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Metasomatic products of the lunar magma ocean: The role of KREEP dissemination
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Abstract—The origin of the incompatible element-rich lunar component, KREEP, is in the Lunar Magma Ocean
(LMO). The fractionated residual melt after crystallization of the LMO represents “urKREEP” (afier WARREN and
Wass0N, 1979). The percentage of this residual melt is low enough 1o be within the realm of silicate liguid immiscibility
(SLI). This process has the ability to split the KREEP signature into K- and REEP-Fractions, which are manifest as
tunar granite (K) and phosphate phases present in highland lithologies or as quartz ferrotroetolite in lunar soils (REEP),
We envisage this as a localized, but significant process since only a small portion of urKREEP undergoes SLL. Norms
of experimental and Apollo 15 basaltic immiscible glasses suggest that the REEP-Fraction found in the lunar highlands
has undergone post-SLI fractionation of at least fayalite, This significantly reduces the density of the REEP-Fraction
and coupled with its low viscosity (1015 poise), it can percolate upward, metasomatizing the lunar crust. The higher
viscosity of the granitic melt {=30000 poise) inhibits its mobility, and it forms *pods™ in the lower crust {as required
for VHK basalt petrogenesis).

With the identification of KREEPyY components, the composition of urKREEP can be calculated. Using experimental
evidence, the KREEP components may be recombined to give the pre-SLI composition, or liquid-liquid X&'s can be
nsed to calculate a pre-SLI composition from lunar granite. Both caleulated urKREEP compositions are lower in MgO
and AkLQO; and higher in FeQ and P.0Q; than reported low- and high-K KREEP compositions. The calculated REE
abundances are higher and the REE profiles are slightly more LREE-enriched than the previously reported KREEP
compositions. However, the REE profile calculated uvsing liquid-liquid Kd's is concave-upwards, compared to the
LREE-entiched profile produced by recombining the KREEP components. Pre-SL1 whitlockite/apatite fractionation
" oceurred prior to immiscibility in order 1o generate the concave-upwards profile. The LREE-enriched profile represents
the pre-SLI magma prior to phosphate fractionation. The presence of “superKkREEPY™ rock types can be accounted
for by K- and REEP-Fraction assimilation, and the compositions of olivine vitrophyres can now be rmodeled using
analyzed lunar rock types without the inference of a mythical “high-Mg" component.

Other, more widespread KREEPy rocks {£.g., Apollo 14 breccias, Apollo 15 KREEP basalts, LKFM basalts) are
produced by incorporation of the more widespread pre-SLI urKREEP component. The splitting of KREEP into
identifiable lithological components allows the petrogenesis and role of KREEP in lunar evolution to be better understood.

INTRODUCTION

THE PETROGENESIS OF & widespread lunar component which
is enriched in incompatible elements has been the subject of
lively debate since the early 1970%. This component was first
identified by MEYER and HUBBARD {1970} in Apollo 12 soils.
Subsequently, it was given the acronym “KREEP” {Hus-
BARD et af., 1971; MEYER et al, 1971} to account for its
elevated K, rare-earth element (REE), and P contents. Oc-
currences of KREEP have been documented from every
ianding site (e.g., APOLLO SOIL SURVEY, 1971). Furthermore,
a KREEPy component has been found in basalts {(e.g., IRvV-
ING, 1977; RYDER, 1987; SALPAS et al,, 1988; NEAL et al,
1988a) and breccias (e.g., MCKAY and WEILL, 1977; SALPAS
et al., 1987), as well as soils (e.g., MORRIS et al,, 1977; Ko-
ROTEV, 1981). It is interesting to note that a terrestrial ana-
logue to KREEP may be found in kimberlites, which are
considered to be the products of mantle melting and meta-
somatism (e.g., WYLLIE, 1980).

There are two basic models proposed for the generation
of KREEP, based upon the Lunar Magma Ocean hypothesis
(LMOY}; 1) partial melting of an “ANT-suite™ (Anorthosite,
Norite, Troctolite} cumulate (e.g, WALKER ef al, 1972;
PRINZ et al., 1973; Nava and PHILPOTTS, 1973); or2) as a
residual magma after extreme fractional crystallization (e. g.,
DowTy et al, 1976; SHIH, 1977; WARREN and WASSON,
1979; WARREN, 1983). As an offshoot of model 2), CRAW-
FORD and HOLLISTER (1977} suggested that the residual
magma underwent liquid immiscibility, forming granitic and

high-Fe, KREEPy melts,. WARREN and WASSON (1979)
demonstrated that KREEP-normalized trace clement patterns
for a variety of *KREEPy” materials from different localities
were essentially flat (i.e, constant trace element ratios}, They
argued that this indicated a uniform, almost Moon-wide
KREEP reservoir and concluded that KREEP could not be
produced by partial melting. Based on this evidence, WARREN
and WassoN (1979) argued for KREEP to be the residual
from the LMO. They used the German prefix “ur” (meaning
primeval) to describe KREEP produced in this way.
However, while we accept the essential features of WARREN
and WASSON's (1979) model for urKREEP petrogenesis, we
do not believe that it poes far enough in explaining many
KREEP-related phenomena, For example, the geochemical
modelling developed to account for the observed composi-
tions of soils, breccias, and olivine vitrophyres (impact melts}
requires the mixing of tAree major components by meteorite
impact; anorthosite, KREEP, and a high-Mg rock-type (e.£.,
WANKE ef al., 1976; WASSON ¢gf al., 1977; ALLEN et al., 1979;
KOROTEV &t al,, 1980; SHERVAIS et al, 1988). It is well es-
tablished that the lunar highlands are dominated by ancr-
thosite, troctolite, and norite, but it appears that these lith-
ologies cannot account for the high MG# of soils, breccias,
and especially olivine vitrophyres (e.g., WASSON et al,, 1977,
SHERVAIS ef af., 198R), This is because 50 to 90% of a KREEP
component is required by such models in order to generate
the observed incompatible element abundances. However,
such large quantities of KREEP serve to greatly reduce the
ME, content of the mixture. Therefore, in order to generate
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FIG. 1. Chondrite-normalized plot demonstrating the REE profiles
and relative abundances of lunar granite (WARREN ef al,, 1983b,
1987, BLANCHARD ef 2l., 1977; Quick et af,, 1977), high-K. KREEP
(WaRREN and WASsON, 1979; VANIMAN and PapIKE, 1980), the
Quartz Monzondiorite (RYDER and NORMAN, 1978), the 14313,34
“white clast” (HASKIN ef af,, 1973), and whitlockiles in highland
samples {LINDSTROM éf al,, 1985).

the MG# of olivine vitrophyres, a “mythical™ high-Mg com-
ponent is required, such as “primary matter” (WANKE et al.,
1976, 1977), “SCCRV™ (WASSON ¢t al,, 1977), “MAF” (KO-
ROTEV e! al., 1980; KOROTEY, 1981), and “MAF-14" {SHER-
vals et al., 1988), depending on the designated model. Yet,
these “high-Mg" components have not been observed in the
lunar sample returns,

The existence of “super-KREEPY” rocks (Fig, 1) also is
difficult to explain, even with the high-K KREEP composition
defined by WARREN and WASSON (1979). The generally
quoted range of high-K KREEP REE abundances (see WAR-
REN and WASSON, 1979) is below that of the Apollo 15 quartz
monzodiorite (RYDER, 1976; TAYLOR ef al., 1980) and the
“white clast” 14313,34 (HASKIN et al., 1973; SHIH et al.,
1985). Although the “white clast” may be an unrepresentative
sample of alkali norite {(WARREN et al., 1983a), it has been
demonstrated that the quartz monzodiorite cannot be gen-
erated from the high-K KREEP compositions by fractional
crystallization or silicate liquid immiscibility (TAYLOR e g,
1980; NEAL and TAYLOR, 1988a).

