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Abstract

Oxygen isotopic variations across the outer margins and Wark–Lovering (WL) rims of a diverse suite of six coarse-grained
Types A and B refractory inclusions from both oxidized and reduced CV3 chondrites suggest that CAIs originated from a
16O-rich protosolar gas reservoir and were later exposed to both relatively 17,18O-rich and 16O-rich reservoirs. The
O-isotope profiles of CAIs can be explained by changes in the composition of gas near the protoSun or the migration of CAIs
through a heterogeneous nebula. Variability within the inclusion interiors appears to have been set prior to WL rim growth.
Modeling the isotopic zoning profiles as diffusion gradients between inclusion interiors and edges establishes a range of
permissible time–temperature combinations for their exposure in the nebula. At mean temperatures of 1400 K, models that
match the isotope gradients in the inclusions yield timescales ranging from 5 � 103 to 3 � 105 years. Assuming CAIs origi-
nated with a relatively 16O-rich (protosolar) isotopic composition, differences among the melilite interiors and the isotopic
gradients in their margins imply the existence of a number of isotopically distinct reservoirs. Evidence at the edges of some
CAIs for subsequent isotopic exchange may relate to the beginning of rim formation. In the WL rim layers surrounding the
interiors, spinel is relatively 16O-rich but subtly distinct among different CAIs. Melilite is often relatively 16O-poor, but rare
relatively 16O-rich grains also exist. Pyroxene generally exhibits intermediate O-isotope compositions and isotopic zoning.
Olivine in both WL and accretionary rims, when present, is isotopically heterogeneous. The extreme isotopic heterogeneity
among and within individual WL rim layers and in particular, the observed trends of outward 16O-enrichments, suggest that
rims surrounding CAIs contained in CV3 chondrites, like the inclusions themselves, formed from a number of isotopically
distinct gas reservoirs. Collectively, these results support numerical protoplanetary disk models in which CAIs were trans-
ported between several distinct nebular reservoirs multiple times prior to accretion onto a parent body.
Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
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1. INTRODUCTION

Calcium–aluminum-rich inclusions (CAIs) have refrac-
tory mineral assemblages consisting of phases predicted to
condense from a hot nebula of solar composition
tivecommons.org/licenses/by-nc-nd/4.0/).
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(e.g., Grossman, 1972). We now understand that the miner-
alogy of coarse-grained CAIs is the result of crystallization
from melts and that their reset Al–Mg chronologies
(MacPherson et al., 2012) and decoupled stable isotope
compositions of refractory and more volatile elements
(Simon and DePaolo, 2010) likely reflect substantial pro-
cessing of primordial condensates. Despite evidence for a
complicated history, their old ages (Amelin et al., 2002;
Bouvier and Wadhwa, 2010; Connelly et al., 2012) attest
to the fact that they represent some of the most primitive
solar system materials and likely provide our best window
into the earliest conditions of the solar protoplanetary disk.
After crystallization of their interiors, most inclusions were
rimmed by a common mineral layering sequence, implying
a fundamental change in their environment. Previous inves-
tigations have interpreted these Wark–Lovering (WL) rims
(Wark and Lovering, 1977) as products of formation from
nebular reservoirs with pressures (Simon et al., 2005), tem-
peratures (Young et al., 2005), and isotopic compositions
(Krot et al., 2002; Aleon et al., 2007; Yurimoto et al.,
1998; Yoshitake et al., 2005; Simon et al., 2011) distinct
from those indicated by the interiors. These environmental
changes likely not only produced the mineralogical variabil-
ity of WL rims (Dyl et al., 2011; Simon et al., 2005), but
could also have led to mineralogical (Keller and Buseck,
1991; Metzler et al., 1992) and isotopic (Fagan et al.,
2004a; Simon and Young, 2011) changes within the refrac-
tory inclusions themselves.

Compared to the terrestrial planets, many CAIs exhibit
an 16O-rich composition (d18O � d17O 6 �40‰) that likely
reflects the O-isotopic composition of protosolar gas in the
nebula (McKeegan et al., 2011). Yet, it has been known for
decades that individual CAIs have heterogeneous O-
isotopic compositions, in some cases spanning the range
between protosolar to planetary reservoirs (Clayton et al.,
1977). One can postulate that CAIs condensed, melted,
crystallized, and were rimmed in the relatively 16O-rich pro-
tosolar reservoir, and that any internal O-isotopic hetero-
geneity resulted from mineralogically controlled isotope
exchange with a planetary reservoir (d18O �0‰) on the
chondrite parent body, e.g., Wasson et al. (2001). Alterna-
tively, the O-isotopic heterogeneity in CAIs can be
explained by formation from both relatively 16O-rich and
16O-poor reservoirs of nebular gas (Clayton et al., 1977;
Yurimoto et al., 1998; Krot et al., 2002; Yoshitake et al.,
2005; Aleon et al., 2007; Simon et al., 2011). This might
occur if igneous CAIs formed through admixing melanges
of isotopically heterogeneous material and/or through
transport, exposure, and exchange with distinct nebular
reservoirs. As of yet the locations and identities of the reser-
voirs, the formation processes involved in recording the iso-
topic shifts, and the timing of isotopic exchange are not
well-constrained.

In a prior study (Simon et al., 2011), secondary ion mass
spectrometry (SIMS) measurements of the outer margin
and WL rim of the Allende compact Type A CAI A37
revealed large O-isotope heterogeneity across the outermost
�70 lm of the inclusion and showed >25‰ variations in
D17O (departure from the terrestrial mass fractionation line;
D17O = d17O � 0.52 � d18O) within the �100 lm-thick WL
rim. Those workers proposed that the variations reflected
either transport of the inclusion between distinct nebular
reservoirs inherited from the parental molecular cloud, or
a time-varying oxygen isotopic composition of a region of
the nebula, such as the relatively 16O-poor gas predicted
for the outer margins of the disk by photochemical self-
shielding models (Lyons and Young, 2005). Although some
rims surrounding CAIs exhibit extreme O-isotopic hetero-
geneity, others are isotopically homogeneous (Matzel
et al., 2013; Bodénan et al., 2014). It is noteworthy that
some rims consist of only a single pyroxene layer (e.g.,
Bodénan et al., 2014), while others are far more complex,
such as the WL rim surrounding Leoville CAI L6 (this
study) that consists of at least 9 distinct mineral layers. In
order to address this discrepancy, studies such as ours that
involve inclusions with more complex rims and textural evi-
dence spanning a range of formation processes are needed
to evaluate solar protoplanetary disk evolution models,
such as those of Cuzzi et al. (2003), Boss (2004), and
Ciesla (2007).

The nature of chondritic host rocks and the potentially
disparate formation histories of their constituent compo-
nents create challenges to interpretation of the O-isotopic
records of individual CAIs. In particular, parent body alter-
ation may produce O-isotope heterogeneity. To document
O-isotopic heterogeneity to test models for the evolution
of the protoplanetary disk, this work presents the results
of coordinated high-spatial resolution oxygen and petro-
logic investigations of CAIs with a range of mineralogical
compositions and alteration histories from the Allende,
Efremovka, and Leoville CV3 chondrites.

2. METHODS

2.1. Oxygen isotopic zoning profiles by NanoSIMS

Oxygen isotope measurements were performed using the
NanoSIMS 50 at Lawrence Livermore National Laboratory
(LLNL), following the method developed by Simon et al.
(2011), during �5 weeks of analysis over an �3-year period
(Table 1, Appendix I). Measurements were performed by
sputtering the polished surfaces of CAIs in carbon-coated
thin sections and epoxy embedded thick sections with a
16 keV, �12 pA Cs+ beam focused to a �100 nm spot size
and rastered over 2 � 2 lm regions. Negative secondary
ions of 16O�, 17O�, 18O�, and 28Si� (or 30Si�) were collected
in a Faraday cup and three separate electron multipliers,
respectively. Each measurement comprises (3–6) � 105

counts of 17O� and (1.5–3.0) � 106 counts of 18O� collected
during a 368-s analysis time. The data were corrected for
detector dead time. Measured uncertainties reflect the stan-
dard deviation of isotope ratio data acquired over 300 ras-
tered measurement cycles and follow a Poisson
distribution. Uncertainties reported in Table 1 reflect a com-
bination of counting statistics and either 2 standard errors
(se), or 2 standard deviations (sd) of the average value of
the measured mineral standards used for sample-standard
bracketing (Appendices I and II). A mass resolving power
of�7000 was used to resolve 17O� from 16OH�. Monitoring
the Si�/16O� ratio (in addition to pre- and post-analysis



Table 1

NSpot Mineral From edge of
inclusion (lm)

d18O/16O* 2r (‰)* d17O/16O* 2r (‰)* D17O* 2r (‰)* D17O** 2r (‰)** 28Si/16O

A37_sp_2 Spinel 660 �37.2 2.4 �48.6 4.3 �29.2 4.5 �29.4 5.8 5.5E�06
A37_sp_3 Spinel 660 �34.2 2.4 �46.1 4.4 �28.4 4.5 �28.5 5.8 8.7E�07
A37_mel_1 Melilite 661 �11.3 1.9 �21.9 3.9 �16.0 4.1 �17.5 5.2 9.9E�04
A37_mel_2 Melilite 661 �12.7 2.0 �21.6 3.9 �14.9 4.1 �16.5 5.2 9.4E�04
A37_sp_1 Spinel 825 �39.3 2.5 �51.5 5.5 �31.1 5.7 �31.2 6.8 5.5E�06

Egg-6 oxygen isotope data

Spot Mineral From edge of
inclusion (lm)

d18O/16O* 2r (‰)* d17O/16O* 2r (‰)* D17O* 2r (‰)* D17O** 2r (‰)** 28Si/16O

Traverse 1 (August 2011)

Egg6_1 Spinel (Fe) �38 �40.7 2.2 �45.0 3.8 �23.8 3.9 �23.9 5.5
Egg6_2 Perovskite �24 �14.2 1.9 �17.8 3.0 �10.4 3.2 �10.5 5.0
Egg6_3 Spinel �11 �35.8 2.4 �37.8 3.5 �19.2 3.7 �19.3 5.4
Egg6_4 Plagioclase 2 0.9 1.9 �0.8 3.8 �1.3 3.9 �2.8 5.6
Egg6_5 Plagioclase 15 6.5 1.9 5.8 3.8 2.4 4.0 0.9 5.6
Egg6_6 Plagioclase 28 8.3 1.9 4.5 3.9 0.2 4.0 �1.4 5.6
Egg6_7 Melilite 41 3.6 1.9 0.3 3.8 �1.6 3.9 �3.1 5.6
Egg6_8 Melilite 54 3.3 1.9 1.0 4.2 �0.7 4.3 �2.2 5.9
Egg6_9 Melilite 67 4.0 1.7 2.1 3.8 0.0 3.9 �1.5 5.6
Egg6_10 Melilite 80 5.1 1.8 1.3 3.6 �1.4 3.8 �2.9 5.5
Egg6_0 Melilite 113 3.4 2.0 2.6 4.2 0.8 4.3 �0.7 5.9
Egg6_1_1 Melilite 145 6.8 1.8 1.4 4.0 �2.2 4.2 �3.7 5.7
Egg6_1b Melilite 165 1.1 2.0 �2.6 4.1 �3.2 4.2 �4.7 5.8
Egg6_1_2 Spinel 179 �34.8 2.2 �40.4 3.9 �22.3 4.1 �22.4 5.6
Egg6_2b Melilite 192 4.3 1.6 3.0 3.9 0.7 4.0 �0.8 5.6
Egg6_1_3 Melilite 212 8.7 1.9 2.3 3.8 �2.2 4.0 �3.8 5.6
Egg6_1_4 Melilite 244 3.9 1.8 2.9 3.7 0.9 3.8 �0.6 5.5
Egg6_1_5 Melilite 277 2.7 1.9 0.2 3.9 �1.2 4.1 �2.7 5.7
Egg6_1_6 Melilite 310 �1.8 2.1 �4.0 4.5 �3.1 4.7 �4.6 6.1
Egg6_1_7 Melilite 342 7.2 1.9 5.5 3.8 1.7 4.0 0.2 5.6
Egg6_7b Vein grossular 355 8.5 2.0 3.1 3.7 �1.3 3.8 �2.8 5.5
Egg6_8b Vein grossular 395 6.3 1.9 1.3 3.7 �1.9 3.8 �3.5 5.5
Egg6_1_9 Melilite 410 6.9 2.0 2.0 3.8 �1.6 4.0 �3.1 5.6
Egg6_1_10 Melilite 442 7.4 1.9 4.3 3.6 0.5 3.7 �1.0 5.4
Egg6_1_11 Melilite 475 4.9 2.0 3.4 4.1 0.8 4.2 �0.7 5.8
Egg6_1_12 Melilite 508 6.5 1.9 3.1 4.0 �0.3 4.2 �1.9 5.8

Traverse 2 (August 2011)

Egg6_t2_1_1 Spinel �25 �42.4 2.5 �43.9 4.4 �21.8 4.6 �21.9 6.0
Egg6_t2_1_2 Spinel �10 �41.2 2.4 �50.9 4.6 �29.4 4.8 �29.5 6.2
Egg6_t2_1_4 Melilite 19 0.5 2.1 �0.2 3.9 �0.5 4.0 �2.0 5.6
Egg6_t2_1_5 Melilite 34 1.6 2.0 �3.0 4.5 �3.9 4.6 �5.4 6.1
Egg6_t2_1_6 Melilite 48 0.3 2.2 �0.9 4.5 �1.0 4.7 �2.5 6.1
Egg6_t2_1_7 Melilite 63 �0.9 2.1 �2.5 4.2 �2.1 4.4 �3.6 5.9
Egg6_t2_1_8 Vein grossular 78 4.1 2.2 �6.0 4.6 �8.1 4.7 �9.6 6.2

(continued on next page)
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Table 1 (continued)

NSpot Mineral From edge of
inclusion (lm)

d18O/16O* 2r (‰)* d17O/16O* 2r (‰)* D17O* 2r (‰)* D17O** 2r (‰)** 28Si/16O

Egg6_t2_1_9 Vein grossular 93 2.1 2.1 �6.7 4.1 �7.8 4.2 �9.3 5.8
Egg6_t2_1_10 Melilite 107 �0.7 2.0 �2.3 4.2 �1.9 4.3 �3.4 5.9
Egg6_t2b_1_1 Melilite 146 �13.2 2.2 �7.8 4.1 �1.0 4.3 �2.5 5.8
Egg6_t2b_1_2 Melilite 184 0.5 2.0 �4.9 4.2 �5.2 4.4 �6.7 5.9
Egg6_t2b_1_3 Vein grossular 222 6.5 2.2 2.1 4.5 �1.3 4.6 �2.9 6.1
Egg6_t2b_1_4 Vein grossular 260 4.1 2.0 �1.3 4.1 �3.4 4.3 �4.9 5.8
Egg6_t2b_1_5 Melilite 298 3.8 2.0 �1.6 4.0 �3.6 4.1 �5.1 5.7
Egg6_t2b_1_6 Fassaite 337 �34.0 1.8 �36.7 3.7 �18.9 3.8 �18.1 5.5
Egg6_t2b_1_7 Melilite 375 5.4 2.0 �3.5 4.3 �6.3 4.4 �7.8 5.9
Egg6_t2b_1_8 Melilite 413 5.9 1.9 �1.3 4.1 �4.4 4.2 �5.9 5.8
Egg6_t2b_1_10 Melilite 489 4.2 1.9 �2.1 4.2 �4.2 4.3 �5.8 5.9
Egg6_t2b_1_11 Melilite 528 5.2 2.0 �2.0 4.3 �4.7 4.4 �6.2 5.9
Egg6_t2b_1_12 Melilite 566 �0.2 1.8 �7.8 3.8 �7.7 3.9 �9.2 5.6
Egg6_t2b_1_13 Melilite 604 4.0 2.0 �3.1 3.8 �5.2 3.9 �6.7 5.6
Egg6_t2b_1_14 Melilite 642 3.3 2.0 �3.4 4.0 �5.2 4.1 �6.7 5.7
Egg6_t2b_1_15 Melilite 681 4.4 1.8 �4.8 4.2 �7.0 4.3 �8.6 5.8

Main WL-rim Traverse (December 2012)

Egg6_spn_1 Spinel (Fe) �41 �51.1 1.3 �49.6 3.0 �23.0 3.1 �23.7 5.1 1.08E�05
Egg6_spn_2 Spinel (Fe) �33 �44.4 1.6 �42.2 3.3 �19.1 3.4 �19.8 5.3 8.69E�04
Egg6_spn_3 Ti-pyroxene + <spinel �26 �11.6 2.1 �14.5 3.9 �8.5 4.0 �9.2 5.5 1.67E�02
Egg6_perov_3 Spinel > perovskite �18 �20.7 1.2 �23.5 2.3 �12.7 2.4 �13.4 4.7 2.22E�04
Egg6_spn_4 Ti-pyroxene �17 �8.3 1.9 �8.4 3.6 �4.1 5.3 �4.9 �4.9 2.05E�02
Egg6_spn_5 Ti-pyroxene �11 �8.0 1.9 �6.2 3.5 �2.0 5.3 �2.8 �2.8 2.29E�02
Egg6_perov_1 Spinel + perovskite �9 �1.1 0.9 �4.2 2.1 �3.7 2.1 �4.4 4.6 5.78E�05
Egg6_spn_6 Spinel 0 �39.5 1.8 �40.5 3.7 �19.9 3.8 �20.6 5.5 2.84E�04

Near main WL-rim Traverse (December 2012)

Egg6_perov_5 Perovskite �23 1.8 1.0 �1.7 2.1 �2.6 2.2 �3.3 4.6 4.19E�05
Egg6_perov_4 Perovskite �17 �0.2 1.0 �1.3 2.0 �1.2 2.0 �1.9 4.5 4.68E�05
Egg6_perov_2 Perovskite > spinel? �9 3.5 1.2 �2.3 2.3 �4.2 2.4 �4.9 4.7 1.78E�02

Rim Traverse Follow up (March 2013)

Egg6_rim_1 Al-pyroxene �47 1.6 1.6 �3.2 3.5 �4.0 3.6 �4.3 5.3 3.30E�02

Rim Traverse-1 (March 2013)

Egg6_spn_t1_1 Spinel �21 �49.3 1.7 �52.3 3.4 �26.6 3.4 �26.9 4.9 1.96E�05
Egg6_spn_t1_3 Spinel �21 �43.4 1.7 �48.0 3.4 �25.3 3.4 �25.6 5.0 1.96E�05

