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Anorthite-rich chondrules in CR and CH carbonaceous chondrites: Genetic link
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Abstract—Anorthite-rich chondrules in CR and CH carbonaceous chondrites consist of magnesian
low-Ca pyroxene and forsterite phenocrysts, FeNi-metal nodules, interstitial anorthite, Al-Ti-Cr-rich
low-Ca and high-Ca pyroxenes, and crystalline mesostasis composed of silica, anorthite and high-Ca
pyroxene. Three anorthite-rich chondrules contain relic calcium-aluminum-rich inclusions (CAls)
composed of anorthite, spinel, +Al-diopside, and *forsterite. A few chondrules contain regions
which are texturally and mineralogically similar to magnesian (type I) chondrules and consist of
forsterite, low-Ca pyroxene and abundant FeNi-metal nodules. Anorthite-rich chondrules in CR and
CH chondrites are mineralogically similar to those in CV and CO carbonaceous chondrites, but contain
no secondary nepheline, sodalite or ferrosilite. Relatively high abundances of moderately-volatile
elements such as Cr, Mn and Si in the anorthite-rich chondrules suggest that these chondrules could
not have been produced by volatilization of the ferromagnesian chondrule precursors or by melting
of the refractory materials only. We infer instead that anorthite-rich chondrules in carbonaceous
chondrites formed by melting of the reduced chondrule precursors (olivine, pyroxenes, FeNi-metal)
mixed with the refractory materials, including retic CAls, composed of anorthite, spinel, high-Ca
pyroxene and forsterite. The observed mineralogical and textural similarities of the anorthite-rich
chondrules in several carbonaceous chondrite groups (CV, CO, CH, CR) may indicate that these
chondrules formed in the region(s) intermediate between the regions where CAls and ferromagnesian
chondrules originated. This may explain the relative enrichment of anorthite-rich chondrules in 160

compared to typical ferromagnesian chondrules (Russell er al., 2000).

INTRODUCTION

The short-lived radionuclide 26A1 was present in the nebular
regions where the first solids in our solar system, calcium-
aluminum-rich inclusions (CAls) and chondrules, formed (Lee
et al., 1976; Hutcheon and Hutchison, 1989; Goswami ef al.,
1994; MacPherson et al., 1995; Russell et al., 1996, 1997a;
Srinivasan er al., 1996a,b; Mostefaoui ef al., 1999; Goswami
and Vanhala, 2000; Kita ez al., 2000; McKeegan ef al., 2000a;
Ito et al., 2000; Yurimoto et al., 2000; Hutcheon et al., 2000).
It is commonly believed that chondrules formed 2-5 Ma after
CAIs (e.g., Podosek and Cassen, 1994; MacPherson ef al.,
1995). This hypothesis is based on the assumption that 26A1
was initially homogeneously distributed in the nebular regions
from which both CAIs and chondrules formed, and the
observation that many CAIs from different chondrite groups
have the "canonical" (26A1/27 Al); ratio of about (4-5) x 10-3,
whereas chondrules analyzed so far have (26A1/27Al); ratios of
<1.5 x 10-3 (MacPherson et al., 1995; Russell et al., 1996,
1997a; Mostefaoui et al., 1999; Kita et al., 2000; McKeegan
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et al., 2000a). Unfortunately, only a few ferromagnesian
chondrules contain phases with high enough Al/Mg ratios (>40)
for 26Mg* to be detected by secondary ion mass spectrometry,
and the 26A1-26Mg isotope systematics have been largely
studied for rare Al-rich chondrules.

Based on the correlated occurrences of 26Al and 41Ca in
CAls, Sahijpal et al. (1998) concluded that both short-lived
radionuclides had a stellar origin and were injected into the
protosolar cloud during its collapse. This process would
probably result in homogeneous distribution of 26Al in both
CAI- and chondrule-forming regions (Sahijpal et al., 1998),
although local heterogeneity could be produced as well
(Vanhala and Boss, 2000).

Alternatively, it was suggested that CAls and chondrules
formed in separate and isotopically distinct reservoirs and were
later mixed in various accretion regions (Shu et al., 1996;
Wood, 1996, 1998a,b; McKeegan ef al., 1998, 2000a,b; Krot
et al., 1999a,b; Guan et al., 2000a,b; Fagan ef al., 2000a,b).
Although this might weaken the chronological significance of
Al-Mg systematics for understanding the time difference
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between CAI and chondrule formation, the Al-Mg systematics
remains valid for dating the complex histories of CAls
(MacPherson and Davis, 1993; Hsu et al., 2000).

Aluminum-magnesium isotope measurements of Al-rich
chondrules were largely made on meteorites that experienced
mild thermal metamorphism (Chainpur, L3.4; Inman, LL3.3/
3.6; Bovedy, L3.7; Kainsaz, CO3.1; Omans, CO3.3) or late-
stage alteration (Allende, CV3) (Hutcheon and Hutchison,
1989; Sheng et al., 1991; Hutcheon and Jones, 1995; Russell
etal., 1996, 19974a; Srinivasan et al., 1996a; Mostefaoui et al.,
1999; Kita et al, 2000; Wadhwa and Russell, 2000). Both
processes may have reset or disturbed the 26A1-26Mg
systematics in these chondrules (LaTourrette and Wasserburg,
1998; LaTourrette and Hutcheon, 1999; Yurimoto et al., 2000).
Systematic Al-Mg isotope studies of chondrules from the most
primitive carbonaceous chondrites are virtually non-existent.

