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Abstract-Electron spin resonance has been used to make the first direct determination of Ti3+ in synthetic hibonite 
and hibonite from inclusion SH-7 of the Murchison C2 chondrite. Ti3+ concentrations range from 0.02 to 0.64 wt% 
in synthetic blue hibonite and 0.35-0.44 wt% in hibonite from SH-7. No Ti3+ could be detected in orange hibonite, 
supporting the earlier conclusion that the orange-to-blue transition is associated with the presence of Ti’+. At constant 
temperature and oxygen fugacity, Ti3+/Ti4+ in synthetic hibonite increases with decreasing V but is not strongly dependent 
on bulk Ti. At the concentration levels encountered in meteoritic hibonite, Fe and Cr contents do not have a significant 
effect on the amount of Ti3+. 

In both synthetic and meteoritic hibonite, Ti”+ occupies a 5-coordinated crystallographic site, which is consistent 
with the formation of doubly ionized oxygen vacancies. At low oxygen fugacities, essentially all Ti“+ on the five-fold 
Al-site has been reduced to Ti”. 

Hibonite from SH-7 equilibrated with a gas that could have been as reducing as a gas of solar composition. This is 
consistent with other estimates based on mineral equilibria of high temperature oxygen fugacities in C&Al-rich inclusions. 
With the possible exception of MO-W depletions, indicators based on bulk trace element concentrations in CAIs are 
inconclusive. There is considerable evidence that as CAIs cooled to lower temperatures, they experienced conditions 
significantly more oxidizing than those of a solar gas, perhaps in planetary environments. 

INTRODLJCI’ION 

CONDITIONS IN THE early solar nebula are reflected in the 
compositions of minerals in Ca-, Al-rich inclusions (CAIs) 
from chondritic meteorites. There have been several estimates 
of temperatures (T) of equilibration (ARMSTRONG et al., 
1985; STOLPER et al., 1985), cooling rates (STOLPER et al., 
1982; STOLPER and PAQUE, 1986) and oxygen fugacity (fo,) 
levels (e.g., STOLPER et al., 1982; ARMSTRONG et uf., 1985; 
FEGLEY and PALME, 1985; BECKETT and GROSSMAN, 1986; 
IHINGER and STOLPER, 1986; KOZUL et al., 1986) experienced 
by CAIs. The oxygen fugacities recorded by CAIs are of par- 
ticular interest, since they are sensitive to the composition 
of the nebular gas, especially proportions of H, C and 0. 
Based on previous studies, variations of many orders of mag- 
nitude in oxygen pressures are recorded by CAIs, even within 
individual inclusions (e.g., ARMSTRONG et al., 1985; FJZGLEY 
and PALME, 1985). 

Many oxygen barometers have been constructed for ter- 
restrial rocks based on redox reactions involving Fe’+ and 
Fe3+ in minerals (e.g., LINDSLEY, 1976). For CAIs, the use 
of such oxygen barometers is impractical because of the low 
concentrations of Fe and the extremely reducing conditions 
under which CAIs equilibrated. CAIs are, however, often rich 
in titanium and the ratios of Ti3+ to Ti4+ in clinopyroxene 
(STOLPER et al., 1982; BECKETT and GROSSMAN, 1986) and 
rhiinite (BECKETT et al., 1986) have been used as indicators 
of oxygen fugacity in CAIs that contain these phases. Hibonite 
is a third phase that may be useful as an oxygen barometer. 
Meteoritic hibonites contain up to 5 wt% Ti (I&IL and FUCHS, 
197 1; ALLEN et al., 1978; MACDOUGALL, 1979; ARMSTRONG 
et al., 1982; MACPHERSON et al., 1983; EL GORESY et al., 
1984; MACPHERSON and GROSSMAN, 1984), leading to the 
possibility that Ti3+/Ti4+ can be used to estimate thefo, levels 
under which they equilibrated. 

In this study, we describe the first direct determination of 
Ti3+ in meteoritic and synthetic hibonite. We have used elec- 
tron spin resonance (ESR) spectroscopy, a sensitive and 
widely used technique for the analysis of transition metal 
ions (e.g., CARRINGTON and MCLAUGHLIN, 1967; ABRAGAM 
and BLEANEY, 1970), to (a) unequivocally detect Ti3+ in hi- 
bonite, (b) characterize the site that Ti3+ occupies, (c) quantify 
the concentrations of Ti3+ in hibonites, (d) define the rela- 
tionship between Ti3+/Ti4+ in hibonites and fo,, and (e) es- 
timate thefof indicated for hibonite from inclusion SH-7 in 
Murchison. A preliminary report of the results described here 
is given in LIVE et al. (1986). 

SAMPLES 

Four synthetic hibonite compositions were examined. Nominal 
compositions of the oxide mixes are given in Table 1 along with 
microprobe analyses of hibonite from SH-7. The starting materials 
were synthesized and described by IHINGER and STOLPER (1986). 
&LJ corresponds to the average composition of orange hibonite from 
inclusion CG- 11 of Allende (ALLEN et al., 1978). The oxide mix for 
ALL was initially decarbonated and sintered at 143O“C and 
1og1,,fo2 = - 11.3. Bulk composition m corresponds to that of average 
core hibonite in the Blue Angel inclusion from Murchison (ARM- 
STRONG et al., 1982) BA-V is equivalent to BA with no V, and BA- 
VFC to m with nd m or Cr. For bothBA_V and BA-VT 
sufficient Al203 was added to the oxide mix in order to maintam 
hibonite stoichiometry. Oxide mixes for BA, BA-V and BA-VFC 
were initially decarbonated and sintered at 1430°C and= 
= -10.7, -11.3 and -10.8, respectively. 

In addition to the synthetic samples, two samples of hibonite from 
SH-7 were examined: a single grain (SH-7Hibl) weighing 37 pg and 
25 chips (SH-7Hib2) weighing a total of 135 fig. The mineralogy and 
chemistry of SH-7 are discussed by HASHIMOTO et al. (1986). In- 
strumental neutron activation analysis (INAA) of a 17 pg chip of 
SH-7 yielded concentrations of 45 + 20 ppm V (HASHIMOTO et al., 
1986) and 4.11 + 0.16 wt% Ti (L. GROSSMAN, unpublished). The V 
content determined by INAA for SH-7 is consistent with very low 
concentrations obtained by microprobe analyses (Table 1). The Ti 
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TABLE 1. Collpositiana of aynthetfc hibonite et.rtft)g materials and of 
hlboni te from inclusion SH-7 in Xurchison 

SaSple ALL-?. 3 m-v BA-WC SW-?* SK-7Hibi t -- 
Phase Hfbonf te Hibonite - - _ - 

CSO 8.4 S.4 8.5 8.5 8.30(.11)§ R.30(.07) 

A1203 79.8 84.1 85.1 85.7 82.73C.41) E7.79C.42) 

‘2’3 0.39 1.i - - o.o1(.n2) 0.13(.04) 

%?@3 0.08 0.06 - 0.03f.aZf 0.03(.031 

Fe0 0.07 - 0.01 - O.O6<.03f O.cJ5(.05) 

w 3.8 2.0 2.0 2.1 2.2X.14) 1.03(.09) 

TiOz* 7.3 4.1 4.1 4.1 4.90(.22) 2.3SC.27) 

SfO2 0.29 0.19 0.18 0.19 0.29(.19~ 0.12(.08) 

nno 0.02(.02) 0.03(.03) 

sc2o3 
_ - _ O.ll(.Ob: n.a.f0 

Total 100.1 100.0 100.0 100.1 98.68C.53) 100.06(.48) 

Number of 
Anslyees - _ _ 4 L4 

l Northvester,, microprobe; A. Haehimoto. analyst 
t Caltech microprobe 
5 Numbers In prcnrhcaes for PII oxide wt % represent o”e standard 

deviation computed froD the number of analyses for B uiven phase 
quoted ar the b&tom of each column. 

$ All Ti as Ti02 
II Not analyzed 

concentration determined by INAA is, however, substantially higher 
than by microprobe analysis, probably due either to higher Ti or to 
inclusions of perovskite in the INAA sample. From Table 1. it can 
be seen that the bulk composition of BA-\;I is similar to the average 
composition of hibonite in SH-7Hib1, but with higher Ti. 

EXPE~MENTAL TECHNIQUES 

Analyses of meteoritic melilite and hibonite were obtained on an 
automated JEOL 733 five-s~trometer electron microprobe at Cal- 
tech. All analyses were wavelength dispersive and were obtained at 
15 kV using a Faraday cup current of 0.0 1 pA. Data reduction and 
ZAF corrections were carried out using the procedure of BENCE and 
ALBEE (1968) with correction factors calculated using the procedure 
of PACKWCI~D and BROWN (198 I) as modified by ARMSTRONG 
(1984). Analyses of SH-7 samples were also obtained using an au- 
tomated JEOL 733 five-spectrometer electron microprobe at North- 
western University. All analyses were wavelength dispersive and were 
obtained at 15 kV using a Faraday cup current of 0.03 PA. Matrix 
corrections were obtained from the Tracer Northern ZAF program. 
Standards were well-characterized natural and synthetic minerals and 
glasses. 

ESR spectra were obtained using a Varian E- 15 spectrometer op- 
erating at 9 GHz at JPL and Varian E- 12 arid V-4500 spectrometers 
in the Chemistry department at Caltech operating at 9 and 35 GHz, 
respectively. All spectrometers used a modulation frequency of 100 
kHz. Most spectra were taken at room temperature, but a few spectra 
were also recorded at temperatures of 4 K-273 K. For each spectrum, 
one or more sample chips weighing a total of 0.04 to 12 mg were 
placed in a quartz tube and inserted into the microwave cavity. A 
powder of the stable free radical compound 2,2-Di(4-tert-octylphenyl)- 
I-picrylhydrazyl (DPPH; Aldrich) with a sin@e unpaired spin per 
moiecule was used as a standard, The DPPH was diluted to appro- 
priate concentration levels by dispersal in powdered KCI. AU spectra 
were recorded at concentrations well below saturation levels for the 
ESR spectrometer. 