Rim Traverse�2 (February–March 2013)

Egg6_spn_t2_4 Al-pyroxene �52 �17.2 1.8 �22.4 3.9 �13.4 4.0 �13.7 5.6 3.85E�02
Egg6_spn_t2_1 Spinel �22 �45.4 1.6 �50.6 3.2 �26.9 3.2 �27.2 4.8 1.37E�04
Egg6_spn_t2_2 Spinel + melilite �13 11.7 1.9 �0.6 4.0 �6.7 4.0 �7.0 5.4 2.41E�02
Egg6_spn_t2_3 Melilite �2 2.9 1.7 �3.8 3.8 �5.2 3.8 �4.3 5.3 2.09E�02
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Isolated rim analyses (February 2013)

Egg6_spn_t3_2 Spinel �27 �41.5 2.0 �44.8 4.2 �23.1 4.2 �23.4 5.5 6.45E�04
Egg6_spn_t3_3 Spinel �21 �43.1 2.0 �48.6 4.2 �26.1 4.2 �26.4 5.5 1.45E�04

Interior (December 2012)
Egg6_fass1 Vein grossular Interior 0.2 1.8 �0.7 3.3 �0.8 3.4 0.5 5.1 3.09E�02
Egg6_fass2 Fassaite Interior �45.5 1.8 �43.2 2.9 �19.5 3.1 �20.2 4.9 3.19E�02
Egg6_fass3_1 Vein grossular Interior 5.9 1.8 1.2 3.5 �1.9 3.6 �0.6 5.2 2.58E�02

Representative analyses in Melilite margin (February 2013)

Egg6_spn_mantle_4 Spinel 60 �42.1 1.8 �47.6 3.7 �25.7 3.7 �26.0 5.2 7.93E�06
Egg6_spn_mantle_2 Spinel 144 �39.2 1.8 �45.3 3.7 �24.9 3.7 �25.2 5.2 6.21E�06
Egg6_spn_mantle_3 Spinel 175 �43.0 1.9 �50.6 3.9 �28.2 3.9 �28.5 5.3 4.11E�06
Egg6_spn_mantle_1 Spinel 467 �41.5 1.8 �48.9 3.7 �27.2 3.7 �27.5 5.2 6.69E�06
Egg6_fs_mantle_1 Fassaite 1056 �29.6 1.6 �32.3 3.4 �16.9 3.5 �17.2 5.3 3.66E�02
Egg6_fs_mantle_2 Fassaite 1432 �33.1 1.7 �34.8 3.8 �17.5 3.8 �17.8 5.5 2.94E�02

Representative analyses in core (Feburary-March 2013)

Egg6_spn_core_4 Spinel 2065 �42.0 1.9 �47.2 4.0 �25.3 4.0 �25.6 5.4 1.38E�08
Egg6_spn_core_3 Spinel 2452 �43.7 2.0 �44.8 4.1 �22.0 4.1 �22.3 5.4 1.13E�08
Egg6_spn_core_2 Spinel 2733 �45.0 1.8 �48.6 3.6 �25.2 3.6 �25.5 5.1 2.79E�08
Egg6_an_core_1 Anorthite 3026 2.9 1.6 �2.8 3.5 �4.3 3.5 �3.3 5.1 3.15E�02
Egg6_an_core_2 Anorthite 3167 �3.7 1.8 �13.1 3.9 �11.2 3.9 �10.2 5.4 2.84E�02
Egg6_spn_core_1 Spinel 3202 �39.8 1.9 �42.6 3.9 �21.9 4.0 �22.2 5.3 8.47E�06

TS4 oxygen isotope data

Spot Mineral From edge of
inclusion (lm)

d18O/16O* 2r (‰)* d17O/16O* 2r (‰)* D17O* 2r (‰)* D17O** 2r (‰)** 28Si/16O

Traverse-1 (August 2011)

TS4_WL_3 Olivine �77 �6.3 1.5 �3.4 3.3 �0.2 3.4 0.7 5.0 8.97E�04
TS4_WL_4 Olivine �71 �7.8 1.3 �5.2 2.4 �1.1 2.5 �0.2 4.5 8.79E�04
TS4_WL_5 Olivine �67 �13.0 1.6 �11.9 3.1 �5.1 3.2 �4.2 4.8 6.66E�04
TS4_WL_6 Olivine �60 �36.1 1.4 �40.0 3.0 �21.3 3.1 �20.4 4.8 8.18E�04
TS4_WL_7 Olivine �53 �15.8 1.4 �19.9 3.0 �11.7 3.1 �10.8 4.8 8.41E�04
TS4_WL_8 Olivine �46 �32.2 1.4 �35.9 3.0 �19.2 3.1 �18.2 4.8 8.83E�04
TS4_WL_9 Olivine �39 �6.0 1.6 �9.9 3.0 �6.8 3.2 �5.9 4.8 9.92E�04
TS4_WL_10 Al-pyroxene + <spinel �33 0.8 1.5 �5.4 3.0 �5.8 3.1 �4.9 4.8 8.66E�04
TS4_interior_16 Spinel 0 �28.5 1.9 �34.8 2.8 �19.9 3.0 �20.1 4.8 8.27E�05
TS4_interior_17 Sodalite 7 12.1 1.8 8.6 3.4 2.3 3.5 0.8 4.8 7.14E�04
TS4_interior_18 Sodalite 14 8.5 1.7 2.3 3.2 �2.1 3.3 �3.6 4.6 7.49E�04
TS4_interior_19 Sodalite 20 8.9 1.7 3.1 3.4 �1.5 3.6 �3.0 4.8 6.11E�04
TS4_interior_20 Melilite 34 12.3 1.7 5.9 3.4 �0.5 3.5 �2.0 4.7 8.08E�04
TS4_interior_21 Melilite 43 13.1 1.7 7.5 3.3 0.7 3.4 �0.8 4.7 9.11E�04
TS4_interior_23 Spinel + fassaite 109 �30.7 2.0 �39.9 3.1 �23.9 3.3 �24.0 4.9 1.83E�04
TS4_interior_24 Fassaite + < spinel 143 �36.2 1.7 �41.3 3.2 �22.5 3.3 �21.6 4.9 9.64E�04
TS4_interior_25 Fassaite + spinel 189 �39.2 1.5 �45.4 3.1 �25.0 3.2 �24.1 4.9 7.63E�04
TS4_interior_26 Fassaite 226 �30.0 1.5 �34.8 3.0 �19.2 3.1 �18.3 4.8 9.96E�04
TS4_interior_27 Melilite 349 8.7 1.5 4.0 3.0 �0.6 3.1 �2.1 4.4 9.86E�04

(continued on next page)
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Table 1 (continued)

Spot Mineral From edge of
inclusion (lm)

d18O/16O* 2r (‰)* d17O/16O* 2r (‰)* D17O* 2r (‰)* D17O** 2r (‰)** 28Si/16O

Traverse-2 (August 2011)

TS4_mel_55 Olivine �80 �13.1 1.3 �7.0 2.4 �0.2 2.5 0.7 4.4 1.67E�03
TS4_mel_52 Melilite 35 14.9 1.9 7.4 3.3 �0.4 3.4 �1.9 4.7 1.01E�03
TS4_mel_51 Melilite 44 13.8 1.7 6.1 3.1 �1.0 3.2 �2.5 4.5 1.07E�03
TS4_mel_50 Melilite 54 14.4 1.8 5.1 3.0 �2.4 3.1 �3.9 4.5 1.06E�03
TS4_mel_49 Melilite 64 7.8 1.5 2.3 2.9 �1.7 3.0 �3.2 4.3 8.70E�04
TS4_mel_48 Melilite 75 9.3 1.5 2.5 3.0 �2.4 3.1 �3.9 4.4 8.51E�04
TS4_mel_47 Melilite 85 �12.9 1.6 �7.6 3.3 �0.9 3.4 �2.5 4.7 1.18E�03
TS4_mel_45 Spinel 105 �43.0 2.0 �43.8 3.0 �21.4 3.2 �21.5 4.9 3.11E�05
TS4_mel_44 Melilite 115 12.8 1.8 7.5 3.1 0.9 3.3 �0.6 4.6 9.69E�04
TS4_mel_43 Melilite 125 12.7 1.5 5.2 2.7 �1.4 2.8 �2.9 4.3 1.02E�03
TS4_mel_42 Melilite 136 �0.4 1.7 0.4 3.3 0.6 3.4 �0.9 4.7 1.03E�03
TS4_mel_41 Melilite 144 12.8 1.9 6.4 3.1 �0.3 3.3 �1.8 4.6 9.81E�04
TS4_mel_40 Melilite 153 9.6 1.6 5.1 3.4 0.1 3.5 �1.4 4.7 1.05E�03
TS4_mel_39 Melilite 164 13.0 1.6 5.2 3.0 �1.5 3.1 �3.1 4.4 1.10E�03
TS4_mel_38 Spinel 174 �40.3 2.0 �41.8 3.1 �20.8 3.2 �20.9 4.9 4.17E�04
TS4_mel_37 Fassaite 185 �32.8 1.5 �38.3 3.1 �21.3 3.2 �20.4 4.9 9.60E�04
TS4_mel_36 Fassaite 194 �31.7 1.4 �38.6 2.8 �22.1 2.9 �21.2 4.7 1.03E�03
TS4_mel_35 Fassaite + <spinel 218 �43.8 1.6 �44.7 3.2 �21.9 3.3 �21.0 4.9 7.18E�06
TS4_mel_34 Melilite (some alteration) 246 15.9 1.9 11.2 3.1 2.9 3.2 1.4 4.5 1.16E�03
TS4_mel_32 Anorthite (some

alteration)
318 12.2 1.8 6.1 3.6 �0.2 3.8 �1.7 4.9 7.91E�04

TS4_mel_31 Spinel 467 �32.0 2.2 �38.0 3.2 �21.4 3.4 �21.5 5.0 7.16E�06
TS4_mel_30 Melilite 614 7.9 1.6 �0.8 3.2 �4.9 3.3 �6.4 4.6 1.04E�03
TS4_mel_29 Spinel 769 �33.3 1.9 �40.9 3.1 �23.6 3.3 �23.7 4.9 7.29E�06
TS4_mel_28 Anorthite 896 �8.8 1.6 �15.0 3.2 �10.5 3.3 �12.0 4.6 8.27E�04

Assorted interior spots (August 2011)

TS4_lgfass_1 Fassaite 880 �33.7 1.6 �41.6 3.0 �24.1 3.1 �25.5 4.8 1.05E�03
TS4_lgfass_2 Fassaite 880 �33.1 1.6 �38.4 3.3 �21.2 3.4 �22.6 5.0 1.05E�03
TS4_lgfass_3 Fassaite 880 �35.5 1.6 �40.0 3.3 �21.6 3.5 �22.9 5.0 1.03E�03
TS4_pal_fs_1 Fassaite 960 �33.6 1.7 �40.2 3.3 �22.7 3.4 �24.1 5.0 1.05E�03
TS4_pal_fs_2 Fassaite 965 �34.9 1.6 �39.3 3.5 �21.2 3.6 �22.6 5.1 1.12E�03
TS4_pal_fs_3 Fassaite 970 �33.2 1.7 �40.1 3.2 �22.8 3.3 �24.2 4.9 1.06E�03
TS4_pal_an_1 Anorthite 910 0.7 1.8 �7.0 3.9 �7.4 4.0 �8.8 5.1 8.21E�04
TS4_pal_an_2 Anorthite 915 1.7 2.0 �7.4 3.9 �8.3 4.0 �9.7 5.1 8.30E�04
TS4_pal_an_3 Anorthite 920 2.3 1.8 �1.4 3.7 �2.6 3.8 �4.0 5.0 8.49E�04
TS4_pal_mel_1 Melilite 930 6.5 1.8 �1.4 3.6 �4.8 3.7 �6.1 4.9 8.47E�04
TS4_pal_mel_2 Melilite 935 4.0 1.7 �1.8 3.6 �3.8 3.7 �5.2 4.9 1.06E�03
TS4_pal_sp_1 Spinel 940 �32.3 2.2 �38.2 3.7 �21.4 3.9 �21.8 5.3 6.97E�06
TS4_pal_sp_2 Spinel 945 �29.4 2.1 �41.6 3.8 �26.3 3.9 �26.7 5.4 1.07E�04
TS4_pal_sp_3 Spinel 950 �36.7 2.2 �41.4 3.7 �22.3 3.9 �22.8 5.4 1.05E�05

Internal inclusion (August 2011)

TS4_dark_1 Pyroxene 11.9 1.7 1.5 3.6 �4.7 3.7 �3.8 5.2 1.19E�03

Line missing

J.I.
S
im

o
n
et

al./
G
eo
ch
im

ica
et

C
o
sm

o
ch
im

ica
A
cta

186
(2016)

242–276
247



TS4_bright_1 Pyroxene (Fe) 14.8 1.6 6.4 3.3 �1.3 3.4 �0.4 5.0 1.04E�03
TS4_olint_1 Olivine �3.0 1.8 �6.2 3.4 �4.6 3.5 �3.7 5.1 9.53E�04
TS4_olrim_1 Olivine 9.8 1.6 4.3 3.2 �0.8 3.3 0.1 4.9 1.36E�03
TS4_sp_1 Spinel �35.2 2.0 �41.9 3.5 �23.6 3.7 �24.0 5.2 6.77E�06
TS4_sp_2 Spinel �31.0 2.1 �40.6 3.4 �24.5 3.6 �24.9 5.2 5.32E�06
TS4_mel_3 Spinel + melilite �27.9 2.1 �37.9 3.3 �23.4 3.5 �23.8 5.1 1.68E�04
TS4_mel_4 Unknown Fe–Mg silicate �8.6 2.7 �5.7 5.0 �1.3 5.2 �0.4 6.4 1.35E�03
TS4_ol_2 Olivine �4.2 1.7 �9.8 3.8 �7.6 3.9 �6.7 5.4 9.45E�04
TS4_ol_3 Olivine �4.8 1.7 �11.8 3.9 �9.3 4.0 �8.3 5.4 1.01E�03

L6 oxygen isotope data

Spot Mineral From edge of
inclusion (lm)

d18O/16O* 2r (‰)* d17O/16O* 2r (‰)* D17O* 2r (‰)* D17O** 2r (‰)** 28Si/16O

Traverse 2 (March 2013)

L6_t2@1_1 Melilite + <spinel �47.4 �21.3 1.7 �23.2 4.3 �12.0 4.4 �11.0 5.8 1.90E�02
L6_t2@1_2 Spinel �3.6 �42.4 2.0 �46.7 4.1 �24.6 4.2 �24.9 5.5 1.41E�04
L6_t2@1_4 Melilite + <spinel 26.6 7.2 1.9 �1.1 3.9 �4.8 4.0 �3.8 5.5 2.19E�02
L6_t2@1_5 Melilite 41.1 3.3 2.0 �3.7 4.3 �5.5 4.4 �4.4 5.8 2.05E�02
L6_t2@1_6 Melilite 57.0 7.6 1.7 �1.8 3.8 �5.8 3.9 �4.7 5.4 2.11E�02
L6_t2@1_7 Melilite 72.3 4.5 1.7 �3.9 3.9 �6.2 4.0 �5.2 5.5 2.16E�02
L6_t2@1_9 Melilite 104.0 7.5 1.8 0.8 3.8 �3.1 3.9 �2.1 5.4 2.13E�02
L6_t2@1_10 Melilite 119.8 6.3 1.8 �1.8 4.0 �5.1 4.1 �4.1 5.5 2.21E�02
L6_t2@1_11 Melilite 135.6 4.3 1.7 �3.9 4.0 �6.2 4.1 �5.1 5.6 2.19E�02
L6_t2@1_12 Melilite 152.4 7.0 1.8 �5.5 4.1 �9.1 4.2 �8.1 5.7 2.23E�02
L6_t2@1_13 Melilite 168.0 2.8 1.8 �7.5 4.1 �9.0 4.2 �7.9 5.6 2.32E�02
L6_t2@1_14 Melilite 183.8 2.8 1.9 �5.2 4.2 �6.6 4.3 �5.6 5.7 2.28E�02
L6_t2@1_15 Melilite 198.9 5.4 1.9 �5.3 4.0 �8.1 4.1 �7.1 5.6 2.16E�02
L6_t2@1_16 Melilite 215.4 7.7 1.9 �0.7 3.7 �4.7 3.8 �3.7 5.4 2.32E�02
L6_t2@1_17 Melilite 230.8 4.1 1.9 �7.9 4.1 �10.1 4.2 �9.1 5.7 2.30E�02
L6_t2@1_18 Melilite 246.8 2.0 2.0 �4.9 4.3 �5.9 4.4 �4.9 5.8 2.26E�02
L6_t2@1_19 Melilite 262.7 1.1 1.8 �7.7 3.9 �8.3 4.0 �7.3 5.5 2.38E�02
L6_t2@1_20 Melilite 278.9 4.5 1.9 �3.4 4.2 �5.7 4.3 �4.7 5.7 2.45E�02
L6_t2@1_21 Melilite 294.1 4.1 1.7 �3.1 4.0 �5.2 4.1 �4.2 5.5 2.31E�02
L6_t2@1_22 Melilite 310.2 3.3 1.9 �4.3 4.0 �6.0 4.1 �5.0 5.5 2.33E�02
L6_t2@1_24 Melilite 341.2 2.7 1.8 �6.7 4.1 �8.1 4.2 �7.1 5.6 2.24E�02
L6_t2@1_26 Melilite 373.0 9.8 1.9 0.2 4.4 �4.9 4.5 �3.9 5.8 2.11E�02
L6_t2@1_27 Melilite 387.6 9.7 1.9 3.7 4.1 �1.4 4.2 �0.4 5.6 2.20E�02
L6_t2@1_28 Melilite 403.4 5.1 1.9 �2.7 4.4 �5.4 4.5 �4.3 5.8 2.27E�02
L6_t2@1_29 Melilite 418.6 5.5 1.8 �7.2 3.8 �10.0 3.9 �9.0 5.4 2.25E�02
L6_t2@1_30 Melilite 434.0 6.0 1.8 �5.4 3.6 �8.5 3.8 �7.5 5.3 2.30E�02

Traverse 4 (March 2013)

