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We review efforts to constrain the oxidation state of the solar nebula by using
the chemistry and mineralogy of primitive chondritic meteorites (i.e., type 3 car-
bonaceous, ordinary, and enstatite chondrites). Our review shows that the neb-
ular redox state varied from several orders of magnitude more oxidizing than a
solar gas to several orders of magnitude more reducing than a solar gas. Mech-
anisms to explain such large variations are reviewed, and their implications for
planetary chemistry are also discussed. An important part of our effort is the at-
tempt to disentangle the signatures of parent body and nebular processes. Parent
body processes, such as thermal metamorphism and fluid/rock interactions, have
altered, sometimes significantly, the original nebular signatures preserved in prim-
itive (e.g., type 3 carbonaceous) chondrites and make interpretation of the nebular
record difficult.

I. INTRODUCTION

In 1971 Ed Anders wrote, “Chondrites contain a unique archeological
record of physical and chemical conditions in the solar nebula. It is the
job of meteoriticists to decipher this record—to translate structure, com-
position, and mineralogy into temperature, pressure, time, and chemical
environment” (Anders 1971). Anders goes on to emphasize the “fortunate
coincidence” that theoretical models have, at the same time, evolved to a
point where they allow detailed predictions of pressure, temperature and
composition at various times in the evolution of the solar nebula. In the
period since 1971, meteoriticists have learned that both tasks are more
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difficult than initially thought. Meteorites are far more complex, and the
theoretical treatment of the protosolar nebula and young stellar objects
with circumstellar disks (e.g., Hartmann 1996) is much more complicated,
than was anticipated in the early 1970s.

The problems, however, remain. Under what conditions did the com-
ponents of meteorites form? What do these conditions tell us about the
solar nebula on a local or on a global scale? What are the effects of as-
teroidal processing (fluid-rock interaction and thermal metamorphism) on
nebular records in meteorite components? How do we distinguish between
nebular and asteroidal records in meteorites?

The most primitive (i.e., the least altered and thermally metamor-
phosed) meteorites are carbonaceous (CO, CV, CK, CH), ordinary (H, L,
LL), and enstatite (EH, EL) chondrites of petrologic type 3, which largely
consist of various amounts of chondrules, Ca-Al-rich inclusions (CAls),
and fine-grained matrices. Detailed mineralogical, experimental, and iso-
topic studies have shown that these chondritic components have expe-
rienced a complex formation history in the solar nebular and asteroidal
environments (e.g., Kerridge and Matthews 1988; Hewins et al. 1996;
Zolensky et al. 1997).

CAls are products of high-temperature processes in the early solar
nebula. By “high-temperature” we mean temperatures so high that ma-
terials with approximately solar compositions for nonvolatile elements
would not survive very long (minutes to hours) if exposed to them. Some
CAIs are condensates and residues from these events; others crystallized
from refractory melts, which may themselves represent condensates (e.g.,
MacPherson et al. 1988; Paime and Boynton 1993). Both types may have
experienced subsequent alteration at lower temperatures by gas-solid
reactions in the solar nebula, by fluid-rock interaction in an asteroidal
environment, or both (MacPherson et al. 1988; Russell et al. 1998). Chon-
drules probably formed by multiple, localized, brief episodes of melting of
preexisting solids; some suffered subsequent low-temperature nebular or
asteroidal alteration similar to that observed in CAls (Kimura and Ikeda
1995). The origins of matrix material remain obscure; a minor compo-
nent of matrix is presolar (Huss and Lewis 1995), and the remainder is
a complex mixture of material resulting from both nebular and asteroidal
processes (Brearley 1996).

The solar nebula did not produce chemically and isotopically uniform
objects. The most primitive type 3 carbonaceous, ordinary, and enstatite
chondrites contain components that formed under different temperatures
and redox conditions. Preservation of this apparent disequilibrium in these
meteorites for billions of years indicates that their parent asteroids were not
heated to above 600-700 K at any length of time and that the extent of re-
action with liquid water was moderate, although there is some diversity in
opinion about the exact degree of water/rock interaction (see section IIL.G).
Meteorites of higher petrologic types, from 4 to 6 (CK, H, L, LL, R, EH,
EL), reflect increasingly more intense parent body heating, whereas mete-
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orites of lower petrologic types, 2 and 1 (CM, CR, CI), indicate increas-
ing degrees of reaction with water, erasing the high-temperature record of
various minerals.

An important parameter for the mineralogy of meteorites is the oxy-
gen fugacity (fO,, which is identical to the oxygen partial pressure for an
ideal gas) under which the minerals formed or equilibrated. The solar neb-
ula gas is very reducing (see section II), producing on condensation only
metallic iron and almost no FeO in silicate or oxide condensates. Parent
body processes, if water is present, may imprint a high fO, on the min-
erals that were produced or that have equilibrated with the nebular gas.
Some of the oxidized meteorite components may have been produced in
the solar nebula environment.

In this chapter we will review the evidence constraining the fO, under
which the components of meteorites were formed. We will also attempt to
disentangle nebular and parent body effects to constrain the variations in
fO, of the solar nebula in the formation location of the type 3 carbona-
ceous, ordinary, and enstatite chondrites. We also discuss mechanisms re-
sponsible for possible variations in redox conditions in the solar nebula.

1. OXYGEN FUGACITY OF THE SOLAR NEBULA

The elemental abundances of the ten most abundant elements in a solar
gas (gas of a solar composition) are listed in Table I, which shows that
H, O, and C are the three elements we expect (by virtue of their large
abundances and their chemistry) to control the fO, of solar gas. To a very
good first approximation, the fO, of solar gas is regulated by the reaction

H, + 0502 = Hzo (1)
TABLE I

Elemental Abundances and Major Species
in a Solar-Composition Gas?

Element Atomic abundances  Major gas(es)
H 2.82 x 10'° Hy, H
He 2.82 x 10° He

o 2.09 x 107 CO, H,0
C 1.00 x 107 CO, CH4
Ne 3.31 x 108 Ne

N 2.63 X 10° N,, NH;
Mg 1.023 x 10° Mg

Si 1.00 x 108 SiO, SiS
Fe 8.91 x 10° Fe

S 4.47 x 10° H,S, HS
All other elements combined 4.16 X 10° Various

* from Lodders and Fegley (1998).
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The temperature-dependent equilibrium constant (K) for reaction (1) is
given by the equation

log,o Ki = —2.836 + 12,832/T )

with temperature (7') in kelvins. The fO, (bar) for reaction (1)
logofO2 = 2log,o(H,O/H3) + 5.67 — 25,664/T €))

is valid from 298 to 2500 K, where the (H,O/H,) number ratio (i.e., the
molar ratio) is used in equation (3). The amount of water vapor in solar
gas depends on the partitioning of carbon between CO and CHy4 via the
net thermochemical reaction

CO+3 H, = CH4 + H,O (4)

and on the amount of oxygen consumed by rock-forming elements. As
we shall discuss below, essentially all carbon is bound in CO in the solar
nebula, and mass balance dictates that ~15% of total oxygen is bound in
rock (i.e., the amount of O bound in MgO + SiO; + CaO + A, O3 + Na;0).
Thus, under conditions where negligible dissociation of water vapor and
hydrogen occurs, the H,O/H, ratio in solar nebula gas is ~5x107*, and
equation (3) can be rewritten as

log,,fO, = —0.85 — 25,664/T 5)

Equation (5) gives fO, ~ 107179 bar at 1500 K, vs. 1017 bar at the same
temperature from a chemical equilibrium calculation using the CONDOR
code (Fegley and Lodders 1994; Lodders and Fegley 1995) considering
several thousand species in a solar gas. Comparisons of CONDOR code
results and equation (5) indicate that log;,fO, from equation (5) repro-
duces the code results within =0.2 log bar units below 2000 K and within
+0.3 log bar units from 2000 to 2500 K.

Equation (5) shows that the fO, of a solar gas is extremely reducing;
as a consequence, iron alloy is more stable than iron oxides and FeO in
minerals in the solar nebula. For example, at 1600 K, solar gas is 6 log bar
units more reducing than the iron-wiistite (IW) buffer (i.e., firmly inside the
iron metal stability field). However, the difference between the f O, of solar
gas and the fO, needed to stabilize Fe oxides decreases with decreasing
temperature until FeO-bearing minerals become stable at 500 K and below.
At these low temperatures, however, solid-state diffusion is so slow that Fe
cannot be incorporated into the Mg silicates within the nebular lifetime.
Thus, the dominance of FeO-bearing minerals in chondritic meteorites
indicates either that they were not formed by equilibrium condensation
from a solar gas or that they were later modified on a parent body.

