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Introduction:  Enrichments of REE in CAIs com-
pared to CI chondrites are an indicator of volatility-
controlled processes that occurred during formation 
and/or later thermal processing of CAI precursors (e.g., 
[1−3]). Depletion in Ce observed in some CAIs, such as 
in Allende FUN CAIs HAL, C1 and STP-1 (e.g. [2, 4, 
5]), is usually considered as an indicator of their for-
mation/processing under “oxidizing” conditions when 
volatile Ce4+ becomes thermodynamically stable. On the 
other hand, some CAIs, such as in Allende B30 [4], are 
depleted in Eu (and Yb) which is considered as indica-
tors of “reducing” conditions when volatile Eu2+ be-
comes stable.  

FUN and FUN-like CAIs are also depleted in U by 
~100× compared to “normal” (non-FUN) CAIs, which 
has prevented so far the use of the Pb-Pb chronometer 
for measurement of the absolute ages of FUN CAIs 
[5−7]. The U depletions also suggest “oxidizing” condi-
tions of their formation/processing. Petaev et al. [8] 
argued that both Ce and U depletions could occur under 
reducing conditions. 

How “oxidizing” or “reducing” conditions must be 
to produce Ce and/or Eu/Yb anomalies still remains 
unclear. Ce depletion was observed when solar compo-
sition melt was evaporated to a high degree (mass loss 
of ~20% or higher) at 1800ºC in vacuum (e.g., [9]). No 
REE fractionation was observed in experiments when 
Type B composition melt was evaporated in a low-
pressure hydrogen furnace at 1500ºC [10], although 
~50% of mass was lost in these experiments.  

Here we present preliminary results from our ex-
periments in which CMAS melt doped with trace ele-
ments was evaporated in flowing H2-CO2 gas mixtures 
with different ƒO2s at 1600ºC.  

Experimental:  The experiments were conducted 
at 1600ºC in a vertical 1-atm furnace equipped with a 
gas-mixing apparatus. The ƒO2 of the flowing gas (line-
ar flow rate ~1.1 cm/s) in the furnace hot spot varied 
from IW–3 to a nominally pure H2 by mixing H2 and 
CO2 in various proportions. As starting material we 
used a CMAS mixture containing 18.4 wt% MgO, 
14.3% Al2O3, 43.4% SiO2 and 23.9% CaO doped with 
~400 ppm of trace elements. Run durations varied from 
few minutes to an hour in H2 and up to 16 hours in oxi-
dized gas mixtures to produce significant mass loss. The 
material was also evaporated in the vacuum furnace 
(P~10–6 torr) at the same temperature. REE and U con-
centration in run products was measured by laser-
ablation ICPMS at the Field Museum, Chicago. 

 
Fig. 1. (a) Lanthanum–normalized concentrations of 
REE in run products from 1-atm (IW–3.2 and pure H2) 
and vacuum furnace evaporation experiments at 
1600ºC. (b) Calculated distribution of REEs between 
melt and gas phase at 1600ºC as function of ƒO2. REEs 
are spaced by ionic radii. Note the different scales in (a) 
and (b). 

Results:  Typical REE profiles in the experimental 
charges are shown in Fig. 1a. No Ce depletion was ob-
served in any experiments conducted in the 1-atm fur-
nace within the range of ƒO2 studied. Even samples ex-
posed to H2-CO2 gas with log ƒO2 =IW–3.2 (~ 3 log 
units more oxidizing than the solar nebula gas) for ~16 
hours which lost ~50 % of mass (MgO and SiO2), ex-
hibit flat REE patterns (green squares in Fig.1a). A 
sample produced by evaporation of the melt in the vac-
uum furnace for 6 hours was strongly depleted in Ce 
(solid red circles in Fig.1a). Although ƒO2 in the vacu-
um experiments is poorly constrained, the redox condi-
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tions in the furnace should be more reducing than ƒO2 
of the WWO buffer (~IW+1) in order to keep the tung-
sten heater and tungsten heat shields stable during even 
more extended and higher temperature runs.  

Evaporation of the CMAS melt in nominally pure 
H2 for 60 minutes resulted in ~90% mass loss and strong 
Eu depletion (blue diamonds in Fig. 1) in agreement with 
expectations.  

No U depletion was observed in experiments con-
ducted in the 1-atm furnace within the range of ƒO2 stud-
ied, but it was strongly depleted in the vacuum evapora-
tion residues. 

