
1197 © The Meteoritical Society, 2007. Printed in USA.

Meteoritics & Planetary Science 42, Nr 7/8, 1197–1219 (2007)
Abstract available online at http://meteoritics.org

Remelting of refractory inclusions in the chondrule-forming regions: Evidence
from chondrule-bearing type C calcium-aluminum-rich inclusions from Allende

Alexander N. KROT1, Hisayoshi YURIMOTO2, Ian D. HUTCHEON3, Marc CHAUSSIDON4,
Glenn J. MACPHERSON5, and Julie PAQUE6

1Hawai‘i Instititute of Geophysics and Planetology, School of Ocean and Earth Science and Technology, 
University of Hawai‘i at Manoa, Honolulu, Hawai‘i 96822, USA

2Department of Earth and Planetary Sciences, Tokyo Institute of Technology, Meguro, Tokyo 152-8551, Japan
3Glenn T. Seaborg Institute, Lawrence Livermore National Laboratory, Livermore, California 94451, USA

4CRPG-CNRS, BP 20, 15 rue Notre Dame des Pauvres, 54501 Vandoeuvre-lès-Nancy Cedex, France
5Smithsonian Institution, Department of Mineral Sciences, NHB 119, Washington, D.C. 20560, USA

6Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena, California 91125, USA
*Corresponding author. E-mail: sasha@higp.hawaii.edu

(Received 02 June 2006; revision accepted 08 June 2007)

The appendix for this article is available online at http://meteoritics.org.

Abstract–We describe the mineralogy, petrology, oxygen, and magnesium isotope compositions of
three coarse-grained, igneous, anorthite-rich (type C) Ca-Al-rich inclusions (CAIs) (ABC, TS26, and
93) that are associated with ferromagnesian chondrule-like silicate materials from the CV
carbonaceous chondrite Allende. The CAIs consist of lath-shaped anorthite (An99), Cr-bearing Al-Ti-
diopside (Al and Ti contents are highly variable), spinel, and highly åkermanitic and Na-rich melilite
(Åk63–74, 0.4–0.6 wt% Na2O). TS26 and 93 lack Wark-Lovering rim layers; ABC is a CAI fragment
missing the outermost part. The peripheral portions of TS26 and ABC are enriched in SiO2 and
depleted in TiO2 and Al2O3 compared to their cores and contain relict ferromagnesian chondrule
fragments composed of forsteritic olivine (Fa6–8) and low-Ca pyroxene/pigeonite (Fs1Wo1–9). The
relict grains are corroded by Al-Ti-diopside of the host CAIs and surrounded by haloes of augite
(Fs0.5Wo30–42). The outer portion of CAI 93 enriched in spinel is overgrown by coarse-grained
pigeonite (Fs0.5–2Wo5–17), augite (Fs0.5Wo38–42), and anorthitic plagioclase (An84). Relict olivine and
low-Ca pyroxene/pigeonite in ABC and TS26, and the pigeonite-augite rim around 93 are 16O-poor
(Δ17O ~ −1‰ to −8‰). Spinel and Al-Ti-diopside in cores of CAIs ABC, TS26, and 93 are
16O-enriched (Δ17O down to −20‰), whereas Al-Ti-diopside in the outer zones, as well as melilite
and anorthite, are 16O-depleted to various degrees (Δ17O = −11‰ to 2‰). In  contrast  to  typical
Allende  CAIs  that  have  the  canonical  initial  26Al/27Al  ratio  of ~5  × 10−5, ABC, 93,  and TS26
are  26Al-poor  with  (26Al/27Al)0 ratios  of  (4.7 ± 1.4) × 10−6, (1.5 ± 1.8) × 10−6, and <1.2 × 10−6,
respectively. We conclude that ABC, TS26, and 93 experienced remelting with addition of
ferromagnesian chondrule silicates and incomplete oxygen isotopic exchange in an 16O-poor gaseous
reservoir, probably in the chondrule-forming region. This melting episode could have reset the 26Al-
26Mg systematics of the host CAIs, suggesting it occurred ~2 Myr after formation of most CAIs.
These observations and the common presence of relict CAIs inside chondrules suggest that CAIs
predated formation of chondrules.

INTRODUCTION

Chondrules and refractory inclusions (Ca-Al-rich
inclusions [CAIs] and amoeboid olivine aggregates [AOAs])
are the major high-temperature components of chondritic
meteorites that can potentially allow dating of the earliest

processes in the solar nebula (e.g., Amelin et al. 2002; Kita
et al. 2005). Mineralogical, chemical, and isotopic data
suggest that CAIs and AOAs formed in an 16O-rich gaseous
reservoir [Δ17OSMOW ~ −20‰, where Δ17O = δ17O − 0.52 ×
δ18O, δ17,18O = [(17,18O/16O)sample/(17,18O/16O)SMOW − 1] ×
1000; SMOW is standard mean ocean water] at high ambient
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temperatures (near or above the condensation temperature of
forsterite ~1375 K at a total pressure of 10−4 bar), and were
subsequently isolated (physically or kinetically) from
reactions with the high-temperature solar nebula gas (e.g.,
Krot et al. 2001a, 2002a, 2002b, 2004a, 2004b, 2005a;
MacPherson 2003; Scott and Krot 2003). Evaporation and
condensation are believed to have been the dominant
processes during the formation of refractory inclusions (e.g.,
Grossman et al. 2002; Richter et al. 2002; MacPherson 2003).
Subsequently, some CAIs experienced extensive melting
accompanied by evaporation and mass-dependent isotopic
fractionation of magnesium and possibly silicon (Grossman
et al. 2002; Richter et al. 2002; Davis et al. 2005). Both
igneous and nonigneous CAIs are surrounded by multilayered
Wark-Lovering rims, with the outermost layers, which were
composed of Al-diopside and forsterite, probably formed by
condensation (Wark and Lovering 1977; Wark and Boynton
2001). Contrary to refractory inclusions, most chondrules
originated in an 16O-poor (Δ17O > −5‰) gaseous reservoir
(Krot et al. 2005a, 2006a) at low (<1000 K) ambient
temperatures and high total pressure or dust/gas ratios (Galy
et al. 2000; Alexander and Wang 2001; Desch and Connolly
2002). Melting of pre-existing solids accompanied by
evaporation-recondensation is believed to have been the
dominant process during chondrule formation (e.g., Jones
et al. 2000; Desch and Connolly 2002; Cuzzi and Alexander
2006).

One of the major questions in cosmochemistry
concerning the origin of CAIs and chondrules is their relative
chronology (Alexander 2003; Kita et al. 2005). This relative
chronology can be potentially resolved using the short-lived
radionuclide 26Al, which decays to 26Mg with a half-life of
0.73 Myr and which was present in the nebula regions where
CAIs and chondrules formed (e.g., MacPherson et al. 1995;
Russell et al. 1996; Kita et al. 2000; Huss et al. 2001;
Mostefaoui et al. 2002; Bizzarro et al. 2004). Most CAIs
show large 26Mg excesses (26Mg*) corresponding to a
“canonical” initial 26Al/27Al ratio [(26Al/27Al)0] of ~5 × 10−5

(MacPherson et al. 1995), whereas most chondrules have
significantly smaller 26Mg*, corresponding to (26Al/27Al)0 of
<1.2 × 10−5 (e.g., Kita et al. 2000; Huss et al. 2001;
Mostefaoui et al. 2002; Kita et al. 2005 and references
therein). Based on these observations and the assumption that
26Al was uniformly distributed in the solar nebula,1 it is
generally inferred that CAIs formed at least 1–1.5 Myr before
chondrules (MacPherson et al. 1995; Russell et al. 1996; Kita
et al. 2000; Huss et al. 2001; Mostefaoui et al. 2002). This
conclusion has recently been questioned based on the lead
(Amelin et al. 2002, 2004) and magnesium isotope
measurements of CV chondrules and CAIs (Bizzarro et al.
2004). The 207Pb-206Pb ages of the Allende chondrules

(4566.7 ± 1.0 Ma) (Amelin et al. 2004) cannot be
distinguished from those of the CV CAIs (4567.2 ± 0.6 Ma)
(Amelin et al. 2002). Bizzarro et al. (2004) reported a range of
(26Al/27Al)0 from (5.66 ± 0.80) to (1.36 ± 0.52) × 10−5 in
Allende chondrules and concluded that chondrule formation
began contemporaneously with the formation of CAIs, and
continued for at least 1.4 Myr.