Most of the experimental run products used in this study were 
produced at 1430°C and log,,& 3 - 12.7 by IHINGER and STOWER 
(1986). This temperature was selected by IHINGER and STOLPER 
( 1986) because it is within the range of hibonite stability in a gas of 
soiar composition (e.g., KORNACKI and FEGLEY, 1984) and because 
the high temperature promoted rapid ~uilibmtion. For the purposes 
of this study, additional synthesis experiments were performed at 
log&, < - 12.7 at 143O’C and at various oxygen fugacities for 
temperatures between 901 and 1204’C. Run conditions and exper- 

imental results for each bulk composition are given m Table 2. All 
experiments were conducted in a vertical Deitech VT-31 quench 
furnace at I atm total pressure. Chips of pelletized and pre-sintered 
starting material were placed in wire cages and suspended in the 
furnace hot spot at a known temperature and /b2. Pt wire was used 
in experiments conducted at 1430°C and log,o/o, 3 I?.?. Ir wire 
was used for experiments conducted at temperatures below 14OO”< 
and for most experiments with log,,/&, i -12.7 at 1430°C. The 
temperature was monitored in all experiments by means of a I?/ 
Pt IORb thermocouple in a closed-end alumina tube adjacent to the 
sample. The thermocouple was calibrated against the melting points 
of Au and Pd. The oxygen fugacity was controlled by a flowing Hz- 
CO1 gas mixture and monitored with a YrOrdoped ZrO2 solid elec- 
trolyte (SIROI) from Ceramic Oxide Fabricators (Eaglehawk, Aus- 
tralia). This sensor was calibrated at the iron-wiistite buffer and in 
air. For experiments at 901-1204°C and for log,,j% 3 - 12.7 at 
1430°C. the sensor was placed in the hot spot adjacent to the sample 
For log,,joz < -12.7 at 143O’C. the sensor was suspended above 
the hot spot at a lower temperature in order to avoid electronic con- 
duction in the electrolyte under the extremely reducing conditions 
of the experiments (ETSELL and FLENGAS, 1970). The oxygen fugacity 
ofthe experimental gas mixture was measured with the sensor in this 
configuration at sensor temperatures between 950 and 1200°C (where 
the electrolyte is a pure ionic conductor) as the temperature of the 
hot spot was increased to 1430°C. The log,,/, of an Hz-CO2 gas 
mixture ofconstant bulk composition is approximately a linear func- 
tion of l/T (e.g.. DEINES er al.. 1974). Therefore. the measured 
log,,.&‘s were plotted as a function of l/T. The line so produced 
was extrapolated to 1430°C to obtain an estimate of log,,,/& at the 
hot snot. The uncertainty in logrOfs for this procedure is estimated 
to be 20.2. For each experiment, the temperature, log,Ojo,. run time. 
quenching medium. color and concentration of Ti” are given in 
Table 2. The latter was obtained from ESR measurements described 
below. 

ELECTRON SPIN RESONANCE SPECTROSCOPY (ESR) 

When a magnetic field is applied to an unpaired electron, 
the interaction of the spin of the electron with the magnetic 
held gives rise to two possible energy levels depending on the 
orientation of the spin. The energy difference between these 
two levels of the unpaired spin is AE = gp5. where K is the 
so-called spectroscopic splitting factor. ~a a constant called 
the Bohr magneton and B the applied magnetic field. For a 
free electron, R = 2.002 but the value of g in crystals is gen- 
erally different due to local crystal field effects and orbital 

angular momentum. In ESR. a sample containing unpaired 
electrons is excited by radiation of frequency 1’ in the micro- 
wave region of the electromagnetic spectrum. When the 
magnetic field is changed such that 

hu = AE = gp& (1) 

where h is Planck’s constant, a resonance condition IS 
achieved. Unpaired electron spins in the lower energy state 
are excited into the higher energy level with a consequent 
absorption of the incident radiation. By integrating over the 
absorption peak as a function of magnetic field, the number 
of spins in the sample giving rise to the signal can be deter- 
mined. In practice, the magnetic field is modulated and the 
signal is phase-detected with a lock-in amplifier. For typical 

operating conditions, the output signal is the first derivative 
of the absorption with respect to magnetic field strength. In 
order to determine the number of spins giving rise to this 
ESR signal, the first derivative of the absorption signal is 
doubly integrated over the magnetic field. 
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TABLE 2. Expatiaental run conditions and Ti3+ concentrations of synthetic hibonitar 

Experiwnt T(V) log10 fG* t(hrs) Quench* Colart Ift 2: Ti3+s l~.r~(Ti~+/Ti~+)0 

FiA-I-8 
Y&Fm 
M-I-7 
-4 

1430 
1430 
1430 
1430 
1630 
1430 
1430 
1204 

10.2 
15.6 

-7.5 27.6 
-8.8 23.7 

-10.7 22.4 
-15.2 5.3 
-15.2 5.3 
-14.8 47.7 

1430 
1430 
1430 
1430 
1430 
1430 
1430 
1204 
1000 
1000 
901 

-6.6 49.9 
-6.6 49.9 

-10.7/-7.5 2.Of19.7 
-8.5 23.7 

-11.3 22.4 
-i2.7 16.6 
-15.2 5.3 
-14.8 47.7 
-18.0 63.1 
-18.6 25.8 
-20.1 115.3 

BA-‘PC-2 1430 -10.8 2.8 

ALL-2-8 
ALL-2-i 

1430 -6.6 49.9 
1430 -lO.l/-7.5 2.0/19*7 
1430 -8.5 23.7 
1430 -11.3 22.4 
1430 -11.8 17.2 
1430 -12.7 16.6 
1428 -14.0 23.7 
1430 -15.2 5.3 
1204 -14.8 47.7 
1000 -18.0 63.1 
1000 -18.6 25.8 
901 -20.1 115.3 

IW 
w 

Iii 

Yi 

N2 
Nt 
N2 

N2 

i4 

p 

N2 
Nt 
N2 
N2 
W 

N2 

0 
0 
0 
G 
G 
B 
B 

B 

B 
B 
II 
B 
B 
B 
B 
B 
B 
B 
B 

B 

G 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 

<OS01 (-2.39 
<o.oi <-2.39 

0.04 -1.75 
0.06 -1.60 
0.13 -1.27 
0.13 -1.25 
0.10 -1.36 
0.05 -1.72 

0.10 -1.36 
0.10 -1.38 
0.11 -1.32 
0.17 -1.12 
0.19 -1.08 
0.17 -1.14 
0.27 -0.91 
0.21 -1.04 

0.26lO.274 -0.92 
0.23 -0.98 
0.25 -0.96 

0.24 

0.07 
0.17 
0.21 
0.52 
0.56 
0.39 
0.54 

0.55/0.55* 
0.57 
0.62 

0.4O/O.h2$ 
0.64 

-0.96 

-1.82 
-1.41 
-1.31 
-0.87 
-G.83 
-1.01 
-0.85 
-0.84 
-0.83 
-0.78 
-1.00 
-0.77 

N2 
IW 

F 

N2 
N2 
N2 
N2 

5; 

N2 

* Quenchfng medium. atm: bottom port of furnace under flowing gas; IU: ict-wfztcr; W: 
water; AZ: liquid nitro@m. 

t B: blue: G: meen: 0: ormwe. 
I One sta$md-de&ion in &cmtrstioos ia 3% relative and 10% absolute. 
t; Wt X Ti 
0 Ti3+ to Ti 

f”+ bulk I Wt.? Ti in core ramp1e. See text for explanation. 
tstfos sre computed for talk samples. 

Ti-‘+ in synthetic hibonite 

A stack of ESR spectra taken at room temperature on syn- 
thetic hibonite (BA BA-V) equilibrated at 143O’C is shown 
in Fig. 1. Each spe&Gpresents the first derivative of the 
absorption with respect to magnetic field plotted against 
magnetic field for an individual run product. The units of 
absorption are arbitrary, but all the spectra are normalized 

to constant operating conditions and constant sample weight. 
The first derivative of a symmetric absorption peak plots 
above the baseline on the low magnetic fieId side where slopes 
are positive, passes through the baseline at a g-value corre- 
sponding to that of the absorption peak and plots below the 
baseline on the hi&r field side where slopes are negative. In 
Fig. 1, a signal centered at g = I .96 is seen in samples equil- 
ibrated under reducing conditions. 

The existence of an ESR signal implies that the resonating 
species has one or more unpaired electrons, Thus, it cannot 
be due to T?‘, which has no unpaired electrons. Since the 
g-value is less than 2, it is consistent with a transition metal 
ion with a half-filled orbital (e.g., Ti3+, SC*+, Cr’+; ABRAGAM 
and BLEANEY, 1970). Several lines of evidence lead to the 
conclusion that the signal centered at g = 1.96 is due to the 
d’ ion Ti3+. First, the value of the g-factor in our synthetic 
hibonites is similar to that reported for Ti3+ in octahedral 
Al-sites of B-alumina (BARRET et al., 1985) and for Ti’+ in 
silicate glasses (e.g., JOHNSTON, 1965; SZHREIBER et al., 1978). 
Second, the signal centered at g = 1.96 is present in the spec- 
trum of BA-VFC, in which Ti is the only transition element, 
at approximately the same level as for other BA compositions. 
Third, it can be seen in Fig. I that the relative intensity of 
the signal centered at g = 1.96 increases with decreasing ox- 
ygen fugacity, consistent with the progressive reduction of 
Ti4+ to Ti3+. This is inconsistent with the occurrence of CT’+, 
since this species should occur only under very oxidizing 
conditions (SCHREIBER and HASKIN, 1976) and the concen- 
tration of Cr5+ would be expected to decrease, not increase, 
with oxygen fugacity. Finally, Fe2+ and Cr3’ are also unlikely 

Ti3+ 
g= 1.96 

88-l-7 -7.5 

v4+ 
L BA-I-3 -6.5 

s 
P 
i 

E BA-l-8 -4.8 

*g=mz (1’2, 9’1.74 

2900 3400 Gauss 3900 

FOG. 1. Stack of ESR spectra of synthetic hihonite spanning a range 
of oxygen fugacities. Each spectrum shows the first derivative of ab- 
sorption as a function of magnetic field strength. All spectra were 
taken at room temperature and a frequency of 9.1 GHz and are 
normalized to constant sample weight. 
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candidates for the prominent feature centered at g = 1.96 
because the g-values for these species are in excess of 2.2 
@‘REILLY and MACIVER, 1962; Low, 1968). 

Under very oxidizing conditions, ESR signals attributable 
to Cr3+ and V4+ (e.g., SCHREIBER et al., 1978) are observed. 
Two examples of this are given in Fig. 1. Intensity of the V4’ 
signal increases with increasingfo,, consistent with oxidation 
of V3+ to V4+. The absence of a Cr3+ signal at both high and 
low oxygen fugacities may indicate reduction of Cr3+ to C?’ 
at low oxygen fugacities and oxidation of 0”’ to Cr” or 
Cr6’ at high oxygen fugacities. It may ultimately be possible 
to use ESR signals due to Cr3+ and/or V4+ to set limits on 
the oxygen fugacities recorded in meteoritic hibonites equil- 
ibrated under oxidizing conditions. 

