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Abstract—We measured major, minor, and trace-element compositions for eleven Al-rich chondrules from
unequilibrated ordinary chondrites to investigate the relationships between Al-rich chondrules, ferromagne-
sian chondrules, Ca-, Al-rich inclusions (CAIs), and amoeboid olivine aggregates (AOAs). Phase equilibrium
considerations show that, for the most part, mineral assemblages in Al-rich chondrules are those expected from
melts of the observed compositions. The diversity of mineral assemblages and Al-rich chondrule types arises
mainly from the fact that the array of compositions spans both the spinel-saturated anorthite-forsterite reaction
curve and a thermal divide defined by where the anorthite-forsterite join crosses the reaction curve. The
reaction curve accounts for the two principal varieties of Al-rich chondrule, plagioclase-phyric and olivine-
phyric, with or without aluminous spinel. The thermal divide influences the subsequent evolution of each
variety. A third variety of Al-rich chondrule contains abundant sodium-rich glass; trace-element fractionation
patterns suggest that these glassy Al-rich chondrules could have been derived from the other two by extensive
alteration of plagioclase to nepheline followed by remelting. The bulk compositions of Al-rich chondrules
(except sodium-rich ones) are intermediate in a volatility sense between ferromagnesian chondrules and type
C CAIs. The combined trend of bulk compositions for CAIs, Al-rich chondrules, and ferromagnesian
chondrules mirrors, but does not exactly match, the trend predicted from equilibrium condensation at
PT � 10-3 atm; the observed trend does not match the trend found for evaporation from a liquid of chondritic
composition. We thus infer that the bulk compositions of the precursors to CAIs, Al-rich chondrules, were
ferromagnesian chondrules were controlled primarily by vapor-solid reactions (condensation or sublimation)
in the solar nebula. Some Al-rich chondrules are consistent with an origin by melting of a compound
CAI-ferromagnesian chondrule hybrid; others cannot be so explained. Any hybrid model is restricted by the
constraint that the CAI precursor consisted dominantly of pyroxene � plagioclase � spinel; melilite cannot
have been a significant component. Amoeboid olivine aggregates also have the inferred mineralogical
characteristics of Al-rich chondrule precursors—they are mixtures of olivine with plagioclase-spinel-pyrox-
ene–rich CAIs—but the few measured bulk compositions are more olivine-rich than those of Al-rich
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chondrules. Copyright © 2005 Elsevier Ltd
1. INTRODUCTION

Chondrules and calcium-aluminum-rich inclusions (CAIs)
are among the most ancient materials formed in our Solar
System �4.6 billion years ago. They are probes into the pro-
cesses and conditions that existed in the solar nebula. Yet
despite more than 30 years of detailed studies, the temporal and
petrogenetic relationships between these two very different
types of primitive objects are poorly understood. Did they form
by similar or different processes, at different times or contem-
poraneously, and in the same or different localities? One ap-
proach to answering these questions is through the study of
so-called Al-rich chondrules, which share mineralogic and
chemical properties with both CAIs and ferromagnesian chon-
drules (informally, Fe-Mg rich and Al poor). Although Al-rich
chondrules rarely have been studied in any systematic fashion
(Bischoff and Keil, 1984; Sheng et al., 1991; Krot and Keil,
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2002; Krot et al., 2002, 2004b), it is clear that in some way they
must be petrogenetic links between ferromagnesian chondrules
and CAIs. The importance of Al-rich chondrules is further
enhanced by the fact that their constituent plagioclase feldspar
and Al-rich glass have proven amenable to successful ion
microprobe searches for radiogenic 26Mg, the decay product of
26Al (t1/2 � 720,000 y). This has allowed estimates to be made
of the time duration between CAI formation and the onset of
Al-rich (and at least some ferromagnesian) chondrule forma-
tion on the order of 1.5–2.5 million years (Kita et al., 2000;
Huss et al., 2001).

This paper presents detailed bulk major and trace element
chemical compositions of eleven chondrules that were analyzed
as part of a comprehensive chemical and isotopic study of CAIs
and Al-rich chondrules in unequilibrated ordinary chondrites
(UOCs); they were selected on the basis of containing primary
igneous phases with high Al/Mg ratios, suitable for Mg isotopic
studies. When recast into normative components and plotted
(along with literature data for similar chondrules) on relevant
phase equilibrium diagrams, the great diversity of mineralogy
and textures in the Al-rich chondrule population appear in
general to be a direct and predictable result of the fact that their

wide range of bulk compositions spans two major petrogenetic
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boundaries: a reaction boundary curve and a thermal divide,
both of which control the liquid line of descent of any individ-
ual chondrule. In addition, the bulk composition trend of Al-
rich chondrules links the trends of Types IA/IB ferromagnesian
chondrules and CAIs to form a single, highly nonlinear trend
that appears to be controlled by the stoichiometry of solid
mineral phases. This combined bulk composition trend approx-
imately parallels, but does not exactly follow, the trend pre-
dicted by equilibrium condensation of a solar gas at low pres-
sure. This result suggests that the three groups of objects are
related by volatility-controlled processes involving vapor and
solid. Finally, the normative components derived from bulk
major element composition data commonly show correlations
with trace element abundances. Preliminary reports on various
aspects of this work were given by MacPherson and Russell
(1997), Huss et al. (1997), and MacPherson and Huss (2000).
Oxygen isotopic analyses of several of the Al-rich chondrules
are given in Russell et al. (1997a, 1998, 2000); magnesium-
isotopic results are reported in Russell et al. (1996, 1997b) and
Huss et al. (2001).

2. METHODS AND SAMPLES

2.1. Chondrule Identification, Characterization,
and Mineral Chemistry

Polished thin sections were examined by optical microscope and
then studied using the Smithsonian’s JEOL JSM-840A scanning elec-
tron microscope, which is equipped with a Kevex Si(Li) x-ray analyzer.
Al-rich chondrules were located by systematically searching each en-
tire thin section using x-ray area mapping.

Mineral major element compositions determined at the Smithsonian
were measured using (through 1996) an ARL-SEMQ automated
9-spectrometer electron microprobe. Operating conditions were 15 kV
accelerating voltage and 0.15 �A probe current. Data were reduced
using the procedure of Bence and Albee (1968). Since 1997, a new
JEOL JXA-8900R 5-spectrometer electron microprobe has been used
for all mineral chemical analyses done at the Smithsonian. Operating
conditions for this instrument were 15 kV accelerating voltage and
0.10–0.20 �A probe current. Data from this machine were corrected
using a proprietary ZAF program. For both the ARL and JEOL instru-
ments, natural and synthetic minerals were used as calibration stan-
dards. For glass and feldspar analyses on both machines, short counting
times and a slightly defocused beam of �10 �m were used to minimize
sodium loss; on the JEOL instrument, decreased probe currents were
employed as well for the same purpose.

Mineral major element compositions determined at Caltech were
measured using a JEOL 733 automated 5-spectrometer electron micro-
probe. Operating conditions for mineral analyses were 15 kV acceler-
ating voltage and 0.025 �A beam current. The electron beam was
rastered over a �7.5 � �7.5 �m area. For glass analyses, the beam
current was reduced to 0.015 �A and the raster area was increased to
10 � 10 �m. Natural and synthetic minerals were used for calibration.
Data were corrected using the CITZAF program (Armstrong, 1995).

Between one and four analyses of trace-element abundances (not
reported individually herein) were obtained for individual mineral
phases to calculate bulk trace element compositions for the chondrules.
They were determined with the Caltech PANURGE Cameca ims-3f ion
probe, using an O� primary ion beam. Energy filtering was used to
suppress the signals of complex molecular interferences; for the rare
earth elements (REE), measured signals were deconvolved into ele-
mental and oxide components (Zinner and Crozaz, 1986; Fahey et al.,
1987). Calcium was the reference element. Standards were synthetic
Ti-pyroxene glass, Madagascar hibonite, HAL hibonite, and Alnö
(Sweden) perovskite.

2.2. Bulk Compositions
Bulk compositions for the Al-rich chondrules were calculated by
combining modal mineral abundances for individual chondrules with
the average compositions (major, minor, and trace elements) of their
constituent minerals. Modal mineral abundances were determined by
point counting back-scattered electron images of the chondrules, in
some cases manually and where possible by digital image analysis
(pixel counting) using commercial software. We necessarily assumed
that area fractions are equal to volume fractions. These were then
converted into mass fractions using appropriate densities for the indi-
vidual phases. For most phases there is little or no internal chemical
variation within the minerals and simple arithmetic averages were used.
Olivine in two chondrules and spinel in one show strong iron enrich-
ment near rims and fractures that is believed to be a secondary (pos-
sibly parent body) effect; in these cases, only the magnesium-rich
compositions were used. Plagioclase commonly is altered to nepheline.
To calculate the primary bulk compositions, all modal nepheline was
calculated as plagioclase. Glass in one chondrule showed significant
variation and we used a simple average of all measurements.

One potentially significant source of error in determining bulk com-
positions by this method is that the slice through an object as exposed
in the plane of the thin section may not be a representative sample of
the object as a whole. This problem can arise from random fluctuations
in modal mineralogy, but it will be most severe for off-center slices
through objects whose interiors are systematically very different in
mineralogy and chemistry from their outer regions, e.g., chondrules
that possess spherically symmetric zoning in modal mineralogy. Even
if the slice is reasonably believed to pass through the center of the
chondrule, the relative areas of core and mantle still must be recalcu-
lated as concentric volumes in a sphere. For all but two of the chon-
drules studied here (Chainpur 1251-16-2 and 1251-3-1), the problems
noted above do not appear to be significant (no evidence of zonation or
other heterogeneity) and no correction was made. In Chainpur 1251-
16-2 there is no way of knowing whether the modal relationship
between the huge central olivine (see description below) and the minor
surrounding enstatite-rich mesostasis is representative of the whole
object. We were forced to accept the mode as measured, and no
correction was made. Chainpur 1251-3-1 is concentrically zoned, with
most of the diopside and spinel concentrated in the chondrule core and
most of the glass, metal, and sulfide in its outer regions. There is no
way of determining if the plane of the section goes through the center
of the chondrule in such a small object, so we necessarily assumed that
it does. We used digital image analysis to measure the separate modes
in the core and mantle, and then calculated their relative spherical
volumes.

2.3. Petrography and Mineral Chemistry
of the Al-Rich Chondrules

Modal mineral abundances for the Al-rich chondrules are given in
Table 1. Compositions of individual phases are given in Tables 2–6.
Partial descriptions of some of these chondrules were published pre-
viously, but we include complete descriptions of all here to provide a
basis for later discussions.

Chainpur 1251-16-2 (Fig. 1a) is an ovoid and complex chondrule or
chondrule fragment, �600 � �700 �m in size. The chondrule is
dominated by one large, severely scalloped and corroded olivine crystal
that is zoned from Fo93 in its core to Fo82 along fractures and at its
edges (Table 2). External to the olivine is a discontinuous outer zone
consisting of untwinned enstatite crystals (En92, Table 5) that locally
enclose round blebs of Fe-rich olivine (Fo67–71). Enclosed within the
core of the olivine crystal, which is also the center of the chondrule, is
a large irregular area consisting of enstatite, zoned olivine grains, and
interstitial plagioclase (An79, Table 4) and diopside (Table 5); minor
nepheline partially replaces plagioclase. The core may be a trapped
relict fragment or else a plagioclase-rich re-entrant of the enstatite rim
zone that projects into the olivine from the third dimension. The
inferred order of appearance of phases in this “relict” core is olivine,
enstatite, and diopside� plagioclase.

Krymka 1729-9-1 (Fig. 1b) is a rounded chondrule �1 mm in diameter,
truncated on one side by the thin section edge. It has a granular texture,
consisting mostly of blocky olivine grains (Fo83–85, Table 2) with inter-
stitial anhedral plagioclase (An85–87, Table 4). In the interior of the
chondrule are rare grains of metal (5.7% Ni), pigeonite that has exsolved

to enstatite and augite (Table 5) as well as ilmenite (avg. �3.6% MgO).
Small enstatite grains (Table 5) occur around the periphery of the chon-
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drule, rimming olivine. It is reasonably clear that olivine was the first
crystallizing phase, but textures relevant to the rest of the crystallization
sequence are ambiguous. For the silicates, the best estimate is olivine,
followed by plagioclase or enstatite, and finally pigeonite.

Quinyambie 6076-5-2 (Fig. 1 of Russell et al., 2000) is a rounded
chondrule at least 575 �m in diameter, but possibly larger because half or
more of the chondrule is truncated by the edge of the thin section. This
chondrule was first described by Russell et al. (1996) and labeled Moora-
bie 6076-5-2 because at the time the two meteorites were believed to be
paired. It is composed of blocky olivine crystals up to �130 �m in size
(Fo82–84, Table 2) that are partially mantled by Mg-rich, subcalcic augite
(Table 5). Interstitial to these are anhedral, partly maskelynitized plagio-
clase crystals (�An66–83, Table 4) up to �100 �m in length. The olivines
are, in places, mantled directly by plagioclase without intervening pyrox-
ene. Thus plagioclase may have preceded pyroxene in the crystallization
sequence. Accordingly, the texturally inferred crystallization sequence is
olivine, then plagioclase, and finally pyroxene.

Chainpur 1251-14-1 is a slightly elliptical chondrule, just under 600
�m in maximum dimension, which was described by Russell et al.
(1996) (their Fig. 1b). It is porphyritic, with abundant euhedral phe-
nocrysts (�85 �m) of olivine (Fo96–99, Table 2) and sparse euhedral
spinels (FeO � 1%, Table 3; most �30 �m, but one central crystal is
185 �m) set in a finer-grained groundmass of euhedral to somewhat
skeletal plagioclase laths (An86–89, Table 4), ophitic aluminous diop-
side (Table 5), and sparse troilite and iron-nickel metal beads. Some
spinel grains are enclosed within forsterite, suggesting that spinel
preceded olivine in the crystallization sequence. Plagioclase laths are
without exception truncated where they abut forsterite and spinel. Near
the outermost margin of the chondrule the olivine and spinel crystals
show minor enrichment in FeO (e.g., Table 4) along crystal edges and
fractures. The inferred order of appearance of crystallizing phases is
spinel, olivine, plagioclase, and then pyroxene.

Inman 5652-1-1 is a complex predominantly barred olivine chon-
drule that was described by Russell et al. (1996) (their Fig. 1d). Its
original size is somewhat uncertain because the thin section edge
truncates it, but we estimate the diameter of this rounded object to
be just over 500 �m. Throughout most of the chondrule, skeletal
olivine bars (Fo94 –99, Table 2) cut across laths of anorthite (An95–99,
Table 4) that are locally subparallel to one another and nearly
perpendicular to the olivine, giving this portion of the chondrule a
cross-barred texture. Interstitial to the feldspar is aluminous diop-
side (Table 5). Rare corroded spinel grains (e.g., Table 4) are
enclosed in olivine and plagioclase. One end of the chondrule is
fragmented, contains far less olivine than the main portion, and the
barred texture is missing. Thus Inman 5652-1-1 appears to be a
compound chondrule. The olivine-poor region is laced with veins of
terrestrial Fe oxide that also permeate much of the meteorite in
general. Around the periphery of much of the entire chondrule is a
fine-grained 10 –20-�m-thick rim that consists of small (�5 �m)
rounded blebs of olivine enclosed within pyroxene; the pyroxene is
distinctly poorer in Al and Ti relative to the interior pyroxene (Table
5). Excluding the rim and based on the barred olivine region only,
the texturally inferred order of crystallization is spinel first, fol-
lowed by olivine, plagioclase, and finally pyroxene. All subsequent
discussion of this chondrule will refer to the barred portion only.

