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Abstract

The clinopyroxene in coarse-grained refractory inclusions contains significant amounts of Ti and V, two elements that are
multivalent over the range of temperatures and oxygen fugacities under which the inclusions formed. The Ti**/Ti** ratios and
the valence of V of these pyroxenes are valuable recorders of nebular conditions. The former can be calculated stoichiomet-
rically from electron probe analyses, but only for relatively Ti-rich grains (i.e., >~4 wt% TiO,'""). For Ti-poor pyroxene, and
for measurement of V valence, another technique is needed. We have, for the first time, applied K-edge X-ray absorption near
edge structure (XANES) spectroscopy to the measurement of Ti and V valence in meteoritic clinopyroxene in refractory inclu-
sions. Use of MicroXANES, a microbeam technique with high (um-scale) spatial resolution, allowed measurement of Ti and
V valence along traverses across (a) Ti-, V-rich “spikes” in pyroxene in Type B1 inclusions; (b) typical grains in a Type B2
inclusion; and (c) the pyroxene layer of the Wark—Lovering rim sequence on the outsides of two inclusions. Measurements of
T /(T + Ti*h), or Ti¥/Ti*, by XANES agree with values calculated from electron probe analyses to within ~0.1, or
~20. The results show that Ti**/Ti*" increases sharply at the spikes, from 0.46 + 0.03 to 0.86 + 0.06, but the V valence,
or VZ/(V?* +V3*), does not change, with V" ~ V>*. We found that pyroxene in both Types Bl and B2 inclusions has
Ti*/Ti* and V*T/V'° ratios between 0.4 and 0.7, except for the spikes. These values indicate, to first order, formation at
similar, highly reducing oxygen fugacities that are consistent with a solar gas. The pyroxene in the rim on an Allende fluffy
Type A coarse-grained refractory inclusion, TS24, has an average Ti’'/Ti'®' of 0.51 £ 0.08 and an average V>'/V'®' of
0.61 £ 0.06, determined by XANES. These values are within the range of those of pyroxene in the interiors of inclusions, indi-
cating that the rims also formed under highly reducing conditions. Measurements of Ti**/Ti**' of pyroxene in the rim of a
Leoville compact Type A inclusion, 144A, by both XANES and electron probe give a wide range of results. Of our 72 XANES
analyses of this rim, 66% have Ti*/Ti*" of 0.40-0.71, and the remaining analyses range from 0 to 0.38. In data from Simon
et al. [Simon J. I., Young E. D., Russell S. S., Tonui E. K., Dyl K. A., and Manning C. E. (2005) A short timescale for chang-
ing oxygen fugacity in the solar nebula revealed by high-resolution *Al-**Mg dating of CAI rims. Earth Planet. Sci. Lett. 238,
272-283.] for this sample, 7 electron probe analyses yield calculated Ti**/Ti*" values that are positive and 15 do not. In the
probe analyses that have no calculated Ti*", Ca contents are anticorrelated and Al contents directly correlated with the total
cations per 6 oxygens, and the data fall along trends calculated for addition of 1-7% spinel to pyroxene. It appears likely that
electron probe analyses of pure pyroxene spots have Ti*"/Ti'" values that are typical of refractory inclusions, in agreement
with the majority of the XANES results. The average of the XANES data for 144A, 0.41 + 0.14, is within error of that for
TS24. The rim of 144A probably formed under reducing conditions like those expected for a solar gas, and was later heter-
ogeneously altered, resulting in an uneven distribution of secondary, FeO-, Ti-bearing alteration products in the rim, and
accounting for the measurements with low Ti**/Ti*" values.
© 2007 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The two major types of coarse-grained, calcium-, alumi-
num-rich refractory inclusions (CAI) found in carbona-
ceous chondrites were termed Types A and B by
Grossman (1975). Type A inclusions are very melilite-rich
(>75 vol %), with minor amounts of Mg-, Al- spinel, perov-
skite, and Ti-, Al-rich clinopyroxene termed ‘fassaite”
(Dowty and Clark, 1973). On the basis of texture, Type
As are subdivided into ‘“compact” Type As, or CTAs,
which are thought to have been molten, and “fluffy” Type
As, which were probably never molten (MacPherson and
Grossman, 1979; Grossman, 1980). Type Bs contain 25—
60 vol % fassaite plus 5-50% melilite, 15-30% Mg-, Al-spi-
nel, and 5-25% anorthite. Wark and Lovering (1977) fur-
ther subdivided Type Bs into Bls, which have nearly
monomineralic melilite mantles enclosing pyroxene-rich
cores, and B2s, which have relatively homogeneous distri-
butions of phases. Type B inclusions are believed to have
crystallized from liquids formed by partial melting of preex-
isting solids (Stolper and Paque, 1986), which were proba-
bly nebular condensates (Grossman, 1972). Pyroxene is an
excellent recorder of changes in liquid composition during
crystallization of melts, including those from which these
inclusions solidified. Simon et al. (1991) showed that core-
to-rim zoning trends in fassaite in Type B inclusions are
consistent with fractional crystallization and reflect the
buildup of incompatible trace elements that occurred in
the residual liquids during crystallization.

The environment in which refractory inclusions formed
was very reducing, and fassaite is of interest as an indicator
of oxygen fugacity (fo,) because it is rich in Ti, about half
of which in the pyroxene in inclusion interiors is trivalent,
rather than being all Ti*' as is found in terrestrial and lunar
samples. Evidence for the presence of Ti*" in meteoritic
fassaite includes pleochroism of the crystals, which have
negligible amounts of other multivalent elements; measure-
ments of optical spectra (Dowty and Clark, 1973); and sys-
tematically low cation totals derived from electron probe
analyses when all Ti is assumed to be Ti**, commonly re-
ferred to as TiO,"". If the presence of trivalent Ti is ignored
when analyses are normalized to a fixed number of oxygen
anions, too much oxygen is assigned to the measured Ti and
a low cation:oxygen ratio is obtained.

In an electron probe study of zoning trends in coarse
fassaite in Type B inclusions, Simon et al. (1991) found that
Ti,O; contents of the grains tended to decrease from crystal
cores to the rims. Simon et al. (1991) also showed that the
trend of decreasing Ti,O5 contents could be accounted for
by the high (~3) crystal/liquid distribution coefficient (D)
for Ti** relative to that of Ti*" (~1); as crystallization pro-
ceeded, Ti*" became depleted in the liquid, apparently with-
out replenishment by reduction of Ti*".

Detailed study has shown, however, that superimposed
upon the otherwise smooth decline in Ti,O3 in some large
(~2 mm) fassaite grains in several Allende Type Bl inclu-
sions are ‘“‘spikes”, or sharp increases, in total Ti, T3t/
(Ti*" + Ti*") or Ti*/Ti*, and in the concentration of V
(Simon and Grossman, 1991, 2006; Simon et al., 1992). Be-
cause the two elements that exhibit spikes can be multiva-

lent at fo,s calculated for a system of solar composition,
it was suggested by Simon et al. (1992) that the spikes re-
flect sudden decreases in the fo,s of the inclusions, caused
by re-establishment of chemical communication between
the nebular gas and late liquids, perhaps by means of cracks
in the solid melilite mantles of these objects. Simon et al.
(1992) did not know what oxidation states of V were in-
volved, or which would be favored by fassaite. Simon and
Grossman (2006) showed that, unlike fassaites in Type Bl
inclusions, those in B2s are not zoned with respect to
Ti**/Ti*!, and Ti-, V-enrichment spikes are not seen in tra-
verses across grains. This suggests that the residual liquids
in B2s maintained equilibrium with the surrounding, reduc-
ing nebular gas, while those in Bls did not. The average
Ti**/Ti*" for electron probe analyses of Type Bl fassaite
is within 1o of that for fassaite in Type B2 inclusions (Si-
mon and Grossman, 2006). A question to be answered is
whether the V>*/V'®! ratios are similar as well.

Because V is a stoichiometrically insignificant component
in fassaite and it occurs in a phase with both Ti** and Ti**,
the valence of V cannot be calculated from electron probe
analyses. Thus, until now it has not been possible to deter-
mine what, if any, change occurs in the VZ'/(VZt + V3,
henceforth VZ1/V'°l of fassaite at the spikes. An alternative
approach to determine the valence of Ti and V is to use X-ray
Absorption Near Edge Structure (XANES) spectroscopy.
Applicability of this technique to lunar, martian, and terres-
trial samples, with V3™ and V**, has been documented (Sut-
ton et al., 2005). Herein we apply this technique, for the first
time, to the determination of Ti and V valence states in nat-
ural samples formed within the range of V>™ and Ti*" stabil-
ity. In addition to the direct measurement of Tiand V valence
variations across spikes in fassaite in Type B1 inclusions, we
also report measurements of V valence in traverses across
fassaite crystals in a Type B2 inclusion, for comparison with
the Bl measurements.

