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Apollo 14 zircons older than ca. 4300 Ma formed by igne-
ous processes associated with lunar crust formation. Com-
positional variability in the ca. 4240 Ma zircon age popula-
tion is interpretable, however, via a mixture of inherited and 
melt-generated components from one or more large impacts 
perhaps related to a marked increase in bombardment flux. 
Ages from the youngest zircon group at ca. 3950 Ma coin-
cide with the classical “late heavy bombardment” (LHB) as 
documented from previous lunar geochronologies. These 
results lend support to the idea that instead of a simple uni-
modal LHB scenario, or a monotonic decline in impacts, 
the Moon was battered by multiple cataclysms since ca. 
4240 Ma. Such a “Picket fence”-like bombardment to the 
Moon best describes the mode and tempo of impacts that 
accompanied the late stages of solar system formation and 
giant planet migration.
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Introduction

The history of accretion to the Moon is interesting because 
it tells us something about the nature of the surface state 
of early Earth, and the age and development of other plan-
ets and moons. Lunar bombardment and its evolution has 
been a topic of study since the early days of the space age 
(Öpik 1960; Baldwin 1963; Hartmann 1965, 1966). A new 
generation of dynamical bombardment models constructed 
to explain the physical basis of such bombardments (e.g., 
Gomes et al. 2005; Tsiganis et al. 2005; Walsh et al. 2011; 
Bottke et al. 2012; Marchi et al. 2014) have further deep-
ened interest in early (and late) accretion. Yet, the cause(s), 
duration, amplitude and evolution of the rate of impacts to 

Abstract New zircon U–Pb and trace element investiga-
tions from Apollo 14 lunar impact breccia sample #14311 
reveal at least three distinct (Concordia, 2σ) age popula-
tions at 4334 ± 10, 4245 ± 10 and 3953 ± 10 Ma. Tita-
nium-in-zircon thermometry (Tixln) results correlated with 
U–Pb ages range from ~800–1200 ºC. Lattice strain models 
used to infer zircon versus whole-rock rare earth element 
contents, and partitioning calculations against lunar impact 
breccia component compositions, quantitatively constrain 
formation conditions for the different age populations. A 
compilation of new data with published work shows that 
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the Moon (Fig. 1), and how the lunar record is in turn used 
to interpret bombardment to the other worlds of the inner 
solar system, is largely unquantified (e.g., Fritz et al. 2014; 
Werner 2014 and references therein). This topic remains 
highly controversial, and understanding it is essential in our 
understanding of the formation of a habitable planet.

Records of the early thermal history of the Moon associ-
ated with the establishment and subsequent modification of 
the lunar crust are obscured by a complex history of later 
overprinting via mare volcanism and a lengthy (albeit vague) 
history of impact bombardments (Fassett and Minton 2013). 
Subsequent to the Moon’s own formation, and among the ear-
liest solar system-wide impact events invoked to explain geo-
chemical observations, was an intense epoch of late accretion 
from leftover planetesimals of the planet-building process. 
Dubbed the “Late Veneer,” this onslaught is hypothesized 
to have augmented Earth’s mantle mass by about 0.8 wt% 
after primary accretion of the planets had ceased and metal-
lic cores became chemically isolated from silicate mantles 
(Chou 1978; Walker 2009; Willbold et al. 2011). Although a 
matter of vigorous debate (e.g., Touboul et al. 2012), the Late 
Veneer (LV) model is used to explain why the mantles of the 
Moon, Earth, Mars and some asteroids are overabundant in 
the highly siderophile elements when they should have been 
effectively stripped out by metal–silicate differentiation (e.g., 
Bottke et al. 2010; Day et al. 2012; Marchi et al. 2014; cf 
Righter et al. 2008). On the other hand, the later and far-less-
catastrophic “terminal lunar cataclysm” (Turner et al. 1973; 
Tera et al. 1974) or as it is more commonly called, “late heavy 
bombardment” or LHB (Ryder et al. 2000; cf Hartmann et al. 
2000), seems to represent the culmination of large impacts 
that typified the solar system’s first billion years. It is impor-
tant to point out that although there are a number of uncer-
tainties, the LHB nevertheless occurred hundreds of millions 
of years after the LV, and that it delivered approximately 
1500× less material (Abramov and Mojzsis 2009). The story 
of impacts does not end with the LHB. It is also now appreci-
ated that instead of a simple unimodal rise and fall of impac-
tors as schematically shown by Ryder (1990; 2002), dregs 
of bombardment continued to affect Earth and the rest of the 
inner solar system as part of a long decline in impact rate that 
extended well into the Proterozoic (Bottke et al. 2012; John-
son and Melosh 2012).

Lunar impact breccias from the Apollo (USA) and Luna 
(Soviet Union) collections, as well as the suite of lunar 
meteorites, contain rock and mineral fragments with histo-
ries strongly modulated by impacts after original emplace-
ment in the Moon’s crust (e.g., Ryder et al. 2000; Ryder 
2002; Cohen et al. 2005). Many returned lunar rocks and 
meteorites thus far studied yield complex ages in vari-
ous radiogenic systems that are probably associated with 
multiple shock re-melting events (reviewed in Fernandes 
et al. 2013). Yet, lunar ages ascribed to post-emplacement 

processing by impacts have long been known to substan-
tially predate the LHB epoch (e.g., Husain and Schaeffer 
1975; Jackson et al. 1975; Turner et al. 1979; Nyquist et al. 
2006, and references therein) originally conceived to have 
culminated at about 3900 Ma with a 10–100 Myr duration 
(e.g., Abramov and Mojzsis 2009). Evidence also exists for 
a large basin-forming impact at ca. 4200 Ma—ascribed by 
some to the 2500 km diameter South Pole-Aitken (SPA) 
structure—based on detailed geochronological studies of 
diverse lunar samples (Maurer et al. 1978; Fernandes et al. 
2013; Norman and Nemchin 2014). A firmer constraint on 
the age of the enormous and ancient SPA impact feature 
remains as a vital missing link in our understanding of the 
duration and amplitude of late accretion.