We note, however, that the (26Al/27Al)0 ratios inferred
from the magnesium isotope measurements of whole
chondrules (Bizzarro et al. 2004) may date the time for the
formation of chondrule precursor materials, not the time of
chondrule melting; establishing the latter requires
magnesium isotope measurements of mineral separates or
individual mineral grains, which has not been done yet. In
addition, spatial heterogeneity in 26Al distribution in the
solar nebula cannot be ruled out (e.g., Gounelle et al. 2001,
2006). On the other hand, the relative chronology of CAI and
chondrule formation can be resolved by studying compound
objects composed of chondrule and CAI, because both
constituents of such objects must have been affected by the
same heating episode. All CAI-chondrule compound objects
consist of relict CAIs inside chondrules, suggesting that the
host chondrules formed by melting of solid precursors
containing CAIs formed earlier (Misawa and Nakamura
1988; Maruyama et al. 1999; Krot and Keil 2002; Krot et al.
1999, 2001b, 2002c, and 2004c; Maruyama and Yurimoto
2003; Russell et al. 2005). The only exception is the
chondrule-bearing CAI A5 from the Yamato-81020
chondrite that was interpreted as an evidence for chondrule
formation predating formation of CAIs by Itoh and Yurimoto
(2003).

Here, we report the mineralogy, petrography, and oxygen
and magnesium isotope compositions of three coarse-grained,
igneous CAIs from Allende (ABC, TS26, and 93) that are
closely associated with ferromagnesian chondrule-like
silicate materials from Allende. Our results provide important
constraints on the relative chronology of CAI and chondrule
formation. The mineralogy and petrology of ABC and TS26
have been previously characterized (Grossman 1973;
Macdougall et al. 1981; Wark 1987); however, the presence
of relict chondrule material inside them remained unnoticed.
Preliminary results with isotope data for ABC and TS26, has
recently been published (Krot et al. 2005b).

SAMPLES AND ANALYTICAL PROCEDURES

All sections were carbon-coated; ABC and TS26 had
been previously gold-coated. Because the sections were either
very thin or partly detached from the glass slides, we decided
to use the old carbon coating. As a result, some of the opaque
nodules in TS26 were identified only tentatively as Fe,Ni
metal or Fe,Ni-sulfides.

The CAIs were studied using optical microscopy (in
transmitted light only), backscattered electron (BSE)
imaging, X-ray elemental mapping, and electron probe

1Based on the precise bulk Mg isotope measurements of different chondrite
groups and samples from the Moon, Mars, and aether, Thrane et al. (2006)
concluded that 26Al was uniformly distributed in the inner solar system.
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microanalysis (EPMA). X-ray elemental maps with a
resolution of 2–5 μm/pixel were acquired with five
spectrometers of a Cameca microprobe operating at a 15 kV
accelerating voltage, 50–100 nA beam currents, and a beam
size of ~1–2 μm. BSE images were obtained with a JEOL
JSM-5900LV scanning electron microscope (SEM) using a
15 kV accelerating voltage and a 1–2 nA beam current.
Wavelength dispersive X-ray spectroscopy (WDS)
microanalyses were performed with a Cameca SX-50 electron
microprobe at the University of Hawai‘i using a 15 kV
accelerating voltage, a 10 nA beam current, and a beam size
of ~1–2 μm. For each element, the counting time on both peak
and background was 20 s (10 s for Na and K). Matrix
corrections were applied using a PAP software routine. The
detection limits (in wt%) of the Cameca SX-50 for silicates
and oxides are 0.03 (SiO2, TiO2, Al2O3, MgO), 0.04 (CaO),
0.06 (Na2O, K2O, Cr2O3, MnO), and 0.07 (FeO).

In situ oxygen isotope analyses of ABC and TS26 were
carried out using a modified Cameca 1270 ion microprobe at
the Tokyo Institute of Technology. A primary ion beam of
Cs+ with 20 keV impact energy was used to excavate shallow
pits of ~3 × 5 μm across. The primary beam current was
adjusted for each measurement to obtain a count rate of 16O−

ions of ~3.5 to 4 × 105 cps. Each measurement consisted of
60 cycles of 40 s each and about 10–20 min presputtering to
remove the carbon coating. A normal-incident electron gun
was used for charge compensation of analyzed areas.
Negative secondary ions from the 16O tail, 16O, 17O, 16OH,
and 18O were analyzed at a mass-resolving power of ~6000,
sufficient to completely separate 16OH interference on 17O.
Secondary ions were detected by an electron multiplier (EM)
in pulse-counting mode, and analyses were corrected for EM
dead time. Instrumental mass fractionation (IMF) was
corrected using San Carlos olivine as a standard. The
precision of individual measurements (1σ) is ~1.7‰ for δ18O
and ~2.5‰ for δ17O.

Oxygen isotope compositions of CAI 93 were measured
with the CRPG-CNRS Cameca IMS 1270 ion microprobe
operated in multicollection mode. All three oxygen isotopes
were measured simultaneously using Faraday cups (FCs): 16O
and 18O were measured using multicollector FCs while 17O
was measured using the monocollector FC. A Cs+ primary
beam of 10 nA was used to produce ellipsoid sputter pits
approximately 25–30 μm in size. The IMF for 18O/16O ratio
was calculated using terrestrial diopside as a standard. Since
the monocollector FC is not intercalibrated with the
multicollector FCs, the yield of the former was calculated to
have the standard on the terrestrial fractionation line of slope
0.52. Corrections for IMF, counting statistics, and uncertainty
in the standard composition were applied. The precision (2σ)
of individual analyses is better than 1‰ for both δ18O and
δ17O. Before and after oxygen isotope measurements, the
CAIs were examined in BSE and SE images to verify the
locations of the sputtered craters and the mineralogy of the
phases analyzed.

Magnesium isotope compositions of ABC, TS26, and
CAI 93 were measured using the Panurge, a modified Cameca
IMS-3f ion microprobe at LLNL using the operating
conditions and procedures described in Kennedy et al. (1992).
The Mg isotope ratios were corrected for both instrumental
and intrinsic fractionation assuming the standard ratios of
25Mg/24Mg = 0.12663 and 26Mg/24Mg = 0.13932 (Catanzaro
et al. 1966). The corrected ratios (26Mg/24Mg)C were used to
calculate the excess of 26Mg (δ26Mg*): δ26Mg* = [(26Mg/
24Mg)C/0.13932 – 1] × 1000.

RESULTS

Mineralogy and Petrography

ABC is a coarse-grained, igneous, anorthite-rich (type C)
CAI fragment composed of lath-shaped anorthite (An99)

Table 1.a Representative compositions of plagioclase in the Allende type C CAIs ABC, TS26, and 93.
CAI ABC ABC TS26 TS26 TS26 93 93 93 93
Ox/an. no. 1 2 3 4 5 6 7 8 9

SiO2 41.9 45.6 42.0 42.3 43.5 42.1 42.8 46.0 46.4
TiO2 0.09 0.09 <0.03 <0.03 0.03 0.09 <0.03 <0.03 <0.03
Al2O3 37.3 33.4 36.7 36.4 36.0 37.1 37.0 33.5 33.5
Cr2O3 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06
FeO 0.07 1.5 0.35 0.40 0.21 0.18 0.14 0.86 0.21
MnO <0.06 <0.06 0.07 <0.06 <0.06 <0.06 0.05 <0.06 <0.06
MgO 0.05 0.41 0.04 0.05 0.05 0.03 0.04 0.43 0.67
CaO 20.3 17.2 19.9 19.7 18.4 20.3 20.1 17.6 18.1
Na2O <0.06 1.9 0.10 0.23 0.78 0.10 0.07 1.7 1.3
K2O <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06
Total 99.6 100.1 99.2 99.0 99.0 99.9 100.2 100.1 100.2
An, mol% 99.0 83.0 99.1 97.9 92.9 99.1 99.4 85.1 88.8

aAbbreviations: an. no. = analysis number; ox = oxide. 1 = CAI core and mantle; 2 = near relict olivine-pyroxene fragment (see Fig. 2f); 3 = CAI core; 4 = CAI
mantle; 6 = coarse-grained, lath-shaped in the CAI core; 7 = fine-grained, interstitial in the CAI core (see Fig. 10f); 8 = in the coarse-grained pigeonite-augite-
rich region (see Fig. 10a); 9 = in the fine-grained augite-rich region (see Fig. 10g).
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(Table 1) and Al-Ti-diopside, both poikilitically enclosing
spinel grains, and fine-grained, porous interstitial material
(Figs. 1 and 2). The Al-Ti-diopside grains show significant
compositional variations that are linked to their position in the
CAI. Grains in the left portion of the fragment (shown in
Fig. 1; labeled as “core” in Fig. 3) are enriched in TiO2 and

Al2O3 and depleted in Cr2O3 compared to those in the right
portion (labeled as “mantle” in Fig. 3): 5.6 ± 1.2 versus 3.4 ±
0.8; 16.9 ± 2.0 versus 13.1 ± 2.9; 0.35 ± 0.25 versus 1.2 ± 0.2,
respectively (Table 2; Fig. 3). The Al-Ti-diopside grains in
the mantle show complex oscillatory zoning with the edges
enriched in Al2O3 and TiO2 and depleted in MgO and SiO2

