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Abstract

We present the results of a coordinated SIMS U–Pb, trace element, Ti-in-zircon thermometry, and microstructural study of
155 lunar zircons separated from Apollo 14, 15, and 17 breccia and soil samples that help resolve discrepancies between the
zircon data, the lunar whole rock history and lunar magma ocean crystallization models. The majority of lunar grains are
detrital fragments, some nearly 1 mm in length, of large parent crystals suggesting that they crystallized in highly enriched
KREEP magmas. The zircon age distributions for all three landing sites exhibit an abundance of ages at �4.33 Ga, however
they differ in that only Apollo 14 samples have a population of zircons with ages between 4.1 and 3.9 Ga. These younger
grains comprise only 10% of all dated lunar zircons and are usually small and highly shocked making them more susceptible
to Pb-loss. These observations suggest that the majority of zircons crystallized before 4.1 Ga and that KREEP magmatism
had predominantly ceased by this time. We also observed that trace element analyses are easily affected by contributions from
inclusions (typically injected impact melt) within SIMS analyses spots. After filtering for these effects, rare-earth element
(REE) abundances of pristine zircon are consistent with one pattern characterized by a negative Eu anomaly and no positive
Ce anomaly, implying that the zircons formed in a reducing environment. This inference is consistent with crystallization tem-
peratures based on measured Ti concentrations and new estimates of oxide activities which imply temperatures ranging
between 958 ± 57 and 1321 ± 100 �C, suggesting that zircon parent magmas were anhydrous. Together, the lunar zircon ages
and trace elements are consistent with a 6300 My duration of KREEP magmatism under anhydrous, reducing conditions. We
also report two granular texture zircons that contain baddeleyite cores, which both yield 207Pb–206Pb ages of 4.33 Ga. These
grains are our best constraints on impact ages within our sample population, and suggest at least one large impact is contem-
poraneous with the most common time of magmatic zircon formation on the Moon’s crust visited by the Apollo missions.
� 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The residual melts of the global lunar magma ocean
(LMO) are thought to have been highly enriched in K,
the Rare Earth Elements, and P (KREEP), (Warren and
Wasson, 1979) in addition to other incompatible elements,
such as Zr, Th, and U, making KREEP magmas the most
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likely source for the zircons observed in Apollo samples
(Meyer et al., 1971; Dickinson and Hess, 1982). As such,
the lunar zircons have been used to infer the timing and
characteristics of KREEP magmatism, and their ability to
record ages of secondary impact events has made them use-
ful in investigating the chronology of impacts on the early
Moon (e.g. Nemchin et al., 2008, 2009; Grange et al.,
2009, 2011, 2013b; Taylor et al., 2009a).

Most available data on lunar zircons are from Apollo 14
and 17 landing sites. These zircons exhibit a range of crystal-
lization ages from 3.88 to 4.42 Ga, suggesting that theMoon
experienced long-lived KREEP magmatism that lasted for
up to �500 Myr (e.g. Meyer et al., 1989; Nemchin et al.,
2009; Taylor et al., 2009a, 2009b; Hopkins and Mojzsis,
2015). This is much longer than the maximum solidification
timescale of �220 Myr inferred from LMO crystallization
models (Meyer et al., 2010; Elkins-Tanton et al., 2011). Zir-
cons from both Apollo 14 and 17 landing sites exhibit a
common peak in their age distributions around �4.33 Ga,
however, they differ in that the younger (<4.1 Ga) popula-
tion is missing in the Apollo 17 samples. Contraction of
one large KREEP reservoir has been invoked to explain this
dichotomy (Nemchin et al., 2008).

Both terrestrial and lunar zircons have been shown to
record signatures of impact/shock metamorphism (e.g.
Krogh et al., 1993; Moser et al., 2011; Timms et al., 2012;
Grange et al., 2013a, 2013b). In cases of complete recrystal-
lization or growth in an impact environment, the zircon
ages are thought to reflect the age of the associated impact
(e.g. Gibson et al., 1997; Moser, 1997). Based on impact
recrystallized or altered zircons in the Apollo collection, it
has been proposed that multiple basin-sized impacts
occurred prior to the period of the so-called ‘‘late heavy
bombardment” (LHB) (Nemchin et al., 2008; Grange
et al., 2009, 2011; Norman and Nemchin, 2014).

It has also been suggested that variability in lunar zircon
REE concentrations, both relative and absolute, may be
used to infer zircon provenance (Nemchin et al., 2010). Pre-
vious studies have identified some lunar zircons that exhibit
positive Ce anomalies, which is characteristic of crystalliza-
tion from oxidized magmas (Nemchin et al., 2010; Trail
et al., 2012; Hopkins and Mojzsis, 2015). Another indicator
of parent melt conditions is Ti-in-zircon crystallization tem-
perature. While these temperatures are generally higher for
lunar samples than for their terrestrial counterparts, some
lunar zircons appear to record crystallization temperatures
that would be below the dry solidus for basaltic or granitic
compositions. These low temperatures would imply that
some lunar grains formed in slightly hydrated conditions,
which is contrary to the understanding of the early lunar
magmatic evolution that has developed based on the whole
rock record that suggests dry and reducing conditions
(Valley et al., 2014).

In this paper, we present results from a coordinated
geochronologic, microstructural, and compositional survey
of 155 lunar zircons from the Apollo 14, 15, and 17 landing
sites. Zircon U–Pb ages, trace elements, and Ti-in-zircon
temperatures are combined with shock microstructural
information to address the timing and compositional diver-
sity of residual KREEP magmatism. With this comprehen-
sive study, we investigate the variations in zircon
crystallization histories between three Apollo landing sites,
re-evaluate the evidence for oxidizing and hydrous condi-
tions, and examine the influence of secondary, shock-
related processes on both the zircon trace element and
age analyses. Pairing the zircon crystallization and impact
chronologies with trace element information may lead to
a more robust understanding of the evolution of early lunar
magmatic systems.

2. SAMPLE DESCRIPTION

Zircon grains were separated from three soil and six
breccia samples, which were chosen based on high Zr con-
tent (see Appendix A) and/or previously published zircon
yields. Although extraction of zircon does not allow for pet-
rographic information to be interpreted, most lunar zircons
that have been discovered in Apollo thin sections are either
detrital igneous grains or have textures suggestive of growth
in an impact environment (Meyer et al., 1989, 1996;
Pidgeon et al., 2007; Nemchin et al., 2008, 2009, 2010;
Taylor et al., 2009a; Grange et al., 2011, 2013a, 2013b;
Hopkins and Mojzsis, 2015). A compositional understand-
ing of the host rock from which the zircons were extracted
is not imperative for this study; however, sample descrip-
tions are provided here for completeness including relevant
ages.

2.1. Soil 14163

Sample 14163 is a sub-mature soil collected nearby the
Apollo 14 lunar module and is characterized by a large
KREEP component and high percentage of glass (Morris,
1978; Labotka et al., 1980; Simon and Papike, 1981).

2.2. Soil 14259

Sample 14259 was collected from the top 1 cm of soil to
the west of the Apollo 14 lunar module. The sample is a
mature soil with a high concentration of agglutinates
(Von Engelhardt et al., 1972; McKay et al., 1972). The
agglutinates separated from soil 14259 exhibit discordant
behavior suggestive of Pb-loss at �400 Ma (Church et al.,
1976). This recent Pb-loss event may be associated with for-
mation of Cone Crater, which has been dated at 24.4
± 1.1 Ma (Drozd et al., 1974). Exposure ages of this sample
were determined from the 236U/238U ratio and 126Xe con-
centrations due to Ba spallation, which yielded ages of
450 Ma and 550 Ma, respectively (Burnett et al., 1972;
Fields et al., 1973).

