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Origin of compact type A refractory inclusions from CV3 carbonaceous chondrites
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Abstract—Compact type A (CTA) inclusions are one of the major types of coarse-grained refractory
inclusions found in carbonaceous chondrites. They have not been studied in a systematic fashion, leading to
some uncertainties and unproven assumptions about their origin. To address this situation, we studied a total
of eight CTAs from Allende, Efremovka and Axtell by scanning electron-microscopic and electron and
ion-microprobe techniques. These inclusions are very melilite-rich, ranging from;60 vol% to nearly
monomineralic. Also present are Mg–Al spinel (5–20%), perovskite (trace–;3%) and, in some samples,
Ti-rich (;17 wt% TiO2

tot) fassaite (trace–;20%), and rho¨nite (#1%). Melilite compositions are mostly
between Åk15 and Åk40. Chondrite-normalized REE abundance patterns for melilite (flat at;10 3 CI with
positive Eu anomalies) and fassaite (slight HREE enrichment relative to LREE and negative Eu anomalies)
are like those for their counterparts in once-molten type B inclusions. The patterns for rho¨nite have positive
slopes from La through Lu and abundances,10 3 CI for La and 35–603 CI for Lu. Features of CTAs that
suggest that they were once molten include: rounded inclusion shapes; positively correlated Sc and V
abundances in fassaite; radially oriented melilite laths at inclusion rims; and the distribution of trace elements
among the phases. Fractional crystallization models show that, with one exception, the REE contents of
perovskite and fassaite arose by crystallization of these phases from late, residual liquids that would have
resulted from prior crystallization of the observed proportions of melilite and spinel from liquids having the
bulk compositions of the inclusions. One Allende CTA (TS32), however, has several features (irregular shape,
reversely zoned melilite, fassaite REE contents) that are not readily explained by crystallization from a melt.
This inclusion may have undergone little melting and may be dominated by relict grains.Copyright © 1999
Elsevier Science Ltd

1. INTRODUCTION

Type A inclusions are one of the two main types of coarse-
grained, refractory inclusions recognized by Grossman (1975)
in a study of inclusions from the Allende CV3 carbonaceous
chondrite. Type A Ca-, Al-rich inclusions (CAIs) were de-
fined by Grossman (1975) as those with 80 – 85% melilite
and 15–20% spinel, while inclusions with 5–20% melilite
and 35– 60% pyroxene were termed type Bs. It is now
accepted that type B inclusions were once molten (e.g.,
MacPherson and Grossman, 1981; MacPherson et al., 1984;
Stolper and Paque, 1986). Type A inclusions were subdi-
vided into irregularly shaped ones and rounded ones by
MacPherson and Grossman (1979). These two subtypes were
later termed “fluffy” and “compact”, respectively, by Gross-
man (1980). Fluffy type As (FTAs) were studied by
MacPherson and Grossman (1984), who concluded that they
most likely formed by gas–solid condensation. Until now,
there has been no analogous systematic study of compact
type As (CTAs). Although various features of many CTAs
have been studied and many workers assume that they
crystallized from liquids, this has not been demonstrated and
their origin is somewhat controversial. Fuchs (1978) studied
one CTA and cited petrographic and mineral-chemical evi-
dence that it crystallized from a liquid but could not present
a thermal history that would account for all the observations.

Wark and Lovering (1982) concluded that CTAs were con-
densates, whereas Teshima and Wasserburg (1985) studied
three CTAs and concluded that they had crystallized from
liquids after being completely molten and then were meta-
morphosed to different degrees, causing “little to complete
recrystallization.” Fahey et al. (1987) studied one CTA in
detail but could not conclude whether or not it was ever
molten. Podosek et al. (1991) studied one CTA and found no
features, except for the rounded shape of the inclusion,
consistent with formation by melt solidification. Simon et al.
(1998) also studied one CTA in detail and proposed a
complex thermal history involving rapid crystal growth from
a melt followed by slow cooling to explain the unusual
features of the inclusion they studied. Greshake et al. (1998)
studied three CTAs and concluded that they had experienced a
partially molten state followed by recrystallization. In addition,
Paque and Stolper (1984) and Beckett (1986) experimentally
investigated the equilibrium crystallization sequence for sev-
eral type A-like bulk compositions, but, in general, the crys-
tallization histories of compact type A inclusions are not well
understood. We have undertaken a study of a suite of CTAs
from Allende and Axtell, members of the oxidized subgroup of
CV3 chondrites (McSween, 1977), and Efremovka, a member
of the reduced subgroup. The purposes of this study are to
document, for the first time, in one investigation, the petro-
graphic, mineral-chemical, and trace-element features of a rep-
resentative suite of CTAs, and to use these data and observa-
tions to determine how these objects formed. Preliminary
results of this investigation were given by Davis et al. (1990)
and Simon et al. (1995).
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2. ANALYTICAL METHODS

Polished thin sections of each sample (with the exception of A37, for
which only a polished thick section was available) were studied pet-
rographically (optically and with a scanning electron microscope, or
SEM), and analyzed by electron and ion microprobes. Backscattered
electron images and digital X-ray maps were obtained with a JEOL
JSM-5800 LV scanning electron microscope equipped with an Oxford/
Link ISIS-300 energy-dispersive X-ray microanalysis system (EDS).
Quantitative wavelength-dispersive analyses were obtained with a
Cameca SX-50 electron probe operated at 15 kV. Data were reduced
via the modified ZAF correction procedure PAP (Pouchou and Pichoir,
1984). Trace-element analyses were obtained with the University of
Chicago AEI IM-20 ion microprobe. The analytical techniques used are
similar to those described in Simon et al. (1991) and MacPherson and
Davis (1993, 1994).

3. RESULTS

3.1. Samples

CTAs exhibit a range of textures, from those dominated by
equigranular melilite grains that meet at 120° triple junctions to
others that are dominated by coarse laths like those found in
type B inclusions. We studied five CTAs from Allende (TS12,
TS19, TS32, TS68, and A37), one from Efremovka (Ef3), and
two from Axtell (AX4, AX30) that cover this range. Of these,
two inclusions, TS68 and Ef3, have;15% fassaite; the remain-
der are very fassaite-poor and consist of melilite1 spinel
1 alteration products, with;1% perovskite6 fassaite. A trace
amount of rho¨nite is present in A37. The sample from
Efremovka is very low in alteration products, which is typical
of inclusions from the reduced subgroup of CV3 chondrites.
Each sample is briefly described in what follows.

3.2. Petrography

TS12 is crescent-shaped, 8 mm long, and;1.5 mm across,
and dominated by coarse melilite grains oriented at high angles
to the inclusion rim. It has a 70-mm-thick sequence of three
mineralogically distinct layers of the type described by Wark
and Lovering (1977), hereinafter called Wark–Lovering rims,
present only on the long, outer, curved edge of the inclusion.
The three layers, from innermost to outermost, are aluminous
diopside, perovskite1 spinel and hibonite1 spinel. Melilite
crystals range from small (2003 100 mm) blocky grains to
laths 1.5 mm long and 0.7 mm wide. Some shock lamellae (peg
structure) are observed in transmitted light, as shown by Gross-
man (1975), but most grains have uniform birefringence and
are not strongly zoned. Some melilite–melilite contacts are
straight and others are sutured. Most melilite grains poikiliti-
cally enclose spinel grains, most of which are subhedral or
euhedral and 20–100mm across. Some grains are rounded.
Perovskite is present mostly as small, rounded grains less than
20 mm across, but sizes range up to;100 mm. In general, in
this inclusion the grain size and abundance of spinel increase
with increasing distance from the Wark–Lovering rim, varying
from virtually absent within;300 mm of the rim to the edge
furthest from the Wark–Lovering rim, where 100-mm-sized
spinel grains are in contact with each other or have only
perovskite between them.

TS19 is an irregularly shaped, fragmented inclusion. A back-
scattered electron image (BEI) of a representative area is shown
in Figure 1a. (See also Fahey et al. [1987] and Podosek et al.