Fig. 1. a) Combined elemental map in Mg (red), Ca (green), and Al Kα (blue) X-rays and b) elemental maps in Si, c) Al, d) Ti, e) Cr, and f)
Na Kα of a type C CAI fragment ABC from Allende. Regions outlined and labelled from (a) to (f) are shown in detail in Figs. 2a–f,
respectively. Numbered white dots in (a) correspond ion probe spots of oxygen isotope analyses listed in Table 7. The CAI consists of coarse-
grained, anorthite laths and Al-Ti-diopside, both poikilitically enclosing spinel grains, and fine-grained interstitial material rich in Si.
Anorthite is slightly replaced by sodalite. Relict olivine-pigeonite fragment occurs in the right portion of the CAI. The Al-Ti-diopside grains
in this portion show complex oscillatory zoning and are enriched in Cr relative to those in the left portion of the CAI. AB, CD, and EF indicate
compositional profiles shown in Fig. 4. an = anorthite; di = Al-Ti-diopside; ol = olivine; sod = sodalite; sp = spinel.
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compared to their cores (Fig. 4a; Table A1 [available online at
http://meteoritics.org]). The Al-Ti-diopside grains in the core
show smaller compositional variations (Fig. 4b; Table A1).
The fine-grained interstitial material consists of highly
åkermanitic and Na-rich melilite (Åk69–74; Na2O ~ 0.5 wt%)
(Table 3), Cr-free and Ti-poor Al-diopside (<0.14 wt% TiO2;
1.5–11.5 wt% Al2O3) (Table 2), grossular, wollastonite,

monticellite, and very fine-grained “mesostasis” (Figs. 2a and
2b; Table 4). Occasionally, interstitial spaces are occupied by
Fe-Mn–bearing (1.8–2.1 wt% MnO; 1.5–4.5 wt% FeO)
diopside (Table 2, an. nos. 5 and 6; Fig. 2c), sphene
(CaTiSiO5), and  an  unidentified  Ca-Al-Ti-silicate
(Table 4). A Ca-Al-Ti-silicate of similar composition
[Ca3Ti(Al,Ti)2(Si,Al)3O14] has been previously described in

Fig. 2. BSE images of the Allende CAI ABC. a–d) Interstitial regions between coarse anorthite and Al-Ti-diopside grains. Bright white grains
are gold left after coating. EF and AB in (f) and (b) indicate compositional profiles shown in Fig. 4. a) and b) The interstitial regions are porous
and composed of melilite, fine-grained Al-diopside, grossular, monticellite, wollastonite, and very fine-grained mesostasis. c) Iron-
manganese-bearing Al-diopside and sphene. d) Unidentified Ca-Al-Ti-silicate. e) Euhedral spinel grains poikilitically enclosed by anorthite
and Al-Ti-diopside show enrichment in chromium. f) Relict polymineral mineral fragment composed of forsterictic olivine, pigeonite, Al-Ti–
poor diopside, and anorthitic plagioclase. The fragment is surrounded by a halo of augite. Abbreviations: an = anorthite; aug = augite; Ca-Al-
Ti sil = unidentified Ca-Al-Ti-silicate; Cr-sp = chromium-bearing spinel; di = Al-Ti-diopside; Fe-Mn-di = Fe- and Mn-bearing Al-Ti-diopside;
grs = grossular; mcl = monticellite; mes = very fine-grained mesostasis; nph = nepheline; ol = olivine; pg = pigeonite; pl = anorthitic
plagioclase; sec = vein of unidentified secondary minerals; sf = sulfide; sp = spinel; sph = sphene; wol = wollastonite.
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several coarse-grained CAIs from Allende and temporarily
termed “UNK” (Paque et al. 1994). Sphene is a rare mineral
in CAIs; it has been previously described in an extensively
altered fine-grained CAI from Allende (McGuire and
Hashimoto 1989). The association of Fe-Mn–bearing
diopside with sphene and other secondary phases (Fig. 2c)
may indicate that this diopside is a secondary mineral.
Anorthite around the periphery2 of the CAI is slightly
corroded by sodalite and nepheline (Figs. 1a and 1f). Spinel
grains are enriched in Cr along the edges and grain boundaries
(Figs. 1e and 2e; Table 5).

A coarse fragment of forsteritic olivine (Fa6–8) (Table 6)
intergrown with pigeonite (Fs1Wo7–9) (Table 2, an. nos. 7 and
8) occurs in the CAI mantle (Figs. 1 and 2f). Olivine is
enriched in FeO (based on the brightness of BSE images)
along the cracks. The olivine-pyroxene fragment is corroded
by Al-diopside  and  surrounded  by  a  halo  of  augite
(Fs0.2–0.6Wo30–40; 0.18–0.64 wt% TiO2; 0.77–1.9 wt% Al2O3)
(Fig. 2f; Tables 2, an. nos. 9 and 10) with rare inclusions of
Al,Ti-poor (0.45 wt% TiO2; 0.67 wt% Al2O3) diopside
(Table 2, an. no. 11). The Al-Ti-diopside grain in contact with
olivine shows oscillatory zoning (Fig. 3c; Table A1).
Plagioclase near the olivine-pigeonite fragment is more
albitic than in the core (An83) (Table 1) and is replaced by
nepheline.

TS26 is an irregularly shaped type C CAI that shows a
well-defined core-mantle structure (Fig. 5). A coarse-grained
core consists of lath-shaped anorthite (An99) (Table 1) and Al-
Ti-diopside, both poikilitically enclosing spinel grains, and
interstitial material. The interstitial material is composed of
highly åkermanitic and Na-rich melilite (Åk72; Na2O,
0.4 wt%) (Table 3), Al-Ti-diopside, and secondary grossular,
monticellite, wollastonite, sodalite, and ferrous olivine
(Fig. 6; Table 4). Grossular, monticellite, and wollastonite
replace melilite and anorthite (?); sodalite and ferrous olivine
replace the interstitial material. Most Al-Ti-diopside grains in
the core are sector-zoned and euhedral (Figs. 7a–d, 8a;
Table A2); rare fine-grained, anhedral Al-Ti-diopsides are
found inside anorthite, which appears to corrode these grains
(Figs. 7d–f). The mantle is finer-grained and enriched in Si
compared to the core; it is separated from the core by a
discontinuous layer of Fe,Ni-sulfides (Figs. 5, 7, and A1
[available online at http://meteoritics.org]) and composed of
Al-Ti-diopside, lath-shaped anorthite (An98) (Table 1), and
abundant coarse grains of forsteritic olivine (Fa8–17) (Table 6)
and low-Ca pyroxene (Fs1Wo1–4) (Table 2; Figs. 5b, 7a, 7g–j,
A1). The olivine and low-Ca pyroxene grains are extensively
corroded by diopside and surrounded by haloes of augite
(Fs0.4–0.6Wo35–42) (Table 2; Figs. 7g–j, A1); augite is also
present in the outermost portion of the mantle.

Type C CAI 93 (Figs. 9 and 10) consists of coarse-
grained, Ti-poor, Al-diopside (Fs0.4 ± 0.3Wo48.2 ± 1.0; [in wt%]
TiO2, 1.2 ± 0.3; Al2O3, 14.6 ± 2.3) (Table 2), lath-shaped
anorthite (An98.2 ± 0.6) (Table 1), euhedral Ti-poor and Cr-
bearing (0.08–0.49 wt% TiO2; 1.2 ± 0.6 wt% Cr2O3) (Table 5)
spinel, and interstitial, fine-grained regions composed of
highly åkermanitic and Na-rich melilite (Åk63.7 ± 2.2; 0.62 ±
0.07 wt% Na2O) (Table 3), Ti-poor Al-diopside, and anorthite
(An99) (Table 1). The coarse Al-Ti-diopside grains show
complex, oscillatory zoning in SiO2, TiO2, Al2O3, Cr2O3, and

Fig. 3. a) Cr2O3 versus Al2O3 and b) TiO2 versus Al2O3 (in wt%) in
pyroxenes of the chondrule-bearing type C CAIs ABC and TS26, and
type C CAI 93 overgrown by a coarse-grained igneous rim from
Allende. Yellow regions indicate compositions of pyroxenes in other
type C CAIs from Allende (Krot et al. 2007). aug = augite; di =
diopside; pg = pigeonite.

