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Mare basalt sources and ferroan anorthosite suite cumulates define a linear array on a 146Sm/144Nd 
versus 142Nd/144Nd isochron plot demonstrating these materials were derived from a common reservoir 
at 4336+31/−32 Ma. The minimum proportion of the Moon that was in isotopic equilibrium at this time 
is estimated to be 1-3% of its entire volume based on the geographic extent from which the analyzed 
samples were collected and the calculated depths from which the samples were derived. Scenarios in 
which large portions of the Moon were molten to depths of many hundreds of kilometers are required 
to produce the observed Sm-Nd isotopic equilibrium between the mantle and crustal rocks at 4.34 Ga. 
This is a consequence of the fact that limited heating of a solid Moon above the blocking temperature of 
the Sm-Nd isotopic system is insufficient to diffusively homogenize radiogenic Nd throughout the mantle 
and crust. There are three scenarios that might account for global-scale isotopic equilibrium on the Moon 
relatively late in Solar System history including: (1) Sm-Nd re-equilibration of a solid Moon resulting 
from widespread melting in response to mantle overturn or a very large impact, (2) early accretion of 
the Moon followed by delayed cooling due to the presence of an additional heat source that kept a 
large portion of the Moon molten until 4.34 Ga, or (3) late accretion of the Moon followed by rapid 
cooling of the magma ocean late in Solar System history. Neither density-driven overturn of the mantle, 
nor a large impact, are likely to homogenize the mantle and crust to the extent required by the Sm-Nd 
isochron. Likewise, secondary heating mechanisms, such as tidal heating or radioactive decay, are not 
efficient enough to keep the Moon molten to the depth of the mare basalt source regions for many 
tens to hundreds of millions of years. Instead, the age of equilibrium between such a compositionally 
diverse set of rocks, produced on a global scale, likely records the time of primordial solidification of the 
Moon from a magma ocean. This scenario accounts for both the petrogenetic characteristics of lunar rock 
suites, as well as their Sm-Nd isotopic systematics. It is supported by the preponderance of ∼4.35 Ga 
ages obtained for other hypothetical magma ocean crystallization products, such as ferroan anorthosite 
suite rocks and K, REE, and P enriched cumulates that are thought to represent flotation cumulates of the 
magma ocean and the last vestiges of magma ocean solidification, respectively.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Numerous attempts to determine the time of formation of the 
Moon (and Earth) by dating individual lunar rocks have yielded 
ambiguous results. This stems from the fact that isotope clocks 
only determine the age when individual rocks, or suites of rocks, 
were produced. In order for these ages to constrain the time of for-
mation of a planetary body such as the Moon, the rocks must have 
well-defined geologic links to the processes that formed the body. 
Thus, there are two bases to legitimately question any geochrono-
logic determination for the age of the Moon. The first is whether 
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the age accurately defines a geologic event, and the second is 
whether the event is primordial solidification. These issues have 
stymied the development of a consensus for the age of the Moon.

The Lunar Magma Ocean (LMO) model provides a petrogenetic 
framework within which to interpret the ages of lunar rocks. It 
was initially developed at the dawn of the Apollo sample anal-
ysis program (Smith et al., 1970; Wood et al., 1970) and has 
been refined continuously ever since (Snyder et al., 1992; Elkins-
Tanton et al., 2011). In this model, the Moon accreted from the 
debris of a Giant Impact between the proto-Earth and another 
large body (Hartmann and Davis, 1975), resulting in large-scale 
melting of the Moon followed by cooling and primordial solid-
ification. As the molten body cooled, crystallization produced a 
sequence of cumulate rocks. The first cumulates to form con-
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tained the minerals olivine and low Ca-pyroxene, which sank to 
the base of the LMO. The next cumulates to form contained olivine, 
pigeonite, and clinopyroxene, which also sank. Anorthositic (Ca-
rich) plagioclase crystallized next from a relatively dense iron-
rich liquid. As a consequence of the density difference between 
plagioclase and remaining liquid, the plagioclase floated, forming 
the anorthositic lunar crust. Subsequent crystallization produced 
clinopyroxene-bearing cumulates rich in ilmenite, followed by a 
residuum called urKREEP (Warren and Wasson, 1979) that contains 
high abundances of potassium (K), rare earth elements (REE), and 
phosphorous (P) that were mostly excluded from the previously 
formed minerals. These various LMO cumulates were subsequently 
melted to produce the intrusive magmas of the Mg-suite and ex-
truded on the surface in the form of mare basalts.

The short-lived Sm-Nd isotopic system, in which 146Sm de-
cays to 142Nd with a half-life of 103 ± 5 Ma, provides a mech-
anism to date the formation of the LMO cumulates. This approach 
was developed by Nyquist et al. (1995), who obtained an age of 
approximately 4.33 Ga for the formation of the LMO cumulate 
sources of the mare basalts. They also discovered that high neu-
tron fluences near the lunar surface required large corrections to 
be made on the 147Sm/144Nd, 143Nd/144Nd, and 142Nd/144Nd ra-
tios measured on many samples. The methods employed by the 
original study of Nyquist et al. (1995) have been repeated sev-
eral times (Rankenburg et al., 2006; Boyet and Carlson, 2007;
Brandon et al., 2009; McLeod et al., 2014), and although the iso-
topic measurements have become more precise and neutron cor-
rections have become more sophisticated, the ∼4.33 Ga result has 
remained essentially constant. However, despite the reproducibil-
ity of the measurement, the significance of the 146Sm-142Nd age 
of the mare basalt sources has remained controversial.