[1991] for general views of CTAs.) A Wark–Lovering rim is
present along the original edges of the inclusion. The inclusion
is dominated by coarse, subhedral melilite grains, typically
;700 mm across and displaying cleavage traces, undulose
extinction, and peg structure. Smaller (up to;400mm), some-
what stubby crystals occur just inside the Wark–Lovering
(W-L) rim, at high angles to it. These can be seen in the upper
part of Figure 1a, such as the grain labeled “A,” partially
outlined by alteration products. Spinel grains are round to
subhedral, 10–100mm across, and occur in chains, clumps, and
as isolated grains. Also present are numerous grains of fine
spinel, ,;1 mm across. Perovskite occurs as anhedral,
rounded, blebby grains ranging in size from several microns to
;100 mm across. They occur enclosed in melilite and spinel,
and along melilite–melilite contacts.

TS32 is an irregularly shaped, lightly altered inclusion with

Fig. 1. (a) Backscattered electron image (BEI) of a representative
portion of TS19. Note the coarse spinel (Sp) and perovskite (Pv) and
high abundance of melilite (Mel). Veins of alteration products (Alt) and
the Wark–Lovering rim (W–L) are also visible. Grain labeled “A” is an
example of a crystal oriented at a high angle to the inclusion rim. (b)
BEI of a portion of TS32. Note the irregular shape and numerous
embayments in the rim, in contrast to the smooth rim of TS19.
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melilite laths up to;1.3 mm long and blocky melilite grains up
to ;1 mm across. A BEI of part of the inclusion is shown in
Figure 1b. Many grains exhibit peg structure and undulose
extinction, but otherwise optical zoning is not apparent in the
melilite. Most melilite grains are spinel-free, but there are some
spinel-rich areas in which melilite encloses euhedral spinel
grains that are up to;50 mm across. Rare, anhedral fassaite
grains, up to;150mm long, occur wedged between the much
coarser melilite. Fassaite is very difficult to see in BEIs of
CTAs, because, in these samples, it has high Ti oxide contents
that give it an electron albedo very close to that of melilite.
Perovskite occurs as rounded grains, up to 20mm across,
enclosed in melilite, as small grains adjacent to spinel, and in
symplectic wormy intergrowths with spinel and fassaite, one of
which is shown in Figure 2a. Symplectites in CTAs have been
described previously (Haggerty, 1976; El Goresy et al., 1977;
Fuchs, 1978) and were first thought to result from the decom-
position of rhönite (Haggerty, 1976), a rare Ti-rich silicate (see
later). Experiments by Beckett (1986) showed, however, that
equilibration temperatures for perovskite–spinel–fassaite sym-
plectites are within the range of those determined for rho¨nite–
fassaite equilibration, and led him to conclude that symplectites
formed from late-stage, Ti-rich liquids, as had been suggested
by El Goresy et al. (1977) and Fuchs (1978).

A Wark–Lovering rim completely encloses TS68, which has
a smooth shape. Stubby melilite crystals up to 400mm long
occur adjacent to the inclusion rim and are oriented at high
angles to it, as shown in Figure 2b. Inside of this zone, coarser
melilite crystals, up to;700mm across occur, also oriented at
high angles to the rim. As in the CTAs just described, the
melilite occurs in an interlocking texture and most grains do not
exhibit strong optical zonation. Spinel occurs as euhedral
grains, mostly 20–100mm across, very unevenly distributed
throughout the inclusion. Spinel is sparse to absent in the outer
700mm of the inclusion and about one third of the inclusion is
virtually spinel-free, whereas some areas are quite spinel-rich,
with clumps, chains, and dense concentrations of spinel grains.
Unlike most CTAs, TS68 contains coarse fassaite, occurring as
round, anhedral grains up to;1 mm across in spinel-rich areas
of the inclusion, and poikilitically enclosing spinel. Smaller
anhedral fassaite grains, 30–100mm across, occur enclosed in
melilite and between melilite grains. Perovskite occurs as rare,
anhedral, isolated grains that are typically 20–50mm across.
CAIs commonly contain opaque mineral assemblages, termed
Fremdlinge by El Goresy et al. (1978), that consist of FeNi-
metal, Pt-metal alloys, V-rich magnetite, sulfides, and phos-
phates in various proportions. Fremdlinge in TS68 are abundant
and S-rich but contain all these phases, and commonly occur
enclosed in V-rich fassaite. Fremdlinge from TS68 were ana-
lyzed via instrumental neutron activation analysis (INAA) by
Sylvester et al. (1992).

Only a polished thick section of A37 was available to us for
study, but this sample is important because its trace-element
contents have been determined (Bischoff et al., 1987) and
because it contains rho¨nite, a rare, Ti-rich silicate, which was
first found in meteorites (in a CTA) by Fuchs (1971). The rim
of the inclusion contains spinel, perovskite, and hibonite, and
was discussed in some detail by Bischoff et al. (1987). Within
the inclusion, spinel occurs as subhedral to euhedral crystals
20–70mm across. It is sparsely distributed throughout the outer

;700mm of the inclusion and much of the interior. There are,
however, several regions, each up to;1 mm across, that are
quite rich in spinel. The inclusion contains fassaite grains that
are typically ;100 mm across and occur between melilite
grains. Unlike those in TS68, the fassaite grains in A37 are
spinel-free. Rho¨nite grains, one of which is shown in Figure 2c,
are anhedral, 20–100mm across and appear to occur between
melilite grains or between melilite and fassaite grains. Most
rhönite crystals and some fassaite grains have small blebs of
perovskite along their contacts with melilite. Some rho¨nite
grains, like the one shown in Figure 2c, are associated with
symplectic perovskite–fassaite–spinel intergrowths, as has
been previously observed in other rho¨nite-bearing CTAs (El
Goresy et al., 1977; Fuchs, 1978; Beckett, 1986). Perovskite
also occurs as isolated grains up to;70mm across. Fremdlinge
from A37, studied by Bischoff and Palme (1987), have cores of
FeNi-metal, Pt-metal nuggets, W- and Mo-oxides, and V-rich
magnetite, and rims of oxides and sulfides. Secondary alter-
ation products are rare, as noted by Bischoff et al. (1987).

A brief description of Ef3 is given by Sylvester et al. (1993),
who analyzed it by INAA and found that it has a group I REE
pattern. In thin section it is 1.83 1.5 mm. Up to;600 mm
inward from the Wark–Lovering rim, spinel is nearly absent
and melilite is virtually the only phase present. It occurs as
prismatic grains;70 mm across with many 120° triple junc-
tions. Elsewhere in the inclusion, melilite occurs as laths up to
500 mm long and spinel is abundant, mainly occurring as
euhedral grains, up to 100mm across. Many spinel grains
enclose perovskite and are themselves enclosed in melilite or,
as in TS68, in rounded, anhedral 200–300-mm-sized fassaite
grains. Fassaite also occurs in small, 20–50-mm interstitial
pockets between melilite grains (Fig. 2d). Many 10–20-mm
NiFe grains are present, and the inclusion also contains a large
(;100 mm) Fremdling, consisting of kamacite, taenite, V-
magnetite, and phosphate, which was described by Casanova
and Grossman (1993).