2Since ABC is fragmented and has no Wark-Lovering rim layers, a location
of its periphery was inferred from the presence of relict olivine and low-Ca
pyroxene and the highest concentration of the secondary iron-alkali–rich
minerals, which are abundant in outer portions of the Allende CAIs (e.g.,
McGuire and Hashimoto 1989).
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MgO. The outer portions of these grains are enriched in Al2O3
and depleted in MgO, SiO2, TiO2, and Cr2O3 compared to
their cores (Fig. 11; Table A3), suggesting coupled
substitutions: Mg2+ + Si4+ = 2Al3+ and Mg2+ + Ti4+ = 2Al3+.
The observed depletion in chromium toward the grain
peripheries could be due to its preferential partitioning into
spinel. In the CAI core, coarse-grained anorthite is largely
replaced by nepheline and sodalite; in the CAI periphery,
anorthite and/or mesostasis(?) are replaced by sodalite,
ferrous olivine (Fa~25) (Table 4), and nepheline (Fig. 10c).
Spinel grains surrounded by iron-alkali–rich secondary
minerals show significant enrichment in FeO (from 0.3 to
17.0 wt%) (Table 5); there is no correlation between this
enrichment and Cr2O3 contents in spinel grains. The
interstitial melilite-anorthite-diopside material is replaced by
a fine-grained, porous material largely composed grossular,

monticellite, and wollastonite; minor secondary nepheline
and sodalite occur as well (Figs. 10d–f). The top-left portion
of the CAI, shown in Fig. 9, is intergrown with a coarse-
grained igneous region composed of Ti-poor, Cr- and Al-
bearing augite (Fs0.4 ± 0.2Wo40.5 ± 2.3; [in wt%] TiO2, 0.82 ±
0.19; Al2O3, 3.6 ± 0.8; Cr2O3, 0.53 ± 0.09) (Table 2)
overgrowing Ti-poor, Cr- and Al-bearing pigeonite
(Fs1.3 ± 0.67Wo10.4 ± 5.4; [in wt%] TiO2, 0.30 ± 0.16; Al2O3,
1.1 ± 0.5; Cr2O3, 1.0 ± 0.17) (Table 2), and anorthitic
plagioclase (An84) (Table 1). Plagioclase and possibly
mesostasis(?) are extensively replaced by sodalite and ferrous
olivine (Figs. 10b and 10c). This coarse-grained region is
separated from the CAI by a spinel-rich layer, which may
represent a remnant of a Wark-Lovering rim. Most of the
anorthite grains in the CAI appear to grow away from this
layer toward the CAI core (Figs. 10a and 10c); some of them,

Table 2. Representative and average compositions of low-Ca pyroxene, high-Ca pyroxene, and diopside in the Allende 
type C CAIs ABC, TS26, and 93.

ABC
Min Di,core Di, mantle Di Di Di Di Pg Pg Aug Aug Di

n = 137 1σ n = 153 1σ
Ox/an. no. 1 2 3 4 5 6 7 8 9 10 11

SiO2 39.9 1.6 43.6 2.5 52.8 50.3 39.5 40.1 58.1 57.4 56.2 53.7 54.1
TiO2 5.6 1.2 3.4 0.8 0.09 0.05 10.5 8.5 0.09 0.55 0.18 0.64 0.45
Al2O3 16.9 2.0 13.1 2.9 4.5 4.2 9.7 12.4 0.45 1.7 0.77 1.9 0.67
Cr2O3 0.35 0.25 1.2 0.2 <0.06 <0.06 0.04 0.14 0.50 0.74 0.39 0.33 0.33
FeO 0.55 0.33 0.36 0.71 0.39 2.0 4.5 1.5 0.90 0.45 0.43 0.29 0.23
MnO 0.16 0.08 0.11 0.05 0.06 0.06 2.1 1.8 0.13 0.21 0.09 0.14 0.11
MgO 11.0 0.8 12.4 1.2 16.8 15.6 9.2 10.8 35.4 34.5 25.3 21.1 18.4
CaO 25.1 0.2 25.3 0.3 26.3 28.3 24.0 24.9 5.0 4.5 17.2 21.4 25.1
Na2O <0.06 – <0.06 – <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06
K2O <0.06 – <0.06 – <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06
Total 99.5 0.9 99.5 0.7 100.9 100.5 99.5 100.1 100.5 100.1 100.6 99.5 99.4
Fs, mol% 1.3 0.8 0.8 1.6 0.6 3.2 10.0 3.4 1.3 0.7 0.6 0.5 0.4
Wo, mol% 50.1 0.5 50.8 0.9 50.2 52.8 53.4 52.9 8.6 6.8 32.1 40.7 49.0

Table 2. Continued. Representative and average compositions of low-Ca pyroxene, high-Ca pyroxene, and diopside in the 
Allende type C CAIs ABC, TS26, and 93.

TS26
Min Di,core Di, mantle  Aug Lpx Pg

n = 39 1σ n = 29 1σ n = 21 1σ
Ox/an. no. 12 13 14 15 16

SiO2 43.7 2.5 50.0 3.2 53.3 0.7 57.2 57.3
TiO2 2.6 0.8 1.4 0.7 0.49 0.16 0.25 0.22
Al2O3 14.0 3.2 5.4 4.1 2.2 0.6 2.0 1.3
Cr2O3 0.33 0.16 0.40 0.20 0.32 0.06 0.68 0.39
FeO 0.29 0.11 0.37 0.21 0.45 0.16 0.59 0.58
MnO 0.07 0.03 0.06 0.04 0.08 0.03 0.15 0.09
MgO 12.8 1.4 16.5 2.1 21.2 1.2 36.9 36.4
CaO 24.9 0.3 24.5 1.0 20.6 1.1 1.8 3.0
Na2O <0.06 – <0.06 – <0.06 – <0.06 <0.06
K2O <0.06 – <0.06 – <0.06 – <0.06 <0.06
Total 98.8 0.3 98.6 0.4 98.7 0.7 99.5 99.2
Fs, mol% 0.6 0.3 0.6 0.3 0.7 0.2 0.9 0.8
Wo, mol% 48.8 0.7 48.1 2.4 39.3 2.4 3.3 5.5
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however, crosscut the spinel-rich layer and occur in the
pigeonite-augite-rich region, suggesting they co-crystallized
with the pigeonite-augite grains (Figs. 9, 10a, 10c). The

bottom left portion of the CAI consists of fine-grained,
elongated crystals of diopside, augite, anorthitic plagioclase,
and minor pigeonite (Figs. 9a, 10g, 10h). Both plagioclase
(An89) (Table 1) and augite (Fs0.6 ± 0.3Wo43.2 ± 3.2; [in wt%]
TiO2, 0.68 ± 0.25; Al2O3, 3.8 ± 1.7; Cr2O3, 0.53 ± 0.13)
(Table 2) are compositionally similar to phases in the coarse-
grained pigeonite-augite-plagioclase igneous region
described above. The diopside (Fs0.3Wo48.0) is depleted in
Al2O3 and TiO2 and enriched in Cr2O3 (9.4 ± 2.1, 0.80 ± 0.06,
and 0.47 ± 0.07 wt%, respectively) compared to the coarse
grains in the CAI core (Table 1).

Oxygen and Magnesium Isotope Compositions

Oxygen isotope compositions of the CAIs ABC, TS26,
and 93 are listed in Table 7 and plotted in Figs. 12a, 12b, and
12c, respectively. Aluminum-magnesium isotope systematics
of these CAIs compositions are listed in Table 8 and shown in
Fig. 13.

In ABC, olivine and pigeonite have 16O-poor
compositions (Δ17O = −5.5‰ and −4.0‰, respectively).
Spinel and Al-Ti-diopside are moderately 16O-enriched (Δ17O
to −15.5‰). We note that there is a significant range in the
oxygen isotopic  compositions  of  the  Al-Ti-diopside  (Δ17O
= −5.6‰ to −15.5‰); both the highest and the lowest values
of Δ17O were found in the right portion (“mantle”) of the CAI.
Chromian spinel (Δ17O = −10.6‰), anorthite (Δ17O = −5.4‰
to −1.1‰), and melilite (Δ17O = 1.8‰) are 16O-depleted to
varying degrees (Fig. 12a). Anorthite in ABC shows a well-
resolved 26Mg*, corresponding to a (26Al/27Al)0 ratio of (4.7 ±
1.4) × 10−6 (Fig. 13).

In TS26, olivine and augite have 16O-poor compositions
(Δ17O = −1.1‰ and −8.1‰, respectively); spinel is 16O-rich
(17O = −19.9‰). Al-Ti-diopside (Δ17O = −3.1‰ to −14.5‰)
and anorthite (Δ17O = −3.0‰ to 0.8‰) are 16O-depleted to
varying degrees (Fig. 12b). The coarse Al-Ti-diopside grains
in the core are less 16O-depleted compared to those in the
finer-grained mantle (Δ17O range from −5‰ to −14.5‰ and
from −3.1‰ to −4.1‰, respectively). Anorthite, spinel, and

Fig. 4. Compositional profiles AB, CD, and EF across coarse Al-Ti-
diopside grains in the chondrule-bearing CAI ABC. The locations of
the profiles are indicated in Figs. 1d and 2b–f.