A. Carbon Chemistry in a Solar Gas

As can be seen from Table I, the C/O atomic ratio in solar gas is ~0.5;
as a consequence, the oxygen not bound in minerals is almost evenly di-
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vided between CO and H,O. Carbon monoxide is the dominant carbon gas
at high temperatures and low pressures in solar-composition material (cf.
Lewisetal. 1979). However, at complete chemical equilibrium the CO/CHy4
ratio decreases dramatically with decreasing temperature, because reaction
(4) proceeds toward the right. Eventually, CO/CH,; < 1and CH,4 becomes
the dominant carbon gas. The oxygen released from CO increases the H;O
abundance almost twofold. However, as first demonstrated by Lewis and
Prinn (1980), the kinetics of the CO — CHy conversion are so slow that
reaction (4) is quenched at very high temperatures. As a consequence,
CO remains the dominant carbon gas throughout the solar nebula, and the
H,O/H, ratio remains constant at ~5X 10~* until water ice condenses. The
water ice condensation point is pressure dependent and varies from ~150K
at 1077 bar total pressure to ~190 K at 1073 bar total pressure. As discussed
later in this chapter, the nebular snowline was at ~5.2 AU throughout most
of the time that nebular gas was around, because water ice condensation
led to runaway accretion of Jupiter (Lissauer 1987; Stevenson and Lunine
1988). As the nebula cooled, the snowline moved inward (e.g., Ruden and
Lin 1986), and some ice condensed in the asteroid belt, providing a source
of water for subsequent hydration reactions on asteroids.

III. OXYGEN BAROMETERS IN CHONDRITES

Chondritic meteorites (chondrites) largely consist of chondrules, CAls,
and fine-grained matrices. There is general agreement that these chon-
dritic components originated in the solar nebula; hence, they potentially
give us insights into the processes that were operative in the early solar
system. In this section we review indicators of fO, of the solar nebula gas
that have been proposed for CAls, chondrules, and matrices in carbona-
ceous chondrites (Table II). Because all chondrites were altered to some
degree after accretion into planetesimals and asteroids by fluid-rock inter-
action and thermal metamorphism, these processes may have modified the
nebular features. As a result, some of the mineral and chemical indicators
of fO, discussed in this section may reflect conditions during asteroidal
alteration. There are two fundamentally different types of oxygen fugacity
indicators: (a) mineral indicators and (b) chemical indicators. In mineral
indicators the valence state of an element reflects the fO, of the ambi-
ent gas or fluid from which the mineral formed; the valence states either
are determined directly or are reflected in physical properties of minerals,
such as color. Chemical indicators are based on elemental abundances (in
most cases normalized to solar abundances) in minerals; for example, the
mineral sequence condensing from a gas and the trace element patterns in
the condensed minerals are strongly dependent on the oxygen fugacity of
the gas. Also, element patterns produced during evaporation or in igneous
processes (e.g., crystallization) will be influenced by fO,. In general, min-
eral indicators are much more susceptible to later alterations, either in the
solar nebula or on a parent body, than trace element patterns.
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TABLE 11
Proposed Oxygen Fugacity Indicators in Chondrites

Proposed indicator Reversible  References

Oxidized solar nebula gas:

Color of hibonite Yes 1-3
(Ti3*/Ti*") ratios in hibonite Yes 4
(Ti3*/Ti**) ratios in fassaite Yes 5,6
Rhénite No 6
Sr, Ba, U, V depletions in CAls No 7
Ce depletions in CAls No 7-10
Mo and W depletions in CAls No 11
Fe, Ni, Co abundances in fine-grained CAls No 12
Secondary Ca-rich minerals in CAls

(e.g., andradite, wollastonite, grossular, No 13-17
kirschsteinite)

Fremdlinge minerals (e.g., powellite, molybdenite) No 18,19
Fayalite No 20-22
Fayalitic olivine No 23-25

Reduced solar nebula gas:

Mineralogy of enstatite chondrites

e.g., oldhamite, niningerite, alabandite, Ti-rich No 26,27
troilite

References 1: Stolper and Ihinger (1983); 2: Thinger and Stolper (1986); 3: Live et
al. (1986); 4: Beckett et al. (1988); 5: Stolper et al. (1982); 6: Beckett and Gross-
man (1986); 7: Boynton and Cunningham (1981); 8: Davis et al. (1982); 9: Boynton
(1978); 10: Fegley (1986); 11: Fegley and Palme (1985); 12: Kornacki and Wood
(1985); 13: Allen et al. (1978); 14: MacPherson et al. (1981); 15: Hashimoto and
Grossman (1987); 16: McGuire and Hashimoto (1989); 17: Kimura and Tkeda (1995);
18: Armstrong et al. (1987); 19: Bischoff and Palme (1987); 20: Brigham et al. (1986);
21: Wood and Holmberg (1994); 22: Hua and Buseck (1995); 23: Palme and Fegley
(1990); 24: Nagahara et al. (1988); 25: Dohmen et al. (1998); 26: Keil (1968); 27:
Larimer (1968).

A. Color and Ti**/Ti** Ratios in Hibonite, Fassaite, and Rhonite

1. Hibonite [Cay(Al, Ti)2403g]. Hibonite is a Ca-Al-Ti oxide occurring in
several types of CAls. Some hibonites condensed from solar gas, whereas
others are evaporative residues and crystallization products from a melt at
high temperatures (Kornacki and Fegley 1984; Ireland et al. 1992). In me-
teorites hibonite occurs in three colors: blue, orange, and colorless. Ihinger
and Stolper (1986) showed that the color of hibonite heated at 1430°C
(close to its condensation temperature) depends on fO,. An fO, increase
changes the color of hibonite from blue to orange and to colorless; these
changes are reversible and extremely rapid even under quenching. These
authors proposed that the color of hibonite can be used as an fO; indicator
of the environment where hibonite equilibrated last. Beckett et al. (1988)
found that the color of hibonite is a function of the Ti>*/Ti** ratio, which
also can be used as an fO, indicator. Titanium is present in terrestrial and
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extraterrestrial samples as Ti**. Under the extremely reducing conditions
of the solar nebula, Ti** is partly converted to Ti**. The Ti**/Ti** ratio
is thus an indicator of the fO, that prevailed during condensation and/or
crystallization of Ti-bearing minerals.

Beckett et al. (1988) measured Ti3* contents of a blue hibonite in a
CAI from the CM2 chondrite Murchison and concluded that this hibonite
equilibrated with a solar gas. Thinger and Stolper (1986) estimated the fO-
recorded by blue hibonites in the Blue Angel CAl from Murchison and con-
cluded that the hibonite equilibrated in a gas that was four or five orders of
magnitude more oxidizing than a gas of solar composition. However, this
CAI experienced asteroidal alteration under oxidizing conditions (Arm-
strong et al. 1982), so it seems possible that the color and Ti3*/Ti** ratio in
its hibonite reflect reequilibration during alteration (Beckett et al. 1988).

The coexistence of colorless or orange hibonite, reflecting oxidizing
conditions, with fassaite with high Ti**/Ti** ratios, indicative of reducing
nebular fO, (see subsection 2 below), was also found in other CAls and is
interpreted to indicate later oxidizing conditions that affected the color of
hibonite but not the Ti3*/Ti** ratios in fassaite (Ihinger and Stolper 1986).

2. Fassaite [Ca(Mg,Ti,Al)(AL,Si),O¢] and Rhonite [Car(Mg,AlLTi)s
(Si,Al)sOng]. Fassaite is a Ti-rich Al-diopside occurring in several types
of CAIs. Fassaites in Type B CAls crystallized from a melt at ~1200°C
and contain variable amounts of Ti** and Ti**. Beckett and Grossman
(1986) obtained a relationship between the Ti3*/Ti** ratio in fassaite and
O, in the coexisting gas and concluded that crystallization of fassaite in
Type B CAls from Allende took place in solar gas.

The mineral rhonite, although less commonly observed in CAls, can
be used in a similar fashion. Beckett and Grossman (1986) calculated f O»
for compact Type A CAls from Allende and concluded that crystallization
of rhonite took place in solar gas.

To summarize, the observed Ti>*/Ti** ratios in fassaite and rhonite
crystallizing from CAI melts are consistent with their origin in a canonical
solar gas. The observed colors and Ti3* /Ti** ratios of hibonites in Allende
may not reflect the redox conditions during their crystallization but instead
may reflect a later equilibration with oxidized gases, either in nebular or
asteroidal environments.

