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We examined the Al–Mg isotope systematics of plagioclase in a FeO-poor ferromagnesian Wild 2 particle 
(C2092,7,81,1,0; named Pyxie) using a ∼2 μm spot. Three analyses show average 27Al/24Mg ratio of ∼65 
and excess δ26Mg∗ value of +0.1 ± 4.5� (2σ ), indicating no resolvable 26Mg excess in the particle. 
The inferred initial (26Al/27Al)0 ratio of plagioclase in Pyxie is estimated as (−0.6 ± 4.5) × 10−6 with an 
upper limit of 4 × 10−6. The result is very similar to that of the FeO-rich ferromagnesian particle “Iris” 
(Ogliore et al., 2012). Assuming homogeneous distribution of 26Al in the early solar system, Pyxie formed 
at least 2.6 Ma after the oldest Ca–Al-rich inclusions. This minimum formation age is marginally younger 
than formation ages of most chondrules in type ∼3.0 chondrites but comparable with those of Mg# < 98 
chondrules in CR3 chondrites. Considered in conjunction with similar oxygen isotope ratios between 
Pyxie (and Iris) and Mg# < 98 chondrules in CR3 chondrites, it is inferred that the ferromagnesian Wild 
2 particles and Mg# < 98 chondrules in CR3 chondrites formed late in local disk environments that had 
similar oxygen isotope ratios and redox states.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Materials collected from comet Wild 2 contain abundant crys-
talline silicates, some of which resemble the Ca–Al-rich inclu-
sions (CAIs) and chondrules in chondritic meteorites that probably 
formed at high temperatures (Brownlee et al., 2006; McKeegan 
et al., 2006; Zolensky et al., 2006; Nakamura et al., 2008, 2009; 
Simon et al., 2008; Ishii et al., 2008, 2009; Bridges et al., 2012;
Joswiak et al., 2012; Ogliore et al., 2012). Organic material was 
also identified in Wild 2 particles, similar to the organics found 
in meteorites and chondritic interplanetary dust particles (IDPs) 
(Sandford et al., 2006; Sandford, 2008; Elsila et al., 2009; De Gre-
gorio et al., 2011; Cody et al., 2011). Enrichments of deuterium and 
15N (McKeegan et al., 2006; Matrajt et al., 2008) in some of these 
Wild 2 particles indicate chemical reactions at low temperature in 

* Corresponding author. Tel./fax: +81 22 795 5903.
E-mail address: dnaka@m.tohoku.ac.jp (D. Nakashima).

1 Present address: Department of Earth and Planetary Material Sciences, Faculty 
of Science, Tohoku University, Aoba, Sendai, Miyagi 980-8578, Japan.
http://dx.doi.org/10.1016/j.epsl.2014.11.020
0012-821X/© 2014 Elsevier B.V. All rights reserved.
the interstellar medium or the early outer Solar System (Alexander 
et al., 2010). In addition, presolar grains have been identified 
from Wild 2 (McKeegan et al., 2006; Stadermann et al., 2008;
Messenger et al., 2009) and their abundance is higher than those 
in meteorites and IDPs, though with large uncertainty (Leitner et 
al., 2010, 2012). It has been suggested that high temperature crys-
talline silicates were transported from the hot inner Solar System 
to the cold outer solar nebula regions, possibly due to radial dif-
fusion in the protoplanetary disk (e.g., Ciesla, 2007, 2010, 2011; 
Hughes and Armitage, 2010).

Based on comparisons of chemistry, mineralogy, and oxygen 
isotope ratios of ferromagnesian Wild 2 particles with those of 
chondritic materials such as chondrules and matrix minerals, it 
was suggested that Wild 2 particles are related to carbonaceous 
chondrite chondrules (Nakamura et al., 2008) and materials in var-
ious types of chondrites (Joswiak et al., 2012; Frank et al., 2014). 
Nakashima et al. (2012) conducted a systematic survey of oxy-
gen isotope ratios of ferromagnesian Wild 2 particles, and they 
compared �17O (= δ17O − 0.52 × δ18O) values and Mg# [= mo-
lar MgO/(MgO + FeO)%] of the Wild 2 particles with those of 
chondrules in known chondrite groups; �17O and Mg# reflect 

http://dx.doi.org/10.1016/j.epsl.2014.11.020
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
mailto:dnaka@m.tohoku.ac.jp
http://dx.doi.org/10.1016/j.epsl.2014.11.020
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2014.11.020&domain=pdf


D. Nakashima et al. / Earth and Planetary Science Letters 410 (2015) 54–61 55
oxygen isotope compositions and redox states of the reservoirs 
from which chondrules formed (Ushikubo et al., 2012). Similar to 
chondrules in carbonaceous chondrites (e.g., Connolly and Huss, 
2010; Nakashima et al., 2010; Tenner et al., 2013a, 2014; Ushikubo 
et al., 2012; Schrader et al., 2013a, 2014), the ferromagnesian Wild 
2 particles show a systematic trend wherein �17O values increase 
with decreasing Mg#, which is most similar to that of chondrules 
in CR chondrites (Nakashima et al., 2012). Based on these similar-
ities, Nakashima et al. (2012) inferred a link between ferromagne-
sian Wild 2 particles and chondrules in CR chondrites.