L6_t4_1@1_1 Melilite ± ti pyroxene �208.8 �40.0 1.8 �39.8 3.6 �19.0 3.7 �18.0 5.2 2.17E�02
L6_t4_1@1_2 Melilite �193.6 4.7 1.9 �3.9 4.1 �6.4 4.2 �5.4 5.6 1.82E�02
L6_t4_1@1_3 Melilite ± spinel? �179.2 �46.8 1.7 �51.0 3.5 �26.6 3.6 �25.6 5.2 2.02E�02
L6_t4_1@1_4 Melilite �164.0 �12.7 1.9 �18.7 3.9 �12.0 4.0 �11.0 5.5 1.74E�02
L6_t4_1@1_5 Melilite �147.5 �23.7 1.9 �29.2 3.7 �16.9 3.8 �15.9 5.4 2.17E�02
L6_t4_1@1_6 Melilite �132.0 �12.0 1.8 �21.9 3.9 �15.6 4.0 �14.6 5.5 1.91E�02
L6_t4_1@1_7 Melilite + spinel �117.2 8.3 2.0 �1.4 4.2 �5.8 4.3 �4.7 5.7 1.63E�02

(continued on next page)
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Table 1 (continued)

Spot Mineral From edge of
inclusion (lm)

d18O/16O* 2r (‰)* d17O/16O* 2r (‰)* D17O* 2r (‰)* D17O** 2r (‰)** 28Si/16O

L6_t4_1@1_10 Spinel �81.2 �40.1 2.0 �45.3 3.9 �24.4 4.1 �24.7 5.7 8.34E�04
L6_t4_1@1_11 Ti pyx �71.8 �16.2 1.5 �20.0 3.3 �11.5 3.4 �11.8 5.3 2.94E�02
L6_t4_1@1_12 Melilite �61.1 5.8 1.9 �2.3 3.9 �5.3 4.1 �4.3 5.5 2.07E�02
L6_t4_1@1_13 Melilite �52.1 7.2 1.8 �0.9 3.7 �4.6 3.9 �3.6 5.4 2.07E�02
L6_t4_1@1_14 Spinel �29.7 �41.8 2.1 �45.6 4.1 �23.9 4.2 �24.1 5.5 5.92E�05
L6_t4_1@1_15 Spinel �0.2 �41.9 2.0 �46.9 4.5 �25.0 4.6 �25.3 5.8 3.09E�05

Traverse 1 (March 2013)

L6_t1@1_1 Melilite �48.0 4.4 2.0 �3.0 3.8 �5.4 3.9 �4.3 5.4 2.10E�02
L6_t1@1_2 Low Ti pyx �33.6 �12.8 2.0 �15.3 4.0 �8.6 4.1 �8.9 5.8 1.53E�02
L6_t1@1_4 Melilite 14.5 �8.4 1.7 �14.0 3.8 �9.6 3.9 �8.6 5.4 2.16E�02
L6_t1@1_5 Spinel 29.4 �38.6 2.1 �42.7 4.4 �22.6 4.5 �22.8 5.8 2.69E�04
L6_t1@1_6 Melilite 43.8 �4.6 1.9 �13.8 3.8 �11.4 3.9 �10.4 5.4 1.98E�02
L6_t1@1_7 Melilite 59.3 �4.8 1.7 �13.0 3.9 �10.4 4.0 �9.4 5.4 2.05E�02
L6_t1@1_10 Melilite 104.7 8.2 1.9 0.7 4.0 �3.5 4.2 �2.5 5.6 2.13E�02
L6_t1@1_11 Melilite 119.9 7.9 1.9 1.1 3.7 �3.0 3.9 �2.0 5.4 2.37E�02
L6_t1@1_12 Melilite 134.9 5.6 1.9 �1.3 3.9 �4.2 4.0 �3.2 5.5 2.24E�02
L6_t1@1_13 Melilite 149.6 6.4 1.8 0.6 4.1 �2.7 4.2 �1.7 5.6 2.29E�02
L6_t1@1_14 Melilite 165.0 5.4 1.8 �3.2 4.1 �6.0 4.2 �5.0 5.6 2.38E�02
L6_t1@1_15 Melilite 180.5 5.5 2.0 �3.7 4.1 �6.6 4.2 �5.6 5.7 2.34E�02

Traverse 3 (March 2013)

L6_t3@1_1 Ti pyx �71.9 �20.0 1.6 �23.6 3.5 �13.1 3.5 �13.4 5.4 2.45E�02
L6_t3@1_2 Spinel �32.4 �38.7 1.8 �46.6 4.0 �26.4 4.1 �26.7 5.4 1.11E�04
L6_t3@1_3 Spinel �22.9 �43.4 1.9 �47.8 4.0 �25.2 4.1 �25.5 5.4 2.11E�05
L6_t3@1_4 Spinel �13.0 �41.4 2.1 �47.3 4.1 �25.7 4.3 �26.0 5.6 9.27E�05
L6_t3@1_5 Spinel �2.9 �40.3 2.2 �47.6 3.8 �26.6 4.0 �26.9 5.4 2.43E�05
L6_t3@1_6 Spinel 0.0 �42.3 2.1 �44.3 4.2 �22.3 4.3 �22.5 5.6 2.07E�04
L6_t3@1_7 Melilite 1.1 �40.1 1.9 �40.7 3.9 �19.8 4.0 �18.8 5.5 1.95E�02
L6_t3@1_8 Melilite 4.7 �14.3 1.9 �21.5 4.2 �14.1 4.3 �13.0 5.7 1.93E�02
L6_t3@1_9 Melilite 10.2 �16.3 1.8 �29.3 4.1 �20.8 4.2 �19.8 5.6 1.97E�02
L6_t3@1_10 Melilite 17.1 �10.0 1.8 �18.2 3.6 �13.0 3.7 �12.0 5.3 2.05E�02
L6_t3@1_11 Melilite 25.4 �12.1 1.9 �15.5 3.9 �9.2 4.0 �8.2 5.5 2.02E�02
L6_t3@1_12 Spinel + <melilite 33.9 �31.6 2.1 �41.8 4.5 �25.4 4.6 �25.6 5.8 5.20E�03
L6_t3@1_13 Melilite 42.8 �13.9 1.7 �19.6 4.0 �12.4 4.1 �11.4 5.5 1.93E�02
L6_t3@1_14 Melilite 51.5 �4.0 1.8 �10.5 3.7 �8.4 3.8 �7.4 5.3 2.08E�02
L6_t3@1_15 Melilite 61.6 �4.6 1.8 �13.0 4.0 �10.6 4.1 �9.6 5.5 2.05E�02
3Jan_L6_B_1 Ti pyx + sp? �189.9 �2.5 2.1 �7.2 3.4 �3.2 3.3 1.53E�02

Pyroxene (January 2014)

L6_2 Diopside �247.1 �51.9 2.0 �48.6 3.2 �21.5 3.3 �20.3 4.7 3.62E�02
L6_3 Ti pyx �238.1 �38.9 2.0 �37.6 3.1 �17.4 3.3 �16.1 4.7 2.14E�02
L6_4 Ti pyx �241.1 �42.6 2.4 �36.5 3.3 �14.3 3.5 �13.0 4.8 1.77E�02
L6_5 Diopside �245.0 �24.7 2.5 �26.4 3.6 �13.5 3.9 �12.3 5.1 3.64E�02
L6_7 Diopside �243.0 �46.5 1.9 �44.8 3.2 �20.6 3.3 �19.3 4.7 3.72E�02
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L6_8 Diopside �249.4 �39.5 2.0 �38.2 3.3 �17.6 3.4 �16.3 4.8 3.78E�02
ALH3 oxygen isotope data

Spot Mineral From edge of
inclusion (lm)

d18O/16O* 2r (‰)* d17O/16O* 2r (‰)* D17O* 2r (‰)* D17O** 2r (‰)** 28Si/16O

Traverse 4 (December 2012)

ALH3_t4_1 Olivine �81 �12.8 1.6 �17.2 2.6 �10.6 2.8 �11.3 4.7 2.32E�02
ALH3_t4_2 Olivine �73 �0.2 1.7 0.2 2.5 0.3 2.7 �0.4 4.6 2.19E�02
ALH3_t4_3 Al-pyroxene �64 �5.2 1.7 �11.3 2.8 �8.6 3.0 �9.3 4.8 3.65E�02
ALH3_t4_4 Ti-pyroxene �53 �14.4 1.8 �18.9 3.2 �11.4 3.4 �12.1 5.1 1.58E�02
ALH3_t4_5 Ti pyroxene �39 �37.8 1.7 �34.7 3.1 �15.0 3.2 �15.8 5.0 9.16E�03
ALH3_t4_6 Spinel on crack �5 �43.6 1.3 �46.4 2.9 �23.7 3.0 �24.4 5.0 1.39E�03
ALH3_t4_7 Plagioclase on crack 4 �8.8 1.8 �1.8 3.2 2.8 3.3 4.1 5.0 3.47E�02
ALH3_t4_8a Plagioclase on crack 14 �13.2 1.5 �6.6 2.9 0.3 3.0 1.6 4.8 6.38E�02
ALH3_t4_9 Melilite 24 5.1 1.9 �2.8 3.2 �5.4 3.3 �4.1 5.0 2.18E�02
ALH3_t4_10 Melilite 33 1.9 1.7 �6.8 3.2 �7.7 3.3 �6.4 5.0 2.29E�02
ALH3_t4_11 Melilite 42 �3.9 1.7 �10.4 2.9 �8.4 3.1 �7.1 4.9 2.12E�02
ALH3_t4_12 Melilite 52 �1.9 1.9 �10.3 3.3 �9.3 3.5 �8.0 5.1 1.89E�02
ALH3_t4@1_1 Melilite 70 �0.9 1.7 �8.1 3.0 �7.7 3.1 �6.4 4.9 2.20E�02
ALH3_t4@1_2 Melilite 89 �1.2 1.7 �8.4 3.4 �7.8 3.5 �6.5 5.1 2.00E�02
ALH3_t4@1_3 Melilite 110 3.7 1.7 �4.5 3.0 �6.5 3.2 �5.2 4.9 2.03E�02
ALH3_t4@1_4 Melilite + grossular 129 3.8 1.9 0.6 3.8 �1.4 3.9 �0.1 5.5 2.45E�02
ALH3_t4@1_5 Melilite 149 3.0 1.7 �5.5 3.1 �7.1 3.2 �5.8 5.0 2.11E�02
ALH3_t4@1_6 Melilite 169 1.6 1.7 �5.5 3.2 �6.4 3.3 �5.1 5.0 2.05E�02
ALH3_t4@1_7 Melilite 189 4.2 1.7 �3.5 3.3 �5.7 3.4 �4.4 5.1 2.20E�02
ALH3_t4@1_8 Melilite 209 3.9 1.8 �0.9 3.3 �2.9 3.4 �1.6 5.1 2.02E�02
ALH3_t4@1_9 Melilite 228 2.9 1.8 �2.7 3.3 �4.2 3.4 �2.9 5.1 2.56E�02
ALH3_t4@1_10 Melilite 248 14.4 1.8 3.6 3.1 �3.9 3.2 �2.6 5.0 3.17E�02

Traverse 3 (December 2012) From edge of inclusion
ALH3_t3_1a Olivine �75 �52.2 1.5 �52.9 2.4 �25.7 2.5 �27.8 4.8 2.39E�02
ALH3_t3_2a Olivine �66 �46.9 1.5 �49.6 2.4 �25.1 2.6 �27.2 4.8 2.54E�02
ALH3_t3_3a Al-pyroxene �56 �19.2 1.7 �21.1 3.0 �11.1 3.4 �13.5 5.1 3.85E�02
ALH3_t3_4 Ti-pyroxene �45 �15.6 1.8 �15.4 3.1 �7.3 3.1 �8.4 5.1 2.22E�02
ALH3_t3_5 Grossular �39 5.2 1.8 �0.6 3.5 �3.3 3.6 �3.3 5.4 2.41E�02
ALH3_t3_6 Spinel + grossular �2 �27.6 1.5 �30.0 3.0 �15.6 3.1 �17.7 5.2 1.05E�02
ALH3_t3_3 Spinel 0 �47.9 1.1 �49.2 2.4 �24.2 2.4 �24.4 4.6 3.49E�04

Near Traverse 3 near edge (December 2012) From edge of inclusion
ALH3_t3_1 Melilite 35 �5.2 1.7 �12.4 2.9 �9.7 3.0 �8.4 4.8 2.57E�02
ALH3_t3_2 Melilite 45 �6.1 1.5 �9.5 2.9 �6.3 3.0 �5.1 4.8 3.41E�02

Traverse 2 at edge of inner pocket (December

2012)

From edge of pocket

ALH3_t2_1 Andradite �65 �8.1 1.5 �5.4 2.2 �1.2 2.3 �1.9 4.4 4.04E�02
ALH3_t2_2 Al-pyroxene �49 �41.6 1.7 �42.7 3.0 �21.0 3.1 �22.1 4.9 3.64E�02
ALH3_t2_3 Al-pyroxene �38 �3.2 1.6 �5.6 2.7 �4.0 2.9 �5.0 4.7 3.69E-02

(continued on next page)
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Table 1 (continued)

Spot Mineral From edge of inclusion
(lm)

d18O/16O* 2r (‰)* d17O/16O* 2r (‰)* D17O* 2r (‰)* D17O** 2r (‰)** 28Si/16O

ALH3_t2_4 Spinel �18 �44.8 1.3 �42.4 3.0 �19.1 3.1 �19.8 5.1 1.58E�05
ALH3_t2_5 Spinel �10 �40.2 1.3 �44.3 2.9 �23.3 3.0 �24.1 5.0 5.70E�05
ALH3_t2_6 Melilite ± spl 7 �16.1 1.6 �18.5 2.9 �10.1 3.0 �8.8 4.8 2.44E�02
ALH3_t2_7 Melilite 21 �10.2 1.6 �13.1 3.1 �7.8 3.2 �6.5 4.9 2.34E�02

Traverse 1 at edge of inner pocket (December
2012)

From edge of pocket

ALH3_t1_1 Andradite �65 10.1 1.7 1.9 3.1 �3.4 3.2 �4.1 5.0 2.76E�02
ALH3_t1_2 Al-pyroxene �51 �2.4 1.8 �7.9 3.0 �6.6 3.2 �7.4 4.9 2.81E�02
ALH3_t1_3 Ti-pyroxene �42 �16.1 1.9 �15.7 3.7 �7.3 3.8 �8.0 5.4 1.64E�02
ALH3_t1_4 Spinel �34 �43.3 1.4 �44.5 3.1 �21.9 3.2 �22.6 5.1 1.95E�05
ALH3_t1_5 Spinel �21 �43.9 1.5 �43.0 3.3 �20.2 3.4 �20.9 5.2 9.99E�05
ALH3_t1_6 Spinel �10 �41.9 1.4 �43.3 3.3 �21.5 3.4 �22.2 5.3 5.76E�05
ALH3_t1_7 Spinel

+ melilite > perovskite
0 �27.7 1.3 �31.8 2.8 �17.3 2.9 �18.1 5.0 4.71E�05

ALH3_t1_8 Melilite 11 �7.6 1.7 �15.0 3.3 �11.0 3.4 �9.7 5.1 1.95E�02

Ef-1 oxygen isotope data

Spot Mineral From edge of
inclusion (lm)

d18O/16O* 2r (‰)* d17O/16O* 2r (‰)* D17O* 2r (‰)* D17O** 2r (‰)** 28Si/16O

Traverse-1 (August 2011)

EF_matrix_2 Olivine matrix �3 10.9 1.6 6.6 3.6 0.9 3.7 1.8 5.2 1.18E�03
EF_matrix_3 Olivine matrix �3 8.5 1.7 0.0 3.3 �4.4 3.4 �3.5 5.0 1.18E�03
EF_matrix_4 Olivine matrix �3 6.4 1.9 1.0 3.7 �2.3 3.8 �1.5 5.2 1.16E�03
EF_WL_7 Spinel �3 �30.8 2.2 �35.8 3.5 �19.7 3.6 �19.8 5.2 5.12E�04
EF_WL_8 Spinel + diopside �3 �44.1 2.4 �46.3 4.3 �23.3 4.5 �23.4 5.8 2.46E�04
EF_WL_9 Spinel + �melilite �3 �39.5 2.4 �41.5 4.2 �21.0 4.3 �21.1 5.7 2.78E�05
EF_interior_1 Melilite Interior margin 5.1 2.0 �1.1 3.9 �3.7 4.0 �5.3 5.2 8.80E�04

Traverse-2 (August 2011)

EF_matrix_13 Olivine matrix �21 6.0 1.6 2.7 3.3 �0.4 3.5 0.5 5.0 1.21E�03
EF_WL_12 Ti pyroxene �15 �44.8 1.8 �43.8 3.7 �20.5 3.8 �19.6 5.3 1.31E�03
EF_WL_11 Ti pyroxene �9 �25.9 1.7 �25.0 3.5 �11.5 3.7 �10.6 5.2 1.23E�03
EF_WL_14 Spinel �2 �35.3 2.1 �40.1 3.4 �21.7 3.6 �21.8 5.1 2.19E�05
EF_interior_15 Melilite 5 �21.2 1.8 �16.6 4.2 �5.6 4.3 �7.1 5.3 9.65E�04
EF_interior_17 Melilite 15 �8.5 1.9 �10.5 3.5 �6.1 3.6 �7.7 4.8 9.15E�04
EF_interior_18 Melilite 21 �18.3 1.9 �14.4 3.9 �4.9 4.0 �6.4 5.1 9.08E�04
EF_interior_19 Melilite 28 �0.7 1.9 �7.6 3.5 �7.3 3.6 �8.8 4.8 1.27E�03
EF_interior_20 Melilite 34 �13.9 2.1 �12.0 3.5 �4.8 3.7 �6.3 4.9 1.03E�03
EF_interior_21 Melilite 40 1.5 1.9 �0.3 3.4 �1.1 3.6 �2.6 4.8 1.47E�03
EF_interior_22 Melilite 52 �11.3 2.1 �12.2 4.3 �6.3 4.5 �7.8 5.5 1.41E�03
EF_interior_23 Melilite 68 �2.9 2.6 �5.4 4.5 �3.9 4.7 �5.5 5.7 1.70E�03
EF_interior_26 Melilite 93 �1.8 2.0 �3.6 4.3 �2.7 4.4 �4.2 5.5 1.48E�03
EF_interior_27 Melilite 111 �6.6 1.9 �4.9 3.5 �1.5 3.6 �3.0 4.8 1.47E�03
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using backscattered electron and X-ray images) allowed
confirmation of the phases analyzed, which is critical for
interpretation of analyses within the fine mineral layers of
WL rims and near crystal boundaries in interiors of CAIs.
A normal-incidence electron gun was utilized for charge
compensation.

