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The Moon likely formed as a result of a giant impact between proto-Earth and another large body.
The timing of this event and the subsequent lunar differentiation timescales are actively debated. New
high-precision Nd isotope data of Apollo mare basalts are used to evaluate the Low-Ti, High-Ti and
KREEP mantle source reservoirs within the context of lunar formation and evolution. The resulting
models are assessed using both reported 146Sm half-lives (68 and 103 Myr). The linear relationship
defined by 142Nd–143Nd systematics does not represent multi-component mixing and is interpreted as
an isochron recording a mantle closure age for the Sm–Nd system in the Moon. Using a chondritic
source model with present day μ 142Nd of −7.3, the mare basalt mantle source reservoirs closed at
4.45+10

−09 Ga (t1/2
146Sm = 68 Myr) or 4.39+16

−14 Ga (t1/2
146Sm = 103 Myr). In a superchondritic, 2-stage

evolution model with present day μ142Nd of 0, mantle source closure ages are constrained to 4.41+10
−08

(t1/2
146Sm = 68 Myr) or 4.34+15

−14 Ga (t1/2
146Sm = 103 Myr).

The lunar mantle source reservoir closure ages <4.5 Ga may be reconciled by 3 potential scenarios. First,
the Moon formed later than currently favored models indicate, such that the lunar mantle closure age is
near or at the time of lunar formation. Second, the Moon formed ca. 4.55 to 4.47 Ga and small amounts
of residual melts were sustained within a crystallizing lunar magma ocean (LMO) for up to ca. 200 Myr
from tidal heating or asymmetric LMO evolution. Third, the LMO crystallized rapidly after early Moon
formation. Thus the Sm–Nd mantle closure age represents a later resetting of isotope systematics. This
may have resulted from a global wide remelting event. While current Earth-Moon formation constraints
cannot exclusively advocate or dismiss any of these models, the fact that U–Pb ages and Hf isotopes for
Jack Hills zircons from Australia are best explained by an Earth that re-equilibrated at 4.4 Ga or earlier
following the Moon-forming impact, does not favor a later forming Moon. If magma oceans crystallize in
a few million years as currently advocated, then a global resetting, possibly by a large impact at 4.40 to
4.34 Ga, such as that which formed the South Pole Aitken Basin, best explains the late mantle closure
age for the coupled Sm–Nd isotope systematics presented here.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Four decades after the return of the Apollo lunar samples, the
formation age of the Moon and its early evolution remain elu-
sive. The idea that the Moon differentiated within several 100
million years of solar system formation is derived from the obser-
vation that the positive Eu anomalies of the ancient lunar high-
land anorthosites complement the positive Eu anomalies of the
younger lunar mare basalts (Taylor, 1973; Taylor and Jakes, 1974;
Carlson and Lugmair, 1981; Ryder, 1991; Snyder et al., 1992;
Shih et al., 2005). This led to the hypothesis of a global lunar
magma ocean (LMO) as a consequence of the giant impact Moon-
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forming event during the first 70 to 110 Myr of solar system
history (Touboul et al., 2007; Halliday, 2008; Kleine et al., 2009;
Jacobson et al., 2014). As LMO crystallization progressed to ∼80%,
plagioclase became a liquidus phase and buoyantly floated to the
top to form primordial lunar crust. Ferroan anorthosites (FANs) are
proposed to be fragments of this first lunar crust. Reported FAN
crystallization ages range from 4.536 ± 0.12 Ga to 4.436 ± 0.03 Ga
(Alibert et al., 1994; Borg et al., 1999; Nyquist et al., 2006), con-
sistent with an early Moon formation age. However, other FAN
samples have been reported as young as 4.29 ± 0.06 Ga (62236)
and 4.360 ± 0.003 Ga (60025) requiring later lunar crust forma-
tion (Borg et al., 1999, 2011). If these younger ages better define
the timing of lunar crustal formation through rapid crystallization
of the LMO, the Moon formation age could be as late as 150 to
200 Myr after the onset of solar system formation (OSSF, 4.569 Ga,
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Bouvier et al., 2007), compared to the currently favored time 70 to
100 Myr. Alternatively, these ages may instead provide a record of
sustained crustal formation on the Moon from a number of differ-
ent mechanisms.

The short-lived radioactive decay of 146Sm to 142Nd, with a
half-life of 103 Myr (proposed recently to be revised to 68±7 Myr,
Kinoshita et al., 2012) can be used to evaluate lunar forma-
tion and early differentiation as fractionation of Sm/Nd in the
first 300 to 500 Myr after OSSF is recorded by variations in
142Nd/144Nd. Previous work on lunar mare basalts show corre-
lated 142Nd/144Nd–143Nd/144Nd variations (Nyquist et al.„ 1995;
Rankenburg et al., 2006; Boyet and Carlson, 2007; Brandon et al.,
2009; Gaffney and Borg, 2014). This coupled relationship has been
interpreted as an isochron with an age of ca. 215–255 Myr (i.e.
4.355 to 4.314 Ga) after OSSF and can be explained by at least four
plausible scenarios. First, the Moon formed late, close to the time
of mare basalt source closure age (Borg et al., 2013). Second, Sm–
Nd isotopes record late closure times of the Low-Ti, High-Ti and
KREEP mantle source reservoirs via protracted differentiation fol-
lowing early formation of LMO cumulates (∼4.5–4.45 Ga, Nemchin
et al., 2009). Third, the closure time represents a Moon-wide event
that resulted in remelting of the crust coupled with resetting of
Sm–Nd in the lunar mantle. Fourth, the linear relationship defined
by the well-correlated 142Nd–143Nd systematics instead represents
a mixing line with no age connotations (Münker, 2010). To fur-
ther evaluate these potential scenarios and to examine how the
mare basalt mantle source reservoirs are related to the timing
of LMO crystallization, primordial lunar crust formation, and ul-
timately, the formation age of the Moon and its bulk composition,
this study reports new high-precision 142Nd/144Nd isotope data for
nine Apollo 12 samples and one Apollo 17 sample. In addition, two
Apollo 15 and two Apollo 17 samples measured by Brandon et al.
(2009) were re-measured here to assess data reproducibility be-
tween the two studies. Furthermore, the samples chosen for this
study cover a wider petrological range exhibited by Apollo mare
basalts than previous studies. This approach is necessary in order
to comprehensively investigate the issues outlined above.