It should be noted that there is only one ESR signal centered 
at g = 1.96 for each spectrum shown in Fig. 1. If a resonating 
species has a nuclear spin 1, the ESR signal would be split 
into a hyperfine structure consisting of 2I+ 1 lines of equal 
intensity. 4*Ti, the most abundant isotope of Ti (87%) has 
no net nuclear spin (I = 0) and hence no hyperfine structxe. 
Hyperfine structure arising from 47Ti (I = ‘/z) and 49Ti (1 
= ‘/*) cannot be seen in our hibonite spectra because of low 
Ti3+ concentrations and line broadening due to the poly- 
crystalline nature of the samples. The lack of hypertine struc- 
ture in the hibonite spectra is therefore consistent with a Ti3+ 
signal. On the other hand, virtually all natural V is present 
as “V with I = ‘11, resulting in our observation of a very well 
defined hyperfine structure around the V4+ signal. Thus, the 
lack of hyperfme structure in the spectra of synthetic hibonite 
at g = 1.96 eliminates V2+ and V3+ as a possible candidate. 

Ti-” in Murchison hibonite 

In Fig. 2, the intensity of the first derivative with respect 
to magnetic field of the absorption signal for the polycrys- 
talline sample SH-7Hib2 from Murchison is plotted against 
magnetic field. The units of absorption are arbitrary. The 
spectrum is characterized by a single ESR signal centered at 
g = 1.96, the apparent structure on the high g side being due 
to preferred orientation of the chips. The possibility that the 
signal in SH-7 is due to radiation damage can be rejected 
because this would result in a signal with g-value essentially 
equal to that of free electrons (i.e., 2.002; LELL et ul., 1966). 
The chemistry of hibonite in SH-7 also places constraints on 

SH-7Hib2 

gz1.96 

! 

I g=z.o gi1.9 

3300 3400 
, , 

3500 36cfl 

MAGNETIC FIELD (G) 

FIG. 2. ESR spectrum taken at room temperature for the collection 
of chips SH-7Hib2 at a frequency of 9.5 GHz. 

the species that generated the ESR signal in Fig. 2. It can be 
seen in Table 1 that concentrations of transition metal ele- 
ments other than Ti are very low. By doubly integrating over 
the absorption peak in Fig. 2, it is found that 2 X IO” spins 
are required to generate the observed ESR signal. This is 
substantially in excess of the total number of spins that could 
be produced by V” (2 X 1016), V3+ (3 X 1016) or C? (6 
X 1016) in this sample. 

Given that a similar feature that can be confidently assigned 
to Ti3+ is observed in the ESR spectra of synthetic hibonite 
samples, these observations support an assignment of the sig- 
nal centered at g = 1.96 in the ESR spectra of natural SH-7 
hibonite to Ti3+ and argue against any other candidate. 

Structural information from ESK spectru 

In addition to being used to identify a species. ESR spectra 
can be used to place constraints on the structural environment 
of the resonating ion. This information is derived from eval- 
uating the spectra of polycrystalline samples taken at various 
temperatures and frequencies, and/or evaluating the spectra 
ofsingle crystals taken at different orientations in the magnetic 
held. 

ESR signals for d’ or S-state ions (r.g. Mn”. Fe” ) arc 
readily observed at room temperature regardless of what kind 
of site the cation occupies. A few other cations can be elfec- 
tively “Sstate” in certain kinds of sites (c.~ Cr” or V” in 
octahedral coordination). Most cations. however, do not have 
an S-state electronic configuration, and orbital degeneracy 
leads to short spin-lattice relaxation times and hence lint 
broadening of the ESR signal. For such cations. ESK spectra 
arc observed at room temperature only when the cations arc 
in distorted sites. such as in silicate glasses (c’.~., JOHNSION. 
1965; SCHREIBER et al., 1978). The fact that the ESR signal 
for Ti’+ in hibonite is readily observable at room temperature 
indicates that Ti3+ IS m a distorted site (ABRAC;I\M and BLL 
MEY, 1970; SC‘HREIBER et (I/.. 1978). 

ESR spectra described above were obtained at a frequent! 
of 9 GHz. Better spectral dispersion is obtained by taking 
ESR spectra at higher magnetic fields and hence higher frc- 
quencies. In Fig. 3. an ESR spectrum taken at a frequency 
of 34.8 GHz is shown for the polycrystalhne sample BA_ 
VFC-2. The single ESR resonance centered at x 2 I .96 ((:! 
Figs. 1. 2). has been resolved into two distinct signals, a con- 
sequence of the fact that the g-factor is a tensor property 
related to site symmetry. The two peaks shown in Fig. 3 
indicate an axially symmetric g-tensor that is randomly av- 
eraged over all angles due to the polycrystalline nature of the 
samples. The peak positions correspond to g-values along the 
principal axes of the g-tensor (c.K.. ABRGAM and BL.T.ANI:~ . 
1970) of K = 2.000 r 0.002 and .q, - I.960 :t 0.003. 

The principal values of the R-tensor can also be obtained 
by placing a single crystal in various orientations relative to 
the magnetic field. This was done for SH-7Hibl by changing 
the orientation of the magnetic held relative to the cleavage 
direction of the hibonite crystal. Positions of the ESR signal 
for SH-7Hibl relative to the angle between the crystallo- 
graphic c-axis (assumed to be perpendicular to the cleavage 
face) and the direction of the magnetic field (fa are shown 
in Fig. 4. With rotation through 90”, the resulting sinusoidal 
curve has a minimum corresponding to R = 2.001 ?I 0.002 



T?+ in hibonite 1483 

BA-VFC-2 

9'2.05 9=2.w Q.ii Q-130 

1 , I. I t I 
I20 12.2 12.4 126 12.8 13.0 13.2 

MAGNETIC FIELD kG) 

RG. 3. ESR spectra for BA-VFC-2 taken at room temperature and 
high frequency (34.8 GHz). 

and a maximum corresponding tog, = 1.959 f 0.002. These 
g-factors agree with those obtained for polycrystalline syn- 
thetic hibonite (Fig. 3), implying that Ti3+ occupies the same 
site in meteoritic and synthetic hibonite. From Fig. 4, g,, is 
parallel to the c-axis of hibonite while gi is in the ub plane. 
The only c~s~llo~phic site in the hibonite structure that 
is consistent with this a~angement is the 5-coordinated Al- 
site (KATO and SAALFELD,~~~~;BURNS~~~BURNS, 1984). 
Substitution of Ti3+ on this particular site is also crystallo- 
chemically reasonable. Ti3+ has a larger ionic radius than Al 
(SHANNON and PREWITT, 1969), so it should tend to occupy 
the largest available position, the 5-coordinated A l-site. This 
site should also be favored because it is the most distorted of 
the Al-sites, leading to crystal field stabilization of Ti3+ on 
this Al-site relative to others in the hibonite structure (BURNS, 
1970; BURNS and BURNS, 1984). Ti4+ also has a larger ionic 
radius than Al so that some Ti4+ may substitute onto the 5- 
fold Al-site. However, in order to maintain local charge bal- 
ance, most Ti4+ probably substitutes into Al-sites adjacent 
to those containing Mg. Since Mg probably substitutes into 
tetrahedral Al-sites (e.g., BETTMAN and PETERS, 1969), most 
Ti4+ is likely to substitute into adjacent octahedral Al-sites 
and not in the 5-coordinated Al-site (e.g., DYAR et al., 1986). 

In spectra of SH-7Hibl and SH-7Hib2 obtained at tem- 
peratures as low as 4 K, no signals other than the one centered 
at g = 1.96 were observed. Since ESR signals with g-values 
of 1.87, 1.9 1 and 1.97 for Ti’+ in symmetric octahedral sites 
of the structurally similar p-alumina (BRAGG et al., 1931; 
SATO and HIROTSU, 1976) can be detected at 150 K (BARRET 
et al., 1985), Ti3+ substituting in other Al-sites in hibonite 
probably would have been observable at low temperatures, 
if present. We conclude that Ti3+ in Murchison hibonite is 
present dominantly in the 5-coordinated site. 

An additional signal at g = 1.92 was detected at low tem- 
perature in synthetic hibonites BA-VFC-2, ALL-2-51 and 
BA-V-52 but not observed in the low temperature spectra of 
BA-V-O or natural hibonite. The origin of this signal is un- 
clear. It probably does not arise from Ti3’ in a crystallographic 
site of hibonite because no such signal is observed in &alu- 
mina (BARRET et a/., 1985). Nor is there a correlation between 
the presence of this signal and the intensity of the ESR signal 
centered at g = 1.96 or with oxygen fugacity. The signal does 
not arise from Ti3+ in perovskite because the signal is found 
in samples that do not contain this phase. It is possible that 
the signal arises from Ti3+ on interstitial sites related to the 

stacking faults that are commonly observed in synthetic hi- 
bonite (e.g., SCHMID and DBJONGHE, 1983). 

ConcePttrahm of Ti3+ in hibonite 

One of our principal objectives is the quantitative deter- 
mination of Ti’+ concentrations in hibonite based on room 
temperature ESR measurements. In order to justify this ap- 
proach, it is necessary to show that there are no contributions 
to the room temperature ESR signal centered at g = 1.96 
due to electron-electron interactions, orbital quenching, or 
Ti3+ on other sites. The intensity of an ESR signal arising 
from Ti3+ on one site is proportional to the population dif- 
ference between the two electron energy levels. This difference 
is described by the Boltzmann distribution 

ln (NJNB) = -(gpBB/k) 
0 
i (2) 

where N, and N, are, respectively, the number of spins in 
the upper and lower energy levels and k is Boltzmann’s con- 
stant. If there are no complicating factors, the intensity of an 
ESR signal should vary with inverse temperature in a manner 
consistent with the Boltzmann distribution. Spectra on the 
collection of chips SH-7Hib2 and the synthetic hibonite BA_ 
VFC-2 were taken at temperatures as low as 4 K. In Fig. 5, 
relative peak-to-peak heights of the first derivative ESR signal 
centered at g = 1.96 in the collection of chips SH-7Hib2 are 
plotted as a function of inverse tem~mture. All intensities 
were corrected to constant operating conditions and nor- 
malized relative to an intensity of 1 .OO for the signal measured 
at 40 K. In Fig. 5, variations in intensity of the signal centered 
at g = 1.96 in SH-7Hib2 are consistent with the temperature 
dependence of population differences of electron energy levels 
for one site. This implies that orbital quenching, electron- 
electron interactions and contributions from Ti3+ on other 
sites do not contribute significantly to the ESR signal centered 
at g = 1.96. Variations of intensity with inverse temperature 
for BA-VFC-2 are also consistent with Eqn. (2). We conclude 
that essentially all Ti3+ on crystallographic sites in hibonite 
was detected and that concentrations of Ti3+ may be deter- 
mined from room temperature ESR measurements. 
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FIG. 4. Values of magnetic field for the single grain SH-7Hibl at 
the ESR signal centered at g = 1.96 as a function ofthe a&e between 
the c~~~p~~ c-axis and the diion of the magnetic field. 
Spectra were taken at room tempemture at a frequency of 34.8 GHz. 
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FIG. 5. Relative intensity of signal centered at g = I.96 for SH- 
7Hib2 as a function of inverse temperature. Points plotting on the 
line drawn through the origin and the point at 40 K are consistent 
with a Boltzman distribution for the electron energy level for a single 
site. 