2.3. Breccia 14304

Sample 14304 is a clast-rich impact melt breccia with a
crystallized matrix (McGee et al., 1979). Shih et al. (1987)
determined Rb/Sr ages of very high potassium (VHK)
basalt clasts of 3.95 ± 0.04 and 3.99 ± 0.02 Ga and a Sm/
Nd age 4.04 ± 0.11 Ga. Snyder et al. (1995) found older
Rb/Sr and Sm/Nd ages for alkali anorthosite clasts of
4.336 ± 0.081 and 4.108 ± 0.053 Ga, respectively.
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2.4. Breccia 14305

Sample 14305 is a Fra Mauro breccia collected near the
Apollo 14 lunar module. Like 14304, this sample is a clast-
rich, crystalline matrix breccia. It has high concentrations
of both KREEP and meteoritic material (Wanke et al.,
1972; Palme et al., 1978), and highland gabbroic anortho-
site, pink spinel, apatite and zircons have all previously
been identified (Dence and Plant, 1972; Lovering et al.,
1972). The Rb–Sr analyses yield both a young whole rock
age of 3.83 ± 0.08 Ga and an older clast age of 4.23
± 0.05 Ga (olivine gabbronorite) (Taylor et al., 1983; Shih
et al., 1986). Three papers have previously reported U–Pb
and 207Pb–206Pb ages of zircons from 14305, with ages rang-
ing between 3.97 and 4.35 Ga (Hinton and Meyer, 1991;
Nemchin et al., 2008; Taylor et al., 2009a,b). The 81Kr-Kr
exposure age of 14305 is 27.6 ± 1.5 Ma (Eugster et al.,
1984).

2.5. Breccia 14321

This sample was collected from the edge of Cone Crater
and is thought to be part of the Fra Mauro Formation
(Swann et al., 1971, 1977; Wilshire and Jackson, 1972). It
is a clast-rich (about 30%), crystalline matrix breccia that
contains anorthositic clasts considered pristine based on
their very low Ir concentrations (Simonds et al., 1977;
Warren et al., 1981). There have been two studies of the
exposure ages of sample 14321: 24 ± 2 Ma by the 38Ar
method and 27 Ma by the 81Kr method (Burnett et al.,
1972; Lugmair and Marti, 1972). Burnett et al. (1972) inter-
pret this to be the age of Cone Crater, near which the sam-
ples were collected.

Small zircons were identified in multiple thin sections by
Grieve et al. (1975), and Braddy et al. (1975) measured U
concentrations of 93 zircons from sample 14321 by count-
ing fission tracks and determined a median concentration
of 50 ppm. Meyer et al. (1996) and Nemchin et al. (2008,
2006) measured the U–Pb ages of zircons in thin section
by sensitive high-resolution ion microprobe (SHRIMP).
The 207Pb–206Pb ages range between 3.89 and 4.40 Ga.
Nemchin et al. (2006) also measured the oxygen isotopes
of 14 of these zircons and found their d18O to be within
error of terrestrial mid-ocean ridge basalts. Taylor et al.
(2009a, 2009b) reported 207Pb–206Pb ages of zircons sepa-
rated from 14321 rock cuttings, which are consistent with
previous studies. They also reported initial 176Hf/177Hf
ratios that suggest a separation/formation age of the
KREEP reservoir of 4.478 ± 0.046 Ga (1r).

2.6. Soil 15311

Soil 15311 is a rake sample collected from the rim of
Spur Crater, a small �100 m crater on the edge of the
Apennine front. The Apennine Mountains are located on
the southeastern edge of the Imbrium basin and are thought
to have formed partially due to uplift from the basin-
forming impact (Swann et al., 1972; Heiken et al., 1991).
Soil 15311 has REE compositions suggestive of a KREEP
basalt component (Korotev, 1987).
2.7. Breccia 15405

Sample 15405 is a KREEP-rich breccia collected from a
large boulder �250 m from Spur Crater (Swann et al.,
1972). The clast population is dominated by KREEP
basalt, with a few quartz monzodiorite (QMD), granite,
and other clasts. Ar–Ar analyses of a QMD clast give a
poorly defined mid-temperature plateau Ar–Ar age of
1.272 ± 0.016 Ga (Bernatowicz et al., 1978; age corrected
for new decay constant of Renne et al., 2011), which is in
agreement with the lower intercept of the U–Pb concordia
diagram for zircons in the QMD clast. The two zircon con-
cordia intercepts are 4.294 ± 0.026 and 1.320 ± 0.250 Ga
(Meyer et al., 1996). The older age is interpreted as the
age of zircon formation and the younger age is thought
to be the breccia formation age. An additional 11 zircons
and 13 apatite grains in 15405 thin sections were dated by
Grange et al. (2013b) and also appear to be affected by a
young Pb-loss event at 1938 ± 96 Ma.

2.8. Breccia 15455 with Shocked Norite

Sample 15455 was also collected from the rim of Spur
Crater and consists of older shocked norite surrounded
by a younger dark impact melt breccia. Shih et al. (1993)
measured Rb/Sr and Sm/Nd ages of 4.59 ± 0.13 and 4.53
± 0.29 Ga for norite clasts. The rock fragments obtained
for this study contain both lithologies.

2.9. Breccia 72275

Sample 72275 is a feldspathic breccia that may represent
ejecta from Serenitatis basin (Dalrymple and Ryder, 1996).
This breccia has a high abundance of KREEPy non-mare
basalt, and as a result has high concentrations of trace ele-
ments (Blanchard et al., 1975). Shih et al. (1992) reported
Rb–Sr and Sm–Nd ages for a KREEP basalt clast of
4.31 ± 0.08 and 4.08 ± 0.07 Ga, respectively. Zircons have
previously been reported in 72275 and have 207Pb–206Pb
ages ranging from 4.24 to 4.42 Ga (Nemchin et al., 2008,
2009).

3. ANALYTICAL TECHNIQUES

3.1. Sample preparation

Our sample preparation techniques follow those out-
lined in Taylor et al. (2009a), in which zircons were
mechanically separated from breccia and soil samples by
using a combination of hand crushing in an agate mortar,
heavy-liquid mineral separation, and hand picking zircon
grains. Although petrographic information is lost, the
advantage of the separation technique is it allows for larger
numbers and larger sizes of zircons to be recovered. No aci-
cular fragments were obvious in our samples, however,
preservation of delicate acicular zircons may be problem-
atic during the crushing process, a factor that must be con-
sidered when evaluating the abundance of impact grown
samples in our dataset.
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After hand-picking, zircons were positively identified by
using energy-dispersive X-ray spectroscopy (EDS) in the
UCLA Tescan Scanning Electron Microscope (SEM) and
then mounted in epoxy rounds. Each round was minimally
polished with silicon carbide disks to expose a flat surface
of the zircon necessary for SEM imaging and secondary
ion mass spectrometry (SIMS) analyses. Maximizing reten-
tion of material during polishing was a necessity for later
noble gas analyses (Crow et al., 2015).

3.2. SEM and SIMS measurements

All mounted zircons were imaged by secondary electron
(SE), backscattered electron (BSE) and cathodolumines-
cence (CL) to characterize zoning, inclusions, fractures,
and recrystallization textures. Selected samples were vibra-
tory polished in a solution of colloidal 0.05 lm alumina and
neutral water and analyzed by electron backscatter diffrac-
tion (EBSD) at the Zircon and Accessory Phase (ZAP) Lab
at the University of Western Ontario to search for evidence
of recrystallization and other shock features.

U–Pb and REE concentrations were determined with
the UCLA CAMECA ims1270 ion microprobe during mul-
tiple sessions between 2009 and 2014. U–Pb ages,
207Pb–206Pb ages, and U concentrations were measured
with �20–40 lm spots using the protocols described in
Mojzsis et al. (2003). Ages and concentrations were cali-
brated against the AS3 zircon age standard and 91500 zir-
con U standard, respectively (Paces and Miller, 1993;
Wiedenbeck et al., 2004). A 204Pb correction was made to
account for common Pb contamination, but in most cases
204Pb was not detected. All of the lunar zircons have Pb
that is above 97% radiogenic and the majority of grains
are P99% radiogenic, so the U–Pb and 207Pb–206Pb ages
reported here are not affected by choice of using either a ter-
restrial or lunar Pb isotopic composition for the 204Pb cor-
rection (Taylor et al., 2009a, 2009b). The most likely source
of Pb contamination is from sample preparation; we there-
fore chose a common Pb composition of southern Califor-
nia surface waters for this correction (Sañudo-Wilhelmy
and Flegal, 1994).