Using high-resolution x-ray elemental mapping techniques,
we discovered that relatively primitive CR, CH, reduced CV
and the unique carbonaceous chondrites Adelaide and Acfer
094 commonly contain (1-10 per thin section) a subset of Al-
rich chondrules—anorthite-rich chondrules (ARCs) (Krot et
al., 1999b; Krot, 2000; Hutcheon et al., 2000; Marhas et al.,
2000). The presence of ARCs in primitive carbonaceous
chondrites and their unique mineralogical features (coarse-
grained, igneous anorthite and relic CAls) make them ideal for
Al-Mg isotope studies to understand (1) the distribution of 26A1
in chondrule-forming regions, (2) the time difference between
CAI and chondrule formation, and (3) the genetic relationship
between chondrules and CAls.

Here we present mineralogical and petrographic studies of
ARCs in CR and CH carbonaceous chondrites. Magnesium-
and oxygen-isotopic studies of these chondrules are in progress
and will be reported in a separate paper.

PLAGIOCLASE-OLIVINE INCLUSIONS
AND ANORTHITE-RICH CHONDRULES
IN CARBONACEOUS CHONDRITES:
PREVIOUS STUDIES

Plagioclase-olivine inclusions (POIs) described by Sheng
et al. (1991) in the CV chondrite Allende consist mainly of
plagioclase and olivine and range in composition from type C
CAls to porphyritic olivine chondrules. In contrast to the CAls,
POIls are characterized by the absence of melilite, platinum
group element (PGE) nuggets and Wark—Lovering rims, the
abundance of olivine, a distinctive pyroxene composition (TiO,/
AlpOj ratio of ~1), and more sodic plagioclase (Angs_gs). Sheng
etal. (1991) excluded the possibility of formation of POIs as liquid
or solid condensates from a solar gas or as evaporative residues
and suggested that POIs formed by aggregation of isotopically
dissimilar materials followed by partial melting.

Kring and Holmen (1988) first described a new class of
chondrules with refractory inclusion affinities, ARCs, in the
CV chondrites Allende, Ningqgiang and Kaba and CO chondrite

Kainsaz. The ARCs are compositionally intermediate between
ferromagnesian chondrules and CAls, and are mineralogically
different from most of the Ca, Al-rich chondrules described
by Bischoff and Keil (1984), Bischoff et al. (1985) and Huss
etal (2001) in ordinary chondrites. ARCs can be considered
as a subset of Ca, Al-rich chondrules as defined by Bischoff
and Keil (1984). These chondrules have a droplet morphology
and igneous textures and consist of abundant anorthitic
plagioclase, *spinel, *olivine, *pigeonite, *enstatite,
+augite, +fassaite, and always contain small amounts of Fe-
metal/sulfides. POIs as defined by Sheng et al. (1991) are a
subset of ARCs (Kring and Holmen, 1988). The ARCs are
enriched in moderately volatile lithophile elements; their
element abundances increase almost monotonically with
volatility. The rare earth elements (REE) in most of the ARCs
are unfractionated, similar to those in ferromagnesian
chondrules. Some of the ARCs have highly fractionated REE
patterns, similar to volatility-controlled group II and
ultrarefractory patterns seen in refractory inclusions (Kring
and Boynton, 1990). The oxygen-isotopic compositions of
two ARCs analyzed are similar to the most 160-rich porphyritic
chondrules in Allende (Kring and Holmen, 1988). Kring and
Boynton (1990) concluded that some of the precursors of ARCs
and refractory inclusions may have come from the same
reservoir, or from different and isolated reservoirs in which
similar processes operated.

MacPherson and Russell (1997) discussed several possible
models for the origin of Al-rich chondrules including impact
melting, precursor mixing, and volatilization and concluded
that no single model appears capable of explaining the entire
spectrum of Al-rich chondrule bulk compositions.

Studies of Ca, Al-rich chondrules and/or anorthite-rich
chondrules in CR chondrites are very limited (Weber and
Bischoff, 1997; Weisberg ef al., 2001). Weber and Bischoff
(1997) found two ARCs composed of eclongated forsteritic
olivines surrounded by laths of fassaite and anorthite and
having igneous, barred olivine textures in the Acfer 059-
El Djouf 001 chondrite (one of these chondrules is described
by Bischoff er al., 1993). Weisberg ef al. (2001) described
one spherical ARC (~900 xm in diameter) in the Renazzo
chondrite. It consists (in vol%) of anorthitic plagioclase (Angg)
(55%), Al-Ti-bearing low-Ca pyroxene (26%) and high-Ca
pyroxene (14%), forsterite (2%), and Cr-Ti-bearing spinel
(2%). Anorthite has an essentially flat, group I REE pattern
at ~20 x CI and contains isotopically normal Mg (initial
26A1/27TA1 < 1.8 x 10-5).

ANALYTICAL PROCEDURES

Twenty one polished thin sections of the CR chondrites
Acfer 139, Acfer 087, E1 Djouf 001, Al Rais, Elephant Moraine
(EET) 87730, EET 87770, EET 92042, EET 92174, Graves
Nunataks (GRA) 95229, MacAlpine Hills (MAC) 87320, and
Pecora Escarpment (PCA) 91082 and 12 polished thin sections
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TABLE 1. List of polished thin sections of CR and CH chondrites studied.