In view of this complex history, of the conspicuous pos-
sibility for an extended record of early and late bombard-
ments to the Earth–Moon system (e.g., Abramov et al. 
2013; Marchi et al. 2014), and how these data might trans-
late into disparate age estimates based on crater-counting 
statistics for other planetary surfaces (e.g., Werner 2014), 
further detailed geochronological and geochemical analy-
ses of minerals capable of preserving this record are war-
ranted. Extraterrestrial zircons (Zr(SiO4)) are reliable min-
eral chronometers of early events to the inner solar system 
(e.g., Hopkins et al. 2015). They have high closure temper-
atures in the U–Pb system that provides advantages over the 
40Ar/39Ar geochronological approach that has long domi-
nated lunar and meteoritic studies. This is despite having 
experienced sometimes significant structural and crystal-
chemical changes induced by intrinsic processes, such as 
metamictization, and extrinsic processes like regional and 
contact thermal metamorphism (e.g., Hoskin and Schalteg-
ger 2003), shock-induced deformation (e.g., Timms et al. 
2012) and impact melting (e.g., Grieve and Cintala 1997). 
Complexities in U–Pb zircon chronology, and the internal 
structures such as planar deformation features endemic 
to extraterrestrial zircons, require that rigorous criteria be 
established to reliably interpret this history (e.g., Nemchin 
et al. 2012). These include determination of whether ana-
lyzed domains within the zircons are: (1) the product of 
purely crustal igneous processes on the parent body be it 
a planet, moon or asteroid; (2) (re)crystallized from one or 
more impact melts; or (3) experienced partial to complete 
age resetting induced by thermal metamorphism (i.e., heat-
ing below or within impact melt sheets).

To distinguish between the scenarios cited above, we used 
high-resolution U–Pb zircon geochronology, zircon crystal 
chemistry and trace element geochemistry, Ti-in-zircon ther-
mometry and mineral-whole-rock rare earth element (REE) 
partition modeling with the goal of building a self-consistent 
lunar thermal chronology to test the different models repre-
sented in Fig. 1. The work reported herein combines new data 
with published databases of lunar zircons and provides input 
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parameters to test dynamical studies that seek to explain LHB 
history introduced, for example, by the recently elaborated 
“Sawtooth” model of Morbidelli et al. (2012; cf Werner 2014).

Sample description and analytical procedures

Apollo 14 and the pre-Imbrium Moon

Samples that are the focus of this study were collected 
from the Apollo 14 landing site. They are associated with 
the Fra Mauro formation that was previously interpreted 
by Wilhelms (1987) to contain a substantial component 
of Imbrium ejecta. This region is mostly mantled by frag-
ments of pre-existing rocks fused together to form new 
rocks, including fragmental breccias, impact melt breccias 
and clast-poor impact melts of basaltic and KREEP-rich 
compositions. Whole-rock 40Ar/39Ar and Rb–Sr geochro-
nological analyses of Apollo 14 samples were used to place 
the age of the Imbrium impact at about 3900 Ma (Alexan-
der and Davis 1974; Papanastassiou and Wasserburg 1971), 
but U–Pb zircon geochronology from this (Nemchin et al. 
2008, 2009a) and other returned lunar breccias (Apollo 
17) show a wider age distribution that extends to an older, 
pre-Imbrium history going as far back as 4417 ± 6 Ma 
(Nemchin et al. 2009b). Geochronological results on 

zircons from lunar meteorites show an even wider age dis-
tribution with the oldest ages at 4460 ± 40 Ma (Norman 
et al. 2003; Nyquist et al. 2006). Previous work explored 
the possibility that some of the pre-4000 Ma zircon ages 
might represent distinct impact events on the Moon and are 
not simply a consequence of inherited zircon grains from 
pre-existing rocks originally generated by KREEP mag-
matism (Norman and Nemchin 2014). To better resolve the 
impact history of the Moon and understand the formation 
conditions of Apollo 14 breccias requires that a suite of 
chemical criteria be assembled that is specifically coupled 
to geochronological analyses of the same samples (cf Val-
ley et al. 2014) with the express purpose of quantitatively 
identifying an (exogenous) impact origin for some lunar 
components as opposed to a endogenous crustal (igneous) 
derivation.

Impact melt breccia 14311

Breccia sample 14311 used in this study was collected dur-
ing EVA 2 (extra-vehicular activity) at a small crater at Sta-
tion Dg and is one of the largest samples returned by the 
Apollo 14 mission. Unfortunately, it was not photographed 
in place. It is a clast-bearing multi-component breccia with 
an aphanitic crystalline matrix, made up of various lithic 
and low-melting-point mineral fragments (>1 mm clasts 
are plagioclase 6.5 %, mafic 3 %, breccia 2.5 %, granulite 
4.5 %, pore space 8.5 %), but is mostly (75 %) crystalline 
matrix (Simonds et al. 1977). The melted and recrystallized 
matrix has reacted with, and likely dissolved, some of the 
clasts. Void space in the matrix annealed to form larger ves-
icles filled with inclusions of “potassic granitic” glass. Our 
samples contain ~1 mm subhedral to anhedral plagioclase 
grains in a matrix that is often interlocked with pyroxene 
and minor amounts of ilmenite to form subophitic to granu-
lar textures (Fig. 2; SOM-Fig. 1). Three bulk rock samples 
from impact melt breccia 14311 (subsample number, mass: 
14311.20, 2.9 g; 14311.50, 3.8 g; 14311.60, 2.1 g) were 
provided at request by the Lunar Sample Curation Facility 
of the NASA Johnson Space Center.