Trace elements, including REE, Ti, Hf, Th, U, and Fe
were measured in peak switching mode, following the pro-
tocol described by Bell and Harrison (2013). Sensitivity fac-
tors were calibrated from analyses of four NIST standard
glasses and the 91500 zircon standard.
4. RESULTS

We recovered 117 zircons from Apollo 14 samples, 42
zircons from Apollo 15 samples, and 12 from the Apollo
17 samples. Fig. 1A shows examples of typical lunar zircons
from this study. Lunar grains differ from their terrestrial
counterparts in that lunar zircons are rarely euhedral except
for grains with granular texture recrystallization (see
Fig. 2). CL imaging of the lunar grains also suggests that
the majority are pieces of larger original zircons fragmented
during subsequent impact events, and some fragments can
be up to �1 mm in diameter (Fig. 1B–D).
4.1. U–Pb and 207Pb–206Pb ages

We measured U–Pb and 207Pb–206Pb ages for 155 lunar
zircons (the data are reported in Appendix A). We note that
some small zircons were lost during removal of coatings or
polishing between multiple sessions of SEM imaging and
SIMS analyses, and for these grains we have only images
and/or trace element analyses, but no age information.
The results of our age analyses are shown as histograms
in Fig. 3 along with ages reported in previous Apollo zircon
studies. Fig. 3 was produced using the oldest 207Pb–206Pb
age measured for each zircon, which is a lower limit on
the igneous age, in order to illustrate the range of igneous
ages recorded by the Apollo zircons (grains with impact
growth or recrystallization textures were excluded in this
figure and are discussed in 5.1.2).

Apollo 14 zircons exhibit the largest range in
207Pb–206Pb ages spanning from 3942 ± 9 to 4408 ± 3 Ma
(1r), whereas Apollo 15 and 17 zircon ages are between
4101 ± 14 Ma and 4378 ± 10 Ma (1r). The two <4.1 Ga
ages from Apollo 15 are both from zircons that are highly
discordant and show evidence of recent Pb-loss, so there
is a possibility that their 207Pb–206Pb ages are also disturbed
(Meyer et al., 1996; Grange et al., 2013b). Despite the vari-
ation in the range of 207Pb–206Pb ages, all of the landing
sites show a large abundance of grains with ages between
4320 and 4350 Ma; 80% of Apollo 17 zircons, �50% of
Apollo 15, and �20% of Apollo 14 zircons analyzed fall
within this age range. Most of the zircons are concordant
within analytical errors suggesting relatively simple,
closed-system behavior of the U–Pb age systems, but
�6% of the grains do show clear evidence of either Pb-
loss (defined here as discordance exceeding 10%) or multi-
ple age domains.

We also identified three zircons with textures suggestive
of formation in an impact environment. Two grains from
sample 15455, Z3 and Z24, are characterized by granular
texture recrystallization, with isolated anhedral baddeleyite
(ZrO2) domains within some granules (Fig. 2). Two analy-
ses of Z3 yield concordant ages of 4331 ± 3 and 4322
± 4 Ma (1r) and one analysis of Z24 gives a 4332 ± 3 Ma
age (1r). A third granular zircon from soil 14259,664 Z24
has a concordant age of 4195 ± 7 Ma (1r), however it does
not contain regions of decomposed zircon (i.e. ZrO2 and
SiO2). Interpretation of these ages is discussed further in
Section 5.1.2.

4.2. Rare Earth Elements and Ti Temperatures

We collected 102 measurements of REE, Ti, Hf, Th, U,
and Fe concentrations for a subset of 90 zircons. We filtered
the results to remove analyses that contained inclusions or
cracks by inspection of SIMS analysis pits with SEM imag-
ing and by excluding measurements with anomalously high
Fe concentration (50 analyses were filtered). Most of the
inclusions we observed are associated with annealed frac-
tures and shock features and do not appear primary in nat-
ure (examples are shown in Fig. 4). The inclusions also
appear dark in BSE images and a fraction for which EBSD
analyses were available are amorphous, suggesting most are



Fig. 1. (A) Secondary electron (SE) images of lunar zircons prior to mounting in epoxy illustrate the fragmented nature observed in the
majority of lunar zircons. (B) SE image of 14259,664 Z1 prior to mounting; this is the largest zircon recovered in this study and has a diameter
of �900 lm. SE (C) and cathodoluminescence (CL) (D) images of 14259,664 Z1, taken after mounting and polishing, reveal primary zoning
suggesting that it was once part of a larger parent crystal. This zoning implies that zircons >1 mm in size were crystallized on the early Moon,
most likely in late stage KREEP magmas.

BSE 
CL K Ca Si 

30 µm 

15455 Z3 

BSE 

25 µm 

CL K Ca Si 15455 Z24 

Fig. 2. SEM images of Apollo 15 granular texture zircons. Here we define granular texture as a coherent zircon totally or partially comprised
of multiple sub-crystals, that are typically euhedral or subhedral in nature. Both zircons, 15455 Z3 and 15455 Z24, are comprised of multiple
large granules with remnant baddeleyite cores that appear bright in the backscatter electron (BSE) and correlate with Si deficiencies in EDS
maps. The interstitial material (purple in EDS map) is not the same as the surrounding plagioclase (green in EDS map); it is K-Si-O rich and
does not produce an electron backscatter pattern (EBSP) suggesting it is most likely glass. The presence of baddeleyite and interstitial (impact)
melt makes these two grains the most likely candidates for impact grown zircons in our sample set. Two SIMS analyses (dashed circles in BSE
images) of Z3 have an average 207Pb–206Pb age of 4326 ± 5 Ma (1r) and one analysis of Z24 yields an age of 4332 ± 3 Ma (1r), suggesting
formation in an impact event at �4.330 Ga.
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Fig. 3. 207Pb–206Pb age histograms for Apollo 14 (307 zircons), 15 (52 zircons) and 17 (76 zircons) zircons (black – this study; grey – literature
data; references below), which are considered lower limits on crystallization ages. In the histograms we included only the oldest age for zircons
with multiple age analyses and excluded ages of impact grown/recrystallized zircons, which are shown in Fig. 8. Apollo 14 zircons span the full
range of ages from 3.9 to just over 4.4 Ga, while all but two zircons from Apollo 15 and 17 are older than 4.1 Ga. The two young Apollo 15
zircons are from highly disturbed grains with evidence of Pb-loss between 1 and 2 Ga, so these data may not be good estimates of
crystallization age (Meyer et al., 1996; Grange et al., 2013b). The age distributions for Apollo 15 and 17 are dominated by zircons between
4.30 and 4.35 Ga. This peak is less pronounced in the Apollo 14 data where the majority of zircons are between 4.2 and 4.35 Ga. The
observation of primary growth zoning in only those zircons older than 4.2 Ga paired with the distribution of 207Pb–206Pb ages suggests that
zircon forming KREEP magmatism ceased between 4.2 and 4.1 Ga. (Meyer et al., 1996; Nemchin et al., 2006, 2008; Pidgeon et al., 2007;
Taylor et al., 2009b; Grange et al., 2013a, 2013b; Hopkins and Mojzsis, 2015).
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Fig. 4. Examples of primary zoning and secondary impact shock textures observed in lunar zircons. Zircons 14305 Z27 (A) and 14305 Z 29
(B) contain well-preserved primary oscillatory and sector growth zoning. SE and Low kV BSE images of zircon 14321 Z14 (C and D) are very
homogeneous and show little evidence of shock alteration other than fragmentation. This homogeneity is reflected in seven trace element
analyses, however five U–Pb analyses reveal significant discordance (see Fig. 6). 14305 Z30 (E and F) is one of the most shock-fractured and
impact melt-infiltrated zircons recovered in this study and illustrates the difficulty of analyzing REEs in some samples with SIMS spot sizes of
�20–30 lm. Another highly shocked zircon, 15311, 18 Z6 (G and H), is almost completely amorphous with only the darkest regions of the
Low kV BSE image indexing in EBSD analyses. Despite lack of crystallinity and the high degree of strain (up to 28�) observed in EBSD, this
zircon retains 207Pb–206Pb ages between 4245 ± 4 and 4332 ± 3 (1r) Ma (see Fig. 7).
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impact melt glasses similar to those described in terrestrial
impact zircons (e.g. Moser et al., 2011). The remaining pris-
tine lunar zircon analyses can be characterized by one typ-
ical REE pattern, which varies in overall REE
concentration between grains. All the zircons exhibit a steep
positive slope with LREE depletion and large negative Eu
anomalies. In addition to the analyses reported herein, we
reevaluated the trace element data reported in Taylor
et al. (2009a) with the same set of criteria and filtered out
16 of the 37 analyses due to apparent contributions from
inclusions. The remaining pristine zircon measurements
from Taylor et al. (2009a) are consistent with the same
REE pattern reported herein. The CI-chondrite normalized
REE patterns for pristine analyses and the unfiltered Taylor
et al. (2009a) dataset are shown in Fig. 5. Trace element
data for pristine analyses can be found in Appendix A.
CI-chondrite values fromMcDonough and Sun (1995) were
used for normalization.

