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INFERRING REE SUBSTITUTION REACTIONS IN LUNAR WHITLOCKITE; 
R. 0. Colson, B. L. Jolliff and L. A. Haskin, Dept. of Earth and Planetary Sciences & 
McDonnell Center for the Space Sciences, Washington University, St. Louis, MO 63130. 

Although the major REE substitution reaction in whitlockite (2REE on Ca(B) sites plus a 
vacancy on a Ca(I1A) site substituting for 3Ca) has been adequately investigated [ l ,  2, 3, 41, 
other substitution reactions are less well understood. McKay et al. [2] concluded that the 
substitution of REE + Si for Ca + P accounts for about 15% of REE in experimental 
whitlockites in Na-free synthetic systems. However, this is a larger proportion than seems 
consistent with lunar whicklockites [3], suggesting that the effects of competing substitutions 
in natural whitlockites may substantially alter the relative proportions of substitution 
components. Other REE substitution reactions that may be important in natural whitlockites 
include the substitution of REE + Na for 2Ca, and the substution of 2REE+o for 2Ca + Mg 
(with the vacancy occuring on some site other that Ca(IIA), such as the Mg site). 

By combining thermodynamic reasoning with crystal-chemical arguments, it is possible 
to place tighter constraints on the relative effects of different components in whitlockite than 
is possible by crystal-chemical arguments alone. To place thermodynamic contraints on the 
relative importance of various components in whitlockite (including those components not 
involving REE which are nevertheless important in determing the concentrations of the REE 
components) it is necessary to know something about the relative activities of the components 
in the system with which the whitlockite equilibrated. Because whitlockite typically 
crystallizes from a system that is multiply saturated with other phases (at least one of the lunar 
whitlockites used in this analysis crystallized from a near eutectic composition [3]), the 
activities of the major elements are buffered at a near constant value. If system compositions 
are nearly eutectic with respect to major elements, the variation in component concentrations 
in the suite of lunar whitlockites used in this study [3] can be attributed solely to variations in 
REE activity in the system. This provides a thermodynamic constraint permitting relative 
proportions of a limited suite of whitlockite components to be calculated on the basis of the 
compositions of several whitlockites with variable REE concentrations. This assumption that 
activities of elements other than REE are constant in the system is supported by the 
observation in Fig. 1 of distinct linear trends in the data. As variations in major element 
activities become larger, the scatter in these trends would increase. However, the observed 
scatter is within 30 of the analytical uncertainty, suggesting most of the variation results from 
variations in REE activity alone. 

The components chosen in this investigation are the following: 

1) (Cal6,REE2)(Mg+Fe+Mn)2(o2)P14056 

2) (C~IS,REE~)(M~+F~+M~)~(U~)(P~~,S~)O~~ 

3) (Cal8)(Mg+Fe+Mn)2(Ca,o)P14056 
4) (Mg+FetMn)l8(Mg+Fe+Mn)2(Ca,o)P14056 

5 )  (Cal4,NaYREE3)(Mg+Fe+Mn)2(o2)P14056 

6 )  (Ca16,REE2)((Mg+Fe+Mn),o)(Cayo)P140~6 

7) (Cal8)(Mg+Fe+Mn)2(Na2)P14056 

8) (Cal8)(Mg+Fe+Mn)2(Ca,Na)(P13,Si)O56 
Other components were not investigated either because they are linear combinations of 

these components, and thus not independent, or because the uncertainty in the data prevent 
one component from being distinguished from another component or combination of other 
components. This set of components represents those which, based on crystal chemical 
arguments, are believed to be reasonable. Vacancies are presumed to be more stable on 
Ca(I1A) and Mg sites than on either the Ca(B) sites or the tetrahedral sites (Relatively large 
uncertainties in P analyses were decreased by adjusting P concentration such as to fill the 
tetrahedral sites, as was also done by [2]. This calculation brought oxide totals up to near 
100Yo and reduced the uncertainty in the calculated number of cations per 56 oxygens.) Ca 
and Na were presumed to be unstable on the Mg site relative to either the Ca(B) sites or the 
Ca(I1A) sites. This assumption (and the uncertainty in the (Mg+Fe+Mn) concentrations in the 
whitlockites used in this study) makes it impossible to demonstrate, from these calculations, 
that (for example) component (6) explains the correlation between REE and (Mg+Fe+Mn) 
rather than some other components such as (Ca18)((Mg+Fe+Mn),Ca)(Ca,o)P14@6 and 
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(Ca18)(Mg+Fe+Mn)2,(Mg+Fe+Mn,o)P140ss. This is important, because component (6) involves 
a vacancy on a site other than Ca(IIA), whereas these latter two components do not. Thus 
component (6) permits REE per 56 oxygens to exceed 2 cations, but the latter two components 
retain the limit of 2 REE per 56 oxygens. 

The concentrations of these components were further constrained by equilibrium 
constants for reactions between different components, presuming that only the activity of REE 
is variable in the system. The resulting system of equations was solved by regression using the 
SAS (Statistical Analysis System) nonlinear fitting routines for simultaneous equations. Results 
are shown in Figs. 1, 2, and 3. 

Summary: Three REE components other than REEglCa-3 are found in lunar 
whitlockite. In order of decreasing importance, these are: REEmolCa-2Mg-1, REElSilCa-1P-1, 
and REE1NalCa-2. The substitution REEglCa-2Mg-1 accounts for -18% of REE and is of 
particular interest because the vacancy may occur on a site other than Ca(IIA), thus allowing 
more than 2 REE cations per 56 oxygens. 

Fig. 1 Data from [2] for cations in 
lunar whitlockite. Lines are model 
curves based on calculated 2a4 

proportions of components. 2.2 

Shergotty (lowest REE) is shown for 
comparison [ S ] .  Data from Shergotty t[ ::: were not included in the regression 
from which component proportions in ,., v Mg+Fe*Mn per 560 

were estimated. L 
P (Ca per S60)/10 

Q) 1 x Naper 5 6 0  
a 0.8 

A Siper 5 6 0  

Fig. 2 Proportions of components 2 o.e 
described in the text. Proportions 2 0.4 

were calculated from equilibrium % 0.2 

constants determined by regression o o 
of observed data to the substitution REE per 5 6  oxygens 
reactions involving these components 
under the constraint that activities of 2 0.7 

the major components are constant 
o.6 for all observations and the variation o 

in component proportion is due o.5 

solely to variations in REE activity. o 
0.4 

u- 
Fig. 3 Relative proportion of REE in o 
Whitlockite associated with each 
substitution reaction. Nearly 18% of = o.2 
the REE is associated with what may 5 
be a second vacancy (other than a 0.1 

Ca(IIA), see text), and thus is not 
constrained to a REE limit of 2 o 
cations per 56 oxygens. Only a 
portion of the Si is associated with 
the REE substitution (see Fig. 2), 0.0 

making this substitution slightly less 0.8 
important that previously expected. 5 
The substitution of Na t REE for 2 g O.' 

Ca is of only minor importance. r 0.6 
s 

[I] Dowty E. (1977) EPSL, 35, 347-351 [2] 0.5 

McKay G. L. et a1 (1987) LPS XVII, 625-626 0.4 
[3] Jolliff B. L. and Wadhwa M. LPS XXIII, 
this volume [4] Haskin et al. LPS XXIII, this 
volume [5] Lundberg L. L. et al. (1988) GCA 'f 0.2 
52, 2147-2163. - - 

b 0.1 
a 
2 O 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 - 

REE per 56  Oxygens 

O Lunar and Planetary Institute l Provided by the NASA Astrophysics Data System 


