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Introduction:  Chronologic constraints on the tim-

ing of lunar magma ocean crystallization and Mg-suite 
magmatism present an inconsistent picture of the first 
200 million years of lunar history. Age estimates for 
magma ocean crystallization, as determined from 
146Sm-142Nd and 147Sm-143Nd model ages for the for-
mation of mare basalt sources and KREEP, range from 
4492 to 4313 Ma [e.g., 1, 2]. These ages are mostly 
older than the age of 4360 ± 3 Ma determined recently 
for a FAN that is thought to be a primary crystalliza-
tion product of the magma ocean [3]. The oldest Mg-
suite rocks, which are presumed to form after magma 
ocean crystallization, are older than the recently dated 
FAN, at 4430 ± 50 Ma and 4450 ± 70 Ma [4, 5]. In the 
effort to establish a consistent chronology for early 
lunar differentiation, we have determined the Lu-Hf 
model age of KREEP. The Lu-Hf isotopic system is 
well suited for resolving the KREEP evolution curve 
using relatively old lunar rocks. This is because mag-
ma ocean crystallization results in large Lu-Hf frac-
tionations among the crystallization products, which, 
in combination with the 176Lu half-life, result in larger 
differences among the initial Hf isotopic compositions 
of old samples than are observed in analogous initial 
Nd isotopic compositions. Here we present the first 
self-consistent Lu-Hf model age and 176Lu/177Hf for 
KREEP, determined from samples of multiple rock 
types and Apollo landing sites. These results indicate 
that KREEP formed around 4.36 Ga. 

Neutron irradiation effects on lunar samples:  
Although it has long been recognized that neutron irra-
diation has modified some isotopic compositions (e.g., 
149Sm/152Sm) of some lunar samples, these effects were 
not recognized in stable Hf isotopic compositions until 
recently [6]. Modern analytical techniques using MC-
ICP-MS allow precise measurement of the stable Hf 
isotope ratios, which show correlations with 
149Sm/152Sm that are consistent with neutron irradiation 
effects. Although all Hf isotope ratios can be modified 
by irradiation, the ratio that is most affected is 
179Hf/177Hf. This is the same ratio that is used for cor-
rection of instrumental mass bias from the MC-ICP-
MS analysis. Our model results show that this ratio can 
be as large as 0.7333 in a sample with an extensive 
irradiation history, compared to the accepted value of 
0.7325 in an unirradiated sample. Therefore, the meas-
ured Hf isotopic composition of an irradiated sample is 
affected by two processes: 1) actual effects from neu-
tron capture, and 2) mass-dependent biases introduced 
by using the incorrect value for 179Hf/177Hf for instru-

mental mass bias correction. The overall effect is an 
increase of the 176Hf/177Hf as measured in an irradiated 
lunar sample. 

 
Figure 1. Comparison of measured εSm-149 values with mod-
eled n-fluence correction on 176Hf/177Hf. εSm-149 = 104 * 
((149Sm/152Sm)meas/(149Sm/152Sm)stnd -1). εHf-176 correction = 
104 * ((176Hf/177Hf)corr/(176Hf/177Hf)meas -1). The solid lines 
show model results for different ratios of epithermal to ther-
mal neutrons. 

We have developed a model that uses 180Hf/177Hf, 
179Hf/177Hf, 178Hf/177Hf, 150Sm/152Sm, 149Sm/152Sm and 
147Sm/152Sm compositions measured on unspiked lunar 
samples to solve for the thermal and epithermal neu-
tron fluences that have affected a sample. Using the 
model results, we calculate and apply a correction to 
the 176Hf/177Hf of the sample. The model uses a non-
linear regression to solve the series of equations de-
scribing nuclide production and destruction following 
the approach of [7], using thermal neutron capture 
cross sections and epithermal neutron resonance inte-
grals tabulated in [6]. Concentration measurements for 
Hf, Lu, Sm, Nd, Rb and Sr are made on a separate 
spiked aliquot of the initial digested sample. Nd isotop-
ic composition is measured on the unspiked aliquot. A 
total of 34 lunar samples were analyzed, including 
high-Ti basalts (n=14), low-Ti basalts (n=16, including 
3 meteorites), KREEP-basalts (n=2) and Mg-suite nor-
ites (n=2). Analytical procedures are described in [8]. 
The modeled corrections on 176Hf/177Hf broadly corre-
late with the measured 149Sm/152Sm of the samples, but 
in detail, the correlation depends on the epither-
mal/thermal ratio of the neutron flux that irradiated the 
sample (Fig. 1). Modeled epithermal/thermal ratios 
range from 0.5 to 3.5, with the majority of the ratios 
falling between 0.5 and 2. The corrections applied to 
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the 176Hf/177Hf ratios reduce them by amounts ranging 
up to 13 epsilon units.  