Chronology of early solar system materials, such as CAIs and 
chondrules, is very important for understanding the evolution of 
the protoplanetary disk (e.g., Kita et al., 2012, 2013) and ra-
dial transport of early-formed objects (e.g., Ciesla, 2010). While 
long-lived radiometric dating using the U–Pb system is consid-
ered to be the best means to determine accurate absolute for-
mation time (Amelin et al., 2010; Connelly et al., 2012), how-
ever, Wild 2 particles are too small to apply this method (typi-
cally 10 μm in the longest diameter; e.g., Joswiak et al., 2012). 
Instead, relative chronometry using the 26Al–26Mg system is fea-
sible because some Wild 2 particles contain minerals with high 
Al2O3 and low MgO, such as plagioclase and Al2O3-rich glass 
(Joswiak et al., 2012). The 26Al–26Mg system serves as a high time-
resolution chronometer because of the short 26Al half-life of 0.705 
Myr (Norris et al., 1983). The secondary ion mass spectrometer 
(SIMS) has been proven to be very useful in the Al–Mg isotope 
analysis of ≤10 μm scale Al-rich phases in chondrules and CAIs 
from primitive chondrites (Kita et al., 2000, 2012; Kurahashi et 
al., 2008a; MacPherson et al., 2010, 2012; Makide et al., 2013;
Ushikubo et al., 2013). Likewise, the SIMS Al–Mg isotope analy-
ses of Wild 2 particles are important to understand their origin, 
though the analyses are technically challenging due to the small 
sample sizes (≤10 μm). Previously, CAI-like particles Inti (track 25) 
and Coki (track 141) and the FeO-rich chondrule-like particle Iris 
(track 74) were analyzed for Al–Mg isotopes (Ishii et al., 2010;
Matzel et al., 2010; Ogliore et al., 2012). The analyzed samples 
were TEM sections (∼100 nm thick) that contained limited regions 
of Al-rich phases (≤2 μm), which resulted in large analytical un-
certainties (10–40� in 2SD for δ26Mg∗; Matzel et al., 2010; Ishii et 
al., 2010) or required special sample treatment (Pt deposition us-
ing FIB to cover Mg-rich phases; Ogliore et al., 2012). None of these 
particles showed resolvable excess of 26Mg, showing upper limits 
of inferred initial 26Al/27Al from 3 × 10−6 (Ogliore et al., 2012) to 
1 × 10−5 (Matzel et al., 2010), and suggesting late formation of 
the particles (> few Ma after the oldest CAIs; Ishii et al., 2010;
Matzel et al., 2010; Ogliore et al., 2012).

These CAI-like and FeO-rich chondrule-like Wild 2 particles are 
less abundant than FeO-poor ferromagnesian particles (Joswiak et 
al., 2012; Frank et al., 2014). Al–Mg isotope measurements of FeO-
poor ferromagnesian particles have not been reported. Among nine 
ferromagnesian Wild 2 particles analyzed for oxygen three-isotope 
ratios by Nakashima et al. (2012), one particle, named “Pyxie”, con-
sists of FeO-poor low-Ca pyroxene and plagioclase with a large 
surface area (∼10 μm), which is suitable for Al–Mg isotope anal-
yses. This particle is embedded in epoxy resin (potted butt) with 
significant thickness, unlike the previously analyzed TEM sections. 
In this study, we present the results of SIMS Al–Mg isotope mea-
surements of plagioclase in the FeO-poor ferromagnesian Wild 2 
particle and address the origin of the particle.

2. Analytical procedures

2.1. Sample preparation

A terminal particle (C2092,7,81,1,0; nicknamed “Pyxie”) ex-
tracted from Stardust track 81 was mounted in a 200 μm×200 μm
square top mesa of an 8 mm diameter epoxy cylinder. The top sur-
face had been microtomed. To minimize surface topography that 
causes instrumental mass fractionation of measured isotope ratios 
using a SIMS (Kita et al., 2009), Pyxie’s flat microtomed surface 
was embedded in epoxy resin along with a San Carlos olivine grain 
(running standard for oxygen isotope analyses; Nakashima et al., 
2012), which was then ground and polished to a flat disk with a 
8 mm radius and 2.5 mm thickness (Nakashima et al., 2012).