Perhaps the most extreme example of concentration of spinel
in the interior of an inclusion occurs in AX4 (Fig. 2e), a CTA
from Axtell that was first described by Simon et al. (1994a). Up
to ;1 mm inward from the Wark–Lovering rim, this sample is
quite spinel-poor, consisting of subhedral melilite grains from
150 to 200mm across, blebby perovskite grains up to 100mm
across, and patches of secondary anorthite (not shown) that are
;400mm across. In the interior of the inclusion, however, the
concentration of spinel is so high that the spinel grains are in
contact with each other, and some areas are nearly monomin-
eralic. The spinel occurs as subhedral to euhedral grains that are
mostly between 10 and 100mm across. Perovskite is also more
abundant in the core of the inclusion than it is in the outer
region, and in the spinel-rich area there are several places
where spinel grains are completely enclosed in perovskite.
Another CTA from Axtell, AX30, has a small spinel-perovs-
kite-rich zone in its interior, somewhat similar to that in AX4.
Sample AX30 is a lightly altered inclusion in which melilite
is present as a mosaic of stubby, tabular grains that are
mostly 50 –100mm across. Outside of the core, perovskite
occurs as anhedral grains up to 50mm across, and in small
interstices between melilite crystals, in some cases outlining
them (Fig. 2f).
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Fig. 2. Petrographic features of CTAs. (a) BEI of perovskite (Pv)-spinel (Sp)-fassaite (fass) symplectite in TS32. (b)
Transmitted plane-light photomicrograph of radially oriented melilite (white) adjacent to the rim of TS68. (c) BEI of a
rhönite (Rho) grain and associated symplectite (Sym) and fassaite (Fass) in A37. Note tiny perovskite grains (bright) along
the rhönite–fassaite contact. (d) CaKa X-ray map showing the interstitial occurrence of fassaite in Ef3. Abbreviations as
used previously (except IP: ion-probe spots). (e) BEI of AX4, showing its spinel-poor outer zone (lower half of image) and
the spinel–perovskite-rich core (upper portion). (f) BEI of interstitial perovskite grains that crystallized around melilite
crystals in AX30. Abbreviations as used previously.
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3.3. Mineral Chemistry

3.3.1. Melilite

Whether a melilite crystal grows from a liquid of type A or
type B composition or condenses as a solid from the solar
nebular gas, its Mg content can be expected to increase with
decreasing temperature. In most melilite grains in type B1
inclusions, Åk content varies regularly, gradually increasing
with distance from the crystal core or, in the case of mantle
grains, from the crystal rim nearest the inclusion margin. This
is considered normal zoning. Reverse zoning is common in
melilite in fluffy type A inclusions (MacPherson and Gross-
man, 1984). Many CTA melilite grains are unzoned, some are
normally zoned, and some, in TS32 and USNM 3898 (Podosek
et al., 1991), have reverse zoning. Results of electron micro-

probe traverses across four grains are illustrated in Figure 3. A
common pattern (Fig. 3a) shows many small variations but no
dominant trend. Most of the melilite in TS12 is homogeneous,
with variations of only a few mol% Åk. Some grains in this
inclusion, however, exhibit “sawtooth” patterns, with, as illus-
trated in Figure 3b, repeated sequences consisting of a gradual
increase in Åk content up to a peak level, then a sharp decrease,
then another gradual increase. TS19 contains normally zoned
melilite, with Åk-poor cores and Åk-rich rims, and irregular,
patchy-zoned melilite. Like that in TS2 (Simon et al., 1998),
the relatively Åk-poor regions contain dispersed, micron-size
spinel grains and the relatively Åk-rich regions do not. Unlike
TS2, the shapes of the Åk-poor regions do not look like
dendritic crystals. Nearly pure gehlenite occurs near the rim of
the inclusion as shown by the results for a crystal that is in

Fig. 3. Examples of zoning with respect to Åk content within single melilite crystals in CTAs. (a) Typical traverse with
mostly small variations and no dominant trend. (b) Sawtooth zoning pattern in TS12. (c) Grain in TS19 showing a depletion
in Åk adjacent to the rim of the inclusion. (d) A reversely zoned grain in TS32, with an Åk-rich core enclosed in relatively
Åk-poor melilite.

1237Compact type A refractory inclusions



contact with the rim (Figure 3c). This pattern is qualitatively
similar to some we have observed in TS68 rim melilites and in
some type B1 mantle melilites (e.g., Davis et al., 1992). Some
grains in TS32 are unzoned, and some are reversely zoned. A
traverse across a reversely zoned grain in TS32 is illustrated in
Figure 3d. It has an Åk-rich core, an Åk-poor mantle, and an
Åk-rich rim.

To compare the populations of melilite in the samples, we
obtained quantitative maps via EDS for each sample. The
outermost rims of some CTAs contain hibonite, and, just un-
derneath the W-L rim, nearly pure gehlenite is common. These
phases are unlikely to have crystallized from melts of CTA
compositions and probably formed in aluminous vaporization
rinds (Beckett and Stolper, 1994). Because the near-rim me-
lilite compositions probably are not primary, such regions were
avoided during mapping. The results are illustrated in Figure 4.
Two inclusions (AX30, Ef3) have symmetrical distributions of
compositions about the mean, three (TS12, A37, AX4) have
somewhat skewed distributions, two (TS19, TS68) have broad
peaks or possibly bimodal distributions, and TS32 clearly has a

bimodal distribution. The latter pattern is not likely to have
resulted from fractional crystallization. One of the peaks may
reflect a relict grain population. TS12 has the most gehlenitic
average melilite composition, Åk16.6. Averages for the other
inclusions range from Åk23 (TS68, AX30) to Åk32 (A37). The
predominant lack of strong zoning of the melilite crystals is
reflected in the generally narrow ranges seen for each inclusion.
Compositions more magnesian than Åk45 are rare, unlike type
B1s, in which it is common to find melilite as magnesian as
Åk60 in crystal rims and in inclusion interiors.

3.3.2. Fassaite

The fassaite in CTAs exhibits some general similarities to
that in type B inclusions, as well as some striking differences.
Many fassaites in type B CAIs are continuously zoned from
relatively Ti-, Sc-, V-rich, Mg-poor cores to Ti-, Sc-, V-poor,
Mg-rich rims (e.g., Simon et al., 1991). In CTAs, the fassaite is
quite rich in the compatible oxides and tends to be unzoned,
although some grains have rims that are Ti-, Sc-poor relative to
their cores. Representative analyses are given in Table 1 and all
of our data are summarized in Figure 5. As illustrated in Figure
5a, CTA fassaite has higher Ti oxide and lower SiO2 contents
than that from type B inclusions. Except for a few analyses
from TS68, there is no overlap between fassaite from CTAs and
typical fassaite from type Bs. The anomalous fassaite found in
the mantle of TS34, a type B1 from Allende (Simon et al.,
1991), is so Ti-rich that it plots with the CTA fassaite, however,
and not with the fassaite from type B inclusions.

Except for that in TS32, most CTA fassaite has between 0.2
wt% and 0.8 wt% Sc2O3 and the abundances are not correlated
with Ti contents (Fig. 5b). In contrast, fassaite in type B CAIs,
except for that in the mantle of TS34, generally has#0.25 wt%
Sc2O3 and the abundances are correlated with Ti contents
(Simon et al., 1991). The fassaite in TS32 is quite Sc2O3-rich,
containing between 0.4 wt% and 2.0 wt%. All of the analyses
of TS32 fassaite with.1.6 wt% Sc2O3 are from the same
grain, which also has higher V2O3 contents than fassaite else-
where in the inclusion (Fig. 5c). Most CTA fassaite has V2O3

contents between 0.1 wt% and 1.0 wt%, whereas type B fas-
saite mostly has#0.4 wt%. The fassaite in the CTAs we
analyzed exhibits a wide range of V2O3/Sc2O3 ratios and
reaches much higher V2O3 contents than does typical fassaite
from type B inclusions. This is at least partially due to the fact
that we analyzed V2O3-rich (.1 wt%) fassaite grains in TS68
and Ef3 that are near Fremdlinge, although some, like the
V-rich grains from the mantle of TS34, occur as small, isolated
grains in melilite. Within fassaite from a given CTA, V2O3, and
Sc2O3 are generally correlated with each other, albeit with
some scatter, as in fassaite in type B inclusions.

3.3.3. Spinel

The spinel grains in CTAs, like those of type B inclusions,
are unzoned and are near-end-member MgAl2O4. Unaltered
spinel is virtually FeO-free. Minor oxides present include
Cr2O3 (0.1–0.5 wt%), TiO2 (mostly 0.2–1.0 wt%, although
values up to 2.2 wt% were found in TS12) and V2O3. The
abundances of TiO2 and V2O3 in CTA spinel are summarized
in Figure 6. With one exception, the CTAs in our suite have

Fig. 4. Histograms of Åk contents of melilite from each inclusion
studied. The inclusions show narrower ranges than is observed in
melilite in type B1 inclusions. For each inclusion, 3072 analyses were
collected in;1 mm2, yielding from 1355 (Ef3) to 2412 (TS32) stoi-
chiometric melilite analyses per sample. Analyses have an uncertainty
of 61 mol% Åk for each spot.
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spinel with 0.2–1.4 wt% V2O3, with most abundances between
0.4 and 1.2 wt% (Fig. 6). The exception is AX30, in which the
spinel has from 2 wt% to 4.6 wt% V2O3. Note the fairly narrow
range of V2O3 contents of spinel within each sample, again
with the exception of AX30. The present results contrast with
those of MacPherson and Grossman (1984), who found that the
spinel of fluffy type A inclusions tends to be V2O3-rich (.;1.5
wt% V2O3), with ranges of 2–3 wt% within individual samples.