Zircon extraction and U–Th–Pb analysis

Individual samples were each divided into three parts: one 
section was hand-crushed for zircon extraction to facilitate 
geochronology and geochemical analyses, the second was 
used for the preparation of standard thick sections, and the 
third was retained and archived. A 3-mm-thick section of 
sample 14311.20 was prepared for petrological investiga-
tion and in situ zircon analysis. Samples reserved for zircon 
extraction were gently crushed by hand in pre-cleaned agate 
mortars, passed through nylon sieves dedicated to individual 
samples, separated in standard heavy liquids (reagent-grade 
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Fig. 1  A graphical representation of several different paradigms pro-
posed to explain lunar bombardment. The solid blue line (exponen-
tial decay 100 Myr half-life) is calibrated to crater counts and surface 
ages from Apollo landing sites and the Imbrium impact basin (Neu-
kum and Ivanov 1994; Neukum et al. 2001). The unimodal cataclysm 
or LHB is a schematic but quantitatively representative view of the 
“classical” late heavy bombardment as advocated by Ryder (1990, 
2002). The “Sawtooth” cataclysm (red solid line) is quantitatively 
representative of a relatively weaker cataclysm with an upturn at ca. 
4100 Ma (Morbidelli et al. 2012). Multiple cataclysms scatter sev-
eral bombardment episodes over the Hadean (Tera et al. 1974). Fig-
ure adapted and modified from Mojzsis et al. (1999) and Zahnle et al. 
(2007)
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Geoliquids© methylene iodide), cleaned in reagent-grade 
acetone and ultrapure water baths and treated with a hand 
magnet to remove magnetic fractions such as metal oxides to 
isolate non-magnetic minerals including zircon. All processed 
sample materials including magnetic separates and lower 
density aliquots were retained and re-cleaned in acetone baths 
prior to archival storage. Owing to the fact that the lunar zir-
cons are ancient and modified by shock-induced fractures and 
radiation damage—making them both difficult to identify in 
grain-picking and extremely delicate—we found it advanta-
geous to cast the entirety of the non-magnetic heavy-mineral 
separate into target sprinkle mounts rather than attempt to 
individually handpick grains (Hopkins et al. 2015). Non-
magnetic heavy-mineral fractions were poured into a clean 
glass funnel directed over double-sided adhesive tape to cre-
ate a circular 0.8 cm2 mineral monolayer targeted for imaging 
and analysis. Polished epoxy blocks of zircon standards (AS-
3; 91500; Paces and Miller 1993; Black et al. 2003; Schmitz 
et al. 2003) were placed adjacent to the targeted grains, and 
the entire assembly was cast together in 2.2-cm diameter 
Buehler© epoxide molds. The sample disks were removed 
from their molds, cleaned with acetone and ultrapure water 
to remove any remnants of the adhesive backing and lightly 
hand-polished using a 6- to 0.25-μm alumina paste in stages 
until grain surfaces were maximally exposed. Each mount 
was further cleaned in 1 N HCl solution to reduce com-
mon Pb contamination, rinsed and ultrasonically cleaned in 
deionized water, oven-dried in air (50 °C), then coated with 
~15 nm of carbon in preparation for chemical mapping by 
back-scattered electrons (BSE) and/or cathodoluminescence 
(CL). Prior to ion microprobe analysis, the carbon coating 
was removed from the mounts and the sample was cleaned 
following the protocols described in Hopkins et al. (2015) and 
then re-plated with ~10 nm of Au to facilitate conductivity.

All U–Th–Pb zircon geochronology and trace element 
(Ti, REE) analyses reported here were performed on the 
Cameca ims1270 high-resolution ion microprobe in mono-
collection spot mode at the University of California Los 
Angeles’ National Ion Microprobe Center following the 
techniques described in Mojzsis et al. (2014). A brief sum-
mary follows: Standard operating conditions for conven-
tional zircon U–Pb analyses utilized a ~15-nA mass-filtered 
16O− primary beam focused to a ~20-μm spot. Oxygen 
flooding to a pressure of ~2.7 × 10−5 torr was employed 
to increase Pb+ yields (Schuhmacher et al. 1994). The ana-
lytical sessions in spot mode consist of a continuous col-
lection time of 12 ion microprobe cycles, each of which 
was approximately 2 min. Ages for unknown zircons were 
obtained by comparison with a working curve defined first 
by multiple measurements of standard 91500 (Wiedenbeck 
et al. 1995, 2004) and subsequently by repeated analy-
ses of standard AS3 that yield concordant 206Pb/238U and 
207Pb/235U mean ages of 1099.1 ± 0.5 Ma (Schmitz et al. 
2003). Ion microprobe output data were reduced with the 
ZIPS© version 3.0.2 software package (written by C. D. 
Coath, University of Bristol) and served as input to gen-
erate U–Pb concordia plots and calculate concordia ages 
using the Isoplot software package (Ludwig 2003). Rela-
tive probability 2-D kernel density function plots were 
constructed using OriginPro© 9.1 statistical software. The 
complete U–Th–Pb geochronology dataset for our samples 
is reported in SOM-Table 1.

