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Abstract—Fassaite is a major phase in Type B refractory inclusions and its wide compositional variability
makes it an excellent recorder of crystallization-induced changes in liquid composition. Traverses across
zoned crystals with electron and ion microprobes show that Ti, V, Sc, Zr and Hf decrease from core to
rim, while Mg, Si, REEs, and other trace elements increase. Fassaite/liquid distribution coefficients derived
from the compositions of early fassaite and calculated parent liquid compositions are higher than previously
reported fassaite Ds, e.g., 0.2-0.8 vs. 0.08-0.5 for the trivalent REEs, possibly due to the high Ti and Al
contents of the fassaite we analyzed. Log-log plots of concentrations of elements vs. those of Sc give linear
relationships with slopes of (D** — 1)/(DE#* — 1), where D is the bulk crystal/liquid distribution
coefficient for element i. From this relationship, we derive effective fassaite/liquid Ds of 2.8 for Sc, 1.5
for Hf, 1.1 for Zr, 0.52 for Y, 0.34 for Ta, 0.29 for Nb, and 0.31-0.48 for trivalent REEs. The effective
Ds are applicable to fassaite crystallizing from melts having the compositions and thermal histories of
Allende Type B refractory inclusions, and incorporate any equilibrium and kinetic effects that modify
Ds during the course of crystallization. Observed fassaite REE contents can be reproduced by a fractional
crystallization model in which the effective Ds are used. Ti** is more compatible in fassaite than Ti*
and, without equilibration of the residual liquid with an external reducing gas, Ti**/Ti' ratios (where
Ti*t = Ti** + Ti*") should decrease from core to rim in fassaite crystals. Comparison of profiles of Ti**/
Ti'* ratios in several crystals with those calculated for fractional crystallization suggests that the trend in
one crystal was controlled by fractional crystallization alone, but in two others the virtually constant
Ti**/Ti'** ratios may imply that the liquids in these inclusions were able to maintain equilibrium with
the solar nebular gas throughout crystallization. Attempts to determine the fo, of fassaite crystallization
on the basis of Ti**/Ti* ratios must be based on fassaite grains which are not zoned with respect to Ti**/
Ti*. The range of observed REE abundances in subliquidus fassaite (7-800 X C1 for La and 30-2000
X C1 for Lu) now encompasses those in grains previously identified as relict, removing a major reason
for their identification as such. Rounded fassaite grains with fairly sharp Mg-rich rims and Ti-rich cores,
poikilitically enclosed in mantle melilite in TS34 are candidates for relict grains. The grains are so Sc-
rich that they would require extreme prior crystallization of spinel and melilite, which is inconsistent
with their very low REE contents (e.g., La at 3-7 X C1). We suggest that the cores of these grains are
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relict and were trapped with liguid during formation of the mantle.

INTRODUCTION

TYPE B, CALCIUM-, aluminum-rich inclusions (CAls) in car-
bonaceous chondrites are of great interest because their im-
mediate precursors were phases that are predicted to have
formed as early, high-temperature condensates in the solar
nebula (GROSSMAN, 1972). GROSSMAN (1975) defined two
major types of coarse-grained CAls: Type A inclusions, which
have >75 vol% melilite, plus spinel, hibonite, perovskite, and
pyroxene; and Type B inclusions, which contain 25-60% cli-
nopyroxene—the Ti-, Al-rich variety commonly known as
fassaite—plus 5-50% melilite, 15-30% Mg-, Al-spinel, and
5-25% anorthite. WARK and LOVERING (1977) further sub-
divided Type Bs into Bls, which have melilite mantles, and
B2s, which do not. Although originally thought to be pristine
condensates, Type B inclusions are now believed to have
formed from melts of preexisting solids (STOLPER and PAQUE,
1986).

Fassaite is a very important phase in Type B inclusions
for several reasons. It is the most abundant phase in B2s and
the second most abundant in Bls, after melilite (BECKETT,
1986). Of all the phases in these objects, fassaite is the most
variable in major element content. Whereas meteoritic mel-
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ilite is essentially a binary solid solution between dkermanite
(Ak; Ca,MgSi,O,) and gehlenite (Ca,ALSiO,), fassaite can
be well described as a quaternary solid solution of the com-
ponents Di (CaMgSi;Og), CaTs (CaAl,SiOq), TP
(CaTi**AlSiOs ), and T,P (CaTi**Al,O¢) (BECKETT, 1986).
The crystal/liquid distribution coefficient of element i in
mineral x/, D", is defined as the ratio of the concentration
of i in solid phase x! to that in a coexisting liquid, L. Another
reason for the importance of fassaite is that, with the exception
of the high Ds for Eu?* and Sr in all melilite (KUEHNER et
al.,, 1989b) and anorthite and for the rare earth elements
(REEs) in aluminous (<Ak,s) melilite (KUEHNER et al.,
1989b; BECKETT et al., 1990), fassaite has the highest Ds for
the large ion lithophile (LIL) elements of all major phases in
Type B inclusions. Previous work has shown that, except for
La and Ce, fassaite has Ds for the trivalent REEs that are
>0.2 (MCKAY et al., 1988). These major and trace element
features make fassaite a potentially powerful recorder of
crystallization-induced changes in liquid composition. If the
bulk composition and crystallization sequence of an inclusion
are known, along with the relative proportions and Ds of the
crystallizing phases, the amount of prior fractionation needed
to attain a given fassaite composition can be estimated. With
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this information and sufficient analyses of fassaite in an in-
clusion, the crystallization history of the inclusion can be
reconstructed in some detail.

Fassaite is also important because, as the major Ti-bearing
phase in Type B inclusions, its Ti**/Ti** ratio is used as an
indicator of oxygen fugacity (BECKETT and GROSSMAN,
1986). Because fassaite has a higher D for Ti** than for Ti*
(BECKETT, 1986), it had the ability to concentrate Ti** into
the solid and deplete the residual liquid in Ti** relative to
Ti**. Therefore, the Ti**/Ti** ratio of fassaite would have
decreased with continued crystallization if the speed of the
redox reaction, which otherwise controlled this ratio in the
liquid, was insufficient to keep up with the crystallization
rate. In this case, an oxygen fugacity determination based on
a single fassaite analysis could be incorrect; thus an under-
standing of the chemical effects of fassaite crystallization is
necessary for proper interpretation of Ti**/Ti** ratios.

Although most fassaite crystals in CAls are strongly zoned,
little systematic work has been done to define and interpret
the zoning trends. MACPHERSON and GROSSMAN (1981)
noted that Ti and Al decrease from core to rim in fassaite
from Allende Type B inclusion TS33, and STOLPER and PaA-
QUE (1986), on the basis of compositions of residual liquids
produced in experiments conducted in air, predicted that Ti
and Mg would decrease from core to rim. EL GORESY et al.
(1985) showed that Ti and Al decrease and Mg increases
from core to rim in a concentrically zoned fassaite crystal in
Allende Type B1 inclusion USNM 5241. Also, in that same
inclusion, REE abundances in fassaite increase from core to
rim (MACPHERSON et al., 1989), consistent with concentra-
tion into the residual liquid due to incompatible (D" < 1)
behavior. In spite of the fact that important information such
as Ds and the path of composition variation of the residual
liquid can be learned from zoning trends of fassaite in CAls,
the latter have remained largely uninvestigated because most
studies of CAIs have been concerned with other aspects of
their petrology. Those studies generally give little or no zoning
information and report several “representative” analyses and
the range of compositions, omitting locations of analyses
within the crystals and not including important components
such as Ti**, Sc, and V in the analyses.

In this paper, we use electron and ion microprobe data to
define major, minor, and trace element zoning trends in fas-
saite from Types Bl and B2 inclusions from the Allende
meteorite. We also present calculated fassaite/liquid distri-
bution coeflicients for many of the lithophile elements, and
discuss evidence for and against the presence of relict fassaite
in these inclusions. A preliminary description of this work
was given in SIMON and GROSSMAN (1990), SIMON et al.
(1990) and DAVIS et al. (1990).

ANALYTICAL METHODS
Scanning Electron Microscopy and Electron Probe Microanalysis

Polished thin sections of Allende CAls were studied with a pet-
rographic microscope and a JEOL JSM-35 scanning electron micro-
scope (SEM), equipped with a Kevex 7077 energy dispersive X-ray
microanalysis system. Mineral compositions were determined with
a fully automated Cameca SX-50 electron microprobe, equipped with
four wavelength dispersive spectrometers for quantitative analysis
and a Kevex energy dispersive X-ray detector, which we used for
phase identification. Synthetic glass and crystal (rutile, thortveitite)

and natural mineral (Amelia albite) standards were used. For each
analysis, data for major elements were collected at 1S kV with a
beam current of 25 nA, and for minor elements (e.g., Sc and V) at
25 kV and 200 nA, using an automated, two-condition program in
which beam conditions are stored. In this routine, each point is an-
alyzed for major elements, then the accelerating voltage and beam
current are adjusted and the same point is analyzed for minor elements
without moving the stage. With counting times of 30 s for Fe and V
and 60 s for Sc, detection limits are <0.005 wt%, based on counting
statistics. Background count rates were measured at offsets below and
above each peak position for a total counting time equal to that used
for the peak. Analysis points were recorded on backscattered electron
images (BEISs) of the samples for later relocation in the ion probe.
Data were reduced via the modified ZAF correction procedure PAP
(PoucHoU and PICHOIR, 1984). The analyses gave Ca contents that
are very close to one Ca?* ion per six oxygen ions. We therefore
assumed that the MgTs (MgALSiO4) component is negligible in the
fassaite we analyzed. The method of BECKETT (1986) was used for
calculating the Ti**/Ti** ratio necessary to yield four total cations,
including exactly one Ca?* ion in the M2 site, per six oxygen ions.
For analyses with less than ~4 wt% TiOY" (all Ti calculated as TiO,),
amounts of Ti** and Ti** so calculated are not accurate because the
error on Ti** depends on the cumulative analytical uncertainties in
the concentrations of many other elements. For Ti**, the 1o uncer-
tainty due to this effect is typically ~0.01 cations per 6 oxygens,
regardless of the amount of Ti>* present.

Jon Microprobe Analysis

Major, minor, and trace element analyses were collected with a
modified AEI IM-20 ion microprobe, using a mass-filtered 20 kV
160~ primary beam, on spots previously analyzed by electron micro-
probe. The primary beam current of 10-25 nA produced a beam
spot 15-30 um in diameter. Techniques are outlined in HINTON et
al. (1988) and DAvIS et al. (1991). All data were collected using energy-
filtering to suppress molecular interferences. Ca-normalized ion yields
and relative MO*/M* ratios for REEs and Y were determined from
synthetic glasses (DRAKE and WEILL, 1972). Ion yields for Nb, Hf,
Ta, Th, and U were determined from NBS 611 glass; for V, Cr, and
Sr from synthetic glasses prepared by Corning; for Sc, Zr, and Ba
from a synthetic Ake glass prepared at Caltech; and for Na, Mg, Al,
Si, and Ti from a variety of glasses and minerals used as electron
microprobe standards. Previous experience has shown that the ion
yield for Si relative to Ca ranges from 0.38 to 0.52 among common
silicate minerals for the energy filtering conditions used on the Uni-
versity of Chicago ion microprobe. For this reason, the ion yield for
Si was adjusted for each analysis such that the SiO, contents obtained
by ion and electron microprobe agreed. lon yields for all other ele-
ments measured are much less sensitive to matrix effects, so the same
ion yields were used for all silicate minerals. Each spot was analyzed
by “burning in” with the primary ion beam for two minutes, then
collecting data at each mass peak sequentially. For each spot, six
cycles through the mass spectrum were made over a period of about
one hour. The count rates were plotted vs. the cycle number to ensure
that the beam remained on a single phase without passing into other
phases or through tiny inclusions. Major element analyses agree with
electron microprobe values within +10% (relative) for clean fassaite,
but are not shown because the electron microprobe analyses are more
accurate. When analyzing some of the smaller relict fassaite grains,
the beam overlapped onto adjacent melilite or spinel. For these spots,
the fassaite composition was determined by calculating the propor-
tions of phases in the analysis from major elements and subtracting
the melilite contribution to the trace element content based on analysis
of adjacent, clean melilite.