Chondrite pts chd no. Chondrite pts chd no.
CR chondrites

Acfer 087 AB 8 GRA 95229 18 7
Acfer 139 AG 7 GRA 95229 21 10
EET 87730 30 2 GRA 95229 29 3
EET 87747 17 8 MAC 87320 9 1
EET 87770 14 6 MAC 87320 11 5
EET 92041 21 4 MAC 87320 20 5
EET 92042 23 2 PCA 91082 6 4
EET 92042 22 3 PCA 91082 20 6
EET 92147 7 1 PCA 91082 26 2
El Djouf 001 AB 4 PCA 91082 28 6
CH chondrites

Acfer 182 ABI 1 ALH 85085 8 0
Acfer 182 AB2 0 PCA 91452 6 0
Acfer 182 AB3 0 PCA 91467 21 0
Acfer 182 AMNH-2 0 PAT 91546 22 0
Acfer 182 AMNH-5 0 PAT 91546 23 0
Acfer 207 AMNH-4 0 RKP 92435 10 0

pts = polished thin section; chd no. = number of anorthite-rich chondrules identified.
Abbreviations in pts (polished thin sections) column are as follows: AB = Addi Bischoff;, AG = Ansgar
Greshake; AMNH = American Museum of Natural History; number = Antarctic Meteorite Working Group

designations.

of the CH chondrites Acfer 182, Acfer 207, Allan Hills (ALH)
85085, Patuxent Range (PAT) 91546, PCA 91328, PCA 91452,
PCA 91467 and Reckling Peak (RKP) 92435 (Table 1) were
studied using optical microscopy, backscattered electron (BSE)
imaging, x-ray elemental mapping, and quantitative electron
probe microanalysis (EPMA). To identify Al-rich objects
(CAls and Al-rich chondrules) in the CR and CH chondrites,
x-ray elemental maps with resolutions of 2-5 um/pixel were
acquired using five spectrometers of a Cameca SX-50 microprobe
at 15 kV accelerating voltage, 50-100 nA beam current and
~1-2 um beam size. The elemental maps in Mg, Ca, and Al K«
were combined using a RGB color scheme and ENVI software.
BSE images were obtained with a Zeiss DSM-962 scanning
electron microscope (SEM) using a 15 kV accelerating voltage
and 1-2 nA beam current. Electron probe microanalyses were
performed with the Cameca SX-50 microprobe using a 15 kV
accelerating voltage, 10-20 nA beam current, beam size of
~1-2 um and wavelength dispersive x-ray spectroscopy. For each
element, counting times on both peak and background were 30 s
(10 s for Na and K). Matrix effects were corrected using PAP
procedures. The element detection limits with the Cameca
SX-50 are (in wt%): Si0,, Al,O3, Mg0, 0.03; TiO,, Ca0, K,0,
0.04; Nay0, Cry03, 0.06; MnO, 0.07; FeO, 0.08.

RESULTS

Anorthite-rich chondrules are rare, but ubiquitous (~5 per
thin section) in nearly all CR chondrites studied (no ARCs

were found in Al Rais); ARCs are virtually absent in CH
chondrites (Table 1). The only ARC found in CH chondrites
(Acfer 182), however, contains a relic CAI, and will be
described in a separate section below.

Anorthite-Rich Chondrules in CR Chondrites

ARCs in CR chondrites have porphyritic or
microporphyritic textures and are magnesium-rich (Fa and Fs
contents of olivine and pyroxenes <2-3 mol%). They consist
of low-Ca pyroxene and olivine phenocrysts, interstitial
plagioclase, low-Ca and high-Ca pyroxenes, FeNi-metal
nodules, and crystalline mesostasis; spinel is generally minor
(Figs. 1-4). Based on the modal abundances of olivine and
low-Ca pyroxene, ARCs can be divided into olivine-rich and
pyroxene-rich varieties (Figs. 1 and 2). Although there is a
continuum between these chondrule types, the pyroxene-rich
ARCs are much more abundant than the olivine-rich ARCs.
One of the ARCs is dominated by anorthite and high-Ca
pyroxene (Fig. 4). Two anorthite-rich chondrules in EET 92147
(Fig. 3) and Acfer 087 (Fig. 5) contain inclusions of CAl-like
objects.

Low-Ca pyroxene occurs as coarse-grained subhedral
phenocrysts, typically occupying chondrule peripheries
(Fig. 1a,d) and as elongated grains overgrown by high-Ca
pyroxene in the interstitial regions (Figs. 1c and 2¢,f). The
low-Ca pyroxene phenocrysts are either enstatite (Fsg 5 Wo;_s)
or pigeonite (Fa;_,Wos_g) in composition; the interstitial low-Ca
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FIG. 3. (above and on facing page) Combined x-ray elemental map in Mg (red), Ca (green) and Al K (blue) (a), elemental map in Mg Ka
(b) and backscattered electron images (c—f) of anorthite-rich chondrule #1 containing relic CAl-like object in the CR chondrite Acfer 187.
The chondrule consists of low-Ca pyroxene and forsterite phenocrysts, high-Ca pyroxene, anorthite, abundant FeNi-metal nodules and silica-
anorthite-high-Ca pyroxene mesostasis (mes). The CAl-like object consists of spinel, forsterite, and anorthite; it is metal-free. Regions

outlined in (a) are shown in detail in (d), (e) and (f).

pyroxenes are pigeonites. Both textural types of pyroxenes
have high contents of Al;O03 (0.5—4 wt%), TiO; (up to 1.2 wt%)
and Cr,0j3 (0.4-1.6 wt%) and moderate concentrations of MnO
(0.1-0.6 wt%) (Table 2; Figs. 6 and 7).

High-Ca pyroxenes (Fs;_oWo3s5_45) occurring in the
interstitial regions and chondrule mesostases have higher

concentrations of Al,O3 (1-6 wt%), TiO5 (0.5-5.5 wt%), CryO3
(0.3-3 wt%) and MnO (up to 2.5 wt%) than the low-Ca
pyroxenes; the highest concentrations of these elements are
found in pyroxenes in mesostases (Table 2; Fig. 7).