A further problem in constraining KREEP petrogenesis is
the difficulty in defining a pure, unadulterated KREEP com-
position, A consensus of opinion has emerged with regard to
the petrogenesis of KREEFPy samples, especially KREEP ba-
salts, KREEP basalts may be either voleanic in arigin (e.g.,
MEYER, 1972; Basu and BOWER, 1976; RYDER, 1976;
DowTY et al., 1976, IRVING, 1977; RYDER, 1987) or the
product of an impact melt {e.g., SHIH, 1977, McCKaAY et al,,
1978, 1979; TAYLOR, 1982; RYDER and SPUDIS, 1987). There
is an inverse correlation between MG# and incompatible ele-
ment concentration in KREEP basalts (SHiH, 1977), the op-
posite of what one would expect from a petrogenesis by frac-
tional crystallization. WARREN and WASSON (1979), RYDER
{1987), and WARREN (1988) concluded that the dichotomy

between major and trace clements in KREEP basalts is due
&+

. to the incorporation of & possible urKREEP component into

the basaltic signature during magma petrogenesis, DOWTY
gt al. (1976} suggested the reverse scenario. These authors
used model and crystallization ages (i.2.,, =4.4 and 3.9 Ga,
respectively) of a KREEP basalt to suggest the KREEP re-
sidual from the LMO crystallized in the ANT-dominated
crust at =4.4 Ga. This primary KREEP was remelted at 3.9
Ga (due to the high concentration of Th, U, and K in
KREEP), incorporating some of the Mg-rich ANT (Anor-
thosite-Norite-Troctolite) crust. HURBARD and MINNEAR
(1976) suggested that KREEP-rich liquids equilibrated with
lower crustal materials which were highly depleted in incom-
patible elements, thus generating KREEP. basalts. Whatever
the intricacies of the process, the fact remains that practically
all KREEPy samples are not pure KREEP.

The purpose of this paper is to extend the “urKREEP hy-
pothesis” of WARREN and WaSSON (1979) and WARREN
(1985), by defining KREEP as specific (i.e,, constrained) lunar -
components. These components are then used to demonstrate
the petrogenesis of the “super-KREEPY” rocks present on
the Moon. The modelling of olivine vitrophyre compositions
is also undertaken, utilizing the defined components of
KREEP, Since current KREEP compositions have been de-
rived by various degrees of contamination of basaltic magmas
by urKREEP, existing models for olivine vitrophyre petro-
genesis have not used a pure KREEP component.

SUMMARY OF THE wrKREEP HYPOTHESIS

The urKREEP hypothesis of WARREN and WassoN {1979) de-
scribed the primary reservoir of KREEP as being the residual liquid
{i.e., urKREEP) from the LMQ, In an elegant description, these au-
thors demonstrated that KREEP-normalized REE patterns of
KREEPy materials exhibited little fractionation. In fact, the La/Lu
ratio varied by <10%. Modelling of KREEP trace element profiles
by partial melting of an “ANT suite™ source yielded a +20 to 23%
variation in La/Lu ratio. Therefore, WARREN and WASSON (1979)
suggested that the origin of KREEP by partial melting was unlikely.
They concluded, from flat, unfractionated, KREEP-normalized trace
element pattérns of KREEPy materials, that a single major source
was required. As such, this source must be able to provide KREEP
to widely separate locations. This condition is satisfied by using the
residual magma afier fractionation of the LMQ. This hypothesis is
supported by LUGMAIR and CARLSON (1978) and HUGHES and
SeHMITT (1985), who concluded that the narrow range of Sm-Nd
evolutionary paths and the narrow range in Zr/Hf ratios in diverse
KREEPy samples indicated a single KREEP source. The thickness
of the urKREEP layer was <2 km, assuming the Moon had the com-
position of an H-group chondrite, depleted in Fe-Ni and FeS, and
that half the incompatibles went into other phases apari from ur-
KREEP (WARREN and WASSON, 1979; WARREN, 1985). In other
words, the LMO residual or urKREEP represents 20.2% of the Moon
and 0.5% of a 400 km deep magma ocean. However, the high MgO
contents (10.62 wi%) and MG# (64.1) of the high-K KREEP com-
position reported by WARREN and WASSON (1979) is not consistent
with it being the residual magma after 2299% proposed fractionation
of the LMO (WARREN, 1985), demonstrating that it is not pure
KREEP,

ISOTOPIC CONSTRAINTS

The use of isotopes in constraining igneous fractionation and crys-
tallization events is invalusble, The Rb-Sr, U-Pb, ®Ar-"Ar, and Sm-
Nd isotope systematics for KREEP samples give similar results. Rb-
Sr and Sm-Nd model ages penerally cluster around 4.4 Ga (PAPAN-
ASTASSIOU and WASSERBURG, 1971; NyQuIsT ef al, 1972, 1973,
1974: SHid, 1977; LuaMAIR and CARLSON, 1978; MCKAY er al,

.1979). In nddition, the U-Pb data supgest that & major primary dif-
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ferentiation occurred at =24.42 Ga, and another event opened the U-
Ph system at 3.9 Ga {TERA aund WASSERBURG, 1974},

The Rb-Sr and Sm-Nd crysiallization ages vield 3.9 Ga (eg.,
McKay and WEILL, 1976; SHIH, [977; LUGMAIR and CARLSON,
1978), which are roughly consistent with ages obtained by the ¥Ar-
“Ar method (e.g., TURNER et al.,, 1973; SETTLER et af., 1973). The
initial isotopic ratios for individual KREEP samples are different at
3.9 Ga, but converge at 4.4 Ga. Furthermore, LUGMAIR and CARLSON
{1978) demonstrated that KREEP samples have consistently negative
Cuv at 3.9 Ga. This indicates that the characteristic LREE-enriched
pattern of KREEP was well established before this time, and led to
the proposal of a single source for KREEP which formed at =4.4 Ga
and underwent a significant remobilization at 3.9 Ga (e.g., DowTty
et al., 1976; SHin, 1977; LuGMAiIr and CARLSON, 1978). The nature
of this 3.9 Ga remobilization event is considered to be the remelting
of urKREEP (as this has concentrated 1, Th, and K) and its extrusion
{e.g., Dowry et al, 1976} or the resetting of the isotopes by intense
meteorite bombardment during the Imbrium basin-forming event
(e.g.. TERA et al., 1974). It is probable that a combination of these
two processes accounts for the 3.9 Ga crystallization age.

IDENTIFICATION OF KREEP COMPONENTS

The dichotomy between major and trace elements in
KREEP basalts highlights the problem of identifying a pure,
pristine KREEP composition, Therefore, we have atteémpted
to reduce the effect of contamination by identifying possible
KREEP comporients. In order to do this, the KREEP sig-
nature must first be clarified. As sugpested by its name,
KREEP contains high abundances of K, P, and the REE. It
has an LREE-enriched profile (e.g., LUGMAIR and CARLSON,
1978; WARREN and WASSON; 1979), with a4 La/Lu ratio of
22 10 25 and a high concentration of incompatible elements.
Therefore, a KREEFy camponent must coutam one or more
of these signatures.

The samples returned from the Moon include only one
rock type which containg potassium in quantities greater than
2 wi% K;0O, and that is lunar pranite (e.g., BLANCHARD et
al., 1977; BLANCHARD and BUDAHN, 1979; WARREN ét al.,
1983b, 1987). However, lunar granite contains lower REE
abundances relative to the high-K KREEP composition (Fig.
1) of WARREN and WASSON (1979). Furthermore, the ex-
tremely high K/P ratios and low P;Os abundances of lunar
granite {relative to high-K KREEP) indicate that it cannot
e a sink for phosphorus, Therefore, although a conicentration
of K can be accounted for in lunar granite, another com-
ponent, enriched in P and the REEs above the high-K KREEP
composition, is required. Likely candidates for pait of this
component are the highly evolved phosphates (whitlockite
and apatite) which are present in primitive, Mg-rich hightand
lithologies (SHERVAIS ef al., 1984; LINDSTROM ef al,, 1984),
These phosphates (Fig. 1) are highly enriched in the REE —

10,000 times chondrite (LINDSTROM &t al., 1985).

While lunar granite and phosphate contain the essential
elements for a KREEP signature, can they really be related
to urKREEP? Some lunar granites contain phosphate phases
(e.g., WARREN et al., 1983b), but phosphates found in prim-
itive lunar highland lithologies are usually solitary or asso-
ciated with minor plagioclase (LINDSTROM ef al, 1984;
SHERVAIS et al, 1984). It is generally regarded that lunar
granite is 8 product of silicate liguid immiscibifity (SLI: Hess
et al., 1975; RUTHERFORD and HESS, 1975; RUTHERFORD
et al., 1976; NEAL and TAYLOR, 1989). This led NEAL and
TAYLOR (1988a) to conclude that granite forms the K-Frac-

tion of KREEP (high-8i0, melt produced by SLI) and the
apatite/whitlockite seen in the lunar highlands represents part
of the REEP-Fraction (high-Fe and PO, melt produced
by SLI).