PETROGRAPHY AND PETROLOGY
OF TYPE B INCLUSIONS

Petrographic Descriptions of the Inclusions
7522

TS22 is a Type B2 inclusion first described by GROSSMAN
(1975). 1t has coarse (~ 1 mm), concentrically zoned fassaite
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grains, melilite crystals up to 3 mm long, and minor anorthite,
all poikilitically enclosing numerous ~10-20 um spinel
crystals. The fassaite crystals are anhedral to nearly euhedral
and are so choked with spinel that spinel-free areas large
enough for ion probe analysis are rare. For this reason, ion
probe analyses were not performed on fassaite in this sample.
Modal proportions of the phases, as determined by BECKETT
(1986), are 26% spinel, 26.5% fassaite, 24% melilite, 18% al-
teration products and 5.5% anorthite. Alteration products in
this and the inclusions described below typically consist of
grossular, monticellite, wollastonite, aluminous diopside,
nepheline and sodalite. In general, melilite is the only phase
in Type B inclusions that underwent any significant alteration
(MACPHERSON et al., 1981; BARBER et al., 1984). Trace ele-
ment data for this inclusion were reported by GROSSMAN
and GANAPATHY (1976) and GROSSMAN et al. (1977).

7523

This is a large Type B1 inclusion with a melilite-rich mantle
and a fassaite-rich interior. Melilite crystals are lathlike and
up to 1.5 mm long. Fassaite is present as blocky, anhedral
to subhedral crystals and as small anhedral grains and rims
on spinel, both of which are poikilitically enclosed in melilite,
as described by KUEHNER et al. (1989a). Some of the large
fassaite grains enclose numerous spinel crystals, some are
spinel-free, and others have both spinel-rich and spinel-free
zones. BECKETT (1986) determined that ~45% of this inclu-
sion consists of the melilite mantle, which contains 4% fassaite
and ~3% spinel, the remainder being 66% melilite and 27%
alteration products. His mode for the interior of TS23 is 32.4%
melilite, 30.9% fassaite, 15.0% spinel, 5.1% anorthite, 0.4%
perovskite, and 16.1% alteration products. This inclusion has
also been studied by GROSSMAN (1975), MACPHERSON et al.
(1984), and MURRELL and BURNETT (1987).

TS33

This inclusion was thoroughly described by MACPHERSON
and GROSSMAN (1981) who cited petrographic and mineral
chemical evidence that it crystallized from a liquid. Although
it is considered a Type B1 inclusion by some workers (BECK-
ETT, 1986; MACPHERSON, pers. comm., 1990), it appears to
be intermediate between Bls and B2s, having characteristics
common to both types. It has melilite crystals at its rim that
project radially inward (MACPHERSON and GROSSMAN, 1981)
but they do not form an easily distinguished, nearly mono-
mineralic mantle. The inclusion consists of melilite laths up
to 5 mm long, with interstitial fassaite and anorthite, all poi-
kilitically enclosing spinel. Fassaite is more abundant in the
interior of the inclusion than at the rim, where it occurs as
anhedral crystals, ~0.4-1 mm across, between melilite crys-
tals. At the rim, melilite is more abundant than fassaite and
both are finer-grained than in the core (MACPHERSON and
GROSSMAN, 1981). Because of the lack of a clear boundary
between them, BECKETT (1986) did not perform separate
core-mantle modes for TS33, as he did for other B1 inclusions.
His mode for this inclusion is 42.9% melilite, 31.0% fassaite,
10.6% spinel, 4.7% anorthite, and 10.8% alteration products.

7534

This inclusion is a cm-sized Type Bl CAL The melilite
mantle is ~ 1.5 mm wide and contains only 3% fassaite and
4% spinel, which occur as poikilitic inclusions. The interior
of the inclusion is dominated by blocky, anhedral to subhedral
fassaite crystals, most of which are optically zoned and poiki-
litically enclose spinel crystals. One large, zoned melilite
crystal protrudes from the inner edge of the mantle into the
fassaite-rich interior of the inclusion. A plane-light photo-
micrograph of the entire inclusion (identified as Al3S4) is
shown in Fig. 4 of CLAYTON et al. (1977). The mode of the
interior of the inclusion, given by BECKETT (1986), is 46.3%
fassaite, 32.0% melilite, 14.3% spinel, 1.7% anorthite, and
5.7% alteration products.

Crystallization Sequences of Type B Inclusions

Much of the interpretation of petrographic observations
and chemical data presented here is done from the perspective
of the experimentally determined liquid-crystal phase rela-
tions in one bulk composition representative of Type B in-
clusions (STOLPER, 1982; STOLPER and PAQUE, 1986). The
order of appearance of phases in equilibrium crystallization,
with the possible exception of rare, melilite-rich Type Bl or
very pyroxene-rich Type B2 compositions (J. BECKETT, pers.
comm., 1990), is spinel first, followed by melilite, anorthite
and fassaite. MACPHERSON et al. (1984) found, however, that
anorthite nucleation could be suppressed relative to fassaite
at cooling rates between 0.5 and 50°C/hr. In this case, melilite
is followed directly by fassaite. The incoming of fassaite in
the absence of anorthite increases the Al/Mg ratio of the re-
sidual liquid because the fassaite has a lower Al/Mg ratio
than that liquid. This causes an increase in the Al/Mg ratio
of the cocrystallizing melilite, which has the effect of reversing
the outward zoning of individual crystals from normal (de-
creasing in Al/Mg ratio) to reverse (increasing in Al/Mg ratio).
The onset of anorthite crystallization later depletes the resid-
ual liquid in Al, allowing the melilite to return to normal
zoning (MACPHERSON et al., 1984). Melilite crystals with
normally zoned cores and reversely zoned rims occur in TS23
and TS34.

Whether anorthite crystallization is suppressed or not, fas-
saite is preceded by spinel and spinel + melilite crystallization
over a range of about 300C° (STOLPER, 1982; STOLPER and
PAQUE, 1986). Because spinel and melilite have very low Ds
for the LIL elements, except for Eu?** and Sr in melilite
(KUEHNER et al., 1989b), crystallization of spinel and melilite
drives up the concentrations of the other REEs and incom-
patible elements in the residual liquid. Thus, fassaite crys-
tallizes from a liquid which is relatively enriched in LIL ele-
ments compared to the starting liquid. As will be shown later,
fassaite has somewhat higher Ds than spinel and melilite for
many trace elements, making it an excellent recorder of
changes in liquid composition.

Occurrence of Fassaite in the Inclusions

In this paper, we distinguish four textural types of fassaite:
large, blocky crystals; irregularly shaped grains poikilitically
enclosed in melilite in the interiors of inclusions; rounded
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grains poikilitically enclosed in the melilite mantle of TS34:

and both intergranular and poikilitic fassaite in the melilite
mantle of TS23.

The large, blocky fassaite crystals, also referred to as sub-
liquidus, clearly crystallized from the same liquid as the rest
of the inclusion as part of the normal crystallization sequence.
They occur in the cores of Type B1 inclusions and throughout
B2s. Such grains may poikilitically enclose many small spinel
crystals, as in TS22; or in a given inclusion, some crystals or
parts thereof may be spinel-rich and others may be spinel-
free, probably depending on when and where they formed
and how quickly they grew. For example, early slow growth
may result in exclusion of preexisting spinel crystals.

The second type of fassaite, observed in TS23, TS33, and
TS34, occurs as rims on spinel and between spinel grains
enclosed in melilite, as described by MACPHERSON et al.
(1984) and, in TS23, by KUEHNER et al. (1989a). The rims
are generally ~ 10 um wide. This type of fassaite also occurs
as curved, meniscus-like fillings between spinel grains (Fig.
1a), as irregularly shaped grains enclosing spinel crystals (Fig.
1b), and as small (<30 um), anhedral, spinel-free crystals, all
poikilitically enclosed in melilite, Akso_s0. In BEIs (Fig. 1),
in which albedo correlates with mean atomic number, some
of the larger grains are seen to have light and dark zones
separated by straight, sharp boundaries. It can be inferred
that the light regions are higher in Ti than the dark regions.
Many of the fassaite grains enclosed in melilite have very
thin (~1 um) rims in contact with melilite. Examples are
shown in Fig. 2. The rims are too thin to analyze by electron
probe but can be seen in BEIs as a uniform light band adjacent
to fassaite and a dark band between the light rim and the
host melilite. This textural relationship of fassaite inside geh-
lenitic melilite is expected neither from the equilibrium crys-
tallization sequence nor from experimental data (MACPHER-
SON et al., 1984), which predict that melilite compositions
approach Akes before fassaite nucleates. Therefore, fassaite
should not be found in melilite crystals that are more alu-
minous than Akgs. This has led to the suggestion that such
fassaite grains are relict and predate formation of the parent
liquid of the inclusion (KUEHNER et al., 1989a).

A third fassaite type occurs in the mantle of TS34, where
it is present as rounded, zoned grains up to 70 um across,
poikilitically enclosed in aluminous (Akas 35) melilite. By
contrast, the fourth type of fassaite, that in the melilite mantle
of TS23, occurs as intergranular crystals up to | mm across
and as small (1-20 um) grains poikilitically enclosed in mel-
ilite. Some of the grains in the mantle of TS34 are concentri-
cally zoned, having rims that are uniform in thickness (up
to about 3 um) and that follow the edges of the fassaite grains
(Fig. 3b). Others are asymmetrically zoned with thicker, low-
Z rims on one side than on the opposite side (Fig. 3a). Electron
microprobe analysis shows that the rims have lower TiO,
and higher MgO contents (by about 1-3 wt%) than the cores,
which are richer in Ti than fassaite elsewhere in the inclusion.
Rims such as these are not observed in fassaite that is poiki-
Iitically enclosed in melilite in the interior of the inclusion,
nor in fassaite that occurs in the mantle of TS23. Thin rims
like those on interior poikilitic fassaite in TS34 (Fig. 2) are
not observed around mantle fassaite in TS34, and the latter
is not associated with spinel.

FIG. 1. Backscattered electron images (BEIs) of fassaite (Fas) poiki-
litically enclosed in interior melilite (Mel) in TS34. (a) Meniscus-like
fassaite linking spinel crystals (Sp). Scale bar is 10 um. (b) Fassaite
linking and enclosing spinel crystals. Note light and dark zones in
the large fassaite crystal, and anhedral fassaite adjacent to spinel at
left and lower right. Scale bar is 100 um.

Another difference between the mantle fassaite in TS34
and the poikilitic grains in the interior of the inclusion is that
the mantle grains are rounded on all sides, as shown in Fig.
3, whereas the interior grains have rounded corners but may
have straight sides (Fig. 1b). Yet another difference, which
can be seen by comparison of Fig. 1 with Fig. 3, is the light
and dark zones in the interior poikilitic grains, which are not
observed in the mantle grains. From textural criteria, the
mantle is probably the first part of Bls to crystallize (MAC-
PHERSON and GROSSMAN, 1981), as it contains the highest-
temperature, most aluminous melilite, e.g., Ak;_3s in TS34.
The occurrence of fassaite grains in the mantle is not easily
understood, as fassaite is not predicted to form until the mel-
ilite reaches ~ Akgs in composition.