3.3.4. Perovskite

In most CTAs, this phase is nearly end-member CaTiO3,
with minor (,0.5 wt%) contents of Al2O3, SiO2, and V2O3.
Oxides of the rare-earth elements and Y can also reach levels
between 0.1 wt% and 0.5 wt%, as in the REE-rich perovskite in
TS12 (Laughlin et al., 1986). Perovskite in the present samples
contains between several hundred and several thousand ppm
Nb, but not the wt% levels seen in some perovskite from
Allende CTA TS2 (Simon et al., 1998).

3.3.5. Rho¨nite

One member of our suite, A37, contains rho¨nite, a complex
solid solution of at least eight chemical components (Beckett,
1986), with the general formula Ca4 (Ca, Fe, Mg, Al, V,
Ti)12(Al, Si)12O40. Representative analyses are given in Table
2. Despite the wide range of possible compositions, the abun-
dances of the major element oxides in A37 rho¨nite fall within

a fairly narrow composition range. The Allende rho¨nite analy-
sis given by Fuchs (1978) is within the range of the A37
rhönite, but that analyzed by Fuchs (1971) has slightly higher
MgO, Al2O3, SiO2, and CaO contents and lower TiO2

tot con-
tents. Mason and Taylor (1982) reported rho¨nite containing;3
wt% V2O3, but the abundances of the other oxides are similar
to those reported here.

3.4. Trace-Element Abundances

Bulk trace-element analyses, obtained by instrumental neu-
tron activation analysis, are available for six of the samples in
our suite. Such data are helpful in the interpretation of the
ion-microprobe analyses of individual phases. Four of the in-
clusions have flat CI-normalized REE patterns with abundances
of the trivalent REE at 16–203 CI and small, positive Eu
anomalies. These inclusions are TS12 (Grossman and Ganapa-
thy, 1976), A37 (Bischoff et al., 1987), Ef3 (Sylvester et al.,
1993), and AX4 (Yoneda et al., 1995). Inclusion TS19 has an
unusual pattern, with light REE (LREE) abundances of 8–10
3 CI, a positive Eu anomaly, and a depletion in Dy relative to
Tb and Yb (Grossman and Ganapathy, 1976). Axtell inclusion
AX30 also has low LREE abundances (;6–103 CI), a pos-
itive Eu anomaly, and depletions of the refractory heavy REE
(HREE) relative to the LREE. This pattern was classified by
Yoneda et al. (1995) as a modified group II pattern (Martin and
Mason, 1974). A CTA from Allende, TS2, also has a group

Table 1. Electron microprobe analyses of fassaite in compact type A inclusions.

TS32 TS68 A37 Ef3

1 2 3 1 2 1 2 1 2

MgO 7.09 7.36 6.30 5.72 6.69 6.67 7.08 5.82 6.46
Al2O3 18.45 17.62 18.51 20.47 20.12 18.67 18.78 19.92 19.47
SiO2 31.84 34.01 31.66 30.87 32.22 32.18 32.75 31.07 31.70
CaO 24.62 24.73 24.86 24.59 24.63 24.42 24.56 24.56 24.55
Sc2O3 0.62 1.20 1.84 0.56 0.12 0.45 0.43 0.40 0.56
TiO2

tot 17.96 15.77 17.27 18.37 16.75 18.04 17.46 18.94 17.58
V2O3 0.19 0.08 0.67 0.72 0.59 0.22 0.13 0.55 0.53
FeO BLD BLD BLD BLD 0.06 BLD BLD BLD 0.09
ZrO2 0.44 0.51 0.46 0.12 0.14 0.25 0.23 0.13 0.14

Ti2O3 10.38 10.42 11.19 12.05 10.10 11.64 10.75 12.67 10.89
TiO2 6.51 4.26 5.05 5.07 5.54 5.14 5.52 4.96 5.54
Total 100.14 100.19 100.54 100.17 100.21 99.64 100.23 100.08 99.93

Cations per 6 oxygen anions
Si 1.215 1.292 1.214 1.181 1.221 1.232 1.241 1.190 1.211
Al 0.785 0.708 0.786 0.819 0.779 0.768 0.759 0.810 0.789
Tet. sum 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000

Al 0.046 0.081 0.051 0.103 0.120 0.074 0.080 0.090 0.087
Mg 0.404 0.417 0.360 0.326 0.378 0.380 0.400 0.332 0.368
Ca 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Sc 0.021 0.040 0.062 0.019 0.004 0.015 0.014 0.013 0.019
Ti31 0.330 0.329 0.355 0.383 0.319 0.372 0.340 0.405 0.346
Ti41 0.186 0.121 0.144 0.145 0.158 0.148 0.158 0.142 0.159
V 0.005 0.002 0.019 0.021 0.017 0.006 0.004 0.016 0.015
Fe 0 0 0 0 0.002 0 0 0 0.003
Zr 0.008 0.010 0.009 0.002 0.002 0.005 0.004 0.002 0.003
Oct. sum 2.000 2.000 2.000 1.999 2.000 2.000 2.000 2.000 2.000

BLD: Below detection limit of electron microprobe of 0.041 wt% FeO. Analyses are normalized to four cations, including two tetrahedral cations
and one Ca cation, per six O anions, according to the methods of Beckett (1986).
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II-like bulk REE pattern (Simon et al., 1998), but such patterns
are rare among coarse-grained inclusions.

Phases in six of the samples we studied were analyzed by ion
microprobe. Results for the REE and Y are summarized in
Figure 7 and analyses of fassaite and rho¨nite are presented in
Table 3. Melilite is fairly uniform within each inclusion, so
only averages are shown. In TS12, TS32, A37, Ef3, and AX4
the melilite patterns are flat with small, positive Eu anomalies.
In TS68 the HREE decrease from Gd through Lu. Fassaite in

Fig. 5. Oxide relationships in fassaite. (a) SiO2 vs. TiO2 1 Ti2O3 for
fassaite from CTAs, type B inclusions, and the mantle of Allende type
B1 inclusion TS34. For these oxides, there is much overlap among
analyses from different CTAs, so in this plot one symbol is used for all
CTA fassaite analyses. (b) Sc2O3 vs. Ti oxides. Fassaite in CTAs tends
to have higher Sc2O3 contents than fassaite from type B inclusions. (c)
V2O3 vs. Sc2O3. These oxides are positively correlated, but the V2O3/
Sc2O3 ratio varies from inclusion to inclusion.

Fig. 6. Plot of V2O3 vs. TiO2 abundances in CTA spinel. Contents of
V2O3 are fairly uniform within each inclusion, except AX30.

Table 2. Electron microprobe analyses of rho¨nite in A37.

1 2 3

MgO 18.41 17.87 18.26
Al2O3 26.47 27.15 26.49
SiO2 17.47 17.81 18.61
CaO 14.80 15.24 14.99
TiO2

tot 22.06 21.24 20.81
Sc2O3 0.35 0.32 0.38
V2O3 0.82 0.73 0.78
FeO 0.05 0.41 0.19
Ti2O3 7.64 7.40 7.83
TiO2 13.57 13.02 12.12
Total 99.58 99.95 99.65
Cations per 40 oxygen anions
Si 4.467 4.536 4.744
Al 7.533 7.464 7.256
Tet. sum 12.000 12.000 12.000
Al 0.443 0.689 0.705
Mg 7.015 6.785 6.937
Ca 4.055 4.160 4.095
Ti31 1.633 1.576 1.667
Ti41 2.610 2.494 2.323
Sc 0.078 0.070 0.085
V 0.157 0.140 0.149
Fe 0.011 0.088 0.040
Sum 16.002 16.002 16.001
Total cations 28.002 28.002 28.001

Analyses are normalized to 28 cations, including 12 tetrahedral
cations, per 40 oxygen anions.
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the latter two inclusions and A37 has chondrite-normalized
REE patterns similar to fassaite from type B1 inclusions (Si-
mon et al., 1991), with increasing abundances from La through
Lu and large, negative Eu anomalies. The fassaite in TS32,
however, is distinctive, with uniform abundances from La
through Pr and sharp increases from Nd through Lu with no Eu
anomaly. It is quite unusual for extraterrestrial pyroxene to lack
a negative Eu anomaly, because the relatively large Eu21

cation is too large for any of the crystallographic sites in
pyroxene. Rho¨nite (in A37) has low REE abundances with
HREE . LREE, and.2000 ppm of Sc and of V.