The Sm-Nd age determined for the mare basalt source regions 
has been interpreted in several ways. Nyquist et al. (1995) origi-
nally interpreted the age to record primordial solidification of the 
LMO. This interpretation is problematic because more ancient ages 
have been determined for some lunar samples. For example, a 
model age for the formation of urKREEP, the last material to form 
from the LMO, of >4.51 Ga was recently calculated from U-Pb 
ages and Lu-Hf isotopic systematics of lunar zircons (Barboni et 
al., 2017). If this zircon Hf model age is correct, then the ∼4.33 
Ga age determined for the mare basalt sources cannot represent 
primordial solidification of the LMO. Another interpretation of the 
∼4.33 Ga age is that it represents re-equilibration of the mare 
basalt source regions significantly after they formed in the LMO. 
Re-equilibration of the mare basalt source regions has been pos-
tulated to have occurred as a result of density driven overturn of 
the LMO (Borg et al., 2011) or regional melting resulting from a 
large impact (McLeod et al., 2014). Finally, the young age could, 
in principle, reflect delayed cooling of the LMO as a result of 
the presence of another heat source, such as radioactive decay 
(Shearer et al., 2006) or tidal heating (Garrick-Bethell et al., 2010;
Meyer et al., 2010).

Fortunately, petrogenetic, geochemical, and thermal models of 
solidification of the LMO make three predictions that can be used 
to elucidate whether the mare basalt Sm-Nd age records primor-
dial LMO solidification or post-LMO re-equilibration. First, all LMO 
cumulates should have formed within a few million years of one 
another (Elkins-Tanton et al., 2011). Second, all LMO cumulates 
should have been derived from a common source region with 
a homogeneous isotopic composition, such that all LMO cumu-
lates should form in isotopic equilibrium (e.g., Smith et al., 1970;
Wood et al., 1970; Snyder et al., 1992; Elkins-Tanton et al., 2011). 
Finally, LMO cumulates should be distributed globally. These pre-
dictions are tested below using new Sm-Nd isotopic data obtained 
on a large set of mare basalts and Ferroan Anorthosite Suite (FAS) 
rocks.
Fig. 1. Position of Apollo landing sites depicting geographic distance between sam-
ples. Yellow, green, and blue areas of inset represents source regions of basalts 
based on melting depths proposed in the literature. Volume of Moon represented 
by basalt source regions analyzed here is calculated to represent 0.8 (yellow field), 
1.0 (green + yellow fields), or 2.9 (blue, green, and yellow fields) volume percent 
of Moon depending on depth of mare basalt source regions. Note that no samples 
from Apollo 14 were analyzed in this investigation. (For interpretation of the colors 
in the figure(s), the reader is referred to the web version of this article.)

2. Sample selection and characterization

To evaluate whether the mare basalt source regions formed 
contemporaneously from a common reservoir, and whether this 
reservoir was global in scale, we have measured the Sm and Nd 
isotopic compositions of 30 mare basalts selected from the Apollo 
11, 12, 15, 17 and lunar meteorite sample suites. These data are 
compared to similar data we have obtained on FAS crustal cu-
mulates, which are hypothesized to be flotation cumulates of the 
LMO, in order to further evaluate the global extent of Sm-Nd iso-
topic equilibrium on the Moon. Not only does this investigation 
double the number of basalt samples analyzed for 142Nd isotope 
compositions, it significantly increases the diversity in the sample 
set by selecting rocks that were collected in distal geographic lo-
cations (Fig. 1), that represent both mantle and crustal lithologies, 
and that span virtually all of the compositional variation observed 
in the lunar basalt suite (see Supplementary Material).

The suite of basalt samples analyzed in this investigation 
demonstrates significant mineralogical diversity and is composed 
of ilmenite basalts, olivine basalts, and pigeonite basalts (see Sup-
plementary Material). Using the scheme of Neal et al. (1994), and 
Ti, Al, and K abundances measured in this investigation, the basalts 
are classified as high-Ti/low-K, high-Ti/high-K, low-Ti, high-Al, and 
very high-K. Thus, 5 of the 6 classes of basalts defined by Neal et 
al. (1994) are represented in this study. Limited mass and absence 
of age determinations resulted in the omission of the very low-Ti 
basalts from this study. Major and trace element compositions con-
firm that the samples represent a broad spectrum of lunar basalt 
compositions (see Supplementary Material), spanning most of the 
compositional range observed in the Apollo collection (Fig. 2). In 
fact, one sample, 15388, which had not been analyzed previously, 
defines a unique position on Fig. 2 (upper right) that expands the 
known compositional range of the mare basalts.

The main objective of this investigation is to define a 146Sm-
142Nd whole rock isochron with as much spread in 147Sm/144Nd 
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Fig. 2. Compositional variation of samples analyzed in this investigation. Composi-
tions of samples analyzed in this study (circles) compared to average compositions 
determined for Apollo basalts (squares). Ratios normalized to elemental abundances 
in hand-picked green glass (sample 15426) analyzed in this investigation and pre-
sented in the Supplementary Material.

Fig. 3. REE patterns of representative mare basalts demonstrating variations in the 
sample suite as well as the independence of the REE patterns from the mineralog-
ical and geochemical classification schemes used to characterize the basalts (see 
text). Data normalized to 15426 green glass analyzed in this investigation. Green 
glass is used for normalization because it has nearly chondritic proportions of REE 
and was analyzed contemporaneously with the samples minimizing analytical bias.

ratios as possible using the most diverse and geographically exten-
sive suite of samples available. As a consequence, samples were 
also selected for isotopic analysis based on their REE patterns 
(Fig. 3). The REE data are normalized to hand-picked Apollo 15 
green glass spherules from sample 15426 analyzed in the course of 
this study (see Supplementary Material). The use of REE patterns 
as a sample selection tool is based on the observation that the 
REE patterns of the rocks are not well correlated with their clas-
sifications based on major elements, such as Ti, K, and Al, or their 
mineral modes. This is illustrated on Fig. 3 by differing REE pat-
terns for individual samples of low-Ti basalts (green lines), as well 
as high-Ti basalts (dark-blue lines). The basalts have patterns that 
range from light-REE enriched to strongly LREE-depleted relative 
to Apollo 15 green glass. The extent of LREE depletion or enrich-
ment observed in the bulk samples generally correlates with the 
147Sm/144Nd ratios calculated for the basalt sources (see below). 
Thus, the REE patterns serve as a reasonable proxy for 147Sm/144Nd 
in the basalt sources and ensure maximum spread of the data on 
the 146Sm-142Nd isochron.