A feature associated with the poikilitic fassaite grains, both
in the interior of inclusions and in the mantles of TS34 and
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eral pyroxene formula is XYZ,04, where X and Y are octa-
hedrally coordinated divalent cations in the M2 and M1 sites
respectively, and Z is tetrahedrally coordinated Si**. Where
X is a large cation, such as Ca, the site becomes somewhat
distorted and is eight-coordinated. Substitution of trivalent
(e.g., Ti**, Sc**, REE*") or tetravalent (e.g., Ti**, Zr**) cations
in either M1 or M2 creates a charge excess which is balanced
by a coupled substitution of AI** for Si*" in the tetrahedral
site. Fassaite in CAls probably represents the extreme case
of such substitution in pyroxene.

As shown by DOWTY and CLARK (1973), Allende fassaite
is a C2/c clinopyroxene with a structure similar to that of
diopside. The tetrahedral site is filled by Si and Al; DowTY
and CLARK (1973) found no evidence for any other cations
in this site. The largest cation site, M2, is filled by Ca
(DowTy and CLARK, 1973; BECKETT, 1986) and is therefore

F1G. 2. The rims (indicated by arrows) on poikilitic fassaite in
interior melilite in TS34. Scale bars are 10 um. BEIL

TS23, is the Ak enrichment that occurs in the melilite im-
mediately adjacent to many of the fassaite grains. We have
observed enrichments from the “background” levels (~Aks)
up to Aks,, with most “enriched” analyses in the Akyg s
range. The enrichment zones do not appear to be continuous
rims around the grains, like those described by MACPHERSON
et al. (1989) around fassaite in the mantle of USNM 5241.
Based on our analyses, in most cases in the mantle as well
as in the interior, melilite adjacent to fassaite may have “nor-
mal” composition on one side of the fassaite grain and be
Ak-enriched on the other. Normal and enriched compositions
can also occur on the same side of a fassaite grain. Enrichment
zones do not extend too far from the edges of fassaite grains—
generally less than 10 gm.

FASSAITE CRYSTAL CHEMISTRY

A brief review of pyroxene crystal chemistry will help us
understand the wide range of fassaite compositions. The gen-

FI1G. 3. Fassaite enclosed in the melilite mantle of TS34. Scale bars
are 10 um. BEIs. (a) Note dark rim in small fassaite grain, and the
brightness of the large grain compared to the host melilite. Contrast
with darkness of fassaite relative to melilite in Figs. 1 and 2. (b)
Fassaite with relatively thick, sharp rim.
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FIG. 4. MgO, §iO, and Al,O; abundances in subliquidus fassaite in TS22, TS23, TS33 and TS34. (a) MgO vs. SiO,.

(b) MgO vs. Al,Os.

8-coordinated. Pyroxene/liquid Ds for REEs generally in-
crease with increasing Ca in pyroxene (MCKAY et al., 1986).
This is probably because Ca has the effect of enlarging the
M2 site (PAPIKE et al., 1988; SHEARER et al., 1989), which
makes it easier for the REEs to enter the structure. In contrast,
an orthopyroxene which has its M2 sites predominantly filled
by Mg will have much smaller M2 sites than a Ca-rich cli-
nopyroxene (CAMERON and PAPIKE, 1981) and will have
much lower Ds for the REEs (PAPIKE et al., 1988), as will
pigeonite (MCKAY et al., 1986, 1990; SHEARER et al., 1989).

The M1 site in fassaite is smaller than the M2 and is 6-
coordinated. In Allende fassaite, the M1 site is mainly oc-
cupied by Mg, Ti**, Ti**, and Al, plus minor amounts of Sc,
V, Fe?*, and Cr**. Much of the variability in major and minor
element abundances in fassaite is achieved by entry of various
divalent, trivalent, and tetravalent cations into the M1 site,
coupled with appropriate Si-Al substitution in the tetrahedral
site to maintain charge balance. Divalent cations, of course,
do not require substitution of Al for Si to maintain charge
balance and Mg is by far the dominant divalent cation that
enters the M1 site in Allende fassaite. As a result, MgO and
SiO, contents of subliquidus fassaite are strongly correlated
(Fig. 4a), and MgO and Al,O; are strongly anticorrelated
(Fig. 4b). HAZEN and FINGER (1977) observed similar rela-
tionships in fassaite from the Angra dos Reis meteorite. The
complete correlation matrix for major and minor elements
in 120 electron probe analyses of 12 subliquidus fassaite crys-
tals in four inclusions is given in Table 1. Calculations using
a nonparametric technique (the Spearman correlation) give
similar results. For this many analyses, even a correlation

coefficient of 0.25 is significant at the 99% confidence level.
In addition to the strong correlation between MgO and SiO,
(r = 0.98), the results show that Sc,03, Ti,Os, and TiO, are
positively correlated with Al,Os, as would be expected from
the coupled substitutions required for charge balance. Note
also the positive correlations between Sc,O; and Ti,0;, V,0;
and Ti,03, and V,0; and Sc,0;, indicating similar geochem-
ical behavior. The strong anticorrelation between MgO and
AlLOs (r = —0.86) and the filling of the M2 site by Ca (DOWTY
and CLARK, 1973) indicate that the MgTs component is neg-
ligible.

FASSAITE COMPOSITIONS IN TYPE B INCLUSIONS

Major and Minor Elements

In addition to the crystal chemical constraints discussed
earlier in this paper, the other major factors that affect fassaite
compositions in these inclusions include the composition of
the parent liquid, crystal growth rates, the relative amounts
of other phases present, and their Ds. To determine how
fassaite composition changes as crystallization proceeds, we
performed electron probe traverses across five concentrically
zoned, blocky crystals of fassaite, i.e., the first type of fassaite
described earlier in this paper. Some of the results are shown
in Fig. 5 and, for different traverses, Table 2. In the latter,
the innermost point of the traverse across one of the grains
in TS34 did not pass through the core and is therefore labelled
“interior” (Table 2, col. 6). In Fig. 5 we plotted oxide abun-
dance against distance from the core of each of three crystals.
The crystals display similar systematics and it is clear that

Table 1. Correlation coefficients for major and minor elements in fassaite based on 120 electron

microprobe analyses

MgO AR03 SO Ca0 TiO2 Tin03 V203 FeO Sc203
MgO 1.000
Alp03  -0864 1.000
SiO2 0980  -0.864 1.000
CaO 0.646 0444 0.648 1.000
TiO2 -0.525 0614 0617 -0.268 1.000
Ti203 -0.787 0.385 0.722 -0.587 0.151 1.000
V203  -0303 0062  -0.267 0.003 0.103 0.529 1.000
FeO 0.033 0.046.  0.008 0.073 0.140 0139  -0.099 1.000
Sco03  -0695 0351 0686 0492 0.356 0.848 0450  -0.083 1.000
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FI1G. 5. Results of electron microprobe traverses across large, blocky, zoned fassaite crystals in TS22 (left), TS23
(center) and TS34 (right). Data for a given oxide are plotted at the same vertical scale for all inclusions to simplify
comparisons, and are shown as a function of distance from the core of the crystal. Note the general similarity of the

zoning trends in fassaite from each inclusion.

early fassaite (core) tends to be Sc- and Ti-rich and Mg- and
Si-poor relative to late fassaite (crystal rims). The close Sc-
Ti** and Mg-Si correlations are obvious from these plots.

The crystal from TS34 (Fig. 5) exhibits monotonic increases
in MgO and SiO, from core to rim, whereas the crystals in
TS22 and TS33 have relatively homogeneous interiors and
sharply zoned rims with respect to these elements. Not all
crystals are symmetrically zoned. Some crystals grew pref-
erentially in one direction relative to the others, probably
reflecting limitations imposed by adjacent crystals and/or lo-
cal variations in liquid composition caused by, for example,
isolation of melt pockets that could have occurred as crys-
tallization reached completion.

The zoning trends (Fig. 5) show that Sc contents decrease
from core to rim. Strong partitioning of Sc into fassaite de-
pletes the residual liquid, causing Sc contents in the fassaite
(Table 2) to decrease as crystallization proceeds. Before fas-
saite begins to crystallize, the incompatibility of Sc in spinel
(NAGASAWA et al., 1980) and melilite (BECKETT et al., 1990)
allows crystallization of these phases to drive up the Sc content
of the residual liquid from the bulk level of ~100 ppm
(GROSSMAN et al., 1977) so that fassaite begins crystallizing
with >0.2 wt% Sc,0;.

Profiles of V,0; are like those of Sc,03 in that V,0; con-
tents decrease progressively from core to rim in fassaite (Table
2). We noticed a variation, from inclusion to inclusion, of
over a factor of three in the V,03/S¢,0; ratio of the earliest
fassaite. Although it is certain that this ratio can be affected
by differences in bulk V,03/Sc,0; ratios, it is equally clear
that it is also strongly influenced by variations from inclusion
to inclusion in the absolute and relative amounts of spinel
and melilite that crystallized prior to fassaite. In the inclusions
studied here, melilite contains <30 ppm V,0; and <15 ppm
Sc,0s, suggesting that both elements are incompatible in
melilite. Spinel contains 0.2-0.6 wt% V,0; and virtually no
Sc,0;, suggesting that V,0s3 is compatible and S¢,0O; incom-
patible in spinel. Crystallization of spinel and melilite from
a Type B CAI melt should therefore change the V,05/S¢,0;
ratio of the residual liquid and the fassaite that later crystallizes
from it. Perhaps this is why the earliest TS22 fassaite, poiki-
litically enclosing copious spinel crystals, has a V,03/S¢,0;
ratio of 0.7, while that in TS34, with only ~ one-third as
much prior spinel, has a V,03/Sc,0; ratio of 2.4.

Titanium is compatible in fassaite and decreases in abun-
dance from core to rim (Fig. 5). The Ti** cation has a larger
radius than the Ti** cation (SHANNON and PREWITT, 1969),
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Table 2. Compositions of fassaite determined by electron probe (oxides) and ion microprobe (trace elements).

CORE < TS34 > RIM  INTERIOR oo TSM4-rrrerr>  RIM CORE  <-T$33—>  RIM
L 2 3, 4. 5. 6. 7. 8, 9. 10. 1. 12,

MgO 789 598 1099 051 1287 963 176 T34 1188 767 816 10.17

Al203 1898 18.05 15,63 1887 1466 1687 15.81 16.72 16.53 2177 2127 19.00

$i0; 3737 38.84 4243 4228 4592 982 4389 4370 4364 3599 37.13 40.77

€10 263 2498 25.16 2536 2567 25.00 2544 25.64 24.98 2431 24.54 2478

Tioy' 1217 1036 678 467 246% 939 447 3.46% 291 9.73 8.58 460

V203 0.54 047 0.18 020 0.04 043 0.04 0.06 0.04 021 0.17 0.04

FeO BLD 0.1 001 0.1 030 0.1 0.03 0.02 0.02 BLD BLD BLD

5¢203 022 0.18 0.08 BLD  BLD 017 0.02 BLD BLD 0.17 013 0.01

Tiz03 9.08 7.08 430 256 0.9 632 221 158 049 5.86 520 212

TiO2 1.94 241 195 177 22 230 197 169 232 307 269 2.18

TOTAL 10065 101.00 100.72 10153 10187 10055 10117 10095 99.90 99.05 99.29 99.07

si 1.380 1424 1.542 1513 1630 1464 1.577 1574 1576 1338 1374 1495

VAl 0,620 0576 0458 0487 0370 0536 0423 0426 0424 0.662 0,626 0.505

Tet Sum  2.000 2000 2,000 2000 2000 2000 2,000 2,000 2,000 2.000 2,000 2.000

Vgl 0.206 0204 0211 0300 0243 0195 0246 0284 0.280 0292 0302 0316

Mg 0434 0.491 0.596 0561 0681 0528 0630 0.620 0,640 0425 0450 0.556

Ca 1.000 1.000 1.000 1000 1000 1.000 1,000 1.000 1.000 1,000 1,000 1.000

v 0015 0013 0.005 0005 0001 0012 0.001 0.002 0.001 0.006 0.005 0.001

Fe 0 0 0 0 0009 0 0,001 0.001 0.001 0 0 0

S 0.007 0.006 0.002 0 0 0.005 0.001 0 0 0.005 0.004 0

T3 0.283 0219 0.132 0077 0006 019 0.067 0.048 0015 0.185 0.163 0.066

it 0.054 0.067 0.054 0048 0060 0064 0.054 0.046 0.064 0.087 0.076 0.061

Oct.Sum 2,000 2,000 2,000 2000 2000 2000 2000 2001 2001 2000 2,000 2.000

T*Titor 0840 0.766 0.710 0616 0.091 0754 0.554 0511 0.190 0,680 0,682 0,520

TRACE ELEMENTS (ppm)