2. Samples

The samples studied here crystallized between 3.85 and 3.20 Ga
(Nyquist et al., 1977; Rankenburg et al., 2006; Boyet and Carlson,
2007; Brandon et al., 2009; Meyer, 2009). Samples include Apollo
mare basalt KREEP (Potassium, Rare Earth Element, Phosphorus-
rich, 15386), Low-Ti (15555) and High-Ti (74274) compositional
types. The KREEP source reservoir is inferred to represent late-
stage, residual melts of LMO crystallization and is complementary
to the earlier formed mafic cumulates, from which the Low-Ti and
High-Ti mare basalts are derived (Snyder et al., 1997; Shearer et
al., 2006). The Low-Ti mare basalts (<∼5 wt.% TiO2, e.g. sam-
ple 15555) are thought to have been generated by partial melting
of olivine and orthopyroxene cumulates (Giguere et al., 2000) al-
though to account for observed Eu anomalies and Mg/Fe ratios, a
hybrid source containing a small percentage of ilmenite has been
inferred (Ryder, 1991). These cumulates are inferred to comprise
at least 70% of the cumulate pile, consistent with the fact that 80%
of mare basalts contain <5 wt.% TiO2 (Giguere et al., 2000). The
High-Ti reservoir is inferred to have formed from dynamic mixing
of ilmenite and clinopyroxene bearing cumulates and the earlier
formed Low-Ti reservoir (Hess and Parmentier, 1995; Lucey et al.,
2006, e.g. sample 74275). Ilmenite saturation would not have oc-
curred until >90% LMO solidification and is thus consistent with
the relative rarity of High-Ti mare basalts (Giguere et al., 2000).

Additional samples span the mineralogic and compositional
range exhibited by the Apollo 12 suite and include ilmenite basalts
with moderate TiO2 contents (2.8–5.2 wt.%) pigeonite basalts,
feldspathic basalts, and olivine basalts. The olivine, feldspathic and
pigeonite basalts have TiO2 contents overlapping the Low-Ti Apollo
15 basalts (samples 12009, 12011, 12018, 12035, 12038, 12040,
12075), and likely derived from similar parental magmas, from a
source consisting of 48% olivine, 22% pigeonite and 30% clinopy-
roxene (Papike et al., 1976; Neal et al., 1994). The ilmenite basalts
are petrogenetically unrelated to the other Apollo 12 mare basalts
(12005, 12022, Nyquist et al., 1979) and are inferred to have
formed through variable partial melting (2–8%) of a 45.5% olivine,
42.5% pigeonite, 11.5% clinopyroxene and 0.5% plagioclase source
(Neal et al., 1994). The composition of the ilmenite basalts requires
subsequent crystal fractionation and accumulation.

3. Analytical techniques

Details of the Sm–Nd chemical purification techniques and an-
alytical protocols are presented elsewhere (Debaille et al., 2007;
Brandon et al., 2009). In brief, samples were processed targeting
1200–1500 ng of Nd for high-precision 142Nd analyses. Powders
were dissolved in HF–HNO3 in Parr digestion vessels for 48 h at
150 ◦C then redissolved in HNO3 and HCl. From these solutions,
a 5 volume % aliquot was removed and spiked with a mixed
149Sm–150Nd spike. The samples were centrifuged and no pre-
cipitates were observed at the time of removal of these aliquots
for spiking. Unspiked and spiked samples were passed through
cation exchange chromatography to isolate REE’s, then through a
LN-spec resin to separate Sm and Nd. Solvent extraction was ap-
plied to the unspiked Nd cuts to remove 142Ce which interferes on
142Nd (Rehkämper et al., 1996). Cation exchange chromatography
followed to remove Na introduced as NaBrO3 to oxidize Ce during
solvent extraction. This was followed with a second pass through
an LN-spec resin to further purify the unspiked Nd cut. Yields on
the unspiked Nd cuts were typically 90%. Total procedural blanks
for Sm and Nd were <40 pg and <100 pg, respectively.

Spiked Nd aliquots and unspiked Sm, Nd cuts were loaded
with phosphoric acid on a double Re-filament configuration, one
for ionization and one for sample evaporation. Neodymium iso-
tope analyses were carried out on a Triton Plus thermal ioniza-
tion mass spectrometer (TIMS) at the University of Houston (UH).
Neodymium isotopic compositions were corrected for mass frac-
tionation using the exponential law with 146Nd/144Nd = 0.7219.
Spiked Nd aliquots were measured on the TIMS in static mode
with beam sizes on 143Nd during sample runs of 0.25–0.5 V over
180–360 cycles. Spiked Sm aliquots were measured on the Nu-
Plasma II ICPMS at UH using sample-standard bracketing. Repeat
analysis of the Ames standard (10–35 ppb) throughout the analyt-
ical campaign yielded 149Sm/152Sm of 0.516863 ± 0.000054 (2σ ,
n = 29). Sm and Nd isotope dilution data are presented in Table 1.

High-precision Sm isotope analyses on unspiked aliquots were
measured on the TIMS in static mode during one analytical cam-
paign. Sample loads for Sm ranged from 100–600 ng and were 100
ng for the Ames standard. Beam sizes were 3–4 V for 360–540 cy-
cles. The Sm isotopes were corrected for mass fractionation using
the exponential law with 147Sm/152Sm = 0.560828 (Wasserburg et
al., 1981; Brandon et al., 2009). Internal precision on ε149Sm and
ε150Sm for samples and standards is equal to or better than ±0.08
and ±0.12, respectively (all uncertainties in this paper are ±2σ ).
The ε149Sm data are reported in Table 2. All other high-precision
Sm-isotope data is presented in the Supplementary Information.

High-precision Nd measurements were acquired using a 3 line
multistatic routine with amplifier rotation between blocks (Caro
et al., 2006). Cerium and Sm interferences on Nd were moni-
tored with 140Ce and 147Sm. For samples, the 142Ce interference
on 142Nd/144Nd ranged from 0.1 ppm to 22 ppm. For standards,
142Ce was consistently <0.3 ppm. High-precision Nd isotope data
were collected in two analytical campaigns: April–May 2013; July–
August 2013. The Ames standard was measured throughout with
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Table 1
The Sm, Nd and 143Nd/144Nd values for the lunar basalts presented in this study. All data was acquired by isotope dilution on a 5% aliquot extracted after whole sample
dissolution (see text). No spiked aliquots for 15555, 15386 and 70017, 74275 were analyzed by this study.

Sample Pétrographie type Age
(Ma)

Sm
(ppm)

Nd
(ppm)

147Sm/144Nd 143Nd/144Nd ±2σ ε143Nd ε143Nd corr. ε143Ndi

12005 Ilmenite Basalt 3250 2.67 7.28 0.222156 0.5135531 0.0000006 17.97 18.19 7.46
12009 Low-Ti Olivine Basalt 3300 3.72 10.81 0.208192 0.5130428 0.0000006 7.73 7.84 2.85
12011 Pigeonite Basalt 3200 4.54 13.01 0.211083 0.5130184 0.0000060 7.44 7.57 1.87
12018 Olivine Basalt 3300 3.32 9.64 0.208558 0.5130593 0.0000006 8.41 8.55 3.41
12022 Ilmenite Basalt 3270 5.07 13.31 0.230602 0.5138507 0.0000009 20.74 20.94 6.58
12035 Olivine Basalt 3200 4.14 11.70 0.214090 0.5132880 0.0000010 11.85 11.85 4.80
12038 Feldspathic Basalt 3300 5.84 18.68 0.188901 0.5123997 0.0000004 −4.65 −4.39 −1.19
12040 Olivine Basalt 3300 2.24 6.25 0.217283 0.5133103 0.0000009 12.28 12.62 3.78
12075 Olivine Basalt 3300 3.41 11.08 0.209426 0.5130343 0.0000011 8.03 8.21 2.70
70215 High-Ti Basalt 3720 5.46 16.08 0.246224 0.5140418 0.0000012 27.37 27.38 3.47
15555a Olivine Basalt 3320 2.57 7.81 0.198786 0.5128394 0.0000009 3.95 4.00 3.00
15386a KREEP 3850 31.60 112.70 0.169638 0.5118252 0.0000016 −15.84 −15.53 −2.23
74275a High-Ti Basalt 3720 8.35 20.47 0.248158 0.5142512 0.0000014 31.49 31.51 6.71
70017a,b High-Ti Basalt 3720 6.24 14.66 0.254915 0.5143766 0.0000009 33.85 33.87 6.05