Table 3. Representative compositions of melilite in the 
Allende type C CAIs ABC, TS26, and 93.

Ox/CAI ABC ABC TS26 93 93

SiO2 38.1 39.5 37.8 36.9 37.6
TiO2 0.05 0.11 0.08 <0.03 0.03
Al2O3 9.8 8.2 8.8 12.7 11.2
Cr2O3 0.01 <0.06 <0.06 <0.06 <0.06
FeO 0.87 0.36 0.54 0.57 0.36
MnO <0.06 0.07 0.08 <0.06 <0.06
MgO 10.1 10.9 10.4 8.9 9.6
CaO 40.1 40.3 39.8 39.9 39.8
Na2O 0.48 0.51 0.40 0.58 0.56
K2O <0.06 <0.06 <0.06 <0.06 <0.06
Total 99.5 99.9 98.0 99.5 99.1
Åk, mol% 68.9 73.7 72.4 68.4 72.3
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Al-Ti-diopside show no resolvable 26Mg*; the upper limit on
the (26Al/27Al)0 ratio is 1.2 × 10−6 (Fig. 13).

In CAI 93, spinel shows the highest enrichment in 16O
(17O  = −15.9‰); Al-Ti-diopside  is  16O-depleted  (Δ17O  =
−10.7‰ to −7.8‰); anorthite and melilite are 16O-poor (Δ17O
= −1.8‰ and −1.3‰, respectively) (Fig. 12c; Table 7).
Oxygen isotopic composition of augite the coarse-grained,
igneous rim (Δ17O = −4.7‰ to −7.8‰) is similar to that of Al-
Ti-diopside of the host CAI. Anorthite and spinel show no
resolvable 26Mg*; the inferred (26Al/27Al)0 ratio is (1.5 ± 1.8)
× 10−6 (Fig. 13).

DISCUSSION

Relict Origin of Olivine and Low-Ca Pyroxene in ABC
and TS26

The corroded appearance of olivine–low-Ca pyroxene/
pigeonite fragments in ABC and TS26 and their 16O-poor
isotopic compositions, compared to those of the surrounding
Al-Ti-diopside of the host CAIs, suggest that these grains
were incorporated into the host CAI melts as solids and were
partly dissolved. Since both relict minerals have no to low

Fig. 5. a) Optical micrograph in transmitted light (cross polars) and b) combined elemental map in Mg (red), Ca (green), and Al Kα (blue)
X-rays of the Allende type C CAI TS26. The CAI has a coarse-grained core and a finer-grained mantle. It is surrounded by a fine-grained
matrix-like rim. The fine-grained mantle contains abundant olivine and low-Ca pyroxene grains (reddish in color; indicated by arrows in [b]).
Regions outlined and numbered from 1 to 6 in (b) are shown in detail in Figs. 6, 7, and A1.
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calcium contents, the dissolution process may have resulted in
depletion of the surrounding melt in Ca and the formation of
augite haloes around the fragments. The lower abundance and
smaller grain sizes of low-Ca pyroxene/pigeonite compared
to forsteritic olivine could be due to differences in the
dissolution rates of olivine and low-Ca pyroxene in silicate
melts; in ultramafic melts, forsterite dissolves much more
slowly than enstatite (Kirkpatrick 1975; Kuo and Kirkpatrick
1985; Greenwood and Hess 1996). We note, however, that
experimental data on dissolution rates of olivine and low-Ca
pyroxene in Ca-Al–rich melts are absent.

The relict origin of the olivine-pyroxene fragments is
also consistent with the absence of either olivine or low-Ca
pyroxene/pigeonite in the crystallization sequence predicted
from the experimental study of Stolper (1982) for melts
having ABC- or TS26-like bulk composition: spinel anorthite
→ Al-Ti-diopside → melilite (Fig. 14). The coarse-grained
nature of relict forsteritic olivine associated with Cr-bearing
low-Ca pyroxene and their 16O-poor compositions suggest
these grains are probably fragments of ferromagnesian
chondrules (Krot et al. 2006a and references therein).
Although coarse olivine grains occasionally associated with
low-Ca pyroxene or pigeonite are also found in AOAs and in
forsterite-rich accretionary rims around CV CAIs, low-Ca
pyroxene/pigeonite in these objects is Cr-poor and forms thin
corrosion layers around olivine (Krot et al. 2004a, 2004d). In
addition, both olivine and low-Ca pyroxene in AOAs have
16O-rich compositions suggesting a condensation origin in an
16O-rich gaseous reservoir, i.e., the CAI-forming region (Krot
et al. 2002b, 2004b).

Remelting ABC, TS26, and 93 in the Chondrule-Forming
Regions

Most coarse-grained igneous CAIs in CV chondrites
show oxygen isotopic heterogeneity: spinel and Al-Ti-
diopside are typically 16O-rich (Δ17O ~ −20‰), whereas
melilite and anorthite are 16O-depleted to varying degrees
(Δ17O up to 5‰) (Clayton 1993). This heterogeneity has been
attributed to oxygen isotope exchange between an 16O-poor
nebular gas and initially uniformly 16O-rich CAIs during
incomplete melting in the solar nebula (Clayton 1993;
Yurimoto et al. 1998; Fagan et al. 2003; Itoh et al. 2004;
Nagashima et al. 2004). Although 16O-depletion in melilite
and anorthite in the CAIs ABC, TS26, and 93 (Figs. 12a–c)
could be partly attributed to fluid-assisted thermal
metamorphism that resulted in their replacement by grossular,
wollastonite, monticellite, sodalite, nepheline, and ferrous
olivine (e.g., Wasson et al. 2001; Aléon et al. 2005), all three
CAIs also show significant 16O-depletion in Al-Ti-diopside
and spinel (only in ABC) compared to typical CAIs and relict
CAIs inside chondrules (Figs. 12d–f). The degree of
depletion increases toward the CAI peripheries and the relict
chondrule fragments that have 16O-poor compositions and

Fig. 6. a) Optical micrograph and BSE images of the CAI T26
region 1 (see Fig. 5a). It consists of Al-Ti-diopside, lath-shaped
anorthite, poikilitically enclosing spinel grains, and interstial Al-Ti-
diopside, melilite, and fine-grained intergrowths of sodalite and
ferrous olivine. Melilite is replaced by a fine-grained mixture of
grossular, monticellite, and wollastonite. Ferrous olivine and sodalite
replace the interstitial material. Region outlined in (b) is shown in
detail in (c). Abbreviations: an = anorthite; di = Al-Ti-diopside; fa =
ferrous olivine; grs = grossular; mcl = monticellite; sod = sodalite; sp
= spinel; wol = wollastonite.
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Fig. 7. a) Combined elemental map in Mg (red), Ca (green), and Al Kα (blue) X-rays, b) elemental maps in Si and c) Ti Kα, and d–j) BSE
images of the CAI TS26 regions a–h) 2, i) 3, and j) 4; for locations of the regions, see Fig. 5b. Numbered white dots in (a) correspond ion probe
spots of oxygen isotope analyses listed in Table 7. AB in (c) and CD in (g) indicate compositional profiles illustrated in Fig. 8. Regions outlined
and labelled in (a) are shown in detail in (d), (e), (g), and (h); the region outlined in (e) is shown in detail in (f). The CAI core is composed of
coarse sector-zoned Al-Ti-diopside and lath-shaped anorthite, both poikilitically enclosing spinel grains. Most of the Al-Ti-diopside grains are
euhedral; rare anhedral Al-Ti-diopside grains are found inside anorthite (c–e). The CAI mantle is enriched in Si and depleted in Ti and is finer-
grained than the core. It consists of Ti-poor Al-diopside and augite, lath-shaped anorthitic plagioclase, and abundant fragments of forsteritic
olivine and low-Ca pyroxene/pigeonite (g–j). The fragments are heavily corroded and surrounded by haloes of augite. A discontinuous layer
of Fe,Ni-sulfides occurs between the core and the mantle. Most of the bright white “grains” in BSE images are remnants of gold coating;
rounded white nodules are Fe,Ni-sulfides. an = anorthite; cpx = augite; di = Al-Ti-diopside; ol = forsteritic olivine; opx = low-Ca pyroxene/
pigeonite; sod = sodalite; sf = Fe,Ni-sulfides; sp = spinel.
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show clear evidence for dissolution in the CAI melts. The
coarse-grained igneous portion of CAI 93 composed of
pigeonite, augite, and Na-bearing anorthitic plagioclase (none
of these minerals are observed in typical CAIs; pure anorthite
is common instead) most likely represents the melted
chondrule-like material around the host CAI, analogous to
coarse-grained igneous rims around chondrules (e.g., Krot
and Wasson 1995). Based on these observations, we infer that
ABC, TS26, and 93 experienced oxygen isotope exchange
during melting in a 16O-poor gas, probably in the chondrule-
forming region. The outer portions of these CAIs were also
diluted by 16O-poor relict ferromagnesian chondrule-like
silicate materials. 