Lla 264 236 365 13.70 271 436 7.53 1044 225 253 748

Ce 108 856 129 419 106 164 279 396 840 9.60 297

Pr 2004021 2473024 2484025 6994042 265£025 342029 4193031  726£038 162:017 1693019  541:033

Nd 115 £08  115%09  152%10 34 109+08  173:11 258 403 885:063 115408 286

Sm o 537+031 5063032 6443037 1159 555 844 104 16.7 49 441£028 119

Eu 0253003  026:003 035:004 045005 025£003 0512005 058005 0643005 0292003 033003 0623005

Gd  757£055 6863061  955:066 173%10 687£057 13152073 1675 2.1 733£047 720052 1989

To 153:013 1502014 203£016 324021 163+0.14 259018 337020 527 1205011 125012 339£020

Dy 934 10134051 1230 2347 971 17.01 21.54 358 951 10.5 272

Ho  190£017  194%018 266+021  531+030 1965017  357£024 4062025 732 1965015 274£019 629

Er 607 683 7.90 1588 6.12 1133 1426 2.7 608 755 19.24

Tm  LIS:008 106008  146%010 273+0.14 1212009 1825011 2283042 406 0792006  LOO£008 293

Yb o S71038 527039 7.18:046 1237 6362041 107505 120:06 192 552033 6732039 162

Lu 1312010 099x0.10 1274011  23740.15 LI6E010  199%013  209:0.14 386 LO7E008  133:0.00 332

Na 92 %06 12343070 4359 51.56 8706 163 92+06  71x05 211 391 43.1

S 1451 1307 586 124 1162 198 110 730 1236 873 100

Cr 158x11 29£13 411 2354 14 25714 531 351 489 20911 245:13 377

V3020 2536 838 1590 2295 15049 691 173 1304 755 103

St 277+ 57 <126 8257 <154 404+53 39659  372%70 <132 395 325 416

Y 550 552 6758 123 63.1 934 115 181 585 68.0 18]

Zr 429 360 6 72 410 354 292 401 368 390 47

Nb 2262031 2523035 229%034 8542066 3371039 2332033 5212049 6974052  286:031 2423031 521046

Ba 018010  037+014 316+041 844068 0354014  055+0.18 694059 018£012 147£023  0.13:0.09 015£0.11

Hf 1629 12794051 917 481044 12.78 660042 550041 624047 107 108 6602041

Ta 038015 0332016 020017 051024 035:015 025%018 107022 0712025 066+015 <030 1014022

Th  011%004  008:004 037+008 2624020 009+0.04 0274006 0744010 078+010 O0I11+004 023:006 0.68+0.09

U 0033002 0043003 0044003 035+008 0.05$003 <005 0.20+004 017+005 008+003  0.04£0.03  0.15+004

BLD: below limit of detection of electron microprobe.

Errors given are + 1 ¢, based on counting statistics, and are only given where they exfaed 5 % of the amount present; upper limits are < 2 o.
* Ti3* and Ti4+ values are not accurate for analyses with less than ~ 4 wt % TIOZ (Ti as TiO) because of the large relative errors associated with small cation abundances.

which gives the former a better fit into the pyroxene M1 site
(PAPIKE et al., 1988). This results in a D-ns+ that is higher
than D-n« , as found by BECKETT (1986). If no other factors
were involved, the Ti**/Ti** ratio in a fassaite crystal would
be expected to decrease from core to rim because fassaite
crystallization should deplete the residual liquid in Ti** rel-
ative to Ti**. More will be said of this later.

As can be inferred from the anticorrelations of MgO with
TiO; and Ti,O; in Table 1, as total Ti contents in fassaite
decrease, MgO contents increase (Fig. 6). This is accomplished
by the exchange reactions, Ti** + VAP* & Mg?* + Si** and
Ti** + 2 VAP 2 Mg?* + 2 Si**, where YAl refers to Al in
the tetrahedral site. Al also enters pyroxene as Tschermak’s
molecule via the reaction VAI** + VIAP* 2 Mg?* + Si*t.
When Al O; is plotted against TiO, + Ti,O; (Fig. 7a), a gen-

erally positive trend with some scatter (probably due to the
CaTs component) is seen: up to about 22 wt% Al,O; and 8
wi% Ti oxides. Higher Ti contents occur but without further
increases in Al;Oj, although Ti must substitute with Al to
maintain charge balance, as shown by the previously men-
tioned reactions. This apparent contradiction is resolved by
plotting the same analyses in terms of their YAl and Y'Al
(octahedral Al) contents against Ti** + Ti** (Fig. 7b). This
plot shows that 'YAl increases with Ti but, at high Ti contents,
VIAI decreases, causing the bulk Al content to stay about the
same. The decrease in Y'Al at high Ti contents may simply
be due to increased cationic competition for the site.
Analyses of fassaite grains from the mantle of TS34 have
been plotted in Figs. 6 and 7 with different symbols to dis-
tinguish them from subliquidus fassaite. Representative
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F1G. 6. Plot of MgO vs. total Ti oxides in fassaite in all four inclu-
sions in this study, including fassaite in the mantle of TS34. Analyses
of rims of mantle fassaite overlap with those of subliquidus fassaite,
but analyses of mantle fassaite cores do not.

analyses of two different grains are given in Table 3 and la-
belled “mantle fassaite.” The latter fassaite has the highest
Ti and Sc contents and the lowest REE contents of all of our
analyses of fassaite from this inclusion. These are features
expected for the earliest fassaite to crystallize, because Ti and
Sc are compatible in fassaite and the REEs are incompatible,
as indicated by the zoning trends revealed along traverses
across five single crystals (Fig. 5 and Table 2). Because of
their very high Ti contents, TS34 mantle fassaite grains have
very high VAl proportions. As shown in Fig. 7b, they extend
the Al-Ti trends defined by subliquidus fassaite to higher "VAl
and lower Y'Al contents. Note the slight overlap between
mantle and subliquidus fassaite compositions in both the VAI-
Ti and Y'Al-Ti trends. The TS34 mantle fassaite grains are
greatly enriched in Ti relative to subliquidus grains, with 16—
20 wt% TiO¥" in the former and up to 12 wt% TiO¥" in the
latter, but the mantle grains commonly have rims (Fig. 3)
which are lower in Ti (9-14 wi% TiO%*) than their cores and
whose compositions are within the observed range for sub-
liquidus fassaite.

The TS34 mantle grains also contrast sharply with subli-
quidus fassaite in terms of their Sc contents, which are very
high (Table 3). Sc,0O; contents in mantle fassaite cores range
from 0.2 to 1.2 wt%, with most between 0.4 and 0.9 (rims
have from 0 to 0.4 wt%), whereas the maximum Sc,O; content
in our analyses of subliquidus fassaite is about 0.25 wt%.

Trace Elements

We determined the trace element contents of fassaite in
three inclusions with the ion microprobe. Representative data
are given in Tables 2 and 3. Note that Sc and V abundances
were determined by both electron probe and ion probe. Data
from the two probes agree rather well in the analyses of the
large zoned grains (Table 2), but not so well for the TS34
mantle grains (Table 3, analyses | and 2). The reasons for
lack of agreement in the latter analyses are the relatively strong

zoning of the grains, the different beam diameters (~4 um
in the electron probe and 20-30 um in the ion probe) of the
instruments, and the different sample volumes analyzed by
the instruments. Sc,O; in fassaite crystals in the mantle of
TS34 typically varies from ~0.9 wt% at the core to <0.2
wit% at the rim over a distance of less than 25 um. In analysis
of these grains, therefore, the electron probe can analyze pure
core (high-Sc,0;) fassaite, whereas the ion probe will likely
sample core and rim (low-Sc,0;) fassaite simultaneously.
Chondrite-normalized REE and Y abundances in all fas-
saite analyzed in TS23, TS33, and TS34 are shown in Fig.
8. Most analyses have a positive slope from La through Sm,
a large negative Eu anomaly, and relatively flat heavy REE
(HREE) abundances at levels slightly higher than those of
the light REEs (LREESs) and with small negative Yb anom-
alies. The low La and Ce abundances are not surprising be-
cause the clinopyroxene/liquid Ds for these elements are the
lowest (MCKAY et al., 1988) and the melilite/liquid Ds are
the highest (KUEHNER et al., 1989b; BECKETT et al., 1990)
of all the REEs. The negative Eu anomalies also probably
reflect prior fractionation by melilite (MASON and MARTIN,
1974). The negative Yb anomalies may be caused by bulk
Yb depletions. Crystal/liquid fractionation is unlikely to cre-
ate a negative Yb anomaly because even solar nebular oxygen
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FI1G. 7. Al-Ti relationships in fassaite in all four inclusions in this
study, including fassaite in the mantle of TS34. (a) Al,O; vs. total Ti
oxides, showing a general trend of increasing Al,O; with Ti in sub-
liquidus pyroxene, which levels off at the high Ti contents of TS34
mantle fassaite. (b) "YAl and Y'Al vs. total Ti cations per 6 oxygen
ions. With increasing Ti, 'YAl increases as required for charge balance,
while YAl remains the same in subliquidus fassaite and decreases in
TS34 mantle fassaite.
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Table 3. Compositions of mantle f: in TS34 and late fassaite in 'TS34 and TS23,