a Values shown here are from Brandon et al. (2009) and are included for completeness. Measured 143Nd/144Nd values were re-normalized using a La Jolla value of 0.511847
(UH Triton) to 0.51186 (Amelin and Rotenberg, 2004). This corresponds to present-day CHUR 147Sm/144Nd = 0.1964 and 143Nd/144Nd = 0.512637. Reported ε143Nd are 104

parts deviation from present-day CHUR. Reported ε143Nd corr. values have been corrected for neutron fluence effects through the approach discussed in the text and the
Supplementary Information. Reported ε143Ndi ratios are calculated relative to CHUR at the time of crystallization constrained by the ages stated.

b Recalculated from Brandon et al. (2009).

Table 2
Summary of ε149Sm, 142Nd/144Nd and 145Nd/144Nd isotopic data. Uncertainties stated are ±2σ in the 7th decimal place. Uncorrected and neutron fluence corrected data are
shown. “rpt” denotes a repeat measurement.

Sample ε149Sm 142Nd/144Nd ±2σ
(ppm)

μ142Nd μ142Nd corr. ±2σ
(ppm)

μ145Nd μ145Nd corr. ±2σ
(ppm)

12005 −23.6 1.1418347 15 −2.3 9.5 1.3 −14.1 1.1 1.0
12009 −11.2 1.1418325 15 −4.2 1.4 1.3 −7.2 0.0 1.0
12011 −13.4 1.1418319 16 −4.8 2.0 1.4 −10.1 −1.5 1.1
12018 −14.5 1.1418296 15 −6.8 0.4 1.3 −13.1 −3.8 0.9
12022 −21.0 1.1418410 20 3.2 13.8 1.8 −16.0 −2.5 1.4
12022 (rpt) – 1.1418449 27 2.5 13.1 2.7 −18.2 −4.7 2.0
12035 −21.0 1.1418338 25 −7.2 3.3 2.2 −13.8 −0.3 1.7
12038 −27.4 1.1418121 18 −22.1 −8.3 1.6 −15.2 2.5 1.1
12040 −36.1 1.1418285 23 −11.8 6.3 2.0 −23.3 −0.1 1.7
12075 −19.2 1.1418287 30 −7.6 2.0 2.6 −12.0 0.38 2.0
15555a −5.7 1.1418358 30 −5.4 −2.6 2.6 −4.0 −0.6 2.0
15386a −32.2 1.1418068 24 −30.9 −14.8 2.1 −18.3 0.8 1.7
70017 −1.6 1.1418571 21 17.3 18.4 1.8 −1.5 0.1 1.2
70215 −0.9 1.1418503 28 7.3 7.7 2.6 −2.6 −1.9 2.0
74275 −1.9 1.1418569 21 17.2 18.2 1.8 −2.0 −0.5 1.4

a Values shown here are from Brandon et al. (2009) and are included for completeness.
each dataset normalized to the average standard values for each
particular campaign. For standards and samples, beam sizes were
4–6 V on 142Nd for 540–1080 multistatic cycles. From campaign 1,
Ames standard 142Nd/144Nd = 1.1418373 ± 0.0000045, 2σ , n =
14 (2SD on μ142Nd: ±3.9), from campaign 2, 142Nd/144Nd =
1.1418420 ± 0.0000038, 2σ , n = 4 (2SD on μ142Nd: ±3.3). High-
precision Nd isotope data for samples run during this study are
presented in Table 2.

4. Results

4.1. Neutron fluence corrections

Exposure of lunar samples to galactic cosmic rays promotes the
production of neutrons. These neutrons are subsequently absorbed
by other atoms and shift the isotopic compositions of samples
(Lingenfelter et al., 1972; Nyquist et al., 1995; Boyet and Carlson,
2007; Rankenburg et al., 2006; Brandon et al., 2009). The reac-
tion 149Sm (n, γ )150Sm is used to monitor the neutron fluence on
Nd because 149Sm has a large effective thermal neutron absorption
cross section (Nyquist et al., 1995). The thermal neutron fluence
(Ψ , in n/cm2) a sample has received can be calculated using the
measured ε149Sm and the σeff of 149Sm:

Ψ = ε149Sm/
(−1∗(104 × σeff

))
The effect on Nd isotopes by epithermal neutrons (Ξ ) must also be
constrained. Using 149Sm–150Hf systematics, Sprung et al. (2013)
demonstrated that each Apollo landing site has experienced a dif-
ferent dose of neutron fluence resulting in different Ψ/Ξ . The
values of Ψ/Ξ obtained were 1.1, 0.98 and 1.5 for Apollo land-
ing sites 12, 15 and 17, respectively (Sprung et al., 2013). These
were used in the equations of Nyquist et al. (1995) and exponen-
tial law fractionation corrections to correct 142Nd, 143Nd, 144Nd,
145Nd, and 146Nd. The 149Sm σeff of 71,627 barns was used here
and in Brandon et al. (2009) and Sprung et al. (2013), which is the
most up to date value from available nuclear data (Rankenburg et
al., 2006).

The ε149Sm of the lunar basalts studied here range from −0.9±
0.1 to −36.1±0.1 (Table 2) and plot as a line for 150Sm/152Sm ver-
sus 149Sm/152Sm with a slope of −1.0032 (Fig. 1), confirming that
the observed variation results from neutron fluence. The reported
ε149Sm values obtained here agree with those in previous studies.
For 74275, this study obtained ε149Sm = −1.9 compared to −1.8
of Brandon et al. (2009). For 12038, this study obtained ε149Sm =
−27.4, compared to −27.0 and −27.1 of Nyquist et al. (1995)
and Boyet and Carlson (2007), respectively. The smallest neutron
corrections are applied to Apollo 17 samples, which have the low-
est ε149Sm = −1.9, −1.6 and −0.9 for 74275, 70017 and 70215,
respectively. For Apollo 15 samples, no new high precision Sm iso-
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Fig. 1. Graph showing 150Sm/152Sm vs. 149Sm/152Sm for all data reported by pre-
vious high-precision Nd isotope studies and the new data acquired by this study
(Table 2). New data defines a slope of −1.0032 demonstrating the effects of neutron
capture on 149Sm. Considering all high-precision Sm isotope data to date, a slope of
−1.0054 is defined (not shown). All data normalized to 147Sm/152Sm = 0.560828.
Although not an issue here, it should be noted that the production of 152Sm can
arise from neutron capture on 151Eu as reported for plagioclase rich samples (e.g.
FAN 62236, Borg et al., 1999).

topic analyses were acquired. Brandon et al. (2009) obtained −5.7
for 15555, consistent with previously reported values of −6.2,
−5.3 and −5.0 (Nyquist et al., 1995; Rankenburg et al., 2006;
Boyet and Carlson, 2007). For KREEP sample 15386, Brandon et al.
(2009) reported ε149Sm = −32.3, consistent with values of −31.6
and −32.5 of Nyquist et al. (1995) and Rankenburg et al. (2006),
respectively. For Apollo 12 samples, ε149Sm ranges from −11.2 to
−36.1 (Table 2).