ESR spectra of hibonites were doubly integrated with re- 
spect to magnetic field over the signal centered at g = 1.96 
and normalized to constant operating conditions, DPPH in- 
tensity and sample weight to obtain concentrations of Ti3+. 
Standard deviations on the concentration of Ti3+ in a given 
sample for measurements performed on different days are 
less than 3% relative. The absolute concentrations of Ti3+ 
given in Table 2 are estimated to be accurate to within 10% 
based on uncertainties in the relative locations of and differing 
areas of excitation for sample and standard within the mi- 
crowave cavity and uncertainties in the baseline used for 
doubly integrating signal intensity. 

Only small concentrations of Ti3’ are present in synthetic 
and meteoritic hibonite. The single grain of hibonite SH- 
7Hibl has 0.35 wt% Ti3+ after correcting for the presence of 
-9 wt% melilite (&, = .Ol) and - 1 wt% perovskite in the 
sample. Thus, 23% of all Ti in the Murchison hibonite SH7- 
Hibl is Ti3+. The chips of SH-7Hib2 have an average Ti3+ 
content of 0.44 wt%. The ratio of Ti3+ to Ti4+ for SH-7Hib2 
is uncertain, since the bulk Ti concentration of the chips is 
unknown. If, however, the chips have an average Ti concen- 
tration somewhere between those given for bulk SH-7 and 
SH-7Hib 1 hibonites in Table 2, then 15-28% of all Ti in this 
sample is Ti . 3+ Concentrations of Ti3” in synthetic hibonites 
are given in Table 2. For synthetic blue hibonite, concentra- 
tions range from 0.04 to 0.64 wt%, corresponding to 2-l 5% 
of Ti as Ti3+. The concentration of Ti3+ in orange synthetic 
hibonite is less than the detection limit (-0.01 wt%) Ti”+ for 
those samples). We consider it likely that orange hibonites 
in meteorites also have essentially no Ti3+. 

Concentrations of Ti3+ in hibonite can be calculated from 
electron microprobe analyses (e.g., HAGGERTY, 1978) for an 
assumed ideal stoichiometry consisting of 13 cations and 19 
oxygen anions. For SH-7Hib1, the concentration of Ti3+ is 
calculated from electron microprobe analyses to be 0.60 
f 0.30 (20) wt% in reasonable agreement with the 0.35 wt% 
determined by ESR. It is concluded below that Ti3+-bearing 
hibonites are oxygen-deficient relative to the ideal stoichi- 
ometry so that recalculated hibonite analyses will generally 

underestimate the amount of Ti’.+ that is present. Eighty-one 
analyses of meteoritic hibonite with total Ti in excess of I 
wt% and for which SiOZ was also analyzed were obtained 
from the literature (ALLEN et al., 1978, 1980; MACDOUGAL.L, 
198 1; ARMSTRONG et al., 1982; CHRISTOPHE MICHEL-LEVY 
ct ul., 1982; BAR-MATTHEWS et al., 1982; MACPHERSON u 
al., 1983; MACPHERSON and GROSSMAN, 1984; EL GORESV 
et al., 1984; J. PAQUE, unpublished data; this study). Assum- 
ing a stoichiometric formula for hibonite with a total of 13 
cations and 19 oxygen anions, the percent of Ti that is Ti3’ 
(e.g., FINGER, 1972) ranges between -25 and +28%. The 
negative calculated Ti3+ is a consequence of analytical errors 
and underestimation of Ti3+ due to oxygen deficiency. Thus. 
electron probe analyses cannot be used with any confidence 
to obtain quantitative estimates of Ti3+ in hibonite. 

OXYGEN FUGACITIES 

Efect ofhibonite chemistry on Ti-” to Ti4+ rutlos 

In Table 2. log,, (Ti3’/Ti”‘) fbr synthetic h&mites equil- 
ibrated at 1430°C is given for each bulk composition in order 
of decreasing oxygen fugacity. For the same oxygen fugacity 
at 1430°C. Ti”/T?+ in BA hibonite is less than that for BA_ 
v hibonite. The only difference between these two bulk com- 
positions is the presence (m; 1. I wt% VZ03) or absence (BA- 
Y: 0.0 wt% VZ03) of a V-component. This implies that Ti3’/ 
Ti“+ decreases with increasing V. It is possible that V competes 
with Ti3’ for the 5-coordinated Al-site as proposed by IHIh- 
(XR and STOLPER (1986). The Ti content of & (4.3 wt%) 
is much higher than that of either BA or BA-V (2.5 wtR). 
Since the ratio of Ti” to Ti4’ in Ehibonite is similar to 
those in && and BA_V and its V content is intermediate 
between them, V content is probably more important than 
bulk Ti in determining Ti” to Ti4’ ratios of hibonite. The 
fact that the concentrations of Ti” in BA-VFC-2 and BA_V 
hibonites equilibrated at about the same oxygen fugacity are 
similar suggests that the small amounts of Cr and Fe in syn- 
thetic and meteoritic hibonite do not significantly affect the 
concentration of Ti3’. 

Under oxidizing conditions (-- 10.7 G 10g,,,./~,~ % --6.6 a~ 
1430°C for&and BA_V; -8.5 4 log,Of& G --6.6 for a). 
Ti3’ to Ti4’ ratios are negatively correlated with/& for each 
composition. Under reducing conditions (- 10.7 3 log,, ./“, 
at 1430°C for BA and BA_V; -8.5 > log,,j& for &), Ti” 
lo Ti4’ ratios in synthetic hibonite are approximately inde- 
pendent of./& for each composition. Levelling ofl‘ of I‘?+/ 
Ti4’ at the more reducing conditions may be due to reduction 
of all available Ti4’ on the five-fold site, precipitation of other 
phases in hibonite, and/or difficulties in preserving Ti3- to 
Ti4+ ratios on quenching. 

Dejkct equilibria in synthetic hibonitr 

Most oxygen barometers are based on reactions that involve 
the exchange of cations between two or more solid phases 
(e.g., BUDDINGTON, and LINDSLEY, 1964; EL GORESY and 
WOERMANN, 1977; SPENCER and LINDSLEY. I98 I ; EGGLFR. 
1983; BECKET-T and GROSSMAK;. 1986). By examining the 
compositions of coexisting phases, an equilibrium oxygen 
fugacity can be inferred. Ti” to Ti4+ ratios in individual hi- 
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bonite crystals provide the basis for a quantitative oxygen 
barometer, but rather than involving the exchange of Ti3* 
and Ti4+ between condensed phases, the formulation of such 
an oxygen barometer for hibonite involves homogeneous 
equilibria in which defects participate. 

The vast majority of analyses of meteoritic hibonites shows 
a nearly 1: 1 correlation of Mg:Ti and a 1:- 1 correlation of 
(Ti + Mg):(Al + V + Cr + SC), suggesting that Mg + Ti 
substitutes for two trivalent cations (ALLEN et al., 1978). Most 
Ti in hibonite is, therefore, Ti4’ charge-balanced by Mg. There 
are two basic possibilities for the presence of Ti3+ on the 5- 
coordinated Al-site under reducing conditions. First, Ti3+ may 
substitute directly for Al. Such a Ti3+ cation could be oxidized 
to X4’ by the formation of cation defects in the hibonite 
structure (e.g., SCHMID and DE JONGHE, 1983) or by exso- 
lution of a separate phase. Alternatively, Ti4’ on the 5-fold 
site could be reduced to Ti3+ by the formation of oxygen 
vacancies. 

The formation of an oxygen vacancy can be described in 
terms of a reaction between an oxygen anion on a normal 
site in the crystal and oxygen in a coexisting vapor phase. 
Thus, _ 

0, = v, + 2e- + l/202 (3) 

(e.g., KROGER and VINK, 1956; SMYTH, 1976) where 0, 
represents an oxygen anion in a normal lattice site, 0: a doubly 
ionized oxygen vacancy, and e- a free electron. In effect, 
oxygen is removed from the crystal lattice in the process de- 
scribed by reaction (3). If Ti4+ is present, then the free elec- 
trons created via reaction (3) may be trapped by reducing 
the Ti. Thus 

Ti4+ + 4 = Ti3+. (4) 

Equilibrium constant expressions can be written for reactions 
(3) and (4) as 

Pa) 

and 

K2 = Vi3'l 
[Ti4’]fe-] VW 

where the brackets indicate activities (assumed for each Ti 
species to be equal to its concentration on the five-fold Al- 
site). For every doubly ionized oxygen vacancy produced in 
reaction (3), there wiIl be two Ti4+ cations reduced via reaction 
(4). Since the number of oxygen vacancies is very small com- 
pared to the total number of oxygen anions, [O,] z 1. Noting 
that [u’;] z [Ti3’]/2 and that [O,] is approximately constant, 
Eqns. (Sa) and (5b) can be rearranged to give 

log,0 lTi3” + I log10[Ti4’] = A - f. log 
[Tio’l3 6 

10 02 f (6) 

where A = % log,, {2K&[O,]~ is a constant. It should be 
emphasized that [Ti3’] and [Ti4’] in Eqn. (6) refer only to 
concentrations on the five-fold Al-site. 

If [Ti3’] +$ [Ti4’] on’the five-fold Al site, then [Ti4’] will 
be approximately constant and Eqn. (6) becomes 

[Ti3’] 
“g” [Ti4’] - = A’ - ; log,0f02 (7) 

where A’ = A - (b’3) log,, [Ti4’] is a constant. Thus, under 
sufficiently oxidizing conditions, a plot of loglo (fTi3’]f[Ti4”]) 
against log,of& should yield a line with slope. of -‘/6. 