Compositions of both granitic and ferrobasalhc lmmlscible
melt products of SLI have been analyzed from experiments
(RUTHERFORD ef af.,, 1974; HESS et al., 1975) and directly
from the residual glasses of Apollo 15 mare basalts (e.g., WEI-
BLEN and ROEDDER, 1973). Major ¢lement analyses of these
immiscible melts are presented in Table 1, with the calculated
norms. Because of the extreme compositions, CIPW norms
wonld not be meaningful. Rather, the elemental abundances
were converted 1o mole%, and normative minéralogies cal-
culated stochiometrically (7.¢., one mole of FeQ and one mole
of TiQ;, in ilmenite). The resu]ts are interesting in that these
extremely different bulk compositionis have the same ndr-
mative mineralogies but in different prcportmns. This ob-
servation supports the contention of HESS et a/. (1978), dem-
onstrating that the immiscible melts are in equilibrium with
each other. Only when they have been separated will inde-
pendent evolution occur. Furthermore, the ferrobasaltic as-
semblage (the quartz ferrotroctolite) reported by LU et al.
(1989) may be further evidence of the presence of SLI prod-
ucts on the Maoon. Although the quartz ferrotroctolite clast
may be a nonrepresentative sample of a VLT basalt, itis too
coarse-grained for a mesostasis dssemblage (LU et al., 1989).
This clast consists of fayalite, ilmenite, plagioclase, and quartz
and is considered to répresent the REEP assemblage, consis-
tent with the calmilated normative mineralogy.

Normative mineralogies for the K-Fraction or granitic im-
miscible meit (Table 1} closely resembles observed lunar
grinite compositions (e.g., WARREN et al, 1983b, 1987;
SHERvAIS and TAYLOR, 1983; SALPAS et al, 1985). The
presence of phoiphate in the crystallized granitic melt was
predicted by DICKENSON and HESs (1982, 1983), who con-
cluded that the required level for phosphate saturation was
much lower in a granitic melt (& half) than in a basaltic melt.

!l.‘able 1z c‘umpunltinna H.H:h walctilated norms and visconities of
analyzed immincible melt glamees from axperimenta (Hess et al.,
1975) and lunar bagalts (Weiblen and Roedder, 1973)..

EXEERINENTAL BASALTIC
sio, 74,3 30.4 75.6 44.6
710, .70 3.10 0.60 3.25
AL0, 1.1 .73 1.6 4.82
Pen 6.0 33.1 3,17 32.4
HgO 0.05  0.51 0.04 1.67
cao 2.07 11.3 1.46  11.4
Ka 0 0.42 0.17 0.20  «<0.03
E,0 4.1 0.57 7.26 0.19
P40 0.2z 4.76 0.18 1.50
TOTAL 90.89  BE.64 100.12  99.m3
or 21.4 2.3 16.5 0.8
Ay 3.1 1.0 2.1 0.2
An 7.0 15.5 3.8 4.2
Iln 1.2 4.1 1.0 2.4
En 0.1 .9 0.1 2.9
va 0.5 8.1 0.9 13.0
#a 15.4 59,4 6.4 59.2
Phos 0.5 19.3 ¢.2 3.0
Ox 50.9 3.6 48.3 12.1
viscesity (ny* 30,031 11 28,582 15

‘[1;:'?%)=ulatiun5 baped upon the eethed of Bottinga and Weill
L
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THE PROCESS OF SILICATE LIQUID IMMISCIBILITY

In-the past, silicate liquid immiscibility has been a much
maligned igneous process, However, since the discovery of
granite in the essentially basaltic Junar environment, SLI is
becoming accepied as a feasible geological process, Silicate
liquid immiscibility splits a highly fractiondted magma into
a granitic (i.e., K-Fraction) and a ferrobasaltic (i.e., REEP-
Fraction). This pracess is the only practical way granite can
be formed from a basaltic parent without the generation of
intermeédiate rock types (RUTHERFORD ef al,, 1974; RUTH-
ERFORD and HEss, 1975; HESS ef al., 1975, 1978). The im-
partance of SLI is that it can effectively split the KREEP
signature into K- and REEP- Fractzons (NEAL and TAYLOR,
1988a).

The accurrence of immiscibility in magmas was discovered
by ROEDDER (1951) at geologically feasible temperatures
(1000-12000°C) in the systern' SiOz-K;0-FeO-ALO; (Fig. 2).
The immiscibility field expands with addition of FeO until
243% FeO, after which it décreases (ROEDDER, 1978). The
immiscibility field also increases with fO; (NASLUND, 1976)
and CO,-free total pressutes of 1 to 5 Kb (WATSON and Nas-
LUND, 1977).

Immiscibility only occurs after 90 to 98% fractionation,
based upon experiments to determine the effects of extreme
fractional crystallization (RUTHERFORD ¢! al., 1974; RUTH-
ERFORD and HESS; 1975; HESS et al,, 1975; 1978) and the
observations of ROEDRER and WEIBLEN (1970, 1971) and
WEIBLEN and ROEDDER (1973). HESS et al. (1975) concluded
that the fractiohation path required for ultimate immiscibility
of the residual is very similar to the “Fenner trend” (i.e,
concentration of Fe into the residual without significant silica
enrichment). In addition, these authors also concluded that
under conditions of low oxygen fugamty (such as in a lunar
environment), there is a “thermal valley” which leads residual
magmas towards Fe enrichment {i.e., a ferrobasaltic com-
position). Furthermore, this type of fractionation does not
prodilce intermediate rock types between basalt and granite.

The process of silicate liquid immiscibility entails prefer-
ential partitioning of certain elements into the respective
melts. Whether an element is largely partitioned into the gra-
nitic or ferrobasaltic melt depends on the charge density of

FAYALITE

LEUCITE K-FELD
K-FELD
FiG. 2. Phase diagram of the system 1euc_:ite-f'ny'alite-quartz (after

ROEDDER, 1978), demonstrating the presence of both high and low
temperature immiscibility fields, Temperatures are in °C,

L4

the element and the polymerization of the respective melt
{RYERSON and Hess, 1978). Highly charged cations (REE,
Ti, Mn, P; U, Th, Zr, Hf, Sr, Y) are enriched in the ferro-
basaltic melt. The ferrobasaltic melt is relatively depolymer—
ized due to its low 5i/O ratio (RYERSON and HEss, 1978).
The granitic melt is highly polymerized (e.g., KUSHIRO, 1975;
Rygerson and HEss, 1978), and its melt structure can ac-
commodate A** in thie tetrahedral sites in co-polymerization
with Si**. This produces a local charge imbalance which is
satisfied by a coupled substitution of alkalis. As such, Si, Al,
Na, K, Rb, and Cs are enriched in the granitic immiscible
melt (HEss and RUTHERFORD, 1974; HESS et al, 1875;
RYERSON and HEss, 1978). The partitioning of Ba may be
into cither the ferrobasaltic or granitic immiscible melts
{(NEAL and TaYLOR, 1989). If the molar (K + Na + Ba
+ Ca)/Al ratio is > 1, Ba is partitioned into the ferrobasaltic
melt; if this ratio is <1, Ba is partitioned into the granitic
melt (NEAL and TAYLOR, 1989).

There is concrete evidence for the granitic melt portion of
SLI (i.e., K-Fraction)} in the lunar regime. However, what of
the ferrchasaltic melt or REEP-Fraction? HOLLISTER and
CRAWFORD (1977} and CRAWFORI> and HOLLISTER (1977}
stated that the earliest Fe-rich immiscible melis are chemically
similar to several groups of Fe-rich Apollo 12 and 15 mare
basalts, These authors suggested that SLI may have played
an important role in the formation of the source regions of
Fe-rich mare basalts. HESs ef @/l {1978) concluded that the
ferrobasaltic immiscible melt crystallized beneath the granitic
melt (due to density considerations), forming the scurce re-
gion for high-Ti mare basalts. In a recent study of Luna 24
basalt particles, LU et al. {1989) described a plagioclase-
quartz-ilmenite-fayalite-phosphate assemblage, which they
termed a quartz ferrdtroctolite. This assemblage was inter-
preted as being the ferrobasaltic product of SLL Ir breccia
12013, QuICK et al. (1977) reported that SLI could account
for the occurrence of light-colored high-SiO, aiid dark Fe-
rich areas, Similarly, small clasts of a ferrobasaltic compo-
sition in breccia 77538 have also been interpreted as products
of SLI (WARNER et al., 1978a). Furthermore, WARREN et al.
(1987) described the felsite 12033,517 which contained vein-
lets of brown glass. They attributed these veinlets to be the
basic preduct of SLI which had permeated through the more
viscous felsite.