3. Analytical techniques

Samples analyzed for Sm, Nd, and Hf isotopic compositions 
were washed in distilled H2O prior to crushing in a sapphire mor-
tar and pestle. The samples were weighed and then digested in a 
class 100 clean laboratory using Parr bombs and HF and HNO3
acids following methods presented in Gaffney and Borg (2014). 
Once fully digested, the sample solutions were split into A and B 
fractions. A mixed Sm-Nd isotopic tracer was added to the A frac-
tion which was then used to obtain Hf isotope compositions and 
Sm-Nd concentrations. The Nd and Sm isotopic compositions were 
determined from the B fraction.

The chemical separation and mass spectrometry procedures 
used in this investigation are published in Connelly et al. (2006), 
Gaffney and Borg (2014), and Borg et al. (2016) and discussed in 
detail in the Supplementary Material. In brief, high field strength 
elements (HFSE) were separated from the basalt matrix in the 
A fraction using cation resin and HCl-HF acids, whereas Hf was 
purified from most other HFSE using DGA resin and various com-
binations of HNO3, HF, and HBO3 acids. Samarium and Nd were 
purified from the matrix cut from the first column using cation 
resin and HCl acids. The two REEs were purified from one another 
using a pressurized column loaded with cation resin in the ammo-
nia form and α-HIBA acid. Procedural blanks were 15 pg Hf, 8 pg 
Sm, and 15 pg Nd.

Hafnium from the A fraction was run on a Nu-Plasma HR at 
LLNL using the standard-sample bracketing technique. The JMC 475 
Hf isotopic standard was used as the standard. Analytical runs 
consisted of 30 cycles of 10 s integrations with a beam intensity 
of 5.5 V of 180Hf (1011 � amplifier resistors). Potential interfer-
ing elements were monitored at 182W, 175Lu, and 172Yb and were 
negligible. Samarium and neodymium from the A fraction were 
measured on the Triton thermal ionization mass spectrometer at 
LLNL. Samarium was run in static mode at 0.2-0.5 V of 149Sm 
for 100 cycles of 8 s integrations. Interferences were monitored 
at 155Gd and 146Nd and were negligible. Samarium was corrected 
for instrument induced mass bias using 147Sm/152Sm = 0.560828. 
Neodymium was also measured on the LLNL Triton using a static 
acquisition routine. It was run at 4-6 V (1011 � amplifier resistors) 
for 200 cycles of 8 s integrations. Interferences were monitored 
at 140Ce and 149Sm. Neodymium was corrected for instrument in-
duced mass bias using 146Nd/144Nd = 0.7219. Hafnium isotopic 
compositions, Sm and Nd concentrations, as well as 147Sm/144Nd 
and 143Nd/144Nd isotopic ratios for the mare basalts are presented 
in the Supplementary Material.

The isotopic compositions of Sm and Nd were measured in the 
B fraction. The chemical separation was based on the same two 
column procedures outlined above that involved an initial cation 
column and HCl acids, followed by a second pressurized column 
loaded with cation resin that had been converted to the ammonia 
form and α-HIBA acid. The only difference between the chemical 
separation procedures used for the isotope dilution measurements 
and isotopic composition measurements is that the Nd fraction 
was passed through the pressurized α-HIBA column twice to fur-
ther purify Nd from Ce. Samarium was run as outlined above ex-
cept with larger signal intensities, up to 3 V of 149Sm, and longer 
analytical durations of 200 to 300 cycles. Neodymium was run 
using a two-cycle dynamic routine for 540 ratios of 8 s integra-
tions. The 142Nd/144Nd and 148Nd/144Nd ratios are dynamic ratios, 
whereas 143Nd/144Nd, 145Nd/144Nd, and 150Nd/144Nd are obtained 
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Fig. 4. Samarium isotope compositions of mare basalts. Plot illustrates magnitude of 
isotopic shifts in Sm due to neutron capture.

statically. Individual filaments were often run multiple times so 
that ratios from all cycles were averaged. The Nd and Sm isotopic 
compositions measured for the mare basalts are presented in the 
Supplementary Material.

4. Neutron irradiation corrections

The isotopic compositions of Sm, Nd, and Hf are modified by 
the capture of both epithermal and thermal neutrons produced in 
the lunar regolith as a result of interaction with galactic cosmic 
rays. The isotopic composition of Hf is predominantly affected by 
epithermal neutrons, whereas the isotopic composition of Sm and 
Nd are modified more by thermal neutrons. Fig. 4 illustrates the 
effects of neutron capture on 149Sm producing 150Sm. Note the 
data pass though the terrestrial AMES Sm standard and define a 
slope of −1.0057 which is essentially identical to the theoretical 
slope of −1 predicted for neutron capture.