Oxygen isotopic zoning profiles were obtained by con-
ducting NanoSIMS traverses across the rims and outer
margins of CAIs. In most cases more than one traverse
across a comparable region of a given CAI was measured.
Within select traverses, analyses were made out of spatial
sequence in order to separate potential analytical shifts
from gradients in the samples themselves. Measurements
were made on six CAIs and include analyses of primary
melilite, spinel, fassaite and anorthite; secondary grossular,
plagioclase, and sodalite in the CAI interiors; and olivine,
Ti-pyroxene, aluminous pyroxene, spinel, anorthite, hibo-
nite, perovskite and secondary nepheline and andradite in
the WL rims. Each individual datum reflects a �2 � 2 lm
rastered spot analysis from a single mineral phase, as eval-
uated by the observed 28 (or 30)Si�/16O� ion ratios and by
SEM analyses after the NanoSIMS measurements, unless
stated otherwise. Oxygen isotopic compositions are
reported in terms of d17O and d18O, the permil differences
from the reference ratios of standard mean ocean water
(SMOW); diO = 103 � ((iO/16O)/(iO/16O)SMOW � 1), where
i is either 17 or 18. D17O, defined as D17O = d17O –
(0.521 � d18O), represents the departure of the sample com-
position from the terrestrial mass fractionation (TMF) line
that defines the terrestrial oxygen reservoir.

Instrumental mass fractionation (IMF) and experimen-
tal reproducibility were determined through replicate anal-
yses of terrestrial spinel, anorthite, grossular, pyroxene, and
forsterite standards. The standard analyses were inter-
spersed with unknowns. Periodically an automated series
of standard analyses (n � 10–15) were run overnight. The
individual measurements that made up these standard series
scattered about their average value, but did not exhibit sig-
nificant systematic shifts attesting to the fact that on a day-
to-day timeframe instrument IMF conditions were stable.
Over the �3-year period of the study, however, IMF condi-
tions did vary and data were corrected accordingly. The
IMF corrections were handled in two different ways. In
the first, mineral-specific corrections were applied to the
unknown measurements based on the standards used for
each session. In the second an average of the mineral-
specific corrections was applied, based on the standards
used for each session. The overall difference between the
two approaches was negligible and only varied up to
�1.5‰ (see columns #8 and #10, respectively in Table 1
and details in Appendix II). Systematic mass independent
effects varied among the different mineral standards in each
analytical session, but by no more than �2‰. The
reproducibility in D17O among 521 terrestrial mineral
standard analyses was 66‰ (2 sd), after IMF corrections
were applied, and within a given session it was �4‰
(2 sd) as summarized in Appendix II. For internal consis-
tency only the spinel, anorthite, and olivine standards were
used in the reported error of the unknowns as these were
measured in every session. The uncertainty of individual
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measurements was 64‰ (2 sd) for d17O and 62‰ (2 sd) for
d18O. In ideal cases (e.g., comparing the averages of multi-
ple analyses of distinct regions along a single traverse
within a given session), a difference in D17O as small as
�1–2‰ (2 se) appears resolvable, whereas a more conserva-
tive evaluation of uncertainty consistent with the inter-
session reproducibility of standards is closer to ±4‰ (2 sd).

2.1.1. Avoiding oxygen isotopic measurements of mineral

mixtures

Analysis of more than one, isotopically-distinct, mineral
phase in a single rastered spot may lead to spurious O-
isotope values. This problem is particularly acute for the
analysis of mineral layers within WL-rims, where the thin
individual mineral layers can be difficult to resolve. We
evaluated each O-isotope analysis for the possibility that
it might reflect a mixture of two or more minerals by both
comparing pre-analysis and post-analysis SEM images and
evaluating the corresponding 28 or 30Si�/16O� ion ratios.
This combined approach effectively identifies analytical vol-
umes that sampled more than one mineral, as SEM images
alone do not always reveal accessory phases or minor con-
tributions. In general, the 28 or 30Si�/16O� ion ratios of indi-
vidual minerals are diagnostic, especially between oxides
and silicates in the present samples (Fig. 1). The 28 or

30Si�/16O� ratio of diopside is clearly distinguishable from
that of melilite. It is not always possible, however, to use
Δ17O (‰)

Si
- /16

O
-  i

on
 ra

tio

Si
- /16

O
-

spinel

diopside

melilite

Fig. 1. Si�/16O� ion ratios from Leoville L6, showing that this ratio can
phases. Inset shows systematic shifts in the Si�/16O� ion ratio at the out
zoning. Filled symbols are pure phases: spinel (red), melilite (tan), Ti-pyro
of the same color, but different shape (i.e., circle, square, and diamond)
transects. (For interpretation of the references to color in this figure lege
the ion ratio approach to distinguish Ti-pyroxene from a
mixture of Ti-pyroxene and melilite, so the post-analysis
SEM images were heavily relied upon. Among the samples
analyzed here, only the WL rim on the Leoville sample (L6)
has pyroxene in contact with melilite. Measurements of 28 or

30Si�/16O� ratios were not calibrated, and only intra-mount
and intra-analytical session comparisons were made.

2.2. X-ray mapping and mineral compositions by scanning

electron microscope and microprobe

Mineral compositions, X-ray maps and backscattered
electron images (BEI) were obtained at NASA Johnson
Space Center (JSC), The University of Chicago, and LLNL
to study the petrography of the inclusions, guide Nano-
SIMS traverses, and verify the mineralogy of analysis spots.
High-resolution BEI and digital X-ray maps were obtained
with a JEOL JSM-7600F SEM at JSC and with an FEI
Inspect F field emission SEM at LLNL. At JSC, X-ray
maps were obtained with a ThermoElectron SDD X-ray
detector and ThermoElectron software using a 15 kV beam
and 30 nA beam current. At LLNL, element maps were
made with an EDAX Apollo 40 energy-dispersive X-ray
microanalysis system. At The University of Chicago,
selected areas of the samples were documented with a JEOL
JSM-5800LV SEM operated at 15 kV and 1 nA beam
current.
Distance (μm)

Analytical mixtures

diopside

be used to distinguish mixtures of two or more phases from pure
er margin of the inclusion related to melilite chemical composition
xene (light blue), diopside (black); mixtures shown by x’s. Symbols
indicate the same mineral phase analyzed in different NanoSIMS
nd, the reader is referred to the web version of this article.)
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Electron microprobe traverses were conducted across
the margins of select inclusions to document chemical zon-
ing profiles in melilite. Wavelength-dispersive (WDS) anal-
yses were obtained with a Cameca SX-50 electron
microprobe operated at 15 kV at The University of Chi-
cago. The WDS data were reduced using the modified
ZAF correction procedure PAP (Pouchou and Pichoir,
1984). For Efremovka sample Ef-1, melilite compositions
were obtained using the SX-100 electron microprobe at
JSC. The JSC electron probe was operated at 15 kV with
a 20 nA beam current, and also used PAP data reduction.

2.3. Modeling oxygen isotopic exchange in CAIs

Assuming that the gradients defined by O-isotopic pro-
files in the interiors of CAIs were established by incomplete
exchange between a primordial, or other initial, isotopic
composition characteristic of the CAI interior and an exter-
nal isotopic reservoir, oxygen diffusion models were used to
assess the timescale for establishing the observed profiles.
For non-steady state diffusion in spherical coordinates,
Eq. 6.18 of Crank (1975),

C � Ci;cond

C0 � Ci;cond
¼ 1þ 2a

pr

X1

n¼1

ð�1Þn
n

sin
npr
a

expð�Din2p2t=a2Þ

ð1Þ
was used to determine (C–Ci,cond)/(C0–Ci,cond) as a function
of r, the distance from the edge of the inclusion of radius a;
and t, time; whereCi,cond is an initially uniform concentration
of a particular oxygen isotope in the condensed phase,
assumed to be melilite, either crystalline or its molten equiv-
alent; C0 is the surface concentration of the same isotope,
assumed to be constant;C is the concentration of that isotope
at r and t; and Di is the temperature-dependent diffusivity of
each isotope in the solid-state from Ryerson and McKeegan
(1994) and in Type A and B melts using the viscosity-based
Fig. 2. Images of compact Type A inclusion Ef-1. (A) Low-magnification
occurrence of spinel (purple), pyroxene (dark green and olive green), and
Olivine is red and epoxy is black. Region of interest indicated by the wh
upon a secondary electron image, showing the locations of NanoSIMS tra
(EMP; blue circles) in the WL rim and margin. Some measurements are lo
view. Mel: melilite; Sp: spinel; Ti-pyx: Ti-bearing pyroxene; mtx: matrix. S
of the references to color in this figure legend, the reader is referred to t
parameterization of Liang et al. (1996), respectively. Com-
puted profiles for each isotope were combined to obtain pro-
files for D17O. Ci,cond was inferred from D17O analyses of
either interior spinel or uniform melilite. Various isotopic
compositions were used for C0: either D

17O of the innermost
WL rim layer; the Allende matrix composition for testing
parent body exchange scenarios; or an assumed planetary-
like oxygen isotopic composition of an ambient solar nebular
gas. For nebular exchange models, the sum of the partial
pressures of all oxygen-containing gas species, �10�6 bar,
obtained from solar gas equilibrium condensation calcula-
tions at 1400 K and Ptot = 10�2 or 10�3 bar (Fedkin and
Grossman, 2006), was used to obtain C0. For parent body
scenarios, the abundance of oxygen at the inclusion surface
reflects that of an Allende matrix composition (Clarke
et al., 1970). Diffusion times were calculated at 1400 K and
900 K for nebular and parent body exchange, respectively.

3. RESULTS

3.1. Petrography of refractory inclusions

The petrography of the CAIs included in this study has
been described in detail elsewhere (Meeker et al., 1983;
Simon et al., 1999, 2001; Simon and Grossman, 2013).
The CAIs are igneous with a range of mineral assemblages:
the compact Type A CAIs are dominated by blocky,
coarse-grained melilite and fassaite enclosing euhedral spi-
nel grains and anhedral perovskite grains; the Type B CAIs
have more abundant fassaite than the Type A CAIs, with
coarse-grained anorthite and melilite enclosing smaller spi-
nel grains. Like most CAIs, those studied here likely expe-
rienced one or more reheating events that led to such
processes as melting, solid-state recrystallization, and possi-
bly reactions between primary phases and an external reser-
voir (e.g., MacPherson and Davis, 1993; Hsu et al., 2000;
Simon and Young, 2011). Varying abundances of
, false-color X-ray map (Mg = red, Ca = green, Al = blue), showing
melilite (blue-green) in the interior of the inclusion and the WL rim.
ite dashed-line rectangle. (B) Backscattered electron image overlain
verses (T-1, T-2; black rectangles) and electron microprobe transect
cated further toward the center of the inclusion, beyond the field of
ize of analysis spots enhanced by 2� for clarity. (For interpretation
he web version of this article.)



J.I. Simon et al. /Geochimica et Cosmochimica Acta 186 (2016) 242–276 255
secondary minerals are found in the inclusions, consistent
with differences seen previously in CAIs from oxidized
and reduced chondrites (Brearley and Jones, 1998, and ref-
erences therein). The suite of inclusions studied here repre-
sents a range in the degree of secondary alteration, from
least to most: Ef-1/L6, A37, Egg-6, TS4, and ALH3.
Images of the samples are shown in Figs. 2–7.

3.1.1. Compact Type A CAIs: Ef-1 (Efremovka), L6

(Leoville), ALH3 (Allende), and A37 (Allende)

Ef-1 (Efremovka), Fig. 2, is a convoluted compact Type
A CAI, �3 � 3.5 mm, composed mainly of visually unal-
tered melilite and 20–70 lm-sized spinel grains, with inter-
stitial, anhedral fassaite. The inclusion is surrounded by a
simple �15–40 lm thick WL rim made up, from the interior
outwards, of spinel and pyroxene (Fig. 2A and B). Melilite

in Ef-1 is largely gehlenitic (�Ak10±2), except at the outer-

most edge where it is slightly more magnesian (��Ak17), as
Fig. 3. Images of compact Type A inclusion L6. (A) Backscattered ele
interior, spinel-rich WL rim, and meteorite matrix. Locations of NanoSIM
region) are indicated. Epoxy is black. (B) False-color X-ray map (Mg =
and pyroxene (dark green and olive green) and melilite (blue-green) a
microprobe analytical traverses (yellow lines) and areas shown in C and
electron image of the location of Traverse 4 (T-4), which sampled the oute
4 and Al-pyx-5, the latter being the outermost, continuous diopside layer.
which sampled melilite, spinel, and pyroxene unit Ti-pyx-1 (black rectang
NanoSIMS analysis spots enhanced by 50% for clarity. (For interpretation
to the web version of this article.)
shown in Fig. 8A. Representative melilite analyses are given
in Table 2.

L6 (Leoville), Fig. 3, is a visually unaltered compact
Type A inclusion, originally �6–7 mm, with clusters of spi-
nel grains (typically euhedral, �50 lm across) and fassaite
(anhedral) enclosed in melilite. At the edge of L6, a nearly
continuous, thick (up to 100 lm) WL rim layer consists of
spinel intergrown with melilite. Outside the main spinel
layer, there are additional occurrences of pyroxene ± meli-
lite layers. Based on petrography and mineral chemistry,
five generations of pyroxene (Fig. 3B–D) were identified
(Simon and Grossman, 2013) outside of the innermost spi-
nel layer. Representative electron probe analyses of each of
these five generations are given in Table 3. The innermost
pyroxene layer (Ti-pyx-1) is Ti-rich and intergrown with
the ‘‘main” spinel layer. This pyroxene layer (610 lm thick)
has a sharp contact with a zoned pyroxene layer (Ti-pyx-2)
that becomes less Ti-rich outward and is in contact with a
layer of varying thickness consisting of melilite and spinel.
ctron image of section, showing sparse spinel in the melilite-rich
S traverses (T-1 to T-4) and the area shown in B. (red dashed-line

red, Ca = green, Al = blue), showing occurrence of spinel (purple)
t the rim and olivine (red) in the matrix. Locations of electron
D (white dashed-line rectangles) are indicated. (C) Backscattered
r granular melilite and spinel unit Mel-3 and pyroxene units Ti-pyx-
(D) Backscattered electron image of the location of Traverse 3 (T-3),
les). Abbreviations as used previously, plus Per: perovskite. Size of
of the references to color in this figure legend, the reader is referred



Fig. 4. Images of compact Type A inclusion A37. (A) False colored X-ray map (Mg = red, Ca = green, Al = blue) of entire section, showing
varying concentrations of spinel in the melilite-rich interior. WL rim section and area shown in B. are indicated. (B) Aluminum (Al Ka) X-ray
map of region with NanoSIMS traverses (T1 to T4) and electron microprobe (EMP) transects of Simon et al. (2011) are indicated. Melilite
composition zoning (increasing Al content) at the edge of the inclusion and within individual melilite grains can be discerned. Area shown in C
is indicated by red-shaded rectangle. (C) Backscattered electron image of WL rim layers from inside out include melilite (Mel �Ak); hibonite
(Hib) ± perovskite (Per); melilite (Mel) ± nepheline (Neph); pyroxene (pyx) zoned from Ti-rich to Al-rich; and olivine (Ol). Area shown in D
is indicated by dashed-line rectangle at bottom. (D) Backscattered electron image of melilite-on-melilite WL rim-interior interface, indicated
by red arrows. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Backscattered electron images of Type A inclusion ALH3. (A) View of entire section showing WL rim and locations (white dashed-line
rectangles) of areas shown in B and C. (B) Locations of NanoSIMS traverses 1 and 2 (T-1 and T-2). (C) Locations of NanoSIMS traverses 3
and 4 (T-3 and T-4). Abbreviations as used previously, plus Adr: andradite; Grs: grossular. Size of NanoSIMS analysis spots enhanced by
50% for clarity.
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Two other Ti-rich pyroxene units (Ti-pyx-3; Ti-pyx-4) with
distinct compositions occur (Simon and Grossman, 2013).
Finally, the entire inclusion and inner rims are surrounded
by a uniform layer of diopside (�15 lm, Al-pyx-5, Fig. 3C),
that in some places is in direct contact with the Ti-bearing
pyroxene of an inner layer but more commonly overlies the
irregular, granular mixed melilite-spinel layer.

In L6 melilite is found in several rim layers that range in
grain size and, in places, are locally bifurcated by discontin-
uous spinel layers (Fig. 3B). The åkermanite content in the
innermost layer (Mel-1) decreases radially outward from

��Ak15 to ��Ak5. The åkermanite content in the next layer

(Mel-2) increases radially outward from ��Ak5 to ��Ak13
(see Fig. 8B). In places, the innermost melilite can be found
in contact with the ‘‘main” spinel layer rather than the inner
Ti-rich zoned pyroxene layer (Ti-pyx-2). The third occur-
rence of rim melilite (Mel-3) is found in ‘‘peninsulas” sitting
on top of pyroxene layer Ti-pyx-3. It has a range of grain



Fig. 6. Images of Type B1 inclusion Egg-6. (A) Low-magnification, false-color X-ray map (Mg = red, Ca = green, Al = blue) of entire section, showing spinel (purple), fassaite (coarse, dark green
grains), melilite (light green) and anorthite (blue) in the interior of the inclusion, and grossular veins (dark green) across the mantle. Olivine is red and epoxy is black. Interior NanoSIMS analysis
locations are indicated by black rectangles and traverses, T-1 and T-2 (white dashed-lines). Areas shown in B–F are indicated by dashed-line rectangles where the main WL rim traverse and
additional WL rim analyses were made. (B) False-color X-ray map of rim region that includes the area shown in C (colors and phases as in A). (C) Backscattered electron image (BEI) of the
location of the main WL rim NanoSIMS traverse that sampled spinel and Ti-pyroxene rim layers. (D) BEI of locations of NanoSIMS analyses measured at the end of T-2. (E) BEI showing
locations of NanoSIMS spots in melilite, spinel and diopside in the WL rim. (F) BEI showing locations of NanoSIMS spots in spinel. Abbreviations as used previously. Size of NanoSIMS analysis
spots enhanced by 50% for clarity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Images of Type B2 inclusion TS4. (A) Low-magnification, false-color X-ray map (Mg = red, Ca = green, Al = blue) of entire section,
showing spinel (purple), fassaite (dark green), melilite (light green) and anorthite (blue). Olivine is red, epoxy is black, and secondary pyroxene
within, but mostly defining the outer edge of the accretionary rim, is forest green. Two NanoSIMS traverses, T-1 and T-2, are indicated by the
white dashed-lines. (B) BEI showing the NanoSIMS Traverse 1, from the interior (left) to the rim (right) of the inclusion. Individual rim layers
are outlined in red dashed-lines. (C) BEI showing the NanoSIMS Traverse 2, from the interior (right) to the rim (left) of the inclusion.
Abbreviations as used previously, plus Sod: sodalite. Size of NanoSIMS analysis spots enhanced by 50% for clarity. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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sizes that appear to correlate with spinel content, with the
coarser melilite enclosing fewer spinel grains. Across the
outer �200 lm of the inclusion, the åkermanite content

of the melilite decreases radially outward, from �Ak30 to
�Ak3.

