarse low-Ca pyroxene would have been crushed
into submicrometer fragments and mixed with fine-
grained domains. In this case, the two distinct A'’O
values from coarse low-Ca pyroxene and the fine-grained
dense domain would not have been identified by the
SIMS analyses. The in-situ oxygen isotope analysis of
IDP samples with polished flat surfaces was a key to
success in detecting few-per mil isotope heterogeneity at
the micrometer scale.

There are three possible explanations for isotope
heterogeneity in the anhydrous IDP Z17: (1) dehydration
of hydrous minerals, (2) oxygen isotope exchange with
Earth’s atmosphere during atmospheric entry, and (3)
intrinsic oxygen isotope heterogeneity. Here, we discuss
these three possible explanations.

Hydrous IDPs show A'’O values of approximately
09, with 8'*0 of >+49, (Aléon et al. 2009), which spans
the range of data from the fine-grained dense domains in
Z17. However, Z17 is an anhydrous IDP (Zolensky and
Barrett 1994). Dehydrated carbonaceous chondrites
show high 'O values up to +229%, along the TF line
due to dehydration of hydrous minerals (Clayton and
Mayeda 1999). Matrajt et al. (2006) reported oxygen
three-isotope ratios of unmelted micrometeorites that are
free from hydrous phases, having A'7O values of
approximately 0%, with high §'%0 from + 39, to + 60%,.
Based on the high 8'®0 values, which have never been
observed in anhydrous silicates in meteorites, Matrajt
et al. (2006) suggested that the unmelted micrometeorites
might have derived from thermally metamorphosed
carbonaceous chondritic asteroids that had not been
collected as meteorites. It is possible that the fine-grained
dense domain in Z17 with A0 ~ 0%, is related to the
source materials of the unmelted micrometeorites studied
by Matrajt et al. (2006). However, the main problem
with interpreting the fine-grained domain in Z17 to be a
dehydrated carbonaceous chondrite is an absence of
pores between submicrometer silicate and metallic phases
(Fig. 2g). Carbonaceous chondrites that experienced
dehydration show pores between silicate and metallic
phase, which were produced by shrinkage of silicate
during conversion from phyllosilicate to anhydrous
silicates (olivine and pyroxene) and/or shrinkage of
metallic phases (Nakamura 2005, 2006). Z17 shows no
pore space between submicrometer silicate and FeNi
metal, and thus, oxygen isotope ratios of fine-grained
dense domains in Z17 may not be explained by



204

dehydration after aqueous alteration of a chondritic
parent body.

High 8'0 values on the TF line have also been
reported from melted micrometeorites (Yada et al. 2005),
where they result from oxygen isotope exchange with
Earth’s atmosphere during the atmospheric entry.
The maximum heating temperature of IDPs during
atmospheric entry is estimated to be 1600 °C (Flynn 1989).
The grain size in the fine-grained domain in Z17 is assumed
to be 100 nm (see the Results section). The diffusion
coefficient of oxygen isotope in olivine at 1600 °C is
approximately 107" m?s™' (Gerard and Jaoul 1989),
whereas that in pyroxene is approximately 107'® m? s™" at
1600 °C (Ryerson and McKeegan 1994). The heating
durations for oxygen isotope exchange in olivine and
pyroxene at 1600 °C are required to be approximately 300
and 30 s, respectively. Modeling by Love and Brownlee
(1991, 1994) shows that IDPs spend 1-2 s at around their
peak temperatures, and therefore a heating duration of
approximately 300 and 30 s during atmospheric entry is
unlikely. Thus, distinct A'’O values between fine-grained
domains and coarse low-Ca pyroxene in Z17 cannot be
explained by oxygen isotope exchange between the fine-
grained domains and Earth’s atmosphere.