Isotopic data were corrected for neutron capture using the pro-
cedure outlined by Gaffney and Borg (2014). This model uses the 
measured isotopic composition of Hf and Sm in individual sam-
ples in combination with the measured REE abundances of the 
rocks to estimate the fluences of epithermal and thermal neutrons 
that interacted with that sample. It is assumed that pre-irradiation 
Hf and Sm isotopic composition of the samples are the same as 
that measured for JMC 475 Hf and AMES Sm standards. The pre-
irradiation Nd isotopic composition of each sample was calculated 
from the measured Nd isotopic compositions using the modeled 
thermal and epithermal neutron fluences, the thermal neutron 
capture cross sections and resonance integrals tabulated by Sprung 
et al. (2010, 2013), and equation A2 of Nyquist et al. (1995).

The magnitude of correction on each Nd isotopic ratio mea-
sured for the mare basalts is plotted against their 149Sm/152Sm iso-
topic composition (Fig. 5) in order to illustrate the size of the neu-
tron capture correction, as well as to provide a means to correct 
the Nd isotopic compositions of two samples (15475 and 62237) 
for which Hf isotopic compositions were not measured. Note that 
the data arrays are not perfectly linear as a result of variable pro-
portions of epithermal to thermal neutron fluences experienced by 
each sample. Nevertheless, the measured 149Sm/152Sm ratio pro-
vides a relatively good proxy for the correction on the Nd isotopic 
compositions because both Sm and Nd are minimally modified by 
epithermal neutrons. From this plot it is apparent that about half 
of mare basalts have neutron fluence corrections on 142Nd/144Nd 
Fig. 5. Neutron capture corrections on Nd isotopes. Plot of 149Sm/152Sm measured in 
the samples versus the correction on the measured 142Nd/144Nd (red), 143Nd/144Nd 
(blue), 145Nd/144Nd (green), and 148Nd/144Nd ratios (yellow) of the mare basalts.

Fig. 6. Comparison of measured 147Sm/144Nd ratios of mare basalts with calculated 
147Sm/144Nd ratios of their sources illustrating why the measured 147Sm/144Nd ra-
tios cannot be substituted for 147Sm/144Nd ratios calculated for the source regions 
on the 146Sm-142Nd isochron plot.

that are less than the reported analytical uncertainty of 6 ppm 
(Fig. 5).

5. Calculation of the mare basalt 146Sm-142Nd isochron

The approach and mathematical algorithms used to obtain 
an age for the formation of the mare basalt source regions are 
discussed in detail in Borg et al. (2016). Briefly, the measured 
142Nd/144Nd ratios of the mare basalts are plotted against the 
147Sm/144Nd ratios calculated for their sources to obtain the ini-
tial 146Sm/144Sm ratio of the reservoir from which the mare basalt 
source regions formed (Fig. 7). To do this the 147Sm/144Nd ratios of 
the mare basalt sources must first be calculated from the crystal-
lization ages, as well as the 147Sm/144Nd and 143Nd/144Nd ratios of 
the samples presented in the Supplementary Material using Equa-
tion (1):
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Fig. 7. 146Sm-142Nd isochron diagram of lunar mantle and crustal cumulates. 
Isochron calculated using data from mare basalt source regions and mineral frac-
tions from anorthositic samples 60016 (Marks et al., 2014b), 60025 (Borg et al., 
2011), and 62237 (Sio and Borg, 2018). The regression (solid red line) through the 
data yields an age of 4336+31/−32 Ma. Error envelope (dashed lines) represents un-
certainty on regression which is ±10 Ma. An age of 4331+35/−37 Ma is calculated 
from the basalt data alone (regression not shown). Error bars are 2× standard devi-
ation of replicate analysis on Nd standard or 2× standard error of individual mass 
spectrometry runs, whichever is larger.

( 147Sm
144Nd

)S

= [( 143Nd
144Nd
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144Nd
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(1)

The measured Nd isotopic composition of the basalt is (
143Nd
144Nd

)M3, 

(
143Nd
144Nd

)S S I is the initial Nd isotopic composition of the solar sys-

tem of 0.506674, (
147Sm
144Nd

)Ch = 0.1967, and (
147Sm
144Nd

)M1 is the value 
measured for each mare basalt sample. T0 = 4567 Ma, T2 = crys-
tallization age of rock, and T1 = age of differentiation of the source 
region.

The age of the source region, T1, is then obtained using the 
Equation (2):

T1 = 4567 −
(

1

−λ146

)
ln

[
m

(
146Sm
144Sm

)S S I (
144Sm
147Sm

)Std

]
(2)

The slope of the isochron is m. The slope is determined by lin-
ear regression of the data on the isochron plot. The value for 
(

146Sm
144Sm

)S S I is 0.0828 ± 0.0044 (Marks et al., 2014a) and the value 

for (
144Sm
147Sm

)Std is the present-day ratio determined on the AMES 
Sm standard = 0.202419. The age is calculated relative to Pb-Pb 
age of CAIs of 4567 Ma (Connelly et al., 2012). The value for λ
is calculated from the 146Sm half-life of 103 ± 5 Ma. This half-
life is adopted here because Marks et al. (2014a) demonstrated 
that the shorter half-life determined by Kinoshita et al. (2012) fails 
(underestimates) to reproduce the 147Sm-143Nd ages measured on 
fractions from which 146Sm-142Nd isochrons have also been deter-
mined.

