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Abstract

The coarse-grained, igneous, anorthite-rich (Type C) CAIs from Allende studied (100, 160, 6-1-72, 3529-40, CG5, ABC,
TS26, and 93) have diverse textures and mineralogies, suggesting complex nebular and asteroidal formation histories. CAIs
100, 160, 6-1-72, and 3529-40 consist of Al,Ti-diopside (fassaite; 13–23 wt% Al2O3, 2–14 wt% TiO2), Na-bearing åkermanitic
melilite (0.1–0.4 wt% Na2O; Åk30–75), spinel, and fine-grained (�5–10 lm) anorthite groundmass. Most of the fassaite and
melilite grains have ‘‘lacy’’ textures characterized by the presence of abundant rounded and prismatic inclusions of anorthite
�5–10 lm in size. Lacy melilite is pseudomorphed to varying degrees by grossular, monticellite, and pure forsterite or wol-
lastonite. CAI 6-1-72 contains a relict Type B CAI-like portion composed of polycrystalline gehlenitic melilite (Åk10–40), fassa-
ite, spinel, perovskite, and platinum-group element nuggets; the Type B-like material is overgrown by lacy melilite and
fassaite. Some melilite and fassaite grains in CAIs 100 and 160 are texturally similar to those in the Type B portion of
6-1-72. CAIs ABC and TS26 contain relict chondrule fragments composed of forsteritic olivine and low-Ca pyroxene; CAI
93 is overgrown by a coarse-grained igneous rim of pigeonite, augite, and anorthitic plagioclase. These three CAIs contain
very sodium-rich åkermanitic melilite (0.4–0.6 wt% Na2O; Åk63–74) and Cr-bearing Al,Ti-diopside (up to 1.6 wt% Cr2O3,
1–23 wt% Al2O, 0.5–7 wt% TiO2). Melilite and anorthite in the Allende Type C CAI peripheries are replaced by nepheline
and sodalite, which are crosscut by andradite-bearing veins; spinel is enriched in FeO. The CAI fragment CG5 is texturally
and mineralogically distinct from other Allende Type Cs. It is anorthite-poor and very rich in spinel poikilitically enclosed by
Na-free gehlenitic melilite (Åk20–30), fassaite, and anorthite; neither melilite nor pyroxene have lacy textures; secondary min-
erals are absent. The Al-rich chondrules 3655b-2 and 3510-7 contain aluminum-rich and ferromagnesian portions. The Al-rich
portions consist of anorthitic plagioclase, Al-rich low-Ca pyroxene, and Cr-bearing spinel; the ferromagnesium portions con-
sist of fosteritic olivine, low-Ca pyroxene, and opaque nodules.
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We conclude that Type C CAIs 100, 160, 6-1-72, and 3529-40 formed by melting of coarse-grained Type B-like CAIs which
experienced either extensive replacement of melilite and spinel mainly by anorthite and diopside (traces of secondary Na-bear-
ing minerals, e.g., nepheline or sodalite, might have formed as well), or addition of silica and sodium during the melting event.
CG5 could have formed by melting of fine-grained spinel-melilite CAI with melilite and spinel partially replaced anorthite and
diopside. CAIs ABC, 93, and TS-26 experienced melting in the chondrule-forming regions with addition of chondrule-like
material, such as forsteritic olivine, low-Ca pyroxene, and high-Ca pyroxene. Anorthite-rich chondrules formed by melting
of the Al-rich (Type C CAI-like) precursors mixed with ferromagnesian, Type I chondrule-like precursors. The Allende Type
C CAIs and Al-rich chondrules experienced fluid-assisted thermal metamorphism, which resulted in pseudomorphic replace-
ment of melilite and anorthite by grossular, monticellite, and forsterite (100, 160, 6-1-72, 3592-40) or by grossular, monticel-
lite, and wollastonite (ABC, 93, TS-26). The pseudomorphic replacement was followed or accompanied by iron–alkali
metasomatic alteration resulting in replacement of melilite and anorthite by nepheline and sodalite, enrichment of spinel in
FeO, and precipitation of salite–hedenbergite pyroxenes, wollastonite, and andradite in fractures and pores in and around
CAIs.
� 2007 Published by Elsevier Ltd.
Table 1
List of the Allende Type C CAIs and Al-rich chondrules studied

Object, # Ref.

Type C CAIs
CG5 Wark (1987)

With lacy melilite and fassaite
100 Wark (1987)
160 Wark (1987)
6-1-72 Wark (1987)
3529-40 Wark (1987)

With chondrule-like material
ABC Wark (1987), MacDougall et al. (1981),

Krot et al. (2005b), Krot et al. (2007a)
TS26 Wark (1987), Krot et al. (2005b), Krot

et al. (2007a)
93 Wark (1987), Krot et al. (2005b), Krot

et al. (2007a)

Al-rich chondrules
3655b-2 Wark (1987)
3510-7 Wark (1987)
1. INTRODUCTION

Coarse-grained, igneous, anorthite-rich (Type C) CAIs
were initially recognized in the Allende meteorite (Wark,
1987; Beckett and Grossman, 1988; Imai and Yurimoto,
2000), and subsequently described in the CR (Aléon
et al., 2002; Krot et al., 2005a), CO (Itoh et al., 2004),
and anomalous carbonaceous chondrites Ningqiang (CV/
CK-like) (Lin and Kimura, 1998, 2003; Kita et al., 2004),
Acfer 094 (CO/CM-like) (Krot et al., 2004a), and Isheyevo
(CH/CB-like) (Krot et al., 2006a). Type C CAIs consist of
Al,Ti-diopside (fassaite), spinel, melilite, and abundant
anorthite. When projected from spinel onto the gehlenite–
anorthite–forsterite plane in the CaO–MgO–A2O3–SiO2

system (Stolper, 1982), their spinel-saturated, bulk compo-
sitions plot in the liquidus field of anorthite (Fig. 1EA) and
define a linear trend toward compositions of Type A and B
CAIs, which on the same projection plot in the liquidus
field of melilite (Beckett and Grossman, 1988). Bulk chem-
ical compositions of Type C CAIs are similar to those of
fine-grained, spinel-, anorthite-rich inclusions, providing a
potential link between these CAI types (Lin and Kimura,
1998; Krot et al., 2004b). They are also similar to bulk com-
positions of some Al-rich chondrules (>10 wt% Al2O3; Bisc-
hoff and Keil, 1984) from carbonaceous chondrites (Krot
and Keil, 2002; Krot et al., 2002; MacPherson and Huss,
2005) providing a potential link between CAIs and that
type of chondrules (Beckett and Grossman, 1988). The lat-
ter is consistent with the observations that (i) most relict
CAIs inside Al-rich chondrules consist of anorthite, spinel,
and diopside (e.g., Krot and Keil, 2002; Krot et al., 2002,
2004a), and (ii) some Type C CAIs from CV and CR chon-
drites experienced a late-stage melting event(s) with or with-
out addition of chondrule material, and oxygen isotopic
exchange with an 16O-poor nebular gas (Krot et al.,
2005a,b, 2007a,b), probably in the chondrule-forming region.

In order to understand the origin of Type C CAIs in
carbonaceous chondrites and their possible genetic rela-
tionship to other types of refractory inclusions and Al-
rich chondrules, we initiated a detailed study of their min-
eralogy, petrography, trace element contents, oxygen and
aluminum–magnesium isotopic compositions. The preli-
minary studies of trace element abundances and oxygen
isotopic compositions have been described by Huss et al.
(2002) and Krot et al. (2007b). Here, we report the miner-
alogy and petrography of five Type C CAIs from Allende:
100, 160, CG5, 6-1-72, and 3529-40, and two Al-rich chond-
rules (3510-7 and 3555B-2), and compare them with our re-
cent results on three chondrule-bearing Type C CAIs from
Allende ABC, 93, and TS26 (Krot et al., 2005b, 2007b).
Although most of the Allende Type C CAIs described here
have been previously studied by Wark (1987), we think that
some important aspects of their formation have been over-
looked. The preliminary results of this study have been re-
ported by Krot et al. (2004c).