WARREN and WASSON (1979) coumder urKREEP 1o be
approximately the final 00,5% residual magma remaining afier
the crystallization of the LMQ, The LMO model has been
refined since its conception (e.g., WARREN, 1985), such that
periodic replenishments of several smaller LMO systems have
been inferred. However, we envisage that SLI occurs at the
end of this process, as the last *‘replenishment” crystallizes.
Such fractionation would be well within the operating limits
of SLI, which occurs at >9%0% fractional crystallization
{RUTHERFORD & al., 1974; RUTHERFORD and HESS, 1975;
HEss et al, 1975, 1978). However, TAYLOR et al. (1980)
concluded that SLI could not have been a major process at
the end of the LMO crystallization, on the basis of elemental
ratios in evolved lunar lithologies. The paucity of returned
granite samples may support this contention. However, NEAL
and TAYLOR (1989) suggested that SLI is critically dependent
upon cooling rate, arguing that slow cooling rates are required
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in order to achieve significant separation of immiscible lig-
uids, These authors concluded that granite may only form
in a plutonic or deep hypabyssal environment, beyond the
reach of meteorite impact, excavation, and sampling. We
consider that although SLI may not have been a major process
at the conclusion of the LMO crystallization, it must have
been significant. This contention is supported by the occur-
rence of Very High Potassiurn (VHK) basalis at the Apollo
14 site. Such basalts are generated by assimilation of lunar
granite by a high alumina (HA) basalt magma {(SHERVAIS et
al., 1985a; NEAL ¢t al., 1988b). Furthermore, the similarity
of “KREEP” {(NYQUIST et al, 1972, 1973; LUGMAIR and
CARLSON, 1978} and granite (SHIH et al., 1985) Rb-Sr and
Sm-Nd crystallization (3.9-4.1 Ga and 4.1 Ga, respectively)
and model ages (4.3-4.4 Ga and 4.3-4.5 Ga, respectively)
supgest a common source for both lithologies (i.e., from
the LMQ).

A MODEL FOR wKREEP EVOLUTION

One of the significant implications of our model is that
there is no distinetion between “KREEP” and “urKREEP™.
In the following discussion, the terms are synonymous.
However, a distinction must be made between *KREEP”
(the residuum of LMO crystallization) and “KREEPy” rocks
(e.z., basalts containing high incompatible elements and high
MG#, such as KREEP basalts). Unless KREEP is followed
by a rock type, such as basailt, we use the term to mean the
residual product of LMO crystallization.

The model proposed for KREEP petrogenesis involves the
residual magma from the LMOQ undergoing SLI. Therefore,
urKREEP represents the magma composition just prior to
SLIL However, although the formation of urKREEP was ex-
tensive {(WARREN and WASssON, 1979), SLI was more local-
ized in extent (e.g., TAYLOR. et al., 1980). Significant sepa-
ration of these localized immiscible liquids will only take
place at depth (NEAL and TAYLCOR, 1989), which may be at
the base of the ferroan anorthositic lunar crust (Fig. 3). We
envisage that urKREEP was present as residual pockets in
the LMO crystallate and ocally underwent SLI. The granitic
K-Fraction, although less dense than the ferrobasaltic REEP-
Fraction, will not migrate far from the scene of SLI, because

HIGHLANDS

—— PLAG-RICH
CUMULATES
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FIG. 3. The evoluticn of urKREEP rcprcsentéd in cartoon form.
The highly viscous K-Fraction forms granite pods, whereas the less
viscous REEP-Fraction percolates upwards, metasomatizing the lunar
Crust.

of its high viscosity {(=230000 poise; Table 1), This may explain
the granite-KREEP relationship described by RYDER (1976)
at the Apollo 15 site. However, it must be emphasized that
most urKREEP does not undergo SLI. Evidence for this is
that a “pre-SLI” KREEP compasition is an important com-
ponent required in HA basalt petrogenesis at the Apollo 14
site (NEAL et al., 1988a) and of Apollo 15 KREEP basalts
(e.g., RYDER, 1987).

As the viscous granitic melt cannot readily disseminate,
the formation of significant granite pods can occur, as re-
quired for VHK basalt generation (SHERVAIS et al., 1985a;
NEAL et al., 1988b). However, the ferrobasaltic “REEP" melt
(10-15 poise; Table 1) is less viscous by over 3 orders of
magnitude such that it is likely to separate from the pranitic
portion. The density of this Fe-rich melt is relatively high
{=23.3 g/cm?) so it should readily separate from the granitic
melt (2.7 g/cm?), However, after separation, it is the Iow
viscosity of this water-like melt that will permit it to move
independently of gravity, largely because of surface tension
effects along grain boundaries. We suggest that portions of
this melt migrated upward, promoting the metasomatism of
the lunar crust by crystallizing the highly evolved phosphates
noted by LINDSTROM &t al. (1984) and SHERVAIS &t al, (1984).

From the calculated norms of ferrobasaltic inmiscible lig-
uids (Table 1), we should expect to find a “REEP” assemblage
of apatite/whitlockite, ilmenite, feldspar, pyroxene, quartz,
but dominated by fayalite, In the lunar highlands, we find
predominantly apatite/whitlockite with minor plagioclase,
which would appear to negate our SLI model. However, just
because a magma undergoes SLI does not mean that frac-
tional crystallization ceases, It is perfectly feasible for this
ferrobasaltic immiscible melt to underge further fractionation.
For example, comparison of mineral densities demonstrates
that if fayalite (density = 4.14) crystallizes immediately after
SLI, it will settle out from the residual liquid, promoted also
by the melis’ low viscosity. This will significantly reduce the
density of the residual liquid, further promoting upward mi-
gration through and metasomatism of the lunar crust by
grain boundary percolation, Therefore, post-SLI fracticnation
can account for the phosphate-dominated lithologies observed
in the lunar highlands,

WARREN and WASSON (1979) noted that trace element
ratios for KREEPy samples were consistent over wide areas
of the Moon, Although SLI can alter some elemental ratios,
the products of SLY have not, until now, been considered
KREEPy in nature. We concur with TAYLOR et al. (1980)
that SLI was probably & minor pracess on a Moon-wide scale,
although it is locally significant. The pre-SLI melt, or ur-
KREEP, imparts the KREEPy lithologies approximately
constant trace element ratios. The recognition of KREEP
components allows the nature of this urKREEP composition
to be evaluated in a more quantitative sense.

THE “K-FRACTION/REEP-FRACTION"
HYPOTHESIS IN ACTION

The ability of wrKREEP, the LMO residual magma, to
undergo SLI, is recognized to be & localized phenomenon.
We consider that the LKFM compositions, Apollo 14 brec-
cias, and Apollo 15 KREEPy basalts {for example), all with -
sim‘ilar K/La ratios (WARREN and WASSON, 1979), can be



534

adequately explained by involvement of pre-SLI urKREEP
in their respective petrogeneses. Because of the localized na-
ture of SLI, the incorporation of KREEP components into
lunar lithologies will be restricted. We have taken two ex-
amples of lunar rock types, whose petrogeneses cannot be
adequately explained by simple fractional crystallization
or assimilation of pre-SLI urKREEP, in order to test our
K-Frac/REEP-Frac hypothesis.

1) Petrogenesis af the Quartz MonzoDiorite—
QMD (15405)

The occurrence of lunar rocks with REE abundances
greater than the high-K. KREEP composition (Fig. 1) argues
against assimilation by a basaltic magma of the high-K
KREEP composition of WARREN and WASSON (1979). TAaY-
LOR &t al. (1980) argued against SLI involvement in the pet-
rogenesis of 15405 (Quartz MonzoDiorite—QMD). However,
NEAL and TAYLOR (1988a)} concluded that simple fraction-
ation of a high-K KREEP melt could not generate this com-
position. Clearly, the petrogenesis of 15405 QMD is difficult
to define using the current KREEP compositions.