Ti-bearing pyroxene also occurs as part of a sequence of
monomineralic layers on the exteriors of inclusions, as orig-
inally described by Wark and Lovering (1977). We used
XANES to directly measure, for the first time, Ti and V va-
lence in pyroxene in the Wark—Lovering rims on two Type
A inclusions, a fluffy one from Allende (TS24) and a com-
pact one from Leoville (144A). Recent work by Dyl et al.
(2005) and J. Simon et al. (2005) on the latter sample re-
ported undetectable levels of Ti*" in Ti-bearing pyroxene
in its rim, and concluded that the oxygen fugacity of the so-
lar nebula increased dramatically between the time of for-
mation of pyroxene in the interiors of inclusions and that
of the rim pyroxene. The Ti*" contents reported in that pa-
per were derived from electron probe analyses. Preliminary
results of the present work were reported by Sutton et al.
(2002a) and by S. Simon et al. (2005, 2006).

2. ANALYTICAL AND DATA REDUCTION
METHODS

2.1. Electron microbeam

A JEOL JSM-5800LV scanning electron microscope
(SEM) equipped with an Oxford/Link ISIS-300 energy-
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dispersive X-ray analysis system was used to obtain back-
scattered electron images of grains selected for analysis.
Quantitative wavelength-dispersive analyses were obtained
with a Cameca SX-50 electron microprobe operated at
15 kV with counting times of 10-30 s for peak and for back-
ground measurements for each analysis. Pure oxide, synthetic
glass, and natural mineral standards were used. Electron
probe (EMP) data were reduced via the modified ZAF cor-
rection procedure PAP (Pouchou and Pichoir, 1984).

To calculate the Ti*/Ti'® ratio of a pyroxene from an
electron probe analysis, it is assumed that the pyroxene is
stoichiometric and has exactly four cations per 6 oxygens.
For highest accuracy, it is also assumed that there are ex-
actly two tetrahedral cations and one calcium cation per 6
oxygens (Beckett, 1986). The lower the Ti content of the
pyroxene, however, the smaller is the cation deficit caused
by assuming all Ti is Ti*". For TiO,* of about 4 wt%
and less, the cation deficit approaches the analytical uncer-
tainty and a Ti>*/Ti'® ratio cannot be reliably calculated.
This effect limits the use of this technique to fairly Ti-rich
pyroxenes. Uncertainties in the Ti**/Ti'®' ratio derived
from EMP analyses are based on counting statistics of the
analyses propagated through the calculation of the ratio.

2.2. XANES measurements

X-ray absorption near edge structure (XANES) is that
portion of an X-ray absorption spectrum within about
40 eV of the main absorption edge jump. XANES spectra
are element-specific, and intensities and energies of the
XANES spectral features provide information on the elec-
tronic structure of the element of interest, including valence
state.

Ti and V K XANES spectra were measured using the
undulator-based microprobe at Sector 13 (GeoSoilEnviro-
CARS) at the Advanced Photon Source, Argonne National
Laboratory (Sutton and Rivers, 1999). X-ray microprobe
techniques are described in detail elsewhere (e.g., Sutton
et al., 2002b; Smith and Rivers, 1995). The undulators at
third generation synchrotrons (e.g., the APS) are excellent
sources for XANES measurements with high sensitivity
and high spatial resolution because of the extremely high
brilliance of the X-ray source. A Si (111) liquid-nitrogen
cooled, double-crystal, scannable monochromator was
used. The instrumental energy resolution (0.8 eV) was com-
parable to the natural Ti and V K line widths (~1 eV; Kra-
use and Oliver, 1979) so that the overall energy resolution
of the Ti and V K XANES spectra was about 1.5¢eV.

The microbeam production apparatus consists of Kirkpa-
trick—Baez (KB; Kirkpatrick and Baez, 1948) microfocusing
mirrors (Eng et al., 1995, 1998; Yang et al., 1995). The KB
system consists of two mirrors (100 mm length), one in the
horizontal plane and one in the vertical plane, which col-
lected 300 um of X-ray beam in each direction and produced
a focal spot of ~3 um in each direction. The mirrors are
highly polished single crystal silicon coated with several hun-
dred A of Rh dynamically bent to elliptical shapes using
mechanical benders. XANES spectra were collected in fluo-
rescence mode where the primary excitation beam is the
monochromatic undulator radiation, and the X-ray fluores-

cence emitted by the sample is collected using solid state
detectors, either a 16-element Ge array, energy dispersive
X-ray fluorescence detector (Canberra Industries, Inc.) or a
Vortex-EX Si drift detector (Radiant Detector Technologies
LLC). Both of these detectors used digital signal processing
electronics with energy resolutions of 130 (Vortex) to
150 eV (Canberra) for Ti and V K fluorescence peaks.

The samples, in the form of polished thin sections (except
for one polished chip), were placed on an x-y-z stepping mo-
tor stage (1 um resolution, positioned at 45° to the incident
beam), allowing the analysis point of interest to be placed in
the monochromatic X-ray beam, as described in Sutton
et al. (2005). During the acquisition of XANES spectra,
two devices were scanned in unison, the undulator gap (con-
trolling the energy of the fundamental peak in the undulator
radiation spectrum) and the monochromator (controlling
the excitation energy of fluorescence). The position stability
of the beam on the sample (<1 pm) was verified prior to the
measurements by viewing the beam on a phosphor screen as
these motions were executed.

The typical XANES spectrum was acquired from 5460
to 5600 eV (V) and 4960 to 5100eV (Ti) with 0.25 (V)
and 0.20 (Ti) eV monochromator steps over the pre-edge
and edge region. Total acquisition times per energy step
varied from 0.5 s to 1 min depending on Ti or V concentra-
tion. Energy calibration was obtained from XANES spec-
tra of Ti and V metal foils (EXAFS Materials, Danville,
CA). The first peak in the derivative spectrum was defined
to be 5465 (V) and 4966 (Ti) eV. In each XANES spectrum,
the pre-edge background was subtracted and the difference
normalized to the highest count rate within the spectrum.

For both Ti and V, the pre-edge peaks were used for va-
lence determinations. Analysis of the pre-edge region was
conducted after subtracting the edge step contribution via
an interactive spline-fitting routine. The pre-edge regions
consist of several overlapping peaks due to transitions from
Ls energy levels to bound 3d molecular orbitals (e.g., Way-
chunas, 1987), and the intensities and energies of features
are valence sensitive. Titanium valence determinations were
made from the ratios of the intensities of the main pre-edge
multiplet components at 4969 and 4971 eV, the intensity of
the latter being most sensitive to valence variations (Way-
chunas, 1987). Intensity ratios were determined by Lorentz-
ian peak fitting of the multiplet ensemble. These valence-
sensitive variations in intensity are due primarily to modifi-
cations in the distortion of the Ti site. Variations in inten-
sity can also arise from differences in site geometry (e.g.,
tetrahedral vs. octahedral) but such effects are expected to
be minimal in this work, where Ti in clinopyroxene is ex-
pected to be in octahedral coordination (e.g., Dowty and
Clark, 1973). As will be shown below, the concordance of
Ti valence state determinations between EMP and XANES
for high- Ti fassaite supports this interpretation.

Ti valence standardization was obtained using spectra
for endmember silicate standards: Ti*" (synthetic NaTi*"-
Si,0g, isostructural with acmite; Prewitt et al., 1972) and
Ti*t (natural acmite, Norway; natural titanite, Australia).
These standards have multiplet intensity ratios (high en-
ergy/low energy) of 0.6 and 2.7, respectively (Waychunas,
1987). Vanadium valence was determined from the absolute
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Fig. 1. A Ti-, V-rich spike in a fassaite grain, PF6, in Allende Type Bl inclusion TS34. (a) Backscattered electron image of the outer part of
the crystal. Short arrows indicate the sharp contact (location of the “spike”) between the lighter, relatively Ti-, V-rich fassaite and the darker,
relatively Ti-,V-poor fassaite it encloses. The location of EMP and XANES traverses is indicated by the long arrow. (b) Variation of Ti oxide

abundances across the spike for the traverse shown in (a). Note the sharp increases in Ti,O3 and in TiO, + Ti,Os. (c) Variation of Ti**/Ti*",

tot

V,0; and Sc,03 across the spike for the traverse shown in (a). Note the sharp increases in Ti*T/Ti*" and V,05 but not in Sc,05.

intensity of the pre-edge peak ensemble, following the pro-
cedure described by Sutton et al. (2005) based on XANES
spectra of the basaltic glass standards of Schreiber and Ba-
lazs (1982). In the present work, V>* and V** are the most
relevant and these species have pre-edge peak intensities of
0 and 115, respectively (normalized to an absorption edge
step of 1000; Sutton et al., 2005). For both elements, the va-
lence of unknowns was determined from linear interpola-
tion of the endmember values.