Because most of the plagioclase in Pyxie was underneath epoxy 
(Nakashima et al., 2012), the surface of Pyxie required further 
polishing to expose plagioclase for Al–Mg isotope analysis. Three-
dimensional images of Pyxie were obtained using X-ray computed 
tomography (CT; a GE phoenix v|tome|x s240 μCT system) at Amer-
ican Museum of Natural History (cf., Friedrich et al., 2013) in order 
to estimate the remaining thickness of Pyxie and to minimize con-
sumption of sample during the additional grinding. For X-ray CT 
observation, the X-ray energy was set to 60 keV, and pixel size was 
∼1 μm. The thickness of Pyxie was estimated as ∼2 μm. Subse-
quently, the surface of Pyxie was ground carefully using a 0.25 μm 
diamond suspension until sufficient surface area of plagioclase was 
exposed for the SIMS Al–Mg isotope analysis. Since SIMS pits with 
depths of ∼1–2 μm remained from previous oxygen three-isotope 
analyses (Nakashima et al., 2012), the thickness that was removed 
during final polishing was less than 1 μm.

2.2. Electron microscopy

Major elemental compositions of Pyxie were measured using 
the CAMECA SX100 electron microprobe at the American Museum 
of Natural History equipped with five wavelength-dispersive X-ray 
spectrometers (WDS) before preparation of the 8 mm polished flat 
epoxy surface for oxygen isotope analyses (Nakashima et al., 2012). 
WDS quantitative chemical analyses of individual silicate phases 
were performed at 15 kV accelerating voltage and 20 nA beam 
current with a focused beam. Natural and synthetic standards were 
chosen based on the compositions of the minerals being analyzed 
(cf., Weisberg et al., 2011).

Backscattered electron (BSE) and secondary electron (SE) im-
ages of Pyxie were obtained using a field emission scanning elec-
tron microscope (FE-SEM; Zeiss LEO1530 at the University of Wis-
consin) and a SEM (Hitachi S3400 at the University of Wisconsin) 
at several steps of sample preparation including after previous oxy-
gen isotope analyses (Nakashima et al., 2012), after re-polishing, 
after FIB marking (see below), and after SIMS Al–Mg isotope anal-
yses. Periods of exposure of samples to the electron beam were 
minimized so as to avoid significant depressions or deformation of 
epoxy surrounding Pyxie, because the topography or tilting of the 
sample surface could cause a significant instrumental mass frac-
tionation in measured isotope ratios (Kita et al., 2009). After the 
Al–Mg isotope analyses, elemental compositions of plagioclase and 
low-Ca pyroxene in Pyxie were verified by semi-quantitative anal-
yses using an energy-dispersive X-ray spectrometer (EDS).

2.3. FIB marking for sample aiming

For SIMS Al–Mg isotope analyses of Al-rich phases, overlap-
ping analysis areas with adjacent Mg-rich phases, such as olivine 
and pyroxene, would result in several analytical problems, includ-
ing lower 27Al/24Mg ratios and reduction of excess 26Mg, inac-
curate instrumental bias corrections, and potential artifacts from 
the quasi-simultaneous arrival (QSA) effect (Slodzian et al., 2004). 
To avoid hitting adjacent low-Ca pyroxene, we employed FIB (fo-
cused ion beam) marking at the selected locations of Pyxie prior to 
the SIMS analyses, with procedures similar to those described for 
oxygen isotope analyses of Wild 2 particles (Fig. 1; Nakashima et 
al., 2012). A Zeiss 1500XB CrossBeam workstation equipped with 
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Fig. 1. A BSE image of Pyxie (terminal particle from track 81) after FIB marking (a), 
an 27Al+ ion image (10 μm × 10 μm) of Pyxie showing the 1st-analyzed spot for 
Al–Mg isotopes (upper left) and a FIB mark before the 3rd spot analysis (center) 
(b), an 27Al+ ion image (10 μm × 10 μm) of Pyxie after the 3rd spot analysis for 
Al–Mg isotopes (c), and a BSE image (using FE-SEM) of Pyxie after the Al–Mg iso-
tope analyses (d). Numbers near the FIB marks in panel a indicate spot numbers of 
SIMS analysis, which correspond to spot numbers in Fig. 2 and Table 2. In panels 
a and d, irregular surface with many dimples of Pyxie was made by microtom-
ing to obtain TEM thin sections, and dashed lines correspond to boundary between 
plagioclase (Pl) and low-Ca pyroxene (Lpx). In panels b and c, centers of cross-wires 
correspond to the center of the O− primary beam. The 27Al+ ion images were taken 
in 512 × 512 pixels (∼20 nm/pixel) and in linear scale. In panel d, outline of the 
two FIB squares (dotted lines) in panel a is overlaid.

a gallium ion source at the University of Wisconsin was used to 
remove surface carbon coating (∼20 nm thick) from Pyxie and 
an anorthitic glass standard (see the Supplementary information). 
A 30 keV focused Ga+ ion beam set to 5 pA was rastered within 
a 1 μm × 1 μm square on the sample surface for 120 s, so that 
only the surface coating was removed without significant milling 
of underlying silicate mineral (Fig. 1a). This 1 μm square region 
was later identified by secondary 27Al+ ion imaging in SIMS be-
fore Al–Mg isotope analysis.

