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Rare-eath-elementich whitlockite has been desaribedfromalkali anorthosites [1-4], feroan anorthosites (e.g., [ST), Mg-Suite anorthosites [4,6], the alkali
gabbronorite suite fiom Apollo 16 (e.g., [6,7]) andthe Apollo 15 qertzmonzodionite (e.g., [8]), as well as in themesostases of mare basalts @.g., [9,10). All [IREE
aepresent between 13,000and 36,000 times chonditic abundances, whereas the HREE are between 4,000 and 18,000 times chonditic levels (Hig. 1). Thereis
controversy asto theexact natwreof whitlockite formation, butitisevidnt thatwhitlockitehas aystallizedfrom an evolvedsilicaternelt [11],
WHITLOCKITE/LIQUID REE Kd's - In arder to evalurte the REE composition of the melt
1 Dickinson andHess [12] reportedwhitlockite partition coefficients forCe(9.5), Sm(9.5), Eu2.6), Gd
4(114) axd'Yb (5.8) andMcKay et al. [13] reported Kds for Nd and Sm.  Althowgh the REE in
3 whitlockite arepresent in the w% level, the expeimental resuits of McKay et al. [13] indicated that
: ﬁmmmwmmdzbnmﬁam}huybmmmﬂﬂmﬂﬂ coefficients may
3 hﬁ(ayaal. [13]andMicKay [14] demonstratedthat the Kdforapatticdar REEin whitlodkiteis
_ | 7 depencentuponfotal REEconcentration. Also, this study confirmedthat the Kd for Nd and Sm were

3 approximately thesame, as concluddby Dickinson andbess [12). Inorkrto obtain whitlockiteKds,
Iwe have wsed the rationaleof McKay et . [13]. In Figue 2, the variation of NdKd with tota REE
concentration i whitlodkite is

tha thewhitlodkites (Fig. 1) andthecomesponding equilibriim liqids (Fig. 4) possess lage negative Z 2
i momslies. Generally, all eqilibrium liuids exhibit I REEemiched profiles, with negative & o o
comelations forboth thel REEandHREE dlthough someexhibit relatively fla HREEprofiles (Fig. 3). a 2 . s [ o 12
These whitlockite eqilibrium ligids genarally contan REE dwndmnoes which ae higher than any ~ Wi% Total REE in Whitlockite
known kmngrmamm mdufng KREH?HKREE’{Eg 5)
1PARAGENESIS OF LUNAR WHITLOCKITE - The presence of whitlockite
WHITLOCKITE PARTITION COEFFICIENTS |inthebasalticmesostases suggests extreme fractional arystallization of a basaltic magma
isreqpired Inthesebasalts, whitlockiteis commonly foundin association with flmenite,
| fayalite, silica (cristobalite), and Kaich glass. While basic and adidc glasses ae not
present, the assemblage fayalite-lmenite phosphate aistobalite is consistent with the
—aystallization ofabssicimmiscibleglass. Tayloret al. [16]reportedthe presence of such
Jamesostasis assemblagein basalt 12063,9 andconcided that the moddl proportions of
1 Gydlite and ristobalite represented the arystallized equivalents of a fnopyroxenitic or
4 basicimmusablernelt. Viscosity diffirences between acidic and basic immiscible melts
1(-30,000versts 11 poise, respectively - [17]) indicates that aystallization of the basic
J immiscible melt will be more eadly achieved than that of the acidic equivalent. The
1| wlatively fast ovoling of the Iunar basats & the suface means we only see this in a
- - micocosm. At depth, the cooling would be slower allowing for more extensive
la Co Nd SmEuGd by mesostzsis (and whitlockite) arystallization and possible separation of the immisdble
melts. mmwnm&emmgﬂmmummmommwmmmmmmmm
mesostsses wouldbeexpected 'ﬂusmmtﬂwcme,muhﬁodutemmnlyb@ml&m(e.g"ﬂﬁ 18]), or associated with apatite (e.g., [7]), or apdtite

pyroxene[3} 10000 e—r— :
Analysis of basaltic mesostases damonstrates that in this case, the process of E WHITLOCKITE EQUILIBRIUM uaums

Whitlockite/Liquid Kd

silicateliquidimmiscibility (SLI)is findamental to thearystallization of whitlockite. The E

process of S prodioes ahigh-silica(acidic)andahigh-Fe (basic) melt. The elements Si, I

AL K, Rb, G5, and Na are preferentially patitioned into the acidic immiscible melt, S S 10
wheress Ti, G, Fe, Min, REE, P, Ca, Th, U 7, F, andQ) ae patitionedinto the basic §
immiscible melt [1921] Therefore, the basic immiscible melt will contan high T
abundnoes of theREE. Inorder to try and prodice a melt with high REEabundnos o Q@
aystallize whitlockite, the REE abundances of the basic immisable melts have been W

caladated from the three KRBEP compositions (Hg. 5) wsing the liqidliqid Kds ofi 102k

‘Watson [21]. Thesetwo-liqudREEK s comparewell with thosereportediorpre-SLL low E X
%systﬂmbyRymondess[ZZ}Asmmﬁgs.4&5me“hnbcknem [
equilibrim liqids ae more akin to these basic immiscble melts caladated fiom
KREEP/uKREEP compositions. " Laco Nd SrnEqu ny Er Yb
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GEOLOGICAL SETTING - Thebasicimmisciblemelt darivedfiom KREP/uKREPby theprocess of SLT, is theonly liquidwhich contains high enough REE
abundances to prodrecbservedwhitlockitecompositions. In the case of besaltic mesostases, the residial magma mist approach a KREEPY composition which
undergoes ST Ito form whitlodkite with the appropriate REE abundinces. However, theladk ofthe requiredmesostasis assemblagein highlandrocks demonstrates that
theinter-cumulis liquidwas not responsiblefor the observedwhitlodkites.