3. RESULTS
3.1. Fassaite in Type B refractory inclusion interiors

3.1.1. Ti-, V-rich “spikes” in Type Bl inclusions

Electron microprobe and XANES traverses were con-
ducted across spikes in two fassaite crystals, PF6 and
ZF2, in Allende inclusion TS34 (B1). Within a given grain,
the relatively Ti-, V-rich fassaite is revealed by its high
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Table 1
Representative electron microprobe analyses of fassaite from traverse across spike in TS34 PF6

1 2 3 4 5
MgO 9.98 9.59 9.88 10.86 12.05
AlL,O; 19.57 16.98 17.95 16.55 15.19
SiO, 39.92 39.23 40.19 42.03 43.94
CaO 25.26 25.13 25.21 25.38 25.64
TiO,"™" 4.27 7.47 6.12 4.85 3.07
V,0; 0.03 0.30 0.30 0.07 0.03
Cr,04 0.13 0.06 0.04 0.07 0.07
FeO BDL BDL 0.04 BDL BDL
Tiy03 1.46 4.93 3.65 2.79 1.09
TiO, 2.64 2.06 2.06 1.76 1.86
Sum 99.00 98.29 99.33 99.51 99.88
Cations per 6 oxygen anions
Si 1.475 1.482 1.489 1.547 1.604
VAl 0.525 0.518 0.511 0.453 0.396
VIAL 0.327 0.237 0.273 0.265 0.257
Mg 0.549 0.540 0.546 0.596 0.656
Fe 0.000 0.000 0.001 0.000 0.000
\'% 0.001 0.008 0.008 0.002 0.001
Cr 0.004 0.002 0.001 0.002 0.002
T+ 0.045 0.154 0.113 0.086 0.033
Ti*t 0.073 0.058 0.058 0.049 0.051
Ca 1.000 1.000 1.000 1.000 1.000
Ti*t/Ti' 0.381 0.727 0.663 0.638 0.393

1, Last pre-spike point. 2, First post-spike point, ~12 pm from anal. 1. 3, Post-spike, 25 um from anal. 2. 4, Post-spike, 55 um from anal. 2. 5,
Post-spike, 108 um from anal. 2. Analyses are normalized to four total cations, including exactly one Ca and two tetrahedral cations per 6
oxygen anions according to the method of Beckett (1986). Sums include Ti,Os and TiO,, not TiO,''. BDL, below detection limit of 0.038 wt%
FeO. All analyses have Sc,03 contents below the detection limit of 0.037 wt%.

albedo in backscattered electron images (e.g., Fig. 1a). The
contacts between the Ti-, V-rich and Ti-, V-poor fassaite
are sharp and irregular. The location of the EMP and
XANES traverses in PF6 is indicated by the long arrow
in Fig. la, which shows that they start in low-albedo, Ti-
poor fassaite to the left (interior) of the lighter, relatively
Ti-rich fassaite that defines the spike. The traverse path
goes across the spike (short arrows) toward the edge of
the crystal, so we interpret the starting point as being in
pre-spike fassaite. As illustrated in Fig. 1b, the EMP anal-
yses show that at the spike, fassaite Ti,O3 contents sharply
increase, TiO, decreases slightly, and therefore total Ti oxi-
des, TiO, + Ti,03, also increase sharply. Sharp increases in
Ti**/Ti*" and in V (reported as V,03) are also seen,
although Sc,03, also compatible in fassaite (Simon et al.,
1991) but with only one valence state, remains flat
(Fig. 1c). Because values of Ti>*/Ti'®! derived from electron
probe analyses with TiO, + Ti,O3 contents <~4 wt% are
poorly defined, the trend of this ratio becomes erratic, with
large uncertainties, for the low-Ti fassaite at distances
>100 um into the traverse (Fig. Ic). Representative analy-
ses from the traverse are given in Table 1.

Results of XANES traverses across the same spike are
presented in Tables 2 and 3 and are illustrated in Fig. 2.
Relative abundances of Ti and V were determined from
K, count rates and are shown for correlation of the mea-
surements with the EMP data and with the location of
the spike. The increases in Ti content and in Ti*t/Ti*!

are clearly seen. The XANES data also show that Ti**/Ti*
values did not return to their pre-spike levels after the for-
mation of the spike (Fig. 2b). The late, post-spike fassaite
has Ti*"/Ti' values slightly lower than that at the spike
but much higher than in the pre-spike fassaite.

A direct comparison of the Ti valence measurement re-
sults using the two methods for this traverse, for analyses
from the high-Ti region (TiO,"" > 4%), is shown in
Fig. 2c. The overall agreement is generally good, but the
XANES Ti*"/Ti*" data are systematically higher than the
EMP by about 0.1, a value whose magnitude is comparable
to the 20 uncertainty (1o error bars are shown). In the EMP
analyses, Ti>*/Ti*' increases from 0.38 +0.06 (15) to
0.73 £ 0.03 at the spike, and XANES gives 0.46 4+ 0.03
and 0.86 4+ 0.06 (1) for the two points closest to the spike
(Fig. 2¢).

Results of measurements of V. XANES spectra are
shown in Fig. 2d and e. The spike in V abundances is clearly
detected (Fig. 2d), but a change in V>*/V'®' is not observed
(Fig. 2e); the results for the latter range from 0.46 4 0.04 to
0.53 + 0.03 (10), indicating that V>* ~ V3* throughout the
traverse.

Results from a XANES traverse across a spike in an-
other crystal from TS34, ZF2, are summarized in Fig. 3.
Ti**/Ti*" increases from 0.36 + 0.03 to 0.81 4 0.05 at the
spike. Post-spike values are flat at ~0.75 (Fig. 3b) and, as
in PF6, are much higher than the pre-spike values of
~0.4. Also like PF6, the increase in V abundance
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Table 2
Titanium K XANES data for line scans across the concentration spikes in two interior fassaite grains from Allende
Relative position (pum) Ti abundance (counts) Peak ratio Valence Tid /it G
Allende TS34 ZF2
0 172,000 1.94 3.63 0.37 0.04
7 191,000 1.78 3.56 0.44 0.05
15 191,000 1.89 3.61 0.39 0.04
22 202,000 1.91 3.62 0.38 0.02
30 200,000 1.96 3.64 0.36 0.03
37 205,000 1.74 3.54 0.46 0.04
45 269,000 1.37 3.36 0.64 0.04
52 288,000 1.18 3.28 0.72 0.04
60 288,000 0.97 3.19 0.81 0.05
67 271,000 0.98 3.20 0.80 0.04
75 252,000 1.03 3.24 0.76 0.05
82 232,000 0.99 3.26 0.74 0.05
90 231,000 1.13 3.27 0.73 0.01
97 216,000 1.14 3.25 0.75 0.01
105 220,000 1.08 3.23 0.77 0.04
112 212,000 1.11 3.24 0.76 0.06
120 230,000 1.07 3.22 0.78 0.04
Allende TS34 PF6
0 207,000 1.79 3.57 043 0.05
20 200,000 1.86 3.60 0.40 0.03
40 193,000 1.77 3.56 0.44 0.03
60 183,000 1.73 3.54 0.46 0.03
80 269,000 0.90 3.14 0.86 0.06
100 242,000 1.00 3.19 0.81 0.08
120 200,000 1.04 3.21 0.79 0.05
140 162,000 1.15 3.26 0.74 0.07
160 122,000 1.32 3.34 0.66 0.03
180 132,000 1.25 3.31 0.69 0.01
200 127,000 1.28 3.32 0.68 0.03

Counts for the Ti Ko fluorescence peak (second column) are useful for relative abundance determinations within a scan. “Peak ratio” is the
intensity ratio of the high and low energy pre-edge peaks (see text). Both formal valence and trivalent fraction are given along with one
standard deviation values derived from multiple fittings of the pre-edge multiplet.