2.4. Al–Mg isotope analysis

Magnesium isotope ratios and 27Al/24Mg ratios of plagioclase in 
Pyxie were analyzed with the CAMECA IMS-1280 at WiscSIMS. The 
analytical conditions and measurement procedures were generally 
similar to those in Ushikubo et al. (2013), otherwise described be-
low. The 8 mm epoxy disk containing Pyxie was 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., 2011a). Prior to each Al–Mg isotope analysis, 
secondary 27Al+ ion images of FIB squares were obtained using an 
O− ion beam of ∼2 μm diameter (∼3 pA) that was rastered over 
an area of 10 μm × 10 μm. The primary beam was set as Köhler 
illumination mode with mass and beam apertures of 20 μm and 
100 μm diameter. The secondary 27Al+ ions were produced only 
from FIB squares where surface coating was removed and were 
detected as scanning ion images (Fig. 1b) using a fixed position 
mono-collector electron multiplier (mono-EM) at the ion optical 
axis. After the recognition of the FIB square (within a few minute 
sputtering), we moved the stage in order to relocate the FIB square 
to the center of the 10 μm × 10 μm raster area where the Al–Mg 
isotope analysis was made. New 10 μm × 10 μm 27Al+ ion images 
were taken after each SIMS analysis to confirm the positions of 
analyzed spots (Fig. 1c).
Fig. 2. A BSE image of Pyxie after Al–Mg isotope analyses. Numbers near the SIMS 
pits indicate spot numbers of SIMS analysis, which correspond to spot numbers in 
Table 2. Dashed lines correspond to boundary between plagioclase (Pl) and low-Ca 
pyroxene (Lpx). Five small holes in low-Ca pyroxene are SIMS pits for oxygen isotope 
analyses (Nakashima et al., 2012).

For Al–Mg isotope analysis, an O− primary beam was set to 
∼2 μm and intensity of ∼3 pA without raster. The secondary 
24Mg+, 25Mg+, 26Mg+, and 27Al+ ions were detected using the 
mono-EM in magnet peak switching mode. Intensities of 24Mg+
and 27Al+ were (1 − 2) × 103 cps and (0.6 − 1.3) × 105 cps, re-
spectively. Each spot analysis took ∼11 hours, including 900 s of 
presputtering to stabilize Mg ion intensity, ∼60 s for automatic 
centering of the secondary optics, and 600 cycles of switching be-
tween 24Mg+, 25Mg+, 26Mg+, and 27Al+ (counting times of 5, 20, 
20, and 1 s, respectively, with 2 s waiting time). Individual SIMS 
pits were carefully examined for cracks and overlapping phases us-
ing FE-SEM (Fig. 1d).

An isotope mass fractionation correction (both instrumental and 
natural) was applied to the SIMS-measured Mg isotope ratios in 
order to estimate excess 26Mg (Kita et al., 2012). The terrestrial 
Mg isotope ratios of (25Mg/24Mg) = 0.12663 and (26Mg/24Mg) =
0.13932 (Catanzaro et al., 1966) are used for data reduction of the 
measured Mg isotope ratios. The fractionation-corrected δ26Mg∗
values were calculated using an exponential law with the coeffi-
cient β = 0.514 (Davis et al., 2005) from the evaporation experi-
ments of Richter et al. (2007).

We analyzed a synthetic anorthitic glass standard with MgO of 
0.6 wt% (Al2O3/MgO = 72.25; Kita et al., 2012) before and after 
unknown sample analyses. Reproducibility of δ26Mg∗ values of this 
standard was better than 1�, though showing a small positive 
bias from +1.0� to +2.5� with uncertainty of ∼ ± 3� (2SE). 
The average value of the δ26Mg∗ bias (+1.7 ± 1.1�; 2SD; n = 5) 
was corrected for unknown samples (see the Supplementary in-
formation). The 2SE (= 2SD/

√
(n)) of the average δ26Mg∗ value 

of the anorthitic glass standard was propagated as an uncertainty 
to those of δ26Mg∗ values of individual spot analyses. A relative 
sensitivity factor, RSF = (27Al/24Mg)SIMS/(27Al/24Mg)EPMA, was es-
timated using the anorthitic glass standard. The reproducibility of 
27Al/24Mg ratios of the standard was 5% (2SD), which is propa-
gated as an uncertainty to those of 27Al/24Mg ratios of individual 
spot analyses.