4.2. Sm–Nd

For Apollo 12 samples, measured 147Sm/144Nd ratios range
from 0.1889 to 0.2306 (Table 1). For sample 12038, the measured
147Sm/144Nd of 0.1889 compares to 0.1864 obtained by Boyet and
Carlson (2007). For 15555 and 15386, the measured 147Sm/144Nd
ratios from Brandon et al. (2009) are used, 0.1988 and 0.1696, re-
spectively, as both studies used fractions of the same homogenized
powder of each sample. These are consistent with previously re-
ported values of 0.2017 and 0.1988 for 15555 (Rankenburg et al.,
2006; Boyet and Carlson, 2007) and 0.1681 and 0.1699 for 15386
(Carlson and Lugmair, 1979; Rankenburg et al., 2006). Sample
70215 has not been previously analyzed and has 147Sm/144Nd =
0.2462. This is similar to values reported for High-Ti mare basalts
ranging from 0.2470 to 0.2681 (Rankenburg et al., 2006; Boyet
and Carlson, 2007; Brandon et al., 2009). From all high-precision
Nd isotopic studies of Apollo samples to date, 147Sm/144Nd ratios
range from 0.1688 for KREEP sample 14310 (Boyet and Carlson,
2007) to 0.2681 for High-Ti sample 70017 (Rankenburg et al.,
2006).

Calculated ε143Ndi values for Apollo 12 samples range from
−1.2 ± 0.6 to +7.5 ± 0.6 (12038 and 12005 respectively). Sam-
ple 12038 previously analyzed by Boyet and Carlson (2007) who
reported ε143Ndi = −0.4 is similar to −1.2 ± 0.6 in this study.
No comparable data are available for the remaining Apollo 12
samples of this study. For samples 15555, 15386 and 74275,
previously published ε143Ndi values from Brandon et al. (2009)
are used in conjunction with new μ142Nd data to later assess
coupled ε143Nd–μ142Nd isotopic systematics. Reported values by
Brandon et al. (2009) are consistent with previous and recently
published data. For 15555, ε143Ndi = +3.0 ± 0.6 compares well
with +2.9, +2.3, and +2.3 of Rankenburg et al. (2006), Boyet
and Carlson (2007), and Sprung et al. (2013), respectively. For
15386, ε143Ndi = −2.2 ± 1.1 is similar to −1.2 of Rankenburg et
al. (2006). For 74275, ε143Ndi = +6.7 ± 1.3 is similar to +5.8 of
Rankenburg et al. (2006) and +6.8 of Sprung et al. (2013), respec-
tively. For sample 70017, previous studies report ε143Ndi of +6.5,
+7.1 and +6.5 (Rankenburg et al., 2006; Boyet and Carlson, 2007;
Sprung et al., 2013, respectively). On further inspection of the data
reported by Brandon et al. (2009), the reported value of +4.81
was found to be incorrectly calculated. Recalculation of ε143Ndi
gives +6.0 ± 1.3, which is consistent with previously reported val-
ues. This value is used in conjunction with new μ142Nd data for
sample 70017 throughout this study.

The measured 145Nd/144Nd value is used as an independent
monitor of applied neutron fluence corrections because 145Nd has
a epithermal resonance integral of 231 barns and is much larger
than those for 142Nd, 144Nd, and 146Nd (Brandon et al., 2009). If
the corrections are accurate, all corrected μ145Nd data will plot
within the uncertainty of terrestrial standard μ145Nd value, and
do (Fig. S1). This also confirms the accuracy of recently reported
Ψ/Ξ ratios (Sprung et al., 2013) for the three Apollo sites applied
to Nd and Hf isotopes.

The neutron fluence corrected μ142Nd data obtained in this
study for samples 15386, 15555, 70017 and 74275 of −14.9 ± 1.7,
−2.6±2.0, +18.4±1.8 and +18.2±1.8 respectively compare well
to −15.1 ± 1.6, −3.2 ± 6.2, +14.4 ± 0.9 and +17.1 ± 1.8, respec-
tively, obtained by Brandon et al. (2009). Sample 70215 was not
analyzed by previous studies and has a μ142Nd of +7.7 ± 2.6. For
the Apollo 12 suite, the ilmenite basalts 12005 and 12022, ex-
hibit higher μ142Nd of +9.4 ± 1.3 to +13.8 ± 1.8, respectively,
than the olivine, feldspathic, and pigeonite basalts (12009, 12011,
12018, 12035, 12038, 12040, 12075) that range from −8.3 ± 1.6
to +6.3 ± 2.0). The corrected μ142Nd for Apollo 12 samples here
range from −8.3 to +13.8 (22.1 ppm range). The range for all
samples is 38.4 ppm, with μ142Nd ranging from −20.2 to +18.2
(Table 2).

Neutron fluence corrected μ142Nd versus 147Sm/144Ndmeasured
define a positive correlation (Fig. 2). All data has been corrected
for the effects of neutron fluence using the same model. On aver-
age, the static data of Boyet and Carlson (2007) and Rankenburg et
al. (2006) are systematically displaced to higher and lower μ142Nd,
respectively (not shown), for a given 147Sm/144Nd (Brandon et al.,
2009). The multidynamic data of Boyet and Carlson (2007) are in
good agreement with both the new multistatic data presented here
and those from Brandon et al. (2009). This confirms the conclu-
sion of Brandon et al. (2009) that multistatic and multidynamic
analytical methods are more reproducible and likely, more accu-
rate, than previously published static data. With the exception of
sample 70215, using all other multistatic data from here, Boyet
and Carlson (2007) and Brandon et al. (2009), the correlation of
μ142Nd vs. 147Sm/144Ndmeasured has R2 = 0.94.

5. Discussion

5.1. Coupled ε143Nd–μ142Nd isotopic systematics

The coupled 142Nd–143Nd isotopic system is used here to as-
sess the timescales of early lunar differentiation. Although each
previously published μ142Nd dataset for Apollo mare basalts re-
ports systematically different absolute values for a given sample, or
mare basalt petrologic type, what is consistent to date is that sim-
ilar slopes in 142Nd/144Nd–143Nd144Nd–147Sm/144Nd isotopic space
are defined for all lunar mare basalts. This relationship can be
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Fig. 2. Graph showing 147Sm/144Ndmeasured vs. μ142Ndcorrected (corrected for neutron
fluence) for data of this study (solid circles) and previously reported multistatic
142Nd/144Nd datasets. Data in this study is corrected for neutron fluence effects
using 149Sm σeff = 71,627 barns and Ψ/Ξ ratios specific to each Apollo landing site
(see text, Sprung et al., 2013). Considering data from this study, excluding 70215,
R2 = 0.97.

interpreted as a Sm–Nd source closure age or as a mixing line
between end-member source components. Nyquist et al. (1995)
derived a Sm–Nd lunar mantle isochron of 4.33 Ga. This is con-
sistent with the 4.35+23

−21 Ga age obtained by Rankenburg et al.

