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Abstract We examined lithic breccias from the Apollo sample collection in order to identify ferroan
anorthosite samples suitable for geochronology, and better define the age relationships between rocks of
the lunar highlands. Clast 3A is a previously unstudied noritic anorthosite from Apollo 16 lithic breccia
60016 with textural evidence of slow subsolidus recrystallization. We estimate a cooling rate of ~10 °C/Myr
and calculate a pyroxene solvus temperature of 1,100–1,000 °C. Pyroxene exsolution lamellae (1–3 μm)
indicate that the last stage of cooling was rapid at ~0.2 °C/year, typical of rates observed in thick ejecta
blankets. We calculate concordant ages from the 147Sm‐

143Nd, 146Sm‐
142Nd, Rb‐Sr, and Ar‐Ar isotopic

systems of 4,302 ± 28, 4,296 + 39/−53, 4,275 ± 38, and 4,311 ± 31 Ma, respectively, with a weighted average
of 4,304 ± 12 Ma. The closure temperature of the Sm‐Nd system is ~855 ± 14 °C, whereas the closure
temperature of the Ar‐Ar system is 275 ± 25 °C. Cooling from 855 to 275 °C at 10 °C/Myr should result in an
age difference between the two isotopic systems of ~60 Myr. The concordant Sm‐Nd, Rb‐Sr, and Ar‐Ar
ages imply that they record the time the rock was excavated by a large impact from the midcrust. The ages
clearly predate various late accretion scenarios in which an uptick in impacts at 3.8 Ga is preceded by a
period of relative quiescence between 4.4 and ~4.1 Ga, and instead are consistent with decreasing accretion
rates following the formation of the Moon.

Plain Language Summary We investigated a previously unexamined Apollo 16 ferroan
anorthosite rock to study the timing of the formation of the lunar crust. Ferroan anorthosites are
important because they are thought to be the oldest formed part of the lunar crust. Using three different
isotopic geochronology methods, we determined that this rock (Clast 3A) is approximately 4.3 billion years
old. The age is slightly younger than all but one recently dated ferroan anorthosite rock. The geology and
textures of Clast 3A indicate that it formed deep within the lunar crust. The different dating methods
record the age of the rock different temperatures. The Sm‐Nd clock records the time when the rock cooled
below about 855 °C, and the Ar‐Ar clock records a temperature of about 275 °C. Identical ages determined
from the two isotopic systems indicate that the rock experienced rapid cooling from above 855 °C to
below about 275 °C. It appears that Clast 3A formed deep within the crust, but was then excavated 4.3 billion
years ago by a massive cratering event. This implies that large basin forming impact events occurred on
the Moon early in its history and not just around 3.8 billion years ago during the Late Heavy Bombardment.

1. Introduction

The lunar magma ocean (LMO)model describes the early differentiation of theMoon and predicts that rocks
of the ferroan anorthosite suite (FAS) should be among the oldest lithologies. Chronologic investigations
completed on these samples have yielded mixed results with ages spanning 283 Myr from 4,573 Ma
(Alibert et al., 1994) to 4,290 Ma (Borg et al., 1999). The wide range of ages is problematic for two reasons.
First, it implies that the LMO solidified very slowly, although numerical and thermal modeling predicts that
it should, in fact, solidify within tens of million years if no surface conductive lid developed above the LMO
(Elkins‐Tanton et al., 2011; Herbert et al., 1977; Solomon & Longhi, 1977). A second difficulty is that the
range of ages of the FAN lithologies perfectly overlaps the range of ages of Mg‐suite rocks (Borg et al.,
2015) that are thought to postdate anorthositic magmatism (Shearer et al., 2015; Shearer & Papike, 2005)
because they contain the late stage LMO crystallization product rich in potassium (K), rare earth elements
(REE), and phosphorous (P) known as urKREEP (Warren &Wasson, 1979). These inconsistencies are high-
lighted by a schematic timeline showing several important events in the history of lunar formation (Figure 1).
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Ferroan anorthosite suite samples are difficult to date accurately, and this has probably contributed to the
wide range in apparent ages reported. The FAS samples are nearly monomineralic, containing only small
proportions of mafic minerals, have very low abundances of many elements used in chronologic investiga-
tions, and often have modified isotopic compositions resulting from the capture of thermal neutrons on
the lunar surface. In addition, FAS samples are ancient, and have experiencedmetamorphosis resulting from
impacts thought to be associated with the Late Heavy Bombardment that mobilized most elements used for
chronology. As a consequence, there are a very limited number of FAS samples that are large enough, have
enough mafic minerals, and are metamorphosed minimally enough to be dated reliably. In fact, in the last
~30 years only a handful of FAS samples have yielded ages with low, geologically useful uncertainties
(Figure 1; also see summary in Borg et al. (2015)). In addition, many lunar plutonic rocks cooled slowly
enough that there are measurable differences between the time the rock was emplaced in the crust and the
time when the chronometer closed (Borg et al., 2017; McCallum & Schwartz, 2001). To address these issues,
and better constrain the age of ferroan anorthositemagmatism,we have searched lithic breccias in theApollo
16 collection to identify additional samples that are suitable for chronologic investigations. Presented below
are the results of a combined petrologic and chronologic investigation of noritic anorthosite Clast 3A from
lithic breccia 60016. We find that this rock yields well defined, and concordant ages from multiple chrono-
metric systems that do not record the crystallization age of the rock, but instead reflect the time when the
sample was excavated from midcrustal depths.

