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LANTHANIDE AND ACTINIDE CONDENSATION INTO OLDHAMITE UNDER 
REDUCING CONDITIONS; K. Lodders, P.O. Box 4182, Chesterfield, MO 63006, B. Fegley, Dept. of 
Earth and Planetary Sciences and McDonnell Center for the Space Sciences, Washington University, St. 
Louis, MO 63130 

Introduction: Oldhamite (CaS), osbornite (TIN), niningerite (MgS) and other refractory minerals 
found in enstatite chondrites are the reduced counterparts of the more oxidized refractory minerals such as 
perovskite (CaTi03) and hibonite (CaAl12019) found in CATS. Larimer and colleagues [ l ]  showed that 
CaS, TiN, MgS etc. are unstable at oxygen fugacities in a solar gas (C/O = 0.4 - 0.6) and are only stable 
under more reducing conditions (C/O) 2 0.83. Analytical data on REE in oldhamite and other refractory 
minerals in E-chondrites [2,3] suggests that CaS is the main camer of REE in these meteorites. High REE 
enrichments up to lOOxCI are observed in Qingzhen (EH3)[3]. The published ion probe data also show 
that flat, unfractionated patterns and patterns with either Yb or Yb and Eu excesses are the most common 
of all patterns observed to date. 
However, it is difficult to interpret the observed patterns in terms of nebular and/or parent body processes 
because with the exception of some qualitative results [4,5] no REE condensation calculations have been 
done under reducing conditions appropriate to the enstatite chondrites. This abstract presents the results of 
the first comprehensive REE condensation calculations under reducing conditions. The actinides (U, Th, 
Pu) have been considered because oldhamite is also apparently a major host phase for the actinides [6]. 

Method of calculation; Condensation calculations for the REE, U, Th, and Pu were performed 
using a new computer program which utilizes routines similar to those described earlier for the TOP20 
and METKON codes [7,8]. Thermodynamic data for elemental and oxide gases and solid oxides were 
taken from the same data sources listed by [7,8]. In addition, data for the gaseous REE monosulfides, and 
gaseous and solid sulfides of U, Th and Pu were taken from [9]. Data for solid REE monosulfides (La to 
Gd) were also taken from [9]. For the heavy REE monosulfides (Tb-Lu), the data for the heats of 
formation were taken from [lo]. These values are estimated with an error of about 40 Wmol. Entropy 
data for the REE sulfides were also taken from [lo] and the heat capacity functions were estimated here. 
To calculate the equilibrium constants for the REE sulfides, appropriate data for the elemental rare earths 
and sulfur given by [ l l ]  were used. The solar abundances given by [12] were used and a total pressure of 

bars was adopted. The C/O ratio was varied by either adding carbon to or removing oxygen from the 
gas, as discussed by [I]. 

Results: The condensation temperature of CaS (1379 K at l o 3  bars) is independent of the C/O-ratio 
at ratios 2 1.0. At bars we calculate that CaS condenses at 1379 K, in agreement with the value of 
1385 K calculated by [13] under the same conditions. 
REE condensatio~: The results of the condensation calculations for the REE at 1378.6 K and bars 
are shown in the figure. This temperature is about O.1° lower than the temperature where CaS starts 
condensing (1378.7 K). The uncertainties in the thermodynamic data for the REE sulfides are about +40 
m o l .  The effects of these uncertainties are indicated by the dotted lines in the figure. It is clear that 
most of the REE are so refractory that they are more than 90% condensed into CaS almost as soon as CaS 
forms. The following groups can be distinguished:(l) highly refractory: The most refractory REE are Gd, 
Tb, and Lu which are fully condensed at 1378.6 K. The condensation temperatures for these pure REE 
sulfides are above or close to that for CaS (Gd: 1406 K, Tb 1392 K, Lu 1378 K). The most abundant 
compound of these elements in the gas phase is the monosulfide. (2) refracton: The pure sulfides of La, 
Ce, Pr, Nd, Dy, Ho, and Er show lower condensation temperatures than CaS. However, they are also 
almost fully condensed at 0.1 degree below the condensation point of CaS. All elements of this group 
have 50% condensation temperatures 2 1378 K. The most abundant compounds in the gas phase are the 
monoxides for the light REE (La-Nd), and the monoatomic gas for Dy, Ho, Er. The refractory behavior of 
Ce under reducing conditions is a contrast to its volatile behavior under "normal" solar conditions. 
However, under reducing conditions CeO becomes the dominant gaseous species instead of Ce02. (3) 
volatile: Sm, Eu, Tm, and Yb fractionate strongly from the other REE according to their high volatility 
under reducing conditions, with Yb being the most volatile REE under reducing conditions. These 
elements have 50% condensation temperatures well below the condensation point of CaS (see table 1). 
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Actinides: Th and U are refractory and condense almost fully into CaS at its condensation point. Pu also 
can be regarded as being refractory with a 50% condensation temperature of 1378 K, just one degree 
below the CaS condensation temperature. These predicted unfractionated enrichments of the actinides in 
CaS are in good agreement with the reported actinide analyses in CaS from E-chondrites [6]. 

Table 1 : 
50% Condensation temperatures 
for ideal solid solution in oldhamite 

bars, C/O = 1.2 

LaS 
CeS 
Prs 
NdS 
SmS 
EuS 
GdS 
TbS 
DYS 
HoS 
ErS 
TmS 
Ybs 
LuS 

*: at 0.1 K below the condensation 
point of CaS (Tcond = 1378.7 K), 
more than 50% condensed. 
**: sulfide condenses as a pure 
phase before or at the same 
temperature as CaS 

. . : :  , # 

Fraction REE condensed in CaS : :  

1378.6K 10.3 Bars C/O = 1.2 
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