Perovskite exhibits a wide range of trivalent REE contents,
from 500 to;40003 CI. In all samples, perovskite has flat or
LREE-enriched patterns with large, negative Eu anomalies. A
wide range of REE abundances is also seen in analyses of

symplectites in TS32, which are also illustrated in Figure 7.
This probably reflects sampling of different proportions of
phases during the analysis of these fine-grained intergrowths.

4. DISCUSSION—FORMATION OF COMPACT TYPE AS

4.1. Volatilization Residues

Compact type A inclusions either formed by volatilization of
less refractory material, crystallization of liquids, gas–solid
condensation, or by some combination of these processes.
Using our data and observations and those in the literature, we
can evaluate these possibilities.

An early suggestion was that CAIs, including CTAs, were
volatilization residues of chondritic material (e.g., Kurat, 1970,

Fig. 7. Chondrite-normalized REE patterns of phases in CTAs, determined by ion microprobe. Within each inclusion, the
melilite compositions are rather homogeneous, so only averages are shown. (a) TS12. (b) TS32. (c) TS68. (d) A37. (e) Ef3.
(f) AX4.
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1975). Beckett (1986) and Sylvester et al. (1993), however,
showed that CTAs have superchondritic CaO/Al2O3 ratios. As
pointed out by Beckett (1986), this is a feature not expected for
vaporization residues, because CaO is less refractory than
Al2O3. Beckett (1986) further reasoned that to make CTAs by
evaporation and match their observed isotopic composition,
d30Si ; 2.5‰ (Molini-Velsko, 1983), a starting composition
with 60–80 wt% SiO2 would be required. Finally, evaporation
experiments performed by Floss et al. (1996) on bulk Allende
powder showed that this process can yield phases, such as
hibonite, that are found in some refractory inclusions (Floss et
al., 1996), but melilite was not present in any of the residues;
MgO and SiO2 were either completely lost, or, where MgO and
SiO2 were retained, olivine and glass were present. Formation
of CTAs by evaporation of chondritic material can therefore be
ruled out. Evaporation of nonchondritic material is poorly
constrained and cannot be ruled out as a mechanism for the

formation of CTAs, but this process would require a special
starting composition unlike any observed, which, upon evapo-
ration, would enter simultaneously the bulk chemical and iso-
topic composition range of CTAs.

4.2. Crystallization from Liquids vs. Condensation
from a Gas

Two sets of experiments have been performed on type A
bulk compositions to investigate whether these inclusions could
have crystallized from liquids. Paque and Stolper (1984) per-
formed controlled cooling experiments in air on a “melilite-rich
B1” composition based on USNM 3898, an inclusion that is
actually a CTA, as it contains 75% melilite and has rho¨nite and
very Ti-rich fassaite (Mason and Taylor, 1982; Podosek et al.,
1991). Paque and Stolper (1984) found the crystallization se-
quence of that composition to be spinel first, followed closely

Table 3. Representative ion probe analyses of fassaite and rho¨nite in CTAs.*

1 2 3 4 5 6

MgO (%) 7.2 5.8 6.4 7.0 14.9 12.0
Al2O3 (%) 16.8 17.4 19.2 16.5 27.2 25.1
SiO2 (%) 34.0 32.4 29.1 35.4 18.3 15.2
CaO (%) 24.9 24.8 24.5 25.1 13.8 20.5
TiO2 (%) 15.4 16.6 19.7 15.2 24.4 22.1
Li 0.04 6 0.01 0.026 0.01 0.046 0.02 0.056 0.02 6.16 0.526 0.08
Be 0.456 0.03 0.386 0.03 0.426 0.08 0.346 0.06 0.966 0.14 0.846 0.13
B 9.2 7.53 ,0.20 ,0.20 ,0.20 0.936 0.23
F 23.56 3.7 14.06 2.9 34.16 9.5 416 12 ,13.5 112.46 20.9
Na 135 69.2 27.8 51.2 23.5 189.5
P ,16 ,14.6 60.86 5.9 ,17.4 31.56 5.2 82.36 8.4
Sc 3742 11166 3791 606 2531 2046
V 831 4098 1243 2545 4148 2822
Cr 357 363 208 178 678 684
Co 151 101 10.36 1.9 22.76 2.8 8.66 1.9 127
Fe 7276 84 3486 71 5366 101 3156 84 2956 68 31521
Ni 3975 1665 ,20.2 ,24 756 10 1706 24
Rb 8.656 0.52 18.7 4.976 0.60 1.696 0.34 1.806 0.54 3.186 0.65
Sr 81.8 73.8 63.3 65.6 31.2 114.3
Y 56.0 39.4 92.2 125 22.5 43.6
Zr 2400 2695 1404 850 243 255.1
Nb 2.816 0.22 6.036 0.33 5.106 0.38 5.66 0.4 7.586 0.57 12.36 0.7
Cs 0.306 0.11 0.536 0.15 0.526 0.17 0.166 0.12 0.426 0.19 1.016 0.29
Ba 2.906 0.26 3.516 0.29 1.856 0.24 1.296 0.24 2.276 0.32 45.42
La 0.596 0.05 0.546 0.05 2.876 0.10 4.016 0.14 0.316 0.04 1.896 0.10
Ce 1.436 0.12 1.526 0.13 9.23 15.7 1.336 0.13 5.38
Pr 0.226 0.06 0.246 0.07 1.736 0.16 2.586 0.23 0.256 0.07 0.866 0.14
Nd 1.326 0.25 1.206 0.24 9.336 0.60 16.36 0.9 1.466 0.29 4.746 0.52
Sm 0.796 0.09 0.816 0.09 3.966 0.22 7.286 0.27 0.936 0.13 2.316 0.22
Eu 0.276 0.03 0.296 0.03 0.366 0.03 0.416 0.04 0.106 0.02 0.836 0.07
Gd 2.136 0.24 1.476 0.21 7.466 0.45 17.7 1.856 0.26 2.996 0.39
Tb 0.576 0.07 0.506 0.06 1.656 0.11 3.516 0.18 0.276 0.06 0.776 0.10
Dy 5.076 0.30 3.716 0.26 12.19 26.9 2.576 0.24 5.186 0.35
Ho 1.306 0.12 1.116 0.11 3.066 0.17 5.33 0.906 0.11 1.376 0.14
Er 6.19 4.146 0.21 10.23 16.3 2.846 0.20 5.176 0.27
Tm 1.416 0.08 0.786 0.06 1.696 0.08 2.256 0.11 0.586 0.06 1.386 0.09
Yb 12.0 7.57 13.74 13.2 4.436 0.31 10.31
Lu 2.85 1.896 0.11 2.61 3.68 0.916 0.08 1.416 0.10
Hf 48 101 39.71 17.0 8.76 6.406 0.36
Th ,0.034 ,0.048 0.076 0.03 0.186 0.05 ,0.05 ,0.04
U ,0.022 0.0576 0.025 ,0.034 ,0.034 0.166 0.05 0.166 0.05

Note:1,2: Fassaite, TS32; 3: fassaite, A37; 4: fassaite, TS68; 5,6: rho¨nite, A37. A small metal grain was encountered in #6, causing elevated levels
of Fe, Ni, and probably Co in the analysis.

