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THE DISTRIBUTION OF RARE EARTH ELEMENTS BETWEEN LUNAR APATITE 
AND WHITLOCKITE. Bradley L. Jolliff and Meenakshi Wadhwa, Department of Earth & 
Planetary Sciences and the McDonnell Center for the Space Sciences, Washington University, 
St. Louis, MO, 63130 

Introduction. In lunar rocks that are enriched in incompatible trace elements (ITE), the 
REE are concentrated mainly in whitlockite, and to a much lesser degree, apatite. The 
presence of phosphates in these rocks has been cited as evidence of certain petrogenetic 
phenomena such as liquid immiscibility, metasomatism, magmatic assimilation, and late-stage 
crystallization of trapped liquid. Lindstrom et al. [1,2] and Goodrich et al. [3,4] have 
measured concentrations of REE in coexisting apatite and whitlockite in lunar samples, and 
the REE have been measured in coexisting phosphates in eucrites [5] , and in Shergotty [6]. 
However, complete analyses of coexisting phosphates are too few to allow generalizations 
regarding partitioning behavior of REE in these minerals in lunar rocks. We have 
determined by ion and electron microprobe methods the compositions of coexisting 
whitlockite and apatite for major elements and REE (including Y) in 5 diverse lunar samples 
and of apatite alone, in one sample (Table 1). 

Samples. All samples are rock fragments found among coarse soil particles in sample 
14161 [7,8]. They include the following assemblages: gabbronorite: ,7044; magnesian, 
troctolitic anorthosite: ,7350; whitlockite-rich quartz monzodiorite: ,7373; monzogabbro clast 
in breccia: ,7264; impact melt rock: ,7233; and felsite glass and breccia: ,7269. The first three 
of these fragments appear to be cumulates; modal proportions of their minerals and their bulk 
compositions do not represent liquid compositions. The apatite and whitlockite in ,7350 
comprise a large, composite crystal, but in the other samples, whitlockite and apatite occur as 
separate grains as well as composite crystals. There is no textural evidence that one 
phosphate replaces the other or that there was sequential crystallization of one after the other, 
i.e., no overgrowth rims. Our thin section of felsite ,7269 contains no whitlockite. 

Sample 14 161,7233 is a fragment of finely crystalline, subophitic, clast-free impact 
melt rock (Co=42, Ni=360 ppm). It has concentrations of incompatible trace elements (ITE) 
at 3 x high-K KREEP levels [9] and in similar relative proportions. Of the samples reported 
herein, this is the most clearly unambiguous case of co-crystallization and equilibrium 
between whitlockite and apatite. The ratios of REE concentrations of whitlockite to apatite 
in this sample are among the lowest of those measured in this work, e.g., La(wh/Ap) = 14.2, 
similar to 14161,7264, La(wh/Ap) = 14.3 (Fig. 1). These two samples also appear to have 
eutectic mineral assemblages. Two samples that have cumulus textures (,7350 & ,7373) have 
REE(wh1~p) ratios in the range 20-30, similar to phosphates in 67975 alkali gabbronorite 
cumulate [I]. Two values of REE(wh1~p) are shown for ,7044 in Fig. 1 because it has two 
distinct apatite compositions: that with higher Mg' (Fig. 2) has higher REE concentrations 
and thus yields lower R E E ( w ~ / A ~ )  values (,7044b). Perhaps the apatite with lower Mg' and 
lower REE crystallized from a late-stage liquid that was depleted of REE by a factor of 
about 2 from early phosphate crystallization. 

Substitution Mechanisms. Concentrations of REE in lunar whitlockites are very high, 
and the ratio of REE in whitlockite to those in coexisting apatite range from about 10 to 60 
(Fig. 1). There is a very favorable substitution mechanism for the REE in lunar whitlockite, 
but it appears to saturate at a level near 2 atoms per 56 oxygens, yielding a range of 
distribution coefficients for the REE in whitlockite [lo]. No such dependence was found by 
[ l l ]  of apatitelmelt D values for the REE on the total concentration of REE in the system, so 
it appears that only the whitlockite/melt D values vary as a function of total REE 
concentration in melt. The main substitution mechanism of REE in these whitlockites 
appears to be nREECa-2, where the vacancy (o) occurs in the Ca(I1A) site [12]; thus, when 
REE = 2, the Ca(I1A) site is entirely vacated and the mechanism is no longer operative [lo]. 
This substitution mechanism and theoretical models of the effects of phosphate crystallization 
on the distribution of REE in lunar rocks are explored in companion abstracts in this volume 
[13,14,15]. The substitution Na20-,Ca-, in whitlockite competes with the REE substitution; 
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when the REE approach 2 atoms per 56 oxygens, the Na concentration decreases to near 0. 
This implies that Na substitution is also dominantly in Ca(I1A); this substitution relieves local 
charge imbalance between P-Ca across a shared polyhedral face [12]. The substitution 
Si(REE)P-iCa-I, accounts for some 5-6% on average of the REE substitution, and increases 
with increasing REE concentrations in whitlockite. At high REE concentrations, a 
combination of this substitution and other potential, minor substitution mechanisms [15], 
allows total REE concentrations in whitlockite to exceed those predicted from distribution 
coefficierits based on the nREECa-2 substitution alone. This implies that liquids crystallizing 
whitlockite need not be extremely enriched in REE and that processes such as metasomatism 
need not necessarily be invoked [16] in order to crystallize REE-rich whitlockite. 