(2006), the 4.32+30
−25 Ga age obtained by Boyet and Carlson (2007)

and the 4.34+24
−20 Ga age reported by Brandon et al. (2009). Most re-

cently Gaffney and Borg (2014) reported an age of 4.36+31
−39 Ga. The

age defined by the calculated lunar mantle source isochron in each
case depends on how the source Sm/Nd was modeled and which
source Sm/Nd ratios were used. During assessment of the Sm–Nd
isotope data, a 146Sm half-life of 103 Myr was used. The half-life
of 146Sm was recently revised to 68 Myr (Kinoshita et al., 2012).
The ages presented in the models and figures that follow, were
calculated using the 103 Myr half-life as recent examination of
concordant isochrons in planetary bodies is most consistent with
this 146Sm half-life (Borg et al., 2013, 2014). Model ages calculated
using the 68 Myr half-life are also listed and presented in Table 3.
The reasoning behind, and justification for, the model input param-
eters are given in the Supplementary Information, Rankenburg et
al. (2006) and in Brandon et al. (2009).

The key issue regarding the slope defined by μ142Nd versus
source ε143Nd obtained by previous studies is whether it defines
an isochronous relationship, and therefore a single closure age for
the mare basalts mantle source reservoirs, or instead represents a
mixing line with no age implications. One reason for extending the
Apollo sample selection in this study to incorporate a wider range
of mare basalt petrological types was to determine whether or not
a linear relationship would remain or whether greater scatter for
μ142Nd versus source ε143Nd would be revealed. If scatter, then
this would demonstrate that the lunar mantle isochron ages for
the Sm–Nd system obtained by previous studies were unsupported
and that early differentiation of the Moon was more complex with
multiple stages of Sm/Nd fractionation (e.g. Münker, 2010; Sprung
et al., 2013). This is evaluated in detail here employing the new
data obtained by this study.

Fig. 3 shows ε143Nd for the lunar mantle source reservoirs
at present day plotted against μ142Nd for samples of this study
and Brandon et al. (2009) for 3 separate models. In Model 1,
bulk Moon is considered to have average chondritic 147Sm/144Nd
of 0.1964, present-day μ142Nd = −20 (Boyet and Carlson, 2005)
and 146Sm/144Sm of 0.008 at 4.569 Ga (Brandon et al., 2009). In
Model 2, bulk Moon has the same average chondritic 147Sm/144Nd
but with μ142Nd = −7.3 (Sprung et al., 2013) which is similar
to some enstatite chrondrites (Gannoun et al., 2011). In Model 3
fractionation of Sm/Nd from average chondritic to superchondritic
occurs at 4.538 Ga, (or 31 Myr after OSSF at 4.569 Ga) such that
the bulk Moon has an initial non-chrondritic Sm/Nd composition
(Brandon et al., 2009).

Present-day source ε143Nd for each sample is calculated using
the 143Ndi value (i.e. at the time of crystallization) and the cal-
culated source 147Sm/144Nd in order to directly compare the mare
basalt mantle source reservoirs. Isochrons at 100 Myr intervals and
constant source 147Sm/144Nd in intervals of 0.025 are shown. At
the time of oldest mare basalt crystallization at 3.85 Ga (Table 1),
>99.9% of 146Sm had decayed away. No additional detectable
changes occur in the present-day μ142Nd, such that the measured
μ142Nd data corrected for neutron fluence directly reflects that of
the mare basalt source reservoir. The mantle sources for the Apollo
mare basalts are defined by their μ142Nd compositions with the
KREEP reservoir from −15.1 to −20.2, the Low-Ti reservoir, includ-
ing Apollo 12 olivine, plagioclase, and pigeonite basalts, from −8.5
to +9.4, and the High-Ti reservoir, including Apollo 12 ilmenite
basalts, from +13.7 to +18.3. Importantly, in all three models, the
linear relationship between measured μ142Nd and source ε143Nd,
when including the new Apollo 12 mare basalt data is confirmed
(Fig. 3). Each model is evaluated in the following paragraphs.

In Model 1, the bulk Moon formed with average chondritic
values (147Sm/144Nd of 0.1964 and a present day μ142Nd = −20,
Fig. 3A). In this model, the mare basalt source reservoirs formed
at different times. The High-Ti source formed at ∼4.44 Ga and the
KREEP source at 4.00 Ga assuming a KREEP source 147Sm/144Nd
of ∼0.173. This scenario, is consistent with an early-formed
Moon and consequent LMO cumulate crystallization, where small
amounts of late stage residual melt (KREEP) persist in the up-
per lunar mantle (Nemchin et al., 2009). This scenario is broadly
inconsistent with independently-derived KREEP source ages con-
strained by 87Rb–87Sr, 238, 235U–206, 207Pb, and 147Sm–143Nd of 4.3
to 4.4 Ga (Tera and Wasserburg, 1974; Carlson and Lugmair, 1979;
Nyquist and Shih, 1992; Boyet and Carlson, 2007). In this chon-
dritic model, because the High-Ti and KREEP sources formed at
different times, the linear relationship would reflect reservoir mix-
ing, not a closure age for the Sm–Nd isotopic system.

In Model 2, the bulk Moon formed with average chondritic val-
ues for 147Sm/144Nd of 0.1964 but a present day μ142Nd = −7.3
(Fig. 3B). This follows the suggestion by Sprung et al. (2013) that
the bulk Moon, and possibly, Earth, may have μ142Ndi that are
distinct from average chondrites. This potentially reflects a nu-
cleosynthetic anomaly in precursor materials relative to average
chondrites (possibly similar to some enstatite chondrites). Using
these values to model source ε143Nd–μ142Nd systematics of lunar
Table 3
Summary of ages defined by the coupled μ142Nd–ε143Nd source models presented in Fig. 3.