B. Chemical Indicators: Trace Element Concentrations in CAls

A variety of factors, including fO,, host phase, equilibration tempera-
ture, gas-solid fractionation, and low-temperature alteration may affect the
abundances of trace elements in CAls (Boynton 1975; Palme and Wlotzka
1976; Davis and Grossman 1979; Boynton and Cunningham 1981; Ekam-
baram et al. 1984; Fegley and Palme 1985). If the effects of fO; can be
decoupled from those due to other factors, then trace elements can be used
as oxygen barometers. Below we review several trace element oxygen
barometers proposed for CAls.
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1. Ce Depletion. Atf O, three to five orders of magnitude higher than
a solar gas, Ce becomes highly volatile (the major gas species of Ce is
CeO;) relative to other rare earth elements (REEs), which occur as monox-
ides in the gas (e.g., LaO). If REEs condensed in a mineral from such a
gas, large negative Ce anomalies are expected (Boynton 1975; Boynton
and Cunningham 1981; Davis et al. 1982; Fegley 1986). It was found that
five hibonite-rich CAls and C1 (a type B CAI), all of which are FUN
(Fractionation and Unidentified Nuclear isotopic anomalies) inclusions,
exhibit strong negative anomalies in Ce (Fig. 9 in Floss et al. 1996). Ther-
modynamic calculations for the CAI C1 (Fegley 1986) show that its Ce
depletion could have been produced under oxidizing conditions, similar
to those proposed to explain Mo and W depletions (see subsection I11.B.3
below). Because one of the best-studied CAls exhibiting Ce depletion, the
HAL inclusion, was originally interpreted as an aggregate of nebular con-
densates (Allen et al. 1980), this depletion was proposed as an indicator
of oxidizing conditions in the solar nebula (Davis et al 1982; Rubin et al.
1988; Palme and Boynton 1993). However, several isotopic studies and
vacuum evaporation experiments (Ireland et al. 1992; Davis et al. 1995;
Floss et al. 1996) showed that the FUN inclusions formed by kinetically
controlled evaporation (Fig. 1 from Davis et al. 1995). Because the evap-
orating CAI material was not in equilibrium with a solar gas, the Ce de-
pletions in the FUN inclusions cannot be used as indicators of the redox
conditions in the solar nebula. Apparently, conditions during evaporation
are generally much more oxidizing than reflected in the ambient gas phase
into which evaporation occurs.

With a few rare exceptions (e.g., a small Ce anomaly in a fine-grained
CAI from Efremovka; Boynton et al. 1986), there is no evidence for Ce
anomalies in most CAls (e.g., Winke et al. 1974; Grossman and Ganapa-
thy 1976a,b; Davis et al. 1978; Mason and Taylor 1982; Ekambaram et al.
1984). This suggests either that condensation of the REEs in most CAls
took place in solar gas or that CAls equilibrated with the nebular gas at
such a low temperature that complete condensation of Ce occurred.

2. Yb Depletion in the HAL-type CAls. At solar gas fO,, most REEs
are stable as monoxide gas species except for Yb, whose predominant gas
species is metallic Yb. This leads to a depletion of Yb relative to the other
REEs in condensed oxide or silicate phases. Under more oxidizing con-
ditions, however, Yb approaches the behavior of the other REEs, and the
anomaly disappears. Ytterbium depletions were found in five HAL-type
hibonites that also showed strong Ce depletions (Fig. 9 from Floss et al.
1996). The presence of both Ce and Yb anomalies in the same mineral
grain is incompatible with equilibrium between gas and solid at any fO,.
Ireland et al. (1992) suggested that to produce anomalies in both, there
must be two evaporation episodes, one under oxidizing conditions, the
other reducing. Floss et al. (1996) inferred instead that Yb anomalies were
inherited from the precursor materials.
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3. Mo and W Depletions. Alloys of metals with low vapor pressures
(W, Os, Re, Ir, Mo, Ru, Pt, Rh) are expected as the first metal condensates
from a cooling gas of solar composition. CAls commonly have high con-
centrations of these elements, which now reside in mineralogically com-
plex inclusions that probably formed from initially homogeneous alloys
by exsolution and reaction with ambient gases. However, in one Allende
CAI, submicrometer homogeneous alloys of all refractory metals, includ-
ing W and Mo, with solar relative abundances, were found. These are
presently the best candidates for primary unaltered condensates (Eisen-
hour and Buseck 1992). Tungsten and molybdenum form volatile oxides
under moderately oxidizing conditions. Their presence in the refractory
metal alloys reflects the reducing conditions of formation that are created
by the solar gas. Larger CAls often show depletions of W and Mo (Feg-
ley and Palme 1985). The observed depletions have a very characteristic
pattern, with Mo always being more depleted than W, and have been in-
terpreted as indicating condensation of refractory metals under more 0xi-
dizing conditions than those of a solar gas. Fegley and Palme (1985) found
that the same Mo and W depletion pattern occurs in refractory metal al-
loy condensation calculations done under increasingly oxidizing condi-
tions (Fig. 7.7.3 from Rubin et al. 1988). They also showed that observed
patterns could be matched by refractory metal alloy condensation calcu-
lations done at oxygen fugacities 10° to 10* times greater than in a solar
gas at the same temperature and pressure (Fig. 1).

Subsequent work showed that Mo and W depletions were found in
~80% of the 30 samples from the CV3 Allende, Grosnaja, Leoville, and
CO; Ornans carbonaceous chondrites analyzed (Fegley and Kong 1989;
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Fegley and Prinn 1989). Although this database is still limited in size,
several important conclusions can be drawn: (1) Mo is always more de-
pleted than W. (2) The depletions are found in both normal and isotopically
anomalous (i.e., FUN) CAls. (3) The depletions are not simply a volatility
effect, because W is the most refractory of these seven metals, and Mo has
a vapor pressure very similar to that of Ir. (4) The Mo and W depletions
do not simply reflect redistribution of these two metals inside CAls; they
are bulk depletions of Mo and W from CAls.

Fegley and Palme (1985) considered several potential mechanisms,
including fractional condensation, reactions with sulfur compounds, and
metamorphic alteration, to form the Mo and W depletions. However, none
of these processes reproduced the observed depletions. They concluded
that the Mo and W depletions were produced by high-temperature oxi-
dation during condensation or vaporization in the solar nebula. However,
Fegley and Palme (1985) also noted that the rarity of Ce anomalies in CAls
seemed to be inconsistent with oxidizing conditions in the solar nebula, be-
cause Ce depletions should also form under the oxidizing conditions that
produce Mo and W depletions. Fegley and Palme (1985) suggested that
the REEs and refractory metals last equilibrated under different conditions
at a different time or place. According to this scenario, CAls accumulated
as mixtures of Mo- and W-depleted refractory metals that condensed under
oxidized conditions and silicate-lithophile components that formed under
reduced conditions. This explanation is consistent with the fact that re-
fractory metals and REE were carried into CAls in different phases with
different chemical and physical properties.

Beckett et al. (1988) also noticed the differences between the higher
fO, indicated by Mo and W depletions in CAls and the lower fO; in-
dicated by Ti**/Ti** ratios in oxide and silicate minerals in CAls. They
speculated that the Mo and W depletions formed at low temperatures dur-
ing oxidation in the solar nebula or during asteroidal metamorphism. The
latter alternative appears to be contradicted by the characteristic pattern
of the Mo and W depletions, because Fegley and Palme (1985) calculated
that metamorphic alteration gave W depletions equal to or larger than Mo
depletions.

In this regard we note that Palme et al. (1994) studied one CAI (Egg-6
from Allende) that has variable W and Mo depletions unlike the charac-
teristic patterns produced by high-temperature oxidation (Fig. 7.7.3 from
Rubin et al. 1988 and Fig. 2a, this chapter). However, the W in this in-
clusion has also been redistributed from refractory metal alloys into the
surrounding silicate, and Mo is more depleted than W. Palme et al. (1994)
concluded that Egg-6 was affected by later oxidation at moderately high
temperatures. This conclusion is supported by vaporization experiments
by Kéhler et al. (1988) and Wulf (1990), which showed that W is redis-
tributed into the surrounding silicates, while Mo is lost to the ambient gas,
when chondritic material is heated under oxidizing conditions (Fig. 2b).
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Figure 2. (a) CI chondrite-normalized refractory siderophile element abun-
dances in Fremdling (see section IILE) Zelda in the Egg-G CAI from Allende
and silicate portion of the host CAI (socket). The complementary patterns of the
Fremdling and its socket indicate in situ mobilization of W from the Fremdling
into silicates. (b) CI chondrite-normalized refractory siderophile element abun-
dances of the heating experiments (at 1150°C for one week at Ni-NiO) on a
refractory metal alloy embedded in Allende reproduces the pattern in Fig. 2a
(from Palme et al. 1994).