The concentration of Ti in zircon has been shown to be a
function of crystallization temperature and the activities (a)
of SiO2 and TiO2 in the parent melt (Watson and Harrison,
2005; Ferry and Watson, 2007; Fu et al., 2008), with rela-
tively little to no influence from variations in pressure or
oxygen fugacity (fo2) (Ferriss et al., 2007; Burnham and
Berry, 2012). We calculated Ti-in-zircon temperatures fol-
lowing the calibration derived by Ferry and Watson
(2007) and new estimates of a(SiO2) and a(TiO2). The Ti-
temperatures range between 958 ± 57� and 1321 ± 100 �C,
which are bound by the dry granite solidus and the zircon
saturation temperature of KREEP rich rocks (see Sec-
tion 5.2.3 for further discussion of oxide activities and sat-
uration temperatures).
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5. DISCUSSION

5.1. U–Pb and 207Pb–206Pb ages: what are they dating?

The distinct decay chains of 238U to 206Pb and 235U to
207Pb provide an important advantage as a chronometer
of ancient samples. Following crystallization, if a sample
experiences subsequent Pb-loss, both daughter isotopes will
be lost with equal probability. If the Pb-loss event is recent,
the Pb isotopic ratio remains unchanged allowing for a
207Pb–206Pb age to be computed, and the open system
behavior is recognized by discordance in the respective
238U/206Pb and 235U/207Pb ages. In the case of an ancient
partial Pb-loss event, however, it can be difficult to recog-
nize discordance in SIMS analyses with relatively large
uncertainties in individual 238U/206Pb and 235U/207Pb ages.
The uncertainties in our analyses are limited by the inter-
element relative sensitivity factors (average 1r is �180 Ma
for 207Pb–235U age, and �60 Ma for 206Pb–238U age). But
even in cases of large errors, the 207Pb–206Pb ages can be
strictly interpreted as a lower limit on either the igneous
age of the sample or the time of last total Pb-loss.

On Earth, Pb-loss in zircon is facilitated by interactions
with fluids and metamictization (i.e. structural damage of
the crystal lattice induced by alpha particles emitted by
U). The latter forms amorphous regions in crystals that
provide accelerated pathways for Pb-loss as they are easily
infiltrated by fluids (e.g. Mezger and Krogstad, 1997).
Despite recent findings of high OH contents in late-
crystallizing phases, the lunar crust is dry (e.g. Boyce
et al., 2014). Additionally, the majority of lunar zircons
have U concentrations below 100 ppm, which is not high
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enough to cause appreciable amounts of metamictization,
so these two processes are not likely mechanisms for Pb-
loss in zircons from the Moon (Wopenka et al., 1996;
Garver and Kamp, 2002). This assumption is also sup-
ported by the high crystallinity of most zircons observed
in EBSD analyses. Impacts are the dominant geologic alter-
ation process on the surface of the Moon and, without the
presence of water or high levels of metamictization, impact
heating and shock are the most likely sources of U–Pb sys-
tem disturbances in zircon. Whether lunar zircon ages
reflect igneous (i.e., primary) crystallization or later impact
alteration event(s) remains controversial, however guideli-
nes for age interpretations have been proposed based on a
combination of both lunar and terrestrial shocked grains.

In terrestrial impact structures, zircons that have recrys-
tallized as a result of impact heating or contain structural
damage in the form of crystal plastic deformation do show
evidence of Pb-loss (post impact hydrothermal alteration
can also cause Pb-loss, but this scenario is not applicable
to the Moon). In cases of recrystallization, the zircons expe-
rience 80–100% Pb-loss with lower Concordia intercepts
consistent with the age of the impact responsible for the
recrystallization (e.g. Moser et al., 2011). Grange et al.
(2013a) observed similar behaviors in lunar zircons and pre-
sented guidelines for interpreting lunar zircon U–Pb and
207Pb–206Pb ages based on microstructural investigations
using SEM and EBSD imaging. They also suggested that
the 207Pb–206Pb ages of lunar zircons are only fully reset
in the cases of zircon growth or recrystallization in an
impact setting. Partial Pb-loss was observed in grains
wherein post-impact strain caused high degrees of crystal
plastic deformation. In these cases of open-system behav-
ior, and in grains with multiple age domains, both the
igneous ages and impact ages could be constrained.

5.1.1. Age distributions

The distributions of the 207Pb–206Pb ages for Apollo 14,
15, and 17 zircons reported herein agree well with previ-
ously reported lunar zircons ages (Meyer et al., 1996;
Nemchin et al., 2006, 2008; Pidgeon et al., 2007; Taylor
et al., 2009b; Grange et al., 2013a, 2013b; Hopkins and
Mojzsis, 2015). Nemchin et al. (2008) observed no variation
in zircon age distributions among samples within a given
Apollo landing site and concluded that it is appropriate
to analyze summed, or composite, histograms. We there-
fore present the age histograms grouped by Apollo mission
in Fig. 3.

The age distributions for all three landing sites have a
marked peak around �4.33 Ga with relatively few zircons
forming before this time. This peak could simply reflect
the onset of zircon saturation in residual KREEP magmas,
or the �4.33 Ga population could represent a large zircon-
forming event related to either LMO crystallization pro-
cesses (such as mantle overturn) or a large impact basin
(such as South Pole Aitken) (e.g. Elkins Tanton et al.,
2002; Kring et al., 2015). There is also a notable lack of
post-4.1 Ga zircons from Apollo 15 and 17 samples.

We employed a Mann–Whitney U-test to determine if
the variations in age distributions between landing sites
are statistically significant (Mann and Whitney, 1947). This
test compares the ranked-sums of two data sets to deter-
mine if they are sampling the same parent population (the
Null hypothesis). Because more than two datasets are being
compared, we also applied a Bonferroni correction to
account for multiple comparisons (Rice, 1989). This correc-
tion states that the probability for individual tests must be
less than the desired significance level divided by the num-
ber of tests performed. This means if we want to determine
that the age distributions are sampling different populations
at a significance level of 0.05, then the probability of the
Null must be less than 0.017 for each Mann–Whitney U-
test. The probabilities that either the Apollo 15 or the
Apollo 17 histograms are sampling the same zircon age dis-
tribution as Apollo 14 are both <0.0003, therefore the
Apollo 15 and 17 zircon ages are statistically different from
those of Apollo 14 (rejecting the Null hypothesis). How-
ever, a similar comparison between Apollo 15 and 17 yields
a probability of 0.022, which is not below 0.017. These two
landing sites could therefore be sampling the same zircon
population.

Only �10% of the lunar zircons reported herein, and
described in literature, are in the <4.1 Ga population
observed in Apollo 14. Most of these zircons have small
grain sizes (<50 lm) or exhibit open system behavior either
as multiple age domains or discordant U–Pb ages (Figs. 6
and 7). Apollo 12 zircons have also been shown to contain
a subset of grains that are <4.1 Ga (Meyer et al., 1996;
Zhang et al., 2012). Similar to the Apollo 14 zircons, the
younger grains from Zhang et al. (2012) exhibit microstruc-
tural textures that have been associated with impact
induced Pb disturbance or have small grain sizes. Interest-
ingly, the Apollo 12 and 14 landing sites are geographically
close, whereas Apollo 15 and 17 are located on the rims of
Imbrium and Serenitatis basins respectively. Apollo 12 and
14 landing sites are also thought to sample Imbrium ejecta,
which has an estimated age between 3750 and 3938 Ma
based on Rb–Sr, K–Ar, and Sm–Nd of Apollo 14 rocks
and U–Pb ages of zircons and phosphates from similar
samples (e.g., Deutsch and Stöffler, 1987; Shih et al.,
1987; Stadermann et al., 1991; Liu et al., 2012; Merle
et al., 2014). Imbrium ejecta is a potential source of the
younger, <4.1 Ga zircon population either through distur-
bance of the U–Pb systems during the impact event or
through excavation of younger material that is not sampled
by Apollo 15 and 17. A dedicated investigation of the
younger zircon population would help in determining the
extent of Imbrium influence on these samples. In the follow-
ing two sections we discuss in more detail both the impact
and igneous crystallization ages inferred from the lunar zir-
cons reported herein.