< Late fassaile- > C1

1 2. 3. 4. 5. 6. Chondrites

MgO (wt %) 5.08 510 10.02 10.57 11.72 13.99
Aly03 2034 20.28 20.38 18.20 16.31 11.72
Si02 30.90 30.46 4127 42.48 43.49 46.38
CaO 24.89 25.16 2491 2554 2534 2442
Tioy™ 18.50 1925 3.70% 430+ 342+ 150%
V203 1.35 093 0.07 0.02 0.01 BLD
FeO 0.01 0.01 0.01 0.01 0.02 0.01
Sca03 0.80 0.67 BLD BLD BLD BLD
Ti03 13.60 13.96 1.67 274 1.16 —
TiO2 3.64 4.15 1.78 1.24 2.10 —
TOTAL 100.61 100.72 100.11 100.80 100.12 97.96
Si 1.187 1.175 1.490 1.536 1.576 1.693
Al 0813 0.825 0.510 0464 0.424 0307
Tet. Sum 2.000 2.000 2.000 2,000 2.000 2.000
Vial 0.108 0.098 0358 0312 0.273 0.197
Mg 0.291 0.293 0.539 0570 0.633 0.761
Ca 1.000 1.000 1.000 1.000 1.000 1.000
v 0.039 0.027 0.002 0.001 0 0
Fe 0 0 0 0 0.001 0
S 0.027 0.023 0 0 0 0
T3+ 0431 0441 0.051 0.083 0035 0041
Ti%+ 0.14 0.118 0.049 0.034 0.058 to.
Oct. Sum 2000 2,000 1.999 2,000 2,000 1999
Ti/Titor 0806 0.789 0.509 0711 0381 -
Trace Elements (ppm)
La 0.70+0.09 0821009 642 53.7 345 194.8 0.235
Ce 3661033 372032 187.1 1795 1179 609.6 0.603
Pr 1.08 £0.24 136+026 307 300 200 102.8 0.089
Nd 4301078 5.56+0.84 1309 1584 1045 516.0 0452
Sm 3421030 3.67+£029 417 51.3 386 1659 0.147
Eu 0381006 0.30+0.05 30+02 1.2 0.98 +0.06 6.9 0.056
Gd 2.06+0.59 3381062 654134 769 62.7 256.7 0.197
Tb 0.6710.14 081+£0.14 12907 143 117 49.7 0.036
Dy 389+047 4731049 863+26 9.2 70 3733 0.243
Ho 0.89+0.18 1.26£020 179209 210 16.5 919 0.056
Er 2.50+0.31 292+031 585 679 520 317.1 0.159
Tm 0.86 £0.11 0.67+0.10 115+05 13 86 449 0.024
Yb 2391039 1944035 3534122 522 40.7 2668 0.162
Lu 048%0.1! 1.01+0.13 97105 107 8.1 496 0024
Na 138111 12510 1952 98.1 326 7079 5000
S 5863 3119 419+32 29.8 284 29109 582
Cr 327484 65.0+£89 326 695 697 603 2660
v 8769 3532 489 316 454+8.1 484183 56.5
Sr 221498 302194 153£19 113+8 40.1+86 41 7.80
Y 258 294 468 577 407 2693 1.56
Zr 1049 1032 477 732 620 1659 3.94
Nb 50x07 42106 117 421 339 138 0246
Ba 25405 06102 88 19.1 127+08 1714 234
Hf 347 26.7 49%13 77106 78106 13.8+12 0.104
Ta <039 <034 79+10 55+04 34104 136109 0.014
Th <0.11 0071006 128108 94 6.0 18.3 0.294
U <009 <005 14+03 1.3+0.1 0.54 £0.09 25+02 0.008

BLD: below detection limit of clectron microprobe.

Errors given are 1 6, based on counting statistics, and are only given where they exceed 5 % of the amount

prescnt; upper limits are < 2 ©.

*Ti3+ and Ti4* valucs are not accurate for analyses with less than ~ 4 wi % TiO, .

1 Anders and Grevessc (1989)

fugacities are not sufficiently reducing to stabilize a significant
fraction of the Yb as Yb** in condensed phases. The higher
volatility of YD relative to the other HREEs (BOYNTON, 1975;
DAvis and GROSSMAN, 1979) can cause it to be separated
during condensation or evaporation.

Trivalent REEs are incompatible elements in CAI phases,
preferring to remain in the liquid rather than enter the struc-
tures of spinel, fassaite, anorthite, and all melilite more ak-
ermanitic than Ak, (KUEHNER et al., 1989b). As crystalli-
zation proceeds, REE concentrations in the liquid increase,
and fassaite records these changes. If DEYL does not decrease
with decreasing temperature, fassaite that crystallizes from
late, REE-rich liquids should have higher REE contents than
that which crystallizes from early, REE-poor liquids. To test
these predictions and to determine the full range of trace
element abundances in fassaite, we analyzed very early fassaite

tot

to find the lowest abundances and late fassaite to determine
the highest. Fassaite that crystallized early is found at the
cores of large crystals and in the melilite mantles of Type B1
inclusions, either between or poikilitically enclosed within
melilite crystals. As previously mentioned, early fassaite in
each inclusion is richer in Ti and Sc than other fassaite in
the same inclusion. Fassaite in the mantle of TS34 is even
richer in Ti and Sc but the origin of this fassaite is not clear
(see Discussion). Late fassaite is found at the rims of large
crystals such as those whose compositions are given in Table
2. In inclusions TS23 and TS34, which have melilite crystals
with reversely zoned rims, anorthite began crystallizing after
fassaite (MACPHERSON et al., 1984), making anorthite the
last phase to appear. Therefore, fassaite which appears from
its texture to have crystallized with or after anorthite must
have formed late. An example is in Fig. 9, in which part of



Fassaite composition in refractory inclusion melts 2645

3000

SmEuGd Tb Dy\l{floErTm(bLu La Ce Pr Nd
Decreasing lonic Radius —

T I I T T T P T 1T T TTT T T T T T T T TITr T T17TT1T 1 1 I H T T 1 rrm T PTT

o [ 1523 2 1 Ts8  TS34
B 1000k AR E3 E
[<] C - 4
= L r
o p
© 300} 1 Y 1
= 1
2
5
@ 1004 - -
s E 3 ]
g ]
S L
(o] F E
L 3oF 4 ]
[=
5 1
g
5 Z
R 3 E -i

3t 1 1 1 1 TN S Y W W § T . 1 1 1 1 1 1 1 I [ O T I I e o 1 1 ] 1 1 1 1 P I S O

la Co Pr Nd SmEUGJ Tb DyHoETmYblu La Ce Pr Nd  SmEuGd 1b Dy foErTmyolu

Decreasing lonic Radius =

Decreasing lonic Radius —

FiG. 8. C1 chondrite-normalized REE and Y abundances in fassaite in TS23, TS33 and TS34, determined by ion
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fassaite overgrowth shown in Fig. 9. C1 chondrite normalization values are from ANDERS and GREVESSE (1989).

a fassaite crystal in TS23 has grown around a preexisting
anorthite crystal. An analysis of this overgrowth around the
anorthite (Table 3, col. 6) along with analyses of three late
fassaite crystals from TS34, yielded the highest REE contents
ever found in fassaite: ~1000 X Cl (LREE) and ~2000
X C1 (HREE). Analysis of a 20 um spot in the adjacent as-
semblage of grossular, monticellite, and wollastonite (“Alt”
in Figs. 8a and 9) shows that it also has very high REE contents
and an enrichment pattern (dashed line in Fig. 8a) very similar
to that of the fassaite overgrowth. This suggests that the fas-
saite and the precursor of these alteration products crystallized
from the same, extremely fractionated liquid. Of the fassaite
analyzed for this study, that with the lowest REE contents
(3-30 X Cl) is found in the mantle of TS34. Representa-
tive analyses of this fassaite are also given in Table 3, cols. |
and 2.

To summarize: REE abundances in fassaite in TS34 range
from 3~300 X Ct for La and 20-310 X C1 for Lu; in TS33,
10-100 X CI1 for La and 45-325 X C1 for Lu; and in TS23,
7-800 X C1 for La and 30-2000 X C1! for Lu.

Abundances of other LIL trace elements (Ta, Nb, Th, U)
in fassaite vary as expected: very low in early crystals, higher
in late crystals (Tables 2 and 3). As is the case for most REEs,
the observed range of compositions is about one order of
magnitude. As seen below, two trace elements, Zr and Hf,
are compatible in fassaite. This is the reason Hf, like Ti and
Sc, decrease in abundance from core to rim in all of the
profiles in Table 2. Zr is much less compatible than Hf in
fassaite, as will be seen later, and its concentration falls from
core to rim in two of the profiles in Table 2 and rises in the
other.

When plotted against Sc concentrations on log-log plots
(Fig. 10), the concentrations of most of these elements define
linear trends which reflect the fact that their effective Ds rel-
ative to that of Sc are essentially constant throughout most
of the interval of fassaite crystallization (discussed later). For
the blocky, subliquidus fassaite, the only major deviations
from the trends are at low values of Sc, which correspond to
very late-stage crystallization.

DISCUSSION
Fassaite/Liquid Distribution Coefficients

Equilibrium crystal/melt distribution coefficients have not
been measured for pyroxene of the composition found in
Type B CAls. Our trace element data on fassaite in several
Type B inclusions can be used in two ways to infer distribution
coefficients. First, the composition of the liquid when fassaite
began to crystallize is calculated from the inclusion’s bulk
composition and the amount of prior crystallization of mel-
ilite and spinel. The composition of this liquid is compared
with that of early-crystallized fassaite to obtain distribution
coefficients. In the second method, distribution coefficients
are obtained from the slopes of log trace element vs. log Sc
plots.

TS-23

100 um

FI1G. 9. BEI of a location in TS23 where fassaite (Fas) has grown
around a crystal of anorthite (An). Because anorthite was the last
phase to begin crystallizing in this inclusion, the fassaite overgrowth
must have formed from a late-stage, highly fractionated liquid. The
end of the overgrowth appears lighter because of its enrichment in
REEs and other large-ion lithophiles. Alt represents alteration prod-
ucts; the chondrite-normatized REE pattern for this material is shown
in Fig. 8a.
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shown in Fig. 9.
First Method

Using this method, we calculated DE* for TS23, TS33,
and TS34. For each inclusion, three quantities are required:
the bulk Sc content, the amount of crystallization prior to
the appearance of fassaite, and the Sc content of the first
fassaite to crystallize.

As the bulk Sc contents of these inclusions have not been
measured, we assumed that they have the average C1 chon-
drite-normalized refractory lithophile element enrichment
factor of Allende coarse-grained inclusions, 18.6 (GROSSMAN

et al, 1977). This corresponds to a Sc concentration of
113 ppm.

Modal proportions of phases in the three CAls were de-
termined by point-counting of thin sections by BECKETT
(1986). To obtain the fraction of fassaite crystallizing in the
assemblage that crystallizes after the first appearance of fas-
saite, we assumed that the proportions of phases crystallizing
at the eutectic in the system Ge-Fo-An-Sp (STOLPER, 1982)
are identical to those that crystallized throughout the interval
of fassaite solidification in the inclusions, even though the
CAIs we studied have significant TiO, contents and melilite
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Table 4. Fassaite/liquid distribution coefficients in Type B CAD’s. Uncertaintics in means are standard
errors of measurements of the three individual CAT’s.

Dfas/L. for early fassaite

Slope of log 1 vs. log Sc

Effective
TS23 TS33 TS34  Mean TS23 TS33 TS34  Mean pfas/l

S 219 460 382 354001 2842039
Y 065 097 071 0.78+0.10 045 046 047 0461001 0.52+0.01
Zr 136 264 215 205037 017 008 007 -0.11+0.03 1.08+0.04
Nb 015 029 017 020+004 063 043 073 -0.60%009 0.29+0.11
La 017 026 022 0222003 056 053 068 -0.59%004 0.31+0.06
Ce 027 038 034 033003 052 053 063 056004 0.36+0.04
Pr 038 049 047 045003 060 -052 064 0.59+003 0.31+0.04
Nd 048 054 055 052:002 0.52 048 060 0.53+004 0.39£0.05
Sm 052 076 074 067+008 049 042 053 0481003 0.48+0.04
Gd 054 09 077 073%0.10 055 041 054 -0.5020.04 0.44£0.06
Tb 063 092 082 0.79+009 054 042 -052 049004 046 +0.05
Dy 063 095 076 0782009 051 043 054 0492003 046 £0.04
Ho 065 092 065 0.74+009 055 043 055 0512004 0.43+0.05
Er 065 101 072 080+0.11 054 045 055 -0.51+003 0432004
Tm 058 087 080 075+009 .56 047 056 -0.53%0.03 040+0.04
Yb 059 078 057 065+007 054 046 -054 -0.51+0.03 043+0.04
Lu 052 103 083 079+0.15 062 046 054 -054+005 0.39+0.06
HI 100 260 227 195049 002 027 030 018010 1.54£0.13
Ta 012 050 046 036+0.12 070  -043 058 -0.57+008 0.34+0.10
Th 0057 0122 0053 00780022 -068 -049 -109 -075%0.18  =0053

U 0039 0187 0.047 0091+0048 062 -027 073 0541014 0.39%0.53
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with reversely zoned rims, the latter indicating a non-equi-
librium crystallization sequence. We calculated the propor-
tions of spinel, anorthite, melilite, and fassaite that are equiv-
alent to the eutectic composition for several different fassaite
compositions. For early, high-Ti fassaite, the fraction of fas-
saite crystallizing approaches 1, and for late, low-Ti fassaite,
the fraction is ~0.62. We adopted a value of 0.8 since this
value is obtained for pyroxene of average Ti content observed
in these inclusions. The percent crystallization prior to the
appearance of fassaite is then given by 100 — (% fassaite/
0.8). After converting BECKETT’s (1986) modal proportions
from vol% to wt%, we find that the amount of crystallization
prior to the appearance of fassaite in TS23, TS33, and TS34
is 74.6, 58.9 and 69.1 wt%, respectively.