2. ANALYTICAL PROCEDURES

Polished thin and thick sections of the Allende Type C
CAIs 100, 160, CG5, 6-1-72, 3529-40, ABC, TS26, and 93,
and two Al-rich chondrules 3510-7 and 3555B-2 (Table 1)
were studied using optical microscopy, X-ray elemental
mapping, backscattered electron (BSE) imaging, and elec-
tron probe microanalysis (EPMA). The BSE images and
semi-quantitative analyses were obtained with the JEOL
JSM-5900LV scanning electron microscope equipped with



Fig. 1. (a) Combined elemental map in Mg (red), Ca (green), and
Al Ka (red) X-rays, (b) elemental map in Ti Ka and (c) BSE image
of a Type C CAI fragment CG5. The region outlined in (a) is shown
in detail in (b). The CAI consists of lath-shaped anorthite with
interstitial fassaite (Al,Ti-diopside) and melilite; melilite and
fassaite also anorthite-poor massive regions. All minerals poikilit
ically enclose numerous spinel grains. Bright white spots in (c) are
gold left after coating. an, anorthite; mel, melilite; di, fassaite; sp
spinel.
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Thermo Electron energy dispersive spectrometer (EDS)
using a 15–20 kV accelerating voltage and 1–2 nA beam
current. Some of the sections were previously Au-coated.
Because the sections are old, we made no attempts to re-
move traces of Au, which resulted in appearances of
bright white spots in BSE images. X-ray elemental maps
with a resolution of 1–10 lm/pixel were acquired using
five spectrometers of a Cameca SX-50 microprobe at
15 keV accelerating voltage, 50–100 nA beam current
and �1–2 lm beam size. The elemental maps in Mg, Ca,
and Al Ka were combined using a RGB-color scheme
and Environment for Visualizing Images (ENVI) software
package.

Electron probe microanalyses were performed with a
Cameca SX-50 electron microprobe using a 15 keV acceler-
ating voltage, 10–20 nA beam current, beam size of�1–2 lm
and wavelength dispersive X-ray spectrometry. For each
element, counting times on both peak and background were
30 s (10 s for Na and K). Bulk compositions of chondrules
were measured using a defocused �10-lm beam. Matrix
effects were corrected using the PAP procedure. The
detection limits were (in wt%): SiO2, Al2O3, MgO, CaO,
0.03; TiO2, Cr2O3, 0.04; K2O, 0.04; Na2O, 0.06; MnO,
FeO, 0.07.

3. RESULTS

CAI fragment CG5 is composed of lath-shaped anor-
thite, fassaite and melilite, all poikilitically enclosing abun-
dant spinel grains; secondary minerals and Wark-Lovering
rim layers are absent (Fig. 1). Melilite and pyroxene occur
in interstitial regions between prismatic anorthite crystals;
they also form large, massive grains in the anorthite-poor
regions of the CAI. Pyroxene has high Al2O3 (up to 21
wt%) and TiO2 contents (up to 8 wt%); (Fig. 2) calculations
of structural formula of pyroxene revealed no Ti3+ (Table
2). Melilite is Åk-poor (9–26 mol%); Na contents are gener-
ally below the detection limit of the electron microprobe
(Table 3 and Fig. 3). Spinel and anorthite are nearly pure
MgAl2O4 and CaAl2Si2O8, respectively (Tables 1EA and
2EA).

Our sample of CAI 100 consists of four fragments (here-
after, ‘‘100a’’, ‘‘100b’’, ‘‘100c’’, and ‘‘100d’’). The petro-
graphic context of the fragments is unknown, and none of
them have Wark-Lovering rim layers (Fig. 4). In addition,
secondary Fe- or alkali-rich minerals (nepheline, sodalite,
andradite, and hendenbergite) that are commonly observed
around peripheries of Allende CAIs are nearly absent. Based
on these observations, we infer that these fragments probably
represent the core and/or mantle of the original, unbroken
CAI. There are significant variations in the morphology of
Al,Ti-diopside and melilite grains and distribution of spinel
among the fragments (Figs. 4 and 5). Below we describe in de-
tail only the mineralogy of 100a; for other fragments, we sum-
marize the features which could be important for
understanding the genesis of the inclusion.

Fragment 100a consists of coarse, euhedral-to-subhedral
grains of fassaite, melilite, spinel, and fine-grained (�5 lm
in size) anorthite groundmass (Fig. 4a). Melilite grains typ-
ically contain abundant inclusions of anorthite (this texture
-

,



Table 2
Electron microprobe analyses (in wt%) of pyroxenes in the Allende Type C CAIs and Al-rich chondrules

Object, #
location

3529-40 6-1-72 100 CG5 160 3510-7 3555B-2

Core Core Rim Rim Type C Type B Core Core Core Ma le px px px cpx opx px

SiO2 39.6 33.7 52.8 50.6 37.2 33.5 37.9 34.0 32.3 45.4 41.3 24.8 35.6 41.6 39.6 36 34.7 54.6 49.3 49.6 52.9 58.0 56.0
TiO2 7.2 10.9 <0.04 0.11 8.0 13.7 7.7 11.9 16.3 2.3 5.7 12.7 7.9 4.6 6.6 9 13.9 0.94 3.6 1.4 1.5 0.32 0.58
TiO2 3.8 6.7 — 0.11 5.0 5.3 1.2 5.1 2.1 1.3 2.0 7.1 7.9 1.3 2.4 4 3.2 0.94 1.2 0.92 0.46 0.32 0.58
Ti2O3 3.0 3.8 — 0.00 2.7 7.5 5.9 6.1 12.7 0.90 3.3 5.0 0.01 3.0 3.8 4 9.6 0.00 2.2 0.45 0.92 — —
Al2O3 17.2 22.5 1.7 5.2 19.1 20.9 21.4 21.5 20.3 13.3 17.6 33.1 20.9 17.8 19.2 19 19.5 3.5 12.6 13.8 2.7 1.1 2.2
Cr2O3 0.08 0.12 0.08 0.14 0.16 0.11 0.15 0.16 0.30 0.07 0.12 0.39 0.08 0.08 0.11 0 0.08 0.42 0.56 0.64 0.63 0.43 0.73
FeO <0.07 <0.07 0.13 0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 0 <0.07 1.2 0.18 0.19 0.42 0.52 0.52
MnO <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0 <0.07 0.11 <0.07 <0.07 <0.07 <0.07 <0.07
MgO 10.5 8.0 17.9 16.7 9.3 6.9 8.2 7.2 5.3 12.8 10.3 2.5 11.4 10.7 9.8 8 7.2 35.5 33.2 33.3 23.5 38.6 36.7
CaO 24.9 25.1 25.8 26.0 25.4 25.4 24.8 25.2 24.4 25.5 25.6 24.7 22.9 24.8 24.9 24 24.8 3.0 0.51 0.39 16.7 0.51 2.3

Total 99.1 99.8 98.5 98.8 98.8 99.8 99.5 99.3 97.4 99.3 100.3 97.6 98.9 99.3 99.9 98 99.1 99.2 99.6 99.3 98.3 99.5 99.0

Structural formulae, based on 6 [O]

Si 1.470 1.258 1.941 1.857 1.394 1.263 1.405 1.279 1.258 1.662 1.513 0.957 1.321 1.531 1.457 1 2 1.318 1.878 1.679 1.685 1.907 1.962 1.919
Al(IV) 0.530 0.742 0.059 0.143 0.606 0.737 0.595 0.721 0.742 0.338 0.487 1.043 0.679 0.469 0.543 0 8 0.682 0.122 0.321 0.315 0.093 0.038 0.081
Ti4+ 0.106 0.188 0.000 0.003 0.141 0.151 0.034 0.145 0.063 0.037 0.054 0.205 0.220 0.035 0.067 0 4 0.093 0.024 0.030 0.023 0.012 0.008 0.015
Ti3+ 0.094 0.117 0.000 0.000 0.085 0.237 0.182 0.192 0.414 0.027 0.102 0.161 0.000 0.093 0.116 0 4 0.304 0.000 0.062 0.013 0.028 0.000 0.000
Al(VI) 0.222 0.246 0.016 0.081 0.235 0.193 0.340 0.234 0.189 0.235 0.274 0.459 0.236 0.303 0.291 0 2 0.188 0.018 0.185 0.238 0.023 0.006 0.007
Fe 0.000 0.000 0.004 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 4 0.000 0.034 0.005 0.006 0.013 0.015 0.015
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 0 0.000 0.003 0.000 0.000 0.000 0.000 0.000
Cr 0.002 0.004 0.002 0.004 0.005 0.003 0.004 0.005 0.009 0.002 0.004 0.012 0.002 0.002 0.003 0 3 0.002 0.011 0.015 0.017 0.018 0.012 0.020
Mg 0.583 0.443 0.982 0.914 0.517 0.389 0.455 0.406 0.308 0.700 0.562 0.144 0.630 0.588 0.539 0 1 0.407 1.819 1.685 1.688 1.263 1.943 1.871
Ca 0.993 1.002 1.016 1.022 1.017 1.026 0.984 1.018 1.020 0.999 1.005 1.018 0.911 0.978 0.984 1 0 1.006 0.112 0.019 0.014 0.644 0.018 0.084

