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Introduction: Chemical and isotopic compositions 

of CAIs record a complex history that includes conden-

sation, melting, evaporation and metasomatic reactions 

with the ambient gas in the solar nebula. Decades of 

theoretical and experimental studies established a 

framework for interpretation of the trace element pat-

terns and isotopic fractionations observed in CAIs. In 

particular, depletions of some CAIs in high-valence 

elements, such as Ce, Mo, and W, are customary inter-

preted as evidence for their processing under more oxi-

dizing than solar conditions [e.g., 1 4]. Yet in some 

CAIs, like in a recently found FUN CAI STP-1 [5], de-

pletions in Ce, W, and U are accompanied by rather 

high Ti3+/Ti4+ in pyroxene apparently indicative of more 

reducing than solar conditions [6]. Here we attempt to 

resolve this apparent discrepancy by physicochemical 

analysis of STP-1 formation conditions.   

 Petrologic, Chemical, and Isotopic Characteris-

tics: STP-1, a coarse-grained Type B2 FUN CAI from 

Allende, consists of dmisteinbergite (hexagonal plagio-

clase), anorthite, gehlenitic melilite, and igneously-

zoned Al,Ti-diopside (cpx, Ti4+/Ti3+ = 0.26 0.76), all 

poikilitically enclosing euhedral spinel grains. Lath-

shaped hibonite grains and spinel-hibonite intergrowths 

occur in the outermost portion of the inclusion. The 

CAI experienced only a small degree of secondary al-

teration that resulted in formation of grossular, Al-rich, 

Ti-poor pyroxene, Na-bearing plagioclase, nepheline, 

and sodalite, and enrichment of spinel near the CAI 

edge in FeO. Like in all FUN CAIs, O and Mg isotopic 

compositions of STP-1 show large mass-dependent 

fractionation effects [5]. The CAI has a Group II REE 

pattern with a small (~40%) negative Ce anomaly; it is 

also depleted in W (~8×) and U (~100×) relative to typ-

ical CAIs. Further details are in [5]. 

Basic assumptions of physicochemical analysis: 

Fractionated O and Mg isotopic composition of STP-1 

minerals [5] and experimental studies of melt evapora-

tion [7], suggests that the CAI experienced melt evapo-

ration in a region with a very low total gas pressure 

(<10 6 bar) and has never been in equilibrium with this 

gas. Therefore, the redox conditions during STP-1 melt 

evaporation should have been controlled internally. We 

use calculated Ti4+/Ti3+ ratios in the STP-1 cpx meas-

ured by EPMA to calculate intrinsic fO2 at different 

temperatures. The temperature range of interest is up-

ward from the solidus temperature of Type B CAIs of 

~1500 K. This also means that the ambient gas tempera-

ture must have been lower to permit evaporation of O. 

Although evaporation of REEs and U was certainly 

controlled by kinetic parameters, the equilibrium ap-

proach employed here is still useful for evaluation of 

redox conditions and valence states of Ce and U in the 

CAI melt, identification of evaporating gaseous species 

and assessing their relative fluxes. 

Redox conditions in the melt and valence state of 

elements: Fig. 1 shows fO2 values for solid phases with 

the labeled Ti4+/Ti3+ and Ce4+/Ce3+ ratios. The Ce and Ti 

valence states were evaluated for the MeO1.5 – MeO2 

equilibria. Evaluation of U oxidation state is difficult 

because several low-temperature UO2+x oxides become 

a single phase of variable composition at higher temper-

atures. Although a thermodynamic model for such a 

phase exists, it is formulated in a way compatible only 

with special software used in material science. There-

fore, here the UO2 – UO2.25 equilibrium was used to 

access redox conditions for stabilizing U with valence 

state higher then 4+. Under the redox conditions rec-

orded in the STP-1 cpx (gray band in Fig. 1) both Ce4+ 

and U>4+ could be present. 

Gas phase speciation: The partitioning of La, Ce, 

and U among different gaseous species is shown in Fig. 

2 along with the reference curves for the IW and solar 

nebula. Under redox conditions recorded by the STP-1 

cpx, dominating gaseous species are LaO, UO2, and 

CeO. Gaseous CeO2 could also be present but its contri-

bution (<1 rel.%) to the mass-balance of gaseous Ce can 

be safely neglected.  