2. Sample Selection and Processing

Sample 60016 was collected near the lunar module at the Apollo 16 landing site. It is an ancient fragmental
polymict breccia, apparently formed during the period of basin formation (McKay et al., 1986; Ryder &

Figure 1. Timeline of ages relating the formation of the moon, lunar magma ocean (LMO) solidification, anorthositic crust formation, and late accretion events.
The oldest calcium‐aluminum rich inclusions in the Allende meteorite are depicted in the furthest left column based on the work of Connelly et al. (2008). The
maximum age of lunar differentiation is based on the W isotope work that implies lunar differentiation occurred more than >70 Myr after solar system
formation (Kruijer & Kleine, 2017). LMO solidification models of Elkins‐Tanton et al. (2011) as well as longer estimates (e.g., Meyer et al., 2010; Solomon & Longhi,
1977) are depicted at the maximum age of lunar differentiation; however, these estimates would shift to younger ages if lunar differentiation occurred later.
Circles with error bars depict Ferroan Anorthosite Suite samples with reliable ages based on data fromBorg et al. (2015), and references therein, Sio and Borg (2018),
and this work. Squares with error bars depict Mg‐Suite samples with reliable ages based on data included in Borg et al. (2015), and references therein. The schematic
timing of the Late Heavy Bombardment is after Ryder (1990, 2002).
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Norman, 1980). The sample is characterized by light and dark clasts set in a light grey matrix (Figure 2). The
porous matrix is composed of crushed minerals and lithic fragments up to 2 mm in size, as well as glass
spherules that range in size up to 1.5 mm. Several slabs and irregular pieces of 60016 were inspected to locate
ferroan anorthosite clasts. Althoughmost of the slabs lacked sufficiently large clasts to complete the detailed
investigation necessary to both characterize and determine the age of the clast, a subsample of 60016, from
slab 196, (60016,196) did have a sufficiently large clast. The clast was named 3A by Martinez (1985) and is
pictured entrained in the breccia prior to extraction (Figure 2). It is described as a 15 × 15 × 20‐mm clast
of anorthosite containing approximately 30% light brown mafic minerals. We were allocated 3 g of Clast
3A and the remainder was removed from the slab and preserved separately in order to facilitate
future investigations.

3. Methods

An abbreviated description of the analytical techniques used in this investigation is presented below. Amore
detailed description is presented in the supporting information along with mineral compositions and Ar
isotope data.

3.1. Electron Probe Microanalysis

Thin section of Clast 3A, (,229), was characterized through backscattered electron imaging, X‐ray mapping,
and spot analyses of individual phases using the JEOL JXA‐8200 Electron Probe Micro Analyzer at the
University of New Mexico. Modal abundance of phases was directly determined from composite backscat-
tered electron images of the entire clast via point counting. X‐ray maps were collected under the following
conditions: accelerating voltage of 15 kV and beam current of 50 nA. Kα X‐ray maps for Ca, Cr, Fe, and
Mg are presented in Figure 3. Quantitative Electron Probe Micro Analyzer point analyses were conducted
under the following conditions: accelerating voltage of 15 kV, beam current of 20 nA, and spot size varying
from 1 to 3 μm. The sample was repolished between the mapping campaign and the quantitative Electron
Probe Micro Analyzer analyses. Standards for the point analyses consisted of a suite C.M. Taylor
Company mineral and synthetic standards orthoclase (K,Al), olivine (Fe, Mg, Si), spessartine (Mn), rutile
(Ti), anorthite (Ca), and albite (Na). Determination of the quality of themeasurements was based upon totals
being between 98 and 102% as well as on stoichiometric constraints for the phases being analyzed. Detection
limits were calculated at the 3σ level. Representative mineral compositions are plotted in Figures 4 and 5 and
presented in Table S1 in the supporting information.

3.2. Secondary Ion Mass Spectrometry

Our analytical approach followed Shearer et al. (2008, 2010). Trace element concentrations of individual
phases were determined using the Cameca ims 4f, secondary ion mass spectrometry (SIMS) at the
University of New Mexico. Measurements were made for La, Ce, Nd, Sm, Eu, Dy, Er, Yb, and Sr using the
following analytical conditions: accelerating voltage 10 kV, voltage offset −75 V, and beam current 30 nA,
resulting in a spot size ~20–30 μm. In cases where high spatial resolution was needed, the smaller field aper-
tures were used. The ion probe analyses involved repeated cycles (10 cycles per analysis) of peak counting on
the isotopes of select trace elements. Absolute trace element concentrations were calculated by normalizing
to 30Si. These normalized intensities were calibrated using the known concentration for laboratory pyroxene
and plagioclase standards. The results are shown in Figure S1 and Table S2.

3.3. Noble Gas Analyses

Our analytical approach followed Cassata and Borg (2016). Noble gas extractions on Clast 3A were con-
ducted in the Livermore Noble Gas Laboratory. Whole‐rock fragments of Clast 3A were loaded into alumi-
num discs next to Fish Canyon sanidine neutron fluence monitors and irradiated for 50 hr at the Oregon
State University TRIGA reactor. An ~1‐mg whole‐rock fragment of 60016 was encapsulated in a small,
high‐purity, metal packet that was crimped at both ends. The packet was heated with a 75‐W diode laser
to extract Ar. The argon released in the heating steps was purified using four SAES getters, and analyzed
using a Nu Instruments Noblesse mass spectrometer by peak hopping in the axial detector. Corrections were
made for interfering nuclear reaction products (Renne et al., 2005), 37Ar and 39Ar decay, spectrometer dis-
crimination, and extraction line blanks. Ages were calculated using the decay constants and standard cali-
bration of Renne et al. (2011). The apparent cosmic ray exposure ages of each degassing step were
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calculated following the approach of Shuster and Cassata (2015), assuming a cosmogenic 38Ar/36Ar ratio of
1.54 (Wieler, 2002) and a trapped 38Ar/36Ar ratio of 0.19 (Levine et al., 2007). Uncertainties on Ar‐Ar ages are
quoted at 2σ throughout the paper and include uncertainty associated with decay constants.

3.4. Sample Digestion

A whole‐rock fragment of Clast 3A was initially removed from the bulk sample for future analysis and the
remainder was crushed in a synthetic sapphire mortar and pestle. The sample was then sieved using a
stainless‐steel sieve and nylon mesh yielding fractions of 75–200, 200–325, and <325 mesh. The size‐sorted
fractions were passed through a Frantz Magnetic Barrier Laboratory Separator and then hand‐picked under
dry conditions to achieve mineral separates (Figure S2). The <325 mesh powder, produced during sieving of
the sample in preparation for mineral separations, is identified as the Fines fraction. The three mineral sepa-
rates, Fines, and whole rock fractions were digested by standard techniques using hydrofluoric, nitric, and
hydrochloric acids.