The overall picture that seems to emerge is that Mo and W deple-
tions in CAlIs resulted from high-temperature oxidation in the solar neb-
ula, which is the only process shown to produce the characteristic patterns
in refractory metal alloys, with Mo always more depleted than W.

C. Fe, Ni, and Co Abundances in Fine-grained CAls in Allende

Kornacki and Wood (1985) showed that spinel grains in the fine-grained
CAlIs in Allende are enriched in FeO, whereas bulk compositions of these
CAIs have Fe/Ni and Fe/Co ratios significantly higher than chondritic.
These results suggest that the major enrichment of spinels in FeO did
not result from oxidation of Fe, Ni-metal grains inside the CAls; an ex-
ternal source of Fe is required. In a gas of solar composition, the oxida-
tion of Fe metal takes place at low temperatures, where Fe transport in a
gas form is insignificant. Kornacki and Wood (1985) inferred that if FeO
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concentrations in the CAls were largely established in the hot nebula, the
nebular £O, locally may have approached the iron-wiistite buffer, which
is ~5-6 orders of magnitude more oxidizing than the equilibrium fO, of
a gas of solar composition at high temperatures (>1000 K).

High-temperature experiments (1300-1400°C for 10-20 hr) in a
Knudsen cell with metal and spinel by Dohmen et al. (1998b) show that
Fe, Ni, and Co could have been transported into spinel by the gas phase.
The reaction forming Fe-rich spinel is

MgALO4(s) + Fe(g) = FeALOy(s) + Mg(g) (©6)

Dohmen et al. (19985) concluded that the enrichment of the Allende
spinels in FeO took place by reaction (6) at high temperatures under
oxidizing conditions.

Hashimoto and Grossman (1987) found that the FeO content of spinel
in the Allende CAls increases with the degree of low-temperature alter-
ation of associated phases (e.g., melilite or anorthite) to nepheline, sodalite,
and phyllosilicates. Because it is commonly accepted that phyllosilicates
formed during aqueous activity in an asteroidal environment, it seems
plausible that oxidation of Fe and its diffusion into spinel occurred dur-
ing planetary metamorphism (McSween 1977). It is, therefore, unclear
to what extent spinels in Allende inclusions have acquired FeO during
high-temperature oxidation and to what extent during low-temperature al-
teration.

D. Loss of Ca from CAIs and Chondrules and Formation of
Secondary Ca-Fe-bearing Silicates

It has been shown that CAls and chondrules in Allende experienced al-
teration resulting in formation of secondary Ca-, Na- and Fe-bearing
minerals, such as wollastonite (CaSiO3), andradite (CazFe;Si301,),
diopside-hedenbergite pyroxenes (CaMgSi;O¢-CaFeSi;Og), grossular
(CazAl, SizOqy), anorthite (CaAl,Si;Og), nepheline (NaAlS10,), sodalite
(Na4(AISi04)3Cl), and phyllosilicates (MacPherson et al. 1988; Kimura
and Tkeda 1995; Krot et al. 1998d). Largely based on textural obser-
vations, Allen et al. (1978) and MacPherson et al. (1985) inferred that
these minerals formed by rapid growth from a gaseous phase. Because
several of these minerals cannot condense from a canonical solar nebula
gas (Grossman 1972), it has been postulated that they condensed from a
gas of nonsolar composition (H,O/H, ~5 X 10~!1-5 x 1072). However,
subsequent thermodynamic calculations of condensation from nonsolar
gas under various oxidizing conditions failed to reproduce these secondary
Ca-rich minerals (Wood and Hashimoto 1993; Petaev and Wood 1998).
During the alteration, Ca and Al were lost, whereas Si, Mg, Fe,
Na, Cl, and H,O were introduced into CAls (e.g., MacPherson et al.
1981; Hashimoto and Grossman 1987; McGuire and Hashimoto 1989).
Hashimoto (1992) showed that in oxidizing gases Ca, Al, Si, Mg, and
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Fe can be volatilized as hydroxides [Ca(OH),, Al(OH)s, etc.]. Assuming
vapor-phase transport, Hashimoto (1992) estimated a lower limit for the
Allende CAI alteration time. His calculations, done for a highly oxidized
gas (H,O/H, ~ 500 X solar) at 1073 bar total pressure, gave alteration
times of 2 yr (1500 K) to 500 yr (1200 K). Lower temperature (<< 950
K; Hutcheon and Newton 1981), lower total pressure (~ 1075-107° atm;
Wood and Morfill 1988) and lower fO, translate into much longer reaction
times (105-106 yr). Hashimoto (1992) concluded that this timescale is im-
plausibly long, because a zone of locally oxidized gas could be expected
to dissipate within hours or days by convection in the nebula.

An alternative model of Ca mobilization from CAls and chondrules
involves low-temperature reactions in an asteroidal environment in the
presence of aqueous solution (Armstrong et al. 1982; Meeker et al. 1983;
Greenwood et al. 1994; Krot et al. 1998d). The minor phyllosilicates in
Allende CAIs and chondrules (Hashimoto and Grossman 1987; Brearley
1997) and the high mobility of Ca, Si, Mg, Fe, and Al in aqueous solu-
tions (Brearley and Duke 1998) are consistent with this model. Krot et al.
(1998d) described wollastonite, diopside-hedenbergite pyroxenes, and an-
dradite in veins in and rims around chondritic clasts (dark inclusions) n
Allende (Fig. 3). Because veins in and rims around chondritic clasts can
be formed only after aggregation and lithification of these rocks, Krot et
al. (19984) concluded that wollastonite, diopside-hedenbergite pyroxenes,
and andradite formed in the presence of aqueous solution below 300°C in
an asteroidal environment.

To summarize, the observed loss of Ca from CAls and chondrules,
and formation of the secondary Ca- and Fe-rich minerals in Allende, re-
quire the presence of an oxidizing fluid. Arguments favoring nebular and
asteroidal environments have been presented, but no agreement has been
reached yet.

E. Metal-Oxide-Sulfide Assemblages in CAls (Fremdlinge)

Metal-oxide-sulfide assemblages in CAls, largely studied in Allende, were
originally inferred to have an exotic origin unrelated to the host CAls
and were called Fremdlinge (German for “strangers”; El Goresy et al.
1978). Fremdlinge commonly contain minerals requiring oxidizing condi-
tions much higher than in a solar gas during formation, such as magnetite
(Fe;04), awaruite (NizFe), wairuite (CoFe), powellite (CaWOy), scheel-
ite (CaMo0Oy), and phosphates. Fremdlinge were once believed to have
formed as pristine nebular condensates of Pt-group element-rich metallic
phases, Ni-Fe alloys, sulfides, and oxides that were later mixed and in-
corporated into CAls (Armstrong et al. 1985, 1987; Bischoff and Palme
1987). As a result, Fremdling mineralogy has been considered as indica-
tor of oxidizing conditions in the solar nebula prior to CAI formation (Ru-
bin et al. 1988). Although it was subsequently shown (Blum et al. 1989;
Palme et al. 1994) that Fremdlinge formed from homogeneous metallic



Figure 3. X-ray elemental map in Ca Ke (a) and backscattered electron images
(b, ¢) of the lithified chondritic clast in Allende. (a) The clast consists of chon-
drules (indicated by stars) surrounded by Ca-rich rims; it is crosscut by Ca-rich
pyroxene veins (indicated by arrows) and surrounded by a continuous Ca-rich
rim. (b) Chondrule (chd) replaced entirely by fayalitic olivine and surrounded
by a Ca-rich pyroxene rim (indicated by black arrows). (c) Ca-rich rim around
the clast consists of andradite (andr), wollastonite (wol), hedenbergitic (hed),
salitic (sal) and diopsidic (di) pyroxenes. Krot et al. (1998b) inferred that the
clast experienced two stages of low-temperature alteration after lithification. An
early alteration resulted in replacement of chondrules by fayalitic olivine. Cal-
cium lost from the chondrules was redeposited as rims around chondrules and
veins. Then clast was excavated from its original location (probably CV3 par-
ent body) and introduced into Allende. /n situ alteration resulted in dissolution
of Ca-bearing phases inside the clast and their precipitation along the boundary
with the host meteorite.
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Figure 4. Equilibrium conditions (f O, vs. temperature) for opaque assemblages
in CAls, chondrules, and matrix in Allende. Opaque assemblages in all three
components reflect low-temperature conditions, which are consistent with an
asteroidal environment. The Nig;Fes; alloy and coexisting magnetite observed
in most Allende CAls define an fO, 1.5 log units above the FeO-Fe;Oy4 buffer
and 6 log units above the fO, defined by the solar gas at temperatures below
800 K (from Blum et al. 1989).

nodules as a result of exsolution, oxidation, and sulfidization reactions in
situ, there is no agreement on the place and temperature of this oxidation.
Based on the similar ranges of equilibration temperatures and fO, of the
opaque assemblages in CAls, chondrules, and matrix in Allende, which
are significantly higher than those in solar gas (Fig. 4), Blum et al. (1989)
concluded that oxidation of Fremdlinge occurred in the CV3 asteroid. On
the other hand, Palme et al. (1994) argued that conditions of oxidation of
the Allende CAls were quite variable and inferred that oxidation occurred
before final accretion of the meteorite.