(Fig. 3c) is not accompanied by a change in valence. Mea-
sured V2*/V*°t values range from 0.35 £ 0.05 to 0.72 + 0.10
(1o), averaging 0.58 + 0.11 (Fig. 3d). Overall, in both crys-
tals, the V valence is more homogeneous than the Ti
valence.

3.1.2. V valence in Type B2 inclusions

In fassaite crystals in Type BI inclusions, the Ti**/Ti*
ratio tends to decrease from the cores to the rims of crystals
(Simon et al., 1991), while fassaite in Type B2 inclusions is
unzoned with respect to Ti**/Ti** (Simon and Grossman,
2006). This indicates that in B2s, unlike Bls, the residual li-
quid maintained equilibrium with the surrounding gas.
Although this raises the possibility that B2s might be more
reduced than Bls, the average Ti’"/Ti'® ratio calculated
from a large suite of electron probe analyses of Type B2
fassaites is within error of the average for Bl fassaite (Si-
mon and Grossman, 2006). For comparison with Type Bl
inclusions, we measured V valence in fassaite in Allende
Type B2 inclusion TS21, and the results are summarized
in Fig. 4 and Table 3.

One traverse (Fig. 4a and b) is from the core to the rim
of a monotonic, normally zoned single crystal, and the
other (Fig. 4c and d) is across a sector-zoned grain that

was discussed in some detail by Simon and Grossman
(2006), shown here in Fig. 5. The latter traverse starts in
a sector rich in the CaTs (CaAlAlSiOg) pyroxene compo-
nent and crosses into a diopside (Di)-rich sector. Both tra-
verses show decreasing V contents with distance from the
centers of the crystals (Fig. 4a and c). Like those for Ti (Si-
mon and Grossman, 2006), the V valence trends are flat
overall and erratic, with sudden fluctuations and no system-
atic trend with distance or sector. The average V valences of
the two grains in TS21 are within 1o of each other; the aver-
age V2T/V™ for Grain 4 is 0.48 + 0.09 (Fig. 4b), and the
average for Grain 5 is 0.60 +0.10 (Fig. 4d). The results
of the measurements of V valence in the Type B2 inclusion
are well within the range seen in Type Bl fassaite. In com-
parison, V in lunar volcanic glasses is predominantly V%,
with an average valence of 2.90+0.08 (V>7/vto=
0.10 + 0.08; Sutton et al., 2005), and in terrestrial basalts
V is predominantly V** (Sutton et al., 2005), as determined
by the same technique as used here.

3.2. Pyroxene in rims on refractory inclusions

Many refractory inclusions are enclosed in sequences of
mineralogically distinct layers, first described by Wark and
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Table 3
Vanadium K XANES data for line scans of interior fassaite and a rim from Allende
Relative position (pum) V abundance (counts) Peak ratio Valence vyt G
Interior Fassaite
Allende TS34 ZF2
0 49,700 69 2.56 0.44 0.04
7 50,200 49 241 0.59 0.10
15 50,600 55 245 0.55 0.04
22 52,800 48 2.40 0.60 0.06
30 54,100 41 2.34 0.66 0.13
37 93,300 40 2.33 0.67 0.08
45 166,000 48 2.40 0.60 0.04
52 180,000 52 243 0.57 0.05
60 148,000 64 2.52 0.48 0.02
67 138,000 51 242 0.58 0.02
75 142,000 39 2.32 0.68 0.09
82 163,000 34 2.28 0.72 0.10
90 153,000 34 2.28 0.72 0.08
97 130,000 57 2.47 0.53 0.09
105 108,000 79 2.65 0.35 0.05
112 102,000 37 2.30 0.70 0.05
120 77,900 65 2.53 0.47 0.02
Allende TS34 PF6
0 20,100 66 2.51 0.49 0.02
50 95,800 63 2.49 0.51 0.04
70 96,900 61 247 0.53 0.02
90 87,300 66 2.51 0.49 0.03
102 55,600 63 2.49 0.51 0.04
150 18,200 69 2.54 0.46 0.03
Allende TS21 Grain 4
0 58,900 70 2.55 0.45 0.07
10 65,100 76 2.59 0.41 0.08
20 49,600 58 245 0.55 0.05
30 57,400 93 2.73 0.27 0.08
40 61,100 66 2.51 0.49 0.08
50 62,000 57 2.44 0.56 0.08
60 58,300 65 2.51 0.49 0.06
70 58,600 71 2.55 0.45 0.03
80 56,100 74 2.58 0.42 0.02
90 55,200 83 2.65 0.35 0.04
100 53,600 59 2.46 0.54 0.04
110 52,100 64 2.50 0.50 0.04
120 48,400 65 2.51 0.49 0.02
150 48,400 47 2.37 0.63 0.08
160 46,200 49 2.38 0.62 0.04
170 45,600 80 2.62 0.38 0.08
180 42,500 69 2.54 0.46 0.06
190 39,400 72 2.56 0.44 0.03
200 40,600 47 2.37 0.63 0.08
230 30,100 59 2.46 0.54 0.03
240 28,500 66 2.51 0.49 0.07
Allende TS21 Grain 5
0 37,600 55 243 0.57 0.05
10 42,200 65 2.51 0.49 0.04
20 39,900 72 2.56 0.44 0.05
30 43,200 28 2.22 0.78 0.09
40 45,200 33 2.26 0.74 0.09
50 43,900 48 2.37 0.63 0.06
70 46,200 55 243 0.57 0.06
80 48,200 68 2.53 0.47 0.02
90 49,800 41 2.32 0.68 0.08
100 49,800 43 2.34 0.66 0.05
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Table 3 (continued)
Relative position (pum) V abundance (counts) Peak ratio Valence V2 vt o
120 53,800 51 2.40 0.60 0.06
130 53,500 50 2.39 0.61 0.04
140 65,000 43 2.34 0.66 0.07
150 48,200 55 2.43 0.57 0.07
180 39,300 59 2.46 0.54 0.06
190 38,300 62 2.48 0.52 0.07
200 34,700 45 2.35 0.65 0.08
210 30,400 45 2.35 0.65 0.09
220 28,100 66 2.51 0.49 0.08
230 22,800 32 2.25 0.75 0.10
Rim
Allende TS24 Rim 3
0 19,500 47 2.36 0.64 0.10
2 19,400 50 2.39 0.61 0.08
4 24,200 42 2.33 0.67 0.09
6 22,400 44 2.35 0.65 0.11
8 17,100 43 2.33 0.67 0.04
10 14,000 57 2.44 0.56 0.07
12 9240 64 2.50 0.50 0.08

Counts for the V Ka fluorescence peak (second column) are useful for relative abundance determinations within a scan. “Peak ratio” is the
intensity ratio of the high and low energy pre-edge peaks (see text). Both formal valence and divalent fraction are given along with one
standard deviation values derived from multiple fittings of the pre-edge multiplet.

Lovering (1977), that must have formed after the host
inclusions. A common sequence, from the CAI outward,
consists of: a spinel & perovskite layer; voids, melilite, or
alteration products; and clinopyroxene. The pyroxene layer
may be immediately adjacent to spinel and is commonly
zoned from Ti-rich fassaite nearest the spinel layer to Ti-
poor aluminous diopside over distances of ~10 um (Wark
and Lovering, 1977). The Ti-bearing pyroxene in the rims
is therefore a potential recorder of nebular oxygen fugacity
at some time after the formation of CAls. **Mg—>Al isoto-
pic dating of rims indicates that they are 1-4 x 10° yr youn-
ger than their host inclusions (Taylor et al., 2004; J. Simon
et al., 2005).

Also in the work of J. Simon et al. (2005), from electron
probe data first reported by Dyl et al. (2005), the pyroxene
in the rim of a compact Type A inclusion from Leoville,
144A, was found to have low CaO and high MgO contents
relative to typical fassaite, such as that in the interior of the
inclusion. The Ca contents were as low as 0.83 cations per
formula unit, and those authors did not feel justified in nor-
malizing the analyses to exactly one Ca cation per 6 oxygen
anions. They also found that many of the analyses had ~4
cations per 6 oxygen anions with all Ti assumed to be Ti**,
indicating negligible Ti*" contents. Derivation of Ti**/Ti**
ratios from electron probe analyses, however, is quite
dependent upon how the data are normalized, and it is un-
clear how these analyses should be treated. To see if the
pyroxene in Wark—Lovering rims truly is devoid of Ti**,
we used XANES spectroscopy to determine the Ti valence
in pyroxene in the rims of 144A and TS24, a large, fluffy
Type A inclusion from Allende. The valence of V in the
rim pyroxene of the latter inclusion was also measured (Ta-

ble 3), and the results of the Ti measurements for both
inclusions are given in Table 4.