Since DE/L > 1, the earliest-formed fassaite should have
the highest Sc content. In searching for the earliest-formed
fassaite in each inclusion, we excluded fassaite found in the
mantles of the CAls because this fassaite may not have formed
by simple crystallization from a melt. For each CAI the
composition of the spot with the highest Sc content deter-
mined by ion microprobe was averaged together with those
of all other spots with at least 80% of this Sc content. By this
technique, the influence of any anomalously Sc-rich spots
that may have formed due to local effects in the liquid are
minimized. The average Sc contents of Sc-rich fassaite in
TS23, TS33, and TS34 calculated in this way are 973, 1260,
and 1395 ppm, based on 5, 5, and 6 spots, respectively.

Melilite and spinel have extremely low Sc contents, so that
crystallization of these phases increases the Sc content of the
residual liquid. We assume here that D@~ = DEVE = 0. From
the bulk Sc contents and amount of crystallization prior to
the appearance of fassaite, the liquid from which the first
fassaite in TS23, TS33, and TS34 crystallized had Sc contents
of 464, 287, and 382 ppm, respectively. The DE/ values
calculated for early fassaite by averaging several Sc-rich fas-
saite spots in each CAI are given in Table 4 and yield an
average D&Y of 3.54 + 0.71. The fairly large range may be
due to the large range in Sc contents of coarse-grained CAlIs,
41.2 to 275.4 ppm (GROSSMAN and GANAPATHY, 1976).

The same calculation can be done for other trace elements
that crystallize mainly into fassaite, again assuming that the

average refractory lithophile element concentrations of
GROSSMAN et al. (1977) apply to TS23, TS33, and TS34.
Because Zr, Nb, Hf, Ta, Th and U have extremely low con-
centrations in melilite and spinel, it was assumed that they,
too, were entirely excluded from crystallizing phases prior to
fassaite crystallization. Only the calculation of REE concen-
trations in the liquid from which the first fassaite crystallized
is slightly different, because a portion of the REEs crystallize
into melilite. We constructed a simple fractional crystalli-
zation model to account for REE removal by melilite. The
proportions of melilite and spinel were assumed to be constant
from initial melilite crystallization to the appearance of fas-
saite. The composition of melilite was assumed to be Ak,
when melilite began to crystallize and to reach Akg, when
fassaite began to crystallize. The Ak content of melilite was
assumed to increase linearly with fraction crystallized. Melilite
Ds were obtained by applying the functional relationship of
D to Ak content of BECKETT et al. (1990) to the Ds of KUEH-
NER et al. (1989b) and interpolating for REEs not determined
in those studies. Trace element concentrations in the liquid
from which the first fassaite crystallized were calculated for
each CAIL Ds were obtained by dividing each of these con-
centrations into the average concentration of the respective
element in the same Sc-rich fassaite spots used for each CAL

The D for each trace element analyzed in each inclusion
along with the mean and standard error are given in Table
4 cols. 1-4, and the Ds for the REEs are compared with those
of MCKAY et al. (1988) and KUEHNER et al. (1989b) in Fig.
11. The scatter in Ds among the inclusions is likely to be due
again to the range of actual bulk refractory lithophile element
concentrations in CAls (GROSSMAN and GANAPATHY, 1976;
GROSSMAN et al., 1977). Our fassaite/liquid Ds for REEs are
somewhat higher than those determined by previous workers.
Our D for Zr, 2.1, is significantly higher than the value de-
termined by KUEHNER et al. (1989b), 0.27, and our D for
Th, 0.078, is higher than that of BENJAMIN et al. (1980),
0.029. These effects are probably all caused by the substan-
tially higher Al and trivalent Ti contents of our fassaite. The
presence of these ions reduces the number of tetrahedral cat-
ions needed for coupled substitution of trivalent REE, Zr,
and Th.
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F1G. 11. Fassaite/melt distribution coefficients for trivalent REEs.
The curve for early fassaite in 3 CAls has a similar shape to those in
MCcKAY et al. (1988) and KUEHNER et al. (1989b), with Ds for HREEs
significantly higher than for LREEs. Effective Ds (see text) show less
fractionation of light from heavy REEs.

BECKETT (pers. comm.) has suggested from theoretical
considerations that DL should be proportional to Xcars/
Xpi for trivalent REEs, where X is mole fraction, and that
DE/L should be proportional to Xe,r. Di5/* and DEJ/* cal-
culated from early fassaite in CAls (this work) and by MCKaY
et al. (1988) and KUEHNER et al. (1989b) are plotted vs. Xcars/
X in Fig. 12. Both show good correlations, but DEY™ clearly
has a nonzero intercept at Xca1/Xpi = 0. The proportionality
between DL for trivalent REEs and Xc.r/Xp: may fail at
low Xcars/Xpi values.

Using Ds obtained for early fassaite, we investigated two
models of the trace element vs. Sc trends for subliquidus
fassaite shown in Fig. 10. In both models, the crystallizing
assemblage is assumed to be 80% fassaite, 10% melilite, and
10% anorthite plus spinel. Anorthite and spinel are assumed
to exclude Sc and trivalent REEs. DP* for trivalent REEs
in Akg, were obtained as earlier in this paper from the data
of BECKETT et al. (1990) and KUEHNER et al. (1989b). In the
first model, D&/* and Df*¥L for trivalent REEs were assumed
to be constant, those from col. 4 of Table 4. The model pre-
dicts the data to lie along straight lines. Results for La and
Y are compared with subliquidus fassaite data in Fig. 13. The
data for Sc-rich fassaite fall along the predicted lines, but La
and Y contents of Sc-poor fassaite are higher than predicted.
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FIG. 12. Fassaite/liquid distribution coefficients for La and Sm
plotted against Xc,rs/Xpi. Major element composition for synthetic
fassaite studied by MCKAY et al. (1988) is that of the average fassaite
in LEW 86010 (CROZAZ and MCKAY, 1990).
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F1G. 13. C1 chondrite-normalized La and Y abundances vs. that
of Sc, compared with results of two fractional crystallization models.
In the first, a constant D™, that in early fassaite, was used for La
and Y. In the second, D™ for these two elements started at the
same values as in the first case but fell during crystallization in pro-
portion to Xc,rs/Xp;. In both cases, DE/" is constant at 3.54.

In the second model, Ds were allowed to vary with pro-
gressive crystallization. DE/* was assumed to be proportional
to Xcars and D®/* for trivalent REEs were assumed to be
proportional to Xc,1/Xpi. Plots of Xc.rs vs. wi% Sc,O; or
wt% TiQO, + Ti,Qj; indicate little change in X¢.1, with degree
of fassaite crystallization, so DE¥L was held constant. Xc,7s/
Xpi drops by a factor of two from the earliest to the latest
fassaite, so D™* for each trivalent REE was assumed to drop
to half its initial value in a manner that is linear with Sc
content. This calculation predicts no change in La concen-
tration with falling Sc content for early fassaite, followed by
an increase along a line subparallel to that predicted for the
constant D/ case (Fig. 13). The predicted concentration of
Y falls with decreasing Sc content in early fassaite because
the rate of decrease of DL with degree of fassaite crystal-
lization is greater than the rate of increase of the Y content
of the liquid due to exclusion of Y by crystallizing phases.
The same effect is seen for REEs in natural CAls and in
experiments during melilite crystallization (MACPHERSON et
al., 1989; BECKETT et al., 1990). In the later stages of fassaite
crystallization, the effect of liquid concentration takes over
and the curve becomes steeper than the line for the constant
D%/T case. Observed La and Y concentrations increase more
rapidly with falling Sc content than either of these models
predicts. There are a number of possible reasons for this:
boundary layers enriched in incompatible elements and de-
pleted in compatible elements may have formed in the liquid;
Ds may have a functional dependence on TiO, or Ti,O; that
has not been accounted for; Ds may differ on different faces
of growing sector-zoned pyroxene crystals.

The Second Method

We used a second approach to modelling the trends seen
in Fig. 10 which provides what we will term “effective” Ds.
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In Type B CAI compositions, the bulk crystal/liquid distri-
bution coefficient for element i, D¥*, is given by

lj‘;d/l‘ - afastas/L + amch;nel/L + aspD?p/L + aanDaian/L’ (1)

where the as are the weight fractions of the phases in the
crystallizing assemblage. For Ti, Sc, Y, Zr, Nb, trivalent REEs,
Hf, Ta, Thand U,

D_;rl/L ~ afastas/L (2)

because o™ DPVL o DL and o*" D3V are very small com-
pared to o™ D/ for these elements. The Rayleigh equation,

AXUL_

Cf = D CUFP Y, 3

where C¥ = concentration of element i in the solid, C?
= original concentration of element i in the liquid at the
onset of fassaite crystallization, and F = weight fraction of
melt remaining (referenced to F = 1 at the onset of fassaite
crystallization), can be rewritten in the following way for ele-
ments / and J:

B3~ 1)

In C§ = constant + ~==7——
nC constan (Dj-"”“ )

In C5. 4

A log-log plot of the concentrations of element i vs. those
of element j in fassaite will be linear with a slope of (D¥*
— DADF* — 1) under the following conditions. Interface
equilibrium must be maintained. If Ds vary due to such pa-
rameters as fassaite composition, temperature, o™, and crys-
tallization rate, (D7/* — 1)/(D* — 1) must remain constant.
If boundary layers form, steady-state must be achieved quickly
such that the ratio of the concentration of a given element
in the liquid within the boundary to that in the remaining
liquid remains constant throughout crystallization. No re-
equilibration of pyroxene with melt can occur after crystal-
lization. In the special case where D¥* < 1 and D¥L « 1,
the slope is +1. Because of its relatively large D and systematic
decrease in concentration with degree of fassaite crystalli-
zation, we have used Sc as a fractionation index. The elements
showing linear arrays of points with significant slopes on log-
log plots vs. Sc are Ti, Y, Zr, Nb, REEs, Hf, Ta, Th, and U.
For each of these elements, the slope of the log element vs.
log Sc plot for each inclusion and the average of the three
slopes are given in Table 4, col. 5-8. The slopes were cal-
culated by the method of WILLIAMSON (1968), which takes
into account uncertainties in both the abscissa and ordinate.
Analyses of fassaite from mantles and of poikilitic, allegedly
relict, fassaite were excluded from the calculation.

If fassaite displays the same partitioning behavior and o™
is the same in all three CAls examined, the same slope should
be obtained for a given element in each CAI, although the
intercepts may differ because of differences in the composi-
tions of the liquids from which fassaite crystallized. Table 4
shows that for each element the slope is not the same in each
inclusion but the slopes for most incompatible elements go
up and down together from inclusion to inclusion.