To summarize, Fremdling mineralogy reflects late-stage oxidation of
metal assemblages either in the solar nebula or in an asteroidal environ-
ment; no consensus has been reached yet.

F. Fayalite

In a gas of solar composition, FeO-poor olivine (forsterite, Mg»SiO4) 18
the first major mineral to condense. At about the same temperature, Fe
will condense as metal (FeNi alloy). With decreasing temperatures, most
of the forsterite is converted to enstatite [Mg,(S103),]. At temperatures of
500 K, enstatite is calculated to react with FeNi and H,O to produce FeO-
rich olivine. At this temperature, however, reaction of enstatite with metal,
which is diffusion controlled, is so slow that formation of FeO-rich olivine
grains larger than 1 pum appears impossible (Palme and Fegley 1990).



1034 A.N.KROTET AL.

There are two possible ways to circumvent this problem. Formation of
FeO-rich olivine at higher temperatures by condensation from a gas more
oxidized than the solar gas or by reaction of fluids on the parent body at
elevated temperatures. These two endmember models will be used below
in discussing the various occurrences of FeO-rich olivine.

1. Fayalite in Carbonaceous Chondrites. Hua and Buseck (1995)
described large grains (up to 100 uwm) of nearly pure fayalite (Fe;SiO4)
containing up to 1 wt% MnO and associated with magnetite in the
Kaba and Mokoia CV3 chondrites. They inferred that these fayalite
grains formed by replacement of magnetite in an oxidized nebular gas
(H,O/H; ~ 2 X 103-10* times solar) at 800—1200 K:

2 Fe304(s) + 3 SiO(g) + HoO(g) = 3 Fe,SiOu(s) + Ha(g)  (7)

Based on the textural observations, thermodynamic calculations, and
O-isotopic compositions of the coexisting fayalite and magnetite, which
plot close to the terrestrial fractionation line with A18Ofayalite,magneme frac-
tionation ~20%, Krot et al. (1997, 1998¢) concluded that fayalite formed
at relatively low temperatures (< 300°C) during fluid-rock interaction in
an asteroidal environment:

2 Fe304(s) + 3 SiOy(aq) + 2 Ha(g) = 3 FeySiO4(s) + 2 H,O(g) (8)

Recently, Hutcheon et al. (1998) studied the 3*Mn/>3Cr isotopic sys-
tematics of the Mokoia fayalites. They discovered large excesses of 3>Cr,
which provide evidence for in situ decay of >*Mn and show that these fay-
alites formed ~7-10 Myr after crystallization of Allende CAIs. Hutcheon
et al. (1998) concluded that the Mokoia fayalites must have formed in an
asteroidal environment and, hence, cannot be used as an oxygen barometer
for nebular gas.

2. Fayalite in Silica-bearing Chondrules in Ordinary Chondrites.
Brigham et al. (1986) and Wood and Holmberg (1994) described fay-
alite (Fag_100) replacing silica (Si0,) in ordinary chondrite chondrules
and suggested that fayalite formed by reaction between silica and a hot
(>1300°C), oxidized nebular gas by the reaction

Si0,(s) + Fe(s) + HyO(g) = Fe;Si04(s) + Ha(g) ®

Based on the presence of troilite in the fayalite-bearing chondrules, Was-
son and Krot (1994) and Krot and Wasson (1994) argued against the high-
temperature formation of fayalite, because troilite must have evaporated
under such conditions. These authors inferred instead that fayalite formed
by reaction (9) at low temperatures in an asteroidal environment. We con-
clude that fayalite in ordinary chondrite chondrules cannot be used as a
strong indicator of oxidizing conditions in the solar nebula.
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G. Fayalitic Olivine

1. Mineralogical Observations Nebular and Asteroidal Models. Fay-
alitic olivine [(Fe,Mg),SiO,] is a ubiquitous constituent of carbonaceous
and ordinary chondrites. The reactions controlling the fayalite content of
olivine in the presence or absence of enstatite are

2 Fe(s) + Mg,Si20¢(s) + H2O(g) = 2 FeMgSi,04(s) + 2Ha(g) (10)
and
Mg,Si04(s) + x Fe(g) = Mg,_ Fe,SiO4(s) + x Mg(s) (1

respectively. Reaction (11) has been used by Larimer (1967, 1968), who
tabulated fayalitic contents (Xg,) in olivine, assuming ideal solid solution
of fayalite and forsterite in olivine, as a function of temperature and of the
H,0/H; ratio in a gas of solar composition:

log o Xpa = log;(H,O/H,) — 0.74 + 1690/T (12)

This equation shows that fayalitic content in olivine increases with de-
creasing temperature and with increasing oxygen fugacity of a gas in
equilibrium with the olivine. In a gas of solar composition, the calculated
fayalite content in olivine is ~0.4 mol% at 1000 K and ~22 mol% at 500
K. Palme and Fegley (1990) concluded that the low-temperature forma-
tion of fayalitic olivine in a solar gas is kinetically inhibited and suggested
that fayalitic olivine formed at high temperature under highly oxidized
conditions (see section II1.G.2). High-temperature formation of fayalitic
olivine has been reproduced in laboratory experiments by Nagahara et al.
(1988, 1994) and Dohmen et al. (1998a). These experiments are discussed
below (see sections I11.G.2 and 4 below).

High-temperature mechanisms of fayalitic olivine formation are
largely used to explain the postulated (and controversial) nebular origin of
fayalitic olivine in Allende (e.g., Peck and Wood 1987; Hua et al. 1988;
Weinbruch et al. 1990; Krot et al. 1995, 1997, 1998¢, d; Brearley and
Prinz 1996; Brearley 1997). Fayalitic olivine in Allende occurs as lath-
shaped grains in the matrix; it also rims and veins forsterite, enstatite, and
magnetite and forms halos around Ni-rich metal inclusions in forsterite
(Fig. 5). Both nebular and asteroidal models have been proposed to explain
these textural types of fayalitic olivine. According to the nebular models,
fayalitic olivine rims, veins, and halos formed by high-temperature gas-
solid reactions in the oxidized solar nebula; matrix olivine condensed from
the gas (Peck and Wood 1987; Hua et al. 1988; Weinbruch et al. 1990).
According to the asteroidal models, fayalitic olivine in Allende resulted
from low-temperature alteration in the presence of aqueous solutions and
hence does not reflect redox conditions in the solar nebula (Krot et al.
1995, 1997, 19984,¢,d; Brearley and Prinz 1996; Brearley 1997).



Figure 5. Backscattered electron images of fayalitic olivine in the CV3 chondrite
ALHAS81258 (a) and lithified chondritic clasts in the CV3 chondrites Allende
(b) and Efremovka (c, d). (a) Magnesian chondrule with low-Ca pyroxene (px)
and forsteritic olivine phenocrysts (fo) replaced by fayalitic olivine (fa). Fay-
alitic olivines around the chondrule’s periphery contain inclusions of Fe,Ni sul-
fides. Since sulfides are not stable above ~700 K, high-temperature formation
of fayalitic olivine is unlikely. (b) Fayalitic olivine rims surround three parts of
a single forsterite grain, indicating that these rims formed by in sifu replacement
of the forsterite. (c, d) Chondrules replaced to various degrees by a fine-grained
mixture of fayalitic olivine and phyllosilicates (phyl), suggesting that fayalitic
olivine formed by low-temperature alteration in the presence of aqueous solu-
tion (modified from Krot et al. 1998¢).

2. Condensation Calculations from an Oxidized Gas. Thermody-
namic calculations by Palme and Fegley (1990) show that the first con-
densing olivine is always forsteritic (Fa<), independent of the H,O/H;
ratio (Fig. 6). At lower temperatures, when the major fraction of Mg
and Si is condensed and at appropriately high fO,, the Fa content of the
condensed olivine will gradually increase until a temperature is reached
where iron metal, wiistite (FeO), or magnetite would be stable as a sep-
arate phase. According to these calculations, the condensation of fay-
alitic olivine must have occurred before condensation of other Fe-bearing
phases. Palme and Fegley (1990) applied these calculations to the origin
of all textural types of fayalitic olivine in Allende.