Another possibility is the presence of small quantity
of materials with high A'’O values, such as COS-like dust
or presolar grains (Messenger et al. 2003; Sakamoto et al.
2007; Keller and Messenger 2011), in the fine-grained
domains. For example, addition of approximately 5% of
COS with A0 ~ +80%, (Sakamoto et al. 2007) in the
fine-grained dense domains would be enough to explain
the difference between A'’0 values of coarse pyroxene and
fine-grains phase in Z17. However, the indistinguishable
A0 values from two analyses in the fine-grained dense
domains are difficult to explain unless these materials with
distinct oxygen isotope ratios distributed homogeneously.
As mentioned earlier, electron microprobe analyses of Z17
indicate that grains in the IDP are not equilibrated
(Zolensky and Barrett 1994); thus, distinct oxygen
isotope ratios would not be homogenized in the fine-
grained dense domains. We conclude that anhydrous IDP
Z17 preserves intrinsic oxygen isotope heterogeneity, but
the source of this heterogeneity remains unknown.
Further study on anhydrous IDPs might provide some
clues.

Anhydrous Porous IDPs

We selected two of the anhydrous porous IDPs E36
and F39 because they contain relatively large grains (up
to 3 um) that could be analyzed using 1-2 um SIMS
spots. Unfortunately, due to difficulty in sample
preparation and accuracy of aiming the SIMS spots, we
were not able to analyze clean single mineral grains in
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these IDPs. This resulted in analyses of multiple
minerals, and derived values are the averaged isotope
ratios of the minerals. Even if the minerals had
heterogeneous oxygen isotope ratios, the heterogeneity
would become less recognizable. However, three analyses
in E36 display a hint of internal heterogeneity, with A'’O
values of -39, and +19,. Such internal per mil-level
heterogeneity has not been previously identified in studies,
in which IDPs were pressed into gold foil and analyzed as
bulk grains. Since submicrometer grains could be lost
after the in situ oxygen isotope analysis by SIMS, careful
petrologic observation is needed to understand oxygen
isotope systematics in anhydrous IDPs.

As mentioned earlier, anhydrous porous IDPs are
generally considered to be of cometary origin (Bradley
2003; see the Introduction). Although anhydrous porous
IDPs and Wild 2 crystalline silicate particles show similar
chemical and isotopic signatures (McKeegan et al. 2006;
Zolensky et al. 2006; Nakamura et al. 2008; Aléon et al.
2009), oxygen isotope ratios of Wild 2 particles reported
so far were from particles with coarse-grained (= few um)
igneous textures, but not submicrometer crystalline
silicates. This is possibly due to the loss of fine-grained
particles by impact-generated melting with the silica
aerogel capture media. Thus, anhydrous porous IDPs
provide critical information on the fine-grained crystalline
silicate particles that are missing from the Wild 2 samples.
The range of A'’O values from E36 and F39 is generally
consistent with that of Wild 2 terminal particles (McKeegan
et al. 2006; Nakamura et al. 2008; Nakashima et al.
2011a). Based on these data, we further speculate that
crystalline silicates in comets may have oxygen isotope
ratios falling inside the range from —5%, to + 1%, in A'’O,
independent of crystal sizes (nanometer scale vs.
micrometer scale) and textures (loose aggregates vs. coarse-
grained particles).

Oxygen Isotope Reservoirs in Outer Asteroid Belt and
Beyond

The range of A'’O values observed from Wild 2
particles and anhydrous IDPs is similar to that observed
in chondrules in carbonaceous chondrites. Recently,
several studies indicate that each chondrite group shows
specific distribution patterns of A'’O values among
chondrules (e.g., Libourel and Chaussidon 2011;
Ushikubo et al. 2011). For Acfer 094 (ungrouped),
Yamato-81020 (CO3.0), and Allende (CV3), the A'’O
values show a bimodal distribution at approximately
-59, and —-29%,, with the majority at —59, (Fig. 4)
(Rudraswami et al. 2011; Tenner et al. 2011; Ushikubo
et al. 2011). In metal-rich carbonaceous chondrites,
such as CR, CH, and CB, the majority of chondrules
show A0 values at —29, (Krot et al. 2006b, 2010;
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Nakashima et al. 2010). Furthermore, small fractions of
chondrules in carbonaceous chondrites show positive
A0 values as high as +5%, (Krot etal. 2010;
Nakashima et al. 2010). According to Fig. 4, both Wild
2 particles and anhydrous IDPs seem to show peaks at
A0 values of —2%,. Based on this, Ushikubo et al.
(2011) suggested that oxygen isotopes in the outer solar
system might be dominated by A'’O values of —2%,
including outer asteroid belt and comets. Our new data
from anhydrous IDPs seem to show micrometer-scale
internal heterogeneity similar to the range observed from
major chondrules in various types of carbonaceous
chondrites, although their bulk average value would be
close to —29%, (Table 1). Similar A'’O values of —2%, are
frequently observed in Wild 2 terminal particles,
probably because melting of heterogencous precursor
materials would average out the oxygen isotope
heterogeneity with peak A'’O values at —29%,. More data
with high precision and high spatial resolution will reveal
oxygen isotope heterogeneity at the few-per mil level in
tiny particles such as Wild 2 particles and IDPs, which is
necessary for a complete understanding of oxygen
isotope reservoirs in the outer solar system objects.