Semarkona 4128-3-2 (Fig. 1c) is a lens-shaped chondrule fragment,
350 � 310 �m, with a partly developed barred-olivine structure.
Interstitial to the olivine bars (Fo99–100, Table 2) are �40 � �10 �m
laths and hopper-shaped crystals of untwinned calcic plagioclase (con-
taining 6%–8% of the magnesium plagioclase component,*
CaMgSi3O8; Table 4; see Longhi et al., 1976), small blocky grains of
aluminous diopside (Table 5), and minor SiO2-rich glass. Near the
center of the chondrule is a single �50-�m equant crystal of spinel
(Table 3). The crystallization sequence inferred from textures is some-

* The high Mg is very reproducible, and measurements on widely
separated dates using two different microprobes were indistinguishable.
Analyses contaminated by beam overlap onto neighboring olivine and
pyroxene were easily recognized and thus eliminated from consider-
ation on the basis of Mg vs Si stoichiometry diagrams, and only

superior analyses were used in arriving at the average analysis given in
Table 4.Pl
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what ambiguous: spinel � olivine (relative order unclear) appeared
first, followed by anorthite � pyroxene (with residual glass).

Chainpur 5674-2-1 (Fig. 1d) is a slightly elliptical chondrule, 440
� 500 �m, whose texture is dominated by large euhedral anorthite
laths (An90–98, Table 4) up to 350 �m long and 65 �m wide (Fig. 2c).
The cores of the largest laths have been mostly replaced by nepheline.
Accompanying the plagioclase are sparse blocky olivine grains (inte-
rior: Fo92–99, Table 2), some with hollow cores, which in a few cases
appear to be partly enclosed within the end or edges of large plagio-

Table 2. Average compositio

Chondrule
Chainpur 1251-16-2
Mg-Rich (N � 3)

Chainpur 1251-16-2
Intermediate

(N � 92)

SiO2 40.9 � 0.5 39.9 � 1.2
TiO2 0.09 � 0.5 0.08 � 0.03
Al2O3 0.00 � 0.00 0.03 � 0.09
Cr2O3 0.061 � 0.007 0.07 � 0.03
FeO 7.8 � 1.1 13.9 � 3.9
MnO ND 0.14
V2O3 ND 0.004
NiO ND 0.04
MgO 50.7 � 0.5 45.3 � 2.9
CaO 0.17 � 0.04 0.12 � 0.14
Na2O 0.00 � 0.00 0.002 � 0.010
K2O 0.003 � 0.005 0.006 � 0.013
Total 99.72 99.59
Fo range 91-93 82-88

Chondrule
Chainpur 1251-14-1

(N � 9)
Inman 5652-1-1

(N � 10)

SiO2 41.7 � 1.0 41.5 � 1.7
TiO2 0.09 � 0.05 0.09 � 0.03
Al2O3 0.19 � 0.19 0.5 � 0.3
Cr2O3 0.13 � 0.07 ND
FeO 1.2 � 2.6 2.5 � 2.5
MnO 0.03 � 0.04 ND
V2O3 0.04 � 0.05 0.02 � 0.03
NiO 0.05 � 0.09 ND
MgO 54.7 � 1.7 55.2 � 2.7
CaO 0.6 � 0.5 0.56 � 0.07
Na2O 0.02 � 0.02 0.004 � 0.008
K2O 0.002 � 0.011 0.000 � 0.001
Total 98.75 100.37
Fo range 96-99 94-99

Chondrule
Chainpur 5674-3b-1

(N � 17)

SiO2 42.1 � 0.6
TiO2 0.05 � 0.03
Al2O3 0.09 � 0.08
Cr2O3 0.08 � 0.04
FeO 2.4 � 2.3
MnO 0.03 � 0.03
V2O3 0.007 � 0.009
NiO ND
MgO 54.7 � 2.1
CaO 0.34 � 0.06
Na2O 0.007 � 0.006
K2O 0.006 � 0.004
Total 99.81
Fo range 91-99

ND � Not Determined
1 Reported in wt. %. Errors are 2� standard deviations of individua
2 Mean for MnO, V2O3, and NiO in Chainpur 1251-16-2 intermedi
clase crystals. Clearly interstitial to both the olivine and plagioclase are
blocky to branching aluminous diopside (Table 5) and fine dendritic
intergrowths consisting variously of olivine � plagioclase and diopside
� plagioclase. The interstitial plagioclase is slightly more sodic in
composition (An83–88, Table 4) than the phenocrysts. There is a small
amount of residual glass. Near the exterior of the chondrule, the olivine
crystals are Fe-rich (Fo�60, Table 2) along grain margins and fractures.
Plagioclase and olivine were the earliest crystallizing phases, but their
relative order is ambiguous. The observation that olivine is not found
in the middle of the largest plagioclase laths hints that anorthite
appeared first, followed closely by olivine, and then finally pyroxene.

ivine in Al-rich chondrules.1

pur 1251-16-2
Rich (N � 2)

Krymka 1729-9-1
(N � 10)

Quinyambie 6076-5-2
(N � 9)

7.7 � 1.2 39.4 � 0.7 39.2 � 0.6
35 � 0.007 0.05 � 0.06 0.04 � 0.02
.08 � 0.20 0.05 � 0.09 0.1 � 0.2
0.3 � 0.7 ND ND
6.0 � 5.9 15.9 � 1.2 16.2 � 1.4
.37 � 0.03 ND ND
.02 � 0.05 0.000 � 0.003 0.002 � 0.005
.00 � 0.00 ND ND
4.6 � 3.2 45.1 � 1.3 43.3 � 0.5
.14 � 0.17 0.24 � 0.07 0.27 � 0.05
.01 � 0.03 0.01 � 0.02 0.009 � 0.018
01 � 0.004 0.002 � 0.007 0.00 � 0.012

99.26 100.75 99.13
67-71 83-85 82-84

kona 4128-3-2
(N � 5)

Chainpur 5674-2-1
Mg-Rich (N � 7)

Chainpur 5674-2-1
Fe-Rich (N � 2)

.8 � 1.1 41.5 � 1.0 36.6 � 1.5
06 � 0.04 0.08 � 0.10 0.11 � 0.02
11 � 0.12 0.2 � 0.4 0.07 � 0.02
24 � 0.16 0.13 � 0.19 ND
.5 � 0.3 4.8 � 3.5 28.5 � 2.8
14 � 0.19 ND ND
39 � 0.006 ND ND

ND ND ND
.6 � 1.0 52.9 � 2.5 32.6 � 2.0
35 � 0.03 0.41 � 0.11 0.48 � 0.04
08 � 0.015 0.04 � 0.05 0.013 � 0.010
07 � 0.013 0.004 � 0.014 0.002 � 0.003

99.85 100.06 98.38
99-100 92-99 60-68

Chainpur 1251-16-3
(N � 18)

Chainpur 1251-3-1
(N � 13)

41.9 � 1.2 41.8 � 0.8
0.05 � 0.05 0.06 � 0.10
0.04 � 0.06 0.09 � 0.12
0.10 � 0.11 0.08 � 0.04

3.7 � 5.3 0.4 � 0.06
0.07 � 0.03 0.01 � 0.02

0.003 � 0.013 0.02 � 0.04
0.01 � 0.05 0.01 � 0.05
54.3 � 4.6 56.2 � 0.8
0.21 � 0.03 0.30 � 0.12

0.003 � 0.008 0.01 � 0.04
0.007 � 0.013 0.015 � 0.015

100.39 99.00
90-99 99-100

rements.
ine comes from a single measurement.
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Chainpur 1251-14-2 (Fig. 1e) is an irregularly shaped chondrule,
�300 �m in maximum dimension. It is composed mainly of large
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plagioclase laths up to �185 �m long (An89–97, Table 4), which are
partially replaced by nepheline. Interstitial to the feldspar laths is a
blocky to dendritic intergrowth of plagioclase and aluminous diopside
(Table 5). The plagioclase is unusual in two respects: It is riddled with

Table 3. Average compositio

Chondrule
Chainpur 1251-14-1
Mg-Rich (N � 2)

Chainpur 1251-14-1
Fe-Rich (N � 6)

SiO2 0.08 � 0.02 0.17 � 0.15
TiO2 0.32 � 0.04 0.40 � 0.16
Al2O3 69.6 � 2.0 68.8 � 2.6
Cr2O3 0.323 � 0.011 0.5 � 0.5
FeO 0.6 � 0.3 3.7 � 4.7
MnO 0.02 � 0.02 0.03 � 0.02
V2O3 0.34 � 0.04 0.31 � 0.13
NiO 0.04 � 0.03 0.05 � 0.09
MgO 27.7 � 0.4 25.9 � 3.4
CaO 0.028 � 0.009 0.06 � 0.05
Na2O 0.02 � 0.02 0.01 � 0.02
K2O 0.000 � 0.000 0.000 � 0.000
Total 99.07 99.93

ND � Not Determined.
1 Reported in wt. %. Errors are 2� standard deviations of individua
2 Only one of six measurements included MnO and V2O3.

Table 4. Average composition

Chondrule
Chainpur 1251-16-2

(N � 3)
Chainpur 1251-14-2

(N � 39)

SiO2 48.2 � 0.5 44.7 � 1.4
TiO2 0.08 � 0.09 0.2 � 0.2
Al2O3 33.35 � 0.18 35.3 � 1.3
Cr2O3 0.025 � 0.001 0.008 � 0.015
FeO 0.45 � 0.07 0.2 � 0.2
MnO 0.03 � 0.07 ND
V2O3 0.02 � 0.13 0.01 � 0.03
NiO 0.003 � 0.004 ND
MgO 0.33 � 0.08 0.2 � 0.4
CaO 16.21 � 0.16 18.9 � 1.0
Na2O 2.49 � 0.13 0.8 � 0.5
K2O 0.041 � 0.014 0.02 � 0.04
Total 101.23 100.34
An range 79 89-97

Chondrule
Inman 5652-1-1

(N � 30)
Semarkona 4

(N � 1

SiO2 44.0 � 0.9 48.0 � 1
TiO2 0.06 � 0.04 0.16 � 0
Al2O3 35.6 � 0.8 30.7 � 2
Cr2O3 0.004 � 0.009 0.03 � 0
FeO 0.3 � 0.3 0.2 � 0
MnO ND 0.03 � 0
V2O3 0.007 � 0.013 0.008 � 0
NiO ND 0.010 � 0
MgO 0.5 � 0.2 1.9 � 1
CaO 20.1 � 0.5 18.4 � 1
Na2O 0.07 � 0.06 0.42 � 0
K2O 0.004 � 0.010 0.02 � 0
Total 100.65 99.88
An range 95-99 80-86

ND � Not Determined.
1
 Reported in wt. %. Errors are 2� standard deviations of individual measu
2 Maskelynite–composition is non-stoichiometric. Original plagioclase may
submicron-sized round holes, and the polysynthetic twinning plane is
oriented �60o away from the length of the crystals. The pyroxene is the
most aluminum-rich of any of the chondrules we studied, and the
composition is bimodal in terms of aluminum. This suggests that the

inel in Al-rich chondrules.1

an 5652-1-1
(N � 1)

Semarkona 4128-3-2
(N � 62)

Chainpur 1251-3-1
(N � 12)

1.27 0.11 � 0.08 0.04 � 0.04
0.31 0.26 � 0.03 0.28 � 0.11

64.4 69.5 � 0.6 70.7 � 0.5
3.79 0.64 � 0.14 0.17 � 0.07
5.92 0.30 � 0.03 0.8 � 0.7
0.09 0.014 0.01 � 0.02
0.09 0.31 0.25 � 0.04
0.07 ND 0.02 � 0.06

23.8 28.8 � 0.5 27.7 � 1.3
0.31 0.044 � 0.019 0.02 � 0.03
0.02 0.004 � 0.004 0.005 � 0.018
0.00 0.008 �0.019 0.01 � 0.02

100.07 99.99 100.01

rements.

ioclase in Al-rich chondrules.1

ka 1729-9-1
� 14)

Quinyambie 6076-5-22

(N � 12)
Chainpur 1251-14-1

(N � 7)

3 � 0.8 46.1 � 1.3 45.6 � 1.0
2 � 0.02 0.07 � 0.04 0.12 � 0.03
6 � 0.6 33.3 � 1.1 34.6 � 0.6
0 � 0.016 0.02 � 0.03 0.03 � 0.03
7 � 0.2 0.9 � 0.7 0.5 � 0.4

ND 0.03 � 0.04 0.02 � 0.02
4 � 0.008 0.02 � 0.02 0.01 � 0.04

ND 0.04 � 0.10 0.05 � 0.13
4 � 0.16 0.6 � 0.3 0.4 � 0.4
1 � 0.3 14.9 � 2.3 17.5 � 0.4
5 � 0.17 3.8 � 2.1 1.6 � 0.3
8 � 0.010 0.2 � 0.4 0.04 � 0.04
100.73 99.98 100.47
85-87 66-83 86-89

Chainpur 5674-2-1
Anorthite
(N � 53)

Chainpur 5674-2-1
Bytownite
(N � 12)

44.1 � 0.8 46.5 � 1.1
0.08 � 0.09 0.08 � 0.05
35.6 � 0.7 34.2 � 1.1

0.007 � 0.015 0.007 � 0.017
0.27 � 0.16 0.32 � 0.15

ND ND
0.002 � 0.008 0.004 � 0.009

ND ND
0.3 � 0.3 0.21 � 0.19

19.4 � 0.6 17.5 � 0.8
0.5 � 0.4 1.6 � 0.4

0.008 � 0.018 0.02 � 0.03
100.27 100.44
90-98 83-88
n of sp
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l measu
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pyroxene is sector zoned. The textures indicate that plagioclase was the
liquidus phase, followed by pyroxene.

Chainpur 5674-3b-1 (Fig. 1f) is a subrounded, compound chon-
drule �850 �m in diameter. Most of the object has a porphyritic-
olivine texture consisting of a densely packed array of equant
euhedral to subhedral olivine crystals and abundant rounded metal
and sulfide blebs imbedded in clear pink isotropic glass. Metal and
sulfide shapes are subordinate to those of olivine, suggesting the
latter solidified first. This porphyritic region encloses what appears
to be half of a barred-olivine chondrule that was originally �400
�m in maximum dimension. The barred region contains a single set

Table 5. Average composition

Chondrule
Chainpur 1251-16-2
Diopside (N � 2)

Chainpur 1251-16-2
Enstatite (N � 19)

SiO2 54.0 � 0.5 57.4 � 0.9
TiO2 0.9 � 0.6 0.33 � 0.20
Al2O3 4.2 � 0.3 2.2 � 1.0
Cr2O3 1.44 � 0.07 1.2 � 0.3
FeO 2.0 � 0.6 3.8 � 2.2
MnO 0.089 � 0.007 0.20 � 0.23
V2O3 0.06 � 0.07 0.04 � 0.03
NiO 0.03 � 0.08 0.004 � 0.008
MgO 20.4 � 1.5 34.0 � 1.6
CaO 19.0 � 1.6 2.3 � 0.9
Na2O 0.022 � 0.014 0.006 � 0.016
K2O 0.004 � 0.011 0.005 � 0.008
Total 102.15 101.49

Chondrule
Chainpur 1251-14-1

(N � 21)

Inman 5652-1-1
Al-Diopside

(N � 16)

SiO2 46.7 � 2.5 45.4 � 1.5
TiO2 2.3 � 1.0 2.5 � 1.0
Al2O3 11.9 � 2.6 13.9 � 2.6
Cr2O3 0.44 � 0.14 0.7 � 0.6
FeO 0.3 � 0.6 2.3 � 1.8
MnO 0.05 � 0.03 ND
V2O3 0.02 � 0.04 0.01 � 0.03
NiO 0.05 � 0.10 ND
MgO 14.4 � 1.7 12.5 � 1.5
CaO 24.3 � 1.5 23.7 � 2.6
Na2O 0.03 � 0.06 0.008 � 0.022
K2O 0.011 � 0.019 0.004 � 0.012
Total 100.50 101.39

Chondrule

Chainpur 1251-14-2
Al-Diopside

(N � 3)

Chainpur 1251-14-2
Al-Diopside

(N � 4)

SiO2 50.0 � 1.4 40.7 � 0.9
TiO2 2.0 � 0.5 3.2 � 0.5
Al2O3 8.3 � 1.0 23.1 � 1.8
Cr2O3 0.04 � 0.03 0.05 � 0.04
FeO 0.25 � 0.16 0.3 � 0.7
MnO 0.01 � 0.03 0.04 � 0.03
V2O3 0.01 � 0.04 0.02 � 0.04
NiO 0.08 � 0.24 0.07 � 0.11
MgO 16.6 � 0.5 10.4 � 1.4
CaO 22.1 � 0.5 22.6 � 1.1
Na2O 0.07 � 0.13 0.14 � 0.28
K2O 0.022 � 0.005 0.03 � 0.07
Total 99.48 100.65

ND � Not Determined.
1 Reported in wt. %. Errors are 2� standard deviations of individua
of olivine bars 20 –25 �m thick in optical continuity with a discon-
tinuous olivine shell of about the same thickness that mantles the
round surface of the hemispherical chondrule. Interstitial to the
olivine bars is clear pink isotropic glass. Unlike the enclosing
porphyritic portion, the barred region is nearly metal and sulfide
free. Both the granular and the barred olivine crystals are very Mg
rich (Fo98 –99); only very thin crystal margins and areas bordering
fractures are more Fe rich (Fo91, Table 2). Glass in the barred region
is somewhat poorer in SiO2 and MgO, and richer in Al2O3 and
Na2O, than that in the porphyritic region (Table 6).