Total 4.000 4.000 4.020 4.026 4.000 4.000 4.000 4.000 4.002 4.000 4.000 4.000 4.000 4.000 4.000 4 0 4.001 4.022 4.000 4.000 4.000 4.002 4.012

Na2O and K2O are below the detection limits (<0.06 and 0.04 wt%, respectively).
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Fig. 2. (a) Cr2O3 vs. Al2O3 and (b) TiO2 vs. Al2O3 (in wt%) in pyroxenes of Type C CAIs with (a and c) and without (b and d) chondrule
material; fields occupied by the latter are outlined in (a) and (c). Compositions of pyroxenes from the chondrule-bearing Type C CAIs ABC,
TS26, and 93 are from Krot et al. (2007a).

Table 3
Electron microprobe analyses (in wt%) of melilite in the Allende Type C CAIs

CAI, # 3529-40 100 100 CG5 CG5 160, c 160, c 160, m 160, m 6-1-72, Type C 6-1-72, Type B

SiO2 28.9 30.9 35.0 38.8 24.4 27.2 34.7 37.6 31.8 34.5 29.5 34.8 23.2 30.6
TiO2 0.05 <0.04 <0.04 <0.04 0.06 0.06 <0.04 0.04 0.05 0.07 <0.04 <0.04 0.09 <0.04
Al2O3 25.2 22.2 16.4 10.2 33.8 26.2 15.3 10.1 20.6 15.6 25.2 18.2 35.5 23.4
Cr2O3 <0.04 0.05 <0.04 <0.04 <0.04 <0.04 <0.04 0.07 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04
FeO <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 0.46 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07
MnO <0.07 <0.07 <0.07 <0.07 0.09 0.07 <0.07 <0.07 0.07 <0.07 <0.07 <0.07 <0.07 <0.07
MgO 4.8 6.1 8.0 10.3 4.8 4.0 <0.07 10.5 6.4 8.2 4.6 7.3 0.79 5.4
CaO 40.6 40.4 39.8 40.7 37.8 40.9 40.0 40.2 40.1 40.4 40.2 39.4 40.3 40.0
Na2O 0.12 0.13 0.19 0.17 <0.06 <0.06 0.36 0.11 0.32 0.33 0.19 0.33 <0.06 0.17

Total 99.7 99.8 99.4 100.2 101.0 98.4 90.8 98.7 99.3 99.2 99.7 100.0 99.9 99.5

Ak 32 41 58 74 9 26 56 72 44 56 33 54 5 38

c, core; m, mantle.
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was called ‘‘lacy’’ or ‘‘eutectic’’ by Wark, 1987); anorthite-
free, massive melilite regions are rare and overgrown by
lacy melilite (Fig. 5a–c). Lacy melilite grains are pseudo-
morphed to varying degrees by grossular (Ca3Al2Si3O12),



Fig. 3. Åkermanite (mol%) vs. Na2O (wt%) contents in melilite of
the Allende Type C CAIs. Compositions of melilite from the
chondrule-bearing Type C CAIs ABC, TS26, and 93 are from Krot
et al. (2007a).
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monticellite (CaMgSiO4), and pure forsterite (Mg2SiO4)
(Fig. 5a–d). Although the outlines of the original melilite
grains are generally well-preserved, the replaced portions
are highly porous, suggesting volume change during the
replacement. Grossular occurs as anhedral or subhedral
grains closely associated with monticellite and forsterite
(Tables 4 and 5). Forsterite commonly occurs as anhedral
and subhedral grains between grossular grains (Fig. 5e
and f). X-ray elemental mapping reveals enrichment in
Na along the peripheries of the pseudomorphed portions
of the melilite grains (Fig. 2EA). This enrichment is associ-
ated with numerous, tiny pores surrounding the replaced
portions of the grains (Fig. 5e and f). Because no alkali-rich
phases have been observed, it seems possible that Na is con-
centrated in a thin layer of the surrounding anorthite.
Fassaite occurs as isolated grains or as intergrowths with
melilite and spinel framboids in the anorthite groundmass
(Fig. 5b and c). Cores of the coarse fassaite grains contain
abundant, rounded inclusions of anorthite, and are sur-
rounded by compact, inclusion-poor layers that have very
irregular (possibly corroded) peripheries (Fig. 5b and c).
Spinel occurs as framboids, aggregates of grains and iso-
lated grains in anorthite, pyroxene and melilite. The spinel
framboids commonly enclose inclusions of melilite, fassaite,
and anorthite.

Fragment 100b has two texturally distinct portions
(Fig. 4b). Its left portion is texturally and mineralogically
similar to the fragment 100a and contains coarse (100–
200 lm in size), euhedral fassaite grains with lacy textures.
The right portion in Fig. 4b contains abundant, small (20–
30 lm in apparent diameter) fassaite crystals, which are
nearly free of anorthite inclusions (Fig. 5j). Melilite grains
are extensively replaced by grossular, monticellite, and for-
sterite (Fig. 5e and f). Spinel grains occur mainly as aggre-
gates, framboids, and as inclusions in melilite and
pyroxene; isolated spinel grains in anorthite are relatively
rare.

Fragments 100c and 100d consist of the same miner-
als as two other fragments, but contain mostly only one
textural type of fassaite—small, euhedral grains (Figs.
4c,d and 5i). In addition, there is a compact aggregate
of chemically zoned fassaite grains, which has an
irregular (possibly corroded) outline (Figs. 5g,h and
3EA). Isolated spinel grains are ubiquitous in the anor-
thite groundmass.

There is no correlation between the morphological types
of fassaite and their compositions; they contain 13–18 wt%
Al2O3 and 2–6 wt% TiO2. One of the fassaite grains is
highly enriched in Al2O3 (33 wt%) and TiO2 (13 wt%)
and could be either relict or a product of dissolution of
perovskite in the CAI melt (Lin et al., 2003) (Table 2 and
Fig. 2). Melilite is Na- and Åk-rich (Ak58–74, 0.15–0.25
wt% Na2O; Table 3, Fig. 3). Anorthite and spinel are nearly
pure CaAl2Si2O8 (Table 1EA) and MgAl2O4 (Table 2EA),
respectively.

CAI 6-1-72 is a complete, ellipsoid inclusion surrounded
by a Wark-Lovering rim sequence of spinel, fassaite, and
olivine (Fig. 6). It consists of two texturally distinct regions,
easily recognizable in a Ca Ka X-ray map (Fig. 6c). Its
main portion is mineralogically similar to the other Allende
Type C CAIs described above and consists of fine-grained
groundmass anorthite and coarse-grained, lacy fassaite
and melilite; spinel is relatively minor and heterogeneously
distributed in the CAI (Figs. 6 and 7). Coarse melilite–anor-
thite grains are pseudomorphed by a fine-grained, porous
mixture of grossular, monticellite, and forsterite. The
groundmass anorthite contains anhedral intergranular
fassaite grains; their abundance increases towards the
CAI periphery. The CAI core is free of nepheline and soda-
lite; both minerals, however, are common in the CAI
periphery, where they replace anorthite and, possibly, meli-
lite (Figs. 6d and 7). Nepheline, sodalite, and grossular–
monticellite–forsterite pseudomorphs are crosscut by
andradite-bearing veins (Fig. 7). The CAI core is heavily
fractured; some of the fractures are filled by andradite
and wollastonite (Fig. 7f).