3.5. Bulk REE Analyses of Mineral Fractions

Small aliquots representing about 1% of the digested mineral fractions were analyzed for rare earth element
concentrations using a Thermo XSII quadrupole Inductively Coupled Plasma Mass Spectrometer at
Lawrence Livermore National Laboratory. The results are presented in Table S3 and Figure S1. External cali-
bration was used to quantify elemental concentrations. Samples were diluted with 2%HNO3 following diges-
tion in order to achieve a 0.1% dissolved solid content prior to analysis. In order to correct for instrumental
drift during the runs, an indium internal standard was added to all samples and standards, and instrument
response was calibrated prior to and following the sample run using a six‐point calibration curve that
encompassed the range of concentrations in the samples.

3.6. Rb‐Sr and Sm‐Nd Analyses

Aliquots representing 5% of the total dissolved sample were spiked with 149Sm and 150Nd tracers; the remain-
ing 95% fractions were spiked with 87Rb and 84Sr tracers. Rubidium, strontium, and REE were purified using
Bio‐Rad AG‐50W‐X8 cation exchange resin and 2M and 6MHCL elutions. Samarium and neodymium were
separated in pressurized quartz columns with 0.2M α‐HIBA acid. Samples analyzed for Nd isotope composi-
tion were passed through the α‐HIBA columns twice to reduce 142Ce interferences on 142Nd which ranged
from 12 to 24 ppm. Total procedural blanks were 17 pg Sm, 45 pg Nd, 9 pg Rb, and 24 pg Sr.

Figure 2. Photograph of lithic breccia slab 60016,196 (S84‐41701). Clast 3A is the lighter grey clast within the oval.

10.1029/2019JE005966Journal of Geophysical Research: Planets

MARKS ET AL. 2468



Isotope ratio measurements were made on a Thermo Scientific Triton thermal ionization mass spectrometer
at Lawrence Livermore National Laboratory. Samarium was run a 0.8 to 1.5 V 149Sm (1011 ohm amplifiers)
for 200 ratios and corrected for internal mass fractionation using 147Sm/152Sm = 0.56083. Neodymium was
run in dynamic mode with 144Nd beam intensities of 2.7–4.8 V for 510 to 1,080 ratios and corrected for mass
fractionation using 146Nd/144Nd = 0.7219. Average 142Nd/144Nd and 143Nd/144Nd ratios measured for the
neodymium isotopic reference JNdi–1 (Tanaka et al., 2000) were 1.141837 ± 0.00005 and 0.512101 ±
0.000005 (2 standard deviation; N = 7). Strontium deposited on single zone refined Re filaments with a
Ta2O5 emitter suspended in H3PO4 and run at an intensity of 2–5 V 88Sr. Runs consisted of 200 cycles with
16.8s integration times. Mass fractionation was corrected using 86Sr/88Sr = 0.1194. Replicate analyses of
NBS‐987 during the course of this study resulted in an external reproducibility corresponding to 87Sr/86Sr
= 0.710249 ± 0.000010 (2 standard deviation; N = 10). Rubidium was loaded on single zone refined Re fila-
ments with no emitter. Mass fractionation was corrected using NBS‐984 using the measured 85Rb/86Sr of
2.603 ± 0.017, assuming 85Rb/86Sr of NBS‐984 of 2.953.

4. Results
4.1. Petrology and Geochemistry

Clast 3A contains 82.6% plagioclase, 15.2% of both low‐ and high‐Ca pyroxene, 2.2% olivine, and a trace of
chromite. It is therefore classified as a noritic ferroan anorthosite. The modal mineralogy measured from

Figure 3. Backscatter electron image and trace element X‐ray maps of 60016 Clast 3A. (a and b) Large BSE images from two chips of Clast 3A illustrating variable
modal mineralogy of clast. Major minerals include plagioclase (Pl; dark grey), pyroxene (Px; light grey), and olivine (Ol; white); orthopyroxene (opx),
clinopyroxene (cpx), and spinel (Sp) are also indicated. Insets are BSE and Ca, Fe, and Cr X‐ray maps of selected areas of 60016 Clast 3A showing anhedral grains,
poikiloblastic texture, and clinopyroxene exsolution lamellae. Exsolution lamellae are 1–3 μm in width. Color scale reflects the number of X‐ray counts; that is,
warm colors indicate higher concentration and cool colors indicate lower total concentration.
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the thin section is somewhat less mafic than the macroscopic description of the bulk clast described by
Martinez (1985), suggesting that the clast may have a slightly heterogeneous distribution of mafic
minerals. The clast has a coarse‐grained plutonic texture, and is crosscut with pervasive microfractures
that demonstrate minimal offset. Subhedral to anhedral plagioclase grains up to 1 mm in size best
preserve the remnants of a coarse‐grained plutonic texture. Pyroxene and olivine have a poikiloblastic‐like
texture and contain rounded inclusions of plagioclase that are 10–50 μm (Figure 3). The olivine is
anhedral (50–150 μm) and partially to totally surrounded by anhedral pyroxene (100–400 μm) with an
ameboid shape. Both low‐ and high‐Ca pyroxenes exhibit fine‐scale exsolution lamellae that are less than
3 μm wide (Figure 3).
4.1.1. Major‐Minor Element Mineral Compositions
The composition of plagioclase and mafic silicates in Clast 3A plot within the field defined by ferroan
anorthosites (Figure 4). All plagioclase grains exhibit a limited compositional range of An96‐94.5. The compo-
sitions of the high‐ and low‐Ca pyroxenes is presented in the supporting information and plotted on Figure 4
along with pyroxene solvi at 1,100 and 800 °C. Pyroxenes demonstrate limited variation in Mg content com-
pared to the variation in Ca content and fall along a single tie‐line. The Ca content of the low‐Ca pyroxenes
ranges fromWo5 to Wo18, and the Mg content ranges from En70 to En75. The Ca content of the high‐Ca pyr-
oxenes ranges fromWo28 toWo42, whereas the Mg content ranges from En78 to En86. The linear array on the
pyroxene quadrilateral (Figure 5) is due to the inability of microprobe spots to spatially resolve exsolution
exhibited by the two compositional types of pyroxenes. Bulk pyroxene compositions indicate subsolidus
re‐equilibration occurred between 1,100 and 1,000 °C based on calculations using the composition of high
and low Ca pyroxenes from 60016 and the two pyroxene geothermometer of Lindsley and Andersen
(1983). The data from Clast 3A are plotted along with pyroxene analyses from several grains in 60025 from
James et al. (1991) for comparison purposes. Olivine also has a limited compositional range with Mg#s ran-
ging from 65 to 67, CaO from 0.08 to 0.13 wt %,MnO from 0.29 to 0.34 wt %, and Cr2O3 from 0.03 to 0.06 wt %.
4.1.2. Rare Earth Element Compositions of Minerals
The trace element compositions of minerals were determined from both bulk analysis of mineral fractions
and SIMS analyses of phases in thin section and are presented in the supporting information. There is excel-
lent agreement between the rare earth element abundances determined in plagioclase by both techniques
indicating that the plagioclase mineral fractions are relatively pure. Plagioclase demonstrates a slightly