If D®/* can be assumed for one element, the slopes on the
log-log plots can be used to estimate D™™*s for all other ele-
ments on Table 4. These estimates are the least sensitive to
uncertainty in the D®/T of the chosen element when that

element has the lowest D™, We therefore chose Th, the
element with the largest negative slope, —0.75 + 0.18, and
thus the smallest DL, Since DL cannot be less than zero,
the upper limit for D" from the average slope is 2.33, the
value calculated for D3* = 0. From Eqn. (2), this gives an
upper limit for DEYL of 2.91, using « = 0.8. This value is
within the uncertainty of that calculated in a previous section
for early fassaite, 3.54 = 0.71. To obtain an actual value for
the effective D™’ for each of the elements in Table 4,
D%/ must be known. BENJAMIN et al. (1980) measured a
value of 0.029 for DX in diopside in the Di;AbAn system,
and a value of 0.078 was calculated in a previous section for
early, Al-, Ti-rich fassaite. Because the average major element
composition of fassaite in Type B CAls is intermediate be-
tween these two extremes, we averaged the two Dy, values,
obtaining 0.054. This gives D&’ = 2.27 (equivalent to
D&/ = 2.84) which was used along with the average slopes
in Table 4, col. 8 to calculate Ds for the other elements that
concentrate into fassaite. Each of these is given in Table 4,
final column, with an uncertainty based on the 1o uncertainty
in the average of the three slopes for each element. The ef-
fective Ds for REEs in fassaite calculated by this method are
lower than those calculated for early fassaite for all REEs
except La and Ce and there is less of an increase in D towards
the HREEs compared to the other three estimates of Ds in
calcic pyroxene plotted in Fig. 11. It should be noted that
the effective Ds calculated here average over the entire course
of fassaite crystallization, during which the Ds may have var-
ied from those of early fassaite due to changes in fassaite
composition, temperature, «™, and crystallization rate, and
during which boundary layers may have formed.

Model REE Patterns

We modelled the changes in the trivalent REE contents
of fassaite with crystallization using two different sets of Ds.
In the first case, we used the effective Ds and in the second,
we used Ds calculated for early fassaite coupled with the X1/
Xbp; dependence discussed earlier in this paper. In each case,
we started by plotting the Ds for REEs from Table 4 against
ionic radius and fitting a smooth curve through the data. The
smoothed Ds are given in Table 5.

In both cases, we began with the lowest-REE fassaite from
TS23 and modelled changes in fassaite REE contents during
crystallization of an assemblage consisting of 80 wt% fassaite,
10 wt% melilite (Akeo), and 10 wi% spinel plus anorthite.

Table 5. Smoothed fassaite/liquid distribution
coefficients for Y and trivalent REE.

Early fassaite Effective
pfas/L pfa:
Y 0.77 044
La 022 0.30
Ce 033 033
Pr 045 0.36
Nd 0.52 040
Sm 0.67 046
Gd 0.75 047
Tb 0.79 0.46
Dy 0.78 045
Ho 077 044
Er 0.76 043
Tm 0.75 043
Yb 0.74 042
Lu 0.73 0.42
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The same Ds for anorthite, spinel, and Ake, melilite were
used as mentioned earlier. D//* is dominated by fassaite, so
variations in the relative proportions of melilite, anorthite,
and spinel have little effect on the calculation.

The results using effective Ds (Fig. 14a) show that after
80% of the fassaite has crystallized the LREEs are at 30-75
X CI and the HREEs are at ~90-100 X C1, at or above
most of the concentrations we observe in the inclusions (Fig.
8). Note also the close agreement between the most REE-
rich model pattern and the most REE-rich fassaite analysis
from TS23. According to this model, that fassaite was among
the last 0.3% of the fassaite to crystallize in that inclusion.
The values of effective Ds in Table 4 are dependent on the
assumed values of ™ and D%/L. The uncertainty in «® leads
to an uncertainty of ~20% in each of the Ds but this does
not affect the shapes of the curves in Fig. 14a because the Ds
for REEs are similar to one another and do not change sig-
nificantly relative to one another. The uncertainty in o™ does
lead, however, to uncertainty in the degree of crystallization
needed to achieve a given REE enrichment. D&/ is so low
that even an uncertainty in it of a factor of two has a negligible
effect on both absolute and relative Ds.

The second case, in which Ds start out with our calculated
values for early fassaite and fall by a factor of two, yields
model fassaite REE patterns (Fig. 14b) for late fassaite that
are not like those observed in Allende Type B inclusions,
even though the calculation began with the same composition
as the one using effective Ds. The Ds for LREEs in the second
case are much lower than in the first case. These low Ds result
in a LREE buildup in the residual liquid, which is reflected
in the calculated late fassaite compositions as a LREE en-
richment relative to HREEs. All the fassaite we analyzed,
including the extraordinarily REE-rich late fassaite in TS23,
has chondrite-normalized HREEs > LREEs. These calcu-
lations show that use of fassaite Ds calculated for early fassaite,
coupled with predicted variations in Ds with fassaite com-

position, cannot adequately explain the REE patterns of late
fassaite. The effective Ds necessarily incorporate a number
of equilibrium and kinetic effects that modify fassaite/liquid
distribution coefficients during the course of crystallization,
and more accurately predict the shapes of REE patterns of
late fassaite.

Interpretation of Profiles of the Ti**/Ti** Ratio

The uncertainty in Ti**/Ti'", where Ti'* = Ti** + Ti**,
calculated stoichiometrically from electron probe analyses of
fassaite, depends on the uncertainties of all other elements.
For this reason, relative errors in this ratio increase with de-
creasing TiO%", resulting in prohibitively large errors due to
electron probe counting statistics alone when TiO¥* < ~4
wt%. As seen in Fig. 15 for the first TS34 fassaite traverse in
Table 2, Ti**/Ti'* decreases from 0.84 = .02 (10) at the core
to 0.62 = .07 at the closest point to the rim where TiO¥* > 4
wt%. Also shown in Fig. 15 are the ratios calculated for this
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FIG. 15. Measured variation of Ti**/Ti** along a traverse across a
fassaite crystal in TS34, compared to the trend calculated for fractional
crystallization without re-equilibration of the residual liquid with a
reducing gas. The closeness of the trends suggests that the Ti**/Ti**
ratio in this crystal was controlied by fractional crystallization. The
TiO%* of each analysis point is given across the top of the plot.
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traverse assuming closed-system fractional crystallization and
that the fraction of the fassaite crystallized is proportional to
the cube of the distance from the core of this crystal. In this
calculation, we used D?’# = (.7 and DfT"fs/f = 2.7, the values
needed to obtain 1.9 wt% TiO, and 9.1 wt% Ti,Os, respec-
tively, in the first pyroxene (Table 2, col. 1) after 69% crys-
tallization of the inclusion as spinel and melilite. The agree-
ment between calculated and observed ratios suggests that
the variation in the Ti**/Ti*! ratio in this fassaite crystal was
caused primarily by fractional crystallization. Had this par-
tially molten CAI been in equilibrium with an external gas
whose oxygen fugacity was constant during crystallization,
the greater depletion of the Ti** than the Ti** concentration
in the liquid due to fassaite crystallization would have been
counteracted by reduction of Ti** to Ti** in the residual liquid
in order to restore the original Ti**/Ti** ratio. In this case,
the observed ratio in Fig. 15 would have been invariant with
distance. We conclude that fassaite crystallization was more
rapid than reduction of Ti** in the liquid, possibly due to
the high cooling rate (MACPHERSON et al., 1984), which may
have resulted in a high solidification rate, or to the fact that
the CAI was more than 70% solidified during fassaite crys-
tallization, which may have resulted in partial isolation of
the liquid from the nebular gas. Other crystals which we have
studied in detail do not show pronounced decreases in Ti**/
Ti** from core to rim. There are three possible explanations:
(1) although the liquid may have been unable to equilibrate
with the external reservoir, these crystals may have had un-
usually low DfT’fs’f , possibly due to differences in fassaite com-
position, temperature, or cooling rate, which delayed the steep
fall in the Ti**/Ti'* ratio until the stage of crystallization that
produced fassaite whose TiO¥" is too low for precise deter-
mination of the Ti**/Ti*! ratio; (2) although the crystals may
have had normal D-ffisa/f , the liquid from which they formed
may have maintained equilibrium with the external reservoir
until the very last stage of crystallization that again produced
fassaite with very low TiO%"; and (3) the liquids from which
they crystallized may have remained in equilibrium with the
gas throughout solidification. Attempts to determine the ox-
ygen fugacity at the time of fassaite crystallization using Ti**/
Ti** ratios in fassaite should be based on crystals with uniform
ratios. If crystals zoned with respect to Ti**/Ti** ratios must
be used, an effort should be made to locate the crystal with
the highest TiOY* at its core, and the Ti**/Ti*" ratio at that
point should be used. In all cases, compositions of phases
that crystallized from the same liquid as the part of the fassaite
crystal being used must also be known, because they also
participate in redox equilibria (BECKETT and GROSSMAN,
1986).

Implications for the Presence of Relict Fassaite

As discussed previously, reversely zoned melilite is an in-
dicator of crystallization sequence and cooling rate. It also
provides a marker horizon for the incoming of fassaite. We
would not expect to find fassaite poikilitically enclosed in
the normally zoned cores of melilite with reversely zoned
rims, or in melilite that is more gehlenitic (aluminous) than
that at the point of reversal, typically Akgs_7. This is especially
true of the melilite, typically Akyq_30, in the mantles of Type

B1 inclusions, which are thought to be the first parts of the
inclusions to crystallize due to cooling by radiation of heat
from their surfaces (MACPHERSON and GROSSMAN, 1981;
MACPHERSON et al., 1989).

In TS23 and TS34, however, fassaite grains are found poi-
kilitically enclosed in these types of melilite. Based on the
textures and melilite compositions, it was proposed (KUEH-
NER et al., 1989a) that these fassaite grains are relict, i.e., they
remained solid during the event which caused melting of
their host CALI Relict grains are of great interest because they
could provide important chemical and isotopic information
regarding the solid precursors of Type B CAls.

KUEHNER et al. (1989a) used the electron probe and the
ion probe to analyze fassaite that they thought was relict and
interior fassaite which is much coarser and clearly subliquidus.
They found much lower REE and incompatible trace element
abundances in the subliquidus fassaite relative to the proposed
relict grains. KUEHNER et al. (1989a) viewed the chemical
contrast between the small, isolated grains and the large, in-
terior, subliquidus grains as evidence that the former are relict.

We have analyzed additional grains in TS23 and TS34
that meet the petrographic criteria of KUEHNER et al. (1989a)
for being relict. We have also attempted to determine the
entire range of compositions of subliquidus fassaite in both
TS23 and TS34. The results are summarized in Fig. 16, which
shows chondrite-normalized REE patterns of the grains in
TS23 thought by KUEHNER et al. (1989a) to be relict super-
imposed on the range of compositions of subliquidus fassaite
in the host inclusion (Fig. 16a), and an analogous plot for
TS34 (Fig. 16b). We observe a much wider range of REE
enrichment factors in subliquidus fassaite in TS23 than
KUEHNER et al. (1989a). The range now encompasses the
REE concentrations in the alleged relict fassaite. This negates
a major argument for their identification as relict grains, and
leads us to believe that they formed from liquids trapped
throughout the crystallization process. As liguids they were
probably adhering to spinel crystals, which would account
for their occurrence as rims or blebs on spinel (Fig. 1b) and
as curved, meniscus-like connectors between spinel grains
(Fig. 1a). The relict grains of KUEHNER et al. (1989a) have
compositions consistent with late fassaite (high REEs, Y, Ta,
Th; low Sc, Hf), whereas the subliquidus fassaite they ana-
lyzed crystallized earlier and was therefore less fractionated.
Our analyses of fassaite grains in TS34 which meet the pet-
rographic criteria of KUEHNER et al. (1989a) for being relict
(Figs. 10, 16b) include some reflecting early crystallization
and others reflecting late crystallization. Another observation
used by KUEHNER et al. (1989a) to argue that the poikilitic
grains are relict is that their REE patterns have negative Yb
anomalies while those of subliquidus fassaite do not. We ob-
tained many more analyses of subliquidus fassaite in TS23
in the present work, however, and find that negative Yb
anomalies are quite common in these grains (Fig. 8a), prob-
ably reflecting a Yb anomaly in the whole inclusion.