Model 1 Model 2 Model 3

t1/2
146Sm = 68 Myr High Ti source: 4.50 Ga KREEP source: 4.10 Ga 4.45 Ga 4.41 Ga

t1/2
146Sm = 103 Myr High Ti source: 4.44 Ga KREEP source: 4.00 Ga 4.39 Ga 4.34 Ga
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Fig. 3. Coupled ε143Nd–μ142Nd source models showing calculated source compo-
sitions for the multistatic data of this study and Brandon et al. (2009). The error
bars for present-day ε143Nd accounts for a 0.2% uncertainty on the mixed Sm–
Nd spike values and the isotope dilution measurements. All sources are evolved
to the present-day. All μ142Nd data are presented with their ±2σ error bars.
For the three source models presented in this study, the initial bulk solar sys-
tem 146Sm/144Sm = 0.008 at 4.569 Ga after Bouvier et al. (2007) is used. CHUR:
Chondritic Uniform Reservoir. Constant source 147Sm/144Nd ratios at 0.025 inter-
vals are shown alongside isochrons at 100 Ma intervals. The solid black line defines
a regression line through the calculated source reservoirs with a ±2σ error en-
velope (dashed lines). The equations used to produce the models presented here
are discussed in Rankenburg et al. (2006), Bennett et al. (2007) and Debaille et al.
(2007). A: Model 1 – Chondritic model for a bulk Moon, 147Sm/144Nd = 0.1964,
μ142Nd = −20 (present-day). B: Model 2 – Chondritic model for a bulk Moon,
147Sm/144Nd = 0.1964, μ142Nd = −7.3 (present-day, after Sprung et al., 2013). In
this scenario, lunar μ142Ndi is distinct from average chondrites. C: Model 3 – Two-
stage differentiation history for the Moon (after Brandon et al., 2009) in which Sm
and Nd are fractionated at 4.538 Ga (31 Ma OSSF). The Moon subsequently forms
from a superchondritic reservoir (147Sm/144Nd = 0.2136, 146Sm/144Sm = 0.00649).
Differentiation at 4.34+15

−14 Ga generates the Low-Ti, High-Ti and KREEP source
reservoirs.

mare basalts results in single closure time for the lunar mantle
(Fig. 3B). This is because the linear array defined by the data inter-
sects the Solar System isochron at μ142Nd = −7.3 (Sprung et al.,
2013). The Sm–Nd closure age for this lunar isochron is 4.39+16

−14 Ga
(180 Myr after OSSF). Using the 68 Myr half-life for 146Sm gives an
age of 4.45+10

−09 (120 Myr after OSSF).
In Model 3 the data are evaluated using the two-stage model

of Brandon et al. (2009). In this scenario, fractionation of Sm from
Nd occurs at 4.538 Ga to produce a superchondritic reservoir with
147Sm/144Nd = 0.2136 and 146Sm/144Sm = 0.00649. This produces
a present-day ε143Nd of +10.2 and μ142Nd of 0. This model is
based on the hypothesis that collisional erosion could preferen-
tially remove crust and thus fractionate the bulk Sm/Nd on pre-
cursor differentiated bodies that later accrete to form the Earth
and the giant impactor from which the Moon formed (O’Neill and
Palme, 2008). As in Model 2, using these values to model source
ε143Nd–μ142Nd systematics of lunar mare basalts results in a sin-
gle closure time for the lunar mantle (Fig. 3C). This is because the
linear array intersects the 4.538 Ga isochron at μ142Nd = 0, iden-
tical to the Earth’s convecting mantle (Murphy et al., 2010). The
closure age for this lunar isochron is 4.34+15

−14 Ga (230 Myr after

OSSF). Using the 68 Myr half-life for 146Sm gives an age of 4.41+10
−08

(160 Myr after OSSF). The isochron age of 4.34+15
−14 Ga is indistin-

guishable from the age of 4.34+24
−20 Ga obtained by Brandon et al.

(2009) using the 103 Myr half-life for 146Sm.
The issue of whether a chondritic model (Fig. 3A) necessi-

tates mixing between end-member sources with different clo-
sure ages, or whether the Model 2 and 3 isochrons (Fig. 3B, C)
could be explained by source mixing, requires evaluation. A multi-
component mare basalt-mixing model was recently proposed by
Münker (2010) as an explanation for the observed decoupling
between 142Nd/144Nd–Sm/Nd and between 182W/183W–Hf/W. If
correct, then the linear array defined by source ε143Nd–μ142Nd
(Fig. 3) would be a mixing line and not an isochron. The model
of Munker (2010) requires assimilation of ilmenite–clinopyroxene
cumulates and a KREEP component by trace-element poor melts
derived from the Low-Ti source mantle to reconcile 142Nd and
182W signatures with LMO crystallization at ca. 50 Myr after so-
lar system formation. In Fig. 4, the end-member components for
this model are plotted for measured 147Sm/144Nd versus μ142Nd.
Münker (2010) used all available μ142Nd data to date to propose
mixing between primitive Low-Ti melts, an ilmenite-rich reservoir
and a KREEP reservoir to account for a linear array defined by
147Sm/144Nd versus μ142Nd (Nyquist et al., 1995; Rankenburg et
al., 2006; Boyet and Carlson, 2007; Brandon et al., 2009, Fig. 4A).
Considering only the multistatic data from this study and Brandon
et al. (2009) for reasons stated earlier, the three component mixing
relationship required by the Münker (2010) model breaks down
(Fig. 4A). In order to reproduce the linear relationship through
multi-component mixing, the Primitive Low-Ti melt and Ilmenite-
rich reservoirs require their μ142Nd values to be adjusted from
+20 to −10 and from +70 to +30, respectively. These −30 to
−40 ppm changes in μ142Nd values are inconsistent with their
calculated source Sm/Nd ratios that necessitated the end-member
component values proposed in Münker (2010). Source reservoir
mixing is also inconsistent with the scatter defined by 1/Nd vs.
μ142Nd (Fig. 4B).

The mixing model of Münker (2010) is also inconsistent with
models that examine mare basalt petrogenesis through mixing
between the Low-Ti, High-Ti and KREEP source reservoirs as fol-
lows. First, the distinct ε143Ndi and εHfi systematics of the Low-Ti
and High-Ti basalts imply separate, genetically unrelated source
reservoirs (Beard et al., 1998; Gaffney and Borg, 2014). Sec-
ond, coupled ε143Nd–ε176Hf source models fail to reproduce the
high Nd/Hfmeasured of the Low-Ti basalts from interaction between
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Fig. 4. A. End-member components from the mixing model of Münker (2010) plotted alongside multistatic data of this study and data from Brandon et al. (2009). As shown,
the linear array defined by μ142Nd vs. 147Sm/144Ndmeasured cannot be reconciled through multi-component mixing. For discussion see text. B. Plot of 1/Nd vs. μ142Nd shows
clear scatter ruling out mantle source reservoir mixing as a plausible explanation for the well-correlated trend defined by ε143Nd–μ142Nd signatures in the Apollo mare
basalts.