The observed differences in grain sizes between the core
and the mantle of TS26 (Figs. 5, 7, and A1) suggest that
melting was incomplete and followed by relatively fast
cooling. A fine-grained region composed of prismatic Al-
diopside, augite, and anorthitic plagioclase in CAI 93
(Figs. 10g and 10h) could also imply fast cooling during
remelting. The absence of Wark-Lovering rim layers around
TS26 and 93 could be due to the inferred melting episode as
well. The high abundance of relict chondrule-like material in
the outer portion of TS26 (Fig. 5b) and the presence of coarse-
grained, chondrule-like igneous rim around 93 (Figs. 9 and
10) suggest there was a high abundance of dust in the region
where melting occurred, which is consistent with the dusty
environment inferred for chondrule formation (Desch and
Connolly 2002).

Other examples of CAIs remelted in the chondrule-
forming region include relict CAIs inside chondrules
(Misawa and Nakamura 1988; Maruyama et al. 1999; Krot
and Keil 2002; Krot et al. 1999, 2001b, 2002c, 2004c;
Maruyama and Yurimoto 2003; Russell et al. 2005) and
16O-depleted type C CAIs in the CR carbonaceous
chondrites (Krot et al. 2005a). Relic CAIs in chondrules
preserved their 16O-rich signature to varying degrees,
depending on the degree of melting and assimilation by the
host chondrule material (Figs. 12d–f). Two type C CAIs in
CR chondrites contain no associated chondrule material, but

are 16O-depleted to a level observed in the CR chondrules
(Fig. 12e) and have low initial 26Al/27Al ratios (Krot et al.
2005a).

Further Evidence for Multistage Formation History of
ABC, TS26, and 93

There are several observations suggesting that ABC,
TS26, and 93 may have experienced multiple melting events
prior to incorporation of ferromagnesian chondrule-like
fragments (ABC, TS26) and formation of ferromagnesian
chondrule-like igneous rim (93).

1. ABC is characterized by a bi-modal distribution of Al-
Ti-diopside chemical compositions: Al-Ti-diopside in
the mantle zone is significantly enriched in moderately
volatile chromium relative to the core and show
oscillatory zoning (Figs. 1 and 3a). Because such high Cr
contents cannot be explained by incorporation of
chondrule material present as relict grains, which are Cr-

Table 6. Compositions of relict olivine in the Allende type 
C CAIs ABC and TS26.

Ox/CAI ABC ABC ABC TS26 TS26 TS26 TS26

SiO2 41.6 41.1 40.8 40.3 39.3 39.2 38.8
TiO2 0.12 0.04 <0.03 0.04 0.07 <0.03 0.05
Al2O3 0.14 0.13 <0.06 <0.06 <0.06 <0.06 <0.06
Cr2O3 0.20 0.15 <0.06 <0.06 <0.06 <0.06 <0.06
FeO 5.5 6.7 7.5 7.9 10.8 14.2 16.4
MnO 0.18 0.16 0.16 0.17 0.12 0.21 0.15
MgO 53.2 52.0 51.3 49.7 47.8 44.9 42.8
CaO 0.28 0.35 0.28 0.41 0.30 0.46 0.30
Na2O <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06
K2O <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06

Total 101.2 100.7 100.3 98.6 98.5 99.0 98.6

Fa, mol% 5.5 6.8 7.6 8.1 11.2 15.1 17.7

Fig. 8. a) Compositional profiles across sector-zoned Al-Ti-diopside
grain in the core of CAI TS26 core b) and augite in its mantle. The
positions of the compositional profiles are shown in Figs. 7c and 7g.
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poor (Fig. 3a), we infer that Cr could have been added
either by condensation into CAI melt or with Cr-rich
solids which were completely melted. Both events may
have occurred prior to incorporation of the relict olivine
and low-Ca pyroxene. 

2. It is generally believed that both nonigneous and igneous
CAIs were originally uniformly 16O-rich and
experienced O-isotope exchange to various degree
during subsequent melting event(s) (e.g., Yurimoto et al.
1998). Coarse Al-Ti-diopside grains in the core of TS26
are 16O-enriched relative to the finer-grained Al-Ti-
diopside of its mantle; the former, however, are not as
16O-rich as co-existing spinel (Fig. 12b). Based on these

observations, we infer that some oxygen isotope
exchange of the core Al-Ti-diopside may have occurred
prior to the melting event that produced the TS26
mantle. 

3. All three CAIs contain very Na-rich melilite in their
cores (Fig. 15), suggesting addition of Na to the
protoCAIs either during alteration prior to (MacPherson
and Davis 1993) or during melting (Krot et al. 2004e).
MacPherson and Davis (1993), MacPherson (2003), and
Beckett et al. (2000) suggested that high Na contents in
melilite of coarse-grained CAIs in CV chondrites
resulted from replacement of melilite and anorthite by
nepheline and sodalite during high-temperature gas-

Fig. 9. a) Combined elemental map in Mg (red), Ca (green), and Al Kα (blue) X-rays and elemental maps in b) Si, c) Al, and d) Ti Kα of a
type C CAI 93 from Allende. Regions outlined and numbered as 1, 2, and 3 in (a) are shown in detail in Figs. 10a, 10d, and 10g, respectively.
Numbered dots in (a) correspond ion probe spots of oxygen isotope analyses listed in Table 7. The CAI consists of lath-shaped anorthite,
melilite, highly åkermanitic melilite, oscillatory zoned Al-Ti-diopside, and spinel. Anorthite is replaced by nepheline, sodalite, and ferrous
olivine (see Figs. 10b and 10c for details). Top left portion of the CAI is intergrown with a coarse-grained igneous region composed of low-
Ti augite, pigeonite, and anorthitic plagioclase. The CAI is separated from this region by a spinel-rich layer, which may represent remnant of
a Wark-Lovering rim. Anorthite crystals are oriented away from the spinel-rich layer toward the CAI core; some of them crosscut the spinel-
rich layer. an = anorthite and anorthitic plagioclase; aug = augite; di = diopside; mel = melilite; pg = pigeonite; sod = sodalite; sp = spinel.
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Fig. 10. a–f) BSE images of the Allende CAI 93. Regions outlined in (a), (d), and (g) are shown in detail in (b), (c), (e), (f), and (h),
respecitively. a–c) Coarse-grained, igneous region composed of prismatic igneously zoned pigeonite-augite crystals and anorthitic plagioclase
partly replaced by sodalite, nepheline, and ferrous olivine. This igneously zoned region is separated from the CAI by a spinel-rich layer. The
spinel grains are enriched in FeO to various degrees. The CAI core consists largely of coarse-grained Al-Ti-diopside and lath-shaped anorthite.
Some of the coarse anorthite crystals in the CAI periphery crosscut the spinel-rich layer and appear to have co-crystallized with the pigeonite-
augite grains. d–f) The interstitial regions between Al-Ti-diopside and anorthite crystals in the CAI core consist of fine-grained melilite,
anorthite, and Al-diopside, which are replaced by grossular, wollastonite, monticellite, sodalite, and nepheline. g–h) Fine-grained region
composed of diopside, augite, pigeonite, and anorthitic plagioclase; the latter is replaced by nepheline, sodalite, and ferrous olivine.
Abbreviations: an = anorthite and anorthitic plagioclase; aug = augite; di = diopside; fa = ferrous olivine; grs = grossular; mel = melilite; mcl =
monticellite; nph = nepheline; pg = pigeonite; sod = sodalite; sp = spinel; wol = wollastonite.
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solid reactions, followed by melting. Since most CAIs in
CV chondrites are characterized by canonical 26Al/27Al
ratios, this scenario would require alteration to have
occurred very early. This time scale is, however, difficult
to reconcile with the general lack of 26Mg* in sodalite
and nepheline and their 16O-poor compositions (e.g.,

MacPherson et al. 1995; Fagan et al. 2006; Krot et al.
2006b). In addition, it has been suggested that nepheline
and sodalite formed during fluid-assisted thermal
metamorphism on the CV parent body, not in the solar
nebula (Krot et al. 1995, 1998; Nomura and Miyamoto
1998).