Acknowledgements. Funding for this work was through NASA grant NAG 9-56 to 
L.A. Haskin and NSF grant EAR 9017587 to G. Crozaz. 
References 
[I] Lindetrom MM et al. (1985) LPS XVI, 
493-494. [2] Lindstrom MM et al. (1991) 
LPS XXII, 819-820. (31 Goodrich CA et al. 
(1985) PLPSC 15th, in JGR 90, C405-C414. 
[4] Goodrich CA et al. (1985) LPS XVI, 
282-283. (5) Delaney JS et al. (1984) LPS 
XV, 208-209. [6] Lundberg LL et al. (1988) 
Geochim. Cosmochim. Acta, 52, 2147-2163. 
[7] Jolliff BL et al. (1991) PLPS 21, pp. 
193-219, LPI, Houston. [8] Jolliff BL 
(1991) PLPS 21, pp. 101-118, LPI, Houston. 
[9] Warren PH (1989) in Workshop on 
Moon in Transition: Apollo 14, KREEP, 
and Evolved Lunar Rocks, pp. 149-153, 
LPI, Houston. [lo] McKay GL et al. (1987) 
LPS XVIII, 625-626. [ll] Watson EB and 
Green TH (1981) EPSL, 56, 405-421. [12] 
Dowty E (1977) EPSL, 35, 347-351. [13] 
Haskin LA et al. (1992) LPS XXIII, this 
volume. [14] Haskin LA et al. (1992) LPS 
XXIII, this volume. [15] Colson RO et al. 
(1992) LPS XXIII, this volume. [16] Hess 
PC et al. (1990) LPS XXI, 505-506. [16] 
Neal CR and Taylor LA (1991) Geochim. 
Cosmochim. Acta 55, 2965-2980. 

Table 1. Average concentrations of minor elements, Apollo 14 phosphates. 
Apatite in fragments from 14161: Whitlockits in fragments from 14161: 

,7350 .7044 .7264 .7373 ,7233 ,7289 ,7950 ,7044 ,7264 ,7373 ,7235 
- 

Si02 0.30 0.44 0.68 0.31 0.86 0.77 0.21 0.95 0.40 0.12 0.26 
FeO 0.04 0.33 0.62 0.52 0.30 0.64 0.10 0.86 1.13 2.01 0.50 
MgO 0.09 0.13 0.19 0.08 0.18 0.17 9.25 2.93 2.82 2.M 3.11 
Na20  0.01 0.04 0.05 0.03 0.05 0.07 0.20 0.49 0.39 0.47 0.42 

Mg' 0.79 0.41 0.39 0.21 0.53 0.31 0.98 0.86 0.62 0.68 0.92 

Y 1137 429 2105 971 1893 1516 29120 22087 21844 18801 22741 
La 308 125 649 337 617 616 10755 7893 9261 7850 8796 
Ce 943 357 1793 891 1652 1609 28900 21714 23862 20730 22411 
P r  138 51 240 119 213 193 3746 2752 3011 2634 2762 
Nd 698 249 1179 555 961 814 17978 13314 13714 12497 13120 
Sm 212 75 346 154 294 225 4632 3787 3751 3266 9342 
Eu 3.6 2.7 5.6 6.0 6.3 8.2 92 38 29 50 65 
Gd 241 87 395 173 333 265 4352 3911 3858 3426 3700 
T b  39 15 70 30 61 50 705 660 641 574 646 
Dy 228 84 422 196 361 291 4392 4235 4347 3636 4537 
Ho 43 19 83 99 84 65 671 899 896 765 945 
E r  106 47 220 105 219 177 2225 2323 2332 1966 2520 
Tm 15 7 28 14 33 26 277 SOB 316 243 320 
Yb 80 42 164 75 185 140 1529 1714 1856 1332 1800 
Lu 10 6 19 9 20 12 191 196 233 165 220 
La/Yb 3.9 3.0 4.0 4.5 3.3 4.4 7.0 4.6 5.0 5.9 4.9 

Notea: Gd and Yb concentrations corrected for neutron irradiation. 
Oxides in wt.56, rare earth elements in ppm. 
The composition of ,7044 apatite is an average of a k b discussed in the text. 
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Figure 1. Concentration ratios of REE in whitlockite to 
apatite in samples from 14161. Samples ,7044a & ,7044b 
represent two different apatite compositions. Concentration 
ratios of REE in 67975 [I] are similar to those of 
14161,7350. 

Mg/((Mg + Fe) Augle 

Figure 2. Atomic Mg/(Mg+Fe) [Mgl] of the phosphates and 
other mafic silicates vs. those of coexisting augite. 
Whitlockite consistently has higher Mg' than apatite. We 
interpret this to reflect equilibrium partitioning of Mg and 
Fe [16] rather than as an indicator of sequential crystal- 
lization. However, intra-sample variations such as occur in 
,7044 (apatite a&b) may reflect sequential crystallization. 
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