The right portion of 6-1-72 in Fig. 6 is texturally and
mineralogically similar to Type B inclusions from CV chon-
drites (e.g., MacPherson et al., 1988). It consists of com-
pact, polycrystalline melilite, fassaite, isolated spinel
grains, and a spinel palisade body (Figs. 8 and 9). Melilite
and fassaite contain abundant inclusions of spinel, perov-
skite, and platinum group element nuggets; neither melilite
nor fassaite have lacy texture. Melilite along grain bound-
aries is replaced by a fine-grained mixture of grossular,
monticellite, and forsterite. Coarse-grained melilite and
the palisade body in the Type B-like portion are overgrown
by lacy fassaite (Fig. 9b–d).

Pyroxenes in both portions of the CAI are composition-
ally similar and have high Al2O3 (19–21 wt%) and TiO2 (8–
16 wt%) contents (Table 2 and Fig. 2). Melilite grains show
wide compositional variations, with those of the Type C
portion being enriched in Åk (33–54 mol%) and Na2O
(0.19–0.33 wt%) relative to those of the Type B portion
(5–38 mol% and <0.17 wt%, respectively) (Table 3 and
Fig. 3). Anorthite is nearly pure CaAl2Si2O8 (Table 1EA).
Spinel in the CAI core is nearly pure MgAl2O4; spinel of
the Wark-Lovering rim is enriched in FeO (based on the
semi-quantative EDS analyses).



Fig. 4. Combined elemental maps in Mg (red), Ca (green), and Al Ka (blue) X-rays of the four fragments (a–d) of Type C CAI 100. Regions
outlined and labeled in (a) are shown in detail in Fig. 5. The CAI is composed of fassaite, melilite, and spinel surrounded by anorthite
groundmass. Lacy melilite grains are almost completely pseudomorphed by grossular, monticellite, and forsterite (see Fig. 5 for details).
Secondary nepheline replacing melilite is very minor. Spinel occurs in palisade bodies, as aggregates of grains and as isolated incusions in
anorthite, pyroxene, and melilite. There are significant variations in modal mineralogy and morphology of the pyroxene, melilite, and spinel
grains among the fragments (see text for details). fo, forsterite; grs, grossular; mtc, monticellite; nph, nepheline.
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CAI 160 is a fragmented inclusion partly surrounded
by spinel, Al,Ti-diopside, and olivine rims (Fig. 10). It is
composed of fassaite, melilite, spinel, and a very fine-
grained anorthite groundmass (Fig. 11a and b). Melilite
and anorthite in the outer portion of the CAI and along
the fractures in the core are replaced by nepheline and
sodalite (Fig. 10c and d). Fassaite occurs as lacy grains
(Fig. 11c and d), as rare massive grains poikilitically
enclosing euhedral spinel (Fig. 11e), and as interstitial
grains between polycrystalline melilite (Fig. 11f). The out-
er portions of the massive pyroxene grains contain abun-
dant inclusions of anorthite. Pyroxenes in the CAI core
contain lower TiO2 contents than those in its mantle
(4.6–6.6 vs. 9.2–13.9 wt%); both occurrences have high
Al2O3 (18–20 wt%) (Table 2 and Fig. 2). There are no
compositional differences between the massive and lacy
pyroxenes.

Melilite occurs as coarse, subhedral grains with abun-
dant inclusions of anorthite (Fig. 11c and d) and as com-
pact polycrystalline regions with interstitial fassaite
(Fig. 11f). The melilite grains with anorthite inclusions
are pseudomorphed to varying degrees by a porous, fine-
grained mixture of grossular, monticellite, and forsterite
(Fig. 11c and d). The polycrystalline melilite regions are
texturally similar to those in the Type B-like portion of
the CAI 6-1-72 (Fig. 9e and f); they are only slightly
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replaced by grossular, monticellite, and forsterite along the
grain boundaries. The interstitial fassaite in these regions
contains abundant inclusions of anorthite (Fig. 11f). Meli-
lite in the CAI mantle is more gehlenitic than in its core
(44–56 vs. 56–72 mol%); in both occurrences, melilite con-
Fig. 5. BSE images of a Type C CAI 100. Regions outlined in (b) (top an
outlined in (e) and (g) are shown in detail in (f) and (h), respectively. Lac
forsterite to various degrees; thin veins of grossular identified by EDS on
(outlined in b and j) appear to be corroded by the surrounding anor
occasionally, relict melilite occurs as massive grains free of anorthite inclu
and contain subhedral inclusions of grossular and forsterite (d and f). A
pseudomorphed melilite regions and groundmass anorthite (e). Coarse
abundant inclusions of anorthite (b and c). Small pyroxene grains are near
form compact aggregates resorbed by anorthite around the peripheries; p
variations in brightness; darker regions are indicated in (h) by short dou
tains high Na2O contents (up to 0.36 wt%) (Table 3 and
Fig. 3).

Anorthite in the center of the CAI is nearly free of small
inclusions of fassaite (Fig. 11c); anorthite in the CAI mantle
contains abundant inclusions of anhedral fassaite which
d bottom) are shown in details in (c) and (d), respectively. Regions
y melilite grains are pseudomorphed by grossular, monticellite, and
ly crosscutting anorthite are very rare (c). The relict melilite regions
thite and contain abundant inclusions of anorthite (b, c, and j);
sions (a). The pseudomorphed regions of melilite are highly porous

bundant pores are also observed along the boundaries between the
pyroxene grains appear to be corroded by anorthite and contain
ly free of anorthite inclusions (i and j). Occasionally, pyroxene grains
yroxene aggregates show compositional variations (can be seen as

ble lines; AB indicates compositional profile shown in Fig. 3EA).



Fig. 5 (continued)
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Table 4
Electron microprobe analyses (in wt%) of olivine in the Allende
Type C CAI and Al-rich chondrules

Object, # 100 3510-7 3555B-2

SiO2 43.2 40.9 39.7 39.4
TiO2 <0.04 0.17 0.11 0.05
Al2O3 <0.03 0.06 <0.03 0.41
Cr2O3 <0.04 0.08 <0.04 0.04
FeO <0.07 0.26 9.2 13.5
MnO <0.11 <0.07 0.12 0.11
MgO 57.0 56.9 50.2 45.1
CaO 0.37 0.12 0.13 0.14

Total 100.5 98.4 99.4 98.7

Fa 0 0.1 5.5 8.6
occupy interstitial regions between individual anorthite
grains. Anorthite is compositionally pure CaAl2Si2O8 (Table
1EA).

Spinel is heterogeneously distributed within the CAI and
occurs as individual grains enclosed in melilite, anorthite
and fassaite, and as framboids. In the CAI core and mantle,
it is nearly pure MgAl2O4 (Table 2EA); spinel in the altered
portion of the CAI, including the Wark-Lovering rim, is en-
riched in FeO (based on the EDS semi-quantitative
analyses).

The CAI is surrounded by a fine-grained rim largely
composed of ferrous olivine and nepheline. Compared to
the neighboring matrix, the fine-grained rim is depleted
in nodules composed of Ca,Fe-rich pyroxenes, andradite,
and wollastonite (Fig. 12d). An embayment in the unrim-
med portion of the CAI is filled by closely intergrown
andradite, sodalite, wollastonite, and salite–hedenbergite
pyroxenes (Fig. 12e and f). A CAI near this region is
extensively replaced by nepheline and sodalite (Fig. 10c
and d).

CAI 3529-40 is a fragmented inclusion composed of
anorthite, fassaite, and melilite, all poikilitically enclosing
isolated spinel grains (Figs. 4EA and 5EA). Fassaite (7–
11 wt% TiO2; 17–23 wt% Al2O3) and melilite (Åk32–31;
�0.1 wt% Na2O) occur as coarse, anhedral grains with
abundant inclusions of anorthite and are often inter-
grown (Figs. 5a,bEA). Melilite is extensively pseudomor-
phed by a fine-grained porous material composed of
grossular, monticellite, and forsterite (forsterite and mon-
ticellite are too fine-grained to be analyzed by electron
microprobe, and were identified by EDS on SEM). In re-
gions with large pores, grossular occurs as coarse, subhe-
dral crystals (Figs. 5c,dEA). Some portions of the CAI
are surrounded by layers of Ti-poor Al-diopside and
andradite (Fig. 5eEA and Table 2), whereas others are
rimmed only by spinel (Fig. 5fEA). Anorthite near the
spinel layer (Fig. 5eEA) is replaced by nepheline; this
spinel is enriched in FeO (Table 2EA). No alkali-rich
phases were observed near the Al-diopside layer
(Fig. 5fEA).