* Results in parts per million unless otherwise indicated. Uncertainties are61s and upper limits are,2s, based on counting statistics. Uncertainties
are only given where they exceed 5% (relative).
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by melilite, and then, after cooling by more than 200°C, late
anorthite and perovskite. Primary anorthite is not found in
CTAs, but its crystallization may have been suppressed, as in
type B1s (MacPherson et al., 1984), due to moderately rapid
cooling. Beckett (1986) performed isothermal melting experi-
ments at anf02

of ;1028 atm on one composition correspond-
ing to a fluffy type A inclusion and, in air, on one correspond-
ing to a compact type A. He found, for both compositions, that
melilite crystallized first, followed within;20°C by spinel, and
finally perovskite, at temperatures;150°C below the appear-
ance of spinel. Thus, both studies found nearly simultaneous
onset of melilite and spinel crystallization, persistence of this
assemblage over a temperature interval of 150°–200°C, and no
fassaite crystallization. Both studies were carried out at high
oxygen fugacities, however, and it is possible that lower oxy-
gen fugacities would have stabilized Ti31-bearing fassaite rel-
ative to perovskite. So, even though no fassaite was produced
in these experiments, and primary anorthite is not found in
CTAs, these studies cannot be used to rule out formation of
CTAs by crystallization from liquids.

Comparison of observed textures and assemblages with
those predicted for fractional crystallization is probably not the
best way to evaluate whether the observed features of CTAs are
consistent with crystallization from liquids. Although the long
intervals of melilite6 spinel crystallization seen in experi-
ments on type A compositions are consistent with the obser-
vations of high abundances of melilite in CTAs, it would be
impractical to collect the experimental data needed to predict
whether, in a given CTA, fassaite, perovskite, rho¨nite, or fas-
saite 1 perovskite, etc., should follow melilite1 spinel for
each of the members of our suite of CTAs. To do so would
require accurate bulk composition determinations and experi-
ments at solarf02

on each inclusion composition, with the
assumption that the last liquids in the experiments behave the
same as they did in the natural samples.

A test we can apply with more confidence is to see whether
trace-element distributions among the minerals within a given
inclusion are consistent with crystal/liquid fractionation. Parti-
tion coefficients (Ds) for many elements have been measured
for melilite (Kuehner et al., 1989; Beckett et al., 1990; Davis et
al., 1996), fassaite (Simon et al., 1991), and perovskite
(Kennedy et al., 1994), mostly in melts approximating type B
inclusion compositions. If we assume that theseDs are appli-
cable to CTA compositions, we can address the first-order
question of whether the trace-element contents of the phases in
the present samples are consistent with partitioning during
fractional crystallization.

To do this, we used simple fractional crystallization models
for each of the CTAs for which sufficient trace-element data are
available. We used inclusion bulk compositions as determined
by INAA, which are presumably representative of the samples,
in the models. Alternatively, we could have attempted to cal-
culate bulk compositions from modal abundances and average
phase compositions. In some cases, however, we would not be
likely to calculate an accurate average composition of perovs-
kite. Because of the wide range of REE contents observed in
this phase, determination of a well-defined average might re-
quire more contamination-free analyses than could be obtained
in some cases, due to perovskite’s generally fine grain size. Due
to the high REE content of perovskite, an inaccuracy in the

calculation of its average composition or its modal abundance
would have a large effect on the calculated bulk composition.

The models start with crystallization of the amount of spinel
observed, assumingDREE

Sp/liq 5 0, from the bulk composition.
This is followed by crystallization of the amount of melilite
needed to fractionate the liquid to the point that fassaite or
perovskite, whichever is found in the inclusion being modeled,
would crystallize with the observed La content. In cases where
there were only trace amounts of these phases, this required
virtually all of the melilite to precede the late phase rather than
cocrystallize with it, whereas those inclusions, such as TS68
and Ef3, that contain significant (;15 vol%) amounts of fas-
saite, require less fractionation. The correlation between obser-
vation and calculation supports the validity of the application of
this approach to these samples.

For each inclusion, theD used for partitioning of the triva-
lent REE between melilite and liquid was that calculated using
the relationship:

DREE
mel/liq 5 K~XGe/XÅk!

The average Ge/Åk ratio from the electron probe analyses was
used, and values ofK were taken from Simon et al. (1994b),
who calculated them from the experimental results of Kuehner
et al. (1989). We assumed thatDEu > DSr and used a value of
0.8 for DEu

mel/liq (Kuehner et al., 1989).

4.2.1. TS12

For TS12, bulk INAA (Grossman and Ganapathy, 1976) and
RNAA data (Grossman et al., 1977) along with modal miner-
alogy (Beckett, 1986) are available. We assumed that the first
perovskite to crystallize after melilite is relatively REE-rich
and is represented by the ion probe analysis of REE-rich
perovskite in Laughlin et al. (1986). In modeling the fractional
crystallization of this inclusion, we started with the bulk com-
position,CO, and calculatedCL, the residual liquid composi-
tion, after crystallization of 8% spinel (Beckett, 1986) using the
relationship:

CL 5 COF~D21!

whereF is the proportion of liquid remaining. The resultingCL

for La, 4.73 6 0.10 ppm, was used as a newCO for the
beginning of melilite crystallization. The value ofCL at the
onset of perovskite crystallization was set to 93.88 ppm, the La
content of a residual liquid that would yield perovskite with the
observed 892 ppm (Laughlin et al., 1986), assuming aDLa

pv/l of
9.5 (Kennedy et al., 1994). From the aforementioned values of
CL and CO and theD for the average melilite composition,
Åk15, the Rayleigh equation was used to calculateF, the
amount of liquid remaining at the onset of perovskite crystal-
lization. This value ofF was then used to calculateCL for the
other REE determined by INAA (Ce, Sm, Eu, Tb, Dy, Yb) and
RNAA (Lu), from which the corresponding concentrations in
perovskite could be obtained. The results of this calculation and
those for the other CTAs we modeled are illustrated in Figure
8.

For TS12 (Fig. 8a) a fairly good match, except for Dy and
Lu, was obtained between the calculated REE abundances and
those observed in the REE-rich (presumably early) perovskite.
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The discrepancy between the observed and calculated Dy abun-
dances may reflect a problem with the INAA data, because, in
that analysis (Grossman and Ganapathy, 1976), Dy/Tb; 1.2
6 0.1 3 CI but, in ion-probe analyses of melilite and perovs-
kite from this inclusion, Dy/Tb,1 3 CI. The disagreement
between calculated and observed Lu abundances cannot be
readily accounted for, however. Both the bulk composition and
the ion-probe analyses of melilite have Lu/Yb.1 3 CI. We
would, therefore, expect to see a superchondritic Lu/Yb ratio in
perovskite as well, as shown in Figure 8a, becauseDYb

pv/liq is
only slightly larger thanDLu

pv/liq (Kennedy et al., 1994). Ion-

probe analyses of perovskite in TS12 have subchondritic Lu/Yb
ratios, however.

This modeling method is very sensitive to the melilite com-
position used because theDs for the trivalent REE vary with
Åk content (Kuehner et al., 1989; Beckett et al., 1990). It has
the advantage, however, of avoiding a dependency on an ac-
curate model of the relationship between the degree of liquid
crystallization and the corresponding melilite composition
(mol% Åk), which has been elusive in the modeling of the
trace-element abundances of melilite in Bls (e.g., Davis et al.,
1992; Simon et al., 1994b).

Fig. 8. Comparison of chondrite-normalized REE abundances of phases observed in CTAs with patterns predicted for
those phases if they formed by fractional crystallization. Where there is agreement between observed and calculated results,
the measurements are consistent with formation of the inclusion by crystallization of a liquid. Ion-probe analyses are labeled
by phase, calculated patterns by “calc” or by crystallization sequence, such as “pv before fas” for crystallization of
perovskite before fassaite. (a) TS12, perovskite. (b) TS32; “fas match La”: model in which some perovskite is crystallized
so that fassaite crystallizes with the observed La content. (c) TS68, fassaite. (d) A37; “fas after pv”: matching the observed
La content of fassaite, with prior crystallization of perovskite. (e) Ef3, fassaite. (f) AX4, perovskite.
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Nevertheless, we also tried a model in which a linearF vs.
Åk relationship was calculated as in Davis et al. (1992) and the
DREE

mel/liq varied accordingly, to see if this provided a better fit to
the data than modeling with the average melilite composition
(or averageDREE

mel/liq). We found that, at least in the case of
TS12, the two models provide equally good fits to the data, and,
except for Ce and Eu, either match or bracket the observed
abundances. Therefore, for the remaining samples, only the
“averageD” model was used.