Table 7. Oxygen isotope compositions of individual minerals in the chondrule-bearing CAIs ABC, TS26, and 93.
Spot no. Mineral δ17O 2σ δ18O 2σ Δ17O 2σ

ABC
1 Ana −2.3 3.3 6.0 2.0 −5.4 3.9
2 Sp −29.2 2.4 −28.2 3.0 −14.5 3.9
3 Al-Ti-di, core −28.6 2.5 −28.4 3.1 −13.8 4.0
4 Al-Ti-di, core −22.1 2.5 −22.6 3.1 −10.4 4.0
5 Al-Ti-di, core −20.2 2.5 −20.2 3.1 −9.7 4.0
6 Al-Ti-di, mantle −27.2 2.5 −28.7 3.1 −12.3 4.0
7 Al-Ti-di, mantle −30.6 2.5 −29.1 3.1 −15.5 4.0
8 Al-Ti-di, mantle −15.2 2.5 −14.0 3.1 −7.9 4.0
9 Al-Ti-di, mantle −11.9 2.5 −12.2 3.1 −5.6 4.0
10 Ol −8.2 1.5 −5.1 2.1 −5.5 2.6
11 Px −8.1 2.5 −7.9 3.1 −4.0 4.0
12 An −0.2 3.3 5.8 2.0 −3.2 3.9
13 Cr-sp −21.8 2.4 −21.6 3.0 −10.6 3.9
14 Al-Ti-di, core −27.5 2.5 −28.4 3.1 −12.7 4.0
15 Mel 3.1 2.8 2.5 4.1 1.8 5.0
16 Al-Ti-di, core −27.2 2.5 −30.1 3.1 −11.6 4.0
17 An 2.5 3.3 7.0 2.0 −1.1 3.9

TS26
1 An −3.2 2.2 −0.4 3.2 −3.0 3.9
2 Al-Ti-di, core −26.9 2.2 −23.9 3.2 −14.5 3.9
3 Sp −43.4 2.2 −46.7 3.2 −19.2 3.9
4 Al-Ti-di, mantle −7.4 2.2 −6.3 3.2 −4.1 3.9
5 Ol −3.3 2.2 −4.3 3.2 −1.1 3.9
6 Aug −9.4 2.2 −2.6 3.2 −8.1 3.9
7 Al-Ti-di, mantle −6.1 2.2 −5.5 3.2 −3.3 3.9
8 Al-Ti-di, mantle −6.0 2.2 −5.6 3.2 −3.1 3.9
9 Al-Ti-di, core −11.0 2.2 −11.7 3.2 −5.0 3.9
10 Al-Ti-di, core −23.0 2.2 −24.5 3.2 −10.3 3.9
11 Al-Ti-di, core −21.7 2.2 −23.0 3.2 −9.8 3.9
12 An 4.1 2.2 5.4 3.2 1.3 3.9
13 Sp −44.4 2.2 −47.2 3.2 −19.9 3.9
14 An 3.3 2.2 4.9 3.2 0.8 3.9

93
1 Aug −9.5 0.7 −3.3 0.7 −7.8 0.8
2 Aug −6.1 0.6 −2.6 0.7 −4.7 0.7
3 Aug −8.4 0.6 −2.8 0.8 −7.0 0.7
4 Mel 6.3 0.6 14.5 0.8 −1.3 0.8
5 Al-Ti-di + an + sec −13.7 0.8 −6.9 0.8 −10.1 0.9
6 Al-Ti-di + an −4.3 0.6 −1.4 0.8 −3.6 0.7
7 Al-Ti-di −15.5 0.7 −10.5 0.7 −10.1 0.8
8 An + sec 3.8 0.6 8.7 0.8 −0.8 0.7
9 Al-Ti-di + an −11.9 0.6 −9.6 0.7 −6.9 0.7
10 Al-Ti-di −12.7 0.6 −9.5 0.8 −7.8 0.7
11 Sp −33.8 0.6 −34.4 0.7 −15.9 0.7
12 An 1.3 0.6 5.9 0.8 −1.8 0.7
13 Al-Ti-di −15.7 0.7 −9.4 0.8 −10.7 0.8

aan = anorthite; aug = augite; Al-Ti-di = Al-Ti-diopside; Cr-sp = chromian spinel; mel = melilite; ol = olivine; pg = pigeonite; px = pigeonite + augite; sec =
secondary minerals; sp = spinel.
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An alternative mechanism for the introduction of Na into
coarse-grained igneous CAIs is through gas-melt interaction.
Based on the mineralogical studies of chondrules in primitive
ordinary and carbonaceous chondrites (Libourel et al. 2002;
Krot et al. 2004f), and the experiments on gas-melt interaction
(Tissandier et al. 1999), it was suggested that silica and alkalis
condensed into chondrule melts in regions with enhanced
partial pressure of silica and alkalis and/or high total pressure
dust/gas ratio (Libourel et al. 2002; Alexander 2003; Krot
et al. 2004f; Davis et al. 2005; Cuzzi and Alexander 2006).
The fact that melilite grains in chondrule-bearing type C CAIs
have much higher Na contents than those in other type C CAIs
(Fig. 15) may support addition of Na through gas-melt
interaction during remelting in the chondrule-forming region. 

All three type C CAIs studied here experienced
postcrystallization alteration that resulted in replacement of
primary minerals by grossular, monticellite, wollastonite,
sodalite, nepheline and ferrous olivine. Grossular,
monticellite, and wollastonite are observed in interstitial
regions between Al-Ti-diopside and anorthite and appear to
have replaced melilite and anorthite (Figs. 2a–c, 6, 10d–f).
Nepheline and sodalite replace anorthite or anorthitic
plagioclase (Figs. 1a, 1f, 2f, 7i, 10a, 10f). Ferrous olivine
typically forms intergrowths with sodalite (Figs. 6b, 6c, 10c).
The enrichment of spinel and relict olivine grains in FeO most
likely resulted from iron-alkali metasomatic alteration that
affected all components of the Allende meteorite (e.g., Krot
et al. 1998).

Based on petrographic observations and thermodynamic
analysis, Hutcheon and Newton (1981) concluded that
grossular and monticellite formed during prolonged heating
in the solar nebula at ~950 K via the closed-system reaction:

3Ca2MgSi2O7 + Ca2Al2SiO7 + CaAl2Si2O8
= 2Ca3Al2Si3O12 + 3CaMgSiO4 (1)

However, based on the common presence of unaltered
melilite-anorthite intergrowths in Allende type C CAIs, Krot
et al. (2004e) inferred that this reaction could have occurred
under disequilibrium conditions at lower temperatures
(<750 K), e.g., at the peak metamorphic temperatures
experienced by Allende (~400–500 °C) (Krot et al. 1995,
1998 and references therein). Our petrographic observations
suggest that wollastonite was also produced during this
alteration process and appears to have predated formation of
iron and alkali-rich secondary minerals during an open-
system alteration, in agreement with Krot et al. (2004e) and
Fagan et al. (2004):

4Ca2MgSi2O7 + Ca7Al7SiO7 + CaAl7Si7O8 =
2Ca3Al7Si3O12 + 4CaMgSiO4 + CaSiO3 (2)

Timing of Remelting of ABC, TS26, and 93

The low (26Al/27Al)0 ratios observed in ABC, TS26, and
93 (Fig. 13) may record the timing of late-stage remelting

during which chondrule fragments were incorporated into the
CAIs. We note, however, that because Allende experienced
thermal metamorphism (Krot et al. 1998; Bonal et al. 2006)
that may have disturbed the 26Al-26Mg systematics in CAIs
and chondrules (LaTourrette and Wasserburg 1998; Yurimoto
et al. 2000), apparent age differences between the formation
of CAIs ABC and TS26 and their remelting should be
considered with caution. The proposed multistage formation
history of ABC and TS26 is consistent with the extended
(~2 Myr) formation time of several other igneous CAI from
CV chondrites inferred from the range of the (26Al/27Al)0
ratios within a single inclusion and petrographic observations
(MacPherson and Davis 1993; Hsu et al. 2000). Late-stage
melting and oxygen isotopic exchange of ABC and TS26 are
also consistent with a recently proposed model for the global
evolution of the oxygen isotope composition of the inner solar
nebula gas from 16O-rich to 16O-poor with time (Yurimoto and
Kuramoto 2004; Krot et al. 2005a).