Inclusion TS24 has a well-developed rim sequence, from
the CAI outward to the matrix, of spinel and clinopyrox-
ene, the latter zoned from Ti-, Al-rich fassaite to nearly
pure diopside over ~20 um. The spinel-pyroxene contacts
are sharp. A view of a typical rim segment is shown in
Fig. 6a. The pyroxene rim layer can be seen as a continuous
gray band at the contact between the inclusion (CAI) and
the meteorite matrix (mtx). Fig. 6b shows Area 2 Rim 3,
one of the locations where EMP and XANES analyses were
collected in traverses across the rim. The electron albedo of
the pyroxene decreases with distance from the contact with
spinel, reflecting decreasing Ti contents. The composition
variation of the pyroxene across the rim is shown by the
EMP data illustrated in Fig. 7. In addition to Ti oxide con-
tents, those of Al,O5 also sharply decrease with increasing
distance from the spinel contact, and there are complemen-
tary increases in MgO and in SiO, (not shown) over the in-
ner ~7 um, beyond which the compositions are uniform.
The Ti, Mg and Si trends mimic typical core-to-rim zoning
trends of fassaite in the interiors of Type B inclusions (Si-
mon et al.,, 1991). Contents of V,O3; (<0.3 wt%) and
Sc,0; (below detection) are low, which is typical of low-
Ti fassaite. The first five analyses of the Rim 3 traverse,
those closest to the spinel contact, are presented in Table
5, with and without normalization to exactly one Ca cation
as part of four total cations per 6 oxygen anions.

In addition to the features in common with interior
fassaite, the rim pyroxene has some differences. These are
illustrated in Fig. 8, which shows the inner half of the Area
2 Rim 3 traverse. Like many of the analyses of rim
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(e) V*T/V*", showing no variation across the spike.

pyroxene reported by J. Simon et al. (2005), the first two
analyses of the traverse have ~4 total cations and <0.95
cations of Ca per 6 oxygen anions (Fig. 8a). Thus, no
Ti** is indicated, whether or not the analyses are normal-
ized to one Ca cation per 6 oxygen anions, as shown in
Fig. 8b and Table 5. The other analyses in the traverse have

>0.95 Ca per 6 oxygens, like “normal” fassaite, and the two
with >4 wt% TiO," have calculable Ti*", with Ti*"/Ti*!
values of 0.5540.06 and 0.51 4 0.07 with normalization
to one Ca, and 0.66 = 0.06 and 0.74 4 0.08 without. The
Ti**/Ti*" values calculated for the pyroxene in the remain-
der of the traverse, with <4 wt% TiO,'*, are negative with
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normalization to one Ca, but the results of this calculation
for pyroxene with such low Ti contents are not meaningful.

The XANES measurements of Ti valence along the same
traverse show a quite different trend. In Fig. 9a, both Ti**/
Ti'*°" and relative Ti abundance in rim pyroxene are plotted
as a function of distance from the contact with spinel. The
Ti content drops sharply, as seen in the EMP data, but
Ti**/Ti'®" does not. The ratio is nearly constant at ~0.53
through the first half of the traverse, then it decreases
slightly to between 0.4 and 0.5. The average for the traverse
is 0.48 4+ 0.08. Unlike the EMP measurements of the first
two spots in this traverse (Fig. 8b) and the analyses of the
Leoville 144A rim by J. Simon et al. (2005), no Ti*"-free
pyroxene is observed. The measured Ti*"/Ti'" agrees with
that calculated for the two EMP analyses that have
>4 wt% TiO,"" and positive Ti’" after normalization to

one Ca per 6 oxygens (analyses 3 and 4 in Table 5). A
XANES traverse across the rim elsewhere in the thin sec-
tion (TS24 Rim 1) also yielded fairly uniform Ti**/Ti*** val-
ues, from 0.55 to 0.6, near the spinel contact, decreasing to
~0.45 at the outer edge. The average Ti>/Ti'" for the tra-
verse, 0.55 £ 0.07, is within error of that for Rim 3. The
average Ti*"/Ti' for all of our analyses of the pyroxene
in the TS24 rim is 0.51 &+ 0.08.

The valence of V was also determined for Area 2 Rim
3, and those results (relative abundances and V>'/V'®
are illustrated in Fig. 9b. Like the Ti traverse, abundance
decreases with distance from spinel while the valence is
constant, with an average V>*/V'" of 0.61 + 0.06. Thus,
the measurements of Ti and V valence in the rim yield
fairly uniform ratios, with values that are well within
the ranges seen in fassaite from inclusion interiors and



3108
az’
TS21
Grain 4
XANES
61
—
o
x
[2]
€ 5
3
I}
o
©
[&]
C
S 4
c
>
Ne)
[v]
>
3
2
0 50 100 150 200 250
Distance (um)
7
c CaTs-rich | Di-rich
«— e
6
—
o
x
[2]
€ 5
>
Q
o
©
[&]
c
S 4
= q
3
G
TS21
> Grain 5
3
2
0 50 100 150 200 250

Distance (um)

S.B. Simon et al. / Geochimica et Cosmochimica Acta 71 (2007) 3098-3118

b 0.8
TS21
Grain 4
0.7
0.6
e}
>
= 05 W ]
o~ + J T
> | /‘ ‘
average =
04 0.48£0.09 1
0.3
0.2
0 50 100 150 200 250
Core Distance (um) Rim
d 0.9
CaTs-rich | Di-rich
0.8
0.7
s
= { A
£ osf \m i
> [
0.5
average =
0.60£0.10
0.4
TS21
Grain 5
0.3
0 50 100 150 200 250

crystal interior crystal rim —

Distance (um)

Fig. 4. XANES traverses across two fassaite grains in Allende Type B2 inclusion TS21. (a) Relative V abundance in Grain 4 vs. distance from
the crystal core. (b) Vanadium valence in Grain 4. (c) Relative V abundances in a traverse across Grain 5, a sector-zoned crystal. The traverse
started in the interior of the crystal in a CaTs-rich sector and crossed into a Di-rich sector, proceeding toward the edge of the crystal.

(d) Vanadium valence in Grain 5.

are consistent with formation under highly reducing
conditions.

Like the pyroxene layer in the rim sequence on TS24, the
one in 144A is 10-20 pum thick. Its inner edge is, in various
places, in contact with spinel + hibonite, melilite, anorthite,
or void space. Its outer edge is in contact with the meteorite
matrix. Locally the layer contains inclusions of FeO-rich
secondary alteration products and olivine (Fig. 10). As in
TS24, electron probe analyses collected in traverses across
the rim of 144A show decreasing Al,O; and increasing
MgO contents with increasing distance from the inner con-

tact. Our analyses have 0-5.7 wt% TiO,"" (1.2 wt% aver-
age) and 0.5-6.8 wt% FeO (2.3 wt% average). Many have
low Ca contents, <0.95 cation per 6 oxygen anions, com-
pared to those of typical fassaite in the interiors of refrac-
tory inclusions, as was also found in this sample by
J. Simon et al. (2005). A somewhat unusual feature of the
present analyses is that FeO and CaO are anticorrelated
(Fig. 11a) while no correlation is observed between MgO
and FeO (Fig. 11b). Typically in ferromagnesian minerals,
Fe substitutes for Mg and they are anticorrelated. Most
of our analyses have TiO,"" contents that are too low for
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foied

3 Allende Type B2 TS21

Fig. 5. Backscattered electron image of sector-zoned fassaite,
Grain 5 in TS21. Also shown are paths along which electron probe
(emp) and XANES data were collected. The emp results were
reported by Simon and Grossman (2006).

accurate calculation of Ti*™/Ti'! ratios. Of our 96 analyses,
only 10 have >4 wt% TiO,"". Of these, five have calculated
Ti**/Ti'" ratios that are negative, and the other five have
ratios ranging from 0.18 to 0.83, with an average of
0.42 + 0.26, without normalization to one Ca cation per
four total cations.

J. Simon et al. (2005) did not conduct traverses across
the rim, but instead analyzed relatively Ti-rich pyroxene,
with 2.3-7.7 wt% TiO,"", found by X-ray mapping. Of their
26 analyses, 22 have >4 wt% TiO,", 15 with calculated
Ti**/Ti*" that are negative and 7 with positive Ti**/Ti*",
ranging from 0.10 to 0.48 and averaging 0.31 4 0.15, with-
out normalization to one Ca cation per four total cations.
The J. Simon et al. (2005) data also display a negative cor-
relation, weaker than observed in our data, between CaO
and FeO, and no correlation between MgO and FeO.