Simon et al. (1994b) calculated the chondrite-normalized
REE pattern for perovskite crystallized from a type A inclusion
composition after crystallization of 15% spinel and 77% me-
lilite. Their pattern, strongly reflecting the perovskite/liquidDs,
is very similar to the pattern of the perovskite in TS12 (Fig. 7a);
that is, high, very gently sloping LREE abundances; a deep
negative Eu anomaly; and HREE abundances that are lower
than those of the LREE, and which decrease from Gd through
Lu. From our observations and calculations, and those of Simon et
al. (1994b), we conclude that TS12 crystallized from a melt.

4.2.2. TS32

There are no INAA data for this inclusion, so for its bulk
composition we used the average of the other four Allende
CTAs considered here. For La, this gave 3.586 0.80 ppm, or
;15 3 CI. In the model, 2.2% spinel was crystallized first,
followed by the 96.5% of the inclusion that consists of melilite
and alteration products (Beckett, 1986). This inclusion has
minor amounts of both perovskite and fassaite, either of which
could have immediately followed melilite, so we tried model-
ing both possibilities. The chondrite-normalized REE abun-
dances predicted for a perovskite crystallized from the resulting
residual liquid are compared to those of a REE-rich perovskite
from TS32 in Figure 8b. The model predicts slightly higher
LREE abundances and much lower Yb and Lu abundances than
are observed.

The measured TS32 fassaite REE patterns are quite unusual
and cannot be matched by any fractional crystallization model.
Note from Figure 7b that the LREE abundances in this fassaite
are less than those of melilite. They are inconsistent with
crystallization after any melilite withDLREE , 1, (i.e., more
magnesian than;Åk8). Our calculations show that, if fassaite
crystallized after spinel and melilite, but before perovskite, it
would have REE abundances one to two orders of magnitude
higher than are observed. If it followed perovskite and was the
last phase to crystallize, it would have LREE contents much
lower and HREE much higher than observed because of the
strong preference of perovskite for LREE over HREE
(Kennedy et al., 1994; Simon et al., 1994b). Even if just the
right amount of perovskite crystallized so that fassaite began
crystallizing with the observed La content (the “fas match La”
trend in Fig. 8b), calculations show that the fassaite REE
pattern would have a much higher HREE/LREE ratio than is
observed. If TS32 were once molten, the perovskite in it could
have crystallized from the melt, but we cannot account for the
REE patterns of the fassaite in this inclusion by any fractional
crystallization model.

4.2.3. TS68

For this inclusion, we used unpublished INAA and modal
data. We modeled the inclusion by crystallizing 10% spinel, all
of the melilite (78% of the inclusion), and then fassaite. The
calculated pattern for fassaite is nearly identical to the mea-
sured one, as shown in Figure 8c. This good fit, the similarity
of the chondrite-normalized REE patterns of TS68 fassaite to
those of fassaite from type B1 inclusions (e.g., Simon et al.,
1991), and the rounded, smooth shape of the inclusion all
indicate that it crystallized from a liquid.

4.2.4. A37

Here we used the INAA data of Bischoff et al. (1987) and
modal proportions from a backscattered electron photomosaic
of the inclusion. This sample contains fassaite, perovskite, and
rhönite, any one of which could have immediately followed
melilite. Assuming fassaite is the first phase to crystallize after
melilite (“fas before pv” in Fig. 8d), the measured composition
of fassaite has lower LREE and higher Yb and Lu contents than
expected. The results for perovskite, assuming that it follows
melilite and precedes fassaite (“pv before fas”), are a fairly
good fit, except for Yb, and this crystallization sequence leads
to a better fit between calculated and observed LREE abun-
dances in fassaite (“fas after pv”). As in TS32, however, prior
crystallization of perovskite yields fassaite that is more HREE-
enriched than is observed. We cannot model rho¨nite crystalli-
zation because noDs are available for this phase. We note,
however, that it has chondrite-normalized HREE. LREE (Fig.
7d). Perhaps rho¨nite crystallized immediately after perovskite,
driving down the HREE/LREE ratio of the liquid from which
fassaite subsequently crystallized.

4.2.5. Ef3

The bulk composition and modal mineralogy of this inclu-
sion were determined by Sylvester et al. (1993). In the model
we crystallized 20% spinel, and then 57% melilite to match the
observed La content of fassaite. This is consistent with the
observation that the inclusion contains;20% fassaite (Syl-
vester et al., 1993). The results (Fig. 8e) show excellent agree-
ment between the observed and calculated fassaite composi-
tions, with the exceptions of Yb and Lu. The trace-element
contents of fassaite in Ef3 and its occurrence in interstitial
pockets between melilite (Fig. 2d) are consistent with forma-
tion of Ef3 from a melt, with crystallization of fassaite from the
late, residual liquid.

4.2.6. AX4

For this inclusion we used the unpublished INAA data that
were discussed by Yoneda et al. (1995) and modal proportions
from a backscattered electron photomosaic of the inclusion. In
this inclusion, as in TS12, melilite was followed by perovskite
whose chondrite-normalized REE patterns range from very
REE-rich with LREE . HREE to flat patterns with lower
absolute abundances (Fig. 7f). If perovskite dominates the
crystallizing assemblage, the LREE-enriched pattern would be
consistent with relatively early perovskite and the flat pattern
consistent with late perovskite. Our calculations (Fig. 8f) show
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that, except for Yb and Lu, the chondrite-normalized REE
abundances and pattern of perovskite crystallized from the
residual liquid in AX4 after crystallization of 92% of the
inclusion to spinel1 melilite are very similar to those of the
relatively LREE-rich perovskite found in the inclusion. This
inclusion has a spinel–perovskite core (Fig. 2e), which was
most likely formed by the pushing inward of spinel and residual
melt during solidification of the melilite. Although spinel is the
liquidus phase in most type A and type B inclusion composi-
tions (Paque and Stolper, 1984; Beckett, 1986), many CTAs
and B1s have spinel-poor outer zones (;500–;1000 mm
wide) and relatively spinel-rich inner zones, suggesting that
spinel grains were commonly pushed toward inclusion interiors
by advancing crystallization fronts. The perovskite in the core
of AX4 probably represents the last liquid to crystallize. This is
probably the case for AX30 as well, which also has a spinel-
rich, perovskite-rich core and perovskite that texturally appears
to have crystallized after melilite.

4.2.7. Summary

In summary, good agreement is observed between the cal-
culated and observed LREE (Ce and Sm) abundances in at least
one phase in all samples, and between calculated and observed
Gd, Dy, and Ho contents in most samples. Perovskite tends to
have higher Eu and, except for TS12, Yb and Lu contents than
are predicted, however. Perhaps the values ofDpv/liq used for
these elements were too low, leading to underestimations of
their abundances. The mismatch between the calculated and
observed Lu contents of TS12 perovskite, with calculated
. observed, is different from that in other samples and may
reflect a problem with either the RNAA analysis of the sample
(Grossman et al., 1977) or the ion-probe analysis of the per-
ovskite (Laughlin et al., 1986). We also cannot readily account
for the mismatch between the observed and calculated REE
patterns for fassaite in TS32. The observed patterns are quite
unusual; they are unlike those seen in fassaite in the other
CTAs or in type B inclusions (e.g., Simon et al., 1991), and are
not consistent with the crystal/liquidDs determined for fassaite
(Simon et al., 1991). It would be of interest to see whether the
fassaite in 3898, another CTA with many features that are not
consistent with crystallization from a melt (Podosek et al.,
1991), has similar characteristics.

The general agreement seen above between observed chon-
drite-normalized REE patterns and those predicted by frac-
tional crystallization models strongly suggests that the distri-
bution of trace elements between phases in CTAs was largely
determined by crystal–liquid partitioning. The degree of agree-
ment, while not perfect, would be quite fortuitous if the phases
were condensates whose REE contents were determined by
crystal–vapor partitioning. Although gas–solid partition coef-
ficients for the phases considered here are not known, one
might expect that they would be volatility-related and differ
from the crystal–liquid partition coefficients.