Brearley and Prinz (1996) and Krot et al. (1997) found that fay-
alitic olivine in the matrix of Allende commonly contains inclusions of
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Figure 6. Calculated condensation temperatures of corundum, forsterite, fay-
alite, Fe-metal, wiistite, magnetite as a function of log(H,O/H,) ratios. Tem-
peratures for fayalite activities of 1 mol% and 10 mol% are indicated (from
Weinbruch et al. 1990).

pentlandite [(Fe,Ni)Sg] and poorly graphitized carbon, suggesting that
both phases predated formation of fayalitic olivine. However, neither pent-
landite nor poorly graphitized carbon are predicted to be high-temperature
condensates, even at more oxidizing conditions than those in Palme and
Fegley’s (1990) calculations (Wood and Hashimoto 1993; Petaev and
Wood 1998). Brearley (1997) described talc and biopyriboles in the
Allende chondrules and inferred that these hydrous minerals predated
formation of fayalitic olivine replacing forsterite and enstatite in these
chondrules. Since hydrous minerals are most likely to be asteroidal in
origin (Prinn and Fegley 1989) and cannot survive high-temperature pro-
cessing, Brearley (1997) concluded that high-temperature condensation
origin of fayalitic olivine in Allende is unlikely.

3. Vaporization-Recondensation of Forsteritic Olivine. Nagahara et
al. (1988) heated forsteritic olivine (Fogg 94) 1450-1600°C in a Knudsen
cell kept in a vacuum chamber at Pr = 3 X 107 bar for 6-72 hr. The pres-
sure and f O, in the Knudsen cell were not controlled. The gas flowed from
the cell to lower pressure and temperature, where the gas recondensed at
1200-500°C. The residue after the experiments was stoichiometric olivine
(Fogy_og). The condensing phases were forsterite at ~1200-1150°C, en-
statite at ~1100°C, silica at ~1000°C, mixture of Fe-bearing pyroxene
and silica at ~800°C, and fayalitic olivine with lesser amounts of silica
and metallic Fe at ~500°C. Nagahara et al. (1988) concluded that the low-
temperature condensates are quench products from the gas vaporized from
olivine of the starting composition, not equilibrium condensates; the latter
should consist exclusively of fayalitic olivine (Nagahara et al. 1994).
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Mineralogical observations (e.g., Nagahara 1984; Keller 1997) indi-
cate that matrices in type 3 ordinary and carbonaceous chondrites consist
of disequilibrium mineral assemblages similar to those produced by Naga-
hara et al. (1988). If fayalitic olivine in these matrices formed as a quench
product (not as equilibrium condensate) of vaporization-recondensation of
forsteritic olivine, it cannot be used as indicator of oxidizing conditions in
the solar nebula.

In contrast to the matrices of most type 3 chondrites, the Allende matrix
consists largely of fayalitic olivine; enstatite, forsterite, and metal are absent
(Krot et al. 1995). Although matrix olivine in Allende may have formed as
equilibrium condensate during vaporization-recondensation of forsteritic
olivine (Nagahara et al. 1994), mineralogical observations indicate that
forsteritic olivine in Allende was enriched in Fe, not depleted (e.g., Krot
et al. 1997). Additional arguments against high-temperature formation of
fayalitic olivine in Allende are discussed in subsection 2 above.

4. Gas-Solid Exchange Reactions. Dohmen et al. (1998a) heated
forsterite and Fe metal at 1400°C in a vacuum for 2 hr and showed that
forsterite incorporates gaseous Fe produced by evaporation of Fe metal,
while Mg is released to the gas phase. The formation of the Fe-rich olivine
is explained by the following two steps. First, forsterite evaporates and
dissociates into gaseous Mg, SiO, and O;:

MgSigs02(s) = Mg(g) + 0.5 SiO(g) + 3 Oa(g) 13)

Second, mixing of evaporation products with Fe vapor produced by evap-
oration of Fe metal results in condensation of fayalitic olivine:

Mg(g) + Fe(g) + 0.5 SiO(g) + % O2(g) = Mg, Fe)Sig502(s) (14)
Summing the two reactions, the net reaction may be written as
MgSi 5O2(s) + Fe(g) = FeSig502(s) + Mg(g) (15)

The composition of the olivine produced is proportional to the ratio
of partial pressures of Fe and Mg: Xg./Xp, = K X (Pge/Pwyg). Providing
that Pr, is buffered by Fe metal, it follows that the fayalitic content of the
olivine is inversely proportional to Py in the gas phase. Although Py,
is controlled by variations in fO, (the higher the fO, the lower Py, and
the higher Xg,), it was found (Dohmen et al. 19984a) that Xg, in olivine
1s largely controlled by variable Fe/Mg ratios in the gas phase, which re-
sult from the difference in kinetics of evaporation of Fe metal (fast) and
forsterite (slow). Since the kinetics of the forsterite evaporation plays a key
role in these experiments, it is difficult to derive from the fayalite content
of the olivine the fO, at which these olivines formed.

Dohmen et al. (1988a) inferred that their experiments simulated
growth of fayalitic olivine rims around forsterite grains in Allende, which
are illustrated in Fig. 5. Arguments against high-temperature formation of
fayalitic olivine rims in Allende are discussed in section II1.G.2 above.
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H. Variations in fO, during Chondrule Formation

There are two major groups of chondrules: FeO-poor and FeO-rich. It has
been suggested that FeO-poor chondrules formed in solar gas, whereas
FeO-rich chondrules formed under oxidizing conditions (H,O/H, ~ 10%—
10% X solar) (e.g., Huang et al. 1996; Hewins et al. 1997). Mineralogical
observations indicate that chondrules formed by multiple episodes of in-
complete melting of mineralogically and chemically heterogeneous pre-
cursor materials (e.g., Grossman 1988, 1996). Although brief, localized
variations in f O, may have accompanied chondrule formation (e.g., Con-
nolly and Love 1998), there is no evidence for an equilibrium between
nebular gas and chondrule melts (e.g., Jones 1990, 1996, Zanda et al.
1994). Some FeO-poor chondrules show evidence for internal reduction
of FeO-bearing silicates by carbon-rich solid precursors (e.g., Connolly
et al. 1994; Hanon et al. 1996). As a result, the inferred fO, recorded
by chondrules could be an artifact of their precursor composition; that is,
chondrules may have behaved as internally buffered systems. We infer
that chondrules cannot be used as reliable indicators of redox conditions
in the solar nebula.

1. Mineral Indicators of the Reduced Solar Nebula

The chalcophile behavior of typically lithophile elements such as Mg, Ca,
Ti, Mn, Cr, K, and Na, which form various sulfides in enstatite chondrites
[e.g., oldhamite, CaS; niningerite, MgS; alabandite, MnS; Ti-bearing
troilite, FeS; heideite, Fe; ., (Ti,Fe),S4; caswellsilverite, NaCrS,; djerfish-
erite [K3(Cu,Na)(Fe,Ni)2S,4]; daubreelite, (FeCr;S4)]; osbornite (TiN);
and high contents of Si in Fe, Ni metal provide clear evidence for reduc-
ing conditions in the region of enstatite chondrite formation (e.g., Keil
1968). However, model-independent estimates of f O, of a gas equilibrated
with the enstatite chondrite minerals in the solar nebula are absent,

IV. MECHANISMS PROPOSED TO ACCOUNT FOR LARGE
SO VARIATIONS IN THE SOLAR NEBULA

The foregoing discussion shows that a wide spectrum of oxidation states,
ranging from several orders of magnitude more oxidizing than a solar gas
to several orders of magnitude more reducing than a solar gas is recorded
in chondritic meteorites. We now consider two key questions: (1) How
were variations in nebular fO, produced? and (2) What were the spatial
and temporal extents of these more oxidizing and reducing regions of the
solar nebula?

A. Oxidized Nebular Gas

1. Enhancement of the Dust/Gas and Ice/Gas Ratios. One possible mech-
anism for production of oxidizing conditions in the solar nebula is en-
hancement of the dust/gas ratio, the ice/gas ratios, or both. In a solar gas,
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oxygen is partitioned between CO (48 at%), H,O (37 at%), and rock-
forming minerals (15 at%). The oxygen in CO is essentially locked up
and unavailable for reactions because of the very strong triple bond in
CO, whereas the oxygen in water vapor and rock-forming minerals can
potentially take part in other chemistry. We know that the dust/gas and
ice/gas ratios were enriched over the solar values during accretion of plan-
ets, satellites, asteroids, and comets. It is also possible that dust- and/or ice-
enriched parcels of presolar material fell into the nebula during earlier
stages of nebular evolution. Furthermore, laboratory studies of CAI and
chondrule cooling rates indicate that some of these objects cooled more
slowly than if they had radiated into free space. Dust-enriched regions of
the nebula are needed to provide the slow cooling rates.