Results of the XANES measurements of Ti abundance
and valence in the rim pyroxene of 144A (Table 4) are
not as straightforward as those for TS24; analyses collected
along six traverses in four different regions show significant
proportions of Ti*" while two traverses, in two other re-
gions, include analysis points with Ti*/Ti*' ratios that
are nearly zero. In one of the latter cases, Area 5 (AS5)
Rim 2, the thickness of the rim approaches the depth of
sampling for XANES analysis, ~10 pm, so unless the con-
tacts are at high angles to the plane of the section, underly-
ing material would have been sampled. As a test, we
analyzed four matrix spots and obtained a mean Ti>*/Ti*
ratio of 0.08 £ 0.06 (1lo). This suggests that inclusion of
underlying matrix material in the analysis volume can give
results with erroneously low Ti*"/Ti' ratios. The other
area that yielded low Ti*"/Ti'" ratios (Dyl3 Rim) was also
analyzed by J. Simon et al. (2005). We found that it con-
tains inclusions of Ti-, Fe-bearing secondary alteration
products (Fig. 10a). Inclusion of such oxidized materials
in the analysis volumes probably lowered the Ti**/Ti'*" ra-
tios in some of the XANES analyses of this area.

The results of a XANES traverse across a pure pyroxene
rim layer (Area 5 Rim 3) are illustrated in Fig. 12. As in the

rim on TS24, Ti contents decrease with increasing distance
from the contact with the spinel layer. The profile of the
Ti**/Ti*" ratio is also quite like that of TS24; rather flat
and between 0.5 and 0.6 near the spinel contact, decreasing
to between 0.4 and 0.5 further away; the mean value is
0.49 + 0.07 (10). Averages for four other XANES traverses
of the rim of 144A are 0.38 + 0.09, 0.50 + 0.04, 0.44 + 0.04,
and 0.33 4 0.02, and the average Ti*"/Ti'" for all 144A rim
analyses excluding the A5 Rim 2 traverse is 0.41 4+ 0.14.
This indicates that there is significant Ti*" in the rim pyrox-
ene. The XANES analyses of rim pyroxene from two differ-
ent inclusions yield average Ti**/Ti'*! ratios of 0.51 + 0.08
and 0.41 + 14; they are within error of each other at levels
well within the range found for fassaite from the interiors of
inclusions.

4. DISCUSSION
4.1. Fassaite in Type B refractory inclusion interiors

4.1.1. Formation conditions of Types Bl and B2 inclusions

Evidence for the formation of Types B1 and B2 inclu-
sions at similar fo,s comes from Grossman et al. (in press),
who derived the fo, for fassaite crystallization in CAI lig-
uids by applying an experimental calibration of the Ti**/
Ti*" ratio in synthetic fassaite coexisting with melilite at a
temperature of 1509 K. Their results are summarized in
Fig. 13, a plot of log fo, vs. inverse temperature in Kelvins,
for three vanadium buffers and the Ti,O5-TiO, (Ti**/Ti*")
buffer, calculated from thermodynamic data for pure oxides
(Chase, 1998). The Ti,03-TiO, and VO-V,03, or VZ7/V3T,
buffers are very close together, and have similar slopes. The
variation of log fo, with inverse temperature during con-
densation of a system of solar composition is shown for ref-
erence. The point in Fig. 13 that represents the fo, of CAI
formation is an average of 12 values obtained by Grossman
et al. (in press); two reactions were applied to phase compo-
sitions in each of two compact Type A, two Bl and two B2
inclusions. These equilibria are not solely dependent upon
the Ti**/Ti*" ratios of the fassaite; they also include terms
for the Diopside and Ca-Tschermak’s pyroxene compo-
nents and the coexisting melilite compositions. Their results
yield an average log fo, of formation for Type B1 inclusions
of —19.6 £0.7, within lo of the average of B2s,
—19.1 £0.6, and within 1.5 log units of the fo, of a solar
gas, —18.1f8:§, or IW-6.8, at the average calibration temper-
ature, 1509 K. The experimental calibration of the CAI
point plots well below the theoretical buffer curve for
Ti,05-TiO,, reflecting the fact that the activities of these
components in complex, real systems can differ markedly
from those of the pure oxides.

The VZ'/V3" ratios of fassaite in Types Bl and B2
coarse-grained refractory inclusions are virtually identical.
Assuming they are primary and have not been significantly
reset, and that the VZ*/V>" equilibrium in this system is off-
set from the theoretical buffer curve in the same direction
and by a similar amount as the Ti**/Ti*" equilibrium is,
the VZ*/V3" ratios of fassaite are consistent with formation
of Types Bl and B2 inclusions at similar fo,s, in a gas that
was at least as reducing as one of solar composition. The
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Table 4
Titanium K XANES data for rims from Allende and Leoville
Relative position (um) Ti abundance (counts) Peak ratio Valence Ti3t/Titt o
Allende TS24 Rim 1
0.0 64,500 1.49 3.42 0.58 0.01
1.5 74,900 1.52 3.44 0.56 0.04
3.0 98,600 1.44 3.40 0.60 0.04
4.5 95,900 1.42 3.39 0.61 0.04
6.0 66,700 1.41 3.39 0.61 0.04
7.5 47,000 1.57 3.46 0.54 0.07
9.0 28,000 1.44 3.40 0.60 0.05
10.5 19,500 1.46 3.41 0.59 0.07
12.0 14,100 1.70 3.52 0.48 0.07
13.5 12,600 1.33 3.35 0.65 0.07
15.0 10,500 1.66 3.50 0.50 0.04
16.5 8820 1.80 3.57 0.43 0.04
18.0 8040 1.76 3.55 0.45 0.09

Allende TS24 Rim 3

0.0 100,000 1.62 3.49 0.51 0.04
1.5 99,000 1.46 3.41 0.59 0.07
3.0 82,600 1.60 3.48 0.52 0.07
4.5 63,000 1.59 3.47 0.53 0.05
6.0 38,200 1.59 3.47 0.53 0.06
7.5 27,900 1.61 3.48 0.52 0.05
9.0 19,400 1.43 3.40 0.60 0.05
10.5 15,500 1.55 3.45 0.55 0.05
12.0 13,400 1.69 3.52 0.48 0.04
13.5 12,500 1.77 3.56 0.44 0.05
15.0 10,600 1.81 3.58 0.42 0.05
16.5 9420 1.98 3.66 0.34 0.08
18.0 8150 1.58 3.47 0.53 0.11
19.5 7270 1.93 3.64 0.36 0.06
21.0 6520 1.85 3.60 0.40 0.06
22.5 5630 1.90 3.62 0.38 0.06

Leoville 1444 A5 Rim 3

0 41,000 1.51 343 0.57 0.03
2 35,900 1.43 3.40 0.60 0.05
4 32,200 1.53 3.44 0.56 0.04
6 27,800 1.49 343 0.57 0.06
8 26,200 1.84 3.59 0.41 0.07
10 24,300 1.59 3.47 0.53 0.03
12 18,600 1.69 3.52 0.48 0.03
14 16,600 1.69 3.52 0.48 0.07
16 13,700 1.91 3.62 0.38 0.03
18 10,100 1.65 3.50 0.50 0.07
spot 1 11,400 1.73 3.54 0.46 0.07
spot 2 4200 1.67 3.51 0.49 0.05
spot 3 8300 1.21 3.29 0.71 0.11
Leoville 1444 A5 Rim 2
0 5890 2.15 3.74 0.26 0.02
3 6180 2.59 3.95 0.05 0.03
6 10,800 2.83 4.06 —0.06 0.02
9 16,100 2.37 3.84 0.16 0.03

Leoville 1444 A6 Rim 1

spot 1 5470 1.85 3.60 0.40 0.04
spot 2 4110 1.38 3.37 0.63 0.08
spot 3 30,700 231 3.81 0.19 0.03
spot 4 29,800 2.05 3.69 0.31 0.05

Leoville 1444 Dyl3 Rim
0 14,800 2.03 3.68 0.32 0.03
6 9110 2.03 3.68 0.32 0.05
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Table 4 (continued)
Relative position (um) Ti abundance (counts) Peak ratio Valence Ti*t/Tit o

9 5860 2.69 3.99 0.01 0.11
12 4080 2.15 3.74 0.26 0.10
15 5250 2.37 3.84 0.16 0.04
18 5770 1.93 3.63 0.37 0.07
Leoville 1444 A7B Rim 1