In Fig. 6a, log,, (Ti3+/Ti4+) in synthetic & hibonite 
equilibrated at 143O’C is plotted as a function of the differ- 
ence between log f@” in the experiment and logfg? for a 
gas of solar composition, Curves of bulk log,, (Ti3+/Ti4+) for 
& hibonite were calculated from the bulk Ti concentration 
(4.38 wt%), using Eqn. (6) to determine log,, (Ti3*/Ti4+) on 
the five-fold Al-site by assuming that the total concentration 
of Ti on this site is 0.60 wt%, a value approximately equal 
to the highest measured con~ntration of Ti3+ for this starting 
material. Most points lie within error of the calculated curve 
for A = -2.0. Under reducing conditions, calculated curves 
asymptotically approach a bulk log,, (Ti3+/Ti4+) correspond- 
ing to the ratio of the total concentration of Ti on the five- 
fold Al-site (0.60 wt% for a) to the total concentration of 
Ti on all other sites (3.78 wt% for &). As the amount of 
Ti on the five-fold Al-site is increased, the limiting Ti3+/Ti4+ 
that is approached as& decreases also increases. Under very 
oxidizing conditions the curves in Fig. 6a approach slope 
-‘/h lines. In Fig. 6b, a curve calculated using Eqn. (6) is 
shown for & assuming that the total amount of Ti on the 
five-fold Al-site is 0.17 wt% and that A = -2.0. Most 1430°C 
points lie within error of the calculated curve. In Fig. 6c, a 
curve calculated for BA_V assuming the A = -2.0 and the 
total concentration of Ti on the five-fold Al-site is 0.27 wt%. 
All but one of the 1430°C data points plot within error of 
the calculated curve. 

As shown in Fig. 6, variations of Ti3+/Ti4+ with fo, for 
synthetic hibonites can be described in terms of Eqn. (6) using 
a single value of A = -2.0. The principal unknown in the 
use of Ti3+ to Ti4+ ratios in hibonites as the basis of an oxygen 
barometer is the total concentration of Ti on the five-coor- 
dinated Al-site. This will depend on the hibonite’s compo- 
sition, especialiy V-concentration, and may depend on the 
synthesis conditions. Based on prelimin~ experiments on 
& hibonite initially synthesized in air but subsequently 
equilibrated under reducing conditions, the maximum con- 
centration of Ti3” is only 0.4 wt%. This is lower than maxi- 
mum concentrations of Ti3+ (0.6 wt%) measured for m 
initially synthesized under reducing conditions and may in- 
dicate a role for initial synthesis conditions on the site oc- 
cupancy of the five-coordinated Al-site. 

Doubly ionized vacancies are the dominant oxygen defect 
in other oxides (e.g., SMYTH, 1976, 1977; DIRSTINE and 
ROSA, 1979; TULLER, 1985), so it is reasonabIe to expect that 
they are also the dominant defect in hibonite. Data shown 
in Fig. 6 can, however, be described in terms of neutral or 
singly ionized oxygen vacancies using expressions analogous 
to Eqns. (3)-(6). In principle, the dominant type of defect 
could be distinguished by measurements at high oxygen fu- 
gacities where log,0 (Ti3’/Ti4+) varies with f$” for doubly 
ionized oxygen vacancies, with f Gil4 for singly ionized va- 
cancies, and with f ;:I2 if neutral oxygen vacancies are dom- 
inant. Our data do not extend to sufficiently oxidizing con- 
ditions for us to make such a distinction, so we cannot reject 
the possibility of neutral or singly ionized oxygen vacancies. 
Nevertheless, the consistency of our data with Eqn. (6) and 
the rarity of neutral and singly ionized oxygen vacancies in 
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FIG. 6. Log,dTi’*fli”) in synthetic hibonite as a function of the difference in log,0 jb, between that of the experimental 
gas mix and a gas of solar composition based on Hz/H20 ratios given in GROSSMAN (1972). Error bars represent a 
10% relative error in the concentration of T?‘. (a) & hibonite. Curves of constant A and a concentration of 0.60 
wt% Ti on the five-fold Al-site based on Eon. (6) are shown. (b) & hibonite. The curve was calculated with Eqn. (6) 
assuming A = -2.0 and that the total concentration of Ti on the five-fold Al-site is 0.17 wt%. (c) BA_V and BA-VFC 
hibonite. The curve was calculated assuming A = -2.0 and that the concentration of Ti on the five-fold Al-site 
~1%. A curve for SH-7Hibl is also shown assuming A = -2.0 and that the concentration of Ti on the five-fold Al-site 
is 0.35 ~1%. The s represents the concentration of Ti”’ in SH-7Hibl as determined by ESR. 
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other systems suggests that doubly ionized vacancies domi- 
nate. 

Al~ou~ the ~tumtion in the Ti3+ to Ti4” ratio observed 
at low oxygen fugacities can be readily explained, as we have 
done in this section, in terms of nearly complete conversion 
of Ti on the 5-coordinated site to Ti3+, we also considered 
the possibility that percipitation of other phases under re- 
ducing conditions could account for this. Although minor 
perovskite was observed with an SEM on some of the more 
reduced samples, it was not present in all of them, and we 
consider it unlikely that this strongly influences the observed 
Ti3+/Ti4+ relations. 

Effects of temperature 

The equilibrium oxygen fugacity for a reaction involving 
O2 varies as a function of temperature (e.g., BUDDINGTON 
and LINDSLEY, 1964; EGGLER, 1983; MYERS and EUGSTER, 
1983). Hence, in order for Ti3+/Ti4+ in hibonite to be useful 
in constraining oxygen fugacities in natural materials, the 
dependence of Ti3+/Ti4’ on both fo2 and temperature must 
be known. The difference in fs between a given pair of redox 
reactions is often approximately independent of temperature. 
If this holds for hibonite, then hibonites equilibrated a given 
number of log units more or less oxidizing than the T&O,/ 
Ti4 buffer or a gas of solar com~ition would have roughly 
the same Ti3+ to Ti4+ ratio regardless of temperature. In Fig. 
6a, all four hibonites equilibrated at 90 I- 1204°C plot within 
error of hibonites equilibrated at similar oxygen fugacities 
relative to solar gas at 1430°C. One sample, ALL-2-52, has 
a somewhat lower than expected ratio of Ti3+ to Ti4+, but it 
was quenched in water and as discussed below may have 
reequilibrated on quenching. It was also run for a shorter 
time than the other low-temperature experiments on && 
and may have failed to reach equilibrium. In Fig. 6c, all the 
low-temperature data for BA_V plot within error of the cal- 
culated curve. In Fig. 6b, the Ti3+ to Ti4+ ratio for BA-2-57 
equilibrated at 1204°C is lower than the expected value based 
on the 1430°C samples. Since only one low-temperature ex- 
periment was conducted on BA, we do not know if it signifies 
unusual behavior for the sample as a function of temperature, 
difficulties in achieving equilibrium or larger relative errors 
at the lower Ti3+ concentrations of the m composition. Al- 
though more work needs to be done to establish the details, 
we conclude that the T-f% curve for a gas in equilib~um with 
a synthetic hibonite of constant com~sition will approxi- 
mately parallel that of a gas of solar composition. 

Quenching effects 

IHINGER and STOLPER (1986) noted that rinds on synthetic 
hibonite samples are often colored differently from the in- 
teriors. They attributed this to quenching effects. To test 
whether such quenching effects could also contribute to low 
Ti3+/Ti4+ at low f%‘s in Fig. 6, bulk Ti3+ concentrations of 
three samples (ALL-2-5 1, ALL-2-52, BA-V-53) originally 
weighing 4-6 mg were measured The rinds were then ground 
off and Ti3+ concentrations of the cores (3-5 mg) remeasured. 
The concentration (Table 2) of Ti3+ in the core and bulk 
sample are within error of each other. Two of these samples 
were quenched in liquid N2. The third, ALL-2-52, was 

quenched in water and has (Fig. 6a) an anomalously low Ti3+ 
to Ti4+ relative to other samples equilibrated at similar redox 
conditions. Thus, quenching in water may result in significant 
oxidation of hibonite. Two hibonite samples-ALL-2-7 (0.3 
mg) and BA-V-7 (0.8 mgf-were much smaller than any oth- 
ers (3- 18 mg) used in this study. Their Ti3+ to Ti4+ ratios are 
lower (Table 2) than for experiments on the same bulk com- 
positions at either higher or lower oxygen fugacities. Although 
liquid nitrogen was used, it is likely that these were partially 
oxidized during quenching. 

Origin and intensity of blue color in hibonite 

IHINGER and STOLPER (1986) noted that the intensity of 
color in synthetic blue hibonites increased with decreasing 
oxygen fugacity. They also found that the intensity of the 
absorption in the optical spectrum at 7 15 nm correlated with 
log,, fo,. In Fig. 7, the intensity of the absorption at 7 15 nm 
as given by IHINGER and STOLPER (1986) is plotted against 
wt% Ti3+ determined in this study for the same samples. There 
is a good correlation, supporting the contention of IHINGER 
and STOLPER ( 1986) that intensity of the blue color in hibonite 
is correlated with the presence of Ti3+. It is possibte that the 
color is due to a transition involving the Ti3+ ion. However, 
since the concentmtion of oxygen vacancies in hibonite is 
pro~~ion~ to the concentmtion of Ti3+, the blue color could 
also result from the presence of color centers (see, for example, 
KITTEL, 1976) caused by oxygen vacancies (BURNS and 
BURNS, 1984). 

Oxygen fugacity for SH-7 hibonite 

In Fig. 6c, Ti3+/Ti4+ for SH-7Hibl determined by ESR is 
shown along with a calculated curve assuming 0.35 w-t% Ti 
on the five-fold Al-site. In this case, the equilibrium oxygen 
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FIG. 7. Absorbance of synthetic hibonite at 7 15 nm (IHINGER and 
STOLPER, 1986) as a function of wt% Ti3’. Although normalized to 
constant thickness (1 cm), optical path lengths for samples are prob- 
ably variable due to differences in grain size and degree of compact- 
ness. In particular, BA-VFC-2 is much less consolidated than are the 
other samples leading to an anomalously low absorbance. 
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fugacity for SH=‘IHibl could be as reducing as a gas of solar 
composition. Alternatively, in the unlikely event that all Ti 
( 1.7 I wt%; Table 1) were on the five-fold Al-site in this natural 
hibonite, then oxygen fugacities approximately nine orders 
of m~nitude more oxidizing than a gas of solar composition 
are indicated. The correct curve for SH-7Hibl depends on 
the unknown concentration of Ti in the 5-foid site. A curve 
for SH-7Hib2 analogous to the one for SH-7Hib 1 in Fig. 6c 
would be similar, but its position is even less well constrained 
because the bulk concentration of Ti is not well known. A 
more quantitative estimate of the equilibrium oxygen fugacity 
for SH-7 hibonites will be possible only if the site occupancy 
of Ti4’ can be determined. This information could be ob- 
tained either from a single crystal structure refinement or by 
experimentally determining a redox curve similar to those 
shown in Fig. 6 on a sample of SH-7 hibonite. 