Table 5 of Fegley and Palme (1985) illustrates how enrichments of
ice and dust lead to higher O, in the solar nebula. The H,O/H, ratios are
tabulated there because this ratio is a temperature-independent indicator of
how oxidizing (or reducing) the nebular gas was. The respective fO, at a
given temperature can be calculated from the H,O/H; ratio using equation
(3). The H,O/H, ratios inferred from the Mo and W depletions in CAls
correspond to dust (or ice enrichments) in the range of 50-500 times the
solar dust/gas or ice/gas ratios. Similar enrichments are needed to explain
the high-temperature formation of fayalitic olivines (if high-temperature
model of fayalitic olivine formation is correct; for discussion see section
11.G).

Dust and ice enrichments have other consequences in addition to in-
creasing the nebular oxygen fugacity. These include increases in the opac-
ity, viscosity, and coagulation rates in the dust- or ice-enriched regions.
Furthermore, dust and ice enrichments also lead to changes in the conden-
sation chemistry of the major rock-forming elements, although condensa-
tion calculations by different groups give different predictions (Wood and
Hashimoto 1993; Yoneda and Grossman 1995). In this respect the differ-
ence between dust and ice enrichments is that dust enrichments also lead
to enrichments in Mg, Si, Fe, and so on, whereas ice enrichments lead only
to increases in fO;.

2. Nebular Photooxidation. Alternatively, the Mo and W depletions
found in CAIs may be the result of photooxidation of nebular water va-
por in x-winds (Shu et al. 1996) or in low opacity regions of the inner
solar nebula, such as the nebular photosphere, where backscattered so-
lar HI Ly (121.6 nm), He I (58.4 nm), and He II (30.4 nm) UV radia-
tion may drive nebular photochemistry (Gladstone 1993; Gladstone and
Fegley 1997). Photolysis of water vapor and hydroxyl radicals via the
reactions

H,O + hv — OH + H (16)
OH+hv - O+H an
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may produce OH radical and O atom concentrations significantly higher
than the thermochemical equilibrium values in a solar gas, while the H
atoms recombine with each other via

H+H+M -~ H, +M (18)

where M is any third body (statistically H,, He, or H). The enhanced OH
and O concentrations could then drive reactions exemplified by

Mo(g) + O — MoO(g) (19)
Wi(g) + 0 — WO(g) (20)

which increase the Mo and W oxide vapor concentrations above the ther-
mochemical equilibrium values in a solar gas. Shu et al. (1996) note that
this general concept is supported by observations of atomic O in the out-
flows from young T Tauri stars. However at present, no quantitative mod-
eling has been done to work out the details of a photochemical oxidation
scheme for Mo and W, and this must be done to test this model.

B. Reduced Nebular Gas

There are two principal mechanisms to reduce the solar nebula gas: ad-
dition of C-rich dust or removal of water from the inner solar system
(Larimer 1968, 1975; Larimer and Bartholomay 1979). A measure of the
redox state is the C/O ratio, which is ~0.5 for a solar gas (Grevesse and
Noels 1993). At high temperatures and low pressures in a solar gas, all
carbon is in CO while oxygen is about evenly divided between CO and
H,O0, and oxide condensation occurs via net reactions such as

2 Al(g) + 3 H,0 = ALLOs(s) + 3 H, 21

An increase in C/O ratio leads to the formation of more CO, so less H>O is
available for oxide forming reactions. Oxides then form at lower tempera-
tures when reaction (4) proceeds to the right and supplies H,O. Therefore,
equilibrium condensation temperatures of oxides decrease with increasing
C/O ratio. At some critical C/O ratio, the suite of initial condensates for
the major elements switches from oxides and silicates to carbides, nitrides,
and sulfides.

We used the CONDOR code (Lodders and Fegley 1993) to study the
effect of increasing the C/O ratio (by either pathway) on types of con-
densates and condensation temperatures and computed the condensation
temperatures for major elements at a total pressure of 1073 bar.

Major element condensations as a function of C/O ratio as the O
abundance is systematically decreased from the solar value are illus-
trated in Fig. 7. Initial condensates from a solar gas (C/O ~ 0.5) are
corundum; hibonite; grossite, CaAlsO7; perovskite, CaTiO3; melilite,
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Figure 7. Condensation temperatures for initial major element condensates as a
function of C/O ratio at a total pressure of 1073 bar. The left panel shows the
condensation temperatures as the C/O ratio is increased by removing oxygen
from a solar-composition gas, and the right panel shows the respective conden-
sation temperatures as the C/O ratio is altered by adding carbon (from Lodders
and Fegley 1997).

(Ca,Na),(Al,Mg)(Si,Al),O7 [shown by gehlenite, Ca,Al(Si,Al),O7];
spinel (MgAl,Oy4); forsterite; and enstatite. Iron metal condensation is
independent of C/O. However, as the C/O ratio increases, the condensa-
tion temperatures of the oxides and silicates decrease. At C/O ~ 0.91 to
~0.95, osbornite forms instead of perovskite. Oxides of Al, Ca, and Si
remain the initial condensates of these elements, because enough H;O is
still available for reactions such as equation (21). At C/O > 0.95, TiC
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replaces TiN as an initial condensate, AIN and CaS replace Ca-Al oxides,
and SiC replaces gehlenite. Graphite and cohenite [(Fe,Ni);C] condensa-
tion requires C/O > 1.

The condensation temperatures for major element-forming minerals
as a function of C/O ratio for the case in which carbon is increased above
solar values are shown in the right panel in Fig. 7. In general, the conden-
sation temperatures are somewhat higher, and the new suite of reduced
condensates appears at higher C/O ratios than in the case of oxygen re-
moval. Osbornite appears at C/O ~ 0.95, and TiC, AIN, and Ca$ start
forming at C/O ~ 0.98.

The C/O range over which enstatite chondrites (ECs) may have
formed is constrained by their mineralogy. Graphite and cohenite are
not very abundant in these meteorites, indicating that the upper bound in
C/O was ~1, because graphite and cohenite form at C/O > 1. The occur-
rence of CaS puts the lower bound at C/O ~ 0.95 if the C/O ratio was
altered by oxygen removal from the solar gas. On the other hand, the lower
bound of the C/O ratio necessary for the suite of reduced condensates is
0.98 if carbon was added to a solar gas; this is very close to the assumed
upper bound of C/O ~ 1.

How were reducing conditions obtained in the solar nebula? Removal
of oxygen by oxide condensation increases C/O in the gas from 0.48 to
~0.57, but this is too smail an increase to produce reduced condensates.
Another problem with removal of oxygen into silicates is that the ma-
Jor elements are then also condensed and are no longer available to form
the reduced minerals by direct condensation. It is necessary to reduce the
nebular gas before the onset of condensation to obtain enstatite chondrite
minerals (e.g., CaS) as primary condensates. Plausible mechanisms to in-
crease the C/O ratio are injection of carbonaceous dust or removal of wa-
ter (Larimer 1968, 1975; Larimer and Bartholomay 1979; Baedecker and
Wasson 1975). As seen above, both cases (i.e., O removal from and C
addition to a solar gas) lead to reduced condensate formation, and ther-
modynamics alone does not unambiguously constrain which alternative is
responsible for the reduction of the solar gas.

1. Adding Carbonaceous Dust to Solar Gas. Isotopic variations in
chondrites indicate that the solar nebula was not homogeneous, and it is
not inconceivable that there may have been “pockets” enriched in car-
bonaceous interstellar dust. Heating and evaporation of such carbon-rich
pockets during their infall to the nebular midplane could have locally pro-
duced more reducing conditions than those obtained from evaporation of
the standard presolar cloud material. Condensation from a solar gas reduced
by carbonaceous dust would then produce the reduced minerals observed
in ECs. The larger abundances of presolar SiC in the enstatite chondrite
Qingzhen (EH3) than in the carbonaceous chondrite Orgueil (CI) (Huss
and Lewis 1995) may indicate that larger amounts of carbonaceous dust,
which could raise the C/O ratio, were present in the EC-forming region.
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An indication that carbonaceous dust (including SiC dust) may have
been responsible for the reducing conditions in the EC-forming region is
the Si/Mg mass ratio of ~1.5 in enstatite chondrites, which is higher than
in CI chondrites (Si/Mg ~ 1.1). The increased Si/Mg ratio in ECs could
thus reflect the addition of Si from SiC. However, enstatite chondrites have
normal Si isotopic compositions (Molini-Velsko et al. 1986), which ar-
gues against large amounts of SiC and, by implication, also against larger
amounts of other carbonaceous dust in the formation region of enstatite
chondrites.