Both the 147Sm/144Nd ratio of the mare basalts sources and the 
age of formation of the source region (T1) are calculated from 
Eqs. (1) and (2) iteratively. In the first iteration, 147Sm/144Nd of 
the basalt sources is calculated using Eq. (1) assuming they were 
produced at 4567 Ma (i.e. T1 = 4567 Ma). Next, an age for basalt 
source formation is calculated using Eq. (2) from the slope ob-
tained by plotting the 147Sm/144Nd calculated for the mare basalt 
sources against the 142Nd/144Nd measured for the basalts. This cal-
culated age is younger than 4567 Ma and is substituted into Eq. (1)
for T1 and new 147Sm/144Nd ratios for the mare basalts sources 
are obtained. Note that the 147Sm/144Nd ratios calculated for the 
mare basalt sources are larger than those measured for the bulk 
rocks and fall above the 1:1 (Fig. 6). This reflects the fact that 
Sm behaves more compatibly than Nd during partial melting. In 
addition, the data plotted on Fig. 6 are scattered because lunar 
basalts have been produced by variable degrees of partial melting 
from mineralogically diverse sources, and have undergone varying 
extents of both fractional crystallization and crystal accumulation. 
Thus, the 147Sm/144Nd ratio measured for the basalts cannot be 
substituted for the 147Sm/144Nd ratio calculated for their sources 
on the isochron diagram.

6. Results

The Sm-Nd isotopic data for the mare basalt sources are pre-
sented in the Supplementary Material and plotted on a 146Sm-
142Nd isochron (Fig. 7). Despite the fact that the basalts were se-
lected to maximize composition diversity and geographic distance, 
all mare basalts lie within error of a single isochron regression. 
The age records when mare basalt source regions were in isotopic 
equilibrium and is calculated to be 4331+35/−37 Ma. Note that 
the errors calculated on the isochron ages presented here includes 
∼5% uncertainty on the 146Sm half-life reported by Meissner et al.
(1987) which accounts for ∼22 Ma of the stated uncertainty. Al-
though the calculated age is in excellent agreement with previous 
146Sm-142Nd isochron ages determined on mare basalts (Nyquist 
et al., 1995; Rankenburg et al., 2006; Boyet and Carlson, 2007;
Brandon et al., 2009; McLeod et al., 2014), it is impossible to di-
rectly compare the data from the various studies because each has 
adopted a slightly different approach to measure 142Nd/144Nd and 
correct for neutron capture on Nd. This effects the y-intercept, but 
not the slope, of the isochron.

The significance of the 146Sm-142Nd isochron must be viewed 
in the context of the petrogenesis of the mare basalt sources be-
cause the wide compositional variation observed in the basalt suite 
indicates that they represent a highly diverse group of mantle 
sources. Specifically, many basalts have high Mg-olivine, indicat-
ing their sources formed early in the LMO solidification sequence 
(e.g., Shearer et al., 2006; Snyder et al., 1997). Some mare basalts 
have high Ti contents, indicating that they are derived from cu-
mulates that formed after 85-90 percent solidification of the LMO 
(Snyder et al., 1992), whereas others are enriched in urKREEP 
that was produced after >99% solidification of the LMO (Warren 
and Wasson, 1979; Snyder et al., 1992). In addition, petrogenetic 
models of the basalt compositions indicate that many have as-
similated anorthositic crustal rocks before erupting on the surface 
(Shearer and Papike, 1993; Neal et al., 1994; Snyder et al., 1997;
Shearer et al., 2006). The linearity of Sm-Nd data in Fig. 7, there-
fore, indicates that equilibrium existed 4331+35/−37 Ma ago on a 
very large scale between a suite of compositionally diverse mantle 
rocks and crustal assimilants.

Even clearer evidence for isotopic equilibrium between the lu-
nar crust and mantle at this time is derived from the observation 
that the mare basalt 146Sm-142Nd isotopic data are indistinguish-
able from data we previously measured on mineral fractions from 
FAS crustal cumulates (Fig. 7). Data for FAS samples 60025 (Borg 
et al., 2011), 60016 (Marks et al., 2014b), and 62237 (Sio and 
Borg, 2018) are presented in the Supplementary Material. Data for 
noritic anorthosites 60025 and 60016 are directly comparable to 
the mare basalt data because both were generated using identical 
mass spectrometry techniques and isotopic tracers. Furthermore, 
these FAS samples require no correction for neutron capture. In 
contrast, the Sm-Nd data for troctolitic anorthosite 62237 require 



6 L.E. Borg et al. / Earth and Planetary Science Letters 523 (2019) 115706
correction for the capture of thermal neutrons that was completed 
using the measured Sm isotopic composition of the rock and the 
relationship depicted in Fig. 5. Although the 62237 mineral frac-
tions yielded lower amounts of Sm and Nd than 60016 and 60025, 
resulting in larger uncertainties (Sio and Borg, 2018), the data lie 
within error of the isochron defined by the other FAS cumulate 
samples and the mare basalts. In fact, all the Sm-Nd data from 
the basalts and anorthosites that we have analyzed define a sin-
gle isochron with a slope corresponding to an age of 4336+31/−32
Ma. This age appears to record the when the mare basalt sources 
and FAS cumulate samples formed from a common isotopic reser-
voir.

7. Discussion

7.1. Sm-Nd isotopic equilibrium

Identical Sm-Nd isotopic systematics of the mare basalt source 
regions and FAS crustal cumulates (Fig. 7) require these materials 
to be produced from a common precursor reservoir at the same 
time. This reservoir was likely to be global, or nearly global, in 
scale because the samples are from locations that are separated 
by almost 2000 km (Fig. 1) and originate from a variety of depths 
(Longhi, 1992; Shearer and Papike, 1993; McCallum and O’Brien, 
1996; Shearer et al., 2006). The volume of the Moon represented 
by the samples used to define the isochron (Fig. 7) is calculated 
using the area between the Apollo landing sites and the estimated 
depths of formation of the mare basalt sources and FAS cumulates. 
Ferroan anorthosite suite cumulates are estimated to have crystal-
lized around 20 km depth (McCallum and O’Brien, 1996), whereas 
the mare basalt sources are thought to have solidified somewhere 
between 300 to 1000 km depth. The total volume of the Moon rep-
resented by the sample suite on Fig. 7 is approximately 0.8, 1.0, or 
2.9 percent depending on whether the depth of the mare basalt 
sources are assumed to be 300 km (Shearer and Papike, 1993), 
400 km (Shearer et al., 2006) or 1000 km (Longhi, 1992), respec-
tively. Note that this represents a minimum volume because the 
samples defining the isochron were collected over a limited area 
on the lunar nearside. A significantly larger volume of the Moon 
was probably in isotopic equilibrium at 4.34 Ga given the fact that 
every sample we have analyzed, including meteorite samples from 
unknown lunar locations, fall on the isochron.