Chainpur 1251-16-3 (Fig. 1g) is a round barred-olivine chondrule
(diameter �450 �m) with two sets of Mg-rich olivine bars
(Fo90–99, Table 2) intersecting at �50o, set in clear pink isotropic glass

oxene in Al-rich chondrules.1

mka 1729-9-1
gite (N � 9)

Krymka 1729-9-1
Enstatite (N � 7)

Quinyambie 6076-5-2
Sub-Ca Augite

(N � 7)

1.2 � 2.7 54.6 � 0.2 53.0 � 3.0
2.4 � 1.2 0.16 � 0.03 0.40 � 0.06
3.8 � 1.3 1.97 � 0.11 3.7 � 1.2
1.2 � 0.3 1.36 � 0.08 ND
6.9 � 2.5 10.5 � 0.3 10.9 � 0.3

ND 0.29 � 0.07 ND
010 � 0.014 0.05 � 0.03 0.03 � 0.03

ND 0.05 � 0.06 ND
8.3 � 5.0 29.7 � 0.3 22.8 � 2.1
6.5 � 6.7 1.78 � 0.14 8.7 � 1.4
.01 � 0.03 0.04 � 0.04 0.07 � 0.08

010 � 0.013 0.010 � 0.016 0.03 � 0.04
100.33 100.51 99.63

an 5652-1-1
iopside

(N � 5)

Semarkona 4128-3-2
Al-Diopside

(N � 6)
Chainpur 5674-2-1
Diopside (N � 9)

.4 � 0.6 52.7 � 0.3 47.5 � 0.7
5 � 0.19 2.00 � 0.17 3.8 � 1.1
.3 � 1.2 5.8 � 1.0 8.4 � 0.9
2 � 0.14 0.84 � 0.09 0.7 � 0.6
.9 � 1.2 0.45 � 0.14 0.17 � 0.04

ND 0.41 � 0.10 0.03 � 0.03
0 � 0.009 0.031 � 0.011 0.03 � 0.04

ND 0.03 � 0.03 0.02 � 0.05
.4 � 2.0 18.4 � 0.9 15.5 � 0.8
.2 � 1.2 18.5 � 1.1 22.5 � 0.4
2 � 0.006 0.12 � 0.07 0.04 � 0.07
7 � 0.010 0.010 � 0.015 0.01 � 0.02
100.49 99.29 98.70

npur 1251-16-3
l-Diopside
(N � 4)

Chainpur 1251-16-3
Pigeonite (N � 1)

Chainpur 1251-3-1
Al-Diopside

(N � 12)

1.6 � 2.3 58.5 47.8 � 3.0
.83 � 0.14 0.53 1.6 � 1.2
8.2 � 1.9 2.6 12.7 � 4.8
.69 � 0.03 0.54 0.21 � 0.15
1.1 � 2.1 0.53 0.16 � 0.07
125 � 0.001 0.12 0.04 � 0.04
.02 � 0.04 0.015 0.01 � 0.03
.10 � 0.15 0.077 0.02 � 0.05
1.0 � 3.3 36.0 17.5 � 3.1
6.7 � 2.6 2.9 19.3 � 4.4
.08 � 0.19 0.02 0.10 � 0.20
.04 � 0.05 0.02 0.04 � 0.04

101.49 101.85 99.48
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(Table 6). The more Fe-rich olivine compositions are confined to thin
zones along crystal margins and along fractures and cleavage traces in
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the crystals; the primary olivine composition is therefore interpreted to
be highly Mg-rich. At the chondrule margin is a discontinuous 25–50-
�m-thick shell of coarse olivine, parts of which are in optical continuity
with the internal bars. A few small skeletal pyroxene crystals up to �40
�m across occur in the glass. They consist of pigeonite cores rimmed
by aluminous diopside (Table 5); very thin exsolution lamellae are
present in the pigeonite. A large metal-troilite nodule is located on one
edge of the chondrule, and small (�10 �m) metal spheres are enclosed
in the olivine shell. A partial rim of fine-grained troilite is present
where the metal-troilite nodule contacts the matrix. The crystallization
sequence of the silicates is inferred to be olivine followed by pigeonite,
then diopside.

Chainpur 1251-3-1 is a broken, originally spherical, chondrule �850
�m in maximum dimension (described in Russell et al., 1996; their Fig.
1c). It is porphyritic, with stubby and somewhat rounded spinel crystals
(Table 3; up to �125 �m) and elongate skeletal olivine crystals
(Fo99–100, Table 2; up to �290 �m) set in a mesostasis of dendritic
aluminous diopside (Table 5) and Na-rich glass (Table 6). In the few
places where the two phases are in contact, olivine partially encloses
the spinel crystals. Diopside is everywhere subordinate in shape to
olivine and spinel. Decorating the outermost edge of the chondrule are
numerous small blocky pyroxene crystals that clearly nucleated there
and grew inward; unlike the diopside in the center of the chondrule,
these exterior diopside crystals have cores of pigeonite (Table 5). A few
small blebs of metal and troilite also occur near the margin of the
chondrule. Based on these relationships, a reasonable estimate of the
order of appearance of phases is spinel and olivine followed by pigeo-
nite, and lastly diopside. However, the spinel may be xenocrystic (see
below).

3. RESULTS

3.1. Petrographic Summary, Major Element Bulk
Chemistry, and Correlations

Nine of the eleven Al-rich chondrules in our study have
textures dominated by olivine, either as large euhedral crystals
or bars. Some of these also have spinel phenocrysts, but the
spinel is subordinate to the olivine. Thus these nine chondrules
can be described as olivine-phyric (porphyritic). Three of the
olivine-phyric Al-rich chondrules are visually distinctive be-
cause they also contain abundant glass; in fact, their bulk
chemistry (see below) is very different from that of the other
olivine-phyric chondrules, and thus we can consider these
glass-rich chondrules as a separate group. Textures of the two

Table 6. Average compositions of s

Chondrule

Semarkona
4128-3-2
N � 12

Chainpur 5674-3b-1
Barred Region

(N � 4)

Chainpur 5674-
Porph. Regio

(N � 2)

SiO2 65.21 52.6 � 2.8 61.3 � 7.1
TiO2 1.47 1.1 � 0.3 0.81 � 0.03
Al2O3 11.51 27.7 � 1.8 21.6 � 4.7
Cr2O3 0.43 0.23 � 0.05 0.11 � 0.02
FeO 0.19 1.7 � 0.8 1.52 � 0.04
MnO 0.30 0.03 � 0.04 0.03 � 0.09
V2O3 0.007 0.008 � 0.009 0.001 � 0.00
NiO 0.004 0.006 � 0.014 0.06 � 0.02
MgO 4.71 0.13 � 0.08 0.6 � 0.6
CaO 10.58 0.11 � 0.03 0.04 � 0.03
Na2O 2.95 15.5 � 1.0 12.3 � 2.6
K2O 0.50 1.22 � 0.07 1.8 � 0.3
Total 97.85 100.31 100.17

1 Reported in wt. %. Errors are 2� standard deviations of individua
2 Most or all of our analyses of glass in this chondrule are contami
remaining chondrules are dominated by large euhedral plagio-
clase laths, and therefore can be described as plagioclase-
phyric. In all of the plagioclase-bearing chondrules, the feld-
spar is highly calcic in composition (mostly An �80, only
rarely as low as An66) and generally subhedral to euhedral in
shape (i.e., other primary phases are to some degree subordi-
nate to plagioclase in their shapes); for these reasons we con-
sider it to be primary igneous plagioclase.

Bulk major and trace element compositions for the Al-rich
chondrules are given in Table 7. The group has a very wide
range of bulk chemical properties: e.g., Al2O3 �3–�28 wt.%,
CaO �1–20 wt.%, MgO 5–40 wt.%. The two plagioclase-
phyric chondrules, Chainpur 1251-14-2 and Chainpur 5674-
2-1, have the greatest enrichments in calcium and aluminum of
the entire group. The glass-rich chondrules (Chainpur 1251-
16-3; Chainpur 5674-3b-1; Chainpur 1251-3-1) are character-
ized by high sodium contents, �2 to �8 wt.% Na2O, low
calcium contents in general (Chainpur 1251-16-3 and 5674-
3b-1 contain only �0.2 wt.% CaO), and the lowest calcium/
aluminum ratios of the group. The remaining six, olivine-
phyric, chondrules span a wide range of compositions but fall
naturally into two groups, those with low (�2 wt.%) FeO and
those with �5 wt.% FeO.

3.2. Comments on Nomenclature for Al-Rich Chondrules

The objects we studied were originally selected because they
contain primary (igneous) aluminum-rich phases suitable for
isotopic study. The bulk chemical compositions in Table 7
show, however, that four of these objects are not aluminum-
rich chondrules as defined by Bischoff and Keil (1984), be-
cause they contain less than 10 wt.% Al2O3. We assert that this
arbitrary cutoff is less important than the observation, elabo-
rated below, that there exists a single family of objects having
a continuum of compositions extending from type IA ferro-
magnesian chondrules at one extreme to the most plagioclase-
rich CAIs at the other. It is the entire family of objects that we
are concerned with here, and that family extends below the 10
wt.% Al2O3 limit used by Bischoff and Keil (1984). We do not
wish at this time to propose a formal change to the definition

rich glasses in Al-rich chondrules.1

Chainpur 5674-3b-1
All Glass (N � 6)

Chainpur 1251-16-3
(N � 9)

Chainpur 1251-3-1
(N � 27)

55.5 � 9.7 60.9 � 2.9 58.6 � 3.6
1.0 � 0.4 1.0 � 0.3 1.1 � 0.3

25.7 � 6.8 21.6 � 1.3 23.1 � 2.7
0.19 � 0.12 0.51 � 0.13 0.12 � 0.10

1.6 � 0.6 1.6 � 0.3 1.4 � 0.3
0.03 � 0.05 0.01 � 0.03 0.02 � 0.05

0.006 � 0.010 0.002 � 0.010 0.005 � 0.020
0.02 � 0.05 0.03 � 0.06 0.04 � 0.08

0.3 � 0.6 0.3 � 0.2 0.5 � 0.3
0.09 � 0.07 0.04 � 0.02 0.08 � 0.03
14.4 � 3.6 12.8 � 0.9 13.3 � 1.7
1.4 � 0.6 1.80 � 0.18 1.7 � 0.3

100.24 100.59 99.99

rements.
y adjacent phases. This is the analysis that is least contaminated.
odium-

3b-1
n

3

l measu
(e.g., 5 or even 3 wt.% Al2O3); instead, we simply concede that
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3107Petrogenesis of Al-rich chondrules
some of our objects do not fit that definition. However, we also
are going to take some license and ignore it. We will continue
to loosely apply the term “Al-rich chondrules” to this entire
family of objects, even those with �10 wt.% Al2O3, because
this will better allow us to explore the petrogenesis of the
family of objects.

Bischoff and Keil (1984) correctly recognized that there
are subtypes of Al-rich chondrules, but distinctions were

Fig. 1. Backscattered-electron images of seven Al-rich
chondrule consisting of a core of enstatite (En), olivin
surrounded by a large optically continuous olivine crystal
olivine. Nepheline (Ne) partially replaces the plagioclase
(�half) containing blocky olivine grains and interstitial pl
forms rims around the olivine at the periphery of the cho
consisting of an incomplete set of olivine bars plus a larg
diopside, and silica-rich glass (Gl). Bright veins are the re
[Plag] chondrule consisting of large euhedral anorthitic pla
of aluminous diopside and a fine intergrowth of olivine, al
been mostly replaced by nepheline. (e) Chainpur 1251-14
plagioclase with an interstitial intergrowth of anorthite an
by nepheline. (f) Chainpur 5674-3b-1 is complex, and pos
right consisting of bars of olivine set in a groundmass of
assemblage of olivine, sulfide, and metal set in glass. (g)

Fig. 2. Bulk compositions of all eleven Al-rich chondru
tridymite-diopside-spinel (Sheng, 1992). The compositio
forsterite saturation surface, which defines the composition
solid phases, and the numbers in brackets show the forsteri
diagrams, arrows on phase boundaries point down-tempera
show the effect of adding �6 wt.% FeO to the bulk compos
Chainpur 1251-16-3 [57]; Chainpur 5674-3b-1 [74]; Chai
[59]; Quinyambie 6076-5-2 [22, on the An-Pr divide]; Sem
Inman 5652-1-1 [23]; Chainpur 5674-2-1 [�16]; Chainpu
En � enstatite; Fo � forsterite; Pr � protoenstatite; C
� diopside; Sp � spinel.
chondrule consisting of bars of olivine and a few small grains of p
of sodium-rich glass. A large metal-troilite nodule indents the ch
based on arbitrary chemical parameters (e.g., Na-Al-rich,
Ca-Al-rich, Cr-Al-rich) etc. We follow a different approach,
based on the relationship summarized above between major
element chemistry and petrographic properties. We recog-
nize two dominant varieties of Al-rich chondrules: those
whose textures are dominated by early crystallizing olivine
(� spinel), and those dominated by early crystallizing pla-
gioclase (� spinel). These basic varieties arise from funda-

ules. (a) Chainpur 1251-16-2 is a complex Al-rich [Oliv]
plagioclase (Plag), and aluminous diopside (Al-Diop)

is in turn surrounded by a layer of enstatite and iron-rich
rymka 1729-9-1 is an Al-rich [Oliv] chondrule fragment
se, exsolved pigeonite (Pig), and ilmenite (Ilm). Enstatite
. (c) Semarkona 4128-3-2 is an Al-rich [Oliv] chondrule
l (Sp) phenocryst with interstitial plagioclase, aluminous
secondary alteration. (d) Chainpur 5674-2-1 is an Al-rich

laths and a few blocky olivine grains set in a groundmass
s diopside, and plagioclase. Several plagioclase laths have
Al-rich [Plag] chondrule consisting of laths of anorthitic

nous diopside. Some of the plagioclase has been replaced
mpound, Al-rich [Glass] chondrule. The portion at upper
rich glass. The barred region is enclosed in a porphyritic
r 1251-16-3 is a beautiful example of an Al-rich [Glass]

ied in this work, projected from forsterite onto the plane
nstatite plots at the tridymite apex. Contours show the
uids coexisting with forsterite and one or more additional
inate for each chondrule. On this and all subsequent phase
d double arrows mark reaction curves. Shaded boundaries
hondrules can be identified by their forsterite coordinates:
51-3-1 [13]; Chainpur 1251-16-2 [69]; Krymka 1729-9-1
4128-3-2 [30]; Chainpur 1251-14-1 [22, in the Sp field];

14-2 [�36]. Abbreviations: Ab � albite; An � anorthite;
ordierite; Oe � orthoenstatite; Pig � pigeonite; Diop
chondr
e (Ol),
, which
. (b) K
agiocla
ndrule
e spine
sult of
gioclase
uminou
-2 is an
d alumi
sibly co
sodium-
Chainpu
les stud
n of e
s of liq

te coord
ture an
ition. C

npur 12
arkona

r 1251-
yroxene (pigeonite rimmed by diopside) in a groundmass
ondrule at lower right.
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mental phase equilibrium considerations, as will be shown in
this paper. We therefore will use the names Al-rich [Oliv]
for the olivine-phyric Al-rich chondrules and Al-rich
[Plag] for the plagioclase-phyric ones, in reference to their
earliest-crystallizing silicate phases. The third variety, com-
prising those olivine-phyric chondrules with abundant sodi-
um-aluminum-rich glass, are separately termed Al-rich
[Glass] chondrules. For comparison, most of the plagioclase-
olivine inclusions of Sheng et al. (1991) (Ca-Al-rich chon-
drules in the terminology of Bischoff and Keil, 1984) are
Al-rich [Plag] chondrules in our system; the rest are Al-rich
[Oliv] chondrules that are rich in modal plagioclase. Note
that the nomenclature system used herein for Al-rich chon-
drules differs slightly from that described in Huss et al.