A problem with a trapped liquid origin for the poikilitic
fassaite is the absence of anorthite and/or some incompatible
element-rich residue. It is unlikely that liquids of exactly fas-
saite composition were trapped, yet the fassaite inclusions
appear to be monomineralic, with the possible exception of
the thin rims described in a previous section and shown in
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FIG. 16. Comparison of chondrite-normalized REE abundances in fassaite inferred to be relict on textural grounds
with the range of compositions of subliquidus and mantle fassaite. (a) TS23. Some analyses of allegedly relict grains
are from KUEHNER et al. (1989a). (b) TS34. Note overlap between “relict” and subliquidus fassaite, and the lack of

overlap with mantle fassaite.

Fig. 2. Perhaps anorthite crystallization was suppressed by
high cooling rates, the residual liquid reacting with melilite
or forming a mesostasis that recrystallized, forming the rims.

The fassaite in the melilite mantle of TS34, however, is an
interesting candidate for relict fassaite. It is texturally out of
place because it is poikilitically enclosed by aluminous melilite
(~Aks) in a part of the inclusion that probably crystallized
before fassaite. Although this could possibly result from crys-
tallization of a supercooled liquid, STOLPER and PAQUE
(1986) showed that such an origin is inconsistent with the
gross features of the textures of Type B inclusions, such as
those in TS34. The occurrence of mantle fassaite in TS34 as
isolated, rounded grains, with distinct Ti-poor rims (Fig. 3)
is different from that of the other fassaite grains poikilitically
enclosed in melilite, which do not have such rims and are
commonly associated with spinel. Furthermore, the TS34
mantle fassaite is compositionally distinct from fassaite else-
where in the inclusion; it has the highest Ti (Fig. 6) and Sc
contents, the lowest MgO (Fig. 6) and REE contents (Fig.
16b), and the smallest Eu anomalies. It generally plots close
to the trace element vs. Sc trends defined by analyses of sub-
liquidus fassaite (Fig. 10) but is lower in incompatible ele-
ments and higher in compatible ones.

The mantle fassaite must have formed from a source that
was extremely enriched in Ti and Sc. It appears to be too
rich in these elements to have formed by fractional crystal-
lization in the host CALI, as did all other fassaite in the inclu-
sion. With a Sc content of over 5200 ppm (Table 3, col. 1,
electron probe analysis) and a D/ possibly as high as 4.1,
as calculated from the most Sc-rich fassaite core in TS34, the
fassaite would require a parent liquid with more than 1200
ppm Sc. If DE/L = 2 84, the parent liquid must contain at
least 1800 ppm Sc. Assuming prior crystallization of Sc-free
spinel and melilite to form the parent liquid for mantle fas-
saite, a minimum of 90% prior crystallization would be re-
quired to obtain 1200 ppm Sc in the residual liquid. This
not only exceeds the volume of the mantle, it exceeds the
amount of melilite + spinel + alteration products, 76.8 vol%
(BECKETT, 1986), present in the entire inclusion. Even more
fractionation is required if some Sc enters spinel (D ~ 0.05;

NAGASAWA et al., 1980) or melilite (D = 0.01-0.02; BECKFTT
et al., 1990). If a DL of 2.84 is used, >94% fractiona- >n
is required, further exceeding the observed modal abundance
of spinel + melilite + alteration products in the inclusion.
Extensive fractionation is also inconsistent with the extremely
low REE contents of this fassaite (Fig. 16b). For example,
the average Sm content in Type B inclusions is 4.1 ppm
(GROSSMAN and GANAPATHY, 1976). Based on our effective
DEL of 0.48 and the Sm content of the mantle fassaite of
~3.5 ppm (Table 3), the fassaite would require a parent liquid
with 7.3 ppm Sm, which would imply only ~44% prior crys-
tallization of Sm-free phases. This is nowhere near the amount
of prior crystallization of the host inclusion indicated by the
high Sc contents of these crystals, unless they have anoma-
lously high DEYE (>25).

We considered whether the extremely high Ti** and VAl
contents of the fassaite in the mantle compared to that in
the interior could somehow result in unusually low Ds for
the REEs in the former, but this is unlikely to be the case.
The ionic radius of AI** is larger than that of Si** (SHANNON
and PREWITT, 1969), and CAMERON and PAPIKE (1981)
showed that the tetrahedra in C2/c pyroxenes increase in size
with increasing Al/(Al+Si) in the tetrahedral cation site.
Comparison of the crystal structure refinement of aluminous
diopside (PEACOR, 1967) with that of diopside (CLARK et al.,
1969) shows, however, that increasing Al in the tetrahedral
site has no effect on the sizes of the M1 and M2 sites. The
size of the M2 site does increase, however, when larger cations
enter the M1 site (CAMERON and PAPIKE, 1981), and larger
M2 sites facilitate REE substitution. We compared the average
M1 cation size in the Ti-, Sc-rich TS34 mantle fassaite to
that in late, Ti-, Sc-poor fassaite. The relative sizes of the
cations considered, based on their ionic radii for octahedral
coordination (SHANNON and PREWITT, 1969), are Sc > Mg
> Ti** > V3* > Ti** > Al In fassaite, Mg increases as Ti**
and Ti** decrease (Fig. 6). This would tend to increase the
size of the M1 site, except for the fact that Y'Al also increases
with decreasing Ti** and Ti** (Fig. 7b), which would tend to
decrease the size of the site. These competing effects virtually
cancel each other. The mean cationic radius in the M1 site
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of mantle fassaite is within 3% of that of late fassaite. There-
fore, we would not expect fassaite in the mantle of TS34 to
have anomalously low Ds for the REEs due to anomalously
small M2 sites. This conclusion is supported by the fact that
trace element data for TS34 mantle fassaite generally plot on
the trends defined by the data for subliquidus fassaite
(Fig. 10).

Another question is whether the unusual composition of
the mantle fassaite could result in an unusually high D for
Sc compared to that in interior fassaite. This would not be
expected from site size considerations, however, because, as
previously explained, the mantle and interior fassaite have
M1 sites that are essentially the same size. It is possible that
the high Ti** content of mantle fassaite facilitates Sc** sub-
stitution because they are both trivalent and are similar in
size. It seems unlikely, however, that increasing the concen-
tration of Ti,0O; from as much as ~9% to ~14% would in-
crease DEYL from 2.8 to >25.

An alternative possibility is that the mantle fassaite grains
crystallized from melt inclusions that were trapped by growing
melilite crystals. Quite apart from the question of how a melt
with the high Sc and low REE contents required by the mantle
fassaite could have evolved by fractional crystallization within
this inclusion, textural considerations also make a trapped
liquid origin seem unlikely. Because of the relative ease of
heterogeneous nucleation, a melt inclusion would tend to
crystallize from its margin inward, producing fassaite crystals
that are richest in Ti** at their rims and richest in Mg at their
cores. Most commonly, however, the opposite is observed:
Ti**-rich cores and Mg-rich rims, which together indicate
that the cores crystallized before the rims. Some crystals, e.g.,
the large grain in Fig. 3a, are high in Ti on one edge and low
in Ti on the opposite edge. It is possible to explain such a
grain by nucleation of fassaite from a melt inclusion at a
point on the wall of an inclusion and radial crystallization
away from that point. If all the mantle fassaite in TS34 simply
formed from melt inclusions, however, we would expect to
find at least a few grains which crystallized inward from all
sides and have Ti-rich rims. Such grains have not been ob-
served.

The data are also inconsistent with an origin for the rims
on the TS34 mantle fassaite and for the adjacent Ak-enriched
zones by an exchange reaction between the fassaite and the
host melilite, such as

CaMg8i,06 + CaALSIO; 2 CaALSIOs + Ca,MgSi,O4
Di (fas) Ge (mel) CaTs (fas) Ak (mel)

(STOLPER et al., 1985). If the pyroxene provided the additional
Mg to create the Ak-rich zones, it should not have the ob-
served sharp Mg enrichment in the outermost few microns
immediately adjacent to the melilite.

QOur best explanation for the petrographic observations and
the chemical data is that the Ti-, Sc-rich, REE-poor fassaite
crystals in the mantle of TS34 are relict grains that were
trapped with liquid as the melilite grew inward from the edge
of the inclusion. The relict fassaite crystals would have pro-
vided a substrate for additional crystallization of optically
continuous but chemically different fassaite, forming the rims
with compositions that overlap those of fassaite elsewhere in

the inclusion because they have the same liquid source. The
walls of the inclusion would have acted as a substrate for
additional melilite crystallization, forming the Ak-enriched
zones adjacent to the fassaite. Crystallization of the host min-
eral on the walls of an inclusion always occurs after trapping
(ROEDDER, 1984) and, in this case, the trapped liquid would
“see” two host phases. The above scenario accounts not only
for the petrographic characteristics of mantle fassaite but also
for the chemical differences between the mantle fassaite and
the fassaite poikilitically enclosed in the interior of the inclu-
sion, especially the lack of compositional overlap between
the cores of the mantle grains in TS34 and fassaite elsewhere
in the inclusion.

Mantle fassaite grains are richer in Ti and Sc and poorer
in REEs than all other fassaite in Type B inclusions. If the
chemical characteristics of the mantle fassaite source resulted
from fractional crystallization, then that source must have
become enriched in Ti and Sc and depleted in REEs relative
to all fassaite-producing liquids in Type B inclusions. We do
not know what phase or phase assemblage whose crystalli-
zation could have resulted in such liquid compositions but
we can rule out corundum, whose structure strongly excludes
REEs (HINTON et al., 1988); hibonite, whose structure can
accept relatively high Sc contents (HINTON et al., 1988); and
perovskite, which is high in TiQ, and preferentially takes up
LREEs relative to HREEs (NAGASAWA et al., 1980).

Isotopic data obtained by ion microprobe would provide
a further test of the hypothesis that the cores of the mantle
fassaite grains in TS34 are relict.

CONCLUSIONS

1) Major element zoning in fassaite in Type B CAls is from
Ti-, V-, Sc-rich cores to relatively Mg-, Si-rich rims. Tet-
rahedral Al decreases and octahedral Al increases from
core to rim.

Trace elements that are incompatible in this fassaite are
Nb (effective D™/t = 0.29), Y (0.52), Ta (0.34), Th (0.053),
U (0.4), and the REEs (0.31-0.48). Compatible trace ele-
ments are Zr (1.1) and Hf (1.5).

The effective Ds derived here differ from experimentally
determined, equilibrium Ds and can be used to model
accurately crystallization-induced changes in REE con-
tents of fassaite in CAls. The effective Ds are probably
closer to actual Ds than are equilibrium Ds because the
former incorporate various non-equilibrium effects that
can modify Ds during the course of crystallization.

REE abundances in fassaite are controlled by crystal/liquid
fractionation, resulting in wide ranges of abundances, from
3 to 800 X C1 for La and 20 to 2000 X C1 for Lu. With
our additional analyses, the known range now includes
the compositions of the relict grains of KUEHNER et al.
(1989a), negating a major reason for their identification
as such. The additional analyses also reveal widespread
Yb anomalies in subliquidus fassaite grains in the inclusion
studied by KUEHNER et al. (1989a), thus removing another
apparent chemical distinction between them and the pu-
tative relict grains.

In the samples studied, some candidates for relict fassaite
grains have been encountered: Ti-, Sc-rich, REE-poor
crystals enclosed in melilite in the mantle of TS34. Except
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for their rims, their compositions do not overlap with those
of fassaite grains elsewhere in the inclusion. Derivation
of their high Sc contents (300-1000 X C1) by fractional
crystallization in the host CAI would require prior crys-
tallization of more spinel and melilite than is observed in
the inclusion. Extensive fractionation is also inconsistent
with the very low REE contents (e.g., La at 3-7 X Cl)in
the fassaite. The crystals have rims that are Ti-poor and
Mg-rich relative to the interiors of the crystals. These rims
could have formed by crystallization of liquid that was
trapped with the relict grains.
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