Anhydrous IDPs cannot readily be explained as
deriving from chondrule fragments, given the frequent
presence of GEMS grains, which may be nonequilibrium
condensates in the solar nebula based on oxygen isotope
and chemical analyses (Keller and Messenger 2011).
Crystalline silicates in comets have been suggested to
have formed by annealing of amorphous silicate grains in
the hot inner solar nebula followed by transportation
outward toward the outer solar nebula (Hallenbeck et al.
2000; Nuth et al. 2000). Rather than crystallization from
amorphous solids, another possible origin of crystalline
cometary silicates is direct condensation from high
temperature gas, as suggested by the presence in
anhydrous IDPs of enstatite whiskers (and platelets) and
low-iron, manganese-rich forsterite (Bradley et al. 1983;
Klock et al. 1989). We infer from our new oxygen
isotope data of anhydrous IDPs as well as the data of
Aléon et al. (2009) that the isotope reservoirs from which
both cometary crystalline silicates and carbonaceous
chondrite chondrules formed had similar oxygen isotope
ratios, although these reservoirs could have been
separated in time and space during the early evolution of
the solar system.

Among meteoritic components, unaltered matrix in
chondrites, which consists mainly of amorphous and
submicrometer crystalline silicates (plus Fe-sulfides), is
most similar to anhydrous IDPs (Greshake 1997; Bradley
2003; Abreu and Brearley 2010). Fine-grained matrix in
carbonaceous chondrites shows negative A'’O values,
similar to that in the anhydrous IDPs, although their
3'%0 and 8'’0 are often mass fractionated to higher
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values due to low-temperature rock—fluid interaction
(Clayton and Mayeda 1999). Unfortunately, there is no
oxygen isotope data at a few-per mil level precision from
unaltered matrix of carbonaceous chondrites, which will
be needed in the future to further elucidate whether there
is a genetic link between anhydrous IDPs and chondritic
matrix.

CONCLUSIONS

Oxygen isotope analyses of three anhydrous IDPs
(E36, F39, and Z17) show A'O values that range from
=59, to +1%,. Two of the IDPs (E36 and Z17) show
internal heterogeneity of oxygen isotope ratios at the
micrometer-scale (Fig. 4), which was enabled by high-
precision oxygen isotope analysis using an approximately
2 um primary beam on polished flat surfaces. The A'’O
values of the IDPs overlap with those of ferromagnesian
silicate particles from comet Wild 2 and anhydrous
porous IDPs (McKeegan et al. 2006; Nakamura et al.
2008; Aléon et al. 2009; Nakashima et al. 2011a). If
anhydrous IDPs represent fine-grained particles from
comets that are missing from Wild 2 particles due to
collection bias, it is implied that ferromagnesian
crystalline silicates in comets have similar oxygen isotope
ratios independent of crystal sizes (nanometer scale vs.
micrometer scale) and textures (loose aggregates vs.
coarse-grained particles). The range of A'’O values of
the three anhydrous IDPs also overlaps with that of
chondrules in carbonaceous chondrites (Krot et al.
2006a), suggesting a genetic link between cometary dust
particles (Wild 2 particles and most anhydrous IDPs)

and carbonaceous chondrite chondrules (see also
Ushikubo et al. 2011).
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