Olivine occurs as poikilitic inclusions in low-Ca pyroxene
phenocrysts (Fig. 1a,d) and as subhedral-to-euhedral
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BET 92042 #1

FIG. 4. Combined x-ray elemental map in Mg (red), Ca (green) and Al Ka (blue) (a), elemental maps in Si (b) and Mg Ka (c¢) and backscattered
electron images (d—f) of the anorthite-rich chondrule #1 in the CR chondrite EET 92042. The chondrule consists of anorthite poikilitically
enclosing Cr-rich (Cr-sp) and Cr-poor (sp) spinel grains, high-Ca pyroxene, low-Ca pyroxene, FeNi-metal nodules, minor forsterite and
silica-rich crystalline mesostasis composed of silica, anorthite and high-Ca pyroxene. Regions outlined in (a) are shown in detail in (d), (),

and (f).



Anorthite-rich chondrules in CR and CH carbonaceous chondrites 99

FIG. 5. Combined x-ray elemental map in Mg (red), Ca (green) and Al Ka (blue) (a), elemental maps in Al (b), Mg (c) and Si Ka (d) and
backscattered electron images (e, f) of the anorthite-rich chondrule #5 associated with CAI in the CR chondrite Acfer 187. The chondrule
consists of high-Ca pyroxene, low-Ca pyroxene, forsterite, lath-shaped anorthite, silica-bearing mesostasis and abundant FeNi-metal nodules.
The CAI consists of diopside (cpx), anorthite, spinel and minor forsterite; it is metal-free. Regions outlined in (a) and () are shown in detail
in (e) and (f), respectively.
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TABLE 2. Representative microprobe analyses of pyroxenes in ARCs in CR and CH chondrites.

A.N. Krot and K. Keil

an. 1 2 3 4 5 6 7 8 9
min en en pig pig aug aug aug aug aug
SiO, 58.6 58.5 57.4 57.5 53.6 53.5 52.1 48.9 49.1
TiO, 0.10 0.33 0.54 0.47 1.1 14 23 4.7 5.2
Al;O3 1.1 1.3 1.3 22 2.2 2.9 3.0 5.5 5.2
CryO3 0.67 0:54 1.0 0.81 1.5 0.67 1.4 2.7 1.9
FeO 0.85 0.46 1.6 0.72 1.1 0.45 1.1 1.1 0.64
MnO <0.07 <0.07 0.29 0.16 0.43 0.22 0.56 0.66 0.34
MgO 385 38.5 355 34.8 22.4 20.6 20.0 17.5 17.1
Ca0O 0.45 0.55 2.7 4.4 17.2 20.5 18.9 19.1 20.5
Na,0 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06
K70 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04
Total 100.2 100.3 100.3 101.1 99.5 100.2 99.4 100.1 100.1
Fs 1.2 0.7 23 1.1 1.7 0.7 1.8 1.9 1.1
Wo 0.8 1.0 5.1 8.3 35.0 41.4 39.7 43.1 45.7

an. = analysis number; an. 1, 5, 8§ =PCA 91082, 16 (chd #17); an. 2, 4, 9 =MAC 87320, 9 (chd #1); an. 3, 7= Acfer 182, AB
(chd #1); an. 1, 2 = phenocrysts; an. 3—6 = interstitial regions; an. 7, 8 = mesostasis; en = low-Ca pyroxene; pig = pigeonite;

aug = augite.

FIG. 6. Compositions of low-Ca (circles) and high-Ca (squares) pyroxenes in anorthite-rich chondrules in CR chondrites, in terms of mol%
En (enstatite, MgSiO3), Fs (ferrosilite, FeSiO3) and Wo (wollastonite, CaSiO3).
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FI1G. 7. Concentrations (in wt%) of TiO; (a, b), Cr,03 (c, d) and MnO (e, f) vs. Al;03 in high-Ca pyroxene (a, ¢, ¢) and low-Ca pyroxene (b,
d, f) in anorthite-rich chondrules in CR chondrites.
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TABLE 3. Average compositions of olivine in ARCs in CR chondrites.

Chondrite (pts) chd Si0, TiO,  AlLO3; CrpO3 FeO

MnO MgO CaO Na,O K,0O Total Fa

PCA 91082,76 10 424  <0.04 004 060 1.0
10 0.10 - 0.02 010 0.1
17 419 <0.04 <0.03 0.60 1.5

MAC 87320, 9 1 427 0.04 0.04 043 0.78
1 0.1 0.02 0.02 004 0.1

El Djouf 001, 4B 10 42.5 0.08 023 019 076
10 0.1 0.05 0.12 017 045

EET 92147, 7 1 42.5 0.13 0.09 031 0.59
1 0.3 0.07 0.06 017 054

GRA 92159, 18 20 42.1 0.08 0.11 049 22
20 0.2 0.03 0.03 008 0.2

0.21 56.2 0.23 <0.06 <0.04 100.7 1.0
0.10 0.17  0.02 - - 0.1 0.1
0.16 55.6 0.18 <0.06 <0.04 100.0 1.5

0.09 56.3 0.26 <0.06 <0.04 100.6 0.8
0.03 0.2 0.0 - - 0.2 0.1

<0.07 56.2 0.57 <0.06 <0.04 100.6 0.8
- 0.4 0.18 - - 0.2 0.4

0.11 56.0 0.25 <0.06 <0.04 99.9 0.6
0.07 0.4 0.03 - - 0.4 0.5

0.08 54.5 0.32 <0.06 <0.04 99.9 22
0.02 0.2 0.02 - - 0.3 0.2

Abbreviations: pts = thin section number; chd = chondrule.
Numbers in italics = 1o.

phenocrysts in chondrule cores (Figs. 1d and 2d). Occasionally,
olivine forms subrounded aggregates of grains associated with
low-Ca pyroxene and abundant FeNi-metal nodules (Fig. 2a).
Olivine in ARCs has forsteritic compositions (Fag 5_5 ¢) and is
characterized by high concentrations of Cr,O3 (up to 0.9 wt%
and a peak at about 0.4—0.6 wt%) and relatively low concen-
trations of other minor elements such as MnQ, Al,O5 and CaO
(Table 3; Fig. 8).