Table 7. Bulk compositions of Al-rich chondrules (m

Sample
Chainpur
1251-16-2

Krymka
1729-9-1

Quinyambie
6076-5-2

Chainpur
1251-14-1

Inman
5652-1-1

SiO2 45.99 42.83 46.58 40.32 41.87
TiO2 0.19 0.063 0.18 0.69 0.65
Al2O3 3.49 6.17 12.30 16.39 16.21
Cr2O3 0.41 0.25 ND 0.19 ND
FeO 5.82 12.34 9.21 0.69 1.90
MnO 0.14 0.064 ND 0.031 ND
V2O3 0.018 0.008 0.015 0.043 0.014
NiO 0.011 0.041 ND 0.045 ND
MgO 40.41 34.84 21.71 26.61 27.80
CaO 3.06 3.61 8.18 11.17 11.80
Na2O 0.21 0.25 1.26 0.44 0.026
K2O 0.007 0.004 0.079 0.015 0.002
Fe° 0.53 0.069 0 2.70 0
Ni° 0.12 0.004 0 0.076 0
Co° 0.004 ND 0 0.011 0
Cr° 0.001 ND 0 ND 0
S° 0.10 0 0 0.29 0
Total 100.51 100.54 99.51 99.71 100.27
Li ND 3.1 1.1 0.058 0.31
Be ND 0.075 0.065 0.096 0.06
Sc 26 23 31 44 77
Rb 6.1 7.7 6.0 0.60 1.39
Sr 47 39 103 111 38
Y 1.8 2.8 3.5 6.8 16
Zr 1.5 2.2 6.7 18 57
Nb 0.15 0.062 0.12 0.62 1.4
Ba 2.7 3.2 13 8.9 8.4
La 0.14 0.14 0.18 0.74 1.3
Ce 0.39 0.37 0.36 1.8 1.7
Pr 0.051 0.061 0.057 0.31 0.67
Nd 0.24 0.32 0.35 1.6 4.0
Sm 0.10 0.16 0.12 0.57 1.6
Eu 0.038 0.29 0.35 0.26 0.49
Gd 0.23 0.31 0.26 0.99 2.5
Tb 0.035 0.058 0.067 0.17 0.43
Dy 0.24 0.45 0.49 1.08 2.4
Ho 0.054 0.10 0.14 0.24 0.45
Er 0.20 0.39 0.34 0.78 1.6
Tm 0.026 0.092 0.089 0.11 0.32
Yb 0.25 0.35 0.43 0.79 1.5
Lu 0.034 0.070 0.077 0.11 0.30
Th 0.001 ND ND ND ND
U ND ND ND ND ND

ND � Not Determined.
1 Composition of barred region only.
(2001).
3.2. Phase Equilibria and Crystallization Sequences in
Al-Rich Chondrules

Treating Al-rich chondrules as true chondrules assumes that
they crystallized entirely from homogeneous melts. However,
Al-rich chondrule-like objects have been reported elsewhere in
which the aluminous phases are plausibly xenocrysts and thus
did not crystallize from a chondrule melt. For example, Sheng
et al. (1991) used magnesium isotopic measurements to argue
that spinel in some plagioclase-olivine inclusions is xenocrystic
in origin. However, some chondrules clearly contain relict
fragments of whole CAIs within them (e.g., Krot et al., 2002;
Krot and Keil, 2002; Krot et al., 2004b). The existence of
compound objects such as these naturally raises the question of

d minor elements in wt. %, trace elements in ppm).

arkona
28-3-2

Chainpur
5674-2-1

Chainpur
1251-14-2

Chainpur
5674-3b-1

Chainpur
1251-16-3

Chainpur
1251-3-1

3.45 44.72 44.14 33.50 34.80 51.66
0.33 1.17 1.52 0.20 0.31 1.05
5.92 22.57 27.79 4.43 5.90 19.42
0.29 0.22 0.022 0.076 0.19 0.14
0.39 0.90 0.20 1.63 2.03 0.99
0.16 0.020 0.012 0.021 0.033 0.025
0.039 0.011 0.010 0.005 0.002 0.014
0.010 0.006 0.032 0.020 0.014 0.027
9.51 12.39 5.39 31.28 23.49 11.08
8.87 17.55 20.35 0.21 0.23 4.51
0.25 0.29 0.46 2.46 3.45 8.26
0.022 0.008 0.021 0.24 0.49 1.04
0.58 0 0 19.48 17.76 1.29
0.042 0 0 2.32 7.85 0.047
0.002 0 0 0.15 0.099 0.013
0.006 0 0 ND 0.031 0.001
0.011 0 0 3.60 2.76 0.15
9.88 99.86 99.95 99.62 99.44 99.72
ND 0.17 0.25 ND ND 0.14
ND 0.29 0.42 ND ND 0.45
5 94 82 20 25 81
1.5 0.78 1.66 8.3 13 33
7 177 319 1.5 0.57 3.9
4.7 23 20 3.6 4.2 22
6 63 63 10 12 59
1.2 4.4 2.0 0.38 0.98 10
6.1 15 33 3.9 2.5 8.7
0.64 2.9 3.6 0.57 0.66 3.3
1.8 7.8 8.3 1.5 1.7 8.7
0.29 1.3 1.3 0.25 0.29 1.3
1.2 6.1 6.2 1.1 1.2 5.9
0.35 2.2 1.8 0.31 0.41 2.0
0.28 0.69 0.42 0.007 0.007 0.024
0.80 3.6 2.9 0.61 0.73 3.4
0.17 0.61 0.55 0.096 0.12 0.59
0.68 3.5 2.8 0.58 0.71 3.4
0.17 0.75 0.78 0.13 0.14 0.82
0.53 2.7 2.1 0.41 0.51 2.6
0.12 0.43 0.40 0.071 0.082 0.44
0.61 2.8 2.3 0.41 0.57 2.7
0.094 0.37 0.29 0.073 0.094 0.42
0.096 ND ND 0.071 0.11 ND
0.034 ND ND 0.014 0.023 ND
ajor an

1
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41
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1

2
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whether any of the Al-rich objects in this study might also
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contain xenolithic material, trapped in otherwise ordinary fer-
romagnesian chondrule melts. We can test this by determining
if the observed mineral crystallization sequences in our chon-
drules are consistent with the predictions of relevant phase
equilibria for their individual bulk composition. This test can in
principle be accomplished in either of two ways: plotting bulk
compositions on suitable phase equilibrium diagrams, or using
a numerical liquid crystallization program (e.g., MELTS) to
calculate the liquid line-of-descent for each individual compo-
sition.

Our approach herein relies primarily on experimentally de-
termined phase equilibrium diagrams within the CaO-MgO-
Al2O3-SiO2 (CMAS) system. For our purposes, melt-crystalli-
zation programs such as MELTS (Ghiorso, 1985; Ghiorso and
Sack, 1995) have only limited utility because they are designed
primarily for terrestrial and planetary magmas that contain
abundant iron, alkalies, and silica. Thus MELTS works well for
basalt compositions, but it does not work well at all for calci-
um-aluminum-rich and iron-silicon-poor compositions like
those of many of our chondrules. We can and do use MELTS
calculations for additional insight into those iron-rich chon-
drules whose crystallization sequences cannot accurately be
depicted on our diagrams.

To properly visualize the phase relations of Al-rich chon-
drules as a group it is necessary to consider more phases—
plagioclase, olivine, low- and high-calcium pyroxene, and
spinel—than can be portrayed in any single two-dimensional
phase diagram. One partial solution to this problem is to use
phase-projection diagrams that portray phase relationships in a
system saturated with a common (liquidus) phase. This permits
a four-component system to be depicted accurately within a
two-dimensional diagram. We have already emphasized that
most Al-rich chondrules have either olivine or plagioclase as
their liquidus (saturated) phase, and Sheng (1992) took advan-
tage of this fact to construct two very useful ternary phase
projections for the purpose of studying the crystallization se-
quences of Al-rich chondrules. One diagram is relevant to
olivine-saturated equilibria and the other to plagioclase-satu-
rated equilibria. Both are constructed for melts whose compo-
sitions are described entirely by the CMAS system (in these
and ensuing discussions of crystallization sequences, we ignore
the effects of metal and sulfide). Setting aside for now the fact
that some of our chondrules contain significant iron and so-
dium, Figure 2 shows the bulk compositions of all eleven
Al-rich chondrules projected from forsterite onto the plane
tridymite-diopside-spinel, along with contours on the olivine-
saturation surface. The number in brackets next to each symbol
is the forsterite coordinate for each chondrule. If the coordinate
is greater than the value for the contour of the forsterite satu-
ration surface at that point, forsterite is the liquidus phase for
the equivalent melt of that composition. Otherwise, forsterite is
not the liquidus phase. Of the six Al-rich [Oliv] chondrules,
shown as filled squares in Figure 2, four (Semarkona 4128-3-2,
Qinyambie 6076-5-2, Chainpur 1251-16-2, Krymka 1729-9-1)
plot on or above the forsterite saturation surface. The other two
(Inman 5652-1-1, Chainpur 1251-14-1) plot somewhat below
the olivine saturation surface in the spinel field. Two of the
three Al-rich [Glass] chondrules (Chainpur 1251-16-3; Chain-
pur 5674-3b-1; shown as filled circles in Fig. 2) plot above the

forsterite saturation surface at the calcium-poor edge of the
protoenstatite field, consistent with their having olivine phe-
nocrysts. The third Al-rich [Glass] chondrule, Chainpur 1251-
3-1 (also a filled circle) plots far below the forsterite saturation
surface. The two Al-rich [Plag] chondrules (Chainpur 1251-
14-2, Chainpur 5674-2-1; shown as crosses in Fig. 2) plot so far
below the forsterite saturation surface that Figure 2 is not useful
for evaluating their crystallization histories. Their compositions
are plotted separately on Figure 3, which is the same plane
(tridymite-diopside-spinel) but projected from anorthite instead
of forsterite; both plot well above the plagioclase saturation
surface.

In detail, only five of our Al-rich chondrules have suffi-
ciently low FeO and Na2O contents that the phase relationships
as shown on Figures 2 and 3 are applicable throughout the
liquid lines of descent. Three are Al-rich [Oliv] chondrules and
plot just within the spinel field in Figure 2; Chainpur 1251-14-1
and Inman 5652-2-1 lie slightly below the forsterite saturation
surface, and Semarkona 4128-3-2 lies above it. Because Chain-
pur 1251-14-1 (Fo coordinate of [22] on Fig. 2) plots within the
spinel field just below the forsterite saturation surface on Figure
2, spinel likely will crystallize first, moving the composition
away from spinel until it intersects the forsterite saturation
surface, where forsterite begins to crystallize. The path of the
residual melt continues on to intersect the spinel-anorthite
(� forsterite) reaction curve, where plagioclase begins to crys-
tallize and spinel begins to react with the liquid. Once spinel
disappears, diopside begins to crystallize and the liquid com-
position evolves across the plagioclase field to encounter the
pyroxene boundary. This is in reasonable agreement with the
olivine and spinel phenocrysts (spinel enclosed in olivine) and
plagioclase and pyroxene groundmass in this chondrule. For
Inman 5652-1-1, the interior barred region (on which the mode
in Table 1 is based) plots close to Chainpur 1251-14-1 (Fig. 2)
and the predicted crystallization sequence is the same: spinel,
followed by forsterite, then plagioclase, and finally pyroxene,
consistent with the sequence inferred from petrography. Se-
markona 4128-3-2 illustrates the effect even a small amount of
sodium has on the phase relationships. This chondrule seem-
ingly has the wrong pyroxene: Its bulk composition lies on the
opposite side of a thermal divide along the plagioclase-spinel
cotectic in Figure 2 from the other two chondrules, so that once
olivine, spinel, and plagioclase appear in that order, the melt
should evolve toward the protoenstatite field. The position of
the thermal divide is defined by a line drawn between anorthite
and spinel, extended to the cotectic. However, the plagioclase
in Semarkona 4128-3-2 is �An83, which plots somewhat up
and to the right of anorthite in the direction of albite (Ab, on the
tridymite-spinel side of the ternary). The position of the thermal
divide appropriate to this chondrule is thus up the anorthite-
spinel cotectic sufficiently far that the bulk composition of the
Semarkona chondrule does evolve into the diopside field. Thus,
the three iron-poor Al-rich [Oliv] chondrules have mineral
assemblages consistent with the predictions of phase-equilib-
rium constraints.

The Al-rich [Plag] chondrules (Chainpur 5674-2-1 and 1251-
14-2) plot above the anorthite saturation surface on Figure 3,
consistent with textural evidence that plagioclase was the ear-
liest phase to begin crystallizing. Chainpur 1251-14-2 plots far
above the anorthite saturation surface, just within the forsterite

field and close to the diopside/forsterite boundary curve. The
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predicted crystallization sequence is anorthite, followed by
forsterite, then diopside; this sequence does not change, even
accounting for the small amount of sodium in the actual feld-
spar. In fact, diopside fills in between the anorthite laths and
there is no forsterite anywhere. A small error in the mode might
account for the discrepancy, given that the bulk composition
plots so close to the diopside field. However, the dendritic
interstitial textures and unusual Al-rich pyroxene chemistry
hint at very rapid crystallization, rendering the phase relation-
ships on Figure 3 less accurate and possibly resulting in en-
hanced stability field for the pyroxene. Chainpur 5674-2-1 plots
just to the spinel side of the forsterite/spinel boundary, effec-
tively on the anorthite saturation surface. The expected crys-
tallization sequence will be anorthite plus a small amount of
spinel first (order unclear), then forsterite, and finally diopside.
The complete absence of spinel from Chainpur 5674-2-1 can
reasonably be expected from the fact that any early-formed
spinel will be in reaction relationship with the liquid along the
forsterite/spinel boundary curve, once olivine begins to cocrys-
tallize with plagioclase. The only requirement is that the small
amount of spinel not become trapped in another phase and
thereby isolated from reaction with the liquid.

The three Chainpur Al-rich [Glass] chondrules (5674-3b-1,
1251-16-3, 1251-3-1) contain several weight percent Na2O
and, although the bulk compositions are not notably FeO-rich,
the residual glasses in the chondrules have (Fe/(Fe�Mg)

Fig. 3. Bulk compositions of the two Al-rich [Plag] ch
from anorthite onto the plane tridymite-diopside-spinel (Sh
the plagioclase saturation surface and thus it is not appro
saturation surface and the numbers in brackets show th
identified by their anorthite coordinates: Chainpur 5764-2
dum; Mu � mullite; others as in Figure 2.
	 0.6–0.7). Therefore, predictions of crystallization sequences
based on Figure 2 are inaccurate much beyond the liquidus
phase itself. To appreciate the problem, consider the following
qualitative effects. Elevated sodium has the effect of expanding
the olivine field at the expense of spinel, expanding the spinel
field at the expense of cordierite, and suppressing plagioclase
crystallization (Longhi and Pan, 1988; Sheng, 1992). During
progressive crystallization the plagioclase field continues to
shrink, and so too (with increasing Fe/Mg) do the fields of both
protoenstatite and orthoenstatite relative to that of pigeonite
(Longhi and Pan, 1988). Chainpur 5674-3b-1 and 1251-16-3
both plot near the spinel-tridymite join on Figure 2, within the
low-Ca pyroxene field and well above the forsterite saturation
surface. Thus the initial expected crystallization sequence for
both is olivine, possibly followed by low-Ca pyroxene. MELTS
predicts olivine, trace spinel (nominally an Mg-Al-rich chro-
mite, due to the fact that MELTS forces all chromium into
spinel instead of silicates), and sodic plagioclase for both, with
no low calcium pyroxene. Chainpur 5674-3b-1 contains only
olivine and glass (plus metal and troilite); Chainpur 1251-16-3
contains olivine, glass, and a trace amount of pyroxene (pigeo-
nite mantled by diopside). Thus, assuming that the feldspar
component is contained in the glass, the observed sequences are
broadly consistent with predictions. The calculated bulk com-
position for Chainpur 1251-3-1 plots well below the forsterite
saturation surface on Figure 2, within the low-calcium pyrox-
ene field. The expectation therefore is that the early crystalliz-

s, Chainpur 5674-2-1 and Chainpur 1251-14-2, projected
92). All of the other nine chondrules would plot far below
plot them on this diagram. Contours show the anorthite

hite coordinate for each chondrule. Chondrules can be
; Chainpur 1251-14-2 [71]. Abbreviations: Cor � corun-
ondrule
eng, 19

priate to
e anort
ing phases will be low calcium pyroxene and olivine. This is at
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variance with the observed abundant olivine and spinel phe-
nocrysts. The spinel crystals have rounded shapes and might
plausibly be interpreted as xenocrysts. The sharply defined
skeletal shapes of the olivine crystals might argue for rapid
crystallization, but they are not xenocrysts. Here MELTS is
more helpful: the calculated crystallization sequence is spinel
(albeit still a trace, and chromium-rich) followed by olivine,
low-calcium pyroxene, and diopside. The observed spinel crys-
tals may indeed be xenocrysts, but the remaining sequence is
consistent with the predictions of MELTS.