7.2. Significance of lunar 146Sm-142Nd isochron

The formation of rocks in isotopic equilibrium over thousands 
of kilometers distance places important constraints on potential 
mechanisms for their production. Critically, isotopic equilibrium 
at 4.34 Ga requires that the FAS crustal cumulates and mare 
basalt sources were derived from a common reservoir, with ho-
mogeneous radiogenic isotopic compositions (i.e. 142Nd/144Nd and 
143Nd/144Nd ratios), at the same time. Although the Sm-Nd iso-
topic system remains open at temperatures near 850 ◦C on a scale 
defined by distances at which Sm and Nd can diffuse (McCallum 
et al., 2006), diffusion will not result in isotopic equilibrium on the 
kilometer scale. Thus, to maintain or re-establish Sm-Nd isotopic 
equilibrium, a huge portion of the body must have been molten. 
Elemental fractionation of Sm and Nd documented by the isochron, 
therefore, records the time of liquid/crystal partitioning associated 
with crystallization.

Like all isochrons, the geologic significance of the Sm-Nd model 
age depends on the nature of the geologic event that produced 
the mare basalt sources and FAS crustal cumulates. There are 
three general scenarios that might account for global-scale isotopic 
equilibrium on the Moon relatively late in Solar System history. 
First, Sm-Nd re-equilibration of a solid Moon could result from 
widespread melting in response to mantle overturn or a very large 
impact occurring near 4.34 Ga. Second, the young age might re-
flect delayed differentiation of the LMO due to the presence of 
an additional heat source that keeps a large portion of the Moon 
molten until 4.34 Ga. Finally, the 4.34 Ga age could reflect rapid 
cooling and differentiation of the magma ocean late in Solar Sys-
tem history. Note that re-equilibrium of the Moon and delayed 
cooling of the LMO, scenarios 1 and 2, are consistent with for-
mation of the Moon as early as ∼4.56 Ga, whereas scenario 3 
implies that the Moon formed relatively late in Solar System his-
tory. The 4.34 Ga Sm-Nd isochron age can, therefore, be inferred 
to record different events depending on which of these scenar-
ios is considered. For example, if the Sm-Nd isotopic systematics 
reflect rapid solidification of the LMO, then the age closely approx-
imates the time of accretion following the Giant Impact. On the 
other hand, if the Moon remained molten for a few hundred mil-
lion years, then the Sm-Nd isochron would not approximate the 
age of accretion, but instead reflect the time of accretion plus the 
duration of time the Moon remained molten. Finally, if the Moon 
was heated significantly after it formed, the Sm-Nd age would 
record the time when it again cooled and then differentiated for 
a second time. Below we discuss the feasibility of these scenar-
ios to produce rocks in isotopic equilibrium over a vast area of the 
Moon.

7.3. Secondary melting of LMO cumulates

Overturn of primordial cumulates that formed during crystal-
lization of the magma ocean was initially postulated by Ringwood 
and Kesson (1976). These authors noted that late formed LMO cu-
mulates that were produced near the top of the cumulate pile, are 
expected to be rich in Fe and Ti, and have a relatively high den-
sity of ∼3.75 g/cm3, whereas early-formed cumulates at the base 
of the cumulate pile would be rich in Mg and a have a much lower 
density near 3.30 g/cm3. Ringwood and Kesson (1976) speculated 
that the density differences between the early- and late-formed 
LMO cumulates led to convective overturn of the cumulate pile. 
Borg et al. (2011) suggested that overturn might, in turn, lead to 
localized melting during convection that could result in at least 
partial re-equilibration of the lunar mantle. However, the global-
scale isotopic equilibrium observed in Fig. 7 is inconsistent with 
density-driven overturn because this would not result in isotopic 
equilibrium between the mantle and crust as required by the Sm-
Nd isochron. This stems from the fact that a plagioclase-rich crust, 
with a density of approximately 2.59 to 2.87 g/cm3 (Huang and 
Wieczorek, 2012), would remain buoyant during overturn of the 
more dense underlying mafic cumulates.

It has also been suggested that the Sm-Nd isotopic system-
atics of the mare basalts reflect heating associated with a very 
large impact (McLeod et al., 2014). Isotopic equilibrium on such a 
global-scale is inconsistent with localized impact melting occurring 
substantially after LMO solidification because this process is not 
expected to result in melting of a large portion of both the mantle 
and crust. The fact that all of the mare basalt and anorthosite data 
lie within uncertainty of the isochron indicates that any isotopic 
heterogeneity that existed in hypothetical crustal or mantle pro-
toliths prior to the formation of the mare basalt sources and FAS 
cumulates has been erased. As noted above, for an impact to pro-
duce the isotopic equilibrium observed in the lunar rock suite, the 
impact would need to completely melt the original source rocks 
to a depth ranging from 300 km, to perhaps as much as 1000 
km. This reflects the fact that physical mixing of the radiogenic Nd 
isotopes in the target lithologies is required. Such a large impact, 
although not impossible, is improbable.