Fig. 5. A: Summary of available Nd isotope data for Terrestrial Basalts (Murphy et al., 2010); Enstatite Chondrites (Gannoun et al., 2011); Ordinary Chondrites (Boyet and
Carlson, 2005; Carlson et al., 2007); SNC Meteorites (Debaille et al., 2007) and Lunar Basalts (this study, Brandon et al., 2009). For lunar samples, only Low-Ti Basalts are
plotted. This suite of samples have been proposed to best represent the bulk Moon (Kleine et al., 2005; Rankenburg et al., 2006). B: μ142Nd vs. μ148Nd for Terrestrial Basalts,
Enstatite Basalts, Carbonaceous Chondrites, Ordinary Chondrites, SNC Meteorites (not all samples plot within the compositional parameters shown) and Lunar Basalts (Low-Ti
only, see text). References as in A. Carbonaceous Chondrite data from Andreasen and Sharma (2006). The dashed black line defines s-process mixing processes (Kleine et al.,
2013). The terrestrial basalt (solid line) and enstatite chondrite (dashed line) data are circled in order to highlight that, to date, there is a lack of evidence in support of a
nucleosynthetic origin for variations in Nd isotope signatures.
KREEP and High-Ti reservoirs or their melts (Brandon et al., 2009).
Third, REE concentrations and Sr–Nd isotopic systematics demon-
strate that Low-Ti and High-Ti samples within the Apollo 12 basalt
suite originated from distinct source reservoirs (Nyquist et al.,
1979). A mixing relationship involving the Low-Ti and KREEP reser-
voirs was also recently dismissed (Sprung et al., 2013). For a super-
chondritic Moon, and in order for the correlation in 147Sm/144Nd
vs. 176Lu/177Hf source characteristics to be the result of mixing,
a range of different LMO cumulates would have to mix with
the KREEP reservoir in very specific proportions. For a chondritic
Moon, a complex mixing model between olivine–orthopyroxene
cumulates, clinopyroxene cumulates and various interstitial cumu-
late liquids could account for Lu/Hf, and Sm/Nd signatures of the
Low-Ti mare basalts (Sprung et al., 2013).

One caveat to the interpretation of the data presented above
is that the variations observed in Nd isotopes may not purely be
the result of radioactive decay. Instead, observed differences are
(in part) potentially nucleosynthetic in origin as a result of iso-
topic heterogeneity in the protoplanetary disk, as has been sug-
gested by coupled Ti–Cr signatures (Trinquier et al., 2009). More
recently, Kleine et al. (2013) proposed that differences in the Nd
isotopic compositions between the Earth–Moon–Mars system and
chondrites was a result of heterogeneous distribution of s- and p-
process materials. Such a scenario, manifested as Model 2 above,
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Fig. 6. A compilation of 142Nd model ages for lunar basalts, including the 4.34 Ga
+15/−14 model age from this study. KREEP source model ages are shown for com-
parison (Gaffney and Borg, 2013). The young ages for FAN 60025, 4.360 ± 0.003 Ga
(Borg et al., 2011) and FAN 60016, 4.299 + 24, −28 Ga (Marks et al., 2014) are also
shown. Based on data available to date, the lunar zircon record and the FAN record
suggest the Moon formed early during Solar System evolution. The 142Nd model
ages are recording the closure of the Sm–Nd isotopic system in the mare basalt
mantle source reservoirs and are interpreted as recording a later event at ca. 4.34
Ga. The gray shaded field defines the error associated with the 142Nd model age of
this study. All previous studies are within error of this value. These 142Nd model
ages were calculated using the preferred 103 Myr half-life for 146Sm following the
arguments of Borg et al. (2014).

cannot be completely ruled out or advocated for Nd isotopes. Fig. 5
illustrates that at the resolution currently available, no resolvable
nucleosynthetic distinctions in Nd isotopes are observed between
the different inner solar system bodies.

In summary, despite the greater petrologic diversity exhibited
by the Apollo 12 samples, and the distinct evolutionary history
of the Low-Ti, High-Ti reservoirs and KREEP mantle source reser-
voirs, the high-precision, multistatic μ142Nd data for lunar mare
basalts define a well-correlated ε143Nd–μ142Nd relationship. This
is best explained as an isochron and is interpreted as record-
ing a lunar mantle closure age for the Sm–Nd system at ca.
4.45 to 4.34 Ga, the absolute value of which depends on the
μ142Nd of the bulk Moon and which of the half-lives for 146Sm
is used (68 or 103 Myr). As discussed, this relationship does
not reflect multi-component mixing. This conclusion is consistent
with, and reaffirms the interpretations reported by previous Sm–
Nd isotope studies of mare basalts, despite the different evolution
models that each study proposed (Fig. 6; Nyquist et al., 1995;
Rankenburg et al., 2006; Boyet and Carlson, 2007; Brandon et al.,
2009; Gaffney and Borg, 2014).

5.2. Potential origins of the mare basalt 142Nd–143Nd source closure age

In the previous section, the possibility that the linearity be-
tween source 142Nd–143Nd for the mare basalts resulted from mix-
ing was eliminated. The alternative interpretation is that it rep-
resents a Sm–Nd mantle closure age as early as 4.45 to as late
as 4.34 Ga (Fig. 6), depending on the μ142Nd of the bulk Moon
and which 146Sm half-life is used. Model ages using I–Xe, Hf–W
and U–Pb isotope systems and recent N-body simulations con-
strain the Moon-forming giant impact to 70–110 Myr after solar
system formation (Ozima and Podosek, 1999; Touboul et al., 2007;
Halliday, 2008; Jacobson et al., 2014). If the 146Sm half-life of
68 Myr is correct and the Moon has a bulk μ142Nd today of
−7.3 (Model 2 above), then the mare basalt mantle source closure
time of 4.45+10

−9 Ga appears to be consistent with the presently ac-
cepted age of the Moon. In all other scenarios where the 146Sm
half-life of 103 Myr is used, or the Moon has a bulk μ142Nd of 0
(Model 3 above), then the mare basalt mantle source closure time
ranges from 4.41+10

−08 to 4.34+15
−14, and 50 to 160 Myr later than the

presently accepted formation time of the Moon. From these con-
straints, the later closure time for the mare basalt sources could
result from protracted differentiation of the LMO, remelting of the
crust and resetting of the mare basalt mantle sources via a Moon-
wide event, or instead indicates that the Moon formed later than
presently believed. These scenarios are evaluated below.

First, a late formation age for the Moon at 4.41 to 4.34 Ga
is consistent with recent ages determined for FAN’s of 4.36 ±
0.003 Ga for 60025 and 4.29+24

−28 Ga for 60016, if these FAN’s rep-
resent primordial lunar crust (Fig. 6; Borg et al., 2011; Marks et
al., 2014). This scenario also depends on whether the FAN ages
>4.4 Ga, and the lunar zircon record, which currently extends back
to ca. 4.42 Ga, are accurate or not (Fig. 6; Norman et al., 2003;
Nemchin et al., 2009; Nyquist et al., 2006). However, the U–Pb ages
of up to 4.4 Ga and the Hf isotopic compositions in Jack Hills zir-
cons from Australia, have been argued as evidence in support of an
early-formed Moon with mixing in the silicate Earth constrained to
�4.4 Ga as a consequence of a Moon-forming giant impact event
(Harrison et al., 2008; Valley et al., 2014).