Plagioclase occurs as coarse (up to 50 x#m in width) lath-
shaped crystals in interstitial regions and as anhedral small
grains closely intergrown with silica in chondrule mesostases
(Figs. 1-4). It is also one of the major components of the
CAl-like objects associated with ARCs (Figs. 3 and 5).
Plagioclase is typically anorthitic in composition (Angs_jog)
with a peak at ~Angs_jpg; one of the ARCs in PCA 91082
contains relatively albitic plagioclase (Anyq_gg) (Table 4;
Fig. 9a). Lath-shaped interstitial plagioclase tends to have more
anorthitic compositions than plagioclase in the mesostasis;
similar trends are observed for plagioclase in cores and
peripheries of the chondrules. Plagioclase in the CR ARCs
has rather high contents of MgO (up to 1.2 wt%) with a peak
at about 0.8-0.9 wt% (Fig. 9b). Plagioclase in the CAl-like
objects is nearly pure anorthite (Table 4).

Spinel is a minor mineral in ARCs and occurs as subhedral
to euhedral grains enclosed in anorthite (Fig. 4a), and as
anhedral grains in interstitial regions or as inclusions in
forsterite phenocrysts (Fig. 2d). Spinel is one of the major
minerals of the CAl-like objects associated with ARCs
(Figs. 3 and 5). Spinel grains are FeO-poor (<1.7 wt%) and
Cr-bearing (up to 8.7 wt% Cr,03). Although spinel typically
shows no within-grain compositional zoning, Cr concentrations
can range broadly within a chondrule (Table 5; Fig. 3).
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FeNi-metal nodules are rather common in ARCs (Figs. 1-3).
They have kamacitic compositions and are compositionally
uniform within a chondrule (Table 6). In contrast to typical
ferromagnesian chondrules, the mesostasis in ARCs is
crystalline and silica-rich; it consists of anorthitic plagioclase,
silica, and high-Ca pyroxene (Figs. 1, 2, and 4).

A. N. Krot and K. Keil

The irregularly-shaped CAl-like objects associated with
ARCs consist of anorthite, spinel, diopsidic pyroxene (only in
the Acfer 087 chondrule) and minor forsterite (Figs. 3 and 5).
In contrast to the host chondrules, these objects contain no
low-Ca pyroxene, FeNi-metal nodules or mesostasis, and
probably represent relic CAls (see "Discussion").

Anorthite-Rich Chondrule with Relic Calcium-
Aluminum-Rich Inclusion in Acfer 182

The only ARC found in the CH chondrite Acfer 182 is
mineralogically similar to the pyroxene-rich ARCs in CR
chondrites; it consists of Al-Ti-Cr-rich low-Ca and high-Ca
pyroxenes, anorthite (Angg), FeNi-metal nodules, and
crystalline silica-anorthite-high-Ca pyroxene mesostasis (Fig. 10).
It contains a relic CAI composed of several spinel cores
surrounded by anorthite (Angg 5); rare inclusions of perovskite
occur in spinel. The relic origin of the CAI is supported by
oxygen-isotopic studies (Krot e al., 1999b). Spinel of the
relic CAI is enriched in 160 (0180 = —-37%., 6170 = —40%o)
relative to anorthite (0180 =—13%o, 3170 =-15%o.); chondrule
pyroxenes have heavy O-compositions (0180 = +8%.,
170 = +4%.).

DISCUSSION
Crystallization History of Anorthite-Rich Chondrules

Our petrographic observations suggest that in olivine- and
pyroxene-rich ARCs (Figs. 1 and 2), forsterite and low-Ca
pyroxenes phenocrysts crystallized first, followed by interstitial
pigeonite, augite and anorthite; silica-anorthite-augite
mesostasis crystallized last. Rare spinel grains observed as
inclusions in forsterite phenocrysts (Fig. 2d) and in coarse
anorthite laths (Fig. 4) probably crystallized first; the relic origin
of some spinel grains cannot excluded, however. In a few
ARCs exceptionally rich in anorthite (Fig. 4), crystallization

TABLE 5. Microprobe analyses of spinel in ARCs in CR and CH chondrites.

an. 1 2 3 4 5 6 7
SiO, 0.07 0.12 0.06 0.12 0.25 0.07 0.09
TiO, 0.40 0.54 0.69 0.20 0.22 0.18 1.1
AlLO4 72.2 66.7 71.5 71.6 70.8 63.7 69.5
Cr;03 0.15 5.1 0.72 0.44 1.1 8.7 0.61
FeO 0.71 0.69 0.28 0.48 0.51 1.7 1.6
MnO 0.07 <0.07 0.09 0.08 <0.07 <0.07 0.2
MgO 27.3 26.6 273 27.8 27.7 25.3 26.8
CaO 0.05 0.09 0.05 0.04 0.03 <0.03 0.09
Na,O <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06
K,0 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04
Total 100.9 99.9 100.7 100.8 100.6 99.6 100.0

an. = analysis number; an. 1, 2 = EET 92041, 2 (chd #1); an. 3=EET 92147, 7 (chd #1); an. 4, 5 = El Djouf 001,
AB (chd #10); an. 6 = GRA 92159, 18 (chd #13); an. 7 = Acfer 182, AB (chd #1).
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TABLE 6. Average compositions of FeNi-metal grains in ARCs in CR chondrites.