Ti-in-zircon thermometry

The Ti-in zircon thermometer was developed by Watson and 
Harrison (2005) and further refined based on the improved 
thermodynamic analysis of Ti substitution (Ferry and 
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Fig. 2  Backscatter electron (BSE) image of a representative region 
of 14311.20 thick section. Locations of various minerals clasts cited 
in this work (e.g., pyroxene, plagioclase and ilmenite) are labeled in 
the figure. What we define as the “crystalline matrix” is also shown. 

White circles indicate locations of lunar zircons from 14311.20 with 
specific sample names provided next to each. A BSE montage of the 
14311 thick section is available in SOM. Field of view is 1 cm
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Watson 2007). The abundance of a trace element partitioned 
between mineral and melt can be temperature depend-
ent; thus, crystallization temperatures may be estimated by 
measuring a particular trace element concentration (e.g., Ti) 
within a solid phase (e.g., zircon) if the magma is buffered 
to a known value. An experimentally calibrated thermom-
eter based on the isoelectronic substitution of titanium for 
zirconium in zircon can assess crystallization temperatures, 
provided the activities of quartz and rutile can be estimated 
(Watson and Harrison 2005; Watson et al. 2006; Ferry and 
Watson 2007). If co-crystallization with rutile is not known 
in the system, the thermometer tends to underestimate the 
temperature of crystallization by up to 70 °C if the activity 
aTiO2 is <1, or overestimate it if the aSiO2 is <1. As such, 
these effects tend to compensate for one another. High-
resolution imaging of Ti in Hadean zircons (Harrison and 
Schmitt 2007) has shown that micro-cracks, the grain/epoxy 
interface and Ti-bearing micro-inclusions can severely ele-
vate apparent measured Ti concentrations to yield spurious 
temperatures (e.g., Hiess et al. 2008). These factors can be 
corrected to some degree by also measuring Fe since most 
contaminants (epoxy, ilmenite/sphene inclusions) should 
also increase Fe abundances (Reid et al. 2011). Titanium 
concentrations in our samples were determined by direct 
comparison of a 49Ti+/94Zr2

16O+ working curve between 
zircon standard 91500 and the unknown assuming an 
91500[Ti] of 5.25 ppm (Wiedenbeck et al. 2004).

Zircon trace element geochemistry

The [REE]zircon analyses reported herein were performed 
on the UCLA Cameca ims1270 ion microprobe following 
the approach described by Schmitt and Vazquez (2006). 
Conditions for trace element analyses were broadly similar 
to those of U–Pb dating, with a ~10- to 15-nA mass-filtered 
16O− beam focused to a ~25- to 35-μm spot. Individual 
analyses were positioned to overlap earlier U–Th–Pb geo-
chronology analysis spots described in the previous sec-
tion. The REE intensities were normalized to 30Si+ and cor-
rected for interfering oxides. Analytical sensitivities were 
determined using standard NIST glass 610 (Pearce et al. 
1996), and instrument stability was monitored by periodic 
REE measurements on standard zircon 91500. All REE 
data are reported in SOM-Table 2.

Results

Lunar zircon U–Pb geochronology versus [Th/U]zircon 
values

Analysis of 165 individual ion microprobe spots on 106 
lunar zircons revealed three resolvable 207Pb/206Pb age 

populations. The majority of zircon ages from our sam-
ple suite are concordant (SOM-Table 1), which is to be 
expected in a crustal environment of the Moon that is 
dominated by fluid-absent dry and hot conditions (Valley 
et al. 2014). In general, we find that the [Th/U]zircon values 
for the three zircon populations (Fig. 3a) range between 
broadly igneous values of ~0.2–1.4 on the Moon, much as 
they do for terrestrial zircons (e.g., Kirkland et al. 2015). 
Ages expressed in 207Pb/206Pb of zircons also weakly corre-
late with Th (Fig. 3b) and U (Fig. 3c) concentrations, such 
that a clustering of higher Th and U concentrations exists 
for the ca. 4330 Ma population, whereas a wider variation 
in concentrations (U = 16–604 ppm; Th = 8–755 ppm) 
is seen in the 4240 Ma group, and a decrease and narrow-
ing in concentrations exist in the youngest (3950 Ma) age 
population.

Oldest (ca. 4330 Ma) lunar zircon age group

Our 34 U–Pb geochronological analyses on 24 zircons 
within the oldest zircon grouping (Fig. 4a) yielded a Con-
cordia age of 4334 ± 10 Ma (2σ, MSWD = 0.82) and a 
mean age of 4334 ± 6 Ma (2σ, MSWD = 1.2). Neither 
BSE nor CL image analyses for the majority of zircons 
in this age group show either exsolution textures or mot-
tled appearance. They are generally free of inclusions and 
grain habits range from euhedral to broken. Furthermore, 
CL images show that many of the oldest zircons retain par-
tial oscillatory and/or sector zoning (Fig. 5,1a–f), which 
provides support to the view that the zircon ages represent 
primary magmatic crystallization. These results are in gen-
eral agreement with previous studies that reached a similar 
range of ages for magmatic events interpreted to represent 
a long era of lunar crust formation going as far back as 
4420 Ma (Grange et al. 2009, 2011; Nemchin et al. 2008; 
Pidgeon et al. 2007; Meyer et al. 1996).