Figure 4. Plot of molar anorthosite content in plagioclase versus Mg# of pyroxene (red field) and olivine (Blue field) from Clast 3A. Mineral compositions from
60025 (dark squares) are plotted for comparison. Fields for Ferroan anorthosites (FAN), Mg‐suite, and Alkali suite samples from Shearer et al. (2006). Although
both 60016 and 60025 fall in the FAN field, 60025 has mafic phases with significantly more variable Mg#s.
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light rare earth element (LREE) enriched pattern with a large positive Eu anomaly that is typical of
plagioclase compositions measured in other FAS samples. The compositions of pyroxenes determined by
SIMS have a more LREE‐depleted pattern in comparison to the mineral fractions. In addition, the SIMS
data for pyroxene are characterized by negative Eu anomalies, whereas the mineral fractions are
characterized by positive ones, suggesting that the pyroxene mineral fractions contain small amounts of
plagioclase. Like the plagioclase, the REE data obtained by SIMS on pyroxenes are typical of other FAS
samples (Papike et al., 1997, 1998).

4.2. Ar Chronology

A bulk fraction of Clast 3A yields a concordant age spectrum with a plateau age containing >95% of the gas
released of 4,311 ± 31Ma (Figure 6a). Discordance observed over the last 5% of the 39Ar released is associated
with pyroxene‐ and olivine‐derived gas, as indicated by the variable Ca/K ratios (Figure 6c) compared to the
preceding plagioclase‐derived gas extractions. This may reflect subtle recoil redistribution of 39Ar into smal-
ler (tens of microns), poikilitic mafic minerals (Figure 3). Clast 3A also yields a concordant exposure age
spectrum with a 38Arcos/

37Ar plateau age containing >95% of the gas released of 1.13 ± 0.06 Ma. The expo-
sure age is roughly consistent with excavation from South Ray Crater, which is estimated to be ~2 Ma
(Arvidson et al., 1975).

4.3. Sm‐Nd Chronology

In order to assess the effects of secondary neutron capture on the Sm‐Nd systematics of Clast 3A, the isotopic
composition of Sm was measured on an unspiked whole‐rock fraction. The 149Sm isotope has a very large
thermal neutron capture cross section making it an excellent dosimeter. Neutron capture is therefore man-
ifest by depletions of 149Sm and excesses of 150Sm relative to terrestrial standards. The measured Sm isotopic
composition of 60016 demonstrated minimal evidence for neutron capture having an ε149Sm = −0.89 ± 0.10
and ε150Sm = +1.67 ± 0.12, consistent with the very young Ar exposure age. The shift in Sm isotopic com-
positions were so small that corrections made to 147Sm/144Nd, 143Nd/144Nd, and 142Nd/144Nd isotopic ratios
had no effect on the slopes or intercepts of the Sm‐Nd isochrons.

Samarium‐neodymium data are presented in Table 1. A 147Sm‐
143Nd isochron with an age of 4,302 ± 28 Ma,

and an initial ε143Nd = −0.28 ± 0.14 (Figure 7a), is calculated using the Isoplot v4.1 program of Ludwig

Figure 5. Pyroxene quadrilateral illustrating compositional variation in pyroxenes from FAS clast 60016 and “bulk” pyroxene compositions plotted with pyroxene
solvi at 1,100 and 800 °C. Colored symbols are analyses of spots from individual pyroxene grains in 60016. Filled black symbols pyroxene analyses from several
grains in 60025 from James et al. (1991). Note wide compositional range in 60025 compared to 60016. Bulk composition of high‐ and low‐Ca pyroxenes from 60016
represented by orange squares are used to calculate the temperature of pyroxene subsolidus growth between 1,000 and 1,100° using two pyroxene geothermometer
of Lindsley and Andersen (1983).
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(1991). Note that all of the analyzed mineral fractions and whole rocks lie
on the 4,302‐Ma isochron (Figure 7a inset), implying that all of the
mineral phases are in isotopic equilibrium. This is confirmed by the small
mean square weighted deviation (MSWD) of 2.0 determined for the
regression. The initial ε143Nd value calculated from the regression indi-
cates that Clast 3Awas derived from a source that had a chondritic, to very
slightly LREE enriched, REE pattern. Petrogenetic modeling of LMO soli-
dification predicts that plagioclase‐rich floatation cumulates will be
derived from such sources (Snyder et al., 1992; Shearer et al., 2006,
2015), lending confidence that the Sm‐Nd age is not recording a postcrys-
tallization event associated with impact metamorphism.

A 147Sm‐
142Nd isochron is presented in Figure 7b in which the slope of the

regression corresponds to the 146Sm/144Sm ratio of the rock at the time it
formed. A model age is determined by calculating the time it takes for the
146Sm/144Sm ratio, inherited by the rock when it formed, to decay from
the solar system initial value at 4,567 Ma of 0.00828 ± 0.00044 (Marks
et al., 2014) using the 146Sm half‐life of 103 Myr determined by Meissner
et al. (1987). In the case of Clast 3A, the slope of the regression corre-
sponds to an age of 4,296 + 39/−53 Ma (Figure 7b). The age is defined
by all five mineral separates and whole rocks and has a very low MSWD
of 0.35 indicating a good fit of the data to the regression. The young age
of the rock is supported by the observation that 142Nd/144Nd ratios of
the mineral fractions vary by only 22 ppm, indicating that 146Sm was
almost extinct at the time this sample cooled below the closure tempera-
ture of the Sm‐Nd system. The initial ε142Nd value of −0.14 ± 0.05 deter-
mined from the 147Sm/144Nd‐142Nd/144Nd regression (Figure 7b) is
consistent with derivation from a source with an initial 142Nd/144Nd
slightly lower than that inferred for the Earth assuming a chondritic
147Sm/144Nd ratio of 0.1967. This observation again supports the conten-
tion that the rock cooled below the blocking temperature of the Sm‐Nd
system ~4.3 Ga.