Chondrite, pts chd Fe Ni Co Cr Si S P Total
PCA 91082, I6 10 92.9 5.4 0.36 0.52 0.09 <0.03 0.41 99.7
10 0.6 0.2 0.01 0.10 0.03 - 0.0 0.5
17 92.8 6.3 0.39 0.28 0.07 <0.03 0.30 100.2
17 0.6 0.4 0.02 0.07 0.02 - 0.07 0.5

Numbers in italics = 1o.
Abbreviations: pts = thin section number; chd = chondrule.

FIG. 10. Combined x-ray elemental map in Mg (red), Ca (green) and Al K (blue) (2), elemental map in Si Ke (b) and backscattered electron
images (¢, d) of the anorthite-rich chondrule #1 (ARC) containing relic refractory inclusion (CAI) in the CH chondrite Acfer 182. The CAI
consists of irregularly-shaped spinel cores surrounded by anorthite; tiny perovskite (pv) inclusions occur in spinel. The chondrule portion
consists of low-Ca pyroxene, high-Ca pyroxene, FeNi-metal nodules and silica-rich crystalline mesostasis composed of silica, anorthite and
high-Ca pyroxene. Region outlined in (a) is shown in detail in (d). White veins in (c) and (d) are veins of terrestrial weathering products.
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of anorthite may have predated crystallization of mafic silicates.
The inferred crystallization sequence is consistent with the
evolution of the chemical compositions of the chondrule
pyroxenes: concentrations of Cr, Al, and Ti in pyroxenes
increase from phenocrysts to interstitial to mesostasis. The
observed enrichment in Cr, Al, and Ti and Na of pyroxenes
and plagioclase in mesostasis relative to the interstitial
pyroxenes and plagioclase suggests that fractional
crystallization played an important role during crystallization
of the ARC melts (Tables 2 and 4).

Two of the ARCs in CR chondrites contain inclusions of
CAl-like objects which are mineralogically different from the
host chondrules, suggesting their relic origin. Both CAls
contain forsterite closely intergrown with spinel grains (Figs. 3
and 5). Although forsterite associated with refractory
inclusions is not uncommon in CR chondrites (e.g., amoeboid
olivine aggregates (AOAs) and forsterite rims around CAls),
the forsterite-bearing CAls (in which forsterite would
crystallize from the CAI melt) in CR chondrites have not been
found yet (Weber and Bischoff, 1997; Weisberg, unpubl. data;
Krot, unpubl. data). Moreover, rare forsterite-bearing CAls
previously described only in CV carbonaceous chondrites are
mineralogically different from those inside CR ARCs (Blander
and Fuchs, 1975; Dominik et al., 1978; Clayton ef al., 1984;
Wark et al., 1987; Krot et al., 2000a). Based on these
observations, we infer that although the CAl-like objects in
CR ARGC:s are relic, they probably experienced melting during
the chondrule-forming episode, which resulted in crystallization
of forsterite grains. A degree of mixing between the CAI and
chondrule melts could be possibly inferred from future O-isotopic
studies of these chondrules.

The CAIl-like object in Acfer 182 is not only
mineralogically, but also isotopically different from the host
chondrule, strongly indicating its relic origin (Krot et al.,
1999b). At the same time, anorthite surrounding 160-rich
spinel cores is closely intergrown with the chondrule silicates
(Fig. 10); its O-isotopic compositions are intermediate between
those of the host chondrule and CAI spinel (see "Anorthite-
Rich Chondrule with Relic Calcium-Aluminum-Rich Inclusion
in Acfer 182"). Based on these observations, we infer that the
relic CAlin the Acfer 182 chondrule experienced some melting
and isotopic equilibration with the chondrule melt. These data
will be discussed in more detail in a later paper.

Some of the ARCs contain regions that are texturally and
mineralogically similar to type I chondrules and could be relic
in origin as well (Fig. 2a). Similar observations have previously
been reported from ARCs in CO (Jones and Brearley, 1994;
Hutcheon and Jones, 1995) and CV carbonaceous chondrites
(Hutcheon et al., 2000; Krot, 2000).

ARCs from CO and CV chondrites typically show evidence
for post-crystallization alteration that resulted in replacement
of anorthite and silica by nepheline and ferrosilite-rich
pyroxenes (Krot, 2000). No alteration minerals were found in
the CR and CH ARCs underlining their primitive nature.

A.N. Krot and K. Keil

Similarities and Differences Between Anorthite-Rich
Chondrules in CR and Other Carbonaceous Chondrite
Groups

Our mineralogical observations indicate that ARCs in CR
and CH chondrites have similar primary mineralogies to those
in CO (Jones and Brearley, 1994; Hutcheon and Jones, 1995),
CV and unique carbonaceous chondrites Acfer 094 (Hutcheon
et al., 2000; Krot, 2000; Marhas ef al., 2000) and Adelaide
(Krot, unpubl. data). The similar mineralogical features,
probably indicating similar precursors and crystallization
histories, include (1) dominant pyroxene-rich compositions;
(2) high concentrations of Al, Ti and Cr in pyroxenes;
(3) crystalline silica-anorthite-augite mesostasis; (4) presence of
type I chondrule-like regions composed of forsterite, low-Ca
pyroxene and abundant FeNi-metal nodules; and (5) common
occurrences or relic refractory inclusions composed of spinel,
anorthite, +diopside and *forsterite.