RYDER (1976) suggested that there was a KREEP-granite
relationship at the Apollo 15 site. On the basis of our K-
Frac/REEP-Frac hypothesis, this is certainly possible (see
above). As a test of this model, we have attempted to generate
the QMD composition {(RYDER and NORMAN, 1978) by ba-
saltic assimilation of our K- and REEP-Fractions. This mod-
elling is intended to be illustrative rather than gbsolute in
order to show the applicability of the K-Frac/REEP-Frac hy-
pothesis to the generation of superKREEPY rocks. We have
used the 12013 granite (QUICK et al., 1977}, the Apollo 16
whitlockite 67975 (LINDSTROM &t al,, 1984, 1985), fayalite
{NEAL et al., 1988b), ilmenite (HASKIN and KOROTEV, 1977;
McKAY ¢ al,, 1986), and evolved basalt 14321,1118 of NEAL
et al. {1988a) as our modelling components (Table 2). Fay-
alite, ilmenite, and whitlockite represent the REEP-Fraction,
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and pranite represents the K-Fraction. The modelling un-
dertaken involves simple bulk mixing (e, assimilation
without any fractional crystallization) of these lithologies.

There is a high proportion of granite (33.85 — 33.9%)
required in order to generate the high 8i0,, Al,O3, and K,O
contents of the QMD (Table 2), The REEP-Fraction required
1§ 9.65 = 9.7% (1.65 — 1.7% whitlockite, 3% ilmenite, and
5% fayalite), with 56.5% evolved basalt 14321,1118, An
evolved basalt is required primarily to generate the REE pat-
tern (phosphate generates the REE abundances). Almost all
elements of our modelled QMDD are within 15% of the ana-
lyzed composition, except for MgO and P,O;. The high MgO
content of our modelled composition may be rectified by the
use of a basalt with lower MgQ contents (i.e., more evolved),
but no pristine examples of such a basaltic composition have
been found. The high phosphorus content of our modelled
composition (0.73 wi% PQs) is from phosphate being nsed
to generate REE rather than P;Os abundances. However, the
excellent match of most of the elements demonstrates the
feasibility of generating the QMD by bulk assimilating dif-
ferent proportions of our K-~ and REEP-Fractions.

2) Petrogenesis of impact-generated olivine vitrophyres

There has been much debate in the literature concerning
the petrogenesis of olivine vitrophyres. Olivine vitrophyres,
as discovered and named (Basu et al,, 1978; ALLEN et al.,
1979), are distinguished from mare basalts by their high modal
olivine, high MgQ, high incompatible trace element abun-
dances, and low CaQ/AlLQ; ratios. ALLEN et al. (1979) con-
cluded that olivine vitrophyres were impact melts of Mg-
enriched highlands crust. It is now evident that a sub-pop-
ulation of these are formed by primary igneous pracesses
(e.g., BASU et al., 1979), but the majority are in fact impact
melts (BASU et al., 1978; WARNER &t al., 1978b; ALLEN &t
al., 1979; GROVER &t al., 1980; SHERVAIS et al., 1988). SHER-

Table 2: Modeling componente and results of the (uartz MonzoDiorite

{15405) composition.

Major element oxides in wt® and REE in ppm.

14321 AVERAGE BASALT 15405

% MIX 1.65 33.085 3.0 5.0 58.5

Siﬂz — 73.0 -— 33.2 49.3 54.23 55.4 2.1
TECI2 -— 0.8 50.5 -— 1.91 2.80 2.8 7.6
Alzﬂa o 11.8 a.4 —_— 14.5 1z.33 11.3 2.8
Fed 1.18 0.9 40.4 5L.% 14.a 12.45 14.1 11.7
Hgo 2.97 4.7 5.3 15.0 7.0 5.18 3.4 3E.3
cag 4.1 1.4 -— — 11.7 7.75 B.9 3.0
Nazo —_— 1.4 _— - n.52 9.77 0.81 5.2
Rza —_—— 6.8 —_— -_— D.22 2.43 2.1 15.5
P205 44.1 — _ -_— ——rr 9.73 0.4 Bi.5
La 10648 a8 2.66 — 30.6 216 210 2.9
Ce 28190 126 14.2 a—— gz2.% 555 560 0.3
Am 4608 15 4.E2 —— 15.3 0.2 93 3.0
By 70 2.54 0.43 e 1.67 2.97 2.52 17.9
Th Jao 1.8 1.8 — 3.32 15.4 18,7 21.8
b 3015 33.4 10.4 — 8.72 66.9 65 2.9
Lua 352 5.1 1.59 ——— 1.33 .35 2.0 7.2
a = data from Ryder and Norman (1978)

Granite = Warren et al. (31983 19
and Budahn {1%7%); Quick et al.

{1985} .
Fayalite = Neal et al, (19A8b}.

*

B7}:

{1377 .
Ilmenite = Haskin and Korotev {1377); McKay et al.

Blanchard et al. {1977); Blanchard

Phosphate = Lindstrom et al.
{1986} .

Eaaalt‘= Yeal et al. (IO08Bm).
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vals ¢t al. (1988) demonstrated that olivine accumulation
was not consistent with observed quench textures and con-
cluded that the discrepancy between observed and calculated
olivine compositions was the result of two possible scenarios:
1) rapid quenching to form olivine microphenocrysts, pre-
ceded by a period of slower cooling; or 2) the earliest olivine
was formed by disequilibrium crystallization, during which
the olivine liquid Fe/Mg Kd was close to 0.5.

We are concerned herein with the olivine vitrophyres of
impact origin. Qur study (NEAL and TAYLOR, 1988b) in-
volved the analysis of three new olivine vitrophyres from
Apollo 14 breccia 14321, Based on our K-Frac + REEP-Frac
ideas, we combined our whole-rock data with that previously
reported for olivine vitrophyres, in order to generate a con-
sistent model for the petrogenesis of this impact-generated
rock type.

Whole-rock chemistry

The paradoxical problem with olivine vitrophyres is the
“primitive” (high) MG# coupled with the *“evelved” (high)
incompatible element abundances, The olivine vitrophyres
are LREE-enriched, with a general “KREEPy"” REE pattern
(Fig. 4), although La/Lu is slightly higher in our samples (25—
26 versus 22 for the high-K KREEP composition of WARREN
and Wasson, 1979}, Other KREEPy incompatible elements
(K, Hf, Th, U, P) show similar enrichments (Table 3). How-
ever, unlike KREEP, the compatible elements (Co, Sc, Cr,
and V) are enriched in the vitrophyres, more akin to mare
basalts. Nickel abundances are elevated above any pristine
lunar composition (250-380 ppm), as are other siderophiles
(Au and Ir), which supports an impact rather than a pristine
igneous origin for these samples,

The three olivine vitrophyres are similar in major element
compositions (Table 3) to those reported by SHERVAIS et al.
(1988). The high MG# {molar [Mg/(Mg + Fe)]#100: 74.9-
77.7) and the CaQ/AlL,Q; ratio (0.48-0.65) confirms the
highland affinities of the olivine vitrophyres (SHERVAIS et al,,
1988). Although these vitrophyres contain approximately 0.5
wi% K;0, they cannot be classified as very high potassium
(VHK) basalts. The K/La and K;0/Na,0 ratios (=71 and
0.6, respectively) are too low and the MG# too high, We
have taken an average whole-rock P.Os value, calculated from

T 1 T T T T 7

1000

Olivine Vitrophyres

=
|

100

la NdSm Th Vb
Ce Eu - - Lu

F1G, 4. Chondrite-normalized REE profiles of the three 14321 ol-
ivine vitrophyres.
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Table 3: Whole rock dpta of three 14321 olivipe

vitrophyres, Major element oxides in wt% and trace
elemente in ppm.