The remaining three Al-rich [Oliv] chondrules have elevated
FeO contents, which significantly affect the phase relationships

Fig. 4. Bulk compositions of Chainpur 1251-16-2 (o
6076-5-2 (open circle) are projected from forsterite onto a
The diagram, in oxygen units, is from Longhi and Pan
FeO/[FeO � MgO] 
 Fe* � 0) are shown in panel
Fe* � 0.4) are shown in panels b and c.
shown in Figure 2. Of particular significance to the crystalli-
zation sequences in these chondrules is that high FeO causes
the fields of both protoenstatite and orthoenstatite to shrink
relative to that of pigeonite. Because FeO will tend to increase
in a residual liquid with progressive crystallization, these ef-
fects will increase accordingly. Fortunately, two supplemental
tools enable us to describe more accurately the liquid lines of
descent of these three chondrules. First, the effect of iron on the
system wollastonite-enstatite-anorthite was examined in detail
by Longhi and Pan (1988); one of their diagrams (Fig. 4)
visually illustrates how the crystallization sequences of these
chondrules change as a result of elevated FeO contents. Sec-
ond, these three objects have compositions well suited to

are), Krymka 1729-9-1 (filled circle), and Quinyambie
of the plane wollastonite–low-Ca pyroxene–plagioclase.

. Phase boundary curves for the Fe-free system (molar
curves for two Fe-bearing compositions (Fe* � 0.25,
pen squ
portion
(1988)

a, and
MELTS calculations of the crystallization sequences and com-
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positions of the crystallizing phases as functions of falling
temperature.

Looking first at Figure 2, the chondrules Quinyambie
6076-5-2, Chainpur 1251-16-2, and Krymka 1729-9-1 con-
tain significant modal low-Ca pyroxene and plot within the
protoenstatite field above the forsterite saturation surface.
For all three, therefore, in the Na-Fe-free system, the ex-
pected crystallization sequence is olivine followed by pro-
toenstatite (olivine dissolving by reaction with the liquid),
plagioclase, and either orthoenstatite followed by diopside
(Quinyambie 6076-5-2, Chainpur 1251-16-2) or else cordi-
erite (Krymka 1729-9-1), depending on which side of the
thermal divide on the protoenstatite/anorthite boundary
curve the evolving residual liquid reaches. Figure 4 shows
the same three chondrules projected from forsterite onto a
portion of the plane wollastonite–low-Ca pyroxene–plagio-
clase, with phase boundary curves for the Fe-free system
(molar FeO/(FeO � MgO) 
 Fe* � 0) and for two Fe-
bearing compositions (Fe* � 0.25, Fe* � 0.4). The latter
two diagrams illustrate the significant effect of elevated FeO
(or increasing Fe* in residual liquids) on the topology of the
various pyroxene fields and the consequences for crystalli-
zation of the three chondrules. Chainpur 1251-16-2 has the
lowest FeO of the three (Fe* 	 0.05) and plots in a low-Ca
pyroxene field on all three diagrams. In the Fe-free system
(Fig. 4a) the expected crystallization sequence is forsterite–
(proto)enstatite–anorthite. But, because early crystallizing
ferromagnesian phases are magnesium rich relative to the
liquid, progressive crystallization will drive Fe* up. At Fe*
	 0.25 (middle diagram) the sequence becomes olivine–
low-Ca pyroxene–anorthite–augite, which is the observed
assemblage in Chainpur 1251-16-2. MELTS basically pre-
dicts the same sequence as Figure 4 except for the spurious
appearance of a trace amount of chrome spinel after olivine,
and a failure to predict the appearance of augite. Krymka
1729-9-1 has bulk Fe* 	 0.17, meaning that Figure 4b
approximates the phase topology for the beginning of its
crystallization. The expected crystallization sequence is oli-
vine–anorthite–low-Ca pyroxene–augite. By the time crys-
tallization of early Mg-rich silicates has driven Fe enrich-
ment to Fe* 	 0.4, the pigeonite field has greatly expanded
at the expense of low-Ca pyroxene, and pigeonite is ex-
pected as the final crystallizing phase of Krymka 1729-9-1,
consistent with observation. The expectation from Figure 2
that cordierite might be a late stage phase in Krymka 1729-
9-1 cannot be evaluated from Figure 4, because Longhi and
Pan (1988) did not study bulk compositions as Al rich as
those in Sheng’s (1992) work. It is not, in any case, actually
present in the chondrule, and we can only surmise that the
elevated Fe content of the evolving melt destabilized cordi-
erite relative to pyroxene (Sheng, 1992). MELTS predicts
the crystallization sequence of Krymka 1729-9-1 to be oli-
vine, trace spinel (spurious chromite again), plagioclase,
low-Ca pyroxene, and aluminous augite. This is approxi-
mately consistent with petrography except for the actual
presence of pigeonite instead of augite. Finally Quinyambie
6076-5-2 (Fe* 	 0.19) should behave in a manner similar to
the Krymka chondrule, except that augite will be the first
pyroxene and there is no expectation (based on Fig. 2) of

cordierite under any circumstances. MELTS predicts the
following sequence for this object: olivine, plagioclase, sub-
calcic augite, and low-Ca pyroxene.

In summary, the observed crystallization sequences in most
of the Al-rich chondrules we studied are in reasonable agree-
ment with the predicted phase equilibria for the respective bulk
compositions. Only in chondrule Chainpur 1251-3-1 can the
large and unexpected spinel crystals plausibly be interpreted as
xenocrysts. All the others appear to have crystallized entirely
from melts and are true chondrules.

3.3. Elemental Abundance Patterns
of Al-Rich Chondrules

Elemental abundance patterns are useful to investigate the
chemical characteristics of the chondrule precursors and the
chemical fractionations produced during chondrule formation.
The abundances of nearly 40 elements are plotted for each
chondrule relative to CI abundances in Figures 5–7. In these
figures, the elements are arranged from left to right in order of
decreasing volatility. Because the data have not been normal-
ized to any individual element, depletions in some elements
relative to CI composition result in enrichments in the remain-
ing elements.

Figure 5 shows the abundance patterns for the six Al-rich
[Oliv] chondrules. The three chondrules with significant
bulk FeO (Chainpur 1251-16-2, Krymka 1729-9-1, Quiny-
ambie 6076-5-2) have overall abundances for most elements
within a factor of three of CI abundances, independent of
volatility. The rare-earth elements (REE) are slightly frac-
tionated with light rare earths (LREE) depleted by factors of
1.5 to 3 relative to heavy rare earths (HREE). There are
several clear exceptions to these general rules. The most
volatile elements (sulfur, sodium, and potassium) are de-
pleted in two of the chondrules. The siderophile elements
(iron, nickel, and cobalt) are depleted in all three chondrules,
consistent with loss of metal as an immiscible metal melt
during chondrule formation (Grossman et al., 1988; Con-
nolly et al., 2001). Zirconium is markedly depleted relative
to aluminum and scandium in all three chondrules, and
uranium and thorium are severely depleted in Chainpur
1251-16-2. In all three chondrules, strontium, calcium, and
aluminum show correlated enrichments relative to refractory
elements (e.g., the REE), and all three have small (Chainpur
1251-16-2) or large (Krymka 1729-9-1, Quinyambie 6076-
5-2) positive europium anomalies. These correlated enrich-
ments suggest enrichment of plagioclase in the chondrule
precursor.

Relative to the chondrules just discussed, the remaining
three, FeO-poor, Al-rich [Oliv] chondrules (Semarkona
4128-3-2, Chainpur 1251-14-1, Inman 5652-1-1) have
higher overall abundances of all elements more refractory
than beryllium (3–5 � CI in Semarkona 4128-3-2 and
Chainpur 1251-14-1, and �10 � CI in Inman 5652-1-1)
(Fig. 5). All three chondrules show relative depletions in the
more volatile elements, with the most volatile being most
strongly depleted. All three chondrules are also depleted in
siderophile elements, consistent with low metal abundances.
Depletions of volatile and siderophile elements are respon-
sible for the increased abundances of refractory lithophile

elements (cf. Fig. 7). Semarkona 4128-3-2 and Chainpur
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1251-14-1 show enrichments of strontium, calcium, and
aluminum relative to surrounding elements, and Semarkona
4128-3-2 has a hint of a positive europium anomaly. These
enrichments could point to addition of plagioclase to the
precursor, but the enrichments are small enough that they
may simply reflect incorrect modal abundances for the chon-
drules due to unrepresentative sampling of the minerals in
the section that we studied. Inman 5652-1-1 shows a mod-
erate negative anomaly in cerium and the entire REE pattern
shows increasing depletion with increasing volatility for
elements more volatile than gadolinium (Fig. 5). This trace
element pattern suggest that a volatility-related process
(condensation, evaporation) played a role in the formation of
Inman 5652-1-1. Cerium is volatile under oxidizing condi-
tions, as shown by evaporation experiments on a variety of
starting materials (e.g., Davis et al., 1995; Floss et al., 1996).
In these experiments, evaporation of major-element oxides
released large amounts of oxygen that locally increased the
oxygen fugacity and permitted cerium (and vanadium) to
evaporate as oxides.

The two Al-rich [Plag] chondrules (Fig. 6), Chainpur 1251-
14-2 and Chainpur 5674-2-1, have large roughly constant en-
richments relative to CI of all elements more refractory than Be
(10–20 � CI in both chondrules). Both chondrules show major
depletions in siderophile elements, consistent with the absence
of metal. Volatile elements show generally increasing deple-
tions with increasing volatility, although Chainpur 1251-14-2 is
not as depleted in alkalis as expected from the trend of other
volatile elements. The REE patterns are flat except for small
negative Eu anomalies.

The three Al-rich [Glass] chondrules are characterized by
large negative europium anomalies superimposed on flat
REE patterns enriched to 3–10 � CI (Fig. 7), depletions in

Fig. 6. Elemental abundances in Al-rich [Plag] chondrules, normal-
ized to CI chondrites. Refractory elements are significantly enriched
relative to CI abundances, with the degree of enrichment increasing
from top to bottom in the figure. Both chondrules have high normative
anorthite contents yet have negative Eu anomalies. Note the correlated
depletions of Fe, Ni, and Co (all highlighted as triangles), which
suggest loss of metal from the chondrules.
Fig. 5. Elemental abundances in Al-rich [Oliv] chondrules, normal-
ized to CI chondrites (from Anders and Grevesse, 1989). Elements here
and in Figures 6 and 7 are arranged in order of decreasing volatility in
a gas of solar composition, except for the rare earths, which are in order
of atomic number. Abundances for most elements in the high-FeO
chondrules (Chainpur 1251-16-2, Krymka 1729-9-1, Quinyambie
6076-5-2) are close to solar, and the REE show slightly fractionated
patterns with heavier REE enriched over lighter REE. Iron, Ni, and Co
(all highlighted as triangles) are depleted compared to adjacent ele-
ments, suggesting loss of metal from the chondrules. Calcium, Sr, Eu
(in two of three cases), and Al, which have a wide range of volatility,
are similarly enriched relative to CI abundances, suggesting addition of
plagioclase to the chondrule precursor. Abundances for most elements
in the low-FeO chondrules (Semarkona 4128-3-2, Chainpur 1251-14-1,
Inman 5652-1-1) are enriched relative to solar, and the REE patterns
are essentially unfractionated. Iron, Ni, and Co again show correlated
calcium and strontium relative to the more refractory ele-
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ments, and enrichments in sodium and potassium to about
the same level as the refractory elements. These features are
unique to the Al-rich [Glass] chondrules. The enrichments of
refractory elements and the depletions of moderately volatile
elements and europium are consistent with volatility control,
but the high sodium and potassium abundances and large
depletions in calcium and strontium imply a more compli-
cated history than experienced by the other Al-rich chon-
drules. Iron and siderophile elements are depleted in Chain-
pur 1251-3-1, but are not unusually low in the other two
chondrules, both of which contain large amounts of metal.
During the chondrule melting event(s), siderophile elements
commonly form an immiscible metal melt that can be ejected
from the chondrule (e.g., Grossman et al., 1988). Most of the
metal in Chainpur 1251-16-3 consists of a single large
metal-sulfide grain located at the surface of the chondrule
which looks as if it were about to be expelled (Fig. 1d). If the
metal grain is excluded from the calculation of the bulk
composition, as it would have been if the molten metal
droplet had been lost from the chondrule, depletions of
siderophile elements like those in Chainpur 1251-14-1,
5674-2-1, 1251-14-2, and 1251-3-1 and Inman 5652-1-1 are
observed (Fig. 7; cf. Figs. 5 and 6). The exclusion of metal
also results in increased abundances of the lithophile ele-
ments in the chondrule. A similar calculation was also done

Fig. 7. Elemental abundances in Al-rich [Glass] chondrules. Refrac-
tory elements are enriched relative to CI abundances and have a flat
pattern except for correlated depletions in Eu, Sr, and Ca. Correlated
depletions of Fe, Ni, and Co (again highlighted as triangles) in Chain-
pur 1251-3-1 suggest metal loss. Chainpur 1251-16-2 and Chainpur
5674-3b-1 contain large amounts of metal and have essentially unde-
pleted siderophiles. The open symbols for these two chondrules show
the effect of metal loss on the abundance patterns.
for Chainpur 5674-3b-1 (Fig. 7).
4. DISCUSSION

4.1. Al-Rich Chondrules, CAIs, and Ferromagnesian
Chondrules: Relationships and Petrogenetic Insights
Based on a Cosmochemical Phase Diagram

Al-rich chondrules have long been recognized as a special
group of objects that share some properties both with “normal”
ferromagnesian chondrules and with CAIs and yet are distinct
from both (e.g., Nagahara and Kushiro, 1982; Bischoff and
Keil, 1984; Bischoff et al., 1989; McCoy et al., 1991; Sheng et
al., 1991). Most previous workers have looked at either a very
limited number of objects or else those of a particular restricted
type, and what has been lost as a result is a sense of the great
variety of Al-rich chondrules and the causes of that variety. The
first attempt at a systematic study of these objects was by
Bischoff and Keil (1984), who recognized their diverse, yet
continuous, chemistry and mineralogy. Wark (1987) recog-
nized that some Al-rich chondrules merge in their properties
with the variety of CAI known as type C. Sheng et al. (1991)
and Sheng (1992) studied a group of objects that they named
plagioclase-olivine inclusions (POIs) and which are, in fact,
mostly Al-rich [Plag] chondrules. What has been lacking is any
petrogenetic understanding of how and why the varieties of
Al-rich chondrules are related to one another or how they relate
to CAIs and ferromagnesian chondrules.