Second, the formation of a plagioclase flotation crust has the
potential to act as an insulator and significantly prolong LMO
crystallization (Solomon and Longhi, 1977). In this scenario small
volume melts are present within the lunar interior for hun-
dreds of millions of years after the giant impact event. Recently,
Elkins-Tanton et al. (2011) modeled 80% LMO solidification after
only 1000 yrs in a scenario where a plagioclase flotation crust
acted as a conductive lid. Rapid LMO crystallization is poten-
tially supported by Lu–Hf isotopic systematics in Apollo 14 zircons,
which constrain closure time of the KREEP source reservoir, and by
inference, LMO crystallization to no later than 4.38 Ga (Taylor et
al., 2009). In the absence of tidal heating, the remaining 20% would
have crystallized within the following 10 Myr. This time of LMO
solidification would not be consistent with an early-formed Moon
and a late mare basalt source closure time. In a scenario where
tidal heating from Earth occurs, significantly longer LMO crystal-
lization timescales are possible (e.g. Garrick-Bethell et al., 2010;
Meyer et al., 2010). For example for a time of 4.51 Ga where the
LMO had solidified to a point that an anorthitic lid had formed,
melt can remain extent for another 220 Myr (Meyer et al., 2010;
Elkins-Tanton et al., 2011). Alternatively, melts may have been sus-
tained within the lunar interior where lunar crustal growth was
asymmetrical with circulation within the LMO preferentially ori-
ented to the farside of the Moon due to radiative shielding caused
by Earth’s proximity (Loper and Werner, 2002; Garrick-Bethell et
al., 2010). Either of these mechanisms to sustain melts in the lunar
mantle would be consistent with the 143Nd–142Nd source closure
age of ca. 230 Myr and would, in part, explain the ca. 500 Myr
age range observed in the lunar zircon record (Fig. 6; 4.4–3.9 Ga,
Nemchin et al., 2008, 2009; Taylor et al., 2009).

Third, the 143Nd–142Nd mantle closure age may instead rep-
resent a post LMO solidification, late-stage magmatic event dur-
ing which consequent isotope requilibration of the mantle source
reservoirs at ca. 4.34 Ga (Fig. 6; t1/2

146Sm = 103 Myr). This sce-
nario is supported by the oldest Mg-suite norite 77215 of 4.33 Ga,
the KREEP 147Sm–143Nd model age of 4.36 Ga, and the Apollo
17 zircons of 4.35–4.20 Ga (Fig. 6; Lugmair and Carlson, 1978;
Carlson and Lugmair, 1979; Gaffney and Borg, 2013). In this
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scenario, the LMO crystallized rapidly in an early forming Moon.
Resetting of isotope signatures may have occurred during serial
magmatism (Borg et al., 2011), during whole-scale lunar mantle
overturn driven by gravitationally unstable cumulates (Hess and
Parmentier, 1995; Elkins-Tanton et al., 2002), or potentially dur-
ing one (or more) impacts. The effects from giant impacts may
have been significant enough to disturb isotopic systematics such
as that which formed the South Pole Aitken (SPA) basin which
is thought to have formed from a large impact at 4.4 to 4.3 Ga
(Morbidelli et al., 2012; Fernandes et al., 2013; Bottke et al., 2014).
This scenario is consistent with recent models which indicate that
the Moon could have melted to a depth of ca. 250 km during the
impact which formed the SPA basin during which all of the lu-
nar crust and a portion of the upper lunar mantle could have been
removed (50% melting to 390 km, Hurwitz and Kring, 2013). The
peak in the lunar zircon record at ca. 4.32 Ga (Grange et al., 2013)
could record this remelting of the lunar interior. What remains to
be tested is if this is (1) a dynamically plausible scenario and (2)
whether this resulted in local, regional or global re-melting of the
lunar interior.

6. Conclusions

Mare basalts from the Apollo 12, 15 and 17 collections were
analyzed for their Sm–Nd isotopic systematics. Apollo 12 samples
include ilmenite, pigeonite, and olivine mare basalt petrological
types that have not been analyzed for high-precision 142Nd/144Nd
previously. Combined with previous samples, new results allow for
an assessment of the Low-Ti, High-Ti and KREEP mantle source
reservoirs in the context of a single closure age for all versus
a multi-stage history. The new data display a linear correlation
between calculated source ε143Nd–μ142Nd, demonstrating that
adding a wider array of basalt compositions does not change the
correlated systematics previously obtained (Nyquist et al., 1995;
Rankenburg et al., 2006; Boyet and Carlson, 2007; Brandon et
al., 2009). Models with three different bulk starting compositions
spanning the range of potential Sm–Nd isotope systematics were
used to evaluate possible Moon formation and evolution models in
the context of the new ε143Nd–μ142Nd data.

A model with an average chondritic Sm/Nd leading to a
present-day μ142Nd of −20 gives different model ages for the
KREEP and High-Ti sources and requires that the linear relationship
for ε143Nd–μ142Nd is a mixing line between these two end mem-
ber components. This model was eliminated because additional
evaluation of compositional data for mare basalts indicates that the
coupled relationship between ε143Nd–μ142Nd cannot be a mix-
ing line. A second model with an average chondritic Sm/Nd and a
present-day μ142Nd of −7.3 results in an isochronous relationship
and a mare basalt mantle source closure age of 4.45+10

−09 Ga using

the 68 Myr half-life for 146Sm and 4.39+16
−14 Ga using the 103 Myr

half-life. If the 68 Myr half-life for 146Sm is correct, the 4.45 Ga
mare basalt source closure age is close to the estimated time of
the Moon-forming giant impact. A third model that uses a super-
chondritic Sm/Nd present-day μ142Nd of 0, similar to the Earth’s
present-day convecting mantle, also produces an isochronous re-
lationship and gives source closure ages of 4.41+10

−08 Ga (using the

68 Myr 146Sm half-life) and 4.34+15
−14 Ga (using the 103 Myr 146Sm

half-life). The second model using the longer 146Sm half-life and
the third model (both half lives) all result in mantle source clo-
sure ages that are much later than the presently accepted age of
the Moon.

There are three possible explanations for the mare basalt man-
tle sources having a 4.4 Ga or later closure age. First, the crustal
ages that support an early-formed Moon are inaccurate and the
Moon actually formed late ca. 4.35 Ga. Second, the Moon formed
early and residual melt in the LMO was sustained for up to
200 Myr as a result of tidal heating or asymmetric/two-stage LMO
evolution. Third, the Moon formed early and the LMO crystallized
rapidly. The mantle source closure age then represents remelting
or resetting of the mantle Sm–Nd isotope systematics via man-
tle overturn or by a significant impact on the Moon for example
that which formed the SPA basin. Each of these possible outcomes
are supported by various observations and lunar data. Each have
caveats and therefore cannot be refuted or favored at present.
However, if an early formed Moon of �4.4 Ga is correct, con-
sistent with zircon studies from Earth samples (Harrison et al.,
2008; Valley et al., 2014), the lunar FAN and zircon record, N-body
simulations (Jacobson et al., 2014), and if magma oceans crystal-
lize in a few million years (Elkins-Tanton et al., 2011), then the
scenario for a melting event during which the Sm–Nd isotopic
systematics in the mare basalt mantle sources were reset is fa-
vored. What is clear is that the lunar mantle closed with respect
to Sm–Nd isotopes at ca. 4.34 Ga and any lunar formation or evo-
lution model must be able to reconcile this aspect of the lunar
record.
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