1416 01433 2539
sio," 45.5  46.0  48.3
Ti0, 1.4% 1.40 1.37
Al,0, 13.9 14.3 14.0
Fel 10.1 10.4 5.50

. Kno 0.12  0.14  0.12
Hg0 18,7 17.4 1B.5
can 7.30 8.8 E.72
Ha,0 1.05 0.74 .72
K20 .49 0.48 0.53

a
P205 0.27 0,27 0.27
MGH T7.% 74.9 7.6
CaD,"J\lzt:I:i 0.53 0.62 0.4B
KIO/IIEZD 0.47 0.65 0.74
Sc 18.6 23.4 17.7
v 46 59 41
Cr 1550 1790 1450
Co 34.9 35.8 40.7
Ni 250 284 380
cs E.61 .96 .66
Ba 740 72a 730
La 61.4 57.5 571.5
Ce 151 146 150
Nd BY 1] a7
5m 25.6 24,1 24.5
Eu 2.09 2.02 2.02
b 5.4 5.0 4.9
¥b 18.5 17.2 17.3
L 2.3 2.2E 2.30
HE 31.9 20.1 21.1
Ta 2.4% 2.41 2.29
Th 13.1 in.n 11.6
o 1.6 3.3 3.4
La/Lis 26.7 25.2 25.0
* = B0, by difference; @ = Py0g calculated

From gl?lsa analysis.

glass compositions, to be 0.27 wi%, by assuming a minimum -
of 50% opaque glass in the vitrophyres.

The dichotomy between major and trace elements (i.e.,
high MG# and high incompatible element abundances) is
the reason why, in previous geochemical models, a mythical
high-Mg component was required: a large propoertion of
KREEP was required to generate the incompatible elements
(e.g.. SHERVAIS et al., 198B). But by adding a large proportion
of KREEP, the overall MG# is too low, necessitating some
fictitious “high-Mg" component to elevate the MG# to ob-
served valugs.

Modelling of olivine vitraphyre compositions

The goals of the modelling were to use our K- and REEP-
Fractions to significantly reduce the amount of KREEP re-
quired to generate the incompatible trace element abundances
of olivine vitrophyres, This allows an increase in the amount
of highland lithologies required to generate the high MG#.
In our modelling, we do not require any mythical “‘high-Mg"’
components in order to generate olivine vitrophyre composi-
tions. Rather, actual lunar compositions have been used, as
reported in the literature (see below), We have mixed essen-
tially four lunar compenents (Table 4); 1) KREEP—subdi-
vided into granite (WARREN et al., 1987), or the K-Fraction,
and apatite/whitlockite (LINDSTROM et al., 1984, 1985) and
ilmenite (HASKIN and KOROTEV, 1977; MCKAY et al., 1986),
or the REEP-Fraction (fayalite was not used here because of
the proposed post-SLI fractionation. Also, fayalite has not
yet been observed with phosphate in highland lithologies); 2)
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Table 4: Compotients used in modeling olivine vitrophyre compositfons.
Major element oxides in wt%, trace elements in ppm.

e X B E EF
GRANITE BEHOS. IIM.

HlGHLANDS
TROCT. DUNITE  BASALT MPTEORITE

5i0, B5.5 —— ——
Ti0, 1.48  --—  50.5

al0;  12.8 -— 0.42
FeO 7.68 1.16  40.4

g0 3.4 2.97 6.30
cao 4.90 4.1 ——
Ha,0 1.47 - —
K,0 2,96  ———- -—
P,0- —- 4.1 —
HGE i6.2  B2.0 21.7
se 149 ———e 104
cr 4B0  —umm anB9
Cco g - 20.2
8a 4540 —--— e
La gz 7702 2.66
Ce 189 20534 14.2
Sm 27.7 3315 4,62
Eu 3.1 17.3 0.43
Th 6.8 575 1.6
¥h 15.7 1903 10.4
Lu 5.8 224 1.59
HE 36.5 0 57.7
Ta 7.8 07—
Th 44 0z 1.23
wi 22 - -—

49.3 34.1 45.3 48.0
0.1§ n.od l1.89 0.89

21.6 .58 13.2 2.00
4.67 11.6 17.7 28.7

17.7 53.7 9.70 16.6
12.5 ——— 10.3 1.85
0.37 .02 0.51 0.46
.07 w—— 0.14 o0.08
7.1 B8.2 49.4 49.%
.79 5.02 6l1.3 6.4
333 522 3744 3G00
21 61.3 35 625
2iB 24 210 2.9
15.14 5.14 20.4 0.2
38 13.8 51 0.4
5.58 2.55 16.5 0.1

1.76 0.87 1.35 .04
1.11 a.5 2.5 0.03
3.35 1.8B 6.6 0,13
0.55 .35 0.92 n.a02
3.38 .53 8.0 0.4
0.31 0.1 D.91 n.017
0.71 6.7% | 2.1 0.075
g 40 70 14500

Granite = Warren et al. (1987)}; Phosphate = Lindstrom et al. (1985};
Ilmenite = Haskin and Horotev {1977) and McHRay et al. (19B6);:
Proctoiite and Dunite = Lindstrom et al. (1984); Basalt = Heal et al.

{1988a); Heteorite = Boynten et al.

Highlands—subdivided into dunite and troctolite (LIND-
STROM et al,, 1984), although a high-Mg norite may also be
used, as this is the most common highlands lithology present
at the Apollo 14 site; 3) Mare Basalt (SHERVAIS et al., 1985b);
and 4) Meteorite (BOYNTON &t al., 1975). The 14321 phos-
phate phases of LINDSTROM et i, (1984, 1985) was used here
as we are dealing with 14321 olivine vitrophyres. Mare basalt
is used as a modelling component because of the compatible
element mare signature of the olivine vitrophyres. The mod-
elling was undertaken for our three olivine vitrophyres, the
Average Olivine Vitrophyre (AOV) of ALLEN ef al. (1979)
and the Preferred Average Olivine Vitrophyre {PAOV) of
SHERVAIS et al. (1988). The proportions of components were
adjusted iteratively until all elemental abundances were
within approximately 10 to 15% of those analyzed {Table 5).

There is good agreement between the modelled and ana-
lyzed olivine vitrophyre compesitiens for our new samples,
AQV, and PAQV. The new 14321 vitrophyres of this study
can be generated by mixing 16.2% “KREEP” (14.43 — 14.4%
K-Fraction, 1.77 == 1.8% REEP-Fraction), 57.1 — 57%
highland lithologies, 25% mare basalt, and 1.7% of a mete-
oritic component, The AOV composition of ALLEN ef al,
(1979) can be generated by mixing 15.1% “KREEP" (15%
K-Fraction, 0.1% REEP-Fraction), 58% highland lithologies,
27.4% mare basalt, and 2.5% of a meteoritic component. The
high guantity of dunite (33.5%) required to generate the AOV
of ALLEN ef al. (1979) reflects the high MgO contents of this
vitrophyre composition. This composition was calculated by
modal mineralogy, rather than bulk rock analysis, and the
high MgO contents may reflect an overcounting of olivine
(SHERVAIS ef al., 1988). Therefore, although this AOV com-
position can theoretically be generated, we consider this an
unlikely occurrence. The PAOV composition of SHERVAIS

et al. (1988) can be generated by mixing 16.8% “KREEP"
+

(13975} .

{16.03 — 16% K-Fraction, 0.77% REEP-Fraction), 51.4 —
51% highland lithologies, 30% mare basalt, 1.8% of a mete-
oritic compeonent, However, Na is consistently low in the
modelled composition relative to our new samples, as well
as the AOV and PAQV. Also, Eu, Th, Ta, and Hf are low in
the modelled composition for both our new samples and
PAOV (only major elements have been determined for AOV).
In the modelied composition for PAOV, Sc and Co are a
little high. It is possible that a greater proportion of plagioclase
(albitic) could account for the low Na and Eu abundances,
but not other elemental discrepancies. However, the Hf, Th,
and Ta contents of apatite/whitlockite are unknown and have
been taken to be 0. This is a gross oversimplification, as the
phosphate phase is rich in incompatible elements. However,
in the absence of precise data, we are unable to give abun-
dances for these elements in apatite/whitlockite, but suggest
they must be significant. The high Sc and Co abundances in
the modeled PAOV composition could be explained by: 1)
a higher proportion of mafic phases to feldspar in the high-
lands component; and 2) an as yet unanalyzed basalt con-
taining greater abundances of the compatible elements,
However, these minor discrepancies should not cloud the
fact that the vast majority of elemental abundances in olivine
vitrophyres can be generated by using observed lunar com-
ponents in our model.