3. Sample description

Pyxie, which is “F1/T81” in Nakashima et al. (2012), is the 
terminal particle (∼15 × 20 μm; Fig. 2) from track 81 (see http :
/ /www.curator.jsc .nasa .gov /stardust /catalog /index .cfm) and is sur-
rounded by compressed aerogel. The major mineral phases of Pyxie 
are FeO-poor low-Ca pyroxene (En92Wo3; ∼5 μm × 10 μm) and 
plagioclase (An65Ab35; ∼10 μm × 10 μm; Table 1), which is con-
sistent with the observation that a TEM section of the particle 
is a polycrystalline aggregate of low-Ca pyroxene and plagioclase 
(Dobrică and Brearley, 2011).

http://www.curator.jsc.nasa.gov/stardust/catalog/index.cfm
http://www.curator.jsc.nasa.gov/stardust/catalog/index.cfm
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Table 1
Major elemental compositions (wt%) of Low-Ca pyroxene and pla-
gioclase in Pyxie (C2092,7,81,1,0) obtained by electron microprobe 
analyses.

Lpx Pl

SiO2 56.1 58.0
TiO2 0.2 bd
Al2O3 1.1 22.5
Cr2O3 1.0 bd
FeO 3.2 0.5
MnO 0.8 bd
MgO 32.9 0.4
CaO 1.3 10.4
Na2O bd 3.1
K2O bd bd
NiO bd bd
Total 96.6 94.9

En 92
Wo 3
An 65
Ab 35

bd = below detection limit.

Table 2
The Al–Mg isotope analyses of plagioclase in Pyxie (C2092,7,81,1,0).

Spot # 27Al/24Mg ± 2σ δ26Mg∗ ± 2σ(�)

1 65.4 3.9 0.9 4.6
2 64.4 3.8 1.9 3.7
3 63.8 3.8 −2.4 3.1

Oxygen isotope ratios of low-Ca pyroxene in Pyxie were repro-
ducible within analytical uncertainties (Nakashima et al., 2012). 
The average and 2SE of �17O values were −1.1 ± 0.8� (n = 5), 
which is similar to those of FeO-poor ferromagnesian Wild 2 
particles (�17O from −3.0� to −1.9�; Nakamura et al., 2008; 
Nakashima et al., 2011b, 2012).

4. Results

4.1. Mineralogy and chemistry of Pyxie

After repolishing, we recognized that a pyroxene lath with a 
width of 1–2 μm occurs in the plagioclase domain (Fig. 2) and is 
slightly enriched in Ca and Al compared to the large low-Ca py-
roxene grain (detected by SEM-EDS). This is consistent with the 
observation of Ca-bearing pyroxene along with low-Ca pyroxene 
and plagioclase in a TEM section of the same particle (Dobrică and 
Brearley, 2011). Low-Ca pyroxene in Pyxie contains 1.0 wt% Cr2O3
and 0.8 wt% MnO (Table 1), similar to those observed in low-
Ca pyroxene in the TEM section, but the Al2O3 content in Pyxie 
low-Ca pyroxene (1.1 wt%) is lower than that determined in the 
TEM section (∼2.6 wt%; Dobrică and Brearley, 2011). Plagioclase in 
Pyxie contains 0.4 wt% MgO, and K2O was below detection limits 
of EPMA (Table 1) and SEM-EDS.

4.2. Results of Al–Mg isotope analyses

We made three spot analyses in plagioclase of Pyxie (Fig. 2), 
which are summarized in Table 2. A complete data table including 
standard analyses is given in the Supplementary Table A1. Sizes 
of the SIMS pits for Al–Mg isotope analyses became slightly larger 
for spots 2 and 3 than spot 1 because internal diameter of the 
20 μm aperture in primary ion column was enlarged during the 
analysis session as it was sputtered by intense O− primary ions 
(Fig. 2). However, the spot sizes remained within 3 μm until the 
end of sample analysis and did not overlap low-Ca pyroxene nor 
surrounding epoxy and aerogel.
Fig. 3. Al–Mg isochron diagram of Pyxie. Errors are 2σ . Dashed lines represent 2σ
confidence lines for the regression line (solid line, blue in the web version).

Plagioclase in Pyxie shows 27Al/24Mg ratios ranging from 64 
to 65 (Fig. 3), which is generally consistent with EPMA analy-
ses (Table 1) and similar to those of plagioclase in chondrules in 
type ∼3.0 chondrites (typically <100; Kita and Ushikubo, 2012). 
The δ26Mg∗ values of three analyses range from −2� to +2�
with uncertainty of ∼ ±4� (2SE) (Fig. 3), indicating that there 
is no resolvable excess in 26Mg. A regression of the data forc-
ing to the origin using ISOPLOT (York fit program; Ludwig, 2003) 
yields an (model) isochron with a slope of −0.004 ± 0.032(2σ)

on the 27Al/24Mg versus δ26Mg∗(�) diagram (Fig. 3). The inferred 
initial 26Al/27Al ratio, (26Al/27Al)0, of plagioclase in Pyxie is esti-
mated as (−0.6 ± 4.5) × 10−6 (2σ ) with a one-sided upper limit 
of 4.0 × 10−6.