4.4. Rb‐Sr Chronology

Rubidium‐strontium data are presented in Table 2. Unfortunately, there is
not sufficient spread in the 87Rb/86Sr ratios to obtain an isochron age.
Instead, all of the mineral and whole‐rock fractions have nearly identical
87Rb/86Sr and 87Sr/86Sr ratios. An initial 87Sr/86Sr ratio of Clast 3A of
0.699062 ± 11 is calculated from all of the fractions using the Sm‐Nd
age of 4,302 Ma. This corresponds to a Best Achondrite Basalt Initial
model age of 4,275 ± 38 Ma, calculated assuming the solar system initial

87Sr/86Sr value of 0.69898 and a bulk Moon 87Rb/86Sr of 0.020 ± 0.006 (1 standard deviation) derived from
the average estimates of Anders et al. (1977), Taylor (1982), and Wänke et al. (1977). The age uncertainty
is determined from 2 times the standard deviation of Best Achondrite Basalt Initial model ages calculated
for each mineral fraction. The agreement between the Best Achondrite Basalt Initial model Rb‐Sr age, the
Ar‐Ar, and Sm‐Nd ages suggests that the ages record when the sample cooled quickly below the closure tem-
peratures of the various chronometers. The best estimate for this event is 4,304 ± 12 Ma (MSWD = 1.08)
represented by the weighted average of all of the measured ages.

5. Discussion
5.1. Age Relationships of Lunar Rocks

The abundance, widespread distribution, Ca and Fe‐rich mineral compositions, bulk rock compositional
characteristics, and apparent antiquity of the ferroan anorthosites have led to the suggestion that FAS sam-
ples are ancient flotation cumulates from the LMO (e.g., Wood et al., 1970). However, recent age

Figure 6. (a) Apparent 40Ar/39Ar radioisotopic age, (b) 38Ar/37Ar cosmo-
genic age, and (c) Ca/K spectra for sample 60016. The cumulative release
fraction of 39Ar released is plotted against each spectrum. Vertical dimen-
sions of boxes reflect ±2σ analytical uncertainties.
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determinations suggest that they are not particularly old and that the young age of Clast 3A is not unique.
Ages of 4,359 ± 3, 4,294 ± 58, and 4,359 ± 65 Ma were calculated for ferroan noritic anorthosites 60025
(Borg et al., 2011) and 62236 (Borg et al., 1999), as well as ferroan troctolitic anorthosite 62237 (Sio &
Borg, 2018), respectively. Some of the oldest FAS samples, such as 67016 (4,573 ± 160 Ma; Alibert et al.,
1994) and 67215 (4,408 ± 130 Ma; Norman et al., 2003), have large uncertainties and MSWDs in excess of
6 (Borg et al., 2015). Other old FAS ages, such as the 4,437 ± 39‐Ma age determined on 60025 by Carlson
and Lugmair (1988), have not been repeated by more recent studies (Borg et al., 2011). The young ages of
FAS samples are also concordant with ages determined on other lunar lithologies argued to represent
primordial solidification products of the LMO. This includes urKREEP model ages of 4,353 ± 37 and
4,389 ± 45 Ma (Gaffney & Borg, 2014) and average mare basalt source region age of 4,337 ± 24 Ma
(Brandon et al., 2009; Borg et al., 2019; Boyet & Carlson, 2007; McLeod et al., 2014; Nyquist et al., 1995;
Rankenburg et al., 2006; also see summary in Borg et al., 2015).

The 4.30‐ to 4.36‐Ga ages are also observed in lithologies thought to represent secondary magmatism
intruded into the anorthositic crust. Some examples that have been recently dated include Mg‐suite trocto-
lite 76535 (4,306 ± 10 Ma; Borg et al., 2017), as well as Mg‐suite norites 78286 (4,349 ± 19 Ma; Edmunson
et al., 2009) and 77215 (4,288 ± 22Ma; Carlson et al., 2014). In addition, there is a clear peak in ages of zircon
derived from the Alkali‐suite rocks at 4,340 Ma (Borg et al., 2015; Nemchin et al., 2008). This implies that
widespread magmatism was occurring on the Moon around 4.35 Ga and that it involved rocks present in
the mantle (mare basalt sources and urKREEP), as well as in the crust (Mg, Alkali, and Ferroan
Anorthosite suites).

5.2. Thermal History of 60016 Clast 3A and 60025
5.2.1. Geologic Significance of Clast 3A Ages
Some of the variation in ages determined for lunar plutonic rocks is likely to reflect their different cooling
histories (McCallum & Schwartz, 2001), so that the significance of an individual age must be viewed in this
context. A cartoon illustrating the potential cooling history of Clast 3A is shown in Figure 8. Initially, the
parental magma containing plagioclase, olivine, and minor amount of pyroxene solidifies in the crust.
Elkins‐Tanton et al. (2011) estimated that plagioclase crystallization and flotation in the LMO started at
~1,100 °C, whereas Ford et al. (1977) estimated the anhydrous solidus of anorthositic magmas to be
~1,200 °C. Hess and Parmentier (1995) and Van Orman and Grove (2000) determined that LMO reached
ilmenite saturation between 1,180 and 1,125 °C, suggesting that plagioclase saturation, occurring slightly
earlier, would be around 1,200 to 1,150 °C (Snyder et al., 1992). The first minerals to crystallize were initially
zoned, becoming progressively more Na (plagioclase) and Fe (pyroxene and olivine) rich toward the rims.
However, slow cooling in the crust homogenized these phases and produced the poikiloblastic texture
observed in the clast (Figure 3). The lack of coarse pyroxene exsolution lamellae indicates that the tempera-
ture remained near the top of the pyroxene solvus. The period of slow cooling was followed by a period of