An intermediate morphology 4300 Ma zircon age group

Zircons from this population (Fig. 4b) were identified as 
such mostly because of their habit as broken grains, some 
of which are subhedral (Fig. 5,1b). Often, however, they 
show evidence of rounding (possibly from thermal abra-
sion), with no obvious zonation patterns in CL images. Our 
17 U–Pb analyses on 16 zircons from this group yield a 
Concordia age 4297 ± 10 Ma (2σ, MSWD = 1.05) and a 
mean 207Pb/206Pb age of 4299 ± 10 Ma (2σ, MSWD = 1.4).

The 4240 Ma zircon age group

Eighty U–Pb analyses on 54 zircon grains in this large 
group (Fig. 4c) yield a Concordia age of 4245 ± 10 Ma 
(2σ, MSWD = 0.05), and a mean 207Pb/206Pb age of 



 Contrib Mineral Petrol (2015) 169:30

1 3

30 Page 6 of 18

4241 ± 10 Ma (2σ, MSWD = 3.1). Both BSE and CL 
images show that these zircons mostly occur as broken 
grains with subdued oscillatory and/or sector zoning pat-
terns. Many are also rounded grains, possibly from thermal 
abrasion, and lack zonation (Fig. 5,2a-f).

The LHB-era 3950 Ma zircon age group

Geochronology performed on 18 grains (34 spots) from this 
population yields a mean 207Pb/206Pb age of 3954 ± 22 Ma 
(2σ, MSWD = 2.4) and a Concordia age of 3953 ± 10 Ma 
(2σ, MSWD = 0.12; Fig. 4d). In terms of grain habit, the 
youngest population we identified in this work is strongly 
dominated by fragmented grains that preserve primary zon-
ing features in imaging studies. Some are irregular and 
rounded grains with mottled CL patterns, and yet more 
preserve textures that have previously been ascribed to 
thermal alteration, annealing and re-melting (Fig. 5,3a–f). 
For example, thin-section zircon 14311_ts3_24 (Fig. 5,3f) 

exhibits the kind of sieve/poikilitic textures ascribed to 
impact melt-produced zircons (Liu et al. 2012; Nemchin 
et al. 2008; Gnos et al. 2004; cf Scoates and Chamberlain 
1995).

Zircon Tixln thermometry

Crystallization temperatures inferred from Ti-in-zircon 
concentrations in all samples from this study yield values 
that range from ~800 to 2000 °C (Fig. 6a; SOM-Table 1). 
Following a previous study (e.g., Mojzsis et al. 2014), we 
monitored 57Fe in the effort to identify spurious tempera-
tures that arise from contaminants such as epoxy, cracks 
and ilmenite/sphene inclusions (Fig. 6b). Results of this 
analysis show that anomalously high crystallization tem-
peratures (>1200 °C) are most likely due to containments 
within individual zircons or, in the case of the thin-section 
grains, analysis spots that overlapped with other Ti-con-
taining minerals. Once excluded, average temperatures for 

a b

c

Fig. 3  a New data for 14311 zircon 207Pb/206Pb ages (filled circles) 
versus U–Pb discordance (%) represented in a 2-D probability kernel 
density function plot with Th/U values (open white circles) overlain. 
Legend shows increasing constant probability density where blue is 
the least dense and red is the densest; the color gradient indicates 
the number of points per area smoothed out over the matrix resulting 

from the analysis. b Th concentrations (ppm) of lunar zircons. Inset 
shows histogram (bin size 20 ppm) with the concentration distribu-
tion and mean Th concentration value of 81.5 ppm. c U concentra-
tions (ppm) of lunar zircons. Inset shows histogram (bin size 20 ppm) 
with the concentration distribution and mean U concentration value 
of 134 ppm
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the three well-defined age populations are 973 ± 24 °C 
(4330 Ma), 976 ± 24 °C (4240 Ma), 1043 ± 26 °C 
(3950 Ma), respectively.

REEs in lunar zircon

Analyses of REE contents on 122 spots positioned on 105 
grains to overlap previous individual U–Pb geochronol-
ogy analyses are provided in SOM-Table 2, and chondrite-
normalized REE patterns for zircon age groups are shown 
in Fig. 7. In accordance with previous work (e.g., Taylor 
et al. 2009), we find that normalized REE patterns from all 
zircon data show a depletion in LREE concentration com-
pared to the HREE, and higher overall REE concentrations 
compared to terrestrial zircons (Fig. 7a). The 4330 and 

4240 Ma zircon populations are characterized by a range 
of relatively depleted to enriched-LREE concentrations 
(Fig. 7b, c) and fit into the type 1 and type 2 lunar zircon 
groups following the classification scheme of Nemchin 
et al. (2010). Type 1 zircons are characterized by relatively 
low LREE concentrations, and type 2 zircons show rela-
tive enrichment in LREE compared to type 1 grains. The 
3950 Ma zircon REE patterns of some grains display an 
overall depletion in REE concentrations compared to the 
4330 Ma population (Fig. 7d) and characteristic of the type 
1 zircon group.

Nemchin et al. (2010) pointed out that the main differ-
ences in REE patterns between the identified zircon types 
(1–4) are induced by differences in the crystallization envi-
ronment of zircon grains; they are not associated with 
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different suites of plutonic highland rocks (e.g., Mg and 
alkali suites, and quartz monzodiorites) but reflect small-
scale variability in residual melts from which zircon grew. 
To evaluate the apparent subtle differences in trace elements 
that may exist between individual lunar zircon grains, we 
implemented REE zircon-melt partitioning modeling in an 
attempt to match various relevant bulk lunar melt composi-
tions to 14311 zircons.