5. Discussion

5.1. Initial 26Al abundance at the time of crystallization of Pyxie

Plagioclase in Pyxie shows no resolvable excess 26Mg, with a 
2σ upper limit of 4.0 × 10−6 for (26Al/27Al)0 (Fig. 3), which is 
attributed to either low abundance of 26Al at the time of crystal-
lization or loss of radiogenic 26Mg by later disturbance. The effect 
of thermal metamorphism to the Al–Mg system cannot be totally 
ruled out as the majority of Wild 2 olivine has reportedly been 
slightly metamorphosed similar to petrographic subtypes up to 
3.05–3.15 (Frank et al., 2014). Indeed, An# (65) and MgO content 
(0.4 wt%) of the plagioclase in Pyxie are lower than those of type 
I chondrules in type 3.0 chondrites, but similar to those in petro-
logic types >3.1 (Tenner et al., 2014b). However, we did not ob-
serve either nepheline or sodalite in Pyxie, which often accompa-
nies loss of radiogenic 26Mg (e.g., Maruyama and Yurimoto, 2003;
Kita et al., 2004). The concentrations of K and Cl in Pyxie plagio-
clase were below detection limits of EPMA (Table 1) and SEM-EDS. 
The presence of rare cubanite (Cu-bearing iron sulfide; Berger et 
al., 2011) and Mg-carbonate (Mikouchi et al., 2007) in Wild 2 
particles constrains the upper limit of the temperature of comet 
Wild 2 (<210 ◦C; Berger et al., 2011). Diffusion of Mg in plagio-
clase of An65 is very limited (�1 nm; Van Orman et al., 2014) 
under such low temperature conditions even for 4.5 Gyr. Distur-
bance of the Al–Mg isotopic system during capture in aerogel 
(T ≤ 2000 K, t < 1 μs; Brownlee et al., 2006) is unlikely because 
Mg diffusion in plagioclase of An65 is less than 1 nm (Van Orman 
et al., 2014). Thus, we suggest that the 26Al abundance was low at 
the time and place of crystallization of Pyxie, similar to the case 
of other Wild 2 particles (Ishii et al., 2010; Matzel et al., 2010;
Ogliore et al., 2012). Assuming homogeneous distribution of 26Al 
in the early solar system, the 2σ upper limit of 4.0 × 10−6 for 
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Fig. 4. A comparison between (26Al/27Al)0 ratios and �17O values of ferromagnesian 
Wild 2 particles, chondrules from LL3.0-3.2, Acfer 094, and CO3.0 (Yamato-81020) 
chondrites. The chondrule data from a CO3.0 chondrite consist of both type I and 
type II chondrules but those from Acfer 094 and LL3 chondrites consist only of type 
I chondrules and mainly of type II chondrules, respectively. Literature data of the 
Wild 2 particles are from Nakashima et al. (2012) and Ogliore et al. (2012). The 
(26Al/27Al)0 ratios and �17O values of chondrules are from Kita et al. (2000, 2010), 
Kurahashi et al. (2008a), Ushikubo et al. (2012, 2013), Tenner et al. (2013a). Errors 
are 2σ .

(26Al/27Al)0 indicates that crystallization of Pyxie postdated the 
formation of the oldest CAIs ((26Al/27Al)0 = 5.25 × 10−5; Larsen 
et al., 2011) by at least 2.6 Ma.

5.2. Comparison to (26Al/27Al)0 ratios of chondrules and link to CR 
chondrites

Pyxie is one of the ferromagnesian Wild 2 particles analyzed 
for oxygen isotope ratios and classified into a FeO-poor group 
with �17O values of ∼ − 2� in Nakashima et al. (2012). Along 
with the FeO-rich Wild 2 particle group of which �17O values 
mainly range from ∼ − 2� to +2�, the FeO-poor group was 
compared with chondrules in primitive (≤3.0) chondrites (see In-
troduction). The �17O–Mg# trend of the ferromagnesian Wild 2 
particles is most similar to that of chondrules in CR chondrites 
(Connolly and Huss, 2010; Tenner et al., in press; Schrader et 
al., 2013a). Based on this similarity, Nakashima et al. (2012) in-
ferred a link between ferromagnesian Wild 2 particles including 
Pyxie and chondrules in CR chondrites. It is not obvious from 
the texture if Pyxie is a chondrule fragment (Fig. 2) unlike the 
chondrule-like Wild 2 particles that exhibit igneous (e.g., por-
phyritic with glassy mesostasis) texture (Nakamura et al., 2008;
Ogliore et al., 2012). However, the non-porous texture and en-
richment of Cr2O3 and Al2O3 in the low-Ca pyroxene in Pyxie is 
characteristic for igneous pyroxene (Campbell and Borley, 1974;
Dobrică and Brearley, 2011). Furthermore, the MgO content in 
Pyxie plagioclase (0.4 wt%; Table 1) is within the range of MgO 
contents in chondrule plagioclase in primitive chondrites (Tenner 
et al., 2014b) but higher than those in plagioclase in achondrites 
(Mittlefehldt et al., 1998). Thus, the mineral chemistry of Pyxie is 
consistent with an igneous origin (characteristics of chondrules). 
Here we further compare ferromagnesian Wild 2 particles and 
chondrules based on (26Al/27Al)0 ratios, �17O values, and Mg#.