Table 1
Sm‐Nd Isotopic Data From 60016 Clast 3A

Fraction Wt (mg) Sm (ppm)a Nd (ppm)a
147

Sm
144Nd

a,d 143Nd
144Nd

b 142Nd
144Nd

b

Plag 1 957.0 0.152 0.598 0.15334 ± 15 0.511399 ± 2 1.141808 ± 4
Plag II 342.7 0.152 0.597 0.15345 ± 15 0.511389 ± 7 1.141805 ± 13
Px 182.2 0.243 0.659 0.22249 ± 22 0.513362 ± 3 1.141827 ± 9
Wr 213.1 0.162 0.633 0.1551 ± 16 0.511431 ± 4 1.141812 ± 9
Fines 147.6 0.190 0.690 0.16656 ± 17 0.511765 ± 5 1.141815 ± 12
JNdi Nd Std 500 ng (N = 8) 0.512003 ± 10c 1.141839 ± 7

Note. Samples and standards were run as Nd+.
aThe reported uncertainties apply to last digits and include a minimum uncertainty of 0.5%, plus 50% of the blank correction for Sm and Nd added quadrati-
cally. bNormalized to 146Nd/144Nd = 0.7219. The reported uncertainties apply to last digits and are 2σm (2 times the standard error of measured isotopic
ratios). cThe uncertainties refer to last digits and are 2σp (2 times the standard deviation of population of mass spectrometry runs on isotopic standard). The
isochrons are calculated using the larger uncertainty, either 2σp (from standard runs) or 2σm (from measured isotopic ratios). dThe 147Sm/144Nd corrected
for neutron capture using Sm isotopic composition measured on an unspiked whole rock fraction. Sm isotopic composition is ε149Sm = −0.89 ± 0.10 and
ε150Sm = +1.67 ± 0.12.
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more rapid cooling implied by extremely fine 1–3‐μm exsolution lamellae in the pyroxenes. McCallum and
O'Brien (1996) demonstrated that the thickness of lamellae could be used to estimate the cooling rate of a
sample. Their calibration suggests that the last stage of cooling was at a rate of 0.2 °C/year. This cooling
rate contrasts with the slow cooling rate implied by the texture and composition of minerals in Clast 3A,
most likely reflecting rapid cooling in an ejecta blanket after excavation from the deep crust.

Temperatures that pyroxene last equilibrated in the crust have been estimated from the bulk compositions of
coexisting low‐ and high‐Ca pyroxenes (paired pyroxene compositions prior to exsolution) and indicate that
homogenization and growth of the minerals in Clast 3A occurred around 1,100 to 1,000 °C (Figure 5). This
temperature overlaps with estimated temperatures of the crest of the pyroxene solvus (e.g. Bohlen & Essene,
1978, Lindsley, 1983, Ross et al., 1973, Ross & Huebner, 1975). The pyroxene equilibrium temperature at
depth is well above the temperature at which the Sm‐Nd system is closed with respect to diffusive re‐
equilibration. For example, closure temperatures for 1‐mm‐radius anorthite grains with spherical geometry
calculated using the equations of Ganguly and Tirone (1999), the diffusion parameters obtained by Cherniak
(2003), and assuming cooling rates of 1, 10, and 100 °C/Myr are 799 ± 16 °C, 855 ± 14 °C, and 919 ± 12 °C,
respectively (errors reflect uncertainties associated with the experimentally determined diffusion para-
meters). Pyroxene closure temperatures calculated using the diffusion parameters of Cherniak and Liang
(2007) are similar, and estimated to be 768 + 70/−104 °C, 836 + 61/−99 °C, and 907 + 54/−86 °C, respec-
tively. This implies that the Sm‐Nd isotopic system did not close when the sample was at depth.

Figure 7. Sm‐Nd isotopic plots of mineral fractions from Clast 3A. (a) The 147Sm‐
143Nd plot yielding an age of 4,302 ± 28

Ma. (b) The 146Sm‐
142Nd plot yielding a slope of 0.000273 ± 000008. An age of 4,296 + 39/−53 is calculated from the slope

based on the initial 146Sm/144Sm of 0.00828 ± 0.00044 determined by Marks et al. (2014) and the 103‐Ma half‐life.
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A better estimate of the closure temperature of the Sm‐Nd system is
obtained from tighter constraints on the cooling rate of Clast 3A derived
by comparing its texture to the textures of other samples with well‐defined
cooling rates. The cooling rate of troctolite 76535 is estimated to be 1–5
°C/Myr (Nord, 1976; Stewart, 1975). This sample has a symplectite texture
and contains minerals that are completely homogeneous meeting at 120°
angles, indicating that this is one of the slowest cooled lunar samples
(Elardo et al., 2012). The absence of symplectite textures and 120° triple
junctions implies that Clast 3A cooled in excess of 1–5 °C/Myr. In con-
trast, sample 60025 has been estimated to have cooled at 18 °C/Myr
(McCallum & O'Brien, 1996), consistent with the presence of composi-
tionally heterogeneous mineral phases. As a consequence, Clast 3A is esti-
mated to have cooled at an intermediate rate of ~10 °C/Myr, which
corresponds to a closure temperature for the Sm‐Nd system of 855 ± 14 °C.

If Clast 3A was exhumed from depth when it was at the pyroxene solvus
temperature of 1,100 to 1,000 °C, and the Sm‐Nd isotopic system closed
in this sample at 855 ± 14 °C, then the 4,302 ± 28‐Ma Sm‐Nd age must
record the time at which the sample was excavated from depth. Thus,
the Sm‐Nd age of Clast 3A records the time when the sample underwent
rapid cooling recorded by the thin exsolution lamellae. The 40Ar/39Ar