Table 5
Electron microprobe analyses (in wt%) of grossular, wollastonite, andradite, forsterite, monticellite, and nepheline in the Allende Type C
CAIs and Al-rich chondrules

Object, # min 100 160 3529-40 3510-7 3555B-2

mtc mtc grs grs nph grs grs andr nph nph

SiO2 38.1 37.7 40.3 41.4 37.0 39.8 39.0 46.8 42.3 41.8
TiO2 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 0.06 <0.04 0.04 <0.04
Al2O3 0.13 2.6 22.8 22.2 34.0 23.9 24.2 0.24 36.7 37.7
Cr2O3 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04
FeO <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 0.14 26.4 0.14 0.15
MnO <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 1.3 <0.07 <0.07
MgO 25.5 23.8 0.58 2.7 0.08 1.1 0.89 0.06 0.03 0.08
CaO 35.1 35.5 35.9 35.3 5.8 36.7 35.8 22.8 2.2 2.0
Na2O <0.06 <0.06 <0.06 <0.06 23.2 <0.06 <0.06 <0.06 17.0 17.3
K2O <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 1.6 1.5

Total 98.9 99.7 99.6 101.6 100.0 101.5 100.1 97.6 100.0 100.5
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Chondrule 3510-7 (Fig. 13) consists of two, mineralogi-
cally distinct regions. Its main, Al-rich portion has a quench
texture and is metal-free; it is composed of lath-shaped
anorthitic plagioclase (An92–98), Cr-bearing spinel (0.9
Fig. 6. Combined elemental map in Mg (red), Ca (green), and Al Ka (blu
rays of the Allende CAI 6-1-72. Regions outlined and labelled in (a) are
mineralogically distinct regions, easily recognizable in (c). Its main portion
grained fassaite, melilite, spinel, and very fine-grained anorthite groundm
is mineralogically similar to Type B CAIs and consists of massive melilite
body. The CAI periphery has secondary nepheline and sodalite, and is cro
lines in a and c). The core is fractured; the fractures are partly filled by an
Lovering rim sequence of spinel, Al,Ti-diopside, and olivine. andr, andr
wt% Cr2O3), interstitial forsterite, Al-rich (13–14 wt%
Al2O3) low-Ca pyroxene, and fine-grained mesostasis (Ta-
bles 2, 4, and Figs. 1EA, 2EA). Most of the mesostasis is
replaced by hedenbergite (Fig. 13f). A small portion of
e) X-rays (a), and elemental maps in Ti (b), Ca (c) and Na Ka (d) X-
shown in detail in Fig. 7. The CAI consists of two texturally and
is mineralogically similar to Type C CAIs; it is composed of coarse-

ass with abundant anhedral inclusions of fassaite. The right portion
intergrown with fassaite and spinel; it also includes a spinel palisade
sscut by andradite-bearing veins (two veins are labeled by white-red
dradite and wollastonite. The inclusion is surrounded by the Wark-

adite; ol, olivine; sod, sodalite; wol, wollastonite.



Fig. 7. BSE images of the CAI 6-1-72. Regions outlined and labelled in (a) are shown in detail in (b–e). Lacy melilite grains are extensively
replaced by a fine-grained, porous mixture of grossular, monticellite, and forsterite. Coarse Al,Ti-diopside grains contain abundant inclusions
of anorthite. Groundmass anorthite is very fine-grained and contains abundant intergranular, anhedral Al,Ti-diopside. grains The outer
portion of the CAI is extensively replaced by nepheline, sodalite, and ferrous olivine; this alteration zone, as well as pyroxene grains, melilite
pseudomorphs, and groundmass anorthite are crosscut by the andradite and grossular-bearing veins (a). Andradite coexisting with
wollastonite occurs also in fractures in the CAI core (f).
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the chondrule consists of Al-bearing (up to 3.5 wt% Al2O3)
low-Ca pyroxene, olivine (Fa5), and abundant opaque nod-
ules of sulfides and magnetite (alteration product of Fe,Ni-
metal).

Chondrule 3555B-2 (Fig. 14) has an Al-rich core and a fer-
romagnesian mantle. The core consists of anorthitic plagio-
clase (An90), partially replaced by nepheline, and interstitial
Al-bearing low-Ca pyroxene, (Table 2). The mantle zone con-
sists of polysynthetically twinned low-Ca pyroxene, poikiliti-
cally enclosing olivine (Fa9), and abundant opaque nodules
completely replaced by ferrous olivine and Fe,Ni-sulfides.

4. DISCUSSION

4.1. Crystallization sequence of Type C CAIs

Bulk chemical compositions of the Allende Type C
CAIs and Al-rich chondrules described here are reported



Fig. 8. Combined elemental map in Mg (red), Ca (green), and Al
Ka (blue) X-rays (a) and elemental map in Al Ka (b) of the Type B-
like portion of the CAI 6-1-72. Regions outlined and labeled in (a)
are shown in detail in Fig. 9.
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in Table 2 of Wark (1987). Since the CAI compositions are
spinel-saturated, they can be projected from spinel on the
gehlenite–anorthite–forsterite plane (Fig. 1AE) and their
crystallization sequence can be inferred: sp fi sp+an fi
sp+an+mel (100, 160, 3529-40, 6-1-72) or sp+an+di
(TS26, ABC) fi sp+an+mel+di. The early crystallization
of spinel from Type C CAI-like melts is supported by the
experiments of Stolper and Paque (1986) and is consistent
with our petrographic observations described above. At
the same time, the presence of anorthite-free compact re-
gions of melilite and fassaite overgrown by the same miner-
als with abundant anorthite inclusions (lacy melilite and
fassaite) in the CAIs 100, 160, and 6-1-72 (Figs. 5a, 8, 9,
and 11e,f) is difficult to reconcile with equilibrium crystal-
lization from Type C CAI melts: precipitation of melilite
and fassaite must have preceded crystallization of anor-
thite, if all these minerals crystallized from the same melt.
Wark (1987) suggested that crystallization of anorthite
was delayed due to nucleation difficulties and that after
the initial, relatively slow stages of Type C CAI melt crys-
tallization, the residual melt was suddenly quenched. This
interpretation may explain the lacy textures of melilite
and fassaite grains and the very fine-grained groundmass
anorthite. We note, however, that no difficulties in nucle-
ation of anorthite are observed in several other Type C
CAIs, such as CG-5, ABC, TS26, or 93, or in experiments
on crystallization of Type C CAI-like melts (Paque and
Stolper, 1984). We suggest instead that the massive melilite
and fassaite in Type C CAIs are relict, which is consistent
with systematic differences in chemical compositions of
melilite in the Type B and Type C portions of 6-1-72; the
former has lower Na and Åk contents than the latter (Table
2 and Fig. 3).

The predicted crystallization sequence is also inconsis-
tent with the presence of coarse Al,Ti-diopside and meli-
lite grains with abundant anorthite inclusions (lacy
textures); the true eutectic intergrowths of melilite, anor-
thite, and diopside, as observed in the chondrule-bearing
Type C CAIs ABC, TS26, and 93 (Figs. 2a,b, 6, and
10d–f in Krot et al., 2007a) are not observed. Finally,
the very fine-grained nature of anorthite in CAIs 100,
160, 3529-40, and 6-1-72 is very different from the typical
appearance of igneous anorthite in Type B CAIs from
CV chondrites (e.g., Hutcheon et al., 1978; MacPherson
et al., 1988; MacPherson, 2003; Fagan et al., 2004).
Based on these observations, we infer that the lacy tex-
tures of melilite and Al,Ti-diopside and the very fine-
grained anorthite in CAIs 100, 160, 3529-40, and 6-1-72

cannot be explained by single stage crystallization from
Type C CAI melts; these features may have resulted from
remelting of the initially coarse-grained, Type B-like
inclusions.