In Fig. 4, we plot �17O values of ferromagnesian Wild 2 parti-
cles (including the type-II chondrule fragment, Iris from Ogliore 
et al., 2012) against their (26Al/27Al)0 ratios along with chon-
drules from LL3, CO3.0, and Acfer 094 (ungrouped 3.0) chon-
drites with recent high precision oxygen and Al–Mg isotope data 
(Kita et al., 2000, 2010; Kurahashi et al., 2008a; Ushikubo et al., 
2012, 2013; Tenner et al., 2013a). Two ferromagnesian Wild 2 par-
ticles do not show resolvable excess 26Mg; Pyxie with a �17O 
value of ∼−1.1� and Mg# of 95 and Iris with �17O of ∼−0.3�
and Mg# of 64 (Fig. 4). In LL3, CO3.0, and Acfer 094 chondrites, 
chondrules consistently show resolvable 26Mg excesses with sim-
ilar (26Al/27Al)0 ratios of (0.2–1.0) × 10−5, regardless of Mg# 
and �17O (Kita et al., 2010; Ushikubo et al., 2013; Tenner et 
al., 2013a). In contrast, many chondrules in CR chondrites show 
(26Al/27Al)0 ratios that are lower than 3 × 10−6 (>3 Ma after 
CAIs), most of which do not show resolvable 26Mg excess in pla-
gioclase (Nagashima et al., 2007, 2008; Kurahashi et al., 2008b;
Hutcheon et al., 2009; Schrader et al., 2013b). Recently, Tenner et 
al. (2013b) revealed that the �17O and Mg# trend of chondrules 
in CR3.0 chondrites relates to their 26Al–26Mg chronology; chon-
drules with �17O values of > − 3� and Mg# < 98 do not show 
resolvable 26Mg excess with 2σ upper limits of (26Al/27Al)0 ratio of 
3 × 10−6, while those with �17O values of ∼− 5� and Mg# > 98 
show resolvable 26Mg excess and a (26Al/27Al)0 ratio of ∼5 × 10−6. 
The two ferromagnesian Wild 2 particles (Fig. 4) are most similar 
to the subset of chondrules in CR3.0 chondrites with �17O > −3�
and (26Al/27Al)0 ratios <3 × 10−6.

As mentioned earlier, the correlation between �17O and Mg# 
in Wild 2 minerals most resembles that of chondrules in CR chon-
drites (Nakashima et al., 2012). Based on this relationship, we 
suggested a link between the ferromagnesian Wild 2 particles and 
chondrules in CR chondrites. However, we also argued that they 
are not identical because Wild 2 particles contain more FeO-rich 
phases while chondrules in CR3 chondrites are predominantly FeO-
poor type I chondrules (Dobrică et al., 2009; Tenner et al., in press;
Frank et al., 2014), suggesting that ferromagnesian particles which 
formed in an oxidizing environment were abundant where trans-
Neptunian objects accreted. The chemistry of Pyxie and Iris is dif-
ferent from that in chondrules in CR3 chondrites. The plagioclase 
in Pyxie (An65) is more Na-rich than that observed in type I chon-
drules in CR3 chondrites (An80–99; Tenner et al., 2014b). The Iris 
mesostasis is Fe-poor and Na-rich compared to mesostasis in type 
II (FeO-rich; Mg# < 90) CR chondrules, and the Iris olivine is Ca-
and Al-rich relative to olivine in type II CR chondrules (Ogliore et 
al., 2012). In spite of these differences, similarities of �17O, Mg#, 
and the low abundance of 26Al of ferromagnesian Wild 2 parti-
cles and CR chondrite chondrules with �17O > −3� suggest that 
they formed late in local disk environments that had similar oxy-
gen isotope ratios and redox states. As discussed in Nakashima 
et al. (2012), isotope anomalies of hydrogen and nitrogen in CR 
chondrites are attributed to low-temperature chemical reactions 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), the environments in which the Wild 2 par-
ticles and younger generations of CR chondrite chondrules formed 
could be the regions of chondrule formation farthest from the sun.