age of 4,311 ± 31 Ma determined for the sample supports this interpretation. The closure temperature for
40Ar in ~1‐mm‐sized anorthite, like that in Clast 3A, is ~275 ± 25 °C (Cassata & Renne, 2013), which is well
below the equilibrium temperature calculated for the pyroxenes. Excavation followed by quick cooling at a
rate near 0.2 °C/year near the lunar surface would quench both isotopic systems and result in the observed
concordance between the Sm‐Nd and Ar‐Ar ages. On the other hand, if Clast 3A cooled very slowly through
the Sm‐Nd and Ar‐Ar closure temperatures at depth, the pyroxene miscibility gap would be larger, the pyr-
oxenes would fall near the 800 °C isotherm on Figure 4, thick exsolution lamellae would be obvious, and the
Sm‐Nd age would be ~60 Myr older than the Ar‐Ar age. The weighted average age of 4,304 ± 12 Ma obtained
from analysis of Clast 3A is therefore interpreted to record the time when the sample was excavated
from depth.
5.2.2. Temporal Relationship Between FAS Samples
Ferroan anorthosite suite sample 60025 is another well‐dated FAS sample that has had a very different cool-
ing history than Clast 3A (Figure 9). Below we explore whether the ~60‐Myr difference in the measured ages
of 60025 and Clast 3A reflects differences in their respective cooling histories, or an extended period of FAS
magmatism. This discussion is based on chronologic investigations completed by Borg et al. (2011) and the
cooling history for 60025 outlined by McCallum and O'Brien (1996). The petrologic effects of cooling of
60025 are depicted in Figure 7. Like Clast 3A, the parental magma of 60025 initially crystallized plagioclase,
pyroxene, and olivine. Although the modal proportions of olivine and pyroxene in 60025 and Clast 3A differ,
the mineral chemistry is similar. Initially, both suites of minerals were compositionally zoned. McCallum
and O'Brien (1996) estimated that 60025 cooled at a rate of 18 °C/Myr from 1,100 °C to 800 °C and from this
they calculated a depth of emplacement of 21 km. Cooling at a moderate rate resulted in partial homogeni-
zation of the pyroxene and olivine grains and exsolution of clinopyroxene from low‐Ca pyroxene producing
thick exsolution lamellae that are ~40 μm in width. The final stage of cooling likely occurred in the upper
crust where a secondary set of fine exsolution lamellae were produced (Hodges & Kushiro, 1973), and where
the sample was heavily brecciated (McCallum & O'Brien, 1996).

The Ar‐Ar age of 60025 is 4,272 ± 39 Ma (recalculated from Fernandes et al. (2013) using the decay constant
and standard calibration of Renne et al. (2011)) and is concordant with the Ar‐Ar age determined for 60016
Clast 3A of 4,311 ± 31 Ma. Samples 60025 and Clast 3A also yield similarly young cosmic ray exposure ages
of 2.1 ± 0.3 Ma (Fernandes et al., 2013) and 1.13 ± 0.06 Ma, respectively, when calculated using a nominal
surface production rate without detailed corrections for shielding. Excavation of both samples around 4.30
Ga followed by emplacement in similar locations in the ejecta blanket is consistent with the similarity of
the exposure and Ar‐Ar ages, their similar sampling locations on the Moon, and the occurrence of thin exso-
lution lamellae indicative of rapid cooling near the surface.

Table 2
Rb‐Sr Isotopic Data From 60016 Clast 3A

Fraction
Wt
(mg)

Rb
(ppm)

Sr
(ppm)

87Rb
86
Sr

a
87
Sr

86
Sr

b

Plag 1 14.92 0.0580 183.1 0.00092 ± 1 0.699117 ± 5
Plag II 17.21 0.0643 208.8 0.00089 ± 1 0.699120 ± 5
Px 182.2 0.0442 131.4 0.00097 ± 1 0.699115 ± 6
Wr 10.79 0.0692 217.5 0.00092 ± 1 0.699124 ± 5
Fines 9.25 0.0668 185.7 0.00104 ± 1 0.699116 ± 5
NBS‐987 500 ng (N = 10) 0.710249 ± 10c

Note. The long‐term 85Rb/87Rb ratio measured on more than 30 runs of
NBS‐984 Rb standard was 2.603 ± 17 (2σp) and was used to correct for
instrument mass fractionation.
aThe reported uncertainties apply to last digits and include a minimum
uncertainty of 1% plus 50% of the blank correction for Rb and Sr, added
quadratically. bNormalized to 86Sr/88Sr = 0.1194. Reported uncertain-
ties refer to last digits and are 2σm (2 times the standard error of measured
isotopic ratios). cUncertainties refer to last digits and are 2σp (2 times
the standard deviation of the population of analyses on the isotopic stan-
dard). Isochrons are calculated using either 2σp (from standard runs) or
2σm (from measured isotopic ratios), whichever is larger.
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Sample 60025 has a Sm‐Nd isochron age of 4,367 ± 11‐Ma age (Borg et al., 2011) that records the age when
60025 was at ~870 °C in the crust (Borg et al., 2017). The observation that the Sm‐Nd age of 60025 is ~95 Myr
older than the Ar‐Ar age requires 60025 to have cooled below the 870 °C closure temperature prior to exca-
vation. Thus, the ~65‐Myr difference between the Sm‐Nd ages of 60025 (4,367 ± 11 Ma) and Clast 3A (4,302
± 28Ma) is likely to reflect more rapid cooling of 60025. In this case, Clast 3A was intruded in the lunar crust
at about the same time as 60025, but at a greater depth. Clast 3A cooled more slowly than 60025, and was
above the closure temperature of both the Sm‐Nd and Ar‐Ar isotopic systems when it was excavated to
the lunar surface (Figure 8).

5.3. An Impact at ~4,310 Ma Recorded by 60025 and 60016

Pre‐Nectarian ejecta are thought to comprise a substantial quantity of Apollo 16 regolith (Haskin et al., 2002;
Petro & Pieters, 2006), particularly in the Cayley formation. Both Clast 3A and 60025 represent plutonic