A RECALCULATION OF THE uwKRELEP SIGNATURE
Method 1

With the definition of the K- and REEP-Fractions, the
composition of pure urKREEP can be back calculated. In
this modelling, the major element and REE signatures of
urKREEP are defined. As in any model, our hypothesis con-

, tains basic assumptions: 1) the average lunar granite REE
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Table 5: Results of olivine vitrophyce modeling Far the new data presented

here, the "AOV" of Allen et al.

(1978), and the "PAOV" of Shervais et al.

{19688} . Major element oxides in wk%, trace elements in ppm.

HEH_BATA TAQy" TEACY"

HODEL ACTUAL % DIFF. MODEL, ACTHAL % DIPFP. HODEL ACTOAL % DIFF.

sz 45.7 46.6 2.0 45.2  45.7 1.1 46.3  46.5 .4
'I‘iCI2 1.44 1.42 1.2 0.97 1.03 6.1 1.1%  1.30 2.1
Alzﬂa 14.1  14.1 n.o 10.3  1¢.3 = 0.0 12.6 12.4 1.4
Fe0d 10.3  10.0 3.3 11.0  16.8 1.4 10.3 9.46 4.8
Hg0 19.0 18.5 3.0 24.1 24.3 1.8 19.8 19.2 3.2
Lao B.63 7.60 13.5 6.50 6.27 3.6 B.05 7.90 1.8
Fa,0 0.51 D0.B4 39.4 0,48 0.78  38.8 4.53  0.80 33,8
K50 0.49 0.50 1.5 0.51 0.46 9.8 g.s5 0.51 5.8
250¢ .21 .27 23,2 _— - -— ——— e—— ——
MGE 76.7 6.7 0.0 Bb.1  80.0 a.1 77.4  77.6 0.3
Se 21.2  2p.3 4.5 21.5  17.8 1.1
Cc 1625 1530 5.2 1352 1566 13.0
Co 39.3  35.7 10.0 42,2 35.5 1g.9
Ba gee 717 12.B BE8 767 13.1
bLa 60.2 58.8 2.4 62.3 58.2 7.0
Ce 15¢ 142 1o.0 162 158 2.2
5m 25.0 24.7 1.1 25.8 25.3 2.0
Et 1.61 2.53 25.3 1.4% 2.01 36.0
Th 4.87 5.10 4.6 5.6 6.05 16.5
¥h 7.7 17.6 0.7, la.s  19.8 6.4
L 2.43  2.30 5.6 2.55 2.64 3.5
HE 3.60 21.3 54.8 10,3  22.0 53.3
T'a 1.50 3.00 56¢.1 1.58 2.56 3B8.0
Th 6.52  11.0 37.1 7.24 11.5 37.0
NE 286 1p3 5.8 3n3 237 2.0
GRANITE 14.43 15.00 16.03
PHOSPHATE 0.47 0.1q 0.47
ILMENITE 1.30 a.00 0.30
TROCTOLITE 41.00 21.50 30.20
DUNITE 15.10 33.50 21.20
BASALT 25.00 27.40 30.00
METEORITE 1.70 2.50 1.80

pattern represents that of the high-Si0; (K-Fraction) im-
mediately after SLI; 2) the phosphate phase in the REEP-
Fraction contains all the REE; 3} the REE abundances of the
REEP-Fraction are calculated using the average amount of
phosphate in the norms calculated above for basic immiscible
melts (=3% apatite/whitlockite); and 4) major element con-
centrations are those determined for the immiscible liquids
(HEss et al., 1975; WEIBLEN and ROEDDER, 1973).

In the modelling, we use the proportions of high-silica and
high-Fe melts produced experimentally by HESS et al. (1975).
These results indicate that the proportion of the ferrobasaltic
melt exceeds that of the granitic melt, ranging from 75:25 to
85:15. We have taken the average ratio (80:20) and calculated
an WKREEP compaosition, This ratio appears to be consistent
for basaltic compositions, although it will change if the 8i0,
content of the system is increased or decreased. Two whit-
lockite REE compositions were used: 14321 {Model A) and
67975 (Model B) both from LINDSTROM et al, (1985). Average
granite REE are calculated from WARREN et al. (1983b,
1987), BLANCHARD et al. (1977), and QUICK et al. {1977).
Results are presented in Fig. 5 and Table 6.

An important result is that the REE abundances for both
calculated urKREEP compositions far exceed the high-K
KREEP composition of WARREN and WASSON (1979) (600
and 820 times chondrite La versus 340: Fig. 5), and any other
reported KREEP composition, However, the negative Eu
anomaly is deepened (Eu = 12 and 28 times chondrite versus
37). The actual REE patterns are similar, but the La/Lu ratio
in both Model A and B are 32 and 29, respectively, greater
than 22 of high-K KREEP. The compositions produced by
models A and B probably represent the limits of urKREEP

REE abundances. However, the high-K KREEP composition
*

of WARREN and WASSON {1979), intended to represent the
lower limit of urKREEP, falls below these defined ranges
{Fig. 5),

The major element composition of our calculated ur-
KREEP composition is that of a ferrobasalt (Table 6), which
is to be expected from SLI experiments {e.g., RUTHERFORD
et al,, 1974; HEss et al, 1975). Qur calculated urKREEP

10007

100

10

L3 Rism T
Ce Eu Lu

FIG. 5. Chondrite-normalized REE profiles of urKREEP compo-
sitions calculated by Method 1: A = resuits of Model A (14321 phos-
phate); B = results of Model B (67975 phosphate); 0 = high-K KREEP
Eon_lpusition of WARREN and WassoN (1979),
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Table 6: Modeling results of the urKEKEEP composition by back calculation

from the K- and REEP~Fractions.

Model A uses 14321 phoephate and Model B
uses 67975 phosphate bath £rom Liandstrom et al.
oxides in wt%, trace elements in ppm.

(185} . Major element

MODEL A

MEDEL B

REEP- .o REEP- K- AVERAGE HEW *78

Proc Frac . Frac frac urKREEP High-K KREEP
MIX 80w 20% Result B0% 20% Result
sin, 3.4 74.3 45.6 iB.4  T74.3 45.6 45.6 47.9
Tiﬂz .10 0.70 2.62 3.10 0,700 2.62 2.62 1.65
A1203 6.73 11.1 7.58 §.73 11.1 7.55 7.59 16.6
Fed 33.1 6.86 27.8 3.1 6.8 7.8 27.8 10.6
MgQ 0.51 D.05 0.42 g.51 0.05 0.42 D.42 10.6
Ca0 11.3 2.07 9.42 11.3 z.07 5.42 9.42 5.52
Ha,0 0.17 b.42 D.22 0.17 D.42 §.22 0.22 0.886
K50 0.57 4.17 1.23 0.57  4.17 1.29 1.2% 0.83
PZDS 4.76 0,22 i.B5 4.78 .22 3.85 3.85 n.78
MG 2.7 1.3 2.6 2.7 1.3 1.6 2.6 64.1
La 231 64 198 319 64 268 233 110
Ce 611 158 521 845 iss o8 615 270
Hd 3158 77 310 512 17 425 368 180
Sm 9.1 21.2 BL.1 138 2i.2 115 98.1 48.0
By ¢.49 2.59 4,91 2.10 2.53 2.20 1.56 3.00
Th 16.3 5,15 i4.8 23.4 5.1% 19.6 16.8 10.0
Yh 55.6 29.1 50.3 9G.5 29.1  78.2 64.3 36.0
La fi.63] 4.46 6.20 lo.6  4.46 9.36 7.78 5.00
La/Lu 34.8 14.4 31.8 .2 14.4 28.9° 29.9 22.0

R-Fraction = major elementy from residual immigeible melts in Apallno 15
basalts [Weiblen and Roedder, 1973), REE from average lunar granite {Warren

et al.,

1983b, 1987; Blanchard et al., 1977; Quiek et al.,

1977) .