5.3. Low abundance of 26Al in Wild 2 particles: implication for 
their origin

Both Ca–Al-rich and ferromagnesian Wild 2 particles analyzed 
for Al–Mg isotopes consistently show no resolvable excesses in 
26Mg (Ishii et al., 2010; Matzel et al., 2010; Ogliore et al., 2012; 
this study). The two particles Inti and Coki show refractory-rich 
mineralogies with 16O-rich oxygen isotope signatures (�17O ∼
−20�) similar to CAIs in primitive chondrites (McKeegan et al., 
2006; Simon et al., 2008; Ishii et al., 2009). The upper limits of 
inferred (26Al/27Al)0 ratios (1 × 10−5 at 2σ for Coki) are signif-
icantly lower than “canonical” CAIs, typically (4–5) × 10−5 (Kita 
et al., 2013, references therein). The lack of resolvable excesses 
of 26Mg could also be attributed to particle formation prior to 
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injection and homogenization of 26Al in the protoplanetary disk, 
as is hypothesized for highly refractory phases (corundum and hi-
bonite) and FUN (Fractionation and Unknown Nuclear effects) CAIs 
with no 26Mg excess (e.g., Sahijpal and Goswami, 1998; Krot et 
al., 2012). However, late formation is preferred for explaining the 
CAI-like Wild 2 objects, because of their distinct mineralogy com-
posed of anorthite, pyroxene, and spinel (Ishii et al., 2010; Matzel 
et al., 2010) and lack of significant mass dependent fractiona-
tion of the oxygen isotope ratios, unlike fractionated CAIs with 
nucleosynthetic anomalies of unknown origin (“FUN”; McKeegan 
et al., 2006). While the refractory compositions of the two CAI-
like particles are consistent with their formation in a gas of Solar 
composition (Beckett et al., 1988), Mg# < 95 for the two ferro-
magnesian Wild 2 particles Pyxie and Iris must be explained by 
their formation in an oxidizing environment, such as one with CI 
dust enrichment exceeding 200× (Ebel and Grossman, 2000). It is 
unlikely that such a dust-enriched environment existed before the 
26Al injection which may have simultaneously occurred with col-
lapse of the Solar molecular cloud due to a supernova shock (Boss 
and Keiser, 2012). Thus, we infer that the Wild 2 particles with 
no clear evidence of extinct 26Al could represent younger genera-
tions of high temperature solids (> few Ma after CAIs) that formed 
in places with regionally heterogeneous oxygen isotope compo-
sitions and redox states. Astrophysical models (e.g., Ciesla, 2007;
Hughes and Armitage, 2010) suggest that place was the inner so-
lar nebula and that these particles were then radially transported 
to outer solar nebula regions (∼35 AU; Duncan and Levison, 1997) 
where they accreted with ice to form comet Wild 2.

6. Conclusions

We performed Al–Mg isotope measurements of plagioclase in a 
FeO-poor ferromagnesian Wild 2 particle (Pyxie) using a ∼2 μm 
spot. The 27Al/24Mg ratios are ∼65, and δ26Mg∗ values are from 
−2� to +2� with uncertainty of ±4� (2SE), indicating no ex-
cess of 26Mg derived from extinct 26Al. The initial (26Al/27Al)0 ratio 
of plagioclase in Pyxie is estimated as (−0.6 ± 4.5) × 10−6, (2σ ) 
and the inferred upper limit is 4.0 × 10−6. Since there is no clear 
evidence for loss of radiogenic 26Mg by later disturbance of plagio-
clase in Pyxie, it is suggested that plagioclase in Pyxie crystallized 
under a low abundance of extinct 26Al, probably indicating late for-
mation. Assuming homogeneous distribution of 26Al in the early 
solar system, crystallization of Pyxie postdated formation of ex-
cess 26Mg-rich CAIs by at least 2.6 Ma. This formation age is also 
younger than those of most chondrules but comparable with those 
of Mg# < 98 chondrules in CR3 chondrites (Tenner et al., 2013b). 
Considered in conjunction with similar �17O values between Pyxie 
(and Iris) and Mg# < 98 chondrules in CR3 chondrites (Nakashima 
et al., 2012), we infer that the ferromagnesian Wild 2 particles 
and Mg# < 98 chondrules in CR3 chondrites formed late in lo-
cal disk environments that had similar oxygen isotope ratios and 
redox states, which could be the radially furthest regions of chon-
drule formation (cf., Nakashima et al., 2012).

Wild 2 particles that have been analyzed for Al–Mg isotopes 
consistently show no resolvable excess of 26Mg, regardless of dis-
tinct chemistries (refractory-rich and FeO-poor and –rich ferro-
magnesian) and variable �17O values from ∼ − 20� to 0�, 
which reflect formation environments (McKeegan et al., 2006;
Simon et al., 2008; Ishii et al., 2009, 2010; Matzel et al., 2010;
Nakashima et al., 2012; Ogliore et al., 2012; this study). These 
Wild 2 particles could represent younger generations of high tem-
perature solids (> few Ma after CAIs) that formed where oxygen 
isotope compositions and redox states were regionally heteroge-
neous.
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