L.E. Borg et al. / Earth and Planetary Science Letters 523 (2019) 115706 7
7.4. Delayed cooling of the LMO

Simple slow cooling of the LMO cannot account for the rela-
tively young Sm-Nd model age either. This stems from the fact 
that progressive solidification of LMO cumulates over an extended 
period of time would result in significant scatter on the Sm-
Nd isochron. For example, a source region with a present-day 
147Sm/144Nd ratio of 0.28, that formed at 4.5 Ga from an undif-
ferentiated Moon, would have a 142Nd/144Nd ratio that is ∼40 
ppm above the Sm-Nd isochron. In fact, a hypothetical mare basalt 
source forming more than ∼50 Ma before or after 4.34 Ga would 
be manifest by a point that fell off the isochron in Fig. 7. Thus, 
the only cooling scenario that could account for the young Sm-
Nd isochron age is one in which a significant portion of the 
Moon remained molten for an extended period of time after it 
accreted. However, thermal models produced by Elkins-Tanton et 
al. (2011) suggest that ∼80% of the Moon should solidify within 
a few thousand years and the remainder would solidify within a 
few million years. These models therefore imply that additional 
sources of heat are required to extend the duration of cooling 
by tens to hundreds of millions of years. One such source is 
tidal heating from the Earth (e.g., Garrick-Bethell et al., 2010;
Meyer et al., 2010). Another is asymmetric distribution of heat 
producing elements in the lunar interior (Shearer et al., 2006). 
Although these heating processes might extend the duration of 
cooling up to ∼200 Ma, they are unlikely to generate Sm-Nd iso-
topic systematics observed in the FAS crustal cumulates and the 
mare basalt sources. This stems from the observation that these 
models do not predict generation of enough heat to maintain a 
molten reservoir of the size required by the Sm-Nd isochron. Thus, 
neither prolonged or delayed cooling of the LMO is a viable mech-
anism to account for the Sm-Nd isotopic systematics observed in 
Fig. 7, unless a heat source with enough energy to keep the Moon 
molten to depths of 300 to 1000 km is found.

7.5. Primordial solidification of the LMO

The final possibility is that the Sm-Nd isotopic equilibrium 
observed between various mantle reservoirs and the crust was 
inherited from primordial solidification of the LMO. One appeal-
ing aspect of this scenario is that it accounts for the observation 
that the Sm-Nd model age is concordant with ages determined 
on rocks that have been argued to represent crystallization prod-
ucts of the LMO. For example, recent age determinations of FAS 
cumulate samples based on the long-lived 147Sm-143Nd isotopic 
system are concordant with the 146Sm-142Nd isochron age pre-
sented here. Specifically, ages of 4367 ± 11 Ma, 4302 ± 28 Ma, 
and 4359 ± 65 Ma have been determined for ferroan noritic and 
troctolitic anorthosites 60025 (Borg et al., 2011), 60016 Clast 3A 
(Marks et al., 2014b), and 62237 (Sio and Borg, 2018), respectively. 
The young 146Sm-142Nd isochron age defined by the mare basalts 
and FAS mineral separates is also concordant with ages determined 
on urKREEP, which is another lunar lithology argued to represent 
primordial solidification products of the LMO. Model ages for the 
formation of urKREEP are 4353 ± 37 Ma, 4389 ± 45 Ma (Gaffney 
and Borg, 2014), 4.39 ± 0.04 Ga (Sprung et al., 2013), 4.42 ±
0.07 Ga (Nyquist and Shih, 1992), and 4.33 ± 0.08 Ga (Carlson 
and Lugmair, 1981) yielding an average of 4382 ± 54 Ma. Thus, 
ages independently determined on different suites of rocks deemed 
to represent LMO cumulates are concordant within uncertainty as 
predicted by the LMO model of lunar differentiation. Finally, the 
absence of isotopic variability in the short lived 182Hf-182W sys-
tem in lunar samples is consistent with solidification of the LMO 
after 4.5 Ga (Touboul et al., 2015; Kruijer and Kleine, 2017).

This scenario does not permit lunar rocks to be older than 
about 4.38 Ga despite the fact that several investigations have 
measured such ages. However, some of the oldest age estimates for 
FAS cumulate samples, such as 67016 (4573 ± 160 Ma; Alibert et 
al., 1994) and 67215 (4408 ± 130 Ma; Norman et al., 2003), have 
large uncertainties and MSWD’s in excess of 6 (Borg et al., 2015). 
Other published old FAS sample ages, such as the 4437 ± 39 Ma 
age determined on 60025 by Carlson and Lugmair (1988), have 
not been reproduced by more recent studies (Borg et al., 2011). 
Likewise, Barboni et al. (2017) reported a model age of >4.51 Ga 
calculated for the formation of urKREEP that is older than 4.38 Ga. 
However, this age is not only older than the maximum age per-
mitted by the 182Hf-182W system (Touboul et al., 2015; Kruijer and 
Kleine, 2017), the Hf isotopic systematics of the zircons are signif-
icantly different that those observed for other KREEP-rich samples 
(Sprung et al., 2013; Gaffney and Borg, 2014).

This illustrates the dilemma facing the lunar chronology com-
munity in which the validity of individual age determinations must 
be weighed against the apparent coherence of ages defined for 
various lunar lithologies using a range of analytical approaches. It 
is complicated by the fact that ancient lunar samples have expe-
rienced significant amounts of thermal metamorphism and often 
contain very low abundances of elements that constitute radio-
genic chronometers, making them extremely difficult to date re-
liably. Nevertheless, there is a clear preponderance of lunar ages 
around 4.35 Ga (Borg et al., 2015). On one hand this might rep-
resent a secondary pulse of magmatism that followed primordial 
differentiation, whereas on the other this could represent primor-
dial differentiation itself. Traditionally, which of these possibilities 
is deemed to be valid largely depends on the reliability assigned to 
the most ancient ages. The Sm-Nd data presented here provide an 
additional constraint. Specifically, that the mechanism that is re-
sponsible for the widespread distribution of ∼4.35 Ga ages on the 
Moon must also result in Sm-Nd isotopic equilibrium throughout 
the mantle and crust at that time. A model in which the LMO cools 
rapidly and late in Solar System history seems to satisfy these cri-
teria most easily.