However, there are some differences in forsterite and
plagioclase compositions in ARCs from the CR and CV
chondrites (data for the CO ARCs are scarce). Forsterite grains
in ARCs in CR chondrites have higher average concentrations
of Cry03 (0.6 = 0.1 wt%) than those in the CV ARCs
(0.2 = 0.1 wt%) (Krot, 2000). Most plagioclase grains in the
CR ARC:s are nearly pure anorthite (Angg.7), whereas those
in the CV ARCs have more albitic compositions (Ang3+s)
(Krot, 2000). The differences in plagioclase compositions may
have resulted from the secondary Fe-Na-metasomatic alteration
experienced by all components of the CV chondrites (Krot et
al., 1998). Although the presence of nepheline and ferrosilite
in most CV ARCs is consistent with this interpretation, no
correlation between plagioclase composition and a degree of
its replacement by secondary nepheline was found (Krot, 2000).
The differences in forsterite compositions could be primary,
since the enrichment of chondrule silicates in Cr is a characteristic
feature of the CR clan of chondritic meteorites (Weisberg et
al., 1995; Krot et al., 2001, unpubl. data). Alternatively,
chromium could have diffused out during mild thermal
metamorphism in CV chondrites. We infer that the CV and
CR ARCs formed from precursor materials that originated in
the CV and CR ARC-forming regions, respectively.

Anorthite-Rich and Type I Chondrules in CR Chondrites:
Formation at Different Ambient Nebular Temperatures?

Krot et al. (2000b) discovered that many type I chondrules
in CR chondrites are surrounded by silica-rich igneous rims;
these rims are enriched in moderately volatile elements such
as Si, Mn, Cr, Na, and K relative to the host chondrules; both
the layered chondrules and their igneous rims are highly
depleted in S. Krot ef al. (2000b; 2001, unpubl. data) inferred
that the layered type I chondrules in CR chondrites formed at
high ambient nebular temperatures (about 1100-1000 K), while
condensation of the major chondrule-forming elements was
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still incomplete. These chondrules were isolated from the hot
nebular gas before condensation of S, possibly by removal into
a cold nebular region.

The anorthite-rich chondrules in CR chondrites lack silica-
rich igneous rims (Figs. 1-6) and their plagioclases are highly
depleted in Na and K relative to the mesostases of the layered
type I chondrules (Fig. 11). These observations might indicate
that ARCs in CR chondrites formed at higher ambient nebular
temperatures than the layered type I chondrules and were
largely absent from the region where typical type I chondrules
formed. The presence of the crystalline mesostases in ARCs,
contrary to the glassy mesostases in type I chondrules (Jones
and Scott, 1989; Krot et al., 2000b), is also consistent with the
different thermal histories of these chondrule types.

Genetic Relationships between Anorthite-Rich
Chondrules, Type I Chondrules, Amoeboid Olivine
Aggregates and Calcium-Aluminum-Rich Inclusions

MacPherson and Russell (1997) concluded that Al-rich
chondrules are "not intermediate in an evolutionary sense,
between known CAls and chondrules, but closely related to
normal ferromagnesian chondrules, either by addition of
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anorthite-like component to chondrule precursors, or, possibly,
in some cases, by volatilization of chondrule or chondritic
material of unusual oxygen-isotopic composition". These
authors noted that if Al-rich compositions resulted from mixing
of refractory material into chondrule precursor aggregates (e.g.,
type IA), then the refractory component did not have the bulk-
major-element composition of known CV, CO, or CM CAls.
Rather, the component largely had the composition of anorthite
with minor amounts of spinel and Ti-bearing clinopyroxene.
Although our observations are generally consistent with this
conclusion, the relatively high abundances of moderately-
volatile elements such as Si, Cr, and Mn in ARCs argues against
volatilization during their formation. The presence of relic CAls
in ARCs suggests a genetic relationship between these classes
of objects (Krot, 2000; this study). The latter conclusion is also
supported by the discovery of the 160-rich (6170 = ~34%o,
6180 = —30%o) spinel grains in the Allende ARCs (Maruyama
et al., 1998a,b) and by volatility-controlled group II REE
patterns of some of the ARCs (Misawa and Nakamura, 1988,
1996; Kring and Boynton, 1990).

Bulk chemical compositions of ARCs are rather similar to
those of AOAs in carbonaceous chondrites and can be produced
by addition of anorthite-rich material to AOAs (Fig. 12). The

\
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FIG. 11. Compositions of plagioclase in anorthite-rich chondrules and glassy mesostases in type I chondrules and silica-rich igneous rims
around them in CR chondrites, in terms of mol% An (anorthite, CaAl;Si,Og), Or (orthoclase, KAISi3Og) and Ab (albite, NaAlSizOg).
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AOAs typically contain a refractory component mineralogically
similar to the relic CAls in ARCs and composed of anorthite,
Al-Ti-diopside and spinel (Bar-Matthews et al., 1979; Kornacki
and Wood, 1984; Chizmadia and Rubin, 2000; Komatsu et al.,
2001). Although these observations indicate that some of the
ARCs could have formed by remelting of AOAS or of associated
refractory components, there are several arguments against this
simple scenario. (1) AOAs are generally depleted in FeNi-metal,
Mn, Cr, Na, and Si relative to ARCs; most of the ARCs are
pyroxene-rich (Komatsu ef al., 2001). We note, however, that
Cr- and Mn-rich forsterites were described in AOAs in CR
chondrites (Weisberg ez al., 2001); metal-rich AOAs were found
in Adelaide (Krot, unpubl. data). (2) The AOAs have more 160-
rich isotopic compositions than the ARCs (Hiyagon and
Hashimoto, 1998, 1999; Russell ef al., 2000; Krot and McKeegan,
2001). We note, however, that O-isotopes of the CR AOAs and
ARCs have not been studied yet. (3) AOAs do not show evidence
for being extensively melted; rather they are aggregates of solar
nebula condensates that experienced high-temperature
annealing (Komatsu ef al., 2001). We conclude that it is very
unlikely that ARCs formed by melting of AOAs; more volatile