Based on electron microprobe analyses summarized in
Table 3, all of the WL rim pyroxene layers surrounding
L6 exhibit lower Ti3+/Titot than those measured in the inte-
rior fassaite (0.71) similar to that reported elsewhere for
other WL rims, e.g., Dyl et al. (2011). In detail, Ti3+/Titot

decreases from the innermost layer, Ti-pyx-1 (0.57), to Ti-
pyx-2 (0.42, inner sublayer), to Ti-pyx-2 (�0, outer sub-
layer). Then there is a reversal toward slightly higher
Ti3+/Titot in Ti-pyx-3 (0.29) and Ti-pyx-4 (0.46). Scarce
titanium is measured in the outermost diopside layer
(Table 3). There is a range of Ti3+/Titot in each layer when
individual analyses are considered, showing greater overlap
between the layers. These pyroxene layers provide an
opportunity for the first coordinated report of O-isotopes
and oxidation state.

A37 (Allende), Fig. 4, is a subspherical, compact Type A

inclusion, �4x7 mm, composed primarily of melilite (�Ak5–
36), 20–70 lm-sized spinel grains and rare fassaite mainly
occurring between the melilite grains (Simon et al., 2011
and references therein). The melilite near the outer margin
of the inclusion is zoned in composition from Mg-rich
toward the interior to Al-rich toward the edge (Fig. 8C).
The surrounding WL rim is �50 to 100 lm thick and made
up of a typical layered mineral sequence, from the interior
outward, of hibonite ± melilite, spinel (enclosing per-
ovskite), melilite/nepheline, Ti-bearing pyroxene, Al-rich
pyroxene and an outermost layer of olivine (Fig. 4B). A
small (�50 lm diameter), spinel-rich, perovskite-bearing
‘‘micro-CAI” is located within the WL rim layers (Simon
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Fig. 8. Melilite compositions (mole% åkermanite), determined by electron microprobe, as a function of distance from the edge of the
inclusion interior (i.e., the contact between the inclusion and WL rim) in four of the inclusions in the present study. (A) Compact Type A
inclusion Ef-1. A slight increase in �Ak content is seen at the rim. (B) Compact Type A inclusion L6. This sample has multiple rim units, as
indicated; distances are measured from the innermost rim inward (positive values) or outward (negative values). Circles and diamonds
represent analyses of interior and rim melilite, respectively. The different symbol shades represent different EMP traverses. (C) Compact Type
A inclusion A37. Data from Simon et al. (2011). (D) Type B2 inclusion TS4. Squares represent analyses of interior melilite, circles are data
from traverses across the margin. The different symbol shades represent different EMP traverses.

Table 2
Representative electron probe analyses of melilite.

1 2 3 4 5 6 7 8 9 10

Na2O 0.03 0.02 0.04 0.02 0.02 0.00 0.02 0.02 0.18 0.13
MgO 2.61 1.18 1.61 1.49 1.84 2.10 0.87 4.14 6.90 4.62
Al2O3 31.80 33.62 32.38 33.13 31.21 30.40 33.76 25.33 18.67 23.68
SiO2 25.42 24.20 24.87 23.49 24.55 24.78 22.35 27.37 33.26 28.94
CaO 39.78 40.13 40.17 40.27 40.93 41.04 41.02 40.89 40.91 40.69
TiO2 0.07 0.02 0.09 0.00 0.01 0.04 0.08 0.00 0.02 0.04
Cr2O3 0.02 0.00 0.01 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MnO 0.01 0.02 0.01 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
FeO 0.14 0.08 0.01 0.13 0.01 0.05 0.00 0.00 n.d. n.d.
SUM 99.91 99.28 99.19 98.54 98.56 98.41 98.10 97.76 99.94 98.10

Cations per 7 oxygens

Na 0.003 0.002 0.004 0.002 0.002 0.000 0.002 0.002 0.016 0.012
Mg 0.177 0.081 0.110 0.103 0.127 0.146 0.061 0.289 0.468 0.321
Al 1.705 1.816 1.750 1.809 1.706 1.666 1.860 1.397 1.001 1.299
Si 1.157 1.109 1.141 1.089 1.139 1.153 1.045 1.281 1.513 1.347
Ca 1.939 1.971 1.974 2.000 2.034 2.045 2.054 2.051 1.994 2.029
Ti 0.002 0.000 0.003 0.000 0.000 0.001 0.003 0.000 0.001 0.002
Fe 0.005 0.003 0.000 0.005 0.000 0.002 0.000 0.000 – –
Total 4.989 4.983 4.983 5.008 5.009 5.013 5.024 5.021 4.993 5.008

�Ak 17.2 8.2 11.1 9.2 14.3 16.0 5.7 29.1 50.6 34.9

1: Ef-1, edge. 2, 3: Ef-1, interior. 4–6: L6, outer melilite. 7, 8: L6, inner melilite. 9, 10: TS4. n.d.: not determined.
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Table 3
Electron probe analyses of pyroxene in L6.

1 2 3 4 5 6 7

MgO 6.98 5.37 13.47 17.77 7.34 4.66 18.98
Al2O3 19.33 23.51 9.94 3.42 24.06 25.59 1.00
SiO2 33.12 29.54 43.38 51.54 30.47 27.79 52.10
CaO 24.49 24.73 24.63 24.99 23.92 24.74 24.86
Ti as TiO2 14.30 15.70 7.38 2.38 11.92 15.97 0.13
Sc2O3 0.21 BDL BDL BDL 0.06 0.14 BDL
V2O3 0.58 0.62 0.09 BDL 0.61 0.93 0.02
FeO 0.02 0.02 0.00 BDL 0.37 0.18 0.74

Ti2O3 9.18 8.13 2.74 — 3.04 7.47 —
TiO2 4.22 6.88 4.27 — 8.35 7.86 —

Sum 98.30 98.80 98.51 100.10 98.15 99.20 98.26

Si 1.275 1.142 1.610 1.868 1.149 1.071 1.933
Al 0.725 0.858 0.390 0.132 0.851 0.929 0.044

Al 0.155 0.214 0.044 0.014 0.218 0.233 0.000
Mg 0.400 0.310 0.745 0.959 0.413 0.268 1.049
Fe 0.001 0.001 0.000 0.000 0.012 0.006 0.023
Sc 0.007 0.000 0.000 0.000 0.002 0.005 0.000
V 0.017 0.018 0.003 0.000 0.017 0.027 0.001
Ti3+ 0.295 0.259 0.086 – 0.097 0.238 –
Ti4+ 0.122 0.198 0.120 0.065 0.241 0.225 0.004
Ca 1.000 1.000 1.000 0.951 1.000 1.000 0.988

Ti3+/Titot 0.707 0.567 0.417 0.287 0.463

1. Interior, coarse fassaite, average of 25 analyses. 2. Ti-pyx-1 layer. 3. Ti-pyx-2 (inner zone) 4. Ti-pyx-2 (outer zone). 5. Ti-pyx-3. 6. Ti-pyx-4
7. Al-pyx-5 outermost (diopside) rim. For Ti-rich analyses, Ti3+/Ti4+ proportions calculated according to the method of Simon et al. (1991),
with normalization of analyses to one Ca and four total cations per six oxygen anions. BDL: Below detection limit of electron microprobe of
0.02 wt%.
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et al., 2011). Melilite contained in the hibonite ± melilite
rim layer is locally in contact with melilite of the host inclu-
sion (Fig. 4C).

ALH3 (Allende), Fig. 5, is a large, subspherical Type A
inclusion, �6 mm, consisting of melilite, hibonite, and spi-
nel (Simon et al., 2001). The range of melilite compositions

is similar to that of other Type A inclusions (�Ak1–29), but
there is neither an inclusion-wide trend nor a dominant
core-rim trend within individual crystals (Simon et al.,
2001). Surrounding the CAI is an �30–75 lm thick rim
containing: (1) secondary anorthitic plagioclase; (2) spinel;
(3) Ti-pyroxene; (4) nepheline (discontinuous layer); (5)
Al-diopside; and (6) Fe-rich olivine, �Fa50, which may be
accretionary (Fig. 5B). The inclusion encloses a pocket of
matrix, with a second, ‘interior’ WL rim sequence lining
the pocket, varying from �50 to 100 lm in thickness and
consisting of: (1) secondary anorthitic plagioclase (a discon-
tinuous layer of varying thickness); (2) spinel (enclosing
perovskite); (3) Ti-bearing pyroxene; (4) Al-diopside; and
(5) andradite (Fig. 5C). The primary difference between
the sequences is the outermost layer, i.e., Fe-rich olivine
versus andradite.
3.1.2. Type B CAIs: Egg-6 (Allende) and TS4 (Allende)

Egg-6 (Allende), Fig. 6, is a subspherical Type B1 inclu-
sion, �2 cm, with a core of fassaite, anorthite, spinel, and

melilite surrounded by a well-developed melilite (�Ak20–60)
mantle zoned from Mg-rich toward the interior to Al-rich
toward the edge. One quarter of the inclusion is composed
of secondary minerals that are typical of those found in
alteration veins in Allende CAIs (MacPherson et al.,
1981; Meeker et al., 1983), but this high degree of alteration
was not seen in the section, �3 � 6 mm, used for this study.
The outer �20–40 lm of the sample consists of a simple
WL rim of Fe-poor spinel that has a slight increase in
FeO grading outward, which is surrounded by a layer of
diopside (Fig. 6B and D–F). The spinel layer encloses a
semi-continuous chain of isolated perovskite and Ti-
bearing pyroxene grains (Fig. 6B, C, and F).

TS4 (Allende), Fig. 7, is an irregularly-shaped Type B2

CAI, �5 � 8 mm, composed mainly of melilite (�Ak35–50),
fassaite, anorthite, and 5–70 lm-sized spinel grains found
throughout and in palisades. The interior is rich in fassaite
and anorthite that typically poikilitically encloses high con-
centrations of spinel grains (Fig. 7A and B). TS4 is sur-
rounded by an �15–60 lm thick WL rim composed, from
the interior outward, of spinel, Ti-bearing pyroxene, Al-
rich pyroxene, and an outermost band of olivine
(Fig. 7B and C). Outward from the WL rim is a fine-
grained olivine accretionary rim. The margin of the inclu-
sion is locally melilite-rich, with grains that zone from
Mg-rich toward the interior to Al-rich toward the edge of
the inclusion (Fig. 8D). Secondary minerals include patchy
nepheline and sodalite at the edge of the CAI and andra-
dite + wollastonite + hedenbergite in what appears to be a
discrete pod or xenolith in the interior.
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Fig. 9. Oxygen isotopic zoning profiles across the margins of (A) Allende A37, (B) Allende Egg-6, (C), Allende TS4, (D) Leoville L6, (E)
Allende ALH3, and (F) Efremovka Ef-1. Primary minerals are color-coded: melilite-tan, spinel-purple, fassaite-blue, perovskite-light green,
anorthite-dark green and olivine-red. For the primary phases different symbol shapes or borders indicate different traverses. All secondary
minerals are gray: plagioclase (triangles), and sodalite (diamonds). Also shown are modeled diffusion profiles, discussed in text and
summarized in Table 4. For consistency, all models shown reflect calculations for diffusive exchange of oxygen at 1400 K between interior
solid melilite and a nebular gas reservoir, assumed to have Ptot = 10�3 bar. Blue band labeled ‘‘protosolar gas” is the solar gas composition of
McKeegan et al. (2011). The red curve in (A) is representative of the mismatch of single-step models for A37. The black curves in (A) reflect
the cumulative effects of two-steps of oxygen exchange, the first that reset melilite to an intermediate D17O value (step 1), implied by the
relatively uniform value measured in the interior, before melilite at its margin exchanged further with a near-zero D17O planetary reservoir
(step 2). In (B) single-step models (black curves) can be matched to the data, assuming the inclusion initially had a protosolar D17O
composition and then experienced oxygen exchange that transformed its D17O to those of the interior melilite. In (C), interior spinel and
fassaite have similar D17O values of -22 ± 2‰, whereas melilite is relatively 16O-poor and exhibits constant to slightly increasing D17O toward
the edge of the inclusion. Model curves reflect two-steps of exchange, where first the inclusion equilibrates with a reservoir of intermediate
D17O composition, recorded by the similarity of its spinel and fassaite (step 1), before melilite exchanged further as in (A) (step 2). For (D, E,
and F), the reversely zoned CAIs, the model curves were calculated as above, except that the interior melilite values were used for the initial
CAI value and the nebular gas reservoir was assumed to have the same D17O as the spinel in the WL rims (see Table 4). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.2. NanoSIMS oxygen isotope measurements

3.2.1. Isotopic zoning profiles across the margins of inclusions

Oxygen isotopic results that have been corrected for
mineral-specific IMF effects are presented in Figs. 9
and 10. Both mineral-specific and average IMF corrected
data are listed in Table 1. Also shown in these figures are
modeled diffusion profiles, discussed in later sections and
summarized in Table 4. In the following paragraphs, we
describe the profiles as either ‘‘normal”, i.e. profiles that
exhibit 16O-enrichments that decrease with distance from
the center of the inclusion, or ‘‘reverse”. The A37 and L6
profiles are the most distinctive examples of normal and
reverse profiles, respectively. The two Type B CAIs, Egg-
6 and TS4, are most consistent with normal zoning profiles,
whereas Ef-1 and ALH3 are more consistent with reverse
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between individual WL rim layers, respectively. Layers are further identified by phase labels along the tops of the plots. Numbers in (D) are L6
pyroxene layer units. Diagonal dashed lines connect pyroxene analyses that exhibit ‘‘reverse” isotopic zoning within a single analytical
transect. Color-coding and solid curves as in Fig. 9, plus diopside (black circles), accretionary olivine (red X’s), secondary nepheline (gray
circles in (A)) and andradite (gray square in (E)). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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zoning profiles. The contact between melilite at the outer
edge of an inclusion (i.e., the margin) and its WL rim is a
feature common to all of the studied inclusions. Therefore,
analysis points within the WL rim and the inclusion interior
are plotted as a function of negative and positive distance
from this contact, respectively, in Figs. 9 and 10. Unless sta-
ted otherwise, the uncertainties for all of the individual
D17O values are �4‰ (2 se). In order to assess whether
specific regions or rim layers have different oxygen isotopic
compositions, the averages of multiple measurements
within these materials are compared. In some instances only
a few measurements define the average value. To account
for the statistics of small numbers, 95% confidence intervals
are determined by multiplying the standard errors (se) by a
Student’s t-adjustment (Mahon, 1996).
3.2.1.1. A37. The D17O of melilite within the outer 100 lm
of A37 increases monotonically outward from �17.5
± 0.8‰ (n = 20), characteristic of the interior, to �2.2
± 3.0‰ (n = 6) at the edge (Fig. 9A). Additional melilite
analyses reported here match the composition of the inte-
rior melilite (D17O � �18‰) reported by Simon et al.
(2011), and replicate analyses of interior spinel grains had
reproducible, relatively 16O enriched D17O values ranging
from �28‰ to �31‰ (n = 3).

3.2.1.2. Egg-6. Two traverses across the melilite mantle
(Fig. 9B) were complemented by analyses of fassaite, spinel,
and anorthite in the margin and/or within the core of this
Type B1 inclusion. Melilite measurements yield an average
D17O value of �2.3 ± 0.9‰ (n = 32, squares). Melilite



Table 4
Summary of diffusion exchange models.

Inclusion Size (cm)* Early stage (‘‘Step 1”) Environments Later stage (‘‘Step 2”) Environments

D17O (‰) D17O (‰) Nebular Parent body D17O (‰) D17O (‰) Nebular Parent body
Interior Gas T (K), t (years) T (K), t (years) Interior Gas T (K), t (years) T (K), t (years)

Idealized CAIs

Molten 0.5 �28 0 1773, 100 Nil
Molten 0.5 �28 0 1973, 610�3 Nil
Solid 0.5 �28 0 1400, 2.5 � 104 Nil
Solid, Ptot = 10�2 0.5 �28 0 1500, 2 � 103 Nil
DefectsRM 2.0 �28 0 1400, 103 900, P106

DefectsRM 0.5 �28 0 1500, 102 900, 106

Studied CAIs

A37 0.5 �28 �20 1400, 62 � 104m 1000, P108 �20 0 1400, 61.6 � 104 900, P108

Egg-6 2.0 �28 0t 1400, 62.8 � 105 900, 109**

TS4 0.6 �28 �20 1400, 62 � 104m 1000, 108 �20 0t 1400, 63 � 104 900, P108

ALH3 0.6 �28 0 1400, 62.5 � 104m 1000, 108 �3 �25 1400, 62 � 104 900, P108

Ef-1 0.3f �28 0 1400, 6103m 900, P108** 0 �20 1400, 65 � 103 –
L6 0.7f �28 0 1400, 63 � 104m 900, P108** �5 �25 1400, 63 � 104 –

* Spherical diameter used for model calculations.
f Original inclusion size unknown.
m Requires early stage of exchange, possibly while protoCAI was molten.
** Does not account for the presence of a fluid phase that would make the exchange more efficent.
t Inferred (not seen in the inner most WL rim).