5.1.2. Impact ages

The most robust lunar zircon impact ages come from
grains belonging to a type of granular zircon texture indica-
tive of post-impact recrystallization. The granular or poly-
crystalline zircon texture is known to occur in both tectonic
and impact settings. Tectonic granular zircon can result
from either a replacement reaction of zircon after badde-
leyite in metagabbroic rocks (e.g. Davidson and van
Breeman, 1988) or high temperature annealing following
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zircon deformation in shear zones (e.g. Kovaleva et al.,
2014). In both cases the average granule isP10 lm, has rel-
atively low angular misorientation and exhibits relict pri-
mary CL zoning (Cavosie et al., 2015). In impact settings
two end-members of granular zircon are observed with
coarse (P10 lm) or fine (�1 lm) granule sizes. The latter
are unique to ejecta deposits (e.g. Krogh et al., 1993) and
suevitic and tektite glasses (Kleinmann, 1969) where grains
are exposed to temperatures above 1673 �C, at which zircon
decomposes to its constituent oxides ZrO2 and SiO2 (Kaiser
et al., 2008). The coarse variety of granular impact zircons
have so far been found as zircon xenocrysts in mafic impact
melt as well as crater floor rocks in large �250 km diameter
impact structures in sites proximal to impact melt bodies
(Moser, 1997; Moser et al., 2011). Intermediate (up to
~2 lm) granular zircon has been reported from fine-
grained crystalline impact melt from the center of the Aus-
tralian Acraman impact with the distinctive feature of ZrO2
inclusions resulting from shock stage IV (>65 GPa,
>1500 �C) (Schmieder et al., 2015). Coarse granules in these
settings exhibit internal, concentric CL zoning (Moser
et al., 2011; Cavosie et al., 2015). The Apollo 15 granular
zircons exhibit the characteristics of grains from the high
pressure and ultrahigh temperature (UHT) crater floor
environment such as the concentric CL zoning of granules
and micron-scale domains of baddeleyite (ZrO2) (Fig. 2).
They also contain alkali aluminosilicate material infilling
the interstices of the neoblasts (Fig. 2) that does not diffract
and is similar to the impact melt glass seen along curved
and planar shock features in our other Apollo grains and
UHT-shocked Vredefort grains (Moser et al., 2011).

The U–Pb analyses of the two granular zircons from
15455 (Z3 and Z24) have a slight apparent reverse discor-
dance due to the ZrO2 cores in some granules (affecting cal-
ibration of U/Pb relative sensitivity factors), however their
207Pb–206Pb ages may suggest an impact event at
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�4.330 Ga. This age is similar to that of a skeletal zircon
from sample 73217,52, which has a weighted average
207Pb–206Pb age of 4333 ± 5 Ma (Nemchin et al., 2008;
Grange et al., 2009: Zircon type-2). Grange et al. (2013b)
reported another grain consisting of a mixture of granular
texture zircon and baddeleyite from 15405,145 (grain m3).
However, U–Pb analyses of this grain yield ages between
2053 ± 14 and 4185 ± 3 Ma and define a discordia with a
lower intercept of 1938 ± 96 Ma, indicating a significantly
younger impact event than our baddeleyite-bearing grains.
Grange et al. (2013a) also reported a skeletal zircon from
related 73215 that shows a spread of ages between 4305
and 4378 Ma. They suggested that the zircon formed in
an initial impact at �4.38 Ga and underwent later Pb-loss
at 4.31 Ga. Despite the age similarities between the skeletal
zircons and the 15455 grains, it is difficult to tell if they
formed as the result of one impact or separate events.
It is interesting to note that the timing of the impact
events in the 15455 and 73215 samples coincides with the
�4.33 Ga peak seen in the age distributions of all three
landings sites, and the majority of the zircons in this peak
show no microstructural evidence to support impact reset-
ting. It is unclear if this coincidence suggests an impact trig-
ger for a large, zircon-forming event or if it stems from the
paucity of pre-4.35 Ga zircons and the necessity to have
pre-existing zircon grains to record impact recrystallization
textures such as granularization or decomposition to
baddeleyite.

We analyzed a third granular grain 14259,664 Z24 that
does not contain baddeleyite cores, but does have large
granules (>20 lm) and lacks relict CL zoning (see supple-
mentary material for SEM imaging of this zircon). This
grain does not resemble tectonically recrystallized zircons,
and its texture is most likely impact related. Two analyses
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on two separate granules of this zircon yield a concordant
average age of 4195 ± 7 Ma (1r). Similar impact ages have
previously been suggested based on zircon and accessory
phase U–Pb analyses. Smith et al. (1986), Pidgeon et al.
(2007) and Bellucci et al. (2016) determined an 4184
± 7 Ma (1r) age for recrystallized domains in a 73235
zircon aggregate (also known as the pomegranate zircon),
which they suggest formed due to a distant impact
event at this time. It is also worth noting the similarity
between these ages and the 4.2 Ga basin-forming age
proposed based on U–Pb ages of zirconolite and apatite
grains in Apollo sample 67955 (Norman and Nemchin,
2014). The response of the U–Pb system to impact
environments may not be identical for zircon and other
accessory phases, so it is difficult to determine if these
events are related.

In addition to textural analyses, evidence of age resetting
can be identified in grains that exhibit open system behav-
ior. In these cases, bounds can be placed on the crystalliza-
tion and impact ages, however precise ages are hard to
determine due to difficulty in constraining ancient Pb-loss.
Only 6% of the grains we analyzed exhibit discordant
behavior or contain multiple age domains suggesting that
the majority of lunar zircon 207Pb–206Pb ages are not dis-
turbed (Fig. 6).

Seven Apollo 14 zircons (14259,658 Z2, Z3, Z7, Z8;
14259,664 Z1, Z3; 14321 Z14), three Apollo 15 (15405,9
Z1, Z12, Z17B) and one Apollo 17 zircon (72275 Z1) show
U–Pb discordance greater than 10%. The discordant Apollo
14 grains appear to have experienced a recent Pb-loss event.
Five analyses of the individual breccia zircon 14321 Z14
define a discordia line with a lower intercept of 288 ± 228
(1r) Ma (Fig. 6A). The 14259 soil zircons also follow a sim-
ilar trend with a Pb-loss event at 584 ± 179 (1r) Ma
(Fig. 6B). This behavior has also been noted in U–Pb anal-
yses of agglutinates from the same soil sample (Church
et al., 1976). The analyses of Apollo 15 zircons show recent
Pb-loss within the last �1 Ga, however the Concordia inter-
cepts are difficult to constrain since there is very little spread
in the data (Fig. 6C). Three analyses of 72275 Z1 define a
discordia with a lower intercept of 245 ± 310 (1r) Ma
and an upper intercept of 4347 ± 40 (1r) (Fig. 6D). It is
interesting to note that all the discordant zircons appear
to be affected by a recent Pb-loss event within the last
�900 Myr (based on the lower Concordia intercepts assum-
ing 2r errors). This is an unexpected observation since most
of the zircons crystallized prior to the proposed lunar cata-
clysm and show no evidence of Pb-loss resulting from
hypothesized �3.9 Ga basin-forming events. However, it
is plausible that moderately sized impacts could produce
localized thermal and shock regimes capable of inducing
open system behavior. The volumes of affected material
would be relatively small in this scenario, which, along with
sample biases, may explain the relative scarcity of discor-
dant grains. Ejecta from craters Tycho (109 ± 4 Myr) and
Copernicus (800 ± 15 Myr) have been identified in both
Apollo 12 and 17 samples and are potential sources of the
recent Pb-loss event(s) observed in our data (Eberhardt
et al., 1973; Arvidson et al., 1976; Lucchitta, 1977;
Bogard et al., 1994; Stöffler and Ryder, 2001).
We collected multi-spot analyses for 26 zircons, and of
these only four show variations in the concordant ages out-
side of the 2r errors. Most notable are grains 15311,18 Z6
and 14259,664 Z1. EBSD analyses of 15311,18 Z6 reveal
that this grain is almost completely amorphous and cross-
cut by a complex pattern of curviplanar features (see
Fig. 4G and H). Despite being almost fully amorphous, it
retains relatively old 207Pb–206Pb ages ranging from 4245
± 4 to 4332 ± 3 (1r) Ma. These data suggest a lower limit
on crystallization of 4.33 Ga and an upper age limit of
Pb-loss of 4.25 Ga (Fig. 7 bottom). The second grain,
14259,664 Z1, is �900 lm in diameter (the largest zircon
we have analyzed to date) and, based on CL zonation
(Fig. 1D), it appears to be a fragment of an even larger par-
ent zircon. The 207Pb–206Pb ages of this zircon span from
4075 ± 8 to 4313 ± 8 (1r) with discordance in only a few
analyses (Fig. 7 top). The younger ages appear to be asso-
ciated with cracks that may have served as pathways for
increased Pb-loss during a thermal event. The most discor-
dant analyses result from recent Pb-loss with a similar age
as the disturbance observed in the other 14259 soil zircons.
However, with the precision of SIMS U–Pb analyses, it is
difficult to determine if the spread in concordant ages is a
result of recent Pb-loss or a more ancient event, the upper
age limit of which is 4.08 Ga. Here we stress again that mul-
tiple age domains and discordance can only be used to place
limits on impact ages, and therefore impact grown or
recrystallized zircons yield the most robust determination
of impact ages.