Figure 8. Cartoons depicting proposed cooling history of FAS samples 60016 Clast 3A and 60025. (a) Crystallization and
flotation from LMO. (b and c) Cooling history of 60016 and (d and e) cooling of 60025. (b) Pyroxene + olivine growth and
NaSi‐CaAl diffusion in plagioclase and Fe‐Mg diffusion in mafic minerals between 1,000 and 1,100 °C with cooling rate
estimated to be 10 °C/Myr. (c) Fine‐scale pyroxene exsolution in shallow crust during rapid cooling from ~850 °C. The
rapid cooling rate estimated from pyroxene lamellae of 0.2 °C/year corresponds to a depth of >0.5 km. (d) Development of
coarse‐scale pyroxene exsolution and NaSi‐CaAl diffusion in plagioclase at ~21 km between 1,050 and 800 °C. The cooling
rate estimated for 60025 is estimated to be 18 °C/Myr by McCallum and Schwartz (2001). (e) Brecciation and minor
addition to exsolution in shallow crust during rapid cooling from 800 °C. Final cooling that occurs at a rate 0.2 °C/year
corresponds to a depth <0.5 km.
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rocks from the Cayley formation and provide evidence for a basin‐forming impact at 4,304 ± 12 Ma. The Ar‐
Ar plateau ages of Clast 3A and 60025 of 4,311 ± 31 and 4,272 ± 39 Ma, respectively, are indistinguishable
from Ar‐Ar ages of anorthosites collected at the Luna 20 site (Cadogan & Turner, 1977; Cohen et al.,
2001) and glass from the Luna 16 site (Cohen et al., 2001). As noted above, 60025 formed at ~21‐km depth
in the crust (McCallum & O'Brien, 1996), and was excavated by an event defined by its Ar‐Ar age, as well
as the Ar‐Ar and Sm‐Nd ages of Clast 3A. The inferred crater diameter associated with excavation from
21‐km depth is ~370 km, assuming that the excavation depth is 1/10th the diameter of the transient
impact cavity, and the ratio of observed crater rim diameter to transient cavity diameter is ~1.75 (Garrick‐
Bethell et al., 2008; Wieczorek & Phillips, 1999). Clast 3A yields concordant Sm‐Nd and 40Ar/39Ar ages,
consistent with excavation from an even greater depth than 60025 wherein open‐system behavior of Sm
and Nd was maintained until excavation. Thus, the 370 km represents a minimum diameter for a basin‐
forming impact that occurred at 4,304 ± 12 Ma.

Such a basin‐forming impact at ~4.30 Ga is not consistent with Late Heavy Bombardment hypothesis in
which there was a prolonged increase in impact flux between 3.5 and ~4.1 Ga, proceeded by a period of rela-
tive quiescence from ~4.1 to 4.4 Ga (Bottke &Norman, 2017). Several other lunar samples also yield evidence
for large impacts in the reputed period of quiescence. These include the coarse‐grained impact breccia 67955
which is interpreted to been derived from a basin‐forming event at 4.22 ± 0.01 Ga (Norman & Nemchin,
2014). Likewise, the Ar‐Ar age of 76535 of 4.23 ± 0.06 Ga has been interpreted by Garrick‐Bethell et al.
(2008) as recording the time this sample was excavated from 45‐km depth by a crater estimated to be at least
780 km in diameter. These authors further claim that the abundance of ~4.2‐Ga ages observed in the Apollo
16 and 17 sample suites are consistent with the formation of the South Pole‐Aitken basin (Garrick‐Bethell
et al., 2008). In any case, there appears to be abundant evidence for large impacts occurring on the Moon
between 4.2 and 4.3 Ga. The extent to which this requires modifying the current model for the late accretion
history of the Moon is largely predicated on how many discrete impact events can be identified in this
time interval.

Figure 9. Schematic depicting proposed cooling history of FAS samples 60016 Clast 3A and 60025. Both samples are
emplaced near their solidus temperature of ~1,150 °C but cool at different rates according to emplacement depth in
crust. 60025 cools past the closure temperature of Sm‐Nd and Pb‐Pb of ~850 °C at depth, recording ages of ~4,367Ma. 60016
cools more slowly. The Sm‐Nd closure temperature is not reached when the sample is at depth. Instead excavation
occurs near 4,310 Ma, when both samples are exhumed from the deep crust and cooled quickly near the lunar surface. At
this time the Ar‐Ar system closes recording the exhumation event.
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6. Conclusions

Detailed chronologic constraints on lunar crustal formation are hampered by the limited set of available
samples. To address this issue, lithic breccias in the Apollo 16 collection were searched to identify additional
material for geochronology. Clast 3A from lithic breccia 60016 was identified and characterized. This clast is
a noritic anorthosite containing plagioclase andmafic minerals with anorthite contents andMg#s consistent
with those measured in the ferroan anorthosite suite. The sample has a pokiloblastic texture and composi-
tionally homogeneous phases consistent with slow cooling deep in the lunar crust at a rate of ~10 °C/Myr.
Geothermometry performed on the pyroxenes indicate that the last temperature of equilibrium Clast 3A
experienced was between 1,100 °C and 1,000 °C. Extremely fine grained exsolution lamellae present in pyr-
oxenes suggest that the final stage of cooling was very rapid at approximately 0.2 °C/year.

The Ar‐Ar age of 4,311 ± 31Ma determined on the clast is concordant with the 147Sm‐
143Nd age of 4,302 ± 28

Ma, as well as with the 146Sm‐
142Nd age of 4,297 + 39/−53 Ma. The weighted average of these ages is 4,304 ±

12Ma and is interpreted to reflect the time at which Clast 3A was exhumed from the deep crust where it was
at a temperature of 1,100 °C to 1,000 °C, and well above the estimated Sm‐Nd and Ar‐Ar closure tempera-
tures. The cooling history of 60016 Clast 3A is similar to that inferred for another noritic anorthosite,
60025. However, a comparison of textures andmineral compositions in 60025 and Clast 3A demonstrate that
60025 was intruded higher in the lunar crust, where it cooled more rapidly. This accounts for the older
Sm‐Nd age of 60025 of 4,367 ± 11 Ma. Both samples have concordant Ar‐Ar ages, potentially reflecting exca-
vation from the crust by the same large impact event at 4,304 ± 12 Ma. The depth of intrusion of 60025 is
estimated by McCallum and O'Brien (1996) to be 21 km requiring a crater of 370 km in diameter to excavate
material from such depth. This is aminimal crater size estimate because Clast 3A solidified at a greater depth
than 60025. The identification of a basin‐forming impact around 4.3 Ga is consistent with chronologic inves-
tigations that have suggested another large impact occurred on the Moon near 4.2 Ga (Garrick‐Bethell et al.,
2008; Hopkins & Mojzsis, 2015; Kelly et al., 2018; Norman & Nemchin, 2014). The occurrence of basin‐
forming impacts between 4.2 and 4.3 Ga contradicts the reputed period of decreased impact flux inferred
to have occurred in the inner solar system between 4.1 and 4.4 Ga prior to the hypothesized uptick in impact
flux at ~3.8 Ga.
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