Fig. 11. Compositional profiles across coarse Al-Ti-diopside grains
of the CAI #93; the positions of the compositional profiles are shown
in Fig. 9c.
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Fig. 12. Oxygen isotopic compositions of the chondrule-bearing type C CAIs a) ABC and b) TS26, c) CAI 93 surrounded by a chondrule-like
igneous rim from Allende, d) CAI-bearing chondrules (data from Krot et al. 2005b), e) refractory inclusions and chondrules from CR
chondrites (data from Aléon et al. 2002 and Krot et al. 2005b), and f) the chondrule-bearing CAI A5 from Y-81020 (data from Itoh and
Yurimoto 2003). a) CAI ABC. Relict olivine and augite halo around it have 16O-poor compositions. Spinel and Al-Ti-diopside of the host CAI
are 16O-enriched, whereas Cr-spinel, Al-Ti-poor diopside, anorthite, and melilite are 16O-depleted to various degrees. b) CAI TS26. Relict
olivine and augite halo around it have 16O-poor compositions. Spinel of the CAI core is 16O-rich, whereas Al-Ti-diopside and anorthite are
16O-depleted to various degrees. The Al-Ti-diopside grains in the core are less 16O-depleted compared to those in the mantle. c) CAI 93. Spinel
of the CAI is 16O-enriched, whereas Al-Ti-diopside, anorthite, and melilite are 16O-depleted to various degrees. Augite of the chondrule-like,
igneous rim is 16O-depleted relative to spinel and Al-Ti-diopside of the CAI host. d) Relict CAIs are 16O-enriched relative to their host
chondrules. e) AOAs and most CAIs in CR chondrites are uniformly 16O-rich. Chondrules without relict grains are uniformly 16O-poor.
Aluminum-rich chondrules with relict CAIs show oxygen isotope heterogeneity with relict grains 16O-enriched relative to chondrule
phenocrysts. Three type C CAIs are 16O-depleted to a level observed in CR chondrules. f) CAI A5. Chondrule fragments and compact melilite
core of the host CAI are 16O-depleted relative to its fine-grained, porous, spinel-diopside-anorthite mantle; the latter is 16O-depleted relative to
typical 16O-rich CAIs and AOAs in primitive chondrites (see [d] and Itoh et al. 2004). Abbreviations: Al-Ti-di = Al-Ti-diopside; an = anorthite;
aug = augite; di = Al- and Ti-poor diopside; mel = melilite; ol = olivine; px = a mixture of augite (~70%) and low-Ca pyroxene (~30%); sp =
spinel; CCAM = carbonaceous chondrite anhydrous mineral line. Terrestrial fractionation line and CCAM line are shown for reference.
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Origin of Chondrule-Bearing CAI A5 from Yamato-81020

Our conclusion that chondrule-bearing igneous CAIs in
Allende experienced late-stage remelting in the chondrule-
forming region differs from the model proposed by Itoh and
Yurimoto (2003) for the origin of the chondrule-bearing CAI
compact type A inclusion A5 from the CO3.0 carbonaceous
chondrite Y-81020 (Fig. A2). Based on i) the inverse oxygen
isotope zoning of A5, an 16O-depleted coarse-grained melilite
core (Δ17O = 0 to −10‰) surrounded by an 16O-enriched, very
fine-grained Al-diopside-anorthite mantle  (Δ17O = −12‰
to −19‰) (Fig. 12c), and ii) the presence of enstatite-
pigeonite-augite chondrule fragments inside the outer portion
of A5, Itoh and Yurimoto (2003) concluded that A5
experienced remelting in an 16O-rich gas in the CAI-forming
region during or after addition of 16O-poor chondrule-like
material3. Below we discuss an alternative interpretation for
these observations.

We note that i) the core and the mantle of A5 consist of
minerals having very different rates of oxygen self-diffusion
(Ryerson and McKeegan 1994) and different porosities
(Fig. A2), ii) the fine-grained mantle shows a large range of
oxygen isotopic compositiond and is 16O-depleted relative
to the vast majority of the refractory inclusions in Y-81020

(Itoh et al. 2004), and iii) the CAI lacks Wark-Lovering rim
layers. Because melilite or melilite-rich melt is expected to
exchange oxygen isotopes with an external reservoir much
faster than spinel, diopside, anorthite (Ryerson and
McKeegan 1994), or a diopside-anorthite-spinel-normative
melt (Greenwood 2004), it seems possible that the inverse
oxygen isotope zoning of A5 resulted from incomplete
oxygen isotope exchange of the CAI during remelting in an
16O-poor gas concurrent with addition of chondrule-like
material, i.e., in the chondrule-forming region. Incorporation
of relict pyroxene grains into A5 in the CAI-forming region
characterized by high ambient temperature (at or above
condensation temperature of forsterite) is inconsistent with
the lack of evidence for evaporation of these grains; one of
the pyroxene grains even contains inclusiond of troilite
(Fig. A2). In contrast, remelting of A5 in the chondrule-
forming region  is  consistent  with  fast  cooling  rate
(>100 °C/hr) during solidification of the fine-grained mantle
(Itoh and Yurimoto 2003). Such fast cooling rates are
typical for chondrule melts (Desch and Connolly 2002),
whereas the estimated cooling rates during crystallization of
coarse-grained  igneous  CAIs  are  typically  much  slower
(<10 °C/hr) (Davis and MacPherson 1996). If this
interpretation is correct, the origin of A5 is not different
from that of the chondrule-bearing type C CAIs discussed
above.

Table 8. Aluminum-magnesium isotopic data for the 
Allende type C CAIs associated with chondrule-like 
materials.

CAI/min 27Al/24Mg 2σ δ26Mg(‰) 2σ

93
Ana 220.0 20.0 3.8 3.1
An 195.0 10.0 0.4 3.0
An 218.0 15.0 2.6 2.6
Sp 2.5 0.1 1.6 2.0
Sp 2.5 0.1 0.4 1.5

TS26
An 157 13 −2.3 4.3
An 207 20 −0.5 4.6
Di 1 0.1 −1.1 2.6
Di 1 0.1 −0.2 1.7
Di 1 0.1 −0.6 1.8

ABC
An 351 28 15 6
An 276 20 12 6
Di 1.2 0.1 2.5 1.3
Pg 403 38 14 5
Pg 266 25 7 5
Sp 2.5 0.1 3.1 1.5

aan = anorthite; di = Al,Ti-diopside; pg = pigeonite; sp = spinel.

3We note that contrary to the chondrule-bearing CAIs ABC and TS26 from
Allende, the relict pyroxene grains in the outer zone of A5 show no evidence
for being melted together with the host CAI, suggesting that they were
probably injected into the CAI during or even after its solidification. If the
latter is correct, A5 is not a truly compound object.

Fig. 13. Aluminum-magnesium evolution diagram for the type C
CAIs ABC, TS26, and 93. ABC shows a resolvable 26Mg*
corresponding to a (26Al/27Al)0 ratio of (4.7 ± 1.4) × 10−6. No
resolvable 26Mg* was found in 93 and TS26; the (26Al/27Al)0 ratios
are (1.5 ± 1.8) × 10−6 and <1.2 × 10−6, respectively. If the differences
in the slopes of the correlation lines is attributed to differences in
times of formation, ABC crystallized at least 1.4 Myr prior to TS26
and 93.



1216 A. N. Krot et al.

CONCLUSIONS

1. The outer portions of the coarse-grained, igneous,
anorthite-rich (type C) CAIs ABC and TS26 in Allende
contain relict grains of forsteritic olivine and low-Ca
pyroxene, extensively corroded by Al-Ti-diopside of the
host CAI and surrounded by haloes of augite. Another
type C CAI from Allende, 93, is intergrown with coarse-
grained pigeonite, augite, and anorthitic plagioclase. The
Al-Ti-diopside  in  ABC, TS26,  and 93  is  16O-
depleted  (Δ17O up to −5‰) compared to typical, 16O-
rich (Δ17O ~ −20‰) CAIs in primitive carbonaceous
chondrites; relict olivine and low-Ca pyroxene/pigeonite
are 16O-poor (Δ17O ~ −1‰ to −5‰). Contrary to typical
type B CAIs in Allende having the canonical initial 26Al/
27Al ratio of ~5 × 10−5, the three type C CAIs are  26Al-
poor  with  (26Al/27Al)0  ratios are  (4.7 ± 1.4) 10−6,
(1.5 ± 1.8) × 10−6, and <1.2 × 10−6, respectively.

2. Based on the mineralogical observations and oxygen and
magnesium isotope measurements, we conclude that
ABC, TS26, and 93 experienced remelting with addition
of chondrule ferromagnesian silicates and incomplete
oxygen isotopic exchange in an 16O-poor gaseous
reservoir, probably in the chondrule-forming region.
This melting episode may have reset the 26Al-26Mg
systematics of the host CAIs, suggesting it occurred
~2 Myr after formation of CAIs with the canonical 26Al/
27Al ratio.

3. These observations and the common presence of relict
CAIs inside chondrules suggest that CAIs predated
chondrules and that at least some CAIs were present in
the chondrule-forming regions and were affected by
chondrule-melting events. That many CAIs show no
evidence of being affected by chondrule heating may
suggest that chondrule-forming was highly localized.
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