In addition to the samples discussed above, previous
studies have identified recrystallized and/or impact derived
zircons that yield ages around �3.9 Ga and �4.1 Ga.
Grange et al. (2013a) identified a zircon in 73235 (‘‘Tiger”
zircon) with recrystallized domains that have an age of
4106 ± 18 Ma. Grange et al. (2009) reported a 207Pb-206Pb
age of 3929 ± 10 Ma for a granular texture zircon (type-
3) reaction rim surrounding a baddeleyite grain in sample
73217. A similar age of 3927 ± 8 Ma was determined for
a poikilitic zircon from 14311,20 (ts3-24) by Hopkins and
Mojzsis (2015) (some regions of this grain appear similar
to the granular texture zircons discussed herein). A second
poikilitic/granular zircon from this sample (ts2-3) has a
slightly older age of 3954 ± 13 Ma. An even younger event
was suggested by the 15405 zircons from Meyer et al. (1996)
and Grange et al. (2013b), which define a line with a lower
concordia intercepts of 1320 ± 250 Ma and 1733 ± 130 Ma,
respectively.

Although Apollo 14, 15, and 17 samples are the main
focus of this article, we include Apollo 12 and lunar mete-
orites in our enumeration of lunar zircon impact ages to
better develop an understanding of the global lunar impact
flux. Interstitial and poikilitic/sieved texture zircons con-
tained within impact melt breccias from Apollo 12 samples
and lunar meteorite SaU 169 have average ages of 3914
± 7 Ma and 3920 ± 13 Ma respectively (Liu et al., 2012).
The ages of these grains have been used to argue for an
impact event at �3.9 Ga. A 4.2 Ga impact event was also
suggested by Zhang et al. (2012) based on a peak in the
207Pb–206Pb ages of Apollo 12 zircons, however no textural
evidence for this interpretation is given.
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A histogram of 207Pb–206Pb ages of the lunar zircons
exhibiting impact growth textures discussed above is pre-
sented in Fig. 8. These zircon ages provide evidence for
large impacts, possibly basin forming events, occurring at
least as often as every �100 Myr after the initiation of zir-
con formation around 4.4 Ga, until �3.9 Ga. It is difficult
to use the abundance of impact grown or recrystallized zir-
cons to constrain the absolute flux of impacts due to factors
such as preservation of fragile zircons during sample prepa-
ration. However, separation techniques should not prefer-
entially favor zircons of a particular age, so the wide
spread of impact ages may suggest a more constant large
impact flux on the early Moon than previously thought
(Fig. 8 contains 13 ages, most of which are single zircon
ages). A similar conclusion has been put forth by previous
studies, however in some cases the distribution of igneous
crystallization ages of lunar zircons was used to infer ages
of large impacts (e.g. Norman and Nemchin, 2014;
Hopkins and Mojzsis, 2015). Without textural evidence of
impact alteration/growth or ancient Pb-loss, it is difficult
to associate these episodes of zircon formation with basin
forming events, although further investigation into similar-
ities between the impact and crystallization ages is needed.
Interpretations of the igneous crystallization ages of lunar
zircons are discussed further in the following section.

5.1.3. Igneous crystallization ages

While zircons with impact modification textures or open
system behavior are useful in constraining the ages of
impact events, they comprise only a small percentage of
the grains we analyzed. For the majority of the zircons
reported herein, we find no textural evidence of
recrystallization or deformation consistent with measurable
Pb-loss, and their U–Pb ages are concordant within error.
We therefore interpret the 207Pb–206Pb ages of these zircons
as lower limits on igneous crystallization ages. Even in the
cases of open system behavior discussed above, the oldest
age or Concordia intercept can still be interpreted as a limit
on the crystallization age.

All of the lunar zircons we analyzed are fragments of
much larger zircons, and they range in size from �20 to
900 lm. As previously mentioned, primary igneous growth
zoning, seen in CL images, suggests that some of these frag-
ments came from zircon crystals larger than a millimeter in
length. Zircons grown in terrestrial impact structures tend
to be only a few 10 s to 100 lm in length, which is much
smaller than the original, parent lunar zircons (e.g. Moser
et al., 2011; Wielicki et al., 2012). A magma that is highly
enriched in zirconium is necessary to produce millimeter-
sized zircons, and KREEP magmatism is the most likely
source for such highly enriched parent melts on the Moon.
The crystallization ages of lunar zircons have therefore been
used to infer the duration of KREEP magmatism (e.g.
Meyer et al., 1989, 1996).

Inspection of the age distributions in Fig. 3 reveals that
90% of all zircons are older than 4.1 Ga, and >90% of
Apollo 15 and 17 grains are older than 4.2 Ga. In the recent
study of Apollo 14 zircons by Hopkins and Mojzsis (2015),
igneous growth zoning was predominantly identified in the
oldest (�4.33 Ga) zircons, and the ages of these zircons were
interpreted as primary crystallization ages. Similarly,
microstructural analyses of the samples in the present study
reveal that primary igneous zonation is seen only in zircons
older than �4.2 Ga (examples of primary zoning are shown
in Fig. 4). Paired with the age distributions, this observation
suggests zircon producing magmatism predominantly
ceased by 4.1–4.2 Ga. Note that if the peaks in the zircon
age distributions resulted from impact induced magmatic
activity, the relatively small amount of ages at 3.9 Ga and
the lack of this signature across Apollo landing sites is not
consistent with the a hypothesized global lunar cataclysm
at this time. Higher spatial resolution age investigations of
this young population of zircons would help determine the
role impacts played in their formation and if subsequent
Pb-loss is affecting their apparent 207Pb–206Pb ages.

If zircons formed in KREEP-rich magmas, then the
maximum duration of KREEP magmatism was �200–
300 Myr, which is shorter then �500 Myr interval previ-
ously proposed based on the full range of zircon
207Pb–206Pb ages (Meyer et al., 1989, 1996). A shorter dura-
tion of KREEP magmatism was also suggested by Zhang
et al. (2012) based on the distribution of Apollo 12 zircon
ages. Whether the lunar zircons are forming in a single
KREEP reservoir or in multiple enriched parent magma
cannot be determined by age alone, but paired trace ele-
ment analyses can give more insight into the nature of early
KREEP magmatism.