4.2. Origin of primary minerals in the Allende Type C CAIs

Bulk chemical compositions of igneous CAIs are com-
monly explained as being the result of melting of con-
densate precursors assembled and melted at different
ambient temperatures; the melting was accompanied by
evaporation to varying degrees (e.g., Grossman et al.,
2000, 2002; Richter et al., 2002). These models satisfacto-
rily explain the bulk chemical compositions of some
compact Type A and Type B CAIs, but fail to reproduce
those of Type C inclusions, which are anorthite-enriched
and forsterite-deficient relative to bulk chemical composi-
tions of condensates from a cooling nebular gas (MacPh-
erson et al., 2004), and show no clear evidence for
evaporation from melt: they have high Si/Mg ratios
and show enrichments in light Mg isotopes (Wark,
1987).

Wark (1987) suggested that Type C CAIs crystallized
from melts condensed from a gas of solar composition at
high total pressure and high dust/gas ratio. However, this



1 Replacement of melilite by nepheline can be expressed as
Ca2Al2SiO7(s) + 2Na(g) + SiO(g) + 2H2O(g) = 2NaAlSiO4(s) +
2CaO(g) + 2H2(g)

2 Some Type B CAIs contain abundant forsterite and may have
similar volatility to Type C CAIs. These CAIs, however, show clear
evidence for extensive evaporation accompanied by mass-depen-
dent fractionation of O, Mg, and Si isotopes (e.g., Clayton et al.,
1984; Davis et al., 1991).
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hypothesis is inconsistent with thermodynamic model cal-
culations of gas–liquid condensation in dust-rich nebular
regions (Yoneda and Grossman, 1995; Ebel and Grossman,
2000), which failed to produce these compositions. In addi-
tion, gas–liquid condensation hypothesis is inconsistent
with the presence of relict grains in some of the Allende
Type C CAIs (Krot et al., 2005b, 2007a, this study).

Beckett and Grossman (1988) suggested that Type C
CAIs formed by melting, with little or no volatilization
of spinel-rich Type A CAIs, which experienced partial
replacement of melilite and spinel by diopside and
anorthite:

ðCa2MgSi2O7 þ Ca2Al2SiO7Þðmel ssÞ þMgAl2O4ðsÞ

þ 5SiOðgÞ þ 5H2OðgÞ

¼ 2CaMgSi2O6ðsÞ þ 2CaAl2Si2O8ðsÞ þ 5H2ðgÞ ð1Þ

ðCa2MgSi2O7 þ Ca2Al2SiO7Þmel ss þ 5SiOðgÞ þ 2MgðgÞ þ 7H2OðgÞ

¼ 3CaMgSi2O6ðsÞ þ CaAl2Si2O8ðsÞ þ 7H2ðgÞ ð2Þ

The apparently unmelted spinel-anorthite-rich CAIs de-
scribed in Ningqiang by Lin and Kimura (1998) and in
the reduced CV chondrites Efremovka and Leoville by
Krot et al. (2004b) and Aléon et al. (2005) may represent
such precursor inclusions. These CAIs show clear evidence
for replacement, to varying degrees, of melilite and spinel
by anorthite and Al-diopside in the CAI-forming region
characterized by 16O-rich compositions (Krot et al.,
2005a). The concept of fine-grained, spinel-, melilite-rich
CAI-like precursors for Type C CAIs is also consistent with
Group II rare earth element patterns and enrichment in
light Mg isotopes in some of them (Wark, 1987).

The anorthite-enriched and forsterite-deficient bulk
compositions of Type C CAIs may be explained by
the chemical and physical processes experienced by their
precursors. For example, the equilibrium condensation
calculations reported by MacPherson et al. (2004) and
Petaev and Wood (2005) showed that condensation of
anorthite precedes that of forsterite at total pressures
<10�4 bar; at total pressures 610�5 bar, the bulk chemi-
cal composition of condensates passes through the field
of Type C CAIs. Remelting of these precursors prior
to condensation of forsterite could have resulted in for-
mation of Type C CAIs. Alternatively, the precursors es-
caped mixing with forsterite condensates prior to Type C
CAI melting event(s) (e.g., if these precursors had
rounded, smooth surfaces, without large depressions).
We note, however, that some observations (listed below)
are difficult to reconcile with the ‘‘simple’’ formation his-
tory proposed by Beckett and Grossman (1988), Lin and
Kimura (1998), and Krot et al. (2004b); these are listed
below.

(i) CAI 6-1-72 contains a relict region texturally and
mineralogically similar to Type B CAIs. In addition, CAIs
160 and 100 contain massive melilite and fassaite grains,
which are texturally similar to those in the Type B portion
of 6-1-72. These observations suggest that these CAIs
formed by melting of coarse-grained, igneous inclusions,
not fine-grained nebular condensates. Since bulk composi-
tions of Types B and C CAIs plot in the liquidus fields of
melilite and anorthite, respectively, we infer that either
the Type B CAI-like precursors had experienced very exten-
sive postcrystallization alteration resulting in addition of Si
and formation of anorthite+diopside and/or nephe-
line+sodalite1 (alteration and melting processes could have
occurred several times) or addition of Si occurred during
remelting of Type B-like CAIs, as a result of gas–melt inter-
action as was proposed for chondrules (Tissandier et al.,
2002; Krot et al., 2004d; Libourel et al., 2006).

Although fine-grained, spinel-rich CAI compositions
overlap with those of Type Cs (Lin and Kimura, 1998),
coarse-grained Type B CAIs with sufficient secondary anor-
thite and diopside to move their bulk compositions to the
field occupied by Type C CAIs have not been observed,
suggesting that this may be a rather inefficient process.

Although remelting of Type B CAIs containing nephe-
line and sodalite appears to be consistent with (1) the high
abundance of Na in melilite of Type C CAIs (Fig. 3), (2) the
experimentally determined partitioning of Na between meli-
lite and liquid (Beckett et al., 2000), and (3) the inferred
evolution of Type B CAIs by multiple stages of alteration
and melting (MacPherson and Davis, 1993; Fagan et al.,
2006), the nebular origin of nepheline and sodalite remains
controversial (e.g., MacPherson et al., 1988; Krot et al.,
1998, 2006b and references therein). In addition, a high
abundance of Na in melilite of Type C CAIs is also ob-
served in CR chondrites showing no evidence for alkali
metasomatic alteration (Aléon et al., 2002; Krot et al.,
2005a). Based on these arguments, we infer that addition
of Si and Na possibly through gas–melt interaction may
be a viable mechanism (see below).

(ii) Most Type B CAIs from CV chondrites show miner-
alogical and isotopic (mass-dependent fractionation) evi-
dence for volatilization of common elements (e.g., Mg
and Si) during crystallization (e.g., Grossman et al., 2002;
Davis et al., 2005 and references therein). In contrast, Type
C CAIs, which have higher volatile element contents than
most Type B CAIs,2 show no clear evidence for volatiliza-
tion (Wark, 1987). These observations may indicate that
melting of Type C CAIs occurred under high total pressures
or high dust/gas ratios, which either stabilized melts and
prevented extensive evaporation, or the vaporized elements
efficiently recondensed into the CAI melts. Similar condi-
tions have been inferred for chondrule-forming regions
(Alexander and Wang, 2000; Alexander et al., 2000; Galy
et al., 2000; Desch and Connolly, 2002; Hewins et al.,
2005; MacPherson et al., 2005; Cuzzi and Alexander,
2006). This is consistent with the observations that several
Type C CAIs from Allende and CR chondrites experienced
melting in chondrule-forming regions (Krot et al., 2005a,b,
2007a).