Relating the bulk chemistry of CAIs, Al-rich chondrules,
and ferromagnesian chondrules in graphical form has proven
difficult or ineffective in the past. Conventional phase dia-
grams are too limited in compositional range to represent
more than a subset of this combined group of objects. Simple
ternary oxide diagrams cannot represent more than three of
the essential CMAS components without combining two of
them (e.g., Huang et al., 1996), which results in loss of
significant information. We therefore again have adopted a
projection method, in this case based on that of Stolper
(1982), which takes advantage of the fact that most CAIs and
many (not all) Al-rich chondrules have spinel (MgAl2O4) as
an early-crystallizing phase. By projecting from spinel and
showing only spinel-saturated phase equilibria, the number
of phases to be portrayed graphically is reduced by one.
Unlike the ternary system chosen by Stolper (1982), how-
ever, we project onto the plane Ca2SiO4–Mg2SiO4 (Fo:
forsterite)–Al2O3 (Cor: corundum) because it allows a much
greater range of solar-system materials than just CAIs to be
plotted in a single diagram. The diagram is constructed using
experimental phase equilibrium data taken from the litera-
ture. Figure 8 illustrates the projection scheme (Fig. 8a), the
phase relationships with isotherms (Fig. 8b), and the phase
relationships with contours of the spinel saturation surface
(Fig. 8c). One aspect of the diagram requires careful expla-
nation. Both the spinel saturation surface and the composi-
tions of many chondrules and CAIs plot well below the
projection plane itself, with the result that the spinel coor-
dinates (the distance above or below the plane of the graph)
generally have large negative values. While perhaps unset-
tling, this circumstance is unimportant; the phase relation-
ships are completely valid, and what matters is the value of
the spinel coordinate of a particular CAI or chondrule bulk

composition relative to that of the spinel saturation surface
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at that point. For example, a chondrule having a spinel
coordinate of �80 and plotting near the �100 spinel contour
is spinel saturated and would have spinel as its liquidus
phase.

In the discussion that follows, we will employ our dia-
gram for two completely different purposes. First, we use it

Fig. 8. A cosmochemical phase diagram. (a) The pro
MgAl2O4 (spinel) onto the plane Ca2SiO4 (C2S)-Mg2SiO4

on the phase diagram, together with isotherms contours.
which the diagram was constructed. (c) The contours of the
has the form of a trough that dips steeply down below th
direction of cordierite-sapphirine-mullite. Note that the
gehlenite-forsterite-anorthite, is contained within this syste
of this diagram and the plane itself dips steeply downw
compiled in Stolper (1982), Sheng (1992), and Beckett and
et al. (1969), and Rao (1968). Abbreviations: An � a
Geh � gehlenite, Gro � grossite; Hib � hibonite; Mu
Mo � monticellite; Per � periclase, Pyx � Ca-pyroxe
calculated as follows (oxides are in mole percent): Ca2

� 2SiO2); Mg2SiO4 � 140.69 (SiO2 � 0.5CaO); Al2O3 �
for the figure are calculated by dividing each of the three p
to understand the diverse properties of Al-rich [Oliv] chon-
drules vs. Al-rich [Plag] chondrules vs. Al-rich [Glass]
chondrules in the context of phase equilibrium. In this usage,
the diagram is strictly valid only for objects that are spinel
saturated or slightly undersaturated. However, as will be-
come apparent, the diagram provides considerable insight
into the underlying causes of why some objects are spinel

scheme within the CaO-MgO-Al2O3-SiO2 system, from
l2O3 (Cor). (b) The spinel-saturated liquidus relationships
show the experimental data (taken from literature) from
saturation surface. In this projection the saturation surface
of the diagram (large negative spinel coordinates) in the
projection used by Stolper (1982) to represent CAIs,
nly its base (gehlenite-forsterite) actually lies in the plane
ard anorthite. Experimental data taken from references

r (1994), plus additional data from Prince (1951), Osborne
, Cor � corundum; Cd � cordierite, Fo � forsterite,
llite, Mel � melilite solid solution; Mw � merwinite;
d solution; Saph � Mg-Al sapphirine.Components are

172.24 (0.5CaO); MgAl2O4 � 142.27 (CaO � MgO
6 (Al2O3 � 2SiO2 � MgO � CaO). Ternary coordinates
omponents by their sum (Al2O3 � Mg2SiO4 � Ca2SiO4).
jection
(Fo)-A
Points
spinel

e plane
ternary
m, but o
ard tow
Stolpe

northite
� mu

ne soli
SiO4 �

101.9
saturated and some are not and therefore has utility even for
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Al-rich chondrules that are significantly spinel undersatu-
rated. Second, we use it to relate the compositions of Al-rich
chondrules and CAIs to those of ferromagnesian chondrules.
In this usage, the phase relationships do not apply to the
latter but neither do they matter; the point is to investigate
the compositional relationships between classes of objects
and processes that might have produced them.

4.1.1. Phase equilibrium constraints on Al-rich
chondrule diversity

Figure 9a and b shows our Al-rich chondrule data only,

Fig. 9. Bulk compositions of Al-rich chondrules, plotted
to contours on the spinel saturation surface, with their iden
literature data for low-Fe/low-Na Al-rich chondrules (Bi
compositions of type C CAIs (Wark, 1987). (d) Enlarge
compositions plot above the spinel saturation surface and
plotted relative to contours on the spinel saturation surface,
along with their identification (Fig. 9a) and spinel coordinates
(Fig. 9b). Figure 9c shows our data together with literature data
for a wide diversity of Al-rich chondrules (only ones with �3
wt.% each of FeO and Na2O are plotted) and for comparison
the compositions of type C CAIs (Wark, 1987) and types IA,
IAB, and IB ferromagnesian chondrules (Jones and Scott,
1989; Jones, 1994). It is clear from Figure 9c that the Al-rich
chondrules define a single coherent trend that straddles the tie
line between forsterite and anorthite and crosses the forsterite-
anorthite reaction curve. Figure 9d is an enlarged view of
Figure 9c showing only data for Al-rich chondrules; it distin-

igure 8. (a, b) The chondrules studied in this work relative
n (a) and spinel coordinates (b). (c) Our data together with
nd Keil, 1984; Sheng et al., 1991) and, in addition, the
of a portion of (c), showing which Al-rich chondrules
ones plot below it (see text).
as in F
tificatio
schoff a
d view
guishes between those data points plotting above the spinel
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saturation surface from those plotting below it. Between 1/4
and 1/3 of the chondrules (including three of our own) plot
above the spinel saturation surface and the rest plot below it.
Note also that the vast majority of the Al-rich chondrules
plotting below the spinel saturation surface lie to the right of
the anorthite-forsterite tie line, whereas most (not all) of the
chondrules plotting above the spinel saturation surface lie to the
left of the tie line. Clearly the tie line on this spinel-saturated
diagram has relevance even to those chondrules that are not
spinel saturated; we return to this important point below.

Consider first those chondrules that are spinel saturated or
close to it, for which the phase relationships in Figure 9 are
valid. The phase relationships of these chondrules are con-
trolled by two boundaries, the anorthite-forsterite (� spinel)
reaction curve and a thermal divide represented by the tie line
between anorthite and forsterite (see Fig. 8b). Because of these
two boundaries, the chondrules fall naturally into four different
groups that evolve differently during crystallization and end up
with different mineralogies and textures. The effect of primary
phase volume is the more important of the two, because the first
crystallizing phase will heavily influence (if not control) the
final texture. Those Al-rich chondrules plotting within the
forsterite phase volume are expected to have forsterite � spinel
as the first crystallizing (phenocryst) phases, whereas those
plotting in the anorthite phase volume will instead have anor-
thite � spinel as the earliest phases. The effect of the thermal
divide is more subtle because in general it controls the later
stages of melt evolution. Closed-system igneous crystallization
of any specific melt composition cannot cross a thermal divide.
As different Al-rich chondrule melts evolve during crystalliza-
tion toward the forsterite-anorthite reaction curve (directly
away from either anorthite or forsterite, depending on which
primary phase field they plot in), their liquid line of descent will
be determined by which side of the thermal divide their bulk
compositions lie on. Those hitting the reaction curve on the
Ca2SiO4-rich side of the thermal divide will progress toward
the calcium-rich pyroxene phase field whereas those hitting the
reaction curve on the Ca2SiO4-poor side of the thermal divide
will progress in the opposite direction, away from the calcium-
rich pyroxene phase field. One can also think of this issue as a
matter of geometry: If a melt crystallizes olivine and plagio-
clase together, the residual composition must evolve away from
the tie line joining the two phases (in effect this is a definition
of a thermal divide because if it were not true the system on one
side or the other would have to crystallize impossibly up-
temperature).

The presence of sodium and iron in the natural chondrule
melts affects the above discussion in two ways. Both compo-
nents affect the position of the tie line, and thus the thermal
divide, on Figures 8 and 9 because (as noted earlier for Fig. 2)
sodium-bearing plagioclase and iron-bearing olivine do not plot
at the same positions as anorthite and forsterite. Pure albite
plots very close to the position of cordierite (see Fig. 9c), and
iron-bearing olivine plots progressively up the right side of the
ternary in the direction of corundum (Fo85 plots at Cor � 18 on
Fig. 9c). The net effect of both components is to shift the
olivine-plagioclase tie line progressively to the right on Figures
8 and 9, but for the compositions of most Al-rich chondrules
the effect is sufficiently minor that it does not affect the

discussion. Iron has the additional effect of largely eliminating
the fields of cordierite, sapphirine, and mullite (Sheng, 1992),
which do not appear in any of the chondrules we studied (but
see Sheng et al., 1991).

The inferences made above for the spinel-saturated Al-rich
chondrules, based on Figure 9, remain remarkably robust for
spinel-undersaturated ones as well. For example, the primary
phase boundaries on Figure 9 are good indicators of the first
crystallizing phase that precedes spinel; this can be verified by
plotting the data on diagrams such as those in Figures 2 and 3.
All of the spinel-undersaturated Al-rich [Plag] chondrules have
anorthite rather than spinel as the first crystallizing phase, as
predicted by Figure 9. The spinel-undersaturated Al-rich [Oliv]
chondrules are slightly more complex. Although all have for-
sterite as the first crystallizing phase, as expected, the more
silica-rich ones plot sufficiently below the spinel saturation
surface that low-calcium pyroxene, rather than spinel, is the
second crystallizing phase. This is because these compositions
are silica saturated and MgAl2O4 spinel is not stable in a
silica-saturated melt. This is shown in Figure 10, where the
Al-rich chondrule data show an inverse correlation between
spinel coordinate (from Fig. 9d) and the bulk SiO2 wt.% of
each chondrule. Turning to the anorthite-forsterite tie line and
the thermal divide, most spinel-undersaturated Al-rich chon-
drules plot to the right of the tie line (Fig. 9), even though the
thermal divide as drawn is not strictly relevant to their compo-
sitions. In addition, the silica-rich chondrules to the right of the
tie line typically contain modal low-calcium pyroxene, a phase
generally absent from the spinel-bearing chondrules to the left
of the tie line. In short, the primary phase field and the tie
line/thermal divide shown on Figure 9 do a good job of pre-
dicting the mineralogy of most Al-rich chondrules and not just
the spinel-saturated ones.

The basis for the nomenclature system for Al-rich chon-
drules that we have used throughout this paper now becomes
clear. The system is based on composition-dependent textural

Fig. 10. Correlation between bulk SiO2 in Al-rich chondrules and
spinel coordinate within the system C2S-Fo-Cor, showing that silica-
enriched chondrules are the most spinel-undersaturated. Only chon-
drules with �3% FeO and Na2O (each) are plotted.
differences within a coherent larger group (our chondrules, plus
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literature examples for which sufficient textural information
exist), and those textural differences derive largely from the
relative crystallization of olivine and plagioclase. The proposed
nomenclature system is summarized in Figure 11, which shows
an enlarged version of the portion of the phase diagram (Fig. 8)
centered on the anorthite-forsterite reaction curve. Those com-
positions plotting in the forsterite field contain euhedral or
barred olivine (� spinel) phenocrysts (e.g., Fig. 1a and f), thus
the term Al-rich [Oliv] chondrules. These correspond to the
group 3 POIs of Sheng et al. (1991). In an analogous fashion,
those compositions plotting in the anorthite primary phase
volumes (� spinel) have textures dominated by long euhedral
plagioclase crystals (e.g., Fig. 1b and c) and interstitial olivine
and pyroxene, and therefore are designated as Al-rich [Plag]
chondrules; these approximately correspond to the groups 1
and 2 POIs of Sheng et al. (1991). The Al-rich [Plag, Oliv]
chondrules collectively are Ca-Al-rich chondrules in the no-
menclature of Bischoff and Keil (1984).

The Al-rich [Glass] chondrules (e.g., Fig. 1d) are calcium-
poor and sodium-rich and plot on or near the right margin of the
ternary (corundum-forsterite side) in Figure 9a. As we will
suggest below, they have evolved in a different fashion from
their Na-poor and Ca-rich kindred. These Al-rich [Glass] chon-
drules would have been classified as Na-Al-rich chondrules by
Bischoff and Keil (1984).

Note on Figure 9c that type C CAIs occupy a slightly
different region than do the Al-rich [Plag] chondrules. They are
separated by a line that connects the composition of the mineral
anorthite with the ternary reaction point labeled “R” on Figure
9c. Melts of both type C CAI and Al-rich [Plag] chondrule
composition are expected to crystallize plagioclase or spinel as
their liquidus phase, but the two then evolve very differently
precisely because of what the dividing line represents. Type C

Fig. 11. Proposed nomenclature system for Al-rich chondrules and
type C CAIs, based on liquidus relationships in a portion of the system
C2S-Fo-Cor shown in Figure 8.
CAI melts evolve to either the plagioclase-pyroxene cotectic or
the plagioclase-melilite cotectic, and subsequently evolve to the
plagioclase-pyroxene-melilite invariant point; they will never
crystallize olivine. Al-rich [Plag] chondrules evolve to the
olivine-plagioclase reaction curve and then evolve toward the
ternary reaction point “R.” At that point plagioclase enters into
reaction relationship with the melt and, if it is totally consumed,
the melt will then evolve down the olivine-pyroxene cotectic.
Thus the tie line between anorthite and the distributary reaction
point “R” on Figure 9c provides a meaningful distinction
between Al-rich [Plag] chondrules and type C CAIs. Wark
(1987) correctly inferred the nature of the difference between
the two groups of objects but did not provide the phase equi-
librium basis for it: Melts of type C CAI composition will never
encounter the forsterite phase field, whereas melts of Al-rich
[Plag] chondrule composition always will if they are not
quenched beforehand.

4.1.2. Al-rich chondrules, CAIs, and ferromagnesian
chondrules: Cosmochemical considerations

Up to now, we have used the ternary diagram in Figures 8
and 9 as a tool for investigating how the properties of diverse
Al-rich chondrules can be related to petrologic phase bound-
aries. Now we turn to using the diagram as a cosmochemical
tool for comparing bulk compositions of Al-rich chondrules to
those of CAIs and ferromagnesian chondrules. In this context
the petrologic phase boundaries are no longer relevant except in
a negative sense: The fact that the bulk-composition trends
cross-cut the phase boundaries at high angles strongly suggests
that igneous processes played no role in governing the bulk
compositions of this family of objects.

Figure 12a shows the bulk compositions of Al-rich chon-
drules (our data, plus data for Al-rich chondrules with low FeO
and Na2O taken from Bischoff and Keil (1984) and Sheng et al.
(1991)), a variety of CAIs (Beckett, 1986; Wark, 1987), and
types IA, IAB, and IB ferromagnesian chondrules (Jones and
Scott, 1989; Jones, 1994) plotted on the Ca2SiO4-Fo-Cor dia-
gram. What is striking is that the CAI, Al-rich chondrule, and
ferromagnesian chondrule data define a continuous but nonlin-
ear trend. The Al-rich chondrule trend connects the upper end
of the CAI trend, which terminates at the anorthite-diopside
join, with the ferromagnesian chondrule trend along the right
side of the ternary and straddling the bulk solar (CI chondrite)
composition. This trend clearly does not correspond in any way
to major liquidus boundaries, and thus does not appear to be the
result of any igneous processes such as fractional crystalliza-
tion or fusion. It also is clear from the diagram that although the
Al-rich chondrules link the CAI and ferromagnesian chondrule
trends, the Al-rich chondrules are not on a mixing line between
the ferromagnesian chondrules and any melilite-rich (types A,
B) CAIs. Only very anorthite- and diopside-rich CAIs (e.g.,
type C) could conceivably represent one end of such a mixing
line. This conclusion is reinforced in Figure 12b, which shows
the same data plotted in approximately a vertical section
through the ternary diagram (spinel coordinate of each point
plotted vs. the ternary forsterite coordinate). Note on both
Figure 12a and b that a mixture of type C CAIs, type IA
chondrules, and type IAB/IB chondrules can plausibly account
for �70% of the Al-rich chondrule compositions (the alert

reader will perceive that mixing “lines” on this diagram will not
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be strictly linear; however, they are close enough to linear that
our arguments remain valid). For the remaining 30%, another
component is required, and Figure 12b provides some hints to
what the possible component(s) might be: Those points plot
below a line joining type C CAIs and types IAB/IB chondrules,
extending in the direction of nepheline (shown) or a sodium-
bearing plagioclase (albite, not shown, plots at Sp � �370, Fo
� 39).