5.2. Trace elements

Zircons incorporate ppm to wt% concentration levels of
trace elements such as U, Th, Hf, REEs, and Ti (Appendix
A). The absolute and relative abundances of these elements
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have been used to infer aspects of zircon provenance, such
as magma compositions, temperature, and oxidation state
(Belousova et al., 2002; Watson and Harrison, 2005;
Schmitt and Zack, 2012; Trail et al., 2012). The CI-
chondrite normalized REE patterns for terrestrial igneous
zircons are typically characterized by steep slope from
LREE to HREE, a positive Ce-anomaly, and a negative
Eu-anomaly; the two anomalies suggest oxidizing condi-
tions and plagioclase fractionation prior to zircon forma-
tion respectively (e.g. Hoskin and Schaltegger, 2003;
Grimes et al., 2007; Bell and Harrison, 2013). The terres-
trial zircon REE abundances range from 10s to 1000s ppm,
with zircons from crustal rocks having higher concentra-
tions than zircons from mantle rocks (Hoskin and
Ireland, 2000; Belousova et al., 2002; Hoskin and
Schaltegger, 2003). Terrestrial impact grown zircons have
been shown to retain REEs signatures similar to target rock
zircons (Wielicki et al., 2012), making it difficult to identify
zircons with impact origin by using REE analysis alone.

Nemchin et al. (2010) reported trace element analyses of
15 lunar zircons and identified four groups based on their
REE patterns. They defined both Type 1 and 2 patterns
as characterized by a positive slope from La to Lu and neg-
ative Eu anomalies, but with total REE concentration being
higher in Type 2. Type 3 is differentiated by elevated LREE
concentrations, and the one zircon characterized as Type 4
has a positive Ce anomaly. Hopkins and Mojzsis (2015)
measured trace elements of 105 zircons in breccia 14311
and noted similar variations in the LREE concentrations.
We have analyzed REE concentrations in 90 zircons and
reevaluated the 34 zircon analyses from Taylor et al.
(2009a, 2009b). Unlike previous work, our analyses of pris-
tine zircon are characterized by a single REE pattern once
data are filtered to exclude contributions from inclusions
and other features hosting trace element contaminants.

5.2.1. Identifying contributions from inclusions

The LREE concentrations in zircon are up to four
orders of magnitude lower than those of the HREEs, so
they are much more easily affected by trace amounts of con-
tamination (Hinton and Upton, 1991). The higher resolu-
tion SEM imaging used in this study, compared to
previously published lunar zircon images, revealed that
more than half of the lunar zircons we analyzed had poten-
tial sources of REE contamination exposed on the surface.
These features include impact melt inclusions, cracks,
annealed curviplanar features, or regions of trace element
exchange between zircon and impact melt (visible in CL).
Additionally, inspection of these samples under optical
transmission microscopy revealed many grains have subsur-
face inclusions that could potentially be excavated during
SIMS analyses. All of these microstructures can include
materials with vastly different trace element concentrations
than the host zircon. We therefore discarded all analyses
where SIMS spots visibly overlapped these potential
sources of contamination.

We also used iron concentration to monitor for inclu-
sions and contaminants in SIMS analyses. Iron is incom-
patible in the zircon structure; Hoskin and Schaltegger
(2003) determined that primary igneous zircons incorporate
at most a few hundred ppm Fe. We chose a threshold Fe
concentration of 400 ppm because this is the average lunar
zircon Fe concentration reported in Wopenka et al. (1996)
and is similar to the highest Fe concentrations found in
Hadean Jack Hills zircons, which are of similar ages as
the lunar samples. Additionally, zircons in our sample set
with anomalously high Ti concentrations also contained
elevated Fe concentrations. This correlation was previously
noted by Hopkins and Mojzsis (2015) and used to filter Ti
analyses of Apollo 14 zircons. We discarded approximately
half of our trace element analyses due to visibly identifiable
sources of contamination and/or Fe concentrations above
�400 ppm.

After filtering our analyses according to these criteria,
all measurements with anomalously high LREE concentra-
tions and positive Ce anomalies (Type 3 and 4 from
Nemchin et al., 2010) vanished. To investigate further, we
conducted a simple mixing model to assess the relationship
between the moderate LREE enrichments, similar to Type 3
zircons from Nemchin et al. (2010), and the non-pristine
zircon analyses within our data set. For the model we chose
two end-member REE analyses: the least pristine zircon
analysis (highest contribution from inclusions and sur-
rounding phases) that had Fe and Ti concentrations of
�4 wt% and �4500 ppm respectively (15405,9 Z12), and
the visibly pristine analysis of 14305 Z25 (Fig. 9@ 1). We
were able to reproduce the LREE enrichment observed in
a second analysis of 14305 Z25 (Fig. 9 @2) containing
impact melt glass inclusions with a mixture containing 7%
of the high Fe component and 93% of the pristine 14305
Z25 @1. We conducted this experiment with a range of
end member analyses and found that all the LREE enrich-
ments can be explained by similar mixtures of pristine and
non-pristine material. The results of the models suggest that
small amounts of impact melt glass can readily produce the
variations in trace element patterns observed and that a
large percentage of lunar zircon REE data is contaminated
and should not be interpreted in terms of zircon prove-
nance. Additionally, monitoring Fe concentrations and
high resolution SEM imaging may be a systematic way to
filter lunar zircon trace element data.

After the removal of the analyses containing trace ele-
ment contaminants, the lunar zircons can be characterized
by one REE pattern with varying levels of total REE con-
centration, which span the full range between Type 1 and
Type 2 zircons proposed by Nemchin et al. (2010) (Fig. 5).
The negative Eu anomaly seen in all samples is consistent
with the zircons forming from a KREEP reservoir after
appreciable amounts of plagioclase had been removed to
the flotation crust, and the absence of large Ce anomalies
supports the conclusion that the lunar grains formed in
reducing magmas (Trail et al., 2012). Some of the data
may appear to have small positive Ce anomalies, however,
in over half of the samples, the Ce and La concentrations
are approaching the detection limits of our analyses there-
fore identifying Ce anomalies is problematic. The similarity
of the lunar zircon REE patterns makes it difficult to use the
patterns alone to identify zircons of different provenance.
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5.2.2. Igneous crystallization trends

Lunar zircons are thought to have formed in late stage
enriched melts resulting from extensive fractional crystal-
lization of the LMO. Claiborne et al. (2010) showed that
zircons from the Spirit Mountain Batholith, Nevada,
record trace element variations indicative of igneous frac-
tional crystallization of parent magmas. As fractional crys-
tallization progresses, Hf becomes increasingly
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concentrated in the melt due to its incompatible nature in
most minerals. The Hf concentration can therefore be used
as a proxy for degree of crystallization within a given
magma body. If all the lunar zircons formed from the same
original residual magma, one might expect a correlation
between the Hf concentration and the 207Pb–206Pb crystal-
lization age, but the lunar zircons do not show this correla-
tion. Even among the oldest group of the lunar zircons,
>4300 Ma, there is no apparent increase in Hf concentra-
tion with progressive crystallization (i.e., a decrease in
age). The lack of correlation suggests that either there were
multiple parent magmas producing zircons by fractional
crystallization or that the zircons are recording conditions
in their local environment. It is also possible that the
207Pb–206Pb ages have been reset by subsequent impacts
that did not simultaneously affect the trace element concen-
trations. This scenario is feasible because even at 1000 �C,
the diffusion coefficients for the REEs are between 4 and
300 times lower than that of Pb (Cherniak et al., 1997;
Cherniak and Watson, 2000) as is borne out by shocked ter-
restrial zircons that experience 80% Pb loss without affect-
ing primary REE zoning (Moser et al., 2011). However,
our results do not suggest significant impact related Pb-
loss in the lunar zircon population. The trace element data
therefore do not support a single KREEP source, although,
higher precision U–Pb analyses are needed before the alter-
native hypothesis can be ruled out.

5.2.3. Crystallization temperatures and zircon saturation

As previously mentioned, the partitioning of Ti into zir-
con is a function of temperature and the activities (a) of
TiO2 and SiO2 in the parent melt (Watson and Harrison,
2005). Since almost all lunar zircons are detrital, except
for a few found in lithic clasts or exhibiting impact growth
textures, the compositions of their parent magmas are
unknown. Previous authors have assumed equal values of
aSiO2 and aTiO2, which may not be appropriate for KREEPy
magmas, and they report Ti-in-zircon temperatures for
some zircons that extend to subsolidus temperatures
(Taylor et al., 2009a, 2009b; Valley et al., 2014; Hopkins
and Mojzsis, 2015). In some instances, slightly hydrated late
stage KREEPy magmas have been invoked to explain the
low temperature zircons, however, this is inconsistent with
both the reducing conditions on the Moon and the lack
of a Ce-anomaly in the zircon REE data.