In addition to the distribution of trace elements, many pet-
rographic and mineral-chemical features of CTAs are consis-
tent with crystallization from liquids, including:

1. Rounded shapes and smooth rims of inclusions. These are
also exhibited by type B inclusions and by chondrules, in

which they result from solidification of molten droplets. In
contrast, fluffy type As do not have round shapes.

2. Melilite grains that are oriented at high angles to inclusion
rims (e.g., Fig. 1a, 2b) and are zoned with Åk contents
increasing inward from them (e.g., Fig. 3c). This is seen in
type B1 inclusions and reflects nucleation upon and growth
inward from a melt/vapor meniscus (e.g., MacPherson and
Grossman, 1981).

3. Spinel-poor outer regions and relatively spinel-rich interi-
ors. These are also commonly seen in type B1 inclusions
and thought to reflect the pushing inward of spinel grains by
growing melilite crystals.

4. Positively correlated V2O3 and Sc2O3 contents in fassaite.
Both oxides are compatible in fassaite, decreasing from the
cores to the rims of fassaite in type B inclusions (e.g., Simon
et al., 1991). Such a trend would not necessarily be expected
for condensates, because Sc is more refractory than V and
these two elements can be fractionated from each other
during condensation. For example, some ultrarefractory in-
clusions are exceedingly enriched in Sc but not in V (Davis,
1984; Simon et al., 1996).

5. Perovskite–spinel–fassaite symplectites. It is very unlikely
that these features formed by gas–solid condensation, but
they could have formed by crystallization of late, Ti-rich
liquids (El Goresy et al., 1977; Beckett, 1986).

6. Occurrence of fassaite and perovskite in interstitial pockets
between melilite grains, as shown in Figure 2d and f, in
which the shapes of the Ti-rich phases have conformed to
the shapes of the enclosing melilite grains. These textural
relationships are consistent with the formation of these
Ti-rich phases by crystallization of late-stage melt pockets,
as is also suggested by the fractional crystallization models.

The unzoned melilite grains could have formed from either a
liquid or a vapor. The coarse grain size and lack of zoning
probably reflect growth during very slow cooling. The sawtooth
zoning pattern of the melilite in TS12 (Fig. 3b) may reflect
small temperature fluctuations during crystallization. Reversely
zoned melilite can occur in once-molten, type B inclusions, but,
in those cases, is attributed to the incoming of fassaite, which
drives down the Mg/Al ratio of the residual liquid and of
cocrystallizing melilite (MacPherson et al., 1984). This effect is
unlikely to account for the reverse zoning in TS32, however.
This inclusion contains very little fassaite, and the trace ele-
ment-data are not consistent with the fassaite and the melilite
being cogenetic. The irregular shape of the inclusion, the re-
verse zoning from core to rim of some melilite grains, the
bimodal distribution of melilite compositions, and fassaite
trace-element contents all suggest that much of TS32 may
never have been molten. The Sc2O3-, HREE-rich fassaite and
the reversely zoned melilite in this inclusion may be relict
grains.

4.3. Precursor Phases

The samples considered here do not represent pristine con-
densates, but they probably formed by crystallization of partial
melts of condensate assemblages. Sylvester et al. (1993) con-
sidered the bulk compositions of a large suite of coarse-grained
refractory inclusions from Allende and members of the reduced
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subgroup of CV3 chondrites. For Allende, “prealteration” bulk
compositions were calculated. These investigators noted that all
of the type A (FTA and CTA) inclusions in their suite have
superchondritic CaO/Al2O3 ratios and that many of their bulk
compositions plot on or near the trajectory of compositions of
condensates from a solar gas that had lost;20% of its Al2O3,
perhaps due to corundum condensation. Some type As have
subchondritic TiO2/Al2O3 ratios as well, possibly reflecting
prior removal of hibonite from the gas (Sylvester et al., 1993).
Beckett and Stolper (1994) also concluded that corundum was
not likely to have been among the precursor phases of type As,
suggesting a phase assemblage of melilite1 spinel1 hibonite
1 perovskite. The precursors of type B inclusions, on the other
hand, probably continued to react with the nebular gas to lower
temperatures, at least until fassaite condensed, resulting in
higher average SiO2 and MgO contents of type B inclusions
than type As (Sylvester et al., 1993).

Although FTAs and CTAs have identical average CaO and
TiO2 contents, most CTAs have higher SiO2 and lower Al2O3

contents than FTAs (Sylvester et al., 1993). Except for two
cases noted by Sylvester et al. (1993), CTAs therefore cannot
simply be isochemical melted analogs of the present suite of
FTAs. They may, however, be melts of former, relatively less
refractory FTAs. As shown by Sylvester et al. (1993), bulk
compositions of CTAs plot along the SiO2-rich, Al2O3-poor
end of a linear trend defined by CTA and FTA bulk composi-
tions on a plot of SiO2 vs. Al2O3. The precursor assemblages of
CTAs may have had lower melting points, and therefore melted
more readily, than the relatively Al2O3-rich FTAs.

4.4. Crystallization Histories

Teshima and Wasserburg (1985) studied three CTAs, one of
which they described as completely recrystallized and consist-
ing of homogeneous minerals. Greshake et al. (1998) studied
three CTAs, including A37 with the electron microprobe and
transmission electron microscope (TEM), and found those sam-
ples to be dominated by unzoned mineral grains with many
120° triple junctions. They also found, with the TEM, high
dislocation densities in melilite but none in fassaite which,
along with untwinned spinel, suggests that shock events took
place at temperatures$1000°C. On the basis of their work,
Greshake et al. (1998) concluded that CTAs were shocked
while plastic and were later recrystallized at temperatures
,1000°C. In the present study we observed recrystallized
melilite in AX30 and Ef3 optically, whereas laths and blocky
crystals dominated the other samples viewed in thin section.
Although some inclusions were recrystallized and individual
crystals somewhat homogenized, grain-to-grain variations were
not erased; the CTAs we studied typically exhibited ranges of
;30 mol% Åk (Fig. 4), and the trace element distributions
reflected crystal/liquid partitioning, suggesting, in agreement
with Greshake et al. (1998), that any reheating event was mild.

5. CONCLUSIONS

We have studied eight compact type A refractory inclusions
in order to document, for the first time in one study, the
petrographic, mineral-chemical, and trace-element characteris-
tics of a representative suite of this major type of refractory
inclusion. Compact type A inclusions have long been assumed

by many to have crystallized from melts, but until now there
was very little evidence to support this assumption. Although,
by definition, these inclusions are strongly dominated by me-
lilite, they may contain, in addition to melilite and spinel,
perovskite, perovskite1 Ti-rich fassaite, or perovskite1 fas-
saite 1 rhönite. These inclusions have enough features in
common that a plausible sequence of events can be proposed
for their formation. First, assemblages of condensate precur-
sors, most likely melilite1 spinel 1 perovskite6 hibonite,
melted. Melting was not complete, because, as in type Bs,
melilite textures are not consistent with crystallization from
total melts (Stolper and Paque, 1986). Features of CTAs that
suggest that they crystallized from melts include rounded in-
clusion shapes; radially oriented melilite laths at inclusion rims,
with Åk contents increasing inward from the inclusion rims;
spinel-poor outer regions and spinel-rich interiors; and the
distribution of trace elements among phases. We were, in many
cases, able to reproduce quantitatively with fractional crystal-
lization models, the REE contents of perovskite and fassaite in
CTAs we studied. In contrast, virtually no features of CTAs are
consistent with origins as either volatilization residues or as
gas–solid condensates. Many CTAs were shocked, as indicated
by the presence of shock lamellae and high dislocation densi-
ties (Greshake et al., 1998). Finally, recrystallization of some
inclusions occurred during a mild reheating event, which led to
formation of 120° triple junctions but did not cause intergranu-
lar redistribution of major, minor, or trace elements. One CTA
we studied, TS32, showed several features (irregular shape, re-
versely zoned melilite, bimodal distribution of melilite composi-
tions, fassaite REE contents) that could not be readily explained by
crystallization from a melt. It may be dominated by relict grains
that underwent only a very small degree of melting.
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