RM Near 1000 K, equilibration times exceed 106 years regardless of the dislocation density within melilite (Ryerson and McKeegan, 1994).
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within �300 lm of the edge averages �0.9 ± 1.0‰ (n = 13,
Traverse 1, unrimmed squares) and �2.6 ± 0.8‰ (n = 7,
Traverse 2, squares with black borders). These values near
the edge are within error of each other but differ slightly
from some melilite toward the core. Melilite beyond
�300 lm from the inclusion edge exhibits a relatively con-
stant D17O of �0.1 ± 2.3‰ (n = 4) along Traverse 1, but
it is slightly more 16O-rich as measured by the longer Tra-
verse 2, exhibiting an average D17O value of �5.6 ± 0.6‰
(n = 8). Although the individual measurements are again
mostly within error of each other, the apparent difference
may reflect small differences in secondary mineralization
along the two traverses, as a result of the fact that Traverse
1 crosscuts several more veins of secondary minerals than
Traverse 2. The average D17O value of fassaite within the
melilite mantle is �18.2 ± 2.6‰ (n = 4, three are >700 lm
from the edge, off scale in Fig. 9B) and that of spinel from
the mantle and core is �24.7 ± 1.8‰ (n = 9). Primary anor-
thite exhibits D17O values of �5‰ and �12‰ (locations are
off scale in Fig. 9B), bracketing the slightly 16O-enriched
melilite compositions measured further toward the interior
along Traverse 2. Veins and patches of secondary plagio-
clase replacing material between the WL rim and melilite
at the edge of the interior along Traverse 1 have D17O val-
ues ranging from �1.3‰ to 2.4‰ (n = 3), similar to that of
adjacent melilite.

3.2.1.3. TS4. Two traverses across the margin of the Type
B2 inclusion TS4 (Fig. 9C) were accompanied by analyses
of fassaite, spinel, and anorthite from further within the
interior. Melilite within �500 lm of the edge has an average
D17O value of �0.5 ± 0.7‰ (n = 16), whereas melilite fur-
ther inward has D17O values that range from �4‰ to
�5‰ (n = 3). Fassaite within the outermost �300 lm has
an average D17O value of �22.1 ± 2.1‰ (n = 6), indistin-
guishable from that of fassaite further within the interior,
with an average D17O value of �22.3 ± 1.3‰ (n = 6). Spinel
within the interior has an average D17O value of �22.3
± 1.5‰ (n = 9), indistinguishable from that of fassaite
(Fig. 9C). Interior anorthite analyses yield D17O values that
range from �11‰ to �3‰ (n = 4), similar to, or possibly,
slightly more 16O-enriched than melilite compositions also
measured >500 lm from the edge.

3.2.1.4. L6. Three NanoSIMS traverses were measured
across the melilite margin of this compact Type A inclusion
(Fig. 9D). The most negative D17O values (�20‰, n = 2)
occur at the outermost edge of Traverse 3, and intermediate
values (between �15‰ and �10‰, n = 5) occur inward
along Traverse 3 and within Traverse 1. The remaining
measurements, starting �100 lm from the edge to
P500 lm inward, including data from Traverses 1 and 2
that represent the bulk of the interior melilite, show no
obvious zoning and exhibit an average D17O value of
�6.9 ± 1.5‰ (n = 28). The O-isotopic zoning profile in this
CAI and those observed in the remaining inclusions are dif-
ferent from those discussed above. Such trends of increas-
ing 16O enrichment outward are referred to as ‘‘reverse”
oxygen isotopic zoning in this work.
3.2.1.5. ALH3. A traverse across the outer margin of com-
pact Type A inclusion ALH3 and interior melilite spots
positioned at the ends of three additional traverses focused
on its WL rim were measured (Fig. 9E). Melilite at the
inclusion edge and within the outermost 100 lm of this tra-
verse (diamonds) has an average D17O of �7.7 ± 1.4‰
(n = 6), whereas melilite located >100 lm inward exhibits
an average D17O value of �5.2 ± 1.5‰ (n = 7). When anal-
yses of melilite near the WL rim/interior boundary from the
other traverses are included, the average D17O within the
first <100 lm drops slightly to a value of �8.3 ± 1.1‰
(n = 11), which appears distinct from the interior. The
D17O values of secondary minerals in ALH3 are not shown
in Fig. 9E, but are near zero, distinct from those of adja-
cent, primary melilite.

3.2.1.6. Ef-1. The traverse across the margin of Ef-1 also
shows a reverse sense of O-isotopic zoning (Fig. 9F). Meli-
lite within 100 lm of the edge of Ef-1 exhibits an average
D17O value of �5.0 ± 1.6‰ (n = 8), whereas the interior
is slightly less 16O-rich (D17O = �1.9 ± 1.3‰, n = 6). A sin-
gle interior spinel grain is much more 16O-rich,
D17O = �21‰, than any of the interior melilite.

3.2.2. Isotopic heterogeneity among Wark–Lovering rim

layers

In all of the CAIs studied, the WL rims exhibit extreme
O-isotopic heterogeneity (up to �25‰), whether the interi-
ors are normal or reversely zoned. In most cases, the WL
rims exhibit changes in D17O over small spatial scales, e.g.,
610 lm. Results are illustrated in Fig. 10. Data for multiple
traverses are plotted together. In order to account for local
differences in layer thickness between traverses, offsets to the
absolute positions of some analyses have been made to elim-
inate the appearance of mineral mixing. To accurately show
intra-layer zoning, however, no adjustments were made
within individual traverses on a given mineral layer.

3.2.2.1. A37. No new measurements were performed on the
rim of this compact Type A inclusion; data shown in
Fig. 10A are from Simon et al. (2011). The WL rim is
�50–100 lm thick and consists of a layered mineral
sequence, from the interior outward, of hibonite ± melilite,
spinel (enclosing perovskite), melilite/nepheline, pyroxene
grading outward from Ti-bearing to Al-rich diopside, and
an outermost layer of olivine (Fig. 4C). The melilite at the
edge of the inclusion has an average D17O value of �2.2
± 3.0‰ (n = 6). Considerations of its distinct sodium abun-
dance and texture (Fig. 4D) led Simon et al. (2011) to sug-
gest that this melilite may represent the initial stage of rim
formation. Hibonite yields a D17O value of �17‰ that is
indistinguishable from that measured in neighboring per-
ovskite enclosed within spinel. Spinel yields an average
D17O value of �23.1 ± 1.4‰ (n = 15). The pyroxene layer
exhibits reverse O-isotopic zoning, where the inner pyrox-
ene has D17O up to �6‰ and the outer pyroxene has an
average D17O value of �20.9 ± 1.8‰ (n = 7) (Fig. 10A).
The innermost portion of the pyroxene layer lies in direct
contact with a �10–20 lm layer of melilite + nepheline
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(incorrectly identified as sodalite by Simon et al., 2011) that
has a planetary-like O-isotopic composition. The olivine
layer exhibits a wide range of D17O values, from �24‰ to
�6‰. Backscattered electron images reveal localized, less
forsteritic regions of olivine, and on average, the relatively
FeO-rich olivine tends to have slightly higher and less vari-
able D17O (values range from �16‰ to �9‰).

3.2.2.2. Egg-6. This Type B1 inclusion, with relatively
16O-poor, nearly isotopically homogeneous melilite, is
surrounded by a simple, two-layer, spinel-pyroxene WL
rim sequence (Fig. 6). The FeO content of the spinel
increases outward; innermost, magnesian spinel contains
discontinuous lenses of Ti-rich pyroxene and isolated per-
ovskite (Fig. 6B and C). A NanoSIMS traverse across the
rim starts near the outer point of Traverse 2, within the
interior, and continues across the rim (Fig. 10B). Analyses
were also made of aluminous diopside, spinel, and per-
ovskite enclosed in the spinel layer. Ti-rich pyroxene has
D17O values that range from �4‰ to �2‰ (n = 2), indistin-
guishable from most perovskite. Three of the four per-
ovskite grains analyzed have D17O values of �4‰ to
�1‰; the outermost perovskite grain has a D17O value of
�10‰. The outer, diopside layer exhibits reverse
O-isotopic zoning, with the innermost spot having D17O
of �4‰ and the outer spot a D17O value of �13‰.
Ti-rich pyroxene grains enclosed in the spinel layer are nota-
bly 16O-poor compared to both the outer part of the diopside
layer and the Ti-rich pyroxene in the interior of the CAI.

3.2.2.3. TS4. This Type B2 inclusion has relatively
16O-poor, isotopically homogeneous melilite in its interior
and is surrounded by a �15–60 lm thick WL rim
composed, from interior outward, of spinel, Ti-bearing
pyroxene grading into aluminous pyroxene, and a thick,
semi-continuous layer of olivine that underlays the accre-
tionary olivine rim (Fig. 7B). The discontinuous outer
region of sodalite and patches of secondary plagioclase that
occur just inside of, and are partially intermingled with, the
spinel layer exhibit near-zero D17O. The interface between
the �10 and 25 lm thick spinel layer and interior spinel
can be difficult to define in this sample, but spinel at the
interior’s edge has a D17O value of �20‰, similar to spinel
in the interior and less 16O-rich than observed in some other
CAI rims (e.g., Egg-6). Analysis of the �5 lm-thick, zoned
pyroxene layer yields a D17O of �6‰ (Fig. 10C). The
P30 lm thick, outer olivine layer is heterogeneous in
O-isotopic composition, exhibiting D17O values ranging
from �20‰ to 0‰. Normal isotopic zoning is observed
within the coherent olivine layer, as analyses within
�25 lm of the pyroxene layer exhibit D17O values that
range from �21‰ to �6‰ (n = 4), whereas the remaining
measurements closer to the matrix range from �5‰ to
0‰ (n = 3), indistinguishable from a measurement in the
accretionary rim that has a D17O value of 0‰.

3.2.2.4. L6. This minimally altered compact Type A inclu-
sion is surrounded by a continuous and locally thick
(up to 100 lm) layer of spinel intergrown with melilite, with
reverse O-isotopic zoning at the edge of the melilite interior.
As shown in Fig. 10D, spinel grains have an average D17O
value of �24.9 ± 1.2‰ (n = 8). In the innermost chemically
zoned melilite layer(s) that includes Mel-1 and Mel-2
(Fig. 8B), D17O is �4‰ (n = 3), but D17O in melilite in
the outer spinel-melilite layer (Mel-3), varies from �5‰,
like a majority of interior melilite, to �26‰. Diopside in
Al-pyx-5, the outermost layer, has D17O values ranging
from �14‰ to �22‰ (n = 4), and averages �18‰. Among
the pyroxene layers, D17O increases inward from Al-pyx-5,
to Ti-pyx-4, with an average of �17‰, to Ti-Pyx-3, with an
average of �13‰, to Ti-pyx-1, at �10‰.

3.2.2.5. ALH3. This compact Type A inclusion has subtle,
reverse O-isotopic zoning in the interior. The primary WL
rim traverse reflects a continuation of Traverse 4, originat-
ing from the interior. Additional WL rim analyses come
from a sub-parallel traverse (#3) �20 lm away and a pair
of traverses (#1 and #2) across a WL rim sequence lining
the bottom of an embayment, located at the edge of a
matrix pocket within ALH3. Spinel yields an average
D17O value of �22.0 ± 1.9‰ (n = 7) (Fig. 10E), while
pyroxene measurements are more variable, averaging
�11.0 ± 5‰ (n = 7). There is evidence for reverse zoning
across the pyroxene (Fig. 10E), where D17O values increase
inward across two separate traverses, from �22‰ to �4‰
and from D17O = �11‰ to �7‰. The pyroxene analyses
with the highest 16O abundances along each traverse are
those furthest away from the spinel layer. All measured
olivine lies within an �20 lm-thick layer at the interface
between the WL rim and the matrix. Olivine yields D17O
values of �26‰, �25‰, �11‰, and 0‰; the two
16O-rich analyses come from the same grain.

3.2.2.6. Ef-1. This minimally altered compact Type A inclu-
sion is surrounded by a simple, two-layer, spinel-pyroxene
WL rim sequence, with a melilite interior exhibiting reverse
O-isotopic zoning. Two analytical traverses transect the rim
(Fig. 10F). The spinel layer, �5–10 lm thick and interfin-
gered with the margin of interior melilite, has an average
D17O value of �21.4 ± 3.2‰ (n = 4), similar to that of inte-
rior spinel. The pyroxene layer is �10–15 lm thick and
chemically zoned from Ti-rich to aluminous diopside. A
single traverse across the pyroxene layer reveals reverse
O-isotope zoning, from a D17O value of �11‰ near the
16O-rich spinel layer and �20‰ near the contact with the
fine-grained, olivine-dominated matrix, which has a D17O
of �1.6 ± 5‰ (n = 4). No secondary mineralization was
observed in the WL rim of this inclusion (Fig. 2).

4. DISCUSSION

4.1. Characteristics of oxygen isotopic exchange in the

interiors and rims of CAIs

A number of processes can be envisioned that can poten-
tially explain the heterogeneous distribution of O-isotopic
compositions in the interiors and WL rims of CAIs (e.g.,
Clayton et al., 1977; Ryerson and McKeegan, 1994;
Yurimoto et al., 1998; Yoshitake et al., 2005; Aleon et al.,
2007; Simon et al., 2011; Park et al., 2012). Exchange
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between a molten CAI with an 16O-rich protosolar compo-
sition and a gaseous reservoir with a planetary, relatively
16O-poor isotopic composition could occur rapidly, before
any crystals form, or more slowly, while the CAI crystal-
lizes. The first case would produce a CAI in which all min-
erals have a uniform, relatively 16O-poor, planetary-like O-
isotopic composition. This is never observed. The second
case would yield a CAI in which D17O is lowest in spinel,
the phase with the highest crystallization temperature, high-
est in pyroxene and anorthite, the solidus phases, and inter-
mediate in melilite. This is also never observed. An
alternative scenario could involve O-isotopic exchange
between a solid CAI of protosolar O-isotopic composition
and a near-zero D17O planetary oxygen reservoir on the
chondrite parent body. This parent body scenario would
yield progressively less negative D17O values in melilite from
the center of the CAI to the edge, which is seen only in some
CAIs (e.g., Egg-6). A parent body scenario would also
likely lead to less negative D17O values from the inside
out within a given mineral layer and between similar phases
from the inner to the outer rim, which was not observed in
this study. For CAI interiors, the remaining possibility is
exchange between solid CAIs of protosolar O-isotopic com-
position and several nebular gas reservoirs with distinct O-
isotopic compositions. It should be noted that some interac-
tions could have occurred between nebular gas and inclu-
sions in which both had similar isotopic compositions. In
this case the solid–gas interaction would leave little to no
isotopic record. It is also possible that some WL rim growth
involved a non-solar gas with a protosolar O-isotopic com-
position. For rim layers, the remaining possibility is growth
of different layers from distinct nebular reservoirs, most
dramatically indicated by reversals in the gradients of iso-
topic compositions observed in the present work.

Despite the wealth of O-isotopic measurements of CAIs,
only a few studies have systematically addressed, at high
spatial resolution, the radial distribution of O-isotopes in
CAIs and their rims. In examples that do exist, including
those reported herein, there are some general features that
provide important diffusion model input parameters and
allow us to make specific predictions for environment(s)
from which CAIs formed and evolved. Illustrative model
results shown in Table 4 include examples of complete oxy-
gen exchange between protosolar and near planetary com-
positions for a variety of end-member cases (‘‘Idealized
CAIs”) involving molten objects at 1773 K or 1973 K and
1 bar; solid objects with no defects at 1400 K and Ptot = 10-
�3 bar and 1500 K and Ptot = 10�2 bar; and solid objects
with significant lattice dislocations, both large (2 cm) and
smaller (0.5 cm) CAI sizes, at 1400 K and 1500 K, respec-
tively. Table 4 also summarizes results that reflect the time-
scales for diffusive exchange to reproduce the isotopic
compositions characteristic of the interiors and the external
isotopic reservoirs implied by the ‘‘Studied CAIs” for neb-
ular and planetary scenarios. These models assume mean
temperatures (pressures) of 1400 K (Ptot = 10�3 bar) and
900 K (1 bar), respectively. Representative diffusion models
are compared to the isotopic zoning profiles in the interiors
of the inclusions and shown in Fig. 9. Although such mod-
els are non-unique, a comparison between the model curves
and the measured profiles can be used to determine plausi-
ble temperature-dependent timescales of O-isotopic
exchange in the CAIs, and ultimately used to constrain
the possible environments where exchange occurred, i.e.,
nebular (Shu et al., 2001; Cuzzi et al., 2003; Boss et al.,
2012) or on a planetary body (Wasson et al., 2001).

Model curves were computed to reflect the exchange ofO-
isotopes in each CAI to investigate the possibility that the
D17O profiles developed following crystallization, assuming
each CAI subsequently exchanged oxygen with a reservoir
of distinct O-isotope composition. It is possible that the pro-
gress of isotopic exchange due to reheating occurred in
numerous short (hours to days) events within the solar neb-
ula (e.g., Young et al., 2005). None of these isothermal mod-
els reproduce actual heating events, but allow assessment of
the plausibility of exchange by solid-state diffusion. Based on
the broad trends and relative lack of localized O-isotopic
heterogeneity observed across the melilite interiors of the
studied inclusions, the models summarized in Table 4 are
those that consider diffusion length scales at the inclusion
scale rather than the individualmineral grain scale. Tomodel
the profiles observed in L6, Ef-1, and ALH3, the CAIs
exhibiting relatively 16O-poor interiors with melilite margins
that are comparatively 16O-rich (i.e., exhibit reverse zoning),
starting conditions for a second step of isotopic exchange
assumed an interior that was previously enriched in ‘‘heavy”
oxygen and uniformly 16O-poor, �5‰, 0‰, and �3‰,
respectively. More complicated models, where the distribu-
tion of O-isotopes within the interior is non-uniform, e.g.,
like in A37, would be necessary to fully understand the time-
scales and temperatures required to explain the reversely
zoned profiles. Models that match the relatively 16O-poor
and nearly uniform melilite profiles of the Type B inclusions
(Egg-6 and TS4) are shown in Fig. 9 although it is debatable
whether a nebular process provides the best explanation for
the O-isotopic compositions of their melilite.

The individual models for the inclusions do not take into
account enhanced-diffusivity due to crystal lattice disloca-
tions (Ryerson and McKeegan, 1994), fast diffusion path-
ways along grain boundaries, or the presence of a fluid
phase. Dislocations in minerals contained in CAIs are gen-
erated by exposure to ionizing radiation emitted from the
protoSun, and their density increases with exposure time
(Kwok et al., 1978). For example, in an Allende CAI
Barber et al. (1984) found dislocation densities <108/cm2

in spinel and pyroxene and �109/cm2 in melilite. Ryerson
and McKeegan (1994) calculated that equilibration of oxy-
gen isotopes in melilite at temperatures approaching the
solidus (�1500 K) would happen within years, an order
of magnitude faster than in dislocation-free grains (see
‘‘Idealized CAIs” with ‘‘defects” included in Table 4). On
the other hand, Ryerson and McKeegan (1994) find that
equilibration times exceed 106 years regardless of the dislo-
cation density within melilite at temperatures relevant to
chondrite parent bodies (e.g., <1000 K). It follows that sig-
nificant isotopic zoning like that seen within the melilite
interiors of A37 and L6 should be rare. Therefore these rare
inclusions possibly indicate rapid accretion onto a parent
body, as an inclusion with significant dislocations would
likely be efficiently homogenized in the nebula, leading to
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the relatively homogeneous melilite interiors documented in
other CAIs.