It is notable in Fig. 6c that maximum concentrations of 
S-coordinated Ti3+ in synthetic hibonite are much lower than 
observed in SH-7Hibl. This could be an artifact of the syn- 
thesis procedure. For example, the synthetic hibonite was 
initially synthesized from oxides and Ca-carbonate under 
conditions more oxidizing than the TiOZ=Ti305 buffer using 
the oxide TiO2 as a source of Ti. Under these conditions, the 
Ti su~titu~g on the five-fold AI-site may have been present 
almost exclusively as Ti3+=Vi couples. If SH-7 hibonite grew 
under conditions more reducing than the TQ-T&O5 buffer, 
then there may have been a higher concentration of Ti3+=ui 
couples and, in addition, some Ti3+ may have substituted 
into the five-coordinated site without forming an associated 
oxygen vacancy. If so, the perovskite frequently observed in 
meteoritic hibonite (e.g., HASI~IMOTO et al., 1986; WARK, 
1986) may result from exsolution during oxidation. In con- 
clusion, although we cannot quantify the j& under which 
SH-7 hibonite originally grew, our observations point to con- 
ditions more reducing than those used for hibonite synthesis 
in this study. 

COSMOCHEMICAL IMPLICATIONS 

Estimates of oxygen fugacity in CAB range from four orders 
of magnitude more reducing than a gas of solar composition 
(STOLPER et al., 1982) to ten orders of magnitude more ox- 
idizing (IHINGER and STOLPER, 1986). This is a tremendous 
range that cannot be readily explained by exposure of CAIs 
to a gas with a single com~sition. There are three basic ques- 
tions to be addressed. First, is there evidence of multistage 
processing of in~~du~ CAIs, or did each CA1 follow a simple 
T-f% path as it cooled? Multistage processing might indicate 
dynamic and turbulent environments. Second, are there sig- 
nificant differences in T-f& histories between individual CAB 
within a given class or between CAIs of different classes? This 
has implications for heterogeneity in the solar nebula. Third, 
how reducing was the solar nebula at high (Z 1100°C) tem- 
peratures? Oxidizing conditions could suggest that CAIs 
evolved from a dust-rich environment (e.g., WOOD, 1984) 
so that a substantial quantity of preexisting solids were va- 
porized prior to condensation. Reducing conditions com- 
parable to those of a gas of solar composition would suggest 
that the region of the solar nebula from which CAIs evolved 
was initially (before dust vaporization) relatively dust-free. 
To address these questions, we will review available .fo, esti- 
mates in CAIs. Where possible, the relative timing and tem- 

perature of equilibration for the _f& estimate is considered. 
We begin with those estimates based on properties of indi- 
vidual phases or phase assemblages and then consider con- 
straints based on trace elements in bulk CAIs. 

i. Hihire. In this work, Ti”+ to Ti”+ ratios of synthetic 
and meteoritic hibonites have been studied. A lower limit in 
oxygen fugacity comparable to that of a gas of solar com- 
position has been established for hibonite from inclusion SH- 
7 in the CM meteorite Murchison. Although a quantitative 
estimate of equilibrium oxygen fugacity for SH-7 can only 
be obtained if the site occupancy of Ti can be determined, 
the high Ti3+/Ti4+ of this hibonite relative to our synthetic 
hibonites suggest highly reducing conditions. Since there are 
no signs of low-temperature alteration products in this in- 
clusion, the hibonite may record high temperature conditions 
in the solar nebula. 

Based on optical spectroscopy, IHINGER and STOLPER 
(I 986) estimated the fo, recorded by blue hibonites in the 
Blue Angel inclusion (ARMSTRONG et al., 1982) of Murchi- 
son. They inferred that the hibonite equilibrated in a gas that 
was four or five orders of magnitude more oxidizing than a 
gas of soiar composition, though this result may also be in= 
fluenced by details of Ti-site occupancy. The Blue Angel in- 
clusion is especially interesting because it contains a large 
amount of secondary calcite. This led ARMSTRONG d al. 
(1982) to conclude that the inclusion had been altered under 
relatively oxidizing conditions in a planetary environment. 
Since the color (IHINGER and STOLPER, 1986) and Ti3+ to 
Ti4+ ratio (this work) of hibonite equilibrate rapidly, it is 
possible that the oxygen fugacity estimated for the Blue Angei 
inclusion reflects conditions during the formation of calcite 
in the inclusion. 

STOLPER and IHINGER (1983) showed that orange hibonite 
in flu@ type A inclusions (MACPHERSON and GROSSMAN. 
1984) from Allende (ALLEN et al.. 1978) equilibrated in a 
gas that was at least ten orders of magnitude more oxidizing 
than a gas of solar composition. Blue hibonites equilibrated 
in some more reducing environment. Although the blue-to- 
orange transition does depend somewhat on the composition 
of the hibonite (STOLPER and IHINGER, 1983). it is clear that 
orange hibonites equilibrated in environments that were 
highly oxidizing relative to the oxygen fugacities recorded by 
hibonites in the Blue Angel or SH-7 inclusions from Mur- 
chison. 

ii. Fussaife. Ti-rich clinopyroxene in most coarse-granted 
CAIs crystallized from a melt (e.g., MACPHERSON and 
GROSSMAN, I98 1; MACPHERSON rt 01.. 1984) at temperatures 
on the order of 1200°C (STOLPER, 1982; STOLPER and PA- 
QUE, 1986). These pyroxenes contain variable amounts of 
Ti3+ and Ti4’, suggesting that they might be useful as indi- 
cators off-. In order to obtain a quantitative basis for such 
an oxygen barometer, STOLPER ef al. (1982) and BECKER.-I‘ 
and GROSSMAN (1986) crystallized clinopyroxene in silicate 
melts at low fe levels. STOLPER ef al. ( 1982) obtained a simple 
linear relationship between log,, (Ti’+/Ti’+) in clinopyroxene 
and log,, fol in the coexisting gas. They concluded that cli- 
nopyroxene in Allende inclusions crystallized in a gas that 
was 04 orders of magnitude more reducing than a gas of 
solar composition. BECKET-~ and GROSSMAN (1986) cali- 
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brated T?+-Ti4+ exchange reactions involving clinopyroxene, 
melilite and spinel. They concluded that oxygen fugacities at 
the time of initial clinopyroxene crystallization were 1.5 * 1.1 
orders of magnitude more reducing than a gas of solar com- 
position for type B (coarse-grained, pyroxene-rich; GROSS- 
MAN, 1975) inclusions. Calculated oxygen fugacities for dif- 
ferent inclusions were within error of each other. The prin- 
cipal implication of both STOLPER et al. ( 1982) and BECKETT 
and GROSSMAN (1986) is that the melting event to which 
type B’s were subjected took place in a very reducing, ap- 
proximately solar gas. 

solid solutions. If so, the occurrence of scheelite enclosed in 
NiFe metal would not require preexisting high fo conditions 
at high temperature. The plausibility of volatile MO and W 
gas species at low temperatures is discussed below. 

In summary, some phase assemblages in opaque assem- 
blages indicate equilibration under oxidizing conditions at 
low temperatures. If the interpretation of BISCHOFF and 
PALME (1986) that Ca(Mo, W)04 formed at high temperatures 
is correct, then extremely oxidizing conditions during con- 
densation at high temperatures would also be indicated. 

iii. Rhanite. Beckett and co-workers calculated oxygen 
fugacities for compact type A inclusions (coarse-grained, 
melilite-rich, previously molten; MACPHERSON and GROSS- 
MAN, 1979) from Allende based on experimentally calibrated 
clinopyroxene-melilite-spine1 (BECKETT and GROSSMAN, 
1986) and rhonite-clinopyroxene-perovskite-spine1 (BECKETT 
et al., 1986) equilibria. They concluded that the oxygen fu- 
gacity approximated that of a gas of solar composition during 
crystallization of clinopyroxene at temperatures on the order 
of 1150- 1260°C. Estimates offo, for different inclusions were 
within error of each other. 

Intrinsic oxygen fugacity measurements 

KOZUL et al. (1986) performed intrinsic fo, measurements 
on two type B inclusions. Bulk measurements gave fo, levels 
1- 1.5 orders of magnitude more oxidizing than the iron-wiis- 
tite buffer, about seven orders of magnitude more oxidizing 
than a gas of solar composition. Measurements on melilite 
separates were 2 orders of magnitude more oxidizing than 
the iron-wtistite buffer. They concluded that the high oxygen 
fugacities implied by their measurements were indicative of 
late-stage, low temperature alteration. 

Opaque assemblages Host phases for lithophile refractory trace elements 

The assemblage Fe-rich alloy-magnetite-hercynite occurs 
in oxide-sulfide-alloy aggregates called Fremdlinge (EL Go- 
RESY et al., 1978) or opaque assemblages (BLUM et al., 1988) 
in CAIs. ARMSTRONG et al. (1985) concluded that this rel- 
atively common phase assemblage is stable at about X30- 
600°C and anfo, of roughly lo-“, three to seven orders of 
magnitude more oxidizing than a gas of solar composition 
in this temperature range. There is some controversy about 
whether these low temperature conditions were experienced 
by opaque assemblages prior to their incorporation in CAIs 
and subsequent melting (e.g., ARMSTRONG et al., 1985) or 
after high temperature processing under reducing conditions 
(BLUM et al., 1988). 

Scheelite-powellite [Ca(Mo,W)04)] solid solutions are also 
observed in opaque assemblages (ARMSTRONG et al., 1985; 
BISCHOFF and PALME, 1986). BISCHO~ and PALME ( 1986) 
noted that scheelite is sometimes enclosed in NiFe alloy; this 
was taken to indicate that the NiFe alloy condensed around 
preexisting grains of scheelite at high temperatures in the 
solar nebula. Based on condensation calculations, they con- 
cluded that oxygen fugacities in the solar nebula must have 
been as much as eight orders of magnitude more oxidizing 
than a gas of solar composition at high (- 1600 K) temper- 
atures. However, opaque assemblages may have undergone 
substantial recrystallization and oxidation at low temperatures 
after high temperature processing (WARK and WLOTZKA, 
1982; BLUM et al., 1988). It is thus possible that Ca(Mo, 
W)04 formed during oxidation of opaque assemblages at low 
temperature rather than at high-temperatures. Its presence 
would, in this view, be a consequence of the original bulk 
composition of the opaque assemblage containing it and the 
conditions to which it was subjected at low temperatures. 
Since oxidation of the alloy in an opaque assemblage would 
be accompanied by a large volume increase, many cracks 
and vugs would form in the alloy and oxide. These could 
provide convenient nucleation sites for scheelite-powellite 

For solar oxygen fugacities, FEGLEY and KORNACKI ( 1984) 
calculated that the lithophile refractory elements Ti, Zr, Hf, 
U and Ta would condense as alloys with noble metals, rather 
than as pure oxides, but these elements are not generally 
observed in the noble metal nuggets of CAB (e.g., EL GoREsv 
et al., 1979; BLANDER et al., 1980; PALME et al., 1982; ARM- 
STRONG et al., 1985; MURRELL and BURNETT, 1987). In ad- 
dition to errors in thermochemical data, FEGLEY and KOR- 
NACKI (1984) suggested two possibilities to explain this ap 
parent discrepancy. One possibility is that oxygen fugacities 
in the primitive solar nebula were three or four orders of 
magnitude more oxidizing than a gas of solar composition 
so that oxide phases rather than alloys ofthese elements were 
stable. Alternatively, even in a solar gas, these elements may 
substitute into phases such as perovskite or silicates rather 
than form pure oxides. Indeed, although baddelyite (ZrGJ 
has been reported in CAIs (e.g., EL GORESY et al., 1978; 
LOVERING et al., 1979), the lithophile refractory elements 
generally do occur in perovskite (KURAT, 1970; ALLEN et 
al., 1978; MURRELL and BURNETT, 1987) or dispersed at low 
concentrations in silicates (MURRELL and BURNETT, 1987). 
Thus, the behavior of these lithophile refractory elements in 
CAIs does not at the present time provide firm constraints 
on oxygen fugacities during CA1 genesis. 