Even though we cannot directly measure the aTiO2 and
aSiO2, we can still determine reasonable values based on
estimates of KREEP parent melt compositions. We used
the MELTS program to calculate temperatures, activities,
and final mineral assemblages for four initial compositions
(Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998): (1)
estimated composition of urKREEP, or the KREEP parent
(Warren and Wasson, 1979), (2) 15405 KREEP basalt gran-
ite (Ryder, 1976), (3) 15405 quartz monzodiorite (Taylor
et al., 1980), and (4) 70215 high-Ti basalt (LSPET, 1973).
The first three are our best estimate of the KREEP parent
magma compositions, and the latter was investigated to
determine how higher Ti concentrations affect aTiO2. Each
MELTS run assumed the following conditions: fractional
crystallization, P = 0.540 kbar, initial log fo2 = IW-1
(Ghiorso and Sack, 1995; Wadhwa, 2008), and prohibition
of spinel formation. The last parameter was necessary
because starting compositions were for samples with little
to no spinel, and crystallization of ulvospinel could influ-
ence the aTiO2. The MELTS calculated starting tempera-
tures ranged from 1145 to 1324 �C. Zircon is not an
optional mineral precipitate in MELTS, however we
tracked zircon saturation by assuming that the amount of
zirconium stayed constant throughout the MELTS run
(i.e. zirconium was not incorporated into crystallizing min-
eral phases). Zircon saturation was reached for all starting
compositions after between �1% (QMD 15405 and
KREEP) to 86% crystallization (High Ti Basalt).

The aSiO2 for all four compositions varied between 0.5
and 0.7 for the duration of the MELTS models; there is a
slight increase in silica activity with decreasing temperature
and increasing degree of crystallization. We therefore chose
the average aSiO2 of 0.6 ± 0.1 for our temperature calcula-
tions. The aTiO2 also shows little variation between runs
with different starting compositions and does not vary with
temperature. Each composition yields maximum aTiO2 val-
ues between 0.1 and 0.2. However, using these low aTiO2

and aSiO2 values results in impossibly high Ti-in-zircon tem-
peratures that are above the zircon saturation temperatures
for our initial melt compositions, which range from 1250 to
1266 �C using the revised relationship from Boehnke et al.
(2013). In order for our highest Ti concentrations to be con-
sistent with these temperatures and with aSiO2 = 0.6, our
aTiO2 would need to be �0.3. It is interesting to note that
in all MELTS runs, ilmenite (FeTiO3) begins to crystallize
between �980� and 1141 �C, which is below the zircon sat-
uration temperature suggesting some zircons may be crys-
tallizing before ilmenite. The activity of aTiO2 could
therefore be higher prior to ilmenite formation, which
would remove TiO2 from the melt, so a value of �0.3
appears reasonable for our high Ti zircons.

Based on the MELTS results and zircon saturation tem-
peratures of KREEP-rich rocks, our best estimates for
oxide activities are aSiO2 = 0.6 ± 0.1 and aTiO2 = 0.25
± 0.05. The Ti-in-zircon temperatures calculated using
these values range from 958 ± 57 to 1321 ± 100 �C (uncer-
tainties include the range in aSiO2 and aTiO2, and 1r analyt-
ical error in Ti concentration). The lower bound agrees well
with the dry solidus for granite at near surface pressures
(�950 �C; Robertson and Wyllie, 1971) and the highest
crystallization temperature is within error of the zircon sat-
uration temperatures.

Our Ti concentrations are in agreement with the average
Ti concentrations for zircons from Apollo 12, 14, 15, and 17
reported in Taylor et al. (2009a, 2009b), Valley et al. (2014),
and Hopkins and Mojzsis (2015), although our calculated
temperatures are slightly higher due to assumptions of
oxide activity. However, if we recalculate the temperatures
for their zircons using our new constraints on aSiO2 and
aTiO2, the values agree well with the temperatures reported
herein. For comparison, the lunar zircon temperatures are
higher than those of terrestrial Hadean zircons, which are
all below 800 �C implying crystallization in hydrous mag-
mas (Watson and Harrison, 2005; Harrison and Schmitt,
2007; Bell and Harrison, 2013).
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6. SUMMARY AND CONCLUSIONS

The lunar zircon record has been used to infer the timing
and characteristics of residual KREEP magmatism, how-
ever discrepancies exist between the crystallization ages
and trace elements of lunar zircons, and the whole rock
record and the LMO solidification models. In this paper
we presented coordinated age and trace element analyses,
which, in conjunction with microstructural imaging,
address these discrepancies.

The large size of most zircon parent crystals, some in
this study are over a millimeter in length, suggests forma-
tion in highly enriched KREEP magmas and not an
impact environment. The distributions of 207Pb–206Pb
igneous crystallization ages for zircons from Apollo 14,
15, and 17 landing sites all exhibit a peak in age around
4.33 Ga, however they differ in that only Apollo 14 sam-
ples contain a population of zircons with ages less than
4.1 Ga. We observed that the majority, 90%, of all lunar
zircons are older than 4.1 Ga and primary igneous zona-
tion was identified only in zircons >4.2 Ga. Additionally,
the <4.1 Ga zircons from Apollo 14 are often smaller than
50 lm and/or show evidence of open system behavior,
suggesting an increased likelihood of impact alteration.
Together with the age distributions, the characteristics of
the young lunar zircons suggest that the majority of zircon
forming KREEP magmatism ceased between 4.2 and
4.1 Ga.

We also employed microstructural analyses to identify
zircons with textures indicative of impact recrystallization.
Two 15455 granular texture zircons that contain micron
sized baddeleyite domains yield 207Pb–206Pb ages of
�4.330 Ga, and a third granular zircon from 14259 has a
207Pb–206Pb age of 4.20 Ga. The ages of these grains, in
combination with previously proposed lunar zircon impact
ages, suggest lunar zircons are recording signatures of large
impact events at least every 100 Myr during the first
500 Myr of lunar history. We find no signature of a lunar
cataclysm at �3.9 to �3.8 Ga in the zircons analyzed
herein.

We compiled a REE dataset large enough to investi-
gate characteristics of lunar zircon parent magmas.
High-resolution electron beam imaging of the SIMS anal-
ysis spots and monitoring of Fe concentrations revealed
that approximately half of the REE analyses contained
contributions from inclusions (mostly impact melt),
cracks, or surrounding phases. These features are often
hard to avoid during SIMS analyses due to the shocked
nature of the lunar grains. After we filtered for contami-
nated measurements, the pristine zircon analyses are char-
acterized by one REE pattern that exhibits a negative Eu
anomaly and no positive Ce anomaly. These results are
consistent with zircons forming in a KREEPy, reducing
parent magma. Additionally, there is no correlation
between Hf and igneous crystallization age, which may
suggest that either there were multiple zircon forming
source regions or that some zircon ages have been slightly
altered by later impact events. However the concordant
behavior of most zircons in this study does not support
the latter scenario.
For the purpose of Ti-in-zircon thermometry, we deter-
mined new estimates for oxide activities in the KREEP
source of aSiO2 = 0.6 ± 0.1 and aTiO2 = 0.25 ± 0.05 using
MELTS models and zircon saturation temperatures for a
range of likely parent melt compositions. Using these val-
ues, we calculated Ti-in-zircon temperatures for zircons
from all three landing sites ranging from 958 ± 57 to
1321 ± 100 �C. These values are bounded by the dry solidus
temperature of granite and are within error of the zircon
saturation temperatures for the estimated starting magma
compositions. These temperatures are consistent with zir-
cons forming in anhydrous conditions with little to no
allowance for water in late stage KREEPy melts.

The coordinated analyses presented in this study
resolved some discrepancies between the lunar whole rock
record, LMO crystallization models, and the lunar zircon
data. In general, our results suggest that lunar zircons
formed in reduced, anhydrous parent melts, the majority
of which crystallized by 4.2–4.1 Ga. Further investigations
into the extent of impact disturbance in the <4.1 Ga zircons
and the robustness of the >4.37 Ga zircon ages will help to
fully reconcile the lunar whole rock and zircon histories.
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