Zircon-melt REE partition modeling

Lattice strain models are based on the observation that the 
partitioning behavior of any substituent isovalent cations in 
a crystal—such as REEs—should vary in a near-parabolic 
way with ionic radius (Onuma et al. 1968; Brice 1975). 
The model developed by Blundy and Wood (1994) used 
crystallographic characters such as ionic composition and 
lattice vibration as the principal controlling factors in the 

partitioning of ions between crystal and melt. It is well estab-
lished that partition coefficient values (Dzircon

melt/whole-rock
) are a 

function of temperature, pressure and composition of both 
crystalline and melt phases. Hence, controlling these vari-
ables allows one to establish a quantitative theoretical basis 
to predict Dzircon

melt/whole-rock
 values based on a limited number 

of experiments (Blundy and Wood 2003; Hanchar and Van 
Westrenen 2007; Taylor et al. 2014). The REE and Ti con-
centrations in zircons can be used to infer their chemical and 
temperature conditions of growth provided that bulk melt 
compositions of potential host rocks are available, and as 
long as the metamorphic history and nature of deformation 
(e.g., crystal-plastic; Timms et al. 2012), if any, of the zir-
cons are known (e.g., Mojzsis et al. 2014).

To implement this idea, we constructed Onuma dia-
grams and used lattice strain models to interpret the mid-
dle- to heavy-REE contents of lunar zircons from each age 
population against the REE patterns of various bulk melt 
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Fig. 5  Parallel panels of BSE (at left) and CL (right) images for zir-
cons from sample 14311 analyzed here. Open black circles indicate 
location(s) of individual U–Pb analyses. 1a–1d Zircon separates from 
the 4330 Ma zircon population; 1e–1f BSE images of zircons in brec-
cia matrix, no CL images available; 2a–2d zircon separates from the 
4240 Ma Ga zircon population; 2e–2f BSE images of breccia matrix 

zircons no CL images available; 3a–3d zircon separates from the 
3950 Ma zircon population; 3e–3f BSE images of breccia matrix zir-
cons, no CL images for these grains; poikilitic texture in (3f) attribut-
able to impact melt-produced zircons (Liu et al. 2012; Nemchin et al. 
2008; Gnos et al. 2004; cf Scoates and Chamberlain 1995)
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compositions from Apollo 14 rock samples. Our lattice 
strain model fits exclude Ce and Eu because of their vari-
able +3/+4 valence states, as well as Lanthanum due to its 
low concentration in zircon (White 2013). Large spreads in 
the data at the light-REE end of the Onuma diagrams do not 
affect our analysis. This approach revealed acute trace ele-
ment differences that exist between individual zircon grains 
in different populations which would not otherwise be quan-
tifiable by simple inter-zircon REE comparisons that lack a 
petrogenetic basis (cf Coogan and Hinton 2006). The bulk 
rock compositions selected for the partition modeling were 

major, minor, and trace element data (Taylor et al. 1991) for 
a gabbronorite clast (14311.220) from the same impact melt 
breccia examined in this study, a “granite” (granophyre) clast 
(14303.204), and a clast-poor “impact melt” (14310i) as 
described in Schonfeld and Meyer (1972). These data were 
used to determine whether there is a correlation between 
the zircon age populations and their formation environment. 
Possible outcomes are that they could have originated from 
a melt with the composition of pristine rocks from the lunar 
highlands (the gabbronorite or granophyre), or that they 
were generated in an impact melt sheet of mixed composi-
tion. We also sought to identify whether zircons for the same 
age population may have crystallized by multiple formation 
processes (i.e., both primary and impact processes). Partition 
coefficients were determined for each best fit to the Onuma 
hyperbolae—reported as the correlation coefficient (r2) for 
the corresponding exponential function—iteratively over 
1000 model runs. The output r2 values for each fit function 
calculation are presented in SOM-Table 3.

The oldest (4330 Ma) zircon population have REE pat-
terns that reconcile well compositions for selected felsic 
clasts of pristine lunar rocks; they yield a best fit to the 
gabbronorite clast from our sample (14311.220) as well 
as felsic clast 14303.204 (Fig. 8). Analysis also shows 
that in every case the clast-poor impact melt REE patterns 
(14310i) yield the poorest fit to the 4330 Ma zircon pop-
ulation, but show a better fit than the other two clasts for 
several of the zircon grains from the 3950 Ma population. 
Onuma plots also reveal that while many zircons fit well 
with both the clasts and impact melt rocks, there are sev-
eral examples from each population, especially within the 
4240 Ma group, that do not agree with either the clasts or 
impact melt bulk compositions and show a huge variation 
in r2 values (0.99–0.39). Implications of this observation 
are discussed in more detail in the following section.

Discussion

Petrogenetic inferences for different lunar zircon age 
populations

Our favored interpretation of data reported for Apollo 14 
impact breccias is that they experienced multiple thermal 
shock events from a variably intense history of impacts sub-
sequent to their original igneous emplacement in the lunar 
crust before about 4300 Ma. Consequently, this complex 
history represents a serious challenge to any interpreta-
tion of what the various reported “ages” for different com-
ponents of lunar rocks actually mean. To first order, data 
appear to rule out simple models for a singular LHB-like 
epoch of bombardment. For example, earlier studies of lunar 
zircons by Meyer et al. (1996) showed that the U–Pb system 
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experienced little to no significant Pb-loss—they are mostly 
concordant in U–Pb systematics—interpreted at that time to 
mean that the majority of the lunar zircons record primary 
igneous growth events over a lengthy history of crust forma-
tion. Since that work, it evident that U–Pb systematics alone 
are inadequate to distinguish between zircon formed in a 
primary igneous crustal process and those crystallized, for 
example, within para-igneous impact melt sheets (e.g., Nor-
man and Nemchin 2014 and references therein). Neither of 
the melt-forming processes would in such cases be expected 
to record “disturbance” in the U–Pb system (Wielicki et al. 
2012a, b). In and of itself, it should therefore not be surpris-
ing that age distribution patterns of zircons present in rock 
clasts compared to zircons that reside in the breccia matri-
ces are found to be similar.

