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CRYSTAL-CHEMISTRY AND PARTITIONING OF REE IN WHITLOCKITE 
R. 0. Colson and B. L. Jolliff, Dept. of Earth and Planetary Sciences & McDonnell Center for the Space 
Sciences, Washington University, St. Louis, MO 63130. 

Partitioning of REE in whitlockite is complicated by the fact that two or more charge-balancing 
substitutions are involved [ I ,  21 and by the fact that concentrations of REE in natural whitlockites are 
sufficiently high such that simple partition coefficients are not expected to be constant even if mixing in the 
system is completely ideal [ I ,  21. The present study combines preexisting REE partitioning data in 
whitlockies [ I ]  with new experiments in the same compositional system and at the same temperature 
(-1030°C) to place additional constraints on the complex variations of REE partition coefficients and to test 
theoretical models for how REE partitioning should vary with REE concentration and other compositional 
variables. With this data set, and by combining crystallographic and thermochemical constraints with a 
SAS simultaneous-equation best-fitting routine, it is possible to infer answers to such questions as 'what is 
the speciation on the individual sites Ca(B), Mg, and Ca(llA) (where the ideal structural formula is 
Ca(B), Mg?Ca(llA) P 0 )', 'how are REE charge-balanced in the crystal', and 'is mixing of REE in 
whitloc\ite deal o: A&i%!eal'. This understanding is necessary in order to extrapolate derived partition 
coefficients to other compositional systems and provides a broadened understanding of the crystal 
chemistry of whitlockite. Conclusions include: 

1) Our experiments yield partition coefficients for La in addition to the values for Nd, Sm, and Yb 
reported in previous experiments. This gives us improved knowledge of the REE partitioning pattern. 

2) Substantial Fe, in addition to Ca and vacancies, substitutes on the Ca(llA) sites in whitlockite. Fe 
on the Ca(llA) sites in whitlockiie has not been previously suggested to our knowledge. 

3) The ratio Fe/Ca on the Ca(l1A) sites increases strongly as the number of vacancies on the site 
increases due to increasing REE in the mineral. This indicates that Fe, Ca, and vacancies do not mix 
ideally on the Ca(llA) site. The nonideal interaction among Ca, Fe, and vacancies on the site is expected to 
effect not only concentrations of Fe on Ca(llA), but to provide a (possibly large) nonideal contribution to 
variations in REE partition coefficients with composition. 

4) Although modeling of REE partitioning as the sum of a "saturating" substitution (REE on Ca(B) 
charge-balanced by substitution of a vacancy for Ca or Fe on Ca(llA)), and an "unsaturating" substitution 
(REE on Ca(B) charge-balanced by substitution of Si for P) accounts for most of the variation in REE 
partitioning [ I ,  21, small but significant differences between the ideal-solution model and observed partition 
coefficients in these experiments suggest that the system is not entirely ideal. 

5) Simple regular-solution modeling of the nonideal interaction of Fe and vacancy on the Ca(l1A) 
sites explains not only the variation in Ca/Fe on Ca(llA), but the nonideal variations in REE partition 
coefficients with REE concentrations as well. This provides both improved modelling of the variation in 
partitioning with REE concentration and the means for extrapolating from these experimental compositions 
to the typically more Fe-poor compositions of natural systems. 

6) Tests using the SAS statistical system suggest that other charge-balancing substitutions, such as 
substitution of a vacancy for Mg (or Fe) on a Mg site, are not significant in these experiments. 