Trace element concentrations in CAIs 

A variety of factors including equilibration temperature 
(PALME and WLOTZKA, 1976; EKAMBARAM et al., 1984), 
oxygen fugacity (BOYNTON and CUNNINGHAM, 1981; FEG- 
LEY and PALME, 1985) host phase (GROSSMAN et al., 1977; 
DAVIS and GROSSMAN, 1979), high-temperature gas-solid 
fractionation (BOYNTON, 1975) and low-temperature alter- 
ation (DAVIS et al., 1978) can affect the abundance patterns 
of trace elements in CAIs. If the effects of oxygen fugacity 
can be isolated from those due to other factors, then trace 
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elements can be used as oxygen barometers. Unfortunately, 
this is not an easy task. For example, Sr and Ba have similar 
volatilities in a cooling gas of solar composition so that Ba 
and Sr should condense at about the same temperature. In 
a more oxidizing gas Ba becomes more volatile than Sr 
(BOYNTON and CUNNINGHAM, 198 1) so that Sr should con- 
dense at a higher temperature than Ba. Thus the presence of 
negative anomalies of Ba relative to Sr in CAB might indicate 
oxidizing conditions, and the absence of such anomalies more 
reducing conditions. There are, however, at least three prob- 
lems with such a simple interpretation. First, if a CA1 equil- 
ibrates with the condensing gas to a sufficiently low temper- 
ature, then all the Ba will condense regardless of how oxidizing 
or reducing the vapor phase might be. Thus the lack of a Ba 
anomaly does not mean that the gas was very reducing. A 
second problem is that Ba concentrations in CAIs are un- 
correlated with those of Sr, perhaps indicating that these ele- 
ments condensed in different phases (GROSSMAN et at.. 1977). 
Hence, a negative anomaly in Ba could mean that the host 
phase for Ba was physically fractionated from the host phase 
for Sr. Third, relative volatilities of trace elements in a solar 
gas are generally based on the stability of the pure oxide or 
metal relative to vapor, or the stability of an ideal solution 
of that element in some host phase. If solid solutions of the 
trace elements are strongly nonideal (e.g., BOYNTON, 1978). 
then relative volatilities can be substantially affected. Hence, 
negative anomalies in Ba might be indicative of significantly 
different activity coefficients for Ba and Sr in their host phases. 
Similar problems are encountered for V and U. Both of these 
elements become more volatile in oxidizing gases relative to 
their volatilities in a solar gas (BOYNTON and CUNNINGHAM, 
198 1 ), suggesting that they might be useful oxygen barom- 
eters. V and U are, however, also rather volatile in a gas of 
solar composition, so that the negative anomalies sometimes 
observed for these elements could be due simply to high for- 
mation temperatures. We conclude, for most trace elements 
in most CAB, that the difficulty in separating the influence 
of oxygen fugacity from other effects makes them problematic 
as oxygen barometers. Two possible exceptions that we discuss 
below are Ce relative to other rare earth elements, and MO 
and W relative to other refractory siderophiles. 

i. Ce abundances. At oxygen fugacities three to five orders 
of magnitude more oxidizing than a gas of solar composition, 
Ce becomes highly volatile relative to other rare earth ele- 
ments. If BEE in CAB condensed in such a gas, large negative 
Ce anomalies would be expected (BOYNTON and CUN- 

NINGHAM, 1981, DAVIS et al., 1982; BOYNTON, 1985; F&G- 

LEY, 1986). HAL, a hibonite-rich inclusion (DAVIS et al., 
1978,1982;A~~~~etal., 1980)andCl,atypeBCAI(W~~~ 
and LOVERING, 1982a), have deep negative Ce anomalies 
(CONARD, 1976; TANAKA et al., 1979) and may, therefore. 
have condensed from extremely oxidizing gases. Both inclu- 
sions are, however, unusual “FUN” (WASSERBURG et al.. 
1977) inclusions with large isotopic anomalies in many ele- 
ments. With rare exceptions (e.g., a small Ce anomaly in a 
fine-grained inclusion from Efremovka; B~YNTON et al., 
1986), there is no evidence for Ce anomalies in “normal” 
CAB (e.g., W?+XE et al., 1974; GROSMAN and GANAPATHY, 
1976a,b; DAVIS et al., 1978; MASON and TAYLOR, 1982; EK- 

AMBARAM et al., 1984). This suggests either that condensation 

of the REEs in most CAIs took place in relatively reducing 
gases, or that CAB equilibrated with the nebular gas to such 
a low temperature that complete condensation of Ce had 
occurred. 

ii. MO-W abundances. BLANDER PI al. ( 1980) and WARK 

( 1980) noted that MO and W form gaseous oxides at high 
temperatures more readily than many other refractory ele- 
ments in CAIs and therefore depletions in these elements 
could reflect oxidizing conditions in the solar nebula. FHGL FI’ 
and PALME ( 1985) calculated the composition of metal alloys 
in equilibrium with gases spanning a range of HZ/H20 ratios 
but otherwise solar abundances of the elements. They con- 
cluded that MO-W concentrations in CAIs were established 
at high temperatures and that CAIs with large MO and W 
depletions equilibrated in gases that were three or four orders 
of magnitude more oxidizing than a gas of solar composition. 
This conclusion contrasts with some of the data reviewed 
above that indicate approximately solar oxygen fugacities at 
high temperatures and, if valid, would suggest that oxygen 
fugacities were highly variable at high temperature in the 
solar nebula. 

In Fig. 8. W/OS ratios of bulk CAls from the literature are 
plotted against MO/OS. All three elements are normalized to 
concentrations in CI chondrites. The dashed line joins core 
and bulk analyses for a type B3 (forsterite-bearing) inclusion 
(WARK et al., 1987). Calculated ratios for equilibrium bc- 
tween MO-W containing alloys and the gas of the primitive 
solar nebula assuming varying HI/H20 ratios but otherwise 
solar abundances of the elements at I600 K are also shown 
(FEGLEY and PALME, 1985). Most of the analytical data fall 
in a band extending from MO-W enriched to Mo-W depleted 
compositions; the calculated curve of FEGLEY and PALME 

( 1985) is not a good match to the data. This mismatch does 

not, however. rule out condensation under oxidizing con- 
ditions. MO and W could be highly nonideal in the condensing 
alloy, or an important gas species may have been left out of 
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FIG. 8. W/OS as a function of Mo/Os for bulk CAls. Analyses of 
the mantle and core of inclusion 8 I8a (WARK er al.. 1987) are labeled. 
The curve shows calculated compositions of alloys in equilibrium 
with a gas of variable H2/H20 ratios but otherwise solar abundances 
of the elements (FEGLEY and PALME, 1985) at 1600 K. Data were 
compiled from source-s given in FEGLEY and PALME (1985). plus 
data from EL GORESY et al. (1984. 1985). BKCHOFF and PALM 
(1986). WARK (1986, 1987). and WARK er al (1987). 
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the calculations. Also, the curve shown in Fig. 8 was calculated 
for 1600 K. Curves calculated for lower temperatures would 
more closely approach the observed compositions. 

Processes other than condensation in an oxidizing gas 
might have been responsible for the observed Mo-W deple- 
tions. For example, MO-W depletions could have been es- 
tablished during a melting event (FEGLEY and PALME, 1985). 
However, some inclusions that never underwent melting (e.g., 
WARK, 1986) have MO-W anomalies. Moreover, if MO and 
W were volatile during such a melting event, then Ce should 
also have been volatile. The rarity of Ce anomalies in CAIs 
argues against such an interpretation. In addition, Ti3+/Ti4+ 
in fassaites from melted inclusions clearly indicate very re- 
ducing conditions. Thus, if Mo-W depletions were established 
during a melting event, they must have occurred before fas- 
saite crystallized. An alternative for the formation of Mo-W 
depletions is low-temperature oxidation (e.g., PALME et al., 
1982). The fact that the mantle of the type B3 inclusion an- 
alyzed by WARK et al. (1987) is more depleted in MO and 
W than the core is consistent with the suggestion that this 
CA1 was immersed in an oxidizing gas after solidification of 
the inclusion and that MO and W evaporated into the gas 
from the outer portions of the inclusion. 