4.2. Effect of parent body alteration on oxygen isotopes of

refractory inclusions

Inclusions in Allende, Efremovka, and Leoville contain
evidence of secondary alteration. This alteration is largely
due to hydrous fluids or gas, assisted by heating in asteroi-
dal and nebular environments (Brearley, 1997; Hutcheon
et al., 1998; Huss et al., 2006, and references therein). The
effect of water on intra-mineral (volume) diffusion is a sub-
ject of debate, but it likely enhances exchange rates at par-
ent body temperatures, but apparently not significantly at
nebular ones (>1000 K), e.g., Ingrin et al. (2001) and
Ryerson and McKeegan (1994). Noble gas data indicative
of the abundance and survival of presolar grains (Huss
et al., 2003) and Raman spectroscopic studies of organic
material (Bonal et al., 2006) suggest that CV3 meteorites
experienced moderate peak temperatures, �500–900 K,
during parent body processing (Huss et al., 2006). The time-
scale for producing these peak temperatures, e.g., 6800 K
on the Allende parent body, primarily reflects parent body
size and the initial abundance and subsequent decay of 26Al
(i.e., 26Al/27Al0 = 3–5 � 10�6). Young (2001) and Kunihiro
et al. (2004) estimate that it would take more than 2 � 106

years to reach these peak temperatures and that they would
not persist for more than 5 � 105 years. Other potential
sources of heat include magnetic induction and impacts
(Rubin, 1995), although neither induction nor collisional
heating are likely to result in the relatively high tempera-
tures required by the global thermal metamorphism of
chondrite parent bodies (Keil et al., 1997). The timescale
of radiogenic heating is incompatible with the magnitude
of O-isotope exchange inferred for the studied CAIs, as
unrealistically long periods of time, �106–108 years, would
be required (Table 4; Yurimoto et al., 1989; Ryerson and
McKeegan, 1994; Ingrin et al., 2001).

If the O-isotopic profiles in the interiors of CAIs were
established by incomplete exchange with a planetary
isotopic reservoir, it is noteworthy that there are larger
shifts within the melilite in Ef-1 and L6, both from reduced
CV3 chondrites, than in A37, from an oxidized CV3 chon-
drite. Moreover, much of the melilite in the Type A CAI
interiors appears to be ‘‘lighter” than typical bulk
O-isotopic compositions of inclusions from CV3 chon-
drites. Additionally, L6, ALH3 and EF-1 record
O-isotopic gradients within their interiors that exhibit rela-
tive 16O-enrichment trends toward their edges. Although
sometimes subtle, this ‘‘reverse” zoning is not consistent
with late parent body exchange because the latter would
produce ‘‘normal” zoning. Collectively, these observations
argue that the primary process(es) responsible for incorpo-
rating relatively 16O-poor oxygen into the CAI interiors
occurred in the nebula rather than the parent body. Finally,
the O-isotopic heterogeneity within the rim layers sur-
rounding the CAIs, and especially the presence of the rela-
tively 16O-rich, fine-grained (i.e., high surface area) melilite
in the Wark–Lovering rim of L6 provides strong evidence
that some coarse-grained melilite in the CAI interiors
became relatively 16O-poor prior to rim formation.

Among the CAIs studied here, it is also noteworthy that
the evidence for isotopic exchange is largely uncorrelated
with the degree of secondary alteration discernible from
petrographic study. This can be clearly seen by the fact that
both A37, whose interior records only ‘‘normal” isotopic
exchange, and L6, with an interior that records ‘‘reverse”
zoning and which likely had a much more complex and
evolved isotopic exchange history than A37, contain mini-
mal amounts of secondary alteration products. It is there-
fore concluded that the visibly unaltered primary mineral
assemblages within many CAIs experienced minimal
O-isotopic exchange on their parent bodies.

4.3. Nebular isotopic exchange with CAI interiors

4.3.1. A37

The interior of this inclusion is ‘‘normally” zoned, with
D17O values in melilite increasing monotonically from
�17.5 ± 0.8‰ (n = 20) in the interior to �2.2 ± 3.0‰
(n = 6) at the inclusion edge (Fig. 9A). New spinel analyses
in the present study from the interior of A37 are signifi-
cantly more 16O-rich (D17O � �29‰) than both the new
and previously reported interior melilite data (Simon
et al., 2011). A similar oxygen diffusion model was
employed in that work as in the present study but, since
previously no interior spinel had been measured, Simon
et al. (2011) concluded that a single-step, solid-state diffu-
sion model could explain the O-isotopic profile of A37.
The new spinel data (Fig. 9A), however, have the usual pro-
tosolar D17O of ��29‰, indicating the likelihood that the
entirety of the A37 interior formed initially with this D17O
value. The red curve in Fig. 9A is representative of the mis-
match of single-step models for A37. All such temperature–
time models that reproduce the relatively elevated ��18‰
value of the interior yield too shallow a curvature to be con-
sidered a good match to the data. More likely, A37 experi-
enced an early oxygen exchange event that reset melilite to
an intermediate D17O value (step 1), the relatively uniform
value measured in the interior, before melilite at its margin
exchanged further with a near-zero D17O planetary reser-
voir (step 2). The black curves in Fig. 9A represent a family
of two-step diffusion models with temperature–time param-
eters of 1400 K and �2 � 104 years in step 1 and 1400 K
and �1.6 � 104 years for step 2, which yield a good match
to the measurements. Although elevation of the D17O value
in interior melilite by �10‰ relative to the spinel could be
due to exchange while the CAI was partially molten,
exchange that led to the measured zoning profile can only
be fit at subsolidus temperatures.

4.3.2. Egg-6 and TS4

Interior melilite in Type B CAIs Egg-6 and TS4 differs
from that in the Type A CAIs of this study in having
near-zero D17O values at their margins and nearly uniform
and relatively high values, mostly between 0‰ and �5‰,
throughout the rest of their interiors (Fig. 9B and C).
Assuming that all CAIs started with protosolar, 16O-rich
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compositions, these values indicate nearly complete
exchange with a relatively 16O-poor reservoir in the solid-
state. The melilite interiors of both Type B CAIs can be
matched with single-step models (e.g., black curves in
Fig. 9B), but TS4 appears to require at least two-steps
(Fig. 9C) as discussed below. A diffusion model for Egg-6
with temperature–time parameters of 1400 K and
�2.8 � 105 years yields a good match to the subtle gradient
exhibited by melilite and anorthite measurements that com-
prise Traverse 2 (bold curve in Fig. 9B). A similar model
shown by the upper thin black curve run for 3.0 � 105

model years passes through all of the Egg-6 melilite, includ-
ing those in Traverse 1 that are suspected to reflect some
contamination by secondary mineralization.

In Egg-6, fassaite has higher D17O, ��18‰, than spinel,
��25‰, while, in TS4, these phases have nearly equal
D17O values of ��22‰, rather elevated compared to the
protosolar value. Explaining the difference between fassaite
and spinel in Egg-6, or the lack thereof in TS4, by a single
subsolidus diffusion process or heating event is difficult. The
difference in O-isotopic composition between spinel, fas-
saite and melilite in Egg-6 likely reflects differential sub-
solidus exchange with a relatively 16O-poor reservoir,
whereby fassaite exchanged more thoroughly than spinel,
and melilite more extensively than fassaite, as suggested
originally by Clayton et al. (1977). This could have hap-
pened on the parent body or in the nebula. Despite abun-
dant evidence for remelting in Type B CAIs it is unlikely
that the preferential incorporation of ‘‘heavy” oxygen in
melilite occurred while the inclusion was partially molten
because we know from experimental phase equilibria that
the pyroxene would have crystallized after most of the meli-
lite (Stolper, 1982).

Because fassaite and spinel have distinct oxygen diffusiv-
ities, their similar but elevated D17O values suggest that TS4
exchanged thoroughly with a nebular gas reservoir with
D17O � �20‰, intermediate between the protosolar and
planetary values. This exchange could have happened while
the inclusion was a melt (in hours to days) or in the solid-
state (Table 4). Model curves (Fig. 9C) reflect two-steps
of exchange, with the intermediate D17O value recorded
by spinel and fassaite interpreted to have preserved the shift
from the protosolar D17O value (step 1), before melilite
exchanged further with a planetary D17O value (step 2). It
is notable that the intermediate composition modeled by
step 1 is similar to that of spinel in the rims of Type A CAIs
Ef-1, A37, and E49 of Aleon et al. (2007), and most of the
melilite in the interior of A37. Both steps of exchange may
have occurred prior to formation of the WL rim, whose
innermost spinel is much more 16O-rich (Fig. 10C). Repre-
sentative diffusion models with temperature–time parame-
ters of 1400 K and �2 � 104 years in step 1 and 1400 K
and �3 � 104 years for step 2 yield an acceptable match
to the measurements (black curves in Fig. 9C).

4.3.3. L6

The outer margin of this inclusion is ‘‘reversely” zoned,
with D17O values in melilite decreasing monotonically from
a relatively uniform value of ��7‰ in the interior to
��20‰ at the margin (Fig. 9D). For reversely zoned CAIs,
the model curves were calculated in two steps as above,
except that in the second step the interior melilite values
were used for the initial CAI value and the nebular gas reser-
voir was assumed to have the same D17O as the spinel in the
WL rims (see Table 4). Assuming that the L6 precursor grew
originally from a relatively 16O-rich protosolar gas, a major-
ity of its melilite interior later exchanged with a reservoir
having a relatively 16O-poor composition (step 1). A diffu-
sion model with temperature–time parameters of 1400 K
and �3 � 104 years approximates the D17O of its melilite
interior (Table 4). In detail, the representative model listed
in Table 4 is run long enough to produce an interior value
that exceeds the uniform value of ��7‰ in the interior
because the extent of subsequent exchange needed (in step
2 below) to produce the rather extreme 16O-enrichment
(�20‰) at the edge would drop the modeled �5‰ interior
value back down to the measured value of the interior
(��7‰). Based on the match of the model diffusion profile
to the O-isotopic composition of the melilite observed at the
edge of the inclusion, L6 likely experienced a second
exchange event (step 2) that exposed the relatively 16O-
poor interior to a relatively 16O-rich nebular gas, a process
that would have taken�2.6 � 104 years at 1400 K (Table 4).
The L6 profile, and the isotopic composition of its interior
and rim spinel (D17O � �20‰ to �25‰) are very similar
to those of E49 (Aleon et al., 2007), and both inclusions
may have had similar formation histories.

4.3.4. Ef-1 and ALH3

In contrast to the near-zero D17O values measured at the
margins of A37 and the Type B CAIs, Ef-1 and ALH3 exhi-
bit relative 16O-enrichments at their melilite margins with
average D17O values of �8 ± 1‰ (n = 11), and �5 ± 2‰
(n = 8), respectively (Fig. 9E and F). Although less extreme
than the D17O � �20‰measured at the margin of L6, these
reversals in O-isotopic zoning profiles also imply two
exchange events. The interiors of both CAIs record an
event that transformed their assumed protosolar starting
compositions into relatively 16O-poor compositions (step
1), followed by exposure to a more 16O-rich nebular gas,
producing the higher 16O abundances at the CAI margins
(step 2). Diffusion models with temperature–time parame-
ters of 1400 K and 103 years and 1400 K and 1.9 � 104

years, approximates the D17O of their respective melilite
interiors (step 1’s). Because the CAIs are rather large (orig-
inally P0.5 cm) even the slight 16O-enrichements detected
at the margins of Ef-1 and ALH3, require relatively long
exposure times, 5 � 103 and 1.9 � 104 years, respectively
(step 2’s). The higher melting temperature of the gehlenitic
melilite composition characteristic of ALH3 permits sub-
solidus model temperatures higher than 1400 K. In these
relatively high temperature calculations modeled exchange
in ALH3 could be up to �5 times faster.

In general, the modeled timescales for O-isotope
exchange are comparable to those reported by Simon and
Young (2011), based on the Mg-isotope profiles in coarse-
grained CAIs. Unlike spinel, in which oxygen diffuses much
more slowly than magnesium, oxygen diffusivities in meli-
lite are only slightly lower than magnesium diffusivities
(LaTourrette and Hutcheon, 1999; Simon and Young,
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2011, and references therein). Based on this complementar-
ity, it follows that a majority of the oxygen data reported
herein and the magnesium data reported for similar inclu-
sions (e.g., Fahey et al., 1987a; Simon et al., 2005; Simon
and Young, 2011; Bullock et al., 2013) from CV3 chon-
drites imply early, open-system exchange, and resetting in
the solid-state (Fahey et al., 1987b; Simon and Young,
2011; Simon et al., 2005; Young et al., 2005), which could
reflect a common early solar system reprocessing event
and/or environment.

4.4. Nebular scenarios implied by the oxygen isotopic records

of Wark–Lovering rim layers

As first suggested by Wasserburg et al. (1977) and con-
firmed by Cosarinsky et al. (2005) and Simon et al.
(2005), at least some WL rims formed within 105 years of
CAI crystallization. Three mechanisms are frequently
invoked to explain part or all of their formation: (1) ‘‘flash
heating”, whereby inner layers formed by melting and/or
evaporation during intense heating (Boynton and Wark,
1985; Wark and Boynton, 2001); (2) ‘‘subsolidus deposi-
tion”, whereby outer layers formed sequentially by conden-
sation during cooling and/or vapor deposition due to an
increased gas pressure or changing composition (Wark
and Lovering, 1977; Fahey et al., 1987b; Simon et al.,
2005); and (3) growth due to ‘‘chemical potential gradi-
ents”, where the common mineral layer sequence of spi-
nel ± hibonite?melilite?pyroxene?olivine was produced
simultaneously by metasomatic reaction with nebular gas
(Wark and Lovering, 1977; MacPherson et al., 1981;
Ruzicka, 1997) or from elements in the gas phase alone
(Simon et al., 2005). The O-isotope variability in WL rims,
discussed next, demonstrates that growth occurred from
distinct gas reservoirs, that gas chemistry contributing to
mineral growth and potentially leading to higher more
planetary f O2

, can be decoupled from gas isotopic compo-

sitions, and that, similar to the interiors, the initial
O-isotope composition of some rim layers may have been
later modified by exposure to distinct gas reservoirs.

Several important observations can be made from the
present work: (1) pyroxene found in WL rims tends to
exhibit reverse O-isotopic zoning. That is, when multiple
analyses were made, either within a single layer or among
the multiple pyroxene layers surrounding L6 and Egg-6
(Fig. 10) the outermost spots (i.e., those located closer to
the matrix) tend to be relatively 16O-rich. This observation
is difficult to explain by simple mixing between oxygen orig-
inally contained in the inclusion and any near-zero D17O
oxygen reservoir; (2) For two CAIs (A37, L6), O-isotopic
compositions at the edges of their melilite interiors and
the innermost layer of the WL rims are similar—possibly
implying a genetic relationship. In an analogous way, the
melilite interiors of the other two Type A CAIs (ALH3,
Ef-1), which exhibit more subtle O-isotopic gradients,
may record a signature of edgeward 16O-enrichement
related to WL rim formation. In contrast, the O-isotopic
compositions of melilite observed in the two Type B CAIs
(Egg-6, TS4) contain little to no evidence of a relationship
with their WL rims, the exception being that in Egg-6, the
pervoskite and pyroxene enclosed in spinel in the rim have
compositions similar to melilite at the edge of the interior;
(3) spinel found in WL rims typically has compositions that
are slightly less 16O-rich compared to the protosolar gas
composition (Fig. 10), but with measurable differences
among the various CAIs not readily attributable to sec-
ondary alteration. Differences among WL rim spinel com-
positions could have been derived from initially
protosolar spinel that was cogenetic with CAI interiors
(Wark and Lovering, 1982) and incrementally exchanged
when the next layer, e.g., relatively 16O-poor melilite and/
or pyroxene, was deposited; or they may reflect early rim
deposition from gas reservoirs with distinct O-isotopic com-
positions; and (4) O-isotopic differences between adjacent
zones require that some mineral layers formed sequentially,
rather than contemporaneously as hypothesized by some
models in which large chemical potential gradients drove
their formation (e.g., Ruzicka, 1997). The measured iso-
topic heterogeneity over short length scales is inconsistent
with the standard metasomatic mechanism, which would
have likely resulted in a continuous isotopic gradient
because such a model implies that the more refractory ele-
ments were scavenged from the interior and diffusively
exchanged with material that was added at the surface. It
is still possible that the WL rim layers grew under a chem-
ical potential gradient (as, for example, suggested by Simon
et al., 2005), but in such a scenario they condensed directly
from the gas and formed from several gas reservoirs with
isotopically distinct compositions.

4.4.1. The interface between WL rims and CAI interiors

In most CAIs, spinel defines the boundary between the
outer edge of the interior and the innermost rim layer. It
is unclear whether all of the spinel at the edge of an inclu-
sion is part of the rim or not; some probably formed in the
interior, as, for example, suggested by Wark and Lovering
(1982). An exception to the rule is the existence of the inner-
most melilite and hibonite layer, ‘‘below” the spinel layer,
in the WL rim surrounding A37 (see Fig. 4C and D and
supplemental material of Simon et al., 2011). In this case,
new melt at the inclusion edge might have lost Mg, and
new, more gehlenitic melilite, precipitated on the underlying
melilite interior, producing the observed sequence of
melilite-on-melilite. This melt could be cogenetic with the
spinel-perovskite layer, but its distinct, relatively high Na
content, and relatively 16O-poor isotopic composition,
makes this scenario unlikely. Simon et al. (2011) analyzed
hibonite in the rim and found that it is relatively 16O-rich
(D17O � �17‰). The intermediate O-isotopic compositions
observed in hibonite may reflect a reaction between the rel-
atively 16O-poor, Na-rich melilite at the edge of the interior
(i.e., recording the inclusion’s original exposure to relatively
17,18O-rich nebular gas) and the relatively 16O-rich nebular
gas related to formation of the spinel-perovskite layer.
Alternatively, if hibonite is relatively resistant to oxygen
exchange compared to melilite, it may have been relatively
16O-rich and only partially exchanged with the relatively
17,18O-rich reservoir that exchanged with the interior.
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4.4.2. Spinel layers

These layers in WL rims are relatively 16O-rich, with
D17O values ranging from �30‰ to �18‰, with most val-
ues 6�20‰ (Figs. 9 and 10) and uniform in composition
within a given rim. The possible exception is the spinel layer
surrounding Egg-6. A comparison of X-ray image data and
the O-isotope measurements show that its outermost spinel
is more FeO-rich and slightly 16O-poor compared to some
more magnesian spinel closer to the CAI edge. Substitution
of Fe for Mg in spinel often indicates parent body alter-
ation and implies that the slight shift toward relatively
16O-poor compositions in the outermost spinel zone could
have happened on the parent body. The spinel layers sur-
rounding A37, Egg-6, and L6 have average D17O values
of ��25‰ or less, whereas Ef-1, TS4, and E49 (Aleon
et al., 2007) have D17O values of �20‰. The possibility that
O-isotopes in some Egg-6 spinel have been partially
exchanged, and yet they are still more 16O-rich than magne-
sian spinel in Ef-1, implies that Ef-1 spinel may have orig-
inated from a slightly 17,18O-enriched reservoir. If the
measured differences in D17O of 5–10‰ among the studied
inclusions reflect different degrees of O-isotope exchange
upon pyroxene deposition, gradational variations within
spinel layers might be expected, as in Egg-6. But evidence
for differential exchange in spinel surrounding the other
CAIs is lacking.