7.6. Nd isotopic composition of the Moon

The initial epsilon 142Nd isotopic composition determined 
from the y-intercept of the isochron in Fig. 7 records the bulk 
142Nd/144Nd isotopic composition of the Moon provided the sam-
ples that define the isochron are indeed representative of so-
lidification products of the LMO. The initial epsilon 142Nd value 
determined from this isochron is 15 ± 5 ppm lower than the val-
ues estimated for bulk Earth (defined as 0 ppm), but very similar 
to the average of eight ordinary chondrites (−18 ± 5 ppm) and 
eleven enstatite chondrites (−10 ± 3 ppm) that we have previ-
ously measured (Burkhardt et al., 2016). Difference in the apparent 
epsilon 142Nd value of Earth and Moon were previously noted by 
Rankenburg et al. (2006) and were attributed to analytical arti-
facts associated with differences in neutron capture corrections 
and mass spectrometry analytical routines (static versus dynamic 
acquisition) used to measure the Nd isotopic compositions of the 
samples (Brandon et al., 2009). These mechanisms, however, are 
unlikely to account for the differences we measure for Earth, 
Moon, and chondritic meteorites because all measurements were 
completed using the same dynamic acquisition routine. Further-
more, most of the lunar samples analyzed here have very small 
neutron capture corrections on 142Nd/144Nd (Fig. 4) and those 
samples that do require significant corrections are indistinguish-
able from the uncorrected measurements. The difference between 
the Nd isotopic composition of the Earth and Moon is also unlikely 
to reflect nucleosynthetic processes because both bodies have sim-
ilar Nd, Cr, Ti, W, and O isotopic compositions (see Supplementary 
Material; Lugmair and Shukolyukov, 1998; Zhang et al., 2012;
Touboul et al., 2015; Kruijer et al., 2015; Wiechert et al., 2001;
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Young et al., 2016). Instead the difference in Nd isotopic compo-
sition likely reflects derivation of the Earth and Moon from reser-
voirs with different Sm/Nd ratios. Specifically, the Moon must have 
a lower Sm/Nd ratio than the Earth. One possibility is that the dif-
ference reflects Sm/Nd elemental fractionation in the proto-Earth 
that was inherited by the Moon during the Giant Impact. Alter-
natively, the Sm/Nd of the bulk Earth calculated from measured 
142Nd/144Nd ratios could be inaccurate because there is a hidden 
terrestrial reservoir that is characterized by very low Sm/Nd (Boyet 
and Carlson, 2005).

8. Conclusion

High precision Sm-Nd isotopic measurements have been com-
pleted on a suite of mare basalts and compared to data pre-
viously obtained on FAS crustal cumulate samples. The basalt 
samples were selected because they represent the largest ge-
ographical area sampled from the Moon and span the widest 
known compositional variation. The Sm-Nd isotopic systematics 
of the samples were corrected for the effects of both thermal 
and epithermal neutron capture based on their measured Hf and 
Sm isotopic compositions, as well as their rare earth element 
abundances, using the model of Gaffney and Borg (2014). The 
147Sm/144Nd of the basalt source regions were calculated from 
their measured 147Sm/144Nd and 143Nd/144Nd ratios and crystal-
lization ages. A 147Sm/144Nd-142Nd/144Nd whole rock isochron de-
fined by all 30 basalt source regions defines an age of 4331+35/−37
Ma. This is in excellent agreement with previous investigations 
based on more limited datasets (Nyquist et al., 1995; Ranken-
burg et al., 2006; Boyet and Carlson, 2007; Brandon et al., 2009;
McLeod et al., 2014). The analytical uncertainty associated with the 
isochron presented here incorporates both the uncertainty associ-
ated with the regression and the uncertainty associated with the 
146Sm half-life. Whole rocks and mineral fractions derived from 
three FAS crustal samples fall on the Sm-Nd isochron defined by 
the mare basalt source regions, indicating that both rock suites 
formed from the same reservoir, contemporaneously. A slightly 
more precise age of 4336+31/−32 Ma is obtained using all of the 
data for both the basalt sources and FAS samples. The mare basalt 
source regions and FAS samples that define the Sm-Nd isochron 
are from all Apollo landing sites, except Apollo 14, and have es-
timated crystallization depths spanning a minimum depth of ∼20 
km to a maximum of 300 km, to perhaps as deep as 1000 km. This 
implies that a minimum of 1-3% of the entire volume of the Moon 
was in Sm-Nd isotopic equilibrium at ∼4.34 Ga.

The Sm-Nd isotopic equilibrium observed in the lunar sample 
suite collected over several thousand kilometers distance and de-
rived from several hundred kilometers depths requires a very large 
portion of the Moon to have been molten around 4.34 Ga. Local-
ized melting, or heating below the liquidus temperature of the 
bulk Moon, will not result in global scale Sm-Nd isotopic equi-
librium over hundreds of kilometers distance. The most viable 
mechanism to account for global-scale melting of the Moon is ini-
tial accretion. The magma ocean model of lunar differentiation, 
originally developed to account for the geologic and geochemical 
diversity of lunar rocks, predicts the observed global-scale Sm-Nd 
isotopic equilibrium. Thus, the most conservative interpretation of 
the Sm-Nd model age is that it records the solidification of the 
LMO.
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