0 264,000 1.81 3.58 0.42 0.04

2 136,000 1.65 3.50 0.50 0.05

4 54,000 1.50 3.43 0.57 0.13
Leoville 1444 A7B Rim 2

0 162,000 1.92 3.63 0.37 0.02

2 156,000 1.61 3.48 0.52 0.04

4 68,000 1.83 3.58 0.42 0.08
Leoville 1444 A7B Rim 3

0 43,300 2.11 3.72 0.28 0.16

2 41,200 2.04 3.68 0.32 0.06

4 21,600 2.05 3.69 0.31 0.06

5 32,100 2.08 3.71 0.29 0.09

6 22,200 1.98 3.66 0.34 0.19

8 17,500 1.80 3.57 043 0.15
Leoville 1444 A7 Rim 1

0 20,300 1.91 3.62 0.38 0.06

2 19,200 2.10 3.71 0.29 0.10

4 16,200 1.82 3.58 0.42 0.05

6 12,400 1.82 3.58 0.42 0.09

Positions given in numerical form reflect distances along line scans. Counts for the Ti Ka fluorescence peak (second column) are useful for relative
abundance determinations within a scan. ““Peak ratio” is the intensity ratio of the high and low energy pre-edge peaks (see text). Valence is listed
both as formal valence and as trivalent fraction. Sigma is the one standard deviation of multiple fittings of the pre-edge multiplet.

fassaite—melilite equilibrium is the only experimentally cal-
ibrated fo, indicator that has ever been used to show that
any assemblage in chondrites formed in a gas that was close
to solar in composition.

4.1.2. Ti-, V-rich “spikes” in Type Bl inclusions

In some fassaite grains in Type Bl inclusions, sharp in-
creases, or ‘“‘spikes” in total Ti oxide content, total V oxide
content, and in Ti*"/Ti'*" are detected by both EMP and
XANES in traverses across crystals. At the spikes, because
Ti*"/Ti* increases, a reduction event is indicated, and V
would be expected to become more reduced at that point
as well, increasing the V>*/V'*°! ratio. As Fig. 13 shows, a
process that significantly increased the Ti**/Ti*" ratio of
a melt would be very likely to significantly increase its
V2/V3T ratio as well.

It is easy to understand why Ti*" is more compatible in
fassaite than Ti*" (Simon et al., 1991). Substitution of T3
for a divalent cation into the M1 crystallographic site in
fassaite requires a coupled substitution of AI** for Si*t in
the tetrahedral site for charge balance, whereas substitution
of Ti*' into the M1 site requires substitution of two A"
cations for two Si*" cations. In addition, the Ti’t cation
has a slightly larger radius than Ti*", giving it a better fit
into the M1 site (Papike et al., 2005).

In contrast, it is not clear which valence state of vana-
dium should be preferred by pyroxene. We infer from the
titanium systematics that the spikes reflect reduction events
in which the interiors of Type Bl inclusions equilibrated
with the nebular gas after having been isolated from it by
melilite mantles (Simon and Grossman, 2006). From the
locations of the relevant buffer curves (Fig. 13), an increase
in Ti**/Ti*" would be accompanied by an increase in V>7/V3.
The increase in V content at the spike would therefore indi-
cate that V' is more compatible than V>*, but based on its
similarity to Ti*" in terms of ionic radius, the V** cation
would be a better fit in the M1 site than would V' and
on that basis should be more compatible in pyroxene. On
the other hand, V>' could enter pyroxene without a
charge-balancing coupled substitution in the tetrahedral
site, which could make it more compatible than V3t A ser-
ies of experiments that are in progress should lead to a
determination of pyroxene/liquid distribution coefficients
as a function of oxygen fugacity and vanadium oxidation
state, down to VT,

Although it is likely that valence state changes originally
accompanied the V abundance changes at the spikes, none
are detected, and this is not yet understood. One possible
explanation is that there were originally sharp increases in
V2*/V3* at the spikes but they were erased in an in situ
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Fig. 6. Backscattered electron images of the rim of TS24. (a)
General view of a rim segment, showing the relationship between
the host inclusion (CAI), the rim, and the Allende matrix (mtx).
Note the spinel layer (black) of the rim and the pyroxene layer
adjacent to it, zoned from relatively Ti-rich (light) to Ti-poor
(dark). (b) Location of EMP and XANES traverses (arrow), Area
2, Rim 3.

25
Allende TS24
EMP Rim 3

Wit% Oxide

0 5 10 15
Distance from contact with spinel (um)

Fig. 7. Oxide abundances (wt%) measured by electron microprobe
(EMP) in the TS24 Area 2 Rim 3 traverse.

homogenization reaction involving later transfer of elec-
trons with Ti, according to the reaction

Ti"* + V¥ = TiF + V3

There is so much more Ti than V present that only a small
proportion of the Ti*" would be required to change its va-
lence to convert “excess” V2T to V3T, Note, however, that
not only is there no spike in V>*, but the V valence is uni-
form across the traverse. We do not know if the electron
transfer process should be expected to completely homoge-
nize the valence of vanadium, as is observed in the present
case. Charge transfer on cooling of silicate melt has been
observed between Fe®' and Cr*', oxidizing the latter to
the trivalent state and reducing the former to Fe*" (Berry
et al., 2006). Once fassaite/liquid distribution coefficients
for V* and V3" are determined, the crystal chemical
behavior of V in pyroxene, and the lack of a V valence state
change at the spikes will be better constrained.

4.2. Pyroxene in rims on refractory inclusions

The Ti-bearing pyroxene in the rims on some CAls is an
important recorder of fo, during its formation, which,
according to the work of J. Simon et al. (2005), occurred
1-3x 10° yr after the formation of CAls. Taylor et al.
(2004) also dated a Wark-Lovering rim and found it to
be 4.4 x 10° yr younger than its host CAI J. Simon et al.
(2005) concluded that rims formed at fo,s at least ~6 log
units higher than the f,, of CAI formation, and that inclu-
sions experienced a dramatic change in oxygen fugacity that
occurred over a relatively short time, probably as a result of
transport from a reducing environment to a relatively dust-
enriched, oxidizing one. Their fo, estimate was based on
their conclusion that the pyroxene in the rim has negligible
Ti**, from the average Ti*" content for all of their electron
probe analyses of —0.03 4= 0.02 cations per 6 oxygen an-
ions. Recall, however, that of the 26 analyses listed in the
appendix of J. Simon et al. (2005), four have <4 wt%
TiO,"* and are unlikely to give accurate Ti**/Ti'*" values.
Of the remaining 22 analyses, 15 have >4 cations per 6
oxygens and calculated Ti** contents that are zero or neg-
ative, and the other seven have <4 cations per 6 oxygens
and Ti*" contents that are positive. The average Ti>*/Ti*
for these seven analyses is 0.31 £ 0.15. Among our data for
Leoville 144A, only ten analyses have >4 wt% TiO,''. Of
these, five have calculated Ti*" contents that are negative.
The other five have positive Ti*" and an average Ti®"/Ti**
of 0.42 + 0.26. The averages of the positive Ti*"/Ti'*! val-
ues obtained from electron probe analyses of rim pyroxene
with >4 wt% TiO,"" for both our data and those of
J. Simon et al. (2005) are within 1o of the average of the
XANES analyses, 0.41 & 0.14. If the electron probe analy-
ses with positive Ti** are of spots containing pure pyroxene
and the analyses with negative Ti** are contaminated by an
adjacent phase, then there may be no discrepancy between
the XANES and electron probe determinations of Ti va-
lence in pyroxene. We suggest that this is the case.