and less 160Q-rich precursor material is required. The observed
type I chondrule-like regions in some ARCs may support this
conclusion (Fig. 2a).

Calcium-Aluminum-Rich Inclusions and Chondrule-
Forming Regions: Placing the Formation Region of
Anorthite-Rich Chondrules

It was recently suggested that refractory inclusions (CAls
and AOAs) and ferromagnesian chondrules formed in
isotopically different regions separated in time or in space (e.g.,
Shu ez al., 1996; McKeegan et al., 1998; Krot et al., 1999a,b,
2001; Fagan et al., 2000a,b; Komatsu et al., 2001). The CAI-
forming regions were typically characterized by a "canonical"
26 A1/27 Al ratio of ~5 x 10-5 (e.g., MacPherson et al., 1995) and
16Q-rich isotope compositions (8170, 8180 ~ —40%.), whereas the
chondrule-forming regions had 26A1/27A] ratios of <1.5 x 10-5
(MacPherson et al., 1995; Russell ef al., 1996, 1997a; Hutcheon
et al., 2000; Marhas et al., 2000; Srinivasan ef al., 2000) and
160-poor isotope compositions (6170, 3180 > —10%o) (Russell
et al., 1997b, 2000; McKeegan e? al., 1998).

AlL,O4

Hb
[ |

m Cor

@ ADRCs, Adelaide

O ADRCs, HH 237, QUE 94627
@ ARCs, Adelaide

@ POIs, Allende

Mo
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Mg2SiO4

FIG. 12. Bulk compositions of CAls, AOAs and ARCs in CR chondrites (data from Weber and Bischoff, 1997) and AOAs and POls in CV
chondrites (data from Sheng et al., 1991 and McSween, unpubl. data) projected from spinel onto the plane larnite (La)-forsterite (Fo)—
corundum (Cor), together with the spinel-saturated liquidus relationships in this system; solid vectors show calculated trajectory for bulk
condensed solids during equilibrium condensation; dashed vectors show experimentally determined compositions of liquids during melt

evaporation (after MacPherson and Huss, 2000).
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The majority of CAls show no evidence for being present
in the regions where typical ferromagnesian (type I and type II)
chondrules formed at the time of chondrule formation (Krot e?
al., 1999a,b). The following observations support this
conclusion: (1) In contrast to ferromagnesian chondrules, the
CAIs generally show evidence for gas—solid and/or gas—liquid
reactions which resulted in replacement of melilite and spinel
by anorthite and Al-diopside, formation of Wark—Lovering
rims, and mass-dependent isotope fractionation. These
observations suggest that CAls stayed at high temperatures
for a longer period of time than typical chondrules. The estimated
cooling rates of igneous (type B) CAls (1-10 K h-1) are much
slower than those inferred for typical ferromagnesian
chondrules (100-1000 K h-1) (e.g., Davis and MacPherson,
1996; Connolly and Love, 1998; Jones et al, 2000; Rubin,
2000). (2) Most CAIs are surrounded by Wark—Lovering rims,
which are absent around chondrules. Since the liquidus
temperatures of most CAls are generally lower or comparable
to those of type I chondrules (Stolper, 1982; Jones et al., 2000),
and ifthe CAIs were present in the chondrule-forming regions,
they would have melted and their Wark-Lovering rims would
have been destroyed; this is generally not the case. (3) Compound
CAl-chondrule objects and coarse-grained igneous rims around
CAls are absent; relic CAls in ferromagnesian chondrules are
extremely rare (Srinivasan and Bischoff, 1998; Krot et al., 1999b).
(4) The large depletions of the refractory inclusions in
moderately volatile elements such as Mn, Cr, Na, and K suggest
that the CAls were isolated from the nebular gas at higher
ambient temperatures than the ferromagnesian chondrules.

The mineralogy, bulk chemistry and O-isotopic
compositions of the ARCs in carbonaceous chondrites may
indicate that their formation region(s) was closer to that of the
refractory inclusions than to that of ferromagnesian chondrules.
(1) The presence of crystalline silica-anorthite-augite
mesostases in the ARCs may suggest that they cooled slower
than typical type I chondrules. (2) The depletion of ARCs in
Na and K compared to type I chondrules may suggest that the
ARCs formed at higher ambient temperatures than the type I
chondrules. (3) Oxygen-isotopic compositions of ARCs are
intermediate of those of CAls and type I chondrules. (4) In
contrast to ferromagnesian chondrules, the relic CAls are
commonly found in the ARCs.

We conclude that ARCs in CR and CH carbonaceous
chondrites may have formed at high ambient nebular
temperatures by melting of reduced chondrule precursors
(olivine, pyroxenes, FeNi-metal) mixed with the refractory
materials, including relic anorthite-rich CAls. The ARCs may
have formed in the region intermediate between the regions
where CAls and ferromagnesian chondrules originated.
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