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Introduction:  The record of basaltic magmatism 

on the Moon indicates that mantle melting and basalt 
transport to the lunar crust occurred over a period of at 
least 3.4 billion years from 4.46 Ga [1] to 1.0 Ga [2,3]. 
These basalts exhibit a wide range of compositions and 
eruptive-emplacement styles that reflect mantle 
sources and the thermal and mechanical evolution of 
the lunar crust and mantle (i.e. thickening lithosphere, 
formation of large impact basins). Although the rela-
tionship among mare basalt compositions (e.g., TiO2) 
and time is ambiguous, KREEP-rich basaltic magma-
tism appears to dominate early periods of lunar basal-
tic magmatism [4]. Here we explore the: (1) age and 
petrologic relationships among KREEP-rich samples, 
(2) potential mantle sources for the KREEP-rich mag-
mas, (3) mechanisms by which the KREEP signature 
was incorporated into these rocks, and (4) processes 
that produced the KREEPy basaltic magmas.  

Basaltic Magmas with a KREEP Signature:   
The KREEP component that dominates the trace-
element patterns of most highland polymict breccias 
probably represents the last dregs of residual liquid 
remaining from the crystallization of the lunar magma 
ocean (LMO). Isotopic ratios and ratios of incompati-
ble trace elements of KREEP-rich rocks virtually all 
conform to a single uniform pattern, suggesting that 
the KREEP component was derived from a single 
source. This component appears to dominate the near-
side terrain of the Moon.  Although most lunar re-
searchers will agree that the KREEP basalts are prod-
ucts of lunar magmatism,  there are numerous other 
vestiges of lunar basaltic magmas with a KREEP com-
ponent. This includes the magnesian-suite cumulates, 
some lithologies of the high-Al basalts, some A14 
mare pyroclastic glasses, and an olivine cumulate clast 
in lunar meteorite NWA 773 [5]. 

Age of KREEP-rich basaltic magmatism: 
KREEP-rich samples represent an extensive period of 
early lunar magmatism.  Probably the best model age 
for the formation of the KREEP component is 4.42 ± 
0.07 Ga, and is based on the Rb-Sr isotopic systemat-
ics of KREEP-rich samples assuming they had a 
chatacteristic Rb/Sm ratio of 2.3 prior to Rb loss by 
volatization [4].  This age is supported by the observa-
tion that Sm-Nd crystallization ages for the magnesian-
suite rocks are as old as 4.46 [1] and U-Pb ages are as 
young as 4.17 Ga [4]. The KREEP basalts are younger 
having crystallization ages of 3.85 to 4.10 [5].  The 
high-Al basalt clasts from the A-14 site have crystalli-
zation ages that range from 4.0 to 4.3 Ga [5]. The A14 

pyroclastic glasses have not been dated.  However, in 
that they are considered to be relatively local, they may 
have ages similar to other KREEP-rich basalts at the 
A14 site.  Our very preliminary Rb-Sr age (a plagio-
clase-olivine two-point isochron) on the olivine clast 
from NWA 773 suggests a crystallization age of 4.05 ± 
0.06 Ga.  Clearly, all of these ages are consistent with 
KREEP-rich basaltic magmas being produced during 
the early stages of lunar magmatism, keeping in mind 
that the sample set is limited. 

Relationships among KREEP-rich magmas: The 
most distinguishing feature of the products of KREEP-
rich basaltic magmatism is that they all have KREEP-
dominated trace element and isotopic  signatures.  The 
trace element characteristics are partially illustrated in 
Figure 1. All the KREEP-rich samples that have been 
identified have elevated REEs and are LREE enriched.  
Incompatible element enrichment and fractionation of 
these basalts are also reflected in the isotopic systemat-
ics.  Initial 87Sr/86Sr ratios of A14, A15, and A17 
KREEP basalts indicate growth in reservois with rela-
tively high 87Rb/86Sr ratios of  up to 0.031 [4].  Simila-
rily, NWA773 appears to have grown in a reservoir 
with an elevated 87Rb/86Sr ratio that is similar to esti-
mates for ur-KREEP of [6].  The Sm-Nd isotopic sys-
tematics of KREEP-rich samples are consistent with 
the Rb-Sr isotopic data, indicating that these samples 
are derived from LREE-enriched reservoirs [4]. 