Under reducing conditions, W and MO do not form volatile 
oxides. In oxidizing, water-rich gases, however, they volatilize 
to form the gaseous hydroxides W02(OH)z and Mo02(0Hh 
(BELTON and MCCARRON, 1964; BELTON and JORDAN, 1965; 
SYMONDS et al., 1987) via the reactions 

and 

WB) + 4H20,) * WOZ(OH)Z~ + 3H2, (8a) 

MO(,) + 4H2Ow -, MoO2(OH)z(g) + 3H2,. (8b) 

If no MO- or W-bearing phases are stable when reactions (8a, 
b) occur, then a MO-W depletion will result. In CAIs, scheelite- 
powellite and molybdenite (MO&)-tungstenite (WS2) solid 
solutions are the most frequently observed MO-W-bearing 
phases (e.g., EL G~RESY et al., 1978; BLANDER et al., 1980; 
ARMSTRONG et al., 1985). Since Ca is lost from CAIs during 
the alteration process (WARK, 1981) and Ca(OH), is the 
dominant Ca-bearing species in water-rich nebular gases 
(HASHIMOTO and WOOD, 1986), scheelite-powellite may 
condense at low temperatures by means of the reactions 

W02(0H)2, + Ca(OH)2w = CaW04(,) + 2H20ej (9a) 

and 

Mo02(OH)% + Ca(OH)2,,, = CaMo04,, + 2H200. (9b) 

Similarly, the formation of MO-W sulfides at low temperatures 
can be ascribed to reactions of the type 

W02W-U2,,, + Sh = 

3 
Wf32,, + H20o + - 02w 

2 (9c) 

and 

M002(0H)~ + Sz, = 
3 

MoS,,) + Hz% + 2 0,). (W 

For a particular CAI, the specific T-fo2-fHfl-& conditions will 
control whether or not MO and W become volatile, whether 

the MO- and/or W-bearing vapors escape or condense inside 
the inclusion, and which of reactions (9a-d) is dominant. 
Note in Fig. 8 that some CAIs have Mo-W enrichments; these 
can readily occur via reactions (9a-d) if Mo-W-bearing vapors 
escape from one CA1 and condense in another at a lower 
temperature or in a more reducing gas. Subtle variations in 
physical conditions may thus control whether or not a given 
inclusion will have a Mo-W depletion. It remains to be seen 
whether the details of the MO-W depletions in CAIs can be 
better accounted for by processes at high or low temperatures. 
Aspects of this problem that need to be explored include the 
following: (1) What, if any, relationship is there between the 
alteration event experienced by many CAIs and the oxidation 
event that produced opaque assemblages? (2) Do inclusions 
from CM chondrites, which often contain secondary calcite 
and phyllosilicate, have MO-W depletion patterns different 
from CAIs in CO or CV chondrites which do not contain 
these phases? (3) If Mo and W were volatilized from CAIs at 
low temperature, would Re, a volatile element in terrestrial 
volcanic gases (e.g., SYMONDS et al., 1987), also be volatilized? 
(4) Would phyllosilicates and/or other hydrated solids be ex- 
pected in CAIs if gases were sufficiently water-rich to stabilize 
MoO~(OH)~, and W02(0H)2,,? 

Summary 

Constraints on oxygen fugacity during CA1 genesis fall into 
two broad categories. In the first, homogeneous and heter- 
ogeneous equilibria recorded by minerals in the CAIs provide 
quantitative measures of&, and, in some cases, temperature. 
Ti3+ to Ti4+ ratios in hibonites and fassaites and phase equi- 
libria of opaque assemblages are examples of this type of 
constraint. This approach is intrinsically quantitative and 
depends only on the assumption that an equilibrium state 
was achieved. In the second category, measured concentra- 
tions of various elements in CAIs are compared with those 
expected from a given scenario for CA1 genesis where& is 
a variable used in modelling. Oxygen fugacity estimates based 
on Ce and MO-W depletions fall in this category. This second 
approach is not as quantitative as the first; it depends on the 
processes assumed to dominate in the evolution of a particular 
CA1 (e.g., equilibrium vs. fractional condensation or evap- 
oration), the assumed temperature and total pressure at which 
the specified gas-solid fractionation occurred, and the bulk 
composition of the system (e.g., MO-W depletions may have 
been inherited by the gas from which CAIs condensed and 
thus give no information on the conditions under which CAIs 
formed). In our view, constraints based on mineral equilibria 
recorded in CAIs are, in general, to be preferred to those 
based on bulk chemical characteristics of inclusions because 
they are less model dependent. 

Based on these two types of approaches, several constraints 
have been established on the oxygen fugacities recorded by 
CAIs. (1) With few exceptions, indications of oxygen fugacity 
based on lithophile refractory elements are consistent with 
high temperature gas-solid equilibration under reducing, ap- 
proximately solar conditions. The absence of Ce anomalies 
in most “normal” CAIs is the only semi-quantitative indicator 
of this; other elements (e.g., Ba vs. Sr; U vs. V) and details 
of the host phases of refractory lithophiles are inconclusive, 
but consistent with reducing conditions. (2) The melting event 
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that affected most type B and many type A inclusions took 
place under reducing, approximately solar conditions. This 
is a firm constraint based on Ti3+/Ti4+ in pyroxenes and 
rhbnites. Ti3+/Ti4+ in the SH7 hibonite studied here is also 
consistent with reducing conditions at high temperatures. (3) 
Many CAIs appear to record highly oxidizing conditions rel- 
ative to those of a solar gas at low temperatures. Phase equi- 
libria of opaque assemblages, intrinsicSo, measurements and 
hibonite colors all either demonstrate or are consistent with 
this conclusion. MO-W depletions may indicate oxidizing 
conditions, but it is not clear at what point in CA1 evolution 
these depletions developed, and in particular whether they 
formed at high or low temperatures. 

Among many possible explanations for the variation of 
oxygen fugacity during CA1 evolution that could account for 
these observations, we propose the following two as examples. 
The principal difference between them is in the interpretation 
of observed MO-W anomalies in CAB. We assume the overly 
simplistic view that most “normal” CAB record a roughly 
similar set of processes and thus observations from different 
CAB can be linked: 

( I) ~onden~tion of all components in CAIs occurred un- 
der reducing, approximately solar conditions. Some incfu- 
sions were later melted under similarly highly reducing con- 
ditions. At low temperatures (--6OO*C), CAIs were exposed 
to significantly more oxidizing conditions. There are no def- 
initejol constraints between 1200 and 6OO”C, so the nature 
of the transition between reducing and oxidizing conditions 
is unclear, though it could reflect a transition from nebular 
to planetary environments. This scenario would require that 
MO-W depletions and enrichments took place at low tem- 
peratures, late in the evolution of CAIs. 

(2) CAIs accumulated as mixtures dominated by silicate- 
lithophile components that formed under reducing conditions 
with other ~rn~nen~ that formed under oxidizing condi- 
tions and carried the Mo-, W-depleted refractory siderophiles. 
Some of these mixtures were subsequently melted under re- 
ducing conditions imposed either by a surrounding reduced 
gas or by the predominant reduced component of the CAIs. 
At a later time, CAB were exposed to very oxidizing condi- 
tions at low temperatures. According to this scenario, Mo- 
W depletions predate the accumulation and melting of CAIs. 
They reflect the origin of a minor component in CAIs rather 
than the evolution of CAIs as bulk objects. It may be that 
many of the apparent discrepancies among various indicators 
of oxygen fugacity can be resolved by decoupling the origins 
of different chemical com~nents in these inclusions prior 
to their agglomeration into CAIs. 

It should be emphasized that although the extreme vari- 
ations in oxygen fugacity at high temperatures that have been 
proposed recently for most CAIs (ARMSTRONG et al., 1985; 
FEGLEY and PALME, 1985; BISCHOFF and PALME, 1986) can- 
not he ruled out, we find no conclusive evidence for them. 
While there is certainly evidence in CAIs of multistage pro- 
cessing and variations in gas compositions at high tempera- 
tures (e.g., GROSSMAN, 1980; WARK and LOVERING, 1982b; 
WARK, 1986), available T-fez constraints are consistent with 
the suggestion that most of these processes occurred in very 
reducing gases. Dust-rich gases invoked by WOOD (1984) to 

explain anomalously high oxygen fugacities in the solar neb- 
ula are not required for the high-temperature histories of 
CAls. CAls, however, may have been exposed to such en- 
vironments at low temperatures. Alternatively, the oxidized. 
low temperature environments could have been planetary. 

CONCI.USIOI\;S 

(1) Electron spin resonance spectroscopy has been used 
to demonstrate the existence of Ti3+ in meteoritic and syn- 
thetic hibonite, establish which site the Ti” is located in and 
quantify concentrations of Ti”. By obtaining ESR data on 
‘Ti3- in synthetic hibonite covering a range of bulk compo- 
sition and equilibrated experimentally over a range of oxygen 
fugacities. it has been possible to calibrate a potentially useful 
oxygen barometer for Ti”bearing hibonite. The fi“ ron- 
centrations correlate well with the intensity of the 715 nm 
absorption signal for blue hibonite described by IHIN(iER and 

STOLPER ( 1986). 
(2) Ti” in hibonite gives rise to an ESR signal centered 

at R = I .96, which is readily observable at room temperature. 
The principal values of the g-tensor are gI = I .960 + 0.002 
and g,; = 2.000 2 0.002. Ti3- is in the 5-coordinated Al-sites 
that are aligned parallel to the crystallographic (‘axis. 

(3) Concentrations of Ti”’ in synthetic blue hibonites arc 
in the range 0.04-0.64 wt%, corresponding to 2- 15% of Ti 
as Ti3+ for these samples. T?’ could not be detected in syn- 
thetic orange hibonite. The concentration of Ti3+ in IWO 
samples of blue hibonite from Murchison inclusion SH-7 
were 0.35 in a single grain SH-7Hibl and 0.44 wtqc. in 3 
collection of chips. SH-7Hib2. Ti” comprises 23% of all Ti 
in SH-7Hibl hibonite. 

(4) The observed variations in Ti3*/TiJ’ with /(): m syn- 
thetic hibonite of a given bulk composition can be modelled 
with a simple treatment of the thermodynamics of Ti” -Ti” ‘ 
equilibria in hibonite. Under reducing conditions bulk Ti” 
to Ti4’ ratios in synthetic hibonites become nearly constant 
due to reduction of essentially all Ti on the five-fold Al-site. 
Ti3’/Ti4+ in hibonite increases with decreasing V content. 
The oxygen fugacity calculated for a given Ti”’ to T?’ ratio 
in hibonite is a function of temperature. However. the 
7‘-&, curve for a gas in equilibrium with a synthetic hibonite 
of constant composition approximately parallels that of a gas 
of solar composition. 

(5) Hibonite from Murchison inclusion SH-7 equilibrated 
with a gas that could have been as reducing as a gas of solar 
composition. This is consistent with more quantitative esti- 
mates of oxygen fugacities at high temperatures based ou 
Ti3+-Ti4+ exchange equilibria involving pyroxenes and rhon- 
ites in CAIs. The rarity of Ce anomalies in CAIs is also con- 
sistent with reducing high temperature environments for the 
condensation of refractory lithophile elements in CAls. Other 
indicators of oxygen fugacity at high temperatures in CAls 
are inconclusive, but consistent with reducing conditions. 

(6) There is considerable evidence that CAB experienced 
conditions significantly more oxidizing than solar gas as they 
cooled to lower temperatures. perhaps in planetary environ- 
ments. MO-W depletions in CAIs could reflect high or low 
temperature oxidizing conditions: if these depletions record 
high temperature processing, we suggest that the oxidizing 
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conditions were experienced only by a minor siderophile ele- 
ment-rich component prior to its incorporation into CAIs, 
not by bulk CAIs or their lithophile components; if these 
depletions record low temperature processing, they may pre- 
date CA1 formation or they could have formed during cooling 
of bulk CAIs. 
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