Fig. 9. BSE images of the Type B-like portion of the CAI 6-1-72 (for locations see Figs. 6 and 8). It is largely composed of massive
polycrystalline melilite, spinel, and massive and intergranular fassaite. Massive melilite occurs also within a palisade body. Melilite is crosscut
by veins of fine-grained grossular, monticellite, and rare forsterite. Both massive melilite and spinel palisade are overgrown by fassaite with
abundant inclusions of anorthite and melilite pseudomorphed by a porous mixture of grossular, monticellite, and forsterite.
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We infer that at least some Type C CAIs in Allende
formed by melting of coarse-grained Type B-like inclusions
under conditions where CAI melts were stable, and SiO and
Na condensed into these melts. Fig. 15 illustrates the results
of gas–melt interaction of a Type B CAI-like melt with
SiO + CO gas at 1328 �C and 10�2 bar total pressure; the
duration of the experiment was 2.5 min. The analytical
technique and experimental conditions are discussed in
detail by Tissandier et al. (2002). The interaction results
in the formation of prismatic anorthite crystals in the
peripheral portion of the experimental charge; a very simi-
lar texture is observed in a chondrule-bearing Type C CAI
93 (Figs. 9 and 10a–c in Krot et al., 2007a; Fig. 6EA). At
this temperature, the melt composition moves from the
melilite liquidus field to the liquidus field of anorthite.
Interaction at higher temperature (>1370 �C) would result
in addition of Si to the melt which will crystallize anorthite
under cooling (Fig. 15c). It may explain evolution of Type
B CAI-like melts towards Type C inclusions.

We note that similar conditions existed during forma-
tion of magnesian chondrules, in which compositions were
controlled by gas–melt interaction, not by crystallization of
olivine or pyroxene (Libourel et al., 2002, 2006). If correct,
chondrules and some igneous CAIs experienced melting



Fig. 10. Combined elemental map in Mg (red), Ca (green), and Al Ka (blue) X-rays (a), and elemental maps in Ti (b), Cl (c) and Na Ka (d) X-
rays of a Type C CAI 160. Regions outlined and labelled in (a) are shown in detail in Figs. 11 and 12; arrows labeled as ‘‘e’’ and ‘‘f’’ indicate
regions shown in Fig. 11e and 11f, respectively. The CAI consists of coarse-grained fassaite, melilite, spinel, and groundmass anorthite with
abundant anhedral inclusions of fassaite. The CAI is partially surrounded by the Wark-Lovering rim sequence of spinel, Al,Ti-diopside, and
olivine, fine-grained accretionary rim, and matrix. One of the depressions on the CAI surface is filled by andradite and wollastonite (green
region in left corner of the region labeled as ‘‘12’’). The outer portion of the CAI is replaced by nepheline and sodalite.
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under similar conditions, though not necessarily at the same
time in the same nebular region. It remains unclear to what
degree bulk compositions of igneous CAIs were defined by
their precursor materials, evaporation from melt, or gas–



Fig. 11. Combined elemental map in Mg (red), Ca (green), and Al Ka (blue) X-rays (a), optical micrograph in transmitted light (b), and BSE
images (c–f) of a central region of the Type C CAI 160 (for location see Fig. 10). Regions outlined in (a) and (c) are shown in detail in (b) and
(d), respectively. This region contains lacy melilite and fassaite grains and fine-grained groundmass anorthite. The lacy melilite grains are
replaced by a fine-grained, porous mixture of grossular, monticellite, and forsterite. Pores are also observed along the boundaries between the
pseudomorphed melilite regions and groundmass anorthite; contacts between relict melilite and groundmass anorthite (indicated by yellow
arrows in d) lack pores. (e) Region of massive fassaite with euhedral spinel inclusions, which is overgrown lacy fassaite. (f) Polycrystalline
melilite overgrown by lacy fassaite.
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melt condensation. It can be potentially estimated from
their bulk isotopic compositions.

4.3. Origin of secondary minerals in the Allende Type C CAIs

While Type C CAIs in CR, CO, CH and ungrouped car-
bonaceous chondrites Adelaide and Acfer 094 are mineral-
ogically pristine (Krot et al., 2001, 2004a, 2006a; Aléon
et al., 2002; Itoh et al., 2004), the Allende Type C CAIs typ-
ically contain secondary grossular, monticellite, forsterite,
wollastonite, sodalite, nepheline, hedenbergite, and andra-
dite. Secondary grossular is a ubiquitous phase in the Al-
lende Type B CAIs as well, where it forms veins in
melilite, euhedral crystals lining cavities in melilite and
anorthite, and is predominantly intergrown with monticel-
lite at melilite–anorthite contacts; occasionally, grossular



Fig. 12. Combined elemental map in Mg (red), Ca (green), and Al Ka (blue) X-rays (a) and BSE images (b–f) of a peripheral region of the
Type C CAI 160 (for location see Fig. 10). Regions outlined in (a) and (b) are shown in detail in (b–e). This region contains nearly complete
pseudomorphs after melilite, lacy fassaite, and fine-grained anorthite groundmass with abundant intergranular inclusions of fassaite.
Anorthite in the CAI mantle is replaced by sodalite and nepheline. (d) The Wark-Lovering layers of spinel, Al,Ti-diopside, and olivine are
surrounded by a fine-grained accretionary rim (fgr) largely composed of ferrous olivine, and matrix containing abundant nodules of
andradite–hedenbergite–wollastonite. (e and f) A depression on the surface of the CAIs is filled by andradite and wollastonite.
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is associated with wollastonite (e.g., Hutcheon et al., 1978;
Hutcheon and Newton, 1981; Fagan et al., 2006). Based on
these observations, Hutcheon and Newton (1981) suggested
that grossular and monticellite formed via the closed-sys-
tem reaction:

3Ca2MgSi2O7 þ Ca2Al2SiO7 þ CaAl2Si2O8

¼ 2Ca3Al2Si3O12 þ 3CaMgSiO4: ð3Þ
From the measured melilite composition (Åk52) at the
grossular–monticellite margin, they estimated an appar-
ent equilibrium temperature for the formation of grossu-
lar of 668 �C and concluded that this reaction occurred
in the solar nebula during a prolonged heating event.
Based on the apparent rarity of monticellite associated
with grossular and the common occurrences of spinel
in Type C CAIs in Allende, Wark (1987) proposed



Fig. 13. BSE images (a and c–f) and combined elemental map in Mg (red), Ca (green), and Al Ka (blue) X-rays (b) of an Al-rich chondrule
3510-7. Regions outlined in (a) are shown in detail in (c–f). Region shown in (c) is composed of olivine (ol), low-Ca pyroxene (opx), and
abundant sulfide (sf) nodules; it is texturally and mineralogically similar to Type I chondrules. The rest of the chondrule is almost free of
opaque nodules and consists of lath-shaped anorthitic plagioclase (pl), forsteritic olivine, fine-grained spinel, and Al-bearing low-Ca pyroxene.
Plagioclase and possibly mesostasis in the outer part of the chondrule are replaced by nepheline; hedenbergite occupies interstitial regions
between plagioclase laths.
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another reaction to form grossular, which can proceed
below 724 �C:

2Ca2Al2SiO7 þ CaAl2Si2O8 þ CaMgSi2O6

¼ 2Ca3Al2Si3O12 þMgAl2O4: ð4Þ

However, no textural observations were described to sup-
port this reaction; this mechanism is also inconsistent with
our petrographic observations described above, which indi-
cate that spinel is a primary igneous mineral, not a by-prod-
uct of alteration of melilite.

In CAIs 100, 160, 3529-40 and 6-1-72, lacy melilite
grains are pseudomorphed by grossular, monticellite, ±for-
sterite, suggesting that in addition to reaction (1), another
closed-system, isochemical reaction took place:

3Ca2MgSi2O7 þ Ca2Al2SiO7 þ 2CaAl2Si2O8

¼ 3Ca3Al2Si3O12 þ CaMgSiO4 þMg2SiO4: ð5Þ



Fig. 14. BSE images of an Al-rich chondrule 3555B-2. Regions
outlined in (a) are shown in detail in (b) and (c). The chondrule
core consists of lath-shaped anorthitic plagioclase (pl) corroded by
nepheline (nph), Al-bearing low-Ca pyroxene (px) and high-Ca
pyroxene (cpx). Its mantle zone is composed of low-Ca pyroxene
(opx) poikilitically enclosing olivine (ol) and opaque nodules
extensively replaced by ferrous olivine and Ni-bearing sulfides (sf).
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Although under equilibrium conditions for melilite of
Åk�30–60 (typical range of melilite compositions of Type
C CAIs) this reaction occurs below 760 �C (Fig. 16), the
common presence of unaltered melilite–anorthite inter-
growths in the Allende Type C CAIs suggests the lack of
equilibrium (e.g., Figs. 5b–f, 7a–c, and 11a–d). As a result,
this reaction can only be used to constrain the upper tem-
perature of grossular formation.
Gehlenitic melilite in the Type B portion of 6-1-72

has been largely replaced by grossular and monticellite;
however, forsterite is very minor (Figs. 8 and 9). There
is no clear evidence that anorthite participated in this
reaction (i.e., reaction (2) is not applicable). These obser-
vations may indicate an open-system alteration of
melilite:

Ca2MgSi2O7 þ Ca2Al2SiO7 þ SiO2

¼ Ca3Al2Si3O12 þ CaMgSiO4: ð6Þ

The chondrule-bearing Type C CAIs ABC, TS26, and 93

contain secondary grossular, monticellite, and wollastonite
replacing melilite and anorthite-rich mesostasis (see Figs.
2a–e, 6, and 10e–f in Krot et al., 2007a; Fig. 7EA), suggest-
ing the following isochemical reaction:

4Ca2MgSi2O7 þ Ca2Al2SiO7 þ CaAl2Si2O8

¼ 2Ca3Al2Si3O12 þ 4CaMgSiO4 þ CaSiO3: ð7Þ

Although both nebular and asteroidal heating could have
resulted in formation of grossular in the Allende Type C
CAIs, the former appears to be less attractive for several rea-
sons. (i) Aluminum–magnesium systematics of most grossu-
lar grains analyzed so far (MacPherson, 2003 and references
therein) suggest its very late-stage formation, which is diffi-
cult to reconcile with prolonged nebular heating (Hutcheon
and Newton, 1981). We note, however, that a high initial
26Al/27Al ratio �3 · 10�5 has been recently inferred for
one of the grossular grains from the Allende Type B2 CAI;
secondary grossular and sodalite in the same CAIs show
small 26Mg* corresponing to the initial 26Al/27Al ratio of
(4.7 ± 2.6) · 10�6 (Fagan et al., 2006). If these observed ex-
cesses in 26Mg of the Allende grossular and sodalite are not
inherited from the replaced melilite and anorthite, multistage
formation of grossular would be required. At the same time,
there is no disagreement that Allende experienced prolonged
thermal metamorphism in an asteroidal setting at P350 �C
(e.g., Bonal et al., 2006 and references therein). (ii) Secondary
grossular occurs also in the Allende chondrules, suggesting
that both CAIs and chondrules experienced similar thermal
processing (Krot et al., 1998 and references therein). (iii) Nei-
ther CAIs nor chondrules in the reduced CV chondrites show
evidence for secondary grossular; it is also absent in aqueous-
ly altered oxidized chondrites of the Bali-like subgroup,
which experienced lower temperature thermal metamor-
phism than Allende (Bonal et al., 2006).

Anorthite in outer portions of the Allende Type C CAIs is
replaced by nepheline and sodalite; spinel in these altered re-
gions is enriched in FeO. These observations suggest that the
CAIs experienced open-system iron–alkali metasomatic
alteration with Na, Cl, and Fe being introduced and Ca pref-
erentially lost. This alteration may have either postdated for-
mation of grossular–monticellite–forsterite pseudomorphs
or both processes took place contemporaneously. We note
that the presence of abundant hedenbergite–wollastonite–
andradite nodules in the oxidized CV matrices could be a
by-product of this type of alteration (Krot et al., 1998). The
alkali-rich peripheries of the CAIs and pseudomorphed meli-
lite grains are crosscut by andradite-bearing veins, indicating
that they postdate both secondary mineral assemblages.



Fig. 15. (a) BSE image of experimental charge of a Type B CAI-
like bulk composition (in wt%: MgO, 5.3, SiO2, 29.9, Al2O3, 32.5,
and CaO, 32.3) that was exposed at 1328 �C to SiO + CO gas for
2.5 min. an, anorthite; mel, melilite; sp, spinel. (b) Gas–melt
interaction resulted in evolution of melt composition from melilite
liquidus field to anorthite liquidus field and nucleation of prismatic
anorthite crystals in the peripheral zone of the charge. (c)
Isothermal interaction of the melt at higher temperature would
result in increase of its Si content without nucleation of anorthite.

Fig. 16. Equilibrium calculations illustrating equilibrium temper-
ature for the formation of grossular, monticellite, and forsterite or
wollastonite by replacement of melilite and anorthite. Lack of
equilibrium in the Allende Type C CAIs does not allow estimating
of the formation temperature of grossular-bearing assemblages.
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We infer that secondary grossular, forsterite, monticel-
lite, nepheline, sodalite, ferrous olivine, hedenbergite, and
andradite in the Allende Type C CAIs most likely formed
during asteroidal thermal processing.
5. CONCLUSIONS

[1.] The coarse-grained, igneous, anorthite-rich (Type C)
CAIs from Allende have diverse textures and mineralo-
gies, suggesting complex nebular and asteroidal forma-
tion histories. Three of these CAIs (ABC, TS26, and
93) with very sodium-rich åkermanitic melilite (Åk63–

74, 0.4-0.6 wt% Na2O) and Cr-bearing Al,Ti-diopside
contain chondrule-like materials (forsteritic olivine,
low-Ca pyroxene, and high-Ca pyroxene) in their periph-
eral portions. The CAIs 100, 160, 6-1-72, and 3529-40

contain relict coarse-grained regions, which are textur-
ally and mineralogically similar to the Allende Type B
CAIs and are overgrown by fassaite and Na-bearing
åkermanitic melilite (Åk30–75, 0.1–0.4 wt% Na2O) grains
with abundant rounded inclusions of anorthite, �5–
10 lm in size; all are embedded into a similarly fine-
grained anorthite groundmass. The melilite–anorthite
grains in these CAIs are pseudomorphed to varying
degrees by grossular, monticellite, and pure forsterite
(100, 160, 6-1-72, and 3529-40) or wollastonite (ABC,
TS26, and 93). Melilite and anorthite in the CAI periph-
eries are replaced by nepheline and sodalite, which are
crosscut by andradite-bearing veins; spinel is enriched
in FeO. The CAI fragment CG5 is exceptionally rich in
spinel poikilitically enclosed by Na-free gehlenitic meli-
lite (Åk20–30), fassaite, and lath-shaped anorthite; none
of the minerals show evidence for alteration.
[2.] The Al-rich chondrules 3655b-2 and 3510-7 contain
the Al-rich and ferromagnesian portions; the former
are made of anorthitic plagioclase, Al-rich low-Ca
pyroxene, and Cr-bearing spinel; the latter consist of
fosteritic olivine, low-Ca pyroxene, and opaque nodules.
[3.] We conclude that CAIs 100, 160, 6-1-72, and 3529-

40 formed by incomplete melting of coarse-grained
Type B-like CAIs, which either experienced extensive
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replacement of melilite and spinel by anorthite and
diopside (traces of secondary Na-bearing minerals,
e.g., nepheline or sodalite, might have formed as well),
or silica and sodium were added during melting event.
[4.] CG5 could have formed by melting of fine-grained
CAI with melilite and spinel partially replaced anorthite
and diopside.
[5.] CAIs ABC, 93, and TS-26 experienced melting in the
chondrule-forming regions with addition of chondrule-
like material, such as forsteritic olivine and low-Ca
pyroxene.
[6.] Anorthite-rich chondrules formed by melting of the
Al-rich (Type C CAI-like) precursors mixed with ferro-
magnesian, Type I chondrule-like precursors, support-
ing the earlier conclusion of Beckett and Grossman
(1988).
[7.] The CAIs experienced thermal metamorphism,
which resulted in pseudomorphic replacement of melilite
and anorthite by grossular, monticellite, and forsterite
(100, 160, 6-1-72, 3592-400) or by grossular, monticel-
lite, and wollastonite (ABC, 93, TS-26). The pseudomor-
phic replacement was followed or accompanied by iron–
alkali metasomatic alteration resulting in replacement of
melilite and anorthite by nepheline and sodalite, enrich-
ment of spinel in FeO, and precipitation of salite–heden-
bergite pyroxenes, wollastonite, and andradite in
fractures and pores in and around CAIs. These alter-
ation processes most likely occurred in an asteroidal set-
ting during prolonged thermal metamorphism, rather
than in the solar nebula.
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