U–Pb age groupings related to Th/U variability

The main source for igneous zircons on the Moon was 
KREEP magmatism most active starting some time before 
about 4400 Ma that then continued until experiencing a 
decline at ca. 3800 Ma (Meyer et al. 1996 and references 
therein). Results from our study and numerous others 
cited above, however, show that zircon age distributions 
do not define a smooth continuum of ages which sim-
ply decreases toward the end of the Moon’s magmatic 
activity. Our impact melt breccia sample 14311 reveals 
two distinct zircon age peaks at ca. 4330 and 4240 Ma, 
a smaller peak at ca. 3950 Ma and a weak peak at ca. 
4300 Ma that is resolvable by the Kolmogorov–Smirnov 
statistical test of goodness-of-fit (see Hopkins et al. 2015). 
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Fig. 7  Chondrite-normalized (Anders and Grevesse 1989) REE pat-
terns of zircon grains from sample 14311. a REE patterns for all 
zircons in this study; black line represents standard terrestrial zircon 
91500; b 4330 Ma zircon population characterized by a range of rela-
tively depleted to enriched-LREE concentrations; c 4240 Ma zircon 

population similar to 4350 Ma population showing a range of rela-
tively depleted to enriched-LREE concentrations; d 3950 Ma zircon 
population with some grains showing an overall depletion in REE 
concentrations compared to the oldest population. Gray fields in c and 
d show 4330 Ma zircons for comparison
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To better investigate the age spectra reported in Fig. 3, we 
compiled a dataset that combined our new data with pub-
lished Apollo 14 zircon ages (Fig. 9a) that also contains 
correlated trace element measurements comparable to the 
dataset reported herein (Nemchin et al. 2008, 2010; Tay-
lor et al. 2009). Cumulative frequency analysis shows that 
the weak 4300 Ma age peak identified in our data remains 
in the compiled database, but it is subdued (Fig. 9b). Alto-
gether, age distributions from this database—limited to 
the Apollo 14 samples—highlight the fact that the oldest 
zircon ages represent a major episode of crust formation 
on the Moon. After this time, there is a ~100 Myr hiatus 
wherein less zircon-bearing rocks were produced. This 
is followed by a large spike in the frequency of ages at 
ca. 4240 Ma, which we argue can be explained by a large 
impact. As mentioned previously, based on lunar melt 

rock ages Fernandes et al. (2013) suggested that this was 
a defensible age for SPA. The South Pole-Aitken basin is 
a huge, ancient structure that is the first of about 50 mega 
impacts that blasted the Moon’s surface until the last large 
impactor formed Mare Orientale (327 km). Our favored 
interpretation is that 4240 Ma is the age of SPA. Lastly, 
a further decrease in zircon-bearing rocks on the Moon 
with time culminated with another peak in U–Pb ages at 
around 3950 Ma.

The 3950 Ma age peak in our data corresponds to the 
classical LHB. Alternatively, it could either be the result of 
a “stonewall” buildup (Hartmann 1975) or dominant over-
printing by Imbrium ejecta (Wilhelms 1987). The zircon 
age compilation in Fig. 9a yields distributions that strongly 
recapitulate our dataset. We interpret this to mean that our 
geochronological results are a good representation of the 
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Fig. 8  Zircon-melt REE partition modeling outputs expressed as 
correlation coefficients (r2) against selected bulk composition rock 
clasts. Gabbronorite clast 14311.200 (a); so-called granite clast 

14303.204 (b); highlands rock clast 14321.1027 (c); clast-poor 
impact melt 14310i (d). Results reported with respect to the three 
main age groups
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overall zircon age distribution of Apollo 14 impact melt 
breccias.

Variations in [Th/U]zircon ratios (0.2–1.3) yield val-
ues that are consistent with crystals grown in an igne-
ous (melt) environment and do not correlate specifically 
with zircon age (Fig. 3a). Uranium and Th concentra-
tions, however, do tend to track with age populations 
and cluster at higher values for the 4330 Ma zircon 
population. We interpret this to mean that they formed 
during primary lunar crustal processes. The 4240 Ma 
zircon population also displays a wider range in U and 
Th concentrations than the other two zircon popula-
tions, which can be interpreted to mean that more than 
one type of formation process occurred at that time, such 

as crystal-chemical changes induced by impact heating. 
This process may explain the patterns seen in the concen-
tration data (Fig. 3b, c). On Earth, such large spreads of 
Th and U compositions in a particular zircon age popu-
lation is commonly associated with relatively high-grade 
metamorphic growth conditions (e.g., Hoskin and Black 
2001).

As noted earlier by Meyer et al. (1996), the majority of 
lunar zircon grains are within about 10 % concordant in 
their 206,207Pb/235–238U ages. This may be a consequence of 
the products of primary magmatic crystallization, or com-
plete recrystallization and resetting of U–Pb system via 
impacts in the dry and hot environment of the Moon with 
suppressed U and Pb mobility in the absence of carrier flu-
ids (e.g., Newton et al. 1998). Next, we evaluate textural 
and structural characteristics in individual concordant and 
discordant grains that could link them to an impact-gener-
ated formation environment.