REEP-Fraction = major elements from residual immiscible melts in Apolleo 15

basalts {Weiblen and Roedder,
High-K KREEP from Warren and Wasson [3379).

major element compositions differ dramatically from the
high-K KREEP of WARREN and WASSON (1979) (Table 6).
The Ti, Fe, Mn, K, and P contents are much higher {e.z.,
=27.8 versus 10.6 wi% FeQ). The 8i, Al, Mg, and Na contenis
of our modelled urKREEP composition are also reduced rel-
ative to WARREN and WassoN’s (1979) high-K KREEP
composition {e.g., 7.59 versus 16.6 wi% AlLO; and 0.42 versus
10.6 wt% MgO). This is what would be expected if plagioclase
and olivine fractionation has occurred, as in the LMO hy-
pothesis,

Method 2

Another approach to the calculating the urKREEP sig-
nature has been used by NEAL and TAYLOR {1589). An av-
erage lunar granite has been calculated from all reported lunar
granite compositions and liquid-liquid Kd”s used to back
calculate the “pre-SLI"” magma composition. Liquid-liquid
Kd's were compiled from ROEDDER and WEIBLEN (1971),
WEIBLEN and ROEDDER (1973), RUTHERFORD et al. (1974),
HEss et al. (1975), WATSON (1976), RYERSON and HESS
(1980), NEAL and TAYLOR (1989), RYDER (pers. commun.,
1988). Liquid-liquid Kd's {Table 7} are reported as the con-
centration of an element in the basic meit divided by the
concentration of an element in the acid melt (Dy,;,). Average
Dy, values were used, except for barium, where controversy
exists as to whether it partitions into the basic or acid melt.
The Dy, barium calculated from immiscible basaltic glasses
was used (=0.5), and the proportion of basic to acid melt was
also 8(:20 (see above).

The composition of the pre-SLI magma produced by this
method is representative of a residual magma after Fenner
Trend fractional crystallization (Table 7). The major element
compaosition of urKREEP calculated by this method is sim-

ilar to that reported above: general ferrobasaltic composition;
&

1973}, REE from Lindstrom et a1.

{19as).

high CaO contents: 5i0. enrichment suppressed. Absolute
abundances are similar, but not exactly the same (Table 7).
By using liquid-liquid Kd's to calculate the pre-SLI melt (or
urKREEP composition), more elements may be estimated
than in the method above (Table 7). The trace element con-
tents of the calculated pre-SLI magma are consistent with it

TASLE 7: Calculation of the pre-5LI melt for avernge granite. The
pre-5LI melt composition is calculated from 20% granitic apd EO%
basic melt.

LUNAR GRANITE

Dbfa 1 2 3 Pre-BLE
Helt

5iD,  D.61 69.2  70.8  43.3 48.5
Tid,  4.20 0.68  D.68  2.81 2.4
ALDy 0.0 13.2 3.5 B.0§ 9.15
Fel 6.70 3.68 3.75 25.3 20.9
Kg0 4.72 0.20 0.20  DB.96 0.80
cao 4,55 .37 3.4% 18,7 11.1
Nazﬂ 0.44 0.88 0,51 0.440 0.50
K50 0.24 6.46  6.61 1.5 i
r0. 10,5 D.10  0.10  1.89 1.53
TOTAL 97,91 1lop.00 100.09 1a0.00
cr 3.3% 410 1634 1389
Hn 5.12 114 582 48E
Rb 0.24* 152 16.6 55.7
8r 1.54 153 . 235 21%
Cs 0.30 4,21 1.28 1.86
Ba 0.4% 4450 2184 2645
La 5,28 61.2 324 WL~
sm 442 19.7 87.2 EE TS AR
¥b 1.18 27.5 115 87.5 07 v
Lo 5,66 4.00 22.6 18.9 %}
HE 2.44¢ 1.1 44.2 38.0
Ta 4.13 5.45 22.5 19.1
Th 2.44% 42,9 105 82.5
u 2.44%  12.5 30.5 25,1
ic 2.4 1000 2435 2148

2 = paximum F,0. wt% In granite calculated from modal %
apahite/whlhiugkfte; * = pgtimated D 1 1 = average lunar
granlte; 2 = average lunar granite Béimali:e& te 10405 3 =
c&laqlutea bagie immiscible melt which compliments lunar granite.
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FIG. 6. Chondrite-normalized REE profile of urKREEP that has
experienced phosphate fractionation, calculated by method 2. Liquid-
liguid Kd's have only been calculated for La, Sm, Yb, and Lu, but
the general concave-upwards REE pattern is evident.

1o

being the residual from LMO crystallization. For example,
the high field strength (Zr, Ta, Hf, U, Th)) and large ion
lithophile {Cs, Ba, Sr, Rb) elements are enriched in this cal-
culated melt, whereas the compatible elements {Mn, Cr) are
reduced, relative to high-K KREEP.

The main difference in calculated urKREEP compositions
using the two methods outlined above is seen in the REE
contents (Figs. 5 and 6). In Fig. 5, KREEP possesses the nor-
mal LRFEE-enriched signature, whereas in Fig. 6, it has a
concave-upwards pattern, The concave-upwards pattern has
been produced by back calculating from lunar granite com-
position. Several authors have demonstrated that lunar granite
petrogenesis requires some phosphate {apatite or whitlockite)
fractionation in order to generate the general concave-up-
wards REE profile of lunar granite (DICKENSON and HESS,
1983; SALPAS et al, 1985; SHIH &t al, 1985). However,
whether this cccurred before or after SLI was unclear. It is
certainly feasible that the melt calculated by method 2 rep-
resents urKREEP minus whitlockite/apatite, and the melt
calculated by method 1 represents urKREEP in toto.

The semi-quantitative modelling presented above is illus-
trative, in the sense that it is difficult to produce the melt
calculated by method 2 by subtracting phosphate from the
melt calculated by method 1. However, the modelling does
illustrate that a KREEP or urKREEP signature can be readily
estimated even though such a pristine composition has not
as yet been found on the lunar surface,

CONCLUSIONS

The major problem in constraining KREEP petrogenesis
is that no pristine KREEP composition has been identified.
We support the conclusions of RYDER (1987) and WARREN

. {1988) who stated that KREEP basalts are not pristine
" KREEP compositions, rather they are basalts heavily con-
taminated with urlREEP. We also agree with the urKREEP
hypothesis of WARREN and WASSON (1979) but do not be-
lieve that it goes far enough in describing KREEP-related
phenomena. One important point that must be emphasized
is that KREEP, as seen at the surface of the Moon, is not a
rock type but a chemicat signature, which may be composed
of a variety of components. With this in mind, the following
conclusions may be drawn:

1) The hypothesis of WARREN and WASSON (1579) re-
quires extreme fractionation of the LMO, leaving an ur-
KREEP residual. Such extreme fractionation required by this
hypothesis puts the residual into the realm of silicate liquid
immiscibility (SLI).

2) The process of SLI splits the KREEP signature into a
K-Fraction (granitic) and a REEP-Fraction (ferrobasaltic/
phosphatic), Although this only occurred locally, SLI allows
the identification of specific KREEPy components, which
are pure, undiluted KREEP products. Isotope systematics
for granite and “KREEPy" materials support derivation from
a common Source.

3) The identification of these KREEPy components en-
ables the generation of “superKREEPyY” rocks and impact
melts (olivine vitrophyres) to be modelled using abserved,
analyzed lunar components.

3a) The “superKREEPy"” Quartz Monzodiorite compo-
sition can be generated by basalt assimilation of 33.85 —
33.9% of the K-Fraction and 9.65 — 9.7% of the REEP-
Fraction, )

3b) Olivine vitrophyre compositions are generated by
mixing 14 to 18% “KREEP" (14-16% K-Fraction, 0.1-1.8%
REEP-Fraction), 51 to 58% highland lithologies, 25 to 30%
mare basalt, and 1.7 to 2.5% of a meteoritic component.

4) The K- and REEP-Fractions are real lunar components
and may be used to calculate the compaosition of urKREEP,
which is the composition of the melt just prior to SLI and
the residual product of LMO fractionation. The results dem-
onstrate that the major elements are more representative of
a residual magma after fractional crystallization than the
high-K KREEP composition reported by WARREN and
WASSON (1979). The REE exhibit a deeper negative Eu
anomaly, have higher abundances, and are slightly more
LREE enriched than the high-K KREEP of WARREN and
WAaSSON (1979).

The application of the K-Frac/REEP-Frac hypothesis al-
lows several lunar petrogenetic problems to be resolved. By
identifying KREEP components in this way, the importance
of fractional crystallization and silicate liguid immiscibility
in an evolving Moon is emphasized, and the nature of the
pure urKREEP can be evaluated.
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