Vapor pressures of LaO, CeO, and UO2: Calcula-

tions of saturated vapor pressures of UO2, CeO, and 

LaO over molten STP-1 are thus reduced to 5 chemical 

reactions describing evaporation of LaO1.5, CeO1.5, 

CeO2, UO2, and UO2.25. Results are shown in Fig. 3 for 

Ti4+/Ti3+ ratios (fO2 buffers) of 0.76, 0.26, and 0.1. In 

addition to fO2, the input parameters are activities of 

LaO1.5, CeO1.5, CeO2, UO2, and UO2.25, calculated from 

the measured concentrations of La, Ce, and U in STP-1 

assuming the bulk composition of STP-1 equal to that of 

the forsterite-bearing Type B CAI SJ101 [8]. The trace 

element pattern of SJ101 shows that the U and Dy en-

richments relative to CI are nearly identical; therefore, 

the measured U concentration in the ‘pre-evaporation’ 
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Fig. 2. Speciation of the 

gaseous phase. 

STP-1 has been increased accordingly. The activities of 

end-members are assumed equal to their mole fractions 

(ideal solution). The Ce mole fraction was split into 

CeO1.5 (~90%) and CeO2 (~10%) based on the STP-1 

redox conditions (Fig. 1).  

Discussion: Fig. 3 shows that the ratio of saturated 

vapor pressures of CeO to LaO increases as redox con-

ditions become more reducing (Ti4+/Ti3+ decreases), 

leading to a development of a negative Ce anomaly. 

Because of the overall low U concentration, the abso-

lute vapor pressure of UO2 never exceeds those of LaO 

and CeO. However, for evaluation of enrichments or 

depletions relative to CI, it appears appropriate to nor-

malize the calculated vapor pressures to those in the 

system with solar elemental abundances (at 10 5 bar).  

The results shown in Fig. 4 are additionally normal-

ized to the saturated vapor pressure of LaO in order to 

enlarge the vertical scale. The U would evaporate more 

efficient than La under oxidizing, while Ce under reduc-

ing conditions. This means that the depletion of STP-1 

in U is most likely decoupled from the Ce depletion. U 

depletion still could occur under reducing conditions at 

lower temperatures. Because the REEs and U are both 

highly incompatible, upon crystallization of STP-1 they 

will enrich the residual melt and continue fractionating 

until the STP-1 solidification, so there is a possibility 

for creating of both Ce and U depletions under rather 

reducing conditions (Ti4+/Ti3+ = 0.1) and low tempera-

tures close to the STP-1 solidus. In principle, scenarios 

can be tested by measuring trace element patterns in 

different minerals.  

Conclusions: The analysis of elemental valence 

states clearly shows that the presence of Ce4+ is 

consistent with the high Ti3+/Ti4+ ratios in CAIs. 

Contrary (but not contradictory) to the published state-

ments, the depletion of CAIs in Ce relative to La during 

evaporation would occur under reducing conditions, 

consistent with the evaporation experiments [9]. The 

depletion of CAIs in U is more likely to occur under 

more oxidizing conditions than for the Ce depletion. If 

redox conditions in an evaporating CAI become more 

reducing due to O loss, then a single event could result 

in depletions in both Ce and U, although these may be 

decoupled from one another. Our results also suggest 

that the redox conditions inferred for igneous CAIs 

may differ from those in the ambient nebular gas. 

Condensates are certainly a better choice for evaluating 

nebular redox conditions. 
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Fig. 1. Valence states of elements as a function of 

fO2 and temperature. The gray band labeled STP-1 

shows the range of redox conditions corresponding 

to the Ti4+/Ti3+ ratios in STP-1 cpx. The curves for 

the IW buffer and fO2 in the solar nebula with dif-

ferent enrichment in dust relative to H+He (DG#) 

are shown for comparison. The fO2 calculated for 

the average Ti4+/Ti3+ ratio in cpx of Type B CAIs is 

from [6]. 

Fig. 3. Saturated vapor pressures over 

molten STP-1. The dashed lines indicate 

metastable reactions; i. e. partial pressures 

are controlled by evaporation of ‘corre-

sponding’ stable species. 

Fig. 4. Saturated vapor pressures of CeO 

and UO2 normalized to that of LaO and 

the solar Element/H2 ratios. A rather deep 

minimum in the UO2 vapor pressure 

caused by the change in valence state of 

dominating solid species is an artifact 

arising from the assumption that either 

pure UO2 or UO2.25 controls the vapor 

pressure. 
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