Hf isotope systematics of the Moon and the 
model age of KREEP:  The initial Hf isotopic compo-
sitions of lunar samples record the time-integrated 
Lu/Hf of the magma sources. The mantle source re-
gions for lunar magmas are formed during large-scale 
differentiation, thought to result from crystallization of 
a magma ocean. The initial crystallization products are 
mafic cumulates, depleted in incompatible trace ele-
ments and with high Lu/Hf [8, 9]. The final crystalliza-
tion product, KREEP, is the complementary reservoir 
that is highly enriched in incompatible trace elements 
and has a low Lu/Hf ratio. The Hf isotopic evolution of 
these magma ocean crystallization products with dif-
ferent 176Lu/177Hf ratios are shown as the diagonal lines 
in Figure 2. The 176Lu/177Hf ratios (as well as 
147Sm/144Nd and 87Rb/86Sr, not shown) calculated for 
mare basalt sources are consistent with the modeled 
compositions of mafic cumulates [8, 9].  

 
Figure 2. Initial Hf isotopic composition of lunar samples. 
Results have been corrected for neutron irradiation effects. 
Data sources for sample ages available upon request. εHfi = 
104 * ((176Hf/177Hf)sample/ (176Hf/177Hf)CHUR -1). CHUR values 
from [14]; 176Lu decay constant from [15]. 

The two Mg-suite norites and two KREEP-basalt 
samples analyzed have negative initial Hf isotopic 
compositions, consistent with their incompatible ele-
ment characteristics and association with KREEP (Fig. 
3). These samples define a single line in the age vs. 
initial isotopic composition plot. This suggests that 
over the course of 500 Myr, they sampled a single in-
compatible element-enriched source, assumed to be 
KREEP. From these results, we calculate a model age 
for KREEP of 4360 ± 40 Ma and a value of 0.0154 ± 
0.0034 for the 176Lu/177Hf of KREEP. This is the first 
self-consistent Hf model age and 176Lu/177Hf deter-
mined for KREEP. Although this age is younger than 
the KREEP Hf model age determined for A-14 zircons 
(4478 ± 46 Ma [18]), it is derived from multiple petro-
logic sample types collected from two different Apollo 

sites, and therefore is likely to be more representative 
of KREEP as it exists over a wider area. 

This age for KREEP formation is younger than 
many estimates for the age of magma ocean crystalli-
zation [1, 10, 11]. However, individual FAN and Mg-
suite rocks have been dated using new techniques for 
147Sm-143Nd, 146Sm-142Nd, and Pb-Pb analysis, and 
yield ages of approximately 4.36-4.37 Ga [3, 12]. Tak-
en together with the 147Sm-143Nd KREEP model age 
[12], the 146Sm-142Nd mare basalt source model age 
[2], and Pb-Pb ages of Apollo 17 zircons [19], these 
ages and model ages point to near-contemporaneous 
formation or re-equilibration of at least some FAN and 
Mg-suite samples, as well as the sources for KREEP-
rich rocks and mare basalts. Although most of these 
results are consistent with a young magma ocean, a 
difference between the time of magma ocean crystalli-
zation and Mg-suite magmatism is not resolvable given 
the age uncertainties. Alternatively, these ages may 
represent a secondary large scale magmatic event that 
resulted in complete geochemical re-equilibration of 
these rocks and magma sources. In either case, the 
young Lu-Hf age of KREEP indicates that a major 
geologic event occurred on the Moon at 4.36 Ga. 

 
Figure 3. Initial Hf isotopic compositions of Mg-suite nor-
ites (77215, 78238) and KREEP basalts (15386, 72275,383). 
Sample ages are from [1, 13, 16, 17]. 
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