Ametasomaticrodilis proposedin ardbrto account forthe presenceof whitlockite in the lunar highlands. 4 104 yr—rr—rrr—r—r—r—rr—rr-r
Cbservations of metasornatizedterrestrial rocks demonstiate that if only mild modal metasomatism ocars, only @ -
one minerdl is deposited (e.g., [23,24]1 This is wtally a hydows mineral, either amphibole or phlogopite. 2 3
However, Menzies andWass [25]doaumentedtheocamrenceof mantle xenoliths fiom south Atstralia, which had 0 10
been modilly metasomatizedwith apetite, These aithors postulatedthat degassing of mantle(O) was responsible 5
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forcasing apatitemetasomatism. m 102§ i

Inthelunar environment, we envisage a lowsviscosity silicate melt as the metasomatic fluid, such as the g ] Fig. 5 1
basicliqidprodicedby SLI[17]. After SII, the granitic melt ("Kdraction") is extremely viscous (see above) and q; ; ]
willbetnzble to migrae. Futhemnore, this viscous melt will reqpire slow cooling in order for arystals to form. @ L:.c;-!ru'nl-s' RIS
Relativeto the K-FRaction, the basic melt ('REEPFraction”) will be sble to flow and aystallize relatively essily. i ' B

wEKREEP | (Neal +Taykcr, 1989)
weKREEP 2 (Morria ot ol., 1990)
High K XREEP (Warrenm, 1968)

"This dfferencein arystallizing bilities can beseen in the basalticmesostases [16]. Neal and Taylor [17] proposed
thet the REEPFraction, fiom the immiscibility of wKREEP, metasomatized the Iunar highlands, but that not all

-H-HH

post-SLIarystal fractionation ofilmenite andfayalitereducedthe density of the REEPFaction, promoting ypwad High-K Basic Makt

migration and metasomatism. Such a scenanio acoounts for the presence of only whitlockite in the highland
cumistes. Inadition, most highlands odks aehigh inothervolatiles such as (1[26]. Wepostulatethat this is an
adtitional REEPFaction component.

An apatitefwhitlockite assodation in hnar highland camudates was reported by Goodich et al. [3], James et al. [7], andMavin et dl. [8]. Hesset dl. [11]
conduddthat both whitlockiteandapatiteaystalizedfiom highly evolvedmelts andthat apatite arystallized after whitlockite, possibly in response to changing
fiwrinefigacities, Wewouldproposethat the apatite-whitlockite association s consistent withopen systemmetasomatismby a REFFY melt. For example, when
thetwo phosphates arein contact, whitlockiteis commonly endlosedin apatite. Asnotedby Lindstromet al. [15], Goodtichetal.[3], andHesset al. [11], whitlockites
contain moreREEthan apatites, but phosphate liqidREEpatitioning studes dmonstrte that coexisting apatiteandwhitlockite shouldhave idntical REE contents
[12,27]. Weconaurwith Hessetal. [11]that whitlockite aystallized before apatite in these highland lithologies, probably becase of low fliuorine figacities in the
REFPy melt (the halogens ppearto beprefizentially patitionedinto thebasicmmisciblemelt -seeabove). Kthis metasomaticmeltcouddno longermigrate, fiuorine
ocotld buildup, de to eaty whitlockite aystalization, which would then promote apatite arystallization. If the melt continued to migrate after whitlodkite
aystallization, disarete apatites andwhitlodkites wouldbeprodiced  As whitlockite aystallized first, the REE abundances in the metasomatic melt will be severdy
redred Therefore, whilethe laterarystallizing apatites wouldhavesimila REEiquidKds to apatite, theirREEcontents will belower.

CONCLUSIONS - Theonly liqidoontaining sufficient REE(andCaandP)to account for Imnar whitlockite compositions is the besic immisaible melt ('REEP-
Fadtion")prodredfiomuKREFKREFPundergoing SLL Bven inbasalticmesostases, the process of SLI appears to beimportant in the paragenesis of whitlodkite.
The nawe and composition of whitlockite in the linar highlands is not consistent with aystdlization of the inter-amudis ligid, even if it ddwndago SLI; the
intesstitial mineral assemblagein theserodks does not contain a sulficent number of phases. Fowever, the interstitial mineral assemblage which is
present is consistent with metasomatism by comparison with terestrial equvalents, dthough the mineral compositions are diffrent. No hydows
minerds are present ontheMoon, so themetasomticfiuidis alowviscosity silicate melt, again consistent with the basic immiscible melt from uKRBEEP/KREEP.
Post-Sl Ifractionation of ilmenite/fayalite from the REEP Fraction redives density and coupled with Jow viscosity, allows pescolation of and metasomatism by this
melt. Changing florine figacities as this metasomaticmeltevolves facilitates theeventud arystallization of apatite (alterwhitiockite). This apatiternay fom epitactic
overgrowthson theeady whitlockite (fthemetasomaticmelt cannot migrate fixther) or form disarete apatites and whitlockites in the same fodk, if percolation can
continie. Becaxe apdite arystallizes later than whitlodkite, it will contain lower REE abundinoes de to the redied level of REEin the metasomatic melt affer
whitlodkitearystallization, even though apatiteandwhitlockite Kds aresimilar.
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