Larimer (1988) has pointed out that the higher Si/Mg ratio in ECs
points toward Mg fractionation rather than enhancement of Si, because
the Si/Fe ratio in EH and CI chondrites is very similar. If so, the argument
that Si was added from carbonaceous dust to ECs is weakened. The amount
of carbonaceous dust required to reduce the nebular gas is very high. For
example, mass returned to the interstellar medium (ISM) in our galaxy by
evolved intermediate-mass stars is estimated to be 0.35 solar masses per
year and 10-50% of that mass is reduced dust from carbon stars (Thronson
et al. 1987). Although we do not have any observations of the ratio of
carbon dust and SiC dust in the ISM, the major sources of the reduced dust
are cool carbon stars, which preferentially show SiC dust emission, and
there is evidence in only a few cases for carbon dust in their stellar outflows
to the ISM (Lodders and Fegley 1997). The reduced dust may undergo
processing in the ISM, but the survival of presolar SiC and carbon dust in
meteorites suggests that SiC is not “lost” and is expected to be present in
any carbonaceous dust pocket in the nebula. We may reasonably expect Si
isotopic anomalies in ECs if the nebula gas were reduced by carbonaceous
dust in the EC formation location.

Thus, although the presence of reduced presolar dust is ubiquitous in
all chondrites, there is no clear evidence that enhanced carbonaceous dust
addition was responsible for the increased C/O ratio in the solar nebula
that is required for the condensation of EC minerals. Another drawback
of dust addition to solar nebula gas is that the C/O range over which EC
minerals form is very narrow (~0.98 to ~1; see above), and it may appear
as mere coincidence that enstatite chondrites ever formed. In the case of
oxygen removal, the range in C/O ratios over which reduced EC minerals
can form (C/O = 0.95) is somewhat wider and possibly more favorable
than in the case of carbonaceous dust addition (C/O = (.98).

2. Removing Oxygen from Solar Gas. Oxygen removal from the
EC formation region is an alternative pathway to increase the C/O ratio
(Baedecker and Wasson 1975). About half of the oxygen had to be lost
to increase the C/O ratio from solar to about 1, possibly by H>O ice con-
densation. Solar nebula models place water ice condensation at 5.2 AU
and beyond (Cameron 1995). Early accretion of ice and rock is believed
to have caused a runaway accretion of Jupiter (Lissauer 1987), so that the
jovian planets served as cold traps for water ice (Stevenson and Lunine
1988).
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In the case of water removal from the inner to the outer solar sys-
tem, the jovian planets should be relatively enriched in water. One indi-
cation of water enrichment comes from the observed CO concentrations
in the atmospheres of the jovian planets. For example, about 0.6 parts per
million by volume (ppmv) CO is observed on Neptune. About 440 times
the solar abundance of oxygen as water is required to explain this CO,
which is formed by the reaction of water and methane in Neptune’s deep
atmosphere and subsequent upwelling (see Lodders and Fegley 1994).
Similarly, the upper limit of ~0.01 ppmv CO on Uranus implies an over-
abundance of oxygen as water of up to 260 times solar. However, other
heavy elements such as carbon (as CHy) are only 41 and 32 times so-
lar abundance in Uranus and Neptune, respectively. Thus, Neptune and
(possibly) Uranus have an overabundance of water as compared to car-
bon, and their amount of water is also larger than that available from a
solar-composition gas. Interior structure models and atmospheric chem-
istry models indicate that water abundances in Jupiter, Saturn, Uranus, and
Neptune increase as a function of heliocentric distance. This trend may re-
flect more efficient cold trapping in the coolest regions of the nebula, which
also implies that water was redistributed within the solar system.

Water removal from the inner to the outer solar nebula constrains the
formation location of the ECs to be closer to the sun. In contrast, C dust
addition could have happened anywhere in the solar system. The large en-
richments of water on the outer planets also implies that the removal of
water from the inner solar system was quite efficient. Early accretion of
reduced matter in the inner solar nebula is also consistent with the two-
component accretion models for the terrestrial planets, which postulate
that terrestrial planet accretion started from material as reduced as enstatite
chondrites (e.g., Wanke 1981; see also Lodders 1995). Water removal from
the inner solar system could have been an efficient mechanism to produce
this reduced component. The terrestrial planets now clearly do not appear
to be as reduced as enstatite chondrites (with the possible exception of
Mercury); this fact indicates that after accretion of the reduced compo-
nents, more oxidized matter was accreted and current oxidation states of
the terrestrial planets evolved.

In fact, the production of highly oxidizing and highly reducing regions
in the solar nebula may be linked. During the infall of presolar gas and
grains into the solar nebula, icy grains and grain mantles evaporated, first
producing local enrichments of water vapor. Mixing of this water- enriched
gas into the hotter inner nebula then produced highly oxidized regions. As
nebular evolution and heating continued, all (or at least most) of the icy
grains evaporated, and the H,O/H; ratio decreased back to the solar value.

Later cooling of the nebular cloud eventually led to recondensation
of icy material in outer regions of the nebula (the snowline). The position
of the nebular snowline must have varied with nebular cooling, but it is
generally believed that formation of ice at about 5.2 AU was responsible
for the runaway accretion of Jupiter. During the cooling of the nebula,
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water-bearing gas from the inner nebula was desiccated as it was trans-
ported outward and ice condensed at the snowline (e.g., Stevenson and
Lunine 1988). As a consequence, water depletion in the inner solar nebula
led to more reducing conditions and to the formation of the highly reduced
enstatite chondrites (e.g., Larimer and Bartholomay 1979) and to reduced
planetesimals later accreted by the proto-Earth (e.g., Lodders 1995). The
formation of highly reduced material was plausibly limited by the smaller
extent of hotter regions in the inner nebula during this stage of nebular
evolution. However, more theoretical modeling is needed to quantitatively
address the timing and dynamics of this model for formation of highly ox-
idized and highly reduced regions.

V. CONCLUSIONS AND SUMMARY

Chondritic meteorites show a wide spectrum of oxidation states, ranging
from highly oxidizing relative to solar gas (e.g., Mo and W depletions in
CAIs and fayalitic rims in carbonaceous chondrites) to highly reducing rel-
ative to solar gas (the mineralogy of enstatite chondrites). At present it is
possible to recognize (at least partially) the signatures of nebular and plan-
etary processing in chondritic meteorites. In the carbonaceous chondrites,
chemical indicators generally preserve the nebular record with greater fi-
delity than do mineralogical indicators (such as valence state ratios and
colors). Several mineralogical indicators in carbonaceous chondrites indi-
cate that thermal metamorphism and fluid/rock interactions have altered
the original nebular signatures and left an overprint of planetary process-
ing. However, in the enstatite chondrites, the existence of highly reduced
minerals, which would be destroyed by fluid/rock and thermal processing
on parent bodies, provide the best evidence of nebular processes and of
the nebular oxidation state in the enstatite chondrite formation region.

Although the origin of fO, variations in the nebula is unknown, sev-
eral plausible mechanisms have been proposed. It may be that the produc-
tion of highly oxidizing regions (relative to a solar gas) is linked to the
initial evaporation of icy presolar grains and that the production of highly
reducing regions (relative to a solar gas) is linked to the later reconden-
sation of icy grains and to the runaway accretion of Jupiter. However, the
relative timing of fO, variations in the solar nebula, as well as the spa-
tial extents of highly oxidized and highly reduced regions, remain matters
of conjecture and cannot be quantified. The issue of timing is difficult to
resolve because of inherent limitations in the time intervals that can be dis-
tinguished using different short-lived radionuclides (about 50% of a half-
life), which are generally long relative to the estimates of 0.1-10 million
years for the nebular lifetime (Podosek and Cassen 1994).

Further studies along the following lines may help to understand better
the origin of oxidized components in carbonaceous chondrites and allow
better estimates of O, variations in the solar nebula:
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1. Study of the time required at various temperatures (1000-300°C) for
the blue-to-orange color transition in hibonite, to constrain alteration
conditions experienced by hibonite-bearing CAls.

2. Laboratory studies of iron transport and incorporation into olivine and
enstatite at low temperatures in the presence of aqueous solutions and
in dry systems.

3. Good quantitative models of oxidizing regions and reducing regions
in the solar nebula.

4. More detailed theoretical models of nebular radial mixing and thermal
evolution.

5. Absolute dating of secondary and primary mineralization in chon-
drules and CAls using short-lived nuclides (*>*Mn, 26Al, 12°]), to con-
strain the time interval between primary and secondary mineralization
and the duration of alteration.
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