The presence of Fe on Ca(llA) sites is illustrated by Fig. 1. The curve on the figure illustrates the 
variation modeled by the SAS fitting routine. The SAS routine uses the constraint that activities of the major 
components and temperature are roughly constant in these experiments, and thus, for ideal mixing, ratios 
of the major elements on each of the sites Ca(B), Mg sites, and Ca(llA) will be constant and can be 
estimated by a statistical fitting routine. The average ratio of Ca/(Fe+Mn+Mg) on the Ca(llA) sites 
predicted by the SAS routine is 0.72 20.2. The explanation for the change in slope in Fig. 1 is as follows: 
at low REE concentrations, most REE are charge-balanced by substitution of a vacancy on the Ca(1lA) site 
(1, 21, thus the decrease in Mg+ Fe+ Mn with increasing REE is related to replacement of Mg+ Fe+ Mn both 
on Ca(B) sites (where REE substitute) and Ca(llA) sites (where charge-balancing vacancies substitute). 
However, at higher REE concentrations, the Ca(l1A) sites become saturated with vacancies and additional 
REE are charge-balanced by Si substituting for P, thus the slope at high-REE concentrations is related only 
to replacement of REE in Ca(B) sites. Thus, the steeper slope at low REE concentrations reflects the 
presence of Mg+ Fe+ Mn in the Ca(1lA) sites (consideration of Mg and Fe separately suggests that Fe, not 
Mg, is on the Ca(1lA) sites). 

Fig. 2 is similar to Fig.1 but only considers those REE that are charge-balanced by vacancy on 
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Ca(llA). Because the ratio of Ca/(Mg + Fe+ Mn) on Ca(B) sites is high (75.9 k 1.4, by the SAS routine), the 
slope on this figure is related primarily to the ratio of Ca/(Mg+Fe+Mn) on Ca(llA), thus the slope would be 
roughly constant if Ca/(Mg+Fe+Mn) on Ca(llA) were constant. The observed slope for the 4 most REE- 
poor points is -0.156 k0.05. For the 10 most REE-rich points the slope is -0.44 k0.12. These slopes 
correspond roughly to Ca/Fe ratios on Ca(llA) of 2.5 and 0.17 respectively. If we consider a simplified 
regular solution model for mixing of 3 components on Ca(llA) in which all interaction parameters other than 

W~e,vacancy are zero, then WFe,vacancy can be estimated from the change in Ca/Fe as -3.25 (In 7 Fe = 
X W~e,vacancv vacancv' where 'vacancv = vacancy on the Ca(llA) sites in excess of one). 

 his nonid&lity is expected-to effect the way partitioning varies with both REE concentrations and 
Fe concentrations in the system. Variations in Dyb with REE concentrations are shown in Fig. 3. The ideal 
curve is as modeled in [2] and as suggested by [ I ] .  The nonideal curve incorporates W vaca as 
calculated above from data independent of Fig. 3. The improved modeling of the variation of% wit1 AEE 
concentrations supports the premise that nonideal interaction between Fe and vacancies on Ca(llA) sites 
effects not only the Ca/Fe ratio in Ca(llA) but the value of REE partition coefficients as well. 

Figure 4 illustrates the theoretically-calculated dependence of Yb partitioning on Ca/Fe ratio in 
Ca(llA) (related to Fe activity in the system). Note that a substantial effect of Fe concentration is expected 
at low REE concentrations where higher Fe concentrations result in higher D values. This is important in 
interpreting the experiments reported here because Fe concentrations in the experimental whitlockite (1.2- 
1.6 per 56 oxygens) are higher than in typical lunar whitlockites (0.02-1.2). However, at REE 
concentrations more typical of lunar whitlockies (e.g. 1.4-2.0 REE per 56 oxygens) the effect of Fe 
concentration is greatly diminished. In an attempt to confirm this dependence of D on Fe concentration, 
we did some experiments in which melt Fe was about 50% lower (inverted triangles). However, low 
concentrations of Yb in the melt for the lowest REE experiment (60-100ppm) resulted in large uncertainties 
in the rnicroprobe analyses such that this test is inconclusive. 

Figure 5 illustrates REE D patterns at 3 different REE concentrations from data from McKay and this 
study. Data from [3] (circles) and [4] (triangles) are shown for comparison (other symbols are as in Fig. 3). 
The fit curves presume ideal mixing of the REE on Ca(B) sites and f i REE to a parabola ala [5]. 

[I] McKay et al. (1987) LPSC XVIII, 625-626. 121 Jolliff et al. (1993) GCA, accepted. [3] Murrell et al. (1984) LPSC XV, 579- 
580. [4] Dickenson and Hess (1983), LPSC XN, 158-159. [5] Philpotts (1978) GCA 42, 904920. 
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