Fig. 14 is a plot of Ca and Al vs. total cations per 6 oxy-
gen anions for analyses with oxide totals >95 wt%, >4 wt%
TiO,"*" and from 3.95-4.05 total cations, with data from
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Table 5

The first five analyses of the traverse of Rim area 3 plotted in Figs. 7 and 8

Sample 1 2 3 4 5

MgO (wt%) 10.15 10.54 10.07 10.65 13.68
ALO, 23.43 22.96 18.76 18.06 12.13
Sio, 35.44 37.15 40.65 41.86 47.45
CaO 23.06 23.38 25.19 25.03 25.02
Sc,04 0.03 0.03 0.02 0.05 0.01
Ti as TiO, 6.01 5.52 5.63 4.87 1.31
V>0, 0.17 0.28 0.25 0.24 0.10
Cr,0; 0.06 0.06 0.10 0.06 0.04
FeO 0.49 0.41 0.13 0.15 0.39
Ti 04 —0.34 0.23 3.31 3.21 1.08
TiO, 6.22 5.10 1.93 1.26 0.10
Sum 98.72 100.14 100.41 100.56 99.98
Cations per 6 oxygen anions

Si 1.312 1.354 1.486 1.524 1.720
VAl 0.688 0.646 0.514 0.476 0.280
VIAL 0.335 0.341 0.295 0.299 0.238
Mg 0.560 0.573 0.549 0.578 0.739
Fe 0.015 0.012 0.004 0.004 0.012
Sc 0.001 0.001 0.001 0.002 0.000
A 0.005 0.008 0.007 0.006 0.003
Cr 0.002 0.002 0.003 0.002 0.001
Ti3F —0.011 0.007 0.101 0.098 0.033
Ti*" 0.178 0.144 0.053 0.035 0.003
Ca 0.915 0.913 0.987 0.976 0.972
Ti3H/Tit —0.064 0.048 0.656 0.739 0.925
After normalization to one calcium cation and 6 oxygen anions

Ti, 03 (Wt%) —3.79 —3.35 2.77 2.18 —0.14
TiO, 9.88 8.93 2.50 2.37 1.45
Sum 98.92 100.39 100.44 100.65 100.13
Cations

Si 1.276 1316 1.480 1.512 1.704
VAl 0.724 0.684 0.520 0.488 0.296
VIAL 0.270 0.275 0.285 0.280 0.217
Mg 0.545 0.557 0.546 0.573 0.732
Fe 0.015 0.012 0.004 0.004 0.012
Sc 0.001 0.001 0.001 0.002 0.000
A 0.005 0.007 0.007 0.006 0.003
Cr 0.002 0.002 0.003 0.002 0.001
Ti3F —0.120 —0.105 0.085 0.067 —0.004
Ti*" 0.283 0.252 0.069 0.065 0.040
Ca 1.000 1.000 1.000 1.000 1.000
Ti*+/Ti* —0.740 —0.714 0.551 0.505 —0.125

J. Simon et al. (2005) and from our work plotted separately.
Among the analyses with negative Ti*", there is a positive
correlation between Al content and total cations and a neg-
ative one between Ca and total cations. In contrast, these
trends are not observed among the analyses with positive
Ti**, and contents of these elements should not covary with
each other or with total cations due to crystal-chemical sub-
stitutions. These trends are, however, consistent with con-
tamination of analyses (that may actually have Ti*") with

input from an adjacent Ca-poor, Al-rich phase with >4 cat-
ions per 6 oxygens, such as spinel. Because spinel has a
higher cation:oxygen ratio than pyroxene, addition of spi-
nel to a pyroxene analysis increases the cation total and
noticeably decreases the amount of Ti*" calculated. Also
plotted on Fig. 14 are arrows showing trends of spinel addi-
tion for the pyroxene analysis that has 0.93 Al, 0.94 Ca and
4 total cations per 6 oxygen anions. The calculated trends
for spinel addition provide reasonably good fits to the
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Fig. 8. (a) Abundances of Ca cations per 6 oxygen anions in the
inner part of the Area 2 Rim 3 pyroxene traverse. The two points
nearest the spinel layer have much lower Ca contents than the next
five. (b) Ti**/Ti' ratios calculated for the analyses, both with
(solid circles) and without (open squares) normalization to one Ca
per 6 oxygen anions. Uncertainties are lo, based on counting
statistics.

analyses with >4 cations per 6 oxygens even though only a
single starting composition was used. The ends of the ar-
rows correspond to 10% spinel addition. Thus, small contri-
butions, ~1-7%, from adjacent spinel could account for the
negative Ti>"/Ti*°! ratios and low Ca contents observed in
some of the analyses of the relatively Ti-rich pyroxene in
the rim of 144A. The innermost two analyses of the electron
microprobe traverse of the TS24 rim (Fig. 8, Table 5), with
low Ca and no Ti>*, probably also reflect contamination by
spinel.

Allende TS24
Area 2 RIM 3
XANES

+ TI 3+/ TI tot
— 4 ~Tiabund (counts x 10°)

0 5 10 15 20 25
Distance from contact with spinel (um)

b1-4 L L L B L I B

XANES —@— 2\t
L — 4 -V abund (counts x 2x10%) | {

04 Lo v v v b v b b b Ty
0 2 4 6 8 10 12 14
Distance from contact with spinel (um)

Fig. 9. Results of XANES traverses across pyroxene in Area 2 Rim
3 in TS24. Relative Ti and V abundances are based on K,
intensities. (a) Titanium content and valence. (b) Vanadium
content and valence. The valence measurements show significant
proportions of Ti*" and V>

On the other hand, the negative correlation between
FeO and CaO observed in our suite of analyses of the
rim of 144A, especially in those with <4 wt% TiO,"" and
>4 cations per 6 oxygen anions, suggests mixing of pyrox-
ene with an FeO-rich, CaO-poor component, probably
olivine, either in the matrix or included in the rim. Many
of our points were collected along traverses that extended
across the rim, from the CAI toward and very close to
the matrix, and could have small contributions from adja-
cent phases. The XANES data may reflect this also in the
decrease in Ti*7/Ti*" in the rim of TS24 from ~0.55-0.60
to ~0.40-0.45. Admixture of an olivine component as an
analytical artifact can also explain how the analyses can
contain FeO and have undisturbed Mg-Al isotopic system-
atics; the Fe is not actually substituting for Mg in the
pyroxene.
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Both the average Ti and V valences determined for rim
pyroxenes by XANES, and average Ti*"/Ti'' ratios deter-
mined by electron probe for pure pyroxene analyses are
within the ranges of values seen in interior fassaites, and
the presence of both Ti** and V>* in rim pyroxene is strong
evidence for the formation of rims on CAls at an oxygen
fugacity very close to that expected for a solar gas. The
rim of Leoville 144A underwent secondary alteration at
some unknown point, and oxidized iron entered the rim
to widely varying degrees, forming rare, FeO-bearing
phases that are heterogeneously distributed.

5. CONCLUSIONS

We investigated valence variations across Ti-, V-rich
concentration “‘spikes” in fassaite in Type B1 inclusions,
V valence in fassaite in Type B2 inclusions, and both Ti
and V valence in fassaite in rims on refractory inclusions
using electron probe analysis (Ti) and XANES spectros-
copy (Ti and V). We found:

Fig. 11. Electron probe analyses of pyroxene in the rim of Leoville
144A collected for this study. (a) CaO vs. FeO. (b) MgO vs. FeO.
CaO contents are anticorrelated with those of FeO, but MgO
contents are not.

(1) Although V contents and Ti*"/Ti*" increase sharply
at the spikes, V>*/V'®" does not. There may have
been a reduction event followed by equilibration of
V in an electron transfer reaction with Ti; the origin
of the spikes is still not well understood.

V contents decrease from core to rim while V valence
is uniform across fassaite grains in the interiors of
Type B2 inclusions. Thus, in both B1 and B2 inclu-
sions, the V valence trend is uniform as a function
of distance across a fassaite grain.

The V2*/V'*! values observed in fassaite in Type B2
inclusions, 0.4-0.7, are within the range seen for
fassaite from Type B1 inclusions. They reflect equili-
bration under highly reducing conditions and are
consistent with formation in a solar gas.

2

3)
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Fig. 12. Results of a XANES traverse across pyroxene in the rim
of Leoville 144A. As in the TS24 rim, Ti contents decrease sharply
and Ti**/Ti*! ratios decrease slightly with increasing distance from
the spinel rim layer.
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Fig. 13. Theoretical buffer curves for V-VO, VO-V,0;, V,05-
V,0, (solid, no symbols) and Ti,O3-TiO, (dashed) equilibria,
calculated from thermodynamic data for pure oxides. The curve for
a condensing system of solar composition (Allende Prieto et al.,
2002) is shown for reference. The data point represents the fo, of
fassaite crystallization in CAls, as determined from equilibria
involving coexisting melilite and fassaite of known composition in
Allende inclusions for the average experimental equilibration
temperature of 1509 K, by Grossman et al. (in press).

(4) The pyroxene in Wark—Lovering rims on coarse-
grained refractory inclusions has Ti**/Ti*' and
V2*/V'*! like those observed for fassaite in the interi-
ors of inclusions, suggesting that inclusions and their
rims both formed under low-fo, conditions similar to
those of a solar gas.
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Fig. 14. Abundances of Al and Ca cations per 6 oxygen anions in
(a) data from J. Simon et al. (2005) and (b) this work for analyses
with >4 wt% TiO,"'. Analyses with negative calculated Ti**
components show a positive correlation between Al and total
cations and a negative correlation between Ca and total cations,
along trends consistent with spinel addition (arrows).
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