Although many of the insights for the petrogenesis 
of these basalts are based on their incompatible ele-
ment abundances and isotopic systematics, these sys-
tematics primarily reflect the role of the KREEP com-
ponent.  Compatible element abundances and phase 
relationships place somewhat different constraints on 
the petrogenesis of thes samples.  For example, the 
A14 pyroclastic glasses and NWA773 appear to be 
products of mare magmatism with variable TiO2 and 
with plagioclase as a liquidus phase only after substan-
tial crystallization. On the other hand, the magnesian-
suite represents basaltic magmas that had plagioclase 
as a liquidus phase fairly early in the crystallization 
sequence. Another interesting comparison among these 
KREEP-rich magmas is the highly varaiable Ni-Co 
contents of their olivines, that imply that  their sources  
also have a wide range of Ni and Ni/Co.  

Discussion:  Several models have been proposed 
for the origin of KREEP-rich samples. These include: 
(1) melting and remobilization of the KREEP horizon, 
(2) melting of a KREEP metasomatized lower crust, 
(3) heating of the KREEP horizon resulting in the pro-
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gressive melting of deeper LMO assemblages with 
time, (4) assimilation of KREEP by ascending basaltic 
magmas produced in the deeper lunar mantle, and (5) 
melting of KREEP hybridized sources in the deep lu-
nar mantle. Constraining all of these models is the di-
versity of KREEP-rich basaltic magmas produced in 
the lunar mantle and the limited timeframe over which 
basaltic magmas with a KREEP component were pro-
duced.  Melting and remobilization of the KREEP ho-
rizon in the upper lunar mantle appears unlikely, be-
cause the Mg´ of all of these lithologies are too high to 
be pristine samples of a late stage magma ocean resid-
uum.  The diversity of basaltic magmas (i.e. Ni, Co) 
with a KREEP signature indicates that a wide range of 
LMO cumulates were melted, eliminating both models 
1 and 2.  Model 3 implies that there should be a basalt 
composition-time relationship in which melts produced 
from the shallow LMO cumulate pile were produced 
early whereas melting of deeper LMO cumulates oc-
curred later. This model does not explain the apparent 
diversity of LMO cumulates that are melted and then 
“mixed” with the KREEP component over this period 
of time.  In addition, it is probably difficult to transport 
melts produced in the deep lunar mantle through a 
thick zone of melt at the base of the lunar crust.  

Both Models 4 and 5 account for the compositional 
diversity of KREEP-rich samples. In model 4, a vari-
ety of LMO cumulates are melted and the resulting 
basalts assimilate various amounts of KREEP. In 
model 5, numerous LMO cumulate lithologies contain 
a KREEP component due to cumulate mixing resulting 
from gravitational destabilization of LMO cumulate 
pile.  It has been demonstrated that assimilation of 
KREEP by mafic magmas may dramatically affect the 
Mg′ of the parental melts [7].  This results from the 
fact that significant amounts of KREEP (>50%) must 
be assimilated to affect the trace element and isotopic 
systematics of the resulting magmas.  Furthermore, it 
is difficult to assimilate large amounts of material (al-
though the efficiency of KREEP assimilation may be 
increased if the KREEP component is significantly hot 
due to radiogenic heating).  Decrease in the tempera-
ture of the KREEP horizon may decrease the effi-
ciency of assimilation with time and thereby putting a 
limit on the duration of KREEP-rich basaltic magma-
tism.   On the other hand, having the KREEP compo-
nent in the source regions of the basalts provides less 
thermal constraints than assimilation and provides a 
heat source for melting in the deep lunar mantle. It also 
has a significantly smaller affect of the Mg′ of the pa-
rental melts because significantly smaller amounts of 
KREEP (>2%) are required.  This is consistent with 
the spatial relationship between mare magmatism and 
KREEP enrichment on the near-side of the Moon.  In 

this scenario, the duration of KREEP-rich magmatism 
may be a product of the exhaustion of KREEP-rich 
horizons due to early periods of melting.            
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Figure 1. REE patterns of lunar basalts with a KREEP signa-
ture. Basalts are as follows: Black= calculate melt composi-
tion for norite from the magnesian suite. Red = KREEP ba-
salt. Orange = A14 orange volcanic glass. Yellow = REE 
enriched high-Al basalt. Green (thin lines) = A14 very low-
Ti volcanic glasses (3 groups). Blue = basalt clast from 
NWA 773. Green (thick line) = A15 Green glass (no KREEP 
component).  
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Figure 2. Ni and Co measured in olivine for a wide-range of 
KREEPy basalts (NWA 773, magnesian suite, high-Al ba-
salts) and mare basalts (A12 olivine basalts OB, A15 Ilmen-
ite basalts IB). Ni and Co calculated for olivine that in equi-
librium with pyroclastic glasses with a KREEPy signature.   
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