Also shown in Figure 12 are the trend for residual melts
during evaporation of chondritic composition (Notsu et al.,
1978) and the predicted composition trend for bulk solids
during equilibrium condensation at 10�3 atm. nebular pressure
(Yoneda and Grossman, 1995). Those two trends differ because
equilibrium gas-solid condensation (and sublimation) is con-
trolled by the stoichiometric compositions of the solid phases,
whereas the melt evaporation trend is controlled by the contin-
uously varying proportions of evaporating molecular species.
The combined chondrule-CAI data collectively define a con-
tinuous nonlinear path that parallels, but does not coincide
with, that expected from a gas-solid volatility relationship
(condensation or sublimation). However, the chondrule-CAI
trend does not remotely resemble that defined by chondritic
melt evaporation residues. These comparisons suggest that the
CAI-chondrule bulk compositions (or those of their precursors)
were controlled primarily by vapor-solid rather than vapor-melt
processes. Therefore, because Al-rich chondrules link the CAI
part of the trend with the ferromagnesian chondrules, they can
be considered intermediate between those two groups of ob-

Fig. 12. (a) Bulk compositions of Al-rich chondrules, fe
of silicate-rich CAIs projected from spinel onto the plane
Keil (1984); Sheng et al. (1991), Wark (1987), Weisberg
bulk solids during equilibrium condensation of a solar
evaporation residues from a carbonaceous chondrite mel
plotting the spinel coordinates vs. normative forsterite. Th
chondrules form a trend that cuts across the phase bound
mixing of ferromagnesian chondrules and any type of CA
text). Note also that, although hibonite apparently lies alo
hibonite plots off the left edge of the diagram at a spinel
of Al-rich chondrules.
jects in the volatility sense, but not in composition.
4.2. Minor and Trace Element Considerations

In the context of the volatility control argument above, the
Al-rich chondrule trend in Figure 11 raises the expectation that
the abundances of major, minor, and trace refractory elements
should increase and volatile elements decrease from the lower
right (where ferromagnesian chondrules meet the Al-rich chon-
drule trend) toward the junction with type C CAIs. For exam-
ple, the Al-rich [Plag] chondrules and one of the Al-rich [Glass]
chondrules, Chainpur 1251-3-1, should have the highest refrac-
tory-element contents because they plot closest to the CAI-end
of the Al-rich chondrule trend. In fact, these three chondrules
do have the highest refractory-element contents of the chon-
drules studied (Figs. 5–7). Refractory elements in Al-rich
[Glass] chondrules increase from Chainpur 5674-3b-1 to
Chainpur 1251-16-3 to Chainpur 1251-3-1 (Fig. 7), as expected
from Figure 12. And for the most part, refractory elements in
Al-rich [Oliv] chondrules increase in the expected sequence
(but cf. Quinyambie 6076-5-2 and Inman 5652-1-1, Figs. 5 and
9a). Figure 13 shows these correlations in a different way.
Several refractory trace elements plus FeO and Na2O are plot-
ted vs. the forsterite and Ca2SiO4 coordinates from Figure 12a.
In essence, the graphs plotted against forsterite show variations
of trace elements along the length of the Al-rich chondrule
trend in Figure 12a, whereas the graphs plotted against Ca2SiO4

show how the same elements vary across the Al-rich chondrule
trend (i.e., perpendicular to the corundum-forsterite side of the
ternary). The clearest and best correlations exist for the low-
FeO Al-rich [Oliv] chondrules (filled squares in Fig. 13) and

nesian chondrules (types IA, IAB, IB), and various kinds
-Cor. Data from this study, Beckett (1986), Bischoff and
Jones and Scott (1989), and Jones (1994). The trend for

from Yoneda and Grossman, 1995. The trend for melt
Notsu et al. (1978). (b) A “cross section” through (a),

ositions of CAIs, Al-rich chondrules, and ferromagnesian
d parallels the equilibrium condensation trend. Note that
t produce the compositions of the Al-rich chondrules (see
xtension of the Al-rich chondrule trajectory in (a), in (b)
ate of ��21 and thus cannot be a significant component
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the Al-rich [Plag] chondrules (open squares in Fig. 13): The
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refractory elements generally correlate positively with norma-
tive Ca2SiO4 and inversely with forsterite; sodium and iron are
uniformly low independent of either normative component. The
other chondrules fall off these correlations to varying degrees,
and the deviations are instructive to examine separately.

The Al-rich [Oliv] chondrules with high FeO (open boxes in
Fig. 13) are the three chondrules with the lowest abundances of
refractory elements and the most fractionated patterns (Chain-

Fig. 13. Abundances of four refractory lithophile trace elements, plus
FeO and Na2O, in Al-rich chondrules plotted both as a function of
normative forsterite (left side) and normative Ca2SiO4 (right side).
pur 1251-16-2, Krymka 1729-9-1, Quinyambie 6075-5-2; Fig.
5). In these chondrules, the calcium, strontium, aluminum, and,
in two cases, europium, are enriched relative to the rest of the
elements (Fig. 5), suggesting the possible presence of excess
plagioclase in the precursor. In Figure 13, the FeO is uniformly
high relative to all the other chondrules, with no obvious
relationship to either forsterite or Ca2SiO4. Thus the iron does
not appear to be controlled by volatility. The Al-rich [Glass]
chondrules (especially Chainpur 1251-3-1) exhibit two differ-
ent types of anomalies. First, they are all highly enriched in
alkali elements (Fig. 7; Na2O panels in Fig. 13). Such excesses
of highly volatile alkali elements in chondrules that are at the
same time both enriched in the refractory elements and de-
pleted in elements of intermediate volatility imply that the
alkalies were added later in a secondary process. In addition,
the Al-rich [Glass] chondrules also exhibit large negative
anomalies in calcium, strontium, and europium (but not alumi-
num) (Fig. 7). Especially for Chainpur 1251-3-1, its low cal-
cium content shifts it to low Ca2SiO4 on Figure 13, yet its
refractory-element abundances are comparable to those of
chondrules having much higher Ca2SiO4, causing it to fall off
of the volatility trends. The depleted elements (calcium, stron-
tium, europium) have different volatilities under most condi-
tions, but share in common a tendency to reside in plagioclase.
This suggests the depletions are a result of a secondary process
that affected the plagioclase component in the chondrules.

4.3. Seeing Through the Fog: Recognizing
Secondary Effects

Until the previous paragraph, we have implicitly assumed
without evidence that sodium and iron excesses in not only the
Al-rich chondrules but also ferromagnesian chondrules are
somehow a secondary effect. For example, in selecting the
literature data that has been plotted for comparison on various
diagrams, only data with less than 3 wt.% each of Na2O and
FeO is used. The assumption has been that such data more
clearly reflects the primary processes by which the chondrules
were first formed. We are hardly the first to make such an
assumption; the idea of secondary processes being responsible
for elevated iron and sodium compositions in chondrules has
been around for a long time (e.g., Wark 1981; Grossman et al.,
1997). We now address this issue for Al-rich chondrules di-
rectly. Using the same diagram from Figure 2, we have plotted
on Figure 14a the available bulk compositions of Al-rich chon-
drules and ferromagnesian chondrules, including in both cases
those with high FeO and Na2O contents. The ferromagnesian
chondrules show a vague trend away from the tridymite apex,
but the Al-rich chondrules scatter widely across the center of
the diagram. However, when only those ferromagnesian and
Al-rich chondrules containing less than 3 wt.% each of Na2O
and FeO are plotted (Fig. 14b), much of the scatter disappears.
The ferromagnesian chondrules define a single coherent trend
that extends away from the tridymite apex through bulk solar
(CI) toward Al-rich chondrules; the Al-rich chondrules them-
selves define a relatively tight cluster in the lower central part
of the diagram. This observation is significant because addition
or subtraction of MgO or SiO2 (i.e., volatility control) from a
solar starting bulk composition will reproduce the trend. Thus,
looking at the trends defined by only the FeO- and Na O-poor
2

objects apparently reveals the primary compositional variations
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resulting from volatility processes, whereas the presence of
FeO- and Na2O-rich objects obscures such inferences. For
those chondrules in which iron is enriched around grain bound-
aries or fractures, or where sodium is present as nepheline that
replaces plagioclase, it is easy to conclude that those elements
are present owing to secondary processes. How then do sodium
and iron come to be included as apparently primary compo-
nents in plagioclase, glass, or olivine in some of our Al-rich
chondrules? We suggest that multiple episodes of alteration and
remelting are responsible, and we will return to this idea at the
end of the paper where a specific and suggestive case can be
made for the origin of sodium in the Al-rich [Glass] chondrules.

4.4. The Role of Condensation in the Formation of Al-
Rich Chondrule Precursors

We previously noted the clear parallelism between the com-

Fig. 14. Bulk compositions of a wide range of ferromagnesian and
Al-rich chondrules, including ones enriched in Na2O and FeO, are pro-
jected from forsterite onto the plane tridymite-diopside-spinel. (a) Ferro-
magnesian chondrules (all kinds, not just type I as in previous figures)
show a general trend away from the tridymite apex, but the Al-rich
chondrules spread across most of the diagram. (b) When chondrules with
more the 3% of either Na2O or FeO are removed from the diagram, a
clearer trend containing both types of chondrules is evident. Data from
Bischoff and Keil (1984), Weisberg (1987), Jones and Scott (1989), Jones
(1994); Sheng et al. (1991); Huang et al. (1996), and this study. Solar (CI)
composition is from Anders and Grevesse (1989).
bined CAI–Al-rich chondrule–ferromagnesian chondrule trend
to that predicted by equilibrium condensation (Section 4.1; Fig.
11), but there is also an inescapable systematic difference
between observed and predicted trends. This problem is not
new. The systematic deviation of observed CAI compositions
(especially types B and C) from the predicted equilibrium
condensation trend was discussed at length by Stolper (1982)
and Beckett and Grossman (1988). A number of potential
reasons for this difference have been proposed. These fall into
three categories: The observed compositions are systematically
in error, the observed compositions result from additional pro-
cesses superimposed on the condensation trend, or the existing
equilibrium condensation calculations do not accurately reflect
the actual nebular condensation.

Grossman et al. (2000) proposed that the bulk compositions
for types A and B CAIs may be in error due to nonrepresen-
tative sampling of spinel relative to other phases. When they
correct the compositions for this supposed sampling problem,
they found better agreement between natural and predicted
compositions though significant discrepancies remained.

Grossman et al. (2000, 2002) and Richter et al. (2002)
proposed that fractional evaporation during high-temperature
cooling of types A and B CAI melts results in preferential loss
of magnesium and silicon from the liquids, and they showed
how this can explain the discrepancy between calculated and
observed CAI compositions. These models are supported by the
small degrees of mass-dependent isotopic fractionation of mag-
nesium and silicon that are commonly observed in type B CAIs.
These models cannot explain either type C CAIs or Al-rich
chondrules, which therefore would necessarily have indepen-
dent and very different origins from the types A and B CAIs.

The alternative to the above models for explaining the devi-
ation of observed compositions from the calculated condensa-
tion trend is that the calculations themselves are in some way
inappropriate to the natural situation. For example, Beckett and
Grossman (1988) suggested nonequilibrium condensation of
anorthite and diopside as a mechanism to explain type C CAIs.
MacPherson and Huss (2000) agreed that anorthite is the key:
Because condensation calculations generally predict anorthite
to condense at a lower temperature than both pyroxene and
forsterite, the condensation trend evolves from pyroxene to-
ward forsterite and never approaches anorthite (Fig. 11a).
Therefore, MacPherson and Huss (2000) suggested that anor-
thite preceded forsterite in the actual condensation sequence
rather than followed it. This suggestion was based on the
observation that, in many CAIs, early-formed phases such as
melilite and spinel are replaced by anorthite and pyroxene in
the absence of olivine. MacPherson et al. (2002) and Krot et al.
(2004a) explored this idea by looking at fine-grained spinel-
rich CAIs from Efremovka and Leoville, whose highly frac-
tionated group II trace element patterns are generally consid-
ered to establish these CAIs as the best examples of solar
nebular condensates. Their mineralogic and textural features
demonstrate clearly that anorthite and pyroxene formed as a
result of melilite and spinel reacting with the gas, with no
intervening forsterite. Thus the observations indicate that an-
orthite condensation apparently did precede forsterite conden-
sation, at least in the regions where these objects formed. A
theoretical study of condensation behavior as a function of
nebular pressure (Petaev and Wood, 1998) in fact showed a

pressure-dependent crossover of the anorthite–forsterite con-
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densation sequence, with anorthite preceeding forsterite at the
lower pressures. Krot et al. (2004a) refined those preliminary
calculations and showed that the crossover occurs at PT

� �10�5 bars, below which significant anorthite is calculated
to condense before forsterite. MacPherson et al. (2004) showed
that condensation under such pressures produces a bulk com-
position trend that is very similar to the one (e.g., Fig. 11a)
defined by the CAIs (including type Cs) and Al-rich chon-
drules.

We have to this point discussed only the possibility of classic
vapor–solid condensation. However, Wark (1987) explicitly
proposed that type C CAIs might be the result of liquid con-
densation. Al-rich [Plag] chondrules are similar to type C CAIs
in composition, so Wark’s proposal (if correct) has obvious
relevance. Yoneda and Grossman (1995) and Ebel and Gross-
man (2000) explored the conditions under which liquid con-
densation could have occurred in the solar nebula, and what the
compositions of such condensates would be. These studies
showed that enhanced dust/gas ratios are required to stabilize
liquids at acceptable nebular pressures, and that under such
suitable conditions it is possible to condense melts that resem-
ble some CAIs and even ferromagnesian chondrules in many
respects. However, neither set of calculations produced any
compositions that remotely resemble most Al-rich chondrules
or Type C CAIs. Based on these results, we rule out melt
condensation as a likely model for Al-rich chondrule genesis.

4.5. The Role of Volatilization in the Formation of Al-
Rich Chondrule Precursors

An alternative volatility-controlled process that might ex-
plain the properties of Al-rich chondrules is volatilization,
either melt evaporation or solid sublimation.