Based on comparison of trends in the O-isotopic zoning
profiles and the compositions of the WL spinel layers (or
melilite layer in the case of A37), rim formation may have
affected the O-isotopic composition of the edges of the
interiors of the studied Type A CAIs. In contrast, in both
Type B inclusions studied here, there is no obvious connec-
tion between relatively 16O-rich spinel in the rims and
16O-poor melilite in their interiors. Nonetheless, with the
possible exception of spinel in the WL rim surrounding
Egg-6, the variability of the spinel data in both the most
pristine (Ef-1 and L6) and most altered (TS4 and ALH3)
inclusions provides evidence that the O-isotopic composi-
tions of most WL rim spinel has little to nothing to do
with secondary mineralization, rather, it likely grew and
incorporated oxygen from different, possibly evolving neb-
ular gas reservoirs.

4.4.3. Pyroxene layers

All WL rims contain a pyroxene layer. Most pyroxene
appears to have formed in chemical disequilibrium with
respect to the interior phases, implying later growth
through metasomatic solid–gas reaction and/or condensa-
tion from a non-solar gas (Wark and Lovering, 1977;
Ruzicka, 1997; Simon et al., 2005; Han and Brearley,
2012). The reverse O-isotopic zoning seen in the WL rim
pyroxene layers surrounding Ef-1, A37, Egg-6, and ALH3
appears to be more common than normal zoning. The repli-
cate sequences of pyroxene (and melilite) layers in L6, as
well as the distinct O-isotopic compositions of the pyrox-
ene, imply that, at least in this case, they likely formed
sequentially rather than simultaneously.

At face value, the presence or lack of Ti3+ in the pyrox-
ene layers can signify the state of oxidation during their
growth. Redox conditions can be estimated by the equilib-
rium reactions of Simon et al. (2005), which relate the mea-
sured activities of pyroxene components, and estimated
temperature and PSiO/PMg in a coexisting nebular gas.
Higher Ti3+/Titot due to the more reducing conditions
expected during formation in a primitive nebular environ-
ment might be expected to correlate with greater 16O abun-
dance. In the case of the pyroxene layers surrounding L6,
however, the innermost layer (Ti-pyx-1), with the highest
Ti3+/Titot exhibits the lowest 16O abundance, whereas the
layer with the lowest measurable Ti3+/Titot has an interme-
diate D17O value of �15‰. These results imply that the
valence state of Ti and the O-isotopic composition of rim
pyroxene are not always correlated, indicating a decoupling
of the isotopic composition of the gas from other physico-
chemical parameters.

4.4.4. Melilite layers

This phase is absent from some WL rims. Where pre-
sent, it is typically between the spinel and pyroxene rim lay-
ers and is often intergrown with plagioclase ± nepheline,
which are likely products of alteration of the melilite.
Exceptions include melilite at the interface with the interior
of Allende A37, and the complicated WL rim surrounding
L6 that contains three distinct occurrences of melilite. Often
melilite in rims is relatively 16O-poor, e.g., Ito et al. (2010)
and Simon et al. (2011). This is the case for the inner sub-
layers ‘‘Mel-1, Mel-2” in the rim of L6 (D17O = �4‰).
The fact that this melilite exhibits zoning in chemical com-
position (see Fig. 8B) but is homogeneous in O-isotopic
composition indicates that there were more cycles of depo-
sition than are recorded by isotopic differences.

In L6, the inner rim O-isotopic homogeneity contrasts
sharply with the outermost occurrence of melilite (Mel-3),
which exhibits O-isotopic heterogeneity, with D17O values
ranging from �26‰ to �5‰ (Fig. 10D). A single spinel
analysis within the outermost melilite yields
D17O = �25‰. The granular, relatively fine-grained texture
of the outer melilite could indicate a period of accretion of
individual melilite and spinel grains whose isotopic hetero-
geneity could have predated deposition, rather than forma-
tion in situ. Although the significance of this extreme
variability is unclear, it is difficult to envision a scenario
in which the fine-grained (i.e., high surface area) melilite
in the outer layer retained its O-isotopic heterogeneity if
the uniform, relatively 16O-poor isotopic composition of
the inner melilite layer(s) resulted from exchange of initially
16O-rich melilite with a relatively 16O-poor reservoir after
formation of the outer melilite layer.

4.4.5. Olivine layers

At the outermost edges of WL rims, there are generally
two types of olivine layers that can be distinguished textu-
rally. Porous layers consisting of many individual crystals
that tend to fill topographic depressions (clearly seen on
TS4, Fig. 7A), are thought to be accretionary
(MacPherson et al., 1985), and are not considered part of
the WL rim in the present work. The outer melilite layer
in L6 also has a porous, polycrystalline nature but is con-
sidered part of the WL rim because it is found inside mas-
sive, WL rim layers of pyroxene. The other type of olivine
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occurs as thin but coherent, wall-like layers containing little
pore space, and are interpreted here as WL rims that may
have been vapor deposited (Simon et al., 2005; Keller
et al., 2013). The heterogeneous O-isotopic compositions
in the olivine rim layers of TS4 and ALH3 and in the accre-
tionary rims of A37 suggest that both types of olivine had
complex histories involving formation from relatively 16O-
rich and 16O-poor gases (Krot et al., 2002). It is possible
that the olivine in the WL rim, and its isotopic heterogene-
ity, reflects in situ condensation of olivine from a relatively
16O-poor gas that is ‘‘peppered” with a previous generation
of relatively 16O-rich grains just prior to and/or as the ear-
liest stage of accretionary rim formation. Elevated levels of
FeO in both olivine types may be due to subsequent diffu-
sive Fe–Mg exchange, and could have occurred without sig-
nificant modification of the original O-isotopic composition
of the olivine (Fagan et al., 2004b; Cosarinsky et al., 2008).

4.5. Mass-independent oxygen reservoirs in the early solar

system

D17O variability in the early solar system has been gen-
erally attributed to photodissociation of CO by self-
shielding in the optically thin surface of the protosolar disk
(Clayton, 2002; Lyons and Young, 2005; Sakamoto et al.,
2007). This may have resulted in formation of relatively
17,18O-rich water that spread heterogeneously throughout
the disk where its oxygen was incorporated into silicates.
Young (2007) suggested that this process occurs on a time-
scale of �105 years. Alternatively, heterogeneous enrich-
ment of 17,18O may have existed very early in the history
of the solar nebula originating from the parental molecular
cloud (Yurimoto and Kuramoto, 2004; Dominguez, 2010).

In addition to the protosolar oxygen isotopic composi-
tion, D17O � �25‰ to �30‰, and the planetary values,
D17O � 0‰ to �5‰, that are frequently encountered in
CAI materials, another common composition in this study
is D17O � �17‰ to 23‰. This intermediate composition is
found in the fassaite and spinel in TS4, a majority of the
melilite in the A37 interior, and spinel in the WL rim of
Ef-1 in the present work, as well as in the CAI rim studied
by Aleon et al. (2007). While the common occurrence of
this value may be the fortuitous result of exchange between
inclusions with a protosolar composition and an
16O-depleted reservoir, it is also possible that there was a
distinct reservoir of intermediate oxygen isotopic composi-
tion sufficiently widespread and long-lived to have left its
imprint on all of these materials, analogous to that pro-
posed for chondrules by Chaussidon et al. (2008).

4.6. Implications for protoplanetary disk environments and

evolution

The extreme O-isotopic heterogeneity recorded by CAIs
and their WL rims is consistent with exposure to nebular
gases with different O-isotopic compositions. CAIs that
formed in the inner solar system may have initially had rel-
atively 16O-rich ‘‘protosolar” compositions. Thermody-
namic calculations show that, as the protoplanetary disk
cooled, the refractory phases characteristic of CAIs would
not have survived had they continued to equilibrated with
the gas down to low temperatures (Grossman et al., 2002,
2008). Analyses of refractory cometary samples show that
the solar nebula experienced a phase of large-scale outward
transport of refractory grains (Brownlee et al., 2006) and
that these grains are relatively 16O-rich, similar to the
D17O � �20 ± 3‰ compositions of ‘‘normal” bulk CAIs
(McKeegan et al., 2006; Krot et al., 2010; Bullock et al.,
2012) and a possible ‘‘intermediate” oxygen isotopic reser-
voir envisioned herein. Likewise, there are a number of
ways refractory inclusions could have been removed from
the inner solar nebula. One way is by large-scale transport
and mixing processes associated with a marginally gravita-
tionally unstable disk, a likely cause of FU Orionis events
in young low-mass stars, e.g., Boss et al. (2012). Protostellar
jets and disk winds, commonly associated with star forma-
tion, have also been suggested (Shu et al., 1996). These hot
winds may have played a role in heating and redistributing
material out to distances of several AU (Salmeron and
Ireland, 2012). Alternatively, CAIs may have formed near
(<1 AU) the protoSun and been subsequently transported
outward (>10 AU) due to the viscous evolution of the disk
and turbulence effects within it (Cuzzi et al., 2003; Ciesla,
2007). After transport processes such as these brought CAIs
into the outer solar system, they could have encountered
relatively 17,18O-rich environments such as may have been
created, for example, by concentration of relatively 17,18O-
rich water near the snow line (Young, 2007).

The various CAI transport mechanisms discussed here
are associated with astrophysical processes having charac-
teristic timescales and heating times that are quite different
from one another. Accordingly, O-isotopic profiles estab-
lished by exchange during these different events should
record different diffusion times. For example, the rapid
FU outbursts occur very early, within <10 years of the
beginning of the solar system (Boss et al., 2012) and heating
times in disk winds are relatively short, 630 years (Shu
et al., 2001). Outward transport of CAIs from the inner
to the outer nebular disk by diffusive processes takes much
longer, 103–104 years (Cuzzi et al., 2003), and appears bet-
ter matched to the timescales required to reproduce the
O-isotopic profiles observed in Type A CAI interiors. The
absolute time period may have been longer than the time
required for diffusive exchange since diffusion calculations
in this study only represent the integrated time at elevated
temperatures and not necessarily the total time over which
CAIs migrated within the protoplanetary disk (Fig. 9,
Table 4). Likewise, the diffusive exchange could reflect hun-
dreds or thousands of short heating events and/or maybe
related to WL rim formation (e.g., Young et al., 2005),
expected for particle transport by disk winds or within
the shock fronts of density waves within the disk. It is also
possible that radial excursions of CAIs across the inner
edge of the disk gas produced both the mineralogical layer-
ing and O-isotopic variation of WL rims, due to the conflu-
ence of relatively 16O-poor disk and 16O-rich gas reservoirs
(Park et al., 2012) and non-solar gas reservoirs that devel-
oped because of infall of outer disk material onto the pro-
toSun through radial evaporation fronts (e.g., the snow
line). Further work coordinating O-isotope profiles with



272 J.I. Simon et al. /Geochimica et Cosmochimica Acta 186 (2016) 242–276
high precision Al–Mg chronology and measurements of
more refractory stable isotopes (e.g., Mg and perhaps Ca)
and Rare Earth Element abundance patterns, could help
distinguish the roles of condensation, diffusive growth,
and accumulation of preexisting dust grains as they relate
to the astrophysical environments of WL rim formation
and the alteration of CAI interiors in the nebula.

4.7. A general history of and summary of features of

coarse-grained CAIs based on their oxygen isotope

compositions

The studied inclusions imply the following formation
history:

(1) Spinel data from A37 attest to the fact that some, and
possibly all, CAIs initially formed from the protoso-
lar oxygen isotopic composition (D17O � �28‰,
McKeegan et al., 2011).

(2) The uniform intermediate composition
(D17O � �17–23‰) of the interior melilite of A37
and spinel and fassaite in the interior of Type B
CAI TS4 implies that some CAIs were exposed to a
nebular gas of intermediate oxygen isotopic composi-
tion for up to 2 � 104 years, assuming oxygen
exchange occurred at temperatures of 1400 K. This
might reflect the reservoir that is typically considered
‘‘normal” for CAIs.

(3) The relatively 16O-poor melilite interiors of all studied
Type A CAIs indicate many CAIs were exposed to an
16O-poor reservoir for as long as 5 � 103 to 3 � 104 -
years, assuming temperatures of 1400 K. In total, a
period of nearly 3.6 � 104 years is needed for the two
exchange steps indicated by the oxygen record of
A37, assuming temperatures of 1400 K. Two steps of
exchange are also indicated by the Type B CAI TS4
data and could require a similar timescale, but it would
be significantly shorter if equilibration with the inter-
mediate reservoir in the first step occurred while the
inclusion was still partially molten.

(4) The 16O-poor interior of Type B CAI Egg-6 either
reflects protracted exchange on the chondrite parent
body or exchange with a planetary-like nebular gas
in the solid-state, similar to that inferred for the Type
A CAIs. If exchange occurred in the nebula, it would
have required �3 � 105 years at 1400 K. Alterna-
tively, if the isotopic compositions of the melilite in
the interiors of the studied Type B CAIs reflect par-
ent body processes, then much longer timescales
(>106 years) are required even considering hydrother-
mal oxygen diffusion rates. The source of the
required protracted heating remains elusive in either
case, cf. Rubin (1995).

(5) The strong gradients in A37 and L6 toward
planetary-like and relatively 16O-rich compositions,
respectively, likely occurred in a second step of neb-
ular solid-state exchange (in #3). The protosolar
environments documented by observations #1–5
may all predate rim formation, similar to the inclu-
sions described in Yoshitake et al. (2005) and Aleon
et al. (2007). A37 appears to record modification of
the outermost melilite edge by a heating event (e.g.,
Wark and Boynton, 2001) that involved a relatively
16O-poor, planetary-like reservoir, described as the
earliest rim-forming event by Simon et al. (2011).

(6) Preservation of the strong gradients in A37 and L6
suggest circumstances where diffusive isotopic equili-
bration was limited and may indicate that these inclu-
sions were rimmed relatively early and/or that they
were rapidly accreted onto a parent body reducing
the formation of dislocations from subsequent ioniz-
ing radiation.

(7) The relatively 16O-eniched melilite margins of all
studied Type A CAIs (except A37) indicate exposure
to a relatively 16O-rich nebular gas. It is possible that
the strong gradients in A37 and L6, and the more
subtle ones in Ef-1 and ALH3, actually reflect the
effect of rim-forming processes.

(8) The spinel ± hibonite layer surrounding all studied
CAIs reflects formation from a relatively 16O-rich
gas. Some spinel at the base of WL-rims may predate
rim formation (Wark and Lovering, 1982). It remains
unclear whether the spinel ± hibonite layer involves
partial melting of the interior (Wark and Boynton,
2001) or whether it originates from the gas phase
alone.

(9) Pyroxene layers outside the spinel ± hibonite layer
can be heterogeneous in D17O, from relatively 16O-
rich to planetary-like, and they often record outward
(‘‘reverse”) zoning toward more 16O-rich composi-
tions. This heterogeneity and sense of zoning is
inconsistent with metasomatic growth in the nebula
or on a parent body. It is likely that typical portions
of WL rims condensed from several gas reservoirs
with isotopically distinct compositions.

(10) The heterogeneous O-isotopic compositions in the
olivine rim layers and in accretionary rims suggest
that both types of olivine grew from relatively 16O-
rich and 16O-poor gases (Krot et al., 2002).

(11) Finally, replacement of primary minerals by sec-
ondary minerals may have occurred in the nebula,
e.g., Hutcheon and Newton (1981), and certainly
occurred on the parent body. Distinguishing between
these two end-member environments for given occur-
rences requires coordinated petrologic and isotopic
studies.

5. CONCLUSIONS

The evolution of coarse-grained CAIs included open-
system diffusive exchange with multiple, relatively 16O-
poor and 16O-rich nebular gases, followed by Wark–Lover-
ing rim formation, also from relatively 16O-poor and 16O-
rich nebular gases, through condensation and possibly by
the accumulation of preexisting nebular solids. The ‘‘nor-
mal” and ‘‘reverse” isotopic zoning profiles observed across
the margins of refractory inclusions require that many
CAIs contained in CV3 chondrites experienced at least a
two-step nebular exchange history. Larger shifts toward
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planetary-like O-isotope compositions in the melilite con-
tained in Ef-1 and L6, both from reduced and more pristine
chondrites, than in A37, an oxidized CV3 chondrite, indi-
cate that oxygen exchange is decoupled from the formation
of secondary alteration products. The D17O record
observed in WL rims is complicated, often exhibiting evi-
dence of ‘‘reverse” O-isotopic zoning, and shifting from
rather homogenous to extremely heterogeneous over short
distances within and among mineral layering. Considered
together with their changing mineral chemistry and tex-
tures, their D17O values suggest that the rims grew under
disequilibrium conditions in a dynamic, rather hot nebular
environment. The complex WL rim on L6, composed of
five distinct pyroxene layers and probably three distinct
melilite zones with varying O-isotopic composition, demon-
strates that some of the mineral layers formed sequentially,
in discrete growth events. All of these observations support
numerical disk models in which CAIs were transported
between distinct nebular reservoirs multiple times over
�103–105 years prior to accretion onto a parent body.
The relatively common occurrence of CAI phases with
D17O � �20‰ may indicate the existence of an early and
persistent, intermediate reservoir in which some inclusions
re-equilibrated before, and in some cases after, initial WL
rim growth.
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