Discussion:  The experimental data on evapora-
tion of CMAS melt in H2-CO2 gas are in agreement with 
results of calculations on distribution of REEs between 
CMAS melt and gas as function of ƒO2 in a flowing H2-
CO2 gas (Fig. 1b). In these calculations, we assumed 
that CMAS melt with a typical mass 50 mg was in equi-
librium with 1 liter of H2-CO2 gas at 1600ºC, and that 
concentration of Ca sites, that can be occupied by REEs, 
is 10–7 moles/l which allows Eu depletion at log ƒO2 of 
IW–6. This number of Ca sites is much lower than the 
value calculated from the mass of the sample and Ca 
concentration in the starting material (2×10–4), but the 
volume of gas interacting with the melt could also be 
much less than 1 liter. We also assumed ideal solution 
of REE into the CMAS melt. Fig. 1b shows that change 
in ƒO2 of the flowing gas only affects the distribution of 
Ce, Eu and Yb between the melt (small symbols) and 
gas (large symbols), while all other elements are ex-
pected to remain in the melt. As gas becomes more re-
ducing, Eu and Yb evaporate from the melt thus increas-
ing their fractions in the vapor which is then removed 
from the vicinity of the sample by a flowing gas. Based 
on Fig. 1b, noticable Ce depletion in the melt is ex-
pected at ƒO2 values close to ~IW, but not at ~IW–3.2 
of our experiments. We have conducted a set of experi-
ments under conditions more oxidizing than IW–3.2 and 
will report the results after we analyze the run products. 
Fig. 1b also shows that only Eu depletion (no Yb deple-
tion) is expected in samples produced by evaporation in 
highly reducing gases at 1600ºC, which is in agreement 
with our experiments. 

Our experimental data (Fig. 1a) and thermody-
namic calculations (Fig. 1b) clearly indicate that evapo-
ration of a CMAS melt does not result in depletion of 
both Ce and Eu/Yb. The coexistence of negative Ce 
anomaly, along with Eu and Yb anomalies observed in 
some CAIs (e.g. [11]), thus could be explained by sev-
eral episodes of melting in solar nebula with different 
redox conditions (due to different dust/gas ratios, for 
example). The reason why both Ce and Eu/Yb deple-
tions were observed by Nagasawa and Onuma [12] 
when CAI composition melt was evaporated in vacuum 
and in low-pressure H2-H2O mixtures (H2O/H2 <100), 
but not in our experiments as well as in vacuum [9] and 

in low-pressure hydrogen furnaces [10] remains unclear. 
We should note, however, that experimental conditions 
in [12] appear to be much less controlled than in [9] and 
[10]. Concomitant Ce and Eu depletions observed by 
Floss et al. [13] in some experimental run products, 
when CAI composition melt was evaporated in vacuum, 
is due to extremely high degree of evaporation (>97% 
mass loss) produced at 1900−2250ºC. Ce and Eu loss 
was also observed when CaTiO3 melts were evaporated 
in vacuum at 2000°C [14] and 2150°C [15]. We believe 
that due to slow evaporation kinetics of major oxides 
under oxidizing conditions in our 1-atm experiments at 
1600ºC (e.g., ~10% mass loss after 2.5 hours and ~50% 
mass loss after 16 hous at log ƒO2 =IW–3.2), the oxygen 
fugacity at the melt-gas interface in these experiments is 
controlled by ƒO2 of the flowing gas rather than by oxy-
gen released from the melt due to evaporation of MgO 
and SiO2 as might be the case in very high-temperature 
vacuum runs. 

Similar to Ce, strong U depletion was observed in 
our vacuum evaporation experiment at 1600ºC, but not 
in 1 atm H2-CO2 even at log ƒO2 =W–3.2. Possible cor-
relation between Ce and U depletions will be tested in 
our future experiments.  

Conclusions:  No Ce or U depletions were ob-
served in experiments at 1600ºC when CMAS melt was 
exposed to a flowing H2-CO2 gas mixture with ƒO2 val-
ues from ~IW–3 to a nominally pure hydrogen, but they 
were highly depleted in run products from vacuum 
evaporation experiments. Strong Eu depletion was ob-
served when the melt was evaporated in 1 atm H2. The 
result suggest that a negative Ce anomaly and U deple-
tion, along with Eu and Yb anomalies observed in some 
CAIs could only be explained by several episodes of 
heating and cooling in solar nebula with different redox 
conditions. 
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