The evidence suggests that melt evaporation was not a sig-
nificant factor in most cases. One of the critical points to
emerge from the combined bulk compositional trend of CAIs
and Al-rich chondrules on Figure 11 is not just that it approx-
imates the trend of total condensed solids predicted by equi-
librium gas-solid condensation calculations, but also that it is so
different from that of melt evaporation. As noted earlier, a
fundamental difference between the products of equilibrium
gas–solid condensation vs. those of melt evaporation is the
control in the former case by the stoichiometric compositions
of the solid phases, as opposed to evaporation of molecular
species from a nonstoichiometric melt. The Al-rich chondrule
bulk composition trend lies very nearly on an olivine-plagio-
clase tie line. A second and possibly less restrictive point is that
only one of the eleven chondrules we measured shows evidence
of isotopic mass-dependent fractionation in magnesium (Huss
et al., 2001), whereas evaporation from a melt droplet sufficient
to produce the large enrichments in refractory elements can
result in significant enrichment of heavy isotopes in the residual
liquid (except under special conditions, such as elevated neb-
ular pressure or elevated gas/dust ratios; e.g., Richter et al.,
2002). The one exception is Chainpur 1251-3-1, but evidence
given earlier suggests that this fractionated magnesium was
inherited from a xenolithic CAI fragment that was incorporated
into the chondrule and partially melted. Thus, there is no
evidence in the chondrules we studied for significant evapora-

tion from the Al-rich chondrule melts.
In principle, equilibrium sublimation is the reverse of equi-
librium gas-solid condensation; in practice there might be dif-
ferences owing to kinetic influences on both processes. If the
solids that are being evaporated consist of minerals other than
those predicted by equilibrium condensation, and if kinetic
barriers prevent those minerals from being converted to the
equilibrium assemblage on a timescale that is short compared
to the evaporation time scale, then gas and solid bulk compo-
sitions could deviate from those predicted by simply consider-
ing equilibrium condensation calculations in reverse. We can-
not address this possibility from first principles, nor do our data
directly address the issue, but there are compelling arguments
that sublimation may have been an important nebular process.
For the most part, these are arguments against equilibrium
condensation in the classic sense. For condensation to be the
dominant process, preexisting solids must have completely (or
almost completely) evaporated to provide a gas reservoir from
which solids can recondense. Yet many CAIs contain isotopi-
cally anomalous calcium, titanium, and other elements that are
probably preserved from a site of stellar nucleosynthesis (e.g.,
Niederer et al., 1980; Niemeyer and Lugmair, 1984; Clayton et
al., 1988). Because gases mix very rapidly, eliminating isotope
effects, the preservation of isotopic anomalies in the CAIs
requires that the precursor solids (presolar grains) were not
completely evaporated. The preservation of presolar grains in
unmetamorphosed members of all chondrite classes, and cor-
relations between modifications of the complex of presolar
grains in each meteorite class and the bulk chemical properties
of that class, implies that presolar grains experienced the same
thermal processing that produced the meteorite classes (Huss
and Lewis, 1995; Huss et al., 2002, 2003). Because much
chondrule formation is thought to have postdated this chemical
processing (e.g., Grossman and Wasson, 1983), precursors for
Al-rich chondrules may well have contained abundant products
of thermal processing of presolar dust. However, even if sub-
limation played a major role in producing chondrule precursors,
condensation also played a significant role. For example, the
Group II REE pattern can only be produced by condensation
from a gas from which the ultrarefractory component is missing
(Boynton, 1975; Davis and Grossman, 1979). Reactions be-
tween preexisting solids and gas while temperatures drop are in
fact condensation reactions. The nephelinization of anorthite in
some Al-rich chondrule precursors falls into this category.
Some 16O-rich signatures in CAIs and chondrules may reflect
local condensation from a 16O-rich gas (e.g., Scott and Krot,
2001).

The relative importance of condensation and sublimation
will not be settled here. However, there is good evidence that
Al-rich chondrules (or their precursors) owe their compositions
to volatility-controlled processes, and that condensation of liq-
uid chondrules and evaporation of the chondrule melt droplets
were likely not important factors in producing these composi-
tions.

4.6. Al-Rich Chondrules as CAI–Ferromagnesian
Chondrule Hybrids

Previous workers have described objects in chondrites that
clearly consist of CAI material trapped within once-molten

ferromagnesian chondrule droplets (e.g., Sheng et al., 1991;
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Misawa and Fujita, 1994; Maruyama et al., 1999; Krot and
Keil, 2002; Krot et al., 2002). These compound objects have
bulk compositions similar to some Al-rich chondrules and, had
they experienced more complete melting, would have similar
mineralogy and textures. Such observations raise the possibility
that Al-rich chondrules in general represent CAI–ferromagne-
sian chondrule hybrids.

Our earlier qualitative discussion based on Figure 12 showed
that hybridization models are consistent with the bulk compo-
sitions of many Al-rich chondrules but are severely restricted
by the requirement that the CAI component must have a very
limited, plagioclase– and calcic-pyroxene–rich bulk composi-
tion similar to that of type C CAIs (see also discussion by Krot
and Keil, 2002). Melilite in particular must be an insignificant
component in any precursor CAIs. Figures 12a and b shows
that mixtures of type C CAIs and type IA and type IAB/IB
chondrules can plausibly explain up to �70% of the Al-rich
chondrule compositions plotted on those diagrams. In an effort
to more fully explore this conclusion, we conducted some
simple numerical mixing calculations. We deliberately did not
use minerals for these calculations; with enough minerals, it
would of course be possible to closely match any composition.
Rather, we were interested in seeing if observed chondrule and
CAI compositions could be combined into reasonable approx-
imations of Al-rich chondrule compositions; that, after all, is
the essence of the hybrid model for Al-rich chondrules. We
simplified our calculations by neglecting iron and sodium, and
we modeled only major elements because type C CAIs (like all
CAIs) have diverse trace element fractionation patterns that are
decoupled from their major-element compositions (Wark,
1987). The components we used were an average Semarkona
type IA (olivine-rich) chondrule (Jones and Scott, 1989), an
average Semarkona type IAB (pyroxene-rich) chondrule
(Jones, 1994), and a type C CAI (Beckett, 1986, his TS26F1;
see also Wark, 1987). It quickly became apparent, however,
that such numerical models add little to the conclusions already
stated. The three-component mixing models give fits for the
CMAS oxides within 30 relative % in most cases, but fare very
poorly for some of the chondrules. Notable exceptions are
Krymka 1729-9-1 (for which the calculated SiO2, Al2O3, MgO,
and CaO are all too high), Chainpur 1251-14-2 (calculated
MgO is far too high), and all of the Al-rich [Glass] chondrules.
In the latter, the models fail completely because the calculated
CaO contents far exceed the observed values.

We also briefly explored mixing models using a different
variety of CAI, the fine-grained spinel-rich CAIs from CV3
chondrites such as Efremovka and Leoville, and which are also
highly plagioclase enriched (e.g., MacPherson et al., 2002).
Mixed with the same ferromagnesian chondrules, these give
significantly higher residuals than does the type C CAI because
the fine-grained CAIs are more spinel normative than either the
Al-rich chondrules or the type C CAIs.

Based on the major elements alone, therefore, some Al-rich
chondrules can reasonably be modeled as three-component
mixtures of plagioclase-pyroxene-rich CAIs plus olivine-rich
and pyroxene-rich ferromagnesian chondrules. This result sup-
ports suggestions by other workers based on isotopic data
(Sheng et al., 1991) and direct observations of hybrid CAI-
chondrule objects (Misawa and Fujita, 1994; Krot et al., 2002)

that some Al-rich chondrules are the result of melting mixtures
of CAI and ferromagnesian material. However, our calculations
also indicate that such mixing models do not work well for all
Al-rich chondrules: they fail universally for the Al-rich [Glass]
variety, and they also fail for some Al-rich [Oliv] and Al-rich
[Plag] as well.

4.6.1. The mystery of the missing melilite

The most serious problem for hybrid models may be the
restricted population of CAIs that is required for mixing. Be-
cause Al-rich chondrule compositions plot (e.g., Fig. 11) along
a line joining ferromagnesian chondrules with anorthite � py-
roxene (or anorthite-pyroxene-rich CAIs, such as type Cs) and
not along a line joining ferromagnesian chondrules with me-
lilite or melilite-rich CAIs (such as type As), melilite was not
a significant component in the precursors to Al-rich chondrules,
and only plagioclase and calcic pyroxene (� spinel) were. Yet
melilite-rich CAIs exist in most types of chondrites and are
common in some. If CAI-chondrule hybridization was impor-
tant in forming the Al-rich chondrule precursors, why was
melilite absent when the Al-rich chondrules were forming, and
why were only plagioclase-pyroxene-rich CAI materials
present? Evidence from short-lived radionuclides (especially
26Al; Kita et al., 2000; Huss et al., 2001) and absolute ages
(Amelin et al., 2002) demonstrate that CAIs formed at least 1.5
My before the onset of chondrule formation, so melilite-rich
CAIs and fragments certainly existed at the time that the
chondrules formed. The only possible conclusion, therefore, is
that melilite and melilite-rich CAIs were not volumetrically
significant in the place where the chondrules formed whereas
plagioclase and calcic pyroxene were. This conclusion implies
that, in order for hybridization to explain Al-rich chondrules, at
some point in time there were two reservoirs of CAI material
that became physically separated and followed very different
evolutionary paths. The melilite-rich CAIs somehow were re-
moved from the normal evolutionary path that ultimately would
have led to most or all of the melilite being replaced by
plagioclase and calcic pyroxene. They therefore were missing
from the place(s) where Al-rich chondrules ultimately formed,
and they only arrived at those places after chondrule formation
and just before chondrite accretion. Other CAIs that remained
in contact with the nebular gas were mineralogically and chem-
ically transformed into plagioclase-pyroxene-rich varieties. The
latter CAIs can be thought of as more fully representing the
later stages of condensation, because they have more fully
equilibrated with the nebular gas. We can only speculate on
what might have happened to the melilite-rich CAIs that al-
lowed them to escape the extensive nebular processing expe-
rienced by their plagioclase-pyroxene-rich kin. One possibility
is that they alone are the CAIs that experienced bipolar outflow
of the kind proposed by Shu et al. (1996), which removed them
from the nebular disk and later redeposited them back from the
outside. The other CAIs did not become incorporated into the
bipolar outflow and thus remained in contact with—and be-
came transformed by—the gas in the nebular disk.

4.7. Amoeboid Olivine Aggregates as Al-Rich
Chondrule Precursors

An alternative model is that Al-rich chondrules are not

CAI-chondrule hybrids but instead formed by melting of
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more primitive precursors. In that case it is reasonable to
expect that chondrites might contain relicts of those precur-
sors that escaped melting. The critical requirement for such
precursors is that they contain abundant olivine together
with a refractory component whose modal mineralogy is
dominated by calcic plagioclase, calcic pyroxene, and
spinel. Objects having such properties are well known from
carbonaceous chondrites, and are called amoeboid olivine
aggregates (AOAs; see Krot et al., 2004c, for an extensive
review). As their name implies, amoeboid olivine aggregates
consist largely of olivine (Grossman and Steele, 1976), but
most of these large fluffy objects contain within them small
refractory nodules composed largely of spinel and pyroxene.
The prototypical AOAs, described from Allende, contain
abundant nepheline as an additional phase, but recent studies
(Komatsu et al., 2001) of AOAs from the reduced CV3
meteorites Leoville and Efremovka show that the nepheline
is replacing original anorthite. Very little is known about
AOA-like objects from ordinary chondrites, so we necessar-
ily rely on data for ones from CV3s. Figure 15 shows the
bulk compositions of AOAs from Efremovka, Leoville, and
Vigarano (Komatsu et al., 2001) relative to those of the
Al-rich chondrules. The overall bulk chemistry of the AOAs
is clearly more olivine-rich than that of the Al-rich chon-

Fig. 15. Compositions of Al-rich chondrules, type C CA
the plane C2S-Fo-Cor. The AOA data define a trend that
chondrules. Data from Bischoff and Keil (1984), Wark (1
drules, although they plot along an extension of the same
trend on Figure 15 that leads from forsterite toward anor-
thite. The overall compositions of the enclosed refractory
nodules must be very close to those of the refractory com-
ponent that went into Al-rich chondrules. Oxygen isotope
studies (Hiyagon and Hashimoto, 1999; Clayton et al., 1973;
1977) show that AOAs are distinctly 16O-rich relative to
most Al-rich chondrules both in carbonaceous chondrites
(Clayton et al., 1987; Maruyama et al., 1999) and in ordinary
chondrites (Russell et al., 2000). Komatsu et al. (2001) used
similar comparisons to conclude, as do we, that AOAs are
intriguingly similar to, but nevertheless not a perfect match
for, Al-rich chondrule precursors. It may be that AOAs and
Al-rich chondrules both formed from similar yet unidentified
precursor materials and then diverged in chemistry during
their subsequent different evolutionary paths.

4.8. The Separate Origin of Al-Rich [Glass] Chondrules

The idea that CAIs and chondrules have undergone multiple
melting episodes has been around for some time (e.g.,
MacPherson and Davis, 1993; Jones, 1996; Beckett et al.,
2000). Here we suggest how remelting of plagioclase-rich
chondrules in which the plagioclase has been altered to neph-
eline might explain the characteristics of Al-rich [Glass] chon-

amoeboid olivine aggregates, projected from spinel onto
ilar to, but more forsterite rich than, that for the Al-rich
heng et al. (1991); Komatsu et al. (2001), and this study.
Is, and
drules. The striking and consistent features of the three Al-rich
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[Glass] chondrules we studied are their uniform enrichments
(relative to CI) of elements more refractory than beryllium,
elevated sodium and potassium contents, and depletions in
calcium, strontium, and europium. The latter suggest removal
of plagioclase, but there is no evidence from the major-element
bulk composition trends described earlier that igneous fraction-
ation is involved. The key comes not from the Al-rich [Glass]
chondrules themselves but from the Al-rich [Plag] chondrules,
in which plagioclase is moderately replaced by secondary
nepheline (e.g., Fig. 1b). Nepheline is sodium and potassium
rich and calcium poor. Our ion probe analyses show that
nepheline and plagioclase have virtually reciprocal REE pat-
terns (e.g., Chainpur 5674-2-1; Fig. 16), with plagioclase show-
ing low overall REE contents and a positive europium anomaly,
whereas the nepheline is markedly more enriched in all REE
except for a large negative europium anomaly. Remelting of
such Al-rich chondrules in which the primary plagioclase was
moderately to completely replaced by nepheline, such as in
Chainpur 5674-2-1 or Chainpur 1251-14-2, would produce the
chemical properties of the Al-rich [Glass] chondrules: They
retain the elevated overall refractory element abundances of the
original chondrules, but calcium, strontium, and europium are
lost (presumably to the vapor at the time of alteration) and
sodium and potassium are gained with the breakdown of the
plagioclase. Interestingly, the alteration process of plagioclase
also involves introduction of REE, because the nepheline is
significantly more enriched in all REE (except Eu) than the
plagioclase it replaces. Note that our model does not require the
original chondrules to have been as plagioclase rich as Chain-
pur 5674-2-1 or Chainpur 1251-14-2, only that they had modal
plagioclase that was replaced by nepheline.

5. SUMMARY AND CONCLUSIONS

We have shown that the diverse mineral assemblages and
textures exhibited by Al-rich chondrules are a direct conse-
quence of the phase-equilibrium constraints provided by their
bulk compositions. The compositions span the anorthite-for-
sterite reaction curve, which places the compositions into two
primary phase fields, the plagioclase (� spinel) and olivine
(� spinel) fields (Figs. 9 and 11). The first-crystallizing phases
naturally divide the Al-rich chondrules into plagioclase phyric

Fig. 16. CI-normalized REE abundances (ion probe data) in plagio-
clase and nepheline from the Al-rich [Plag] chondrule Chainpur 5674-
2-1.
and olivine phyric varieties. A thermal divide defined by the
anorthite-forsterite join influences the later evolution of the
chondrules.

Major-, minor-, and trace-element bulk compositions of
eleven Al-rich chondrules previously measured for 26Al (Huss
et al., 2001) demonstrate that they are intermediate in a vola-
tility sense between CAIs and ferromagnesian chondrules.
When plotted on a new ternary compositional projection dia-
gram that incorporates more of compositional space than pre-
vious diagrams, the CAIs, Al-rich chondrules, and ferromag-
nesian chondrules define a continuous but nonlinear trend
through composition space that closely resembles, but does not
exactly match, the trend predicted by equilibrium condensation/
sublimation. This strongly suggests that volatility-controlled,
gas-solid reactions were the dominant processes in producing
their compositions. For those Al-rich chondrules that may have
formed by remelting of CAI–ferromagnesian chondrule hy-
brids, the precursors must have originated through volatility-
controlled processes. Refractory trace element abundances in
the chondrules correlate positively, and volatile element abun-
dances correlate negatively, with normative refractory miner-
alogy, conforming to expectations if their ultimate precursors
formed by condensation or sublimation. Other processes con-
tributed to the further diversification of Al-rich chondrule com-
positions. Al-rich [Glass] chondrules require complex multi-
stage histories, beginning with back-reactions with nebular gas
that converted much of the plagioclase in earlier-generation
Al-rich chondrules into nepheline. The objects were subse-
quently remelted, producing Ca-poor and Na-rich glassy chon-
drules. Clayton et al., 1988 Deer et al., 1966
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