Impact melt-generated textures

Several zircons documented from impact melt breccias 
have been interpreted to have crystallized in an impact 
melt environment (e.g., Grange et al. 2013 and references 
therein). These grains are small (≤20 μm), generally irreg-
ular-tabular in shape and display poikilitic textures (i.e., 
zircon grains enclosing other minerals) often inter-grown 
with pyroxene and ilmenite. In this study, Grain 24 is a 
cluster of small zircon grains from thick section 14311.20 
(Fig. 5) that shows morphological features similar to 
those described in the lunar meteorite Sayh al Uhaymir 
169 (SaU 169) and Apollo 12 impact breccias (Gnos et al. 
2004; Liu et al. 2012). This observation supports the idea 
that growth of zircon occurred in impact-generated melt 
(cf Scoates and Chamberlain 1995). Zircon 14311_ts3_24 
yields a mean 207Pb/206Pb age of 3927 ± 8 Ma, consist-
ent with impact ages recorded in SaU 169 lunar meteorite 
and Apollo 12 impact breccias cited above. As described 
in more detail in the next section, cracks and/or Ti-bearing 
micro-inclusions throughout the poikilitic grain yielded an 
erroneous mean Tixln temperature of 3520 ± 175 °C. We 
also find that these grains are strongly reversely discord-
ant in 206,207Pb/235–238U (SOM-Table 1). Excess Pb comes 
from redistribution of radiogenic Pb* within grains (i.e., 
from adjacent high-uranium zones) rather than by addition 
of Pb from outside sources leads to an “internal reverse 
discordance” (Mattinson et al. 1996). In this scenario, 
some parts of the zircon grain are reversely discordant, but 
individual grains and multi-grain populations are normally 
discordant, or even concordant. The small population of 
discordant grains lack textural and structurally distinct fea-
tures that would implicate an impact heating event in their 
formation.
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Tixln temperatures

Many zircon ages from 14311 impact melt breccia over-
lap with the estimated timing of the “classical” LHB at ca. 
3900 Ma (Ryder 1990); thus, it is reasonable to expect that 
some of these zircons represent a record of impact to the 
lunar crust. To provide a quantitative basis to this hypoth-
esis, Wielicki et al. (2012b) developed zircon saturation 
and crystallization models to predict the crystallization 
temperature and likelihood of zircon growth in impact melt 
sheets for Earth (i.e., cool wet melting) and the Moon (i.e., 
hot dry melting). Ti-in-zircon thermometry results indicate 
that terrestrial impact-produced zircons typically have ele-
vated [Ti] and yield temperatures ~100 °C higher relative 
to the Hadean zircon record (Wielicki et al. 2012a). Since 
the lunar surface is dry, simulated lunar impact events yield 
crystallization temperatures ~100–200 °C higher than those 
expected from terrestrial impacts (Wielicki et al. 2012b). 
Our results show Tixln temperatures that range from ~800 
to 1200 °C when much higher (spurious) temperatures due 
to contaminants are excluded (Fig. 6), in good agreement 
with previous studies (Taylor et al. 2009; Valley et al. 2014). 
Several zircons from each of our age populations have tem-
peratures that fall within the range of modeled impact tem-
peratures for the Moon (Fig. 10). This could mean that some 
lunar zircons were produced in impact melt sheets, while 
higher temperatures zircons represent inherited grains from 
primary KREEP magmas. Because the 14311 impact melt 
breccia is a mixture of crystalline impact melt and lithic 
clasts of zircon-forming highland rocks, this result makes 
sense. That impact-generated zircons exists in our older age 
populations as well as the youngest LHB-era population is 
in line with recent work (Grange et al. 2009; Pidgeon et al. 
2010; Grange et al. 2011; Norman and Nemchin 2014), 
which finds that large impact events seem to have occurred 
well before the proposed timing of the LHB (e.g., Ryder 
et al. 2000). These models also show that zircon would crys-
tallize in a mere ~2 % of the simulated impact events, so 
that impact melt-generated zircons do not likely dominate 
the zircon population of the Moon and only partly explains 
the geochemical history of lunar zircons (Wielicki et al. 
2012b). We freely acknowledge that Ti-in-zircon thermom-
etry is not infallible in identifying impact-generated zircons, 
but when combined with observed zircon textures, zircon 
geochronology and geochemistry, it can be a powerful tool 
(Timms et al. 2012). Regrettably, a number of lunar zircons 
from our study (grains 14311_20_ts2_8 and 14311_20_
ts3_24) which also exhibit poikilitic textures that point to 
impact generation (Liu et al. 2012; Nemchin et al. 2008), 
were so contaminated by exotic Ti carried in by cracks and/
or other minerals/inclusions that reliable use of the Ti-in-
zircon thermometer was impossible. Future work should 
revisit Ti-in-zircon for these textures.

Apollo 14311 age populations versus bulk melt 
compositions

Another stumbling block in determining whether a zir-
con formed in a primary igneous process as opposed to 
an impact melt, is that lunar rock classifications them-
selves can be subjected to re-evaluation. For example, 
Apollo 15 KREEP basalts were originally thought to be 
of primary igneous origin, but were later identified to be 
coarse-grained impact melt rocks (Taylor 1982). Stud-
ies from terrestrial impact melts show that differences in 
trace element compositions between impact melt sheets 
and protolith igneous rocks are not obvious (Wielicki et al. 
2012b); this is supported by the relatively small differ-
ences in normalized REE patterns from different lunar zir-
cons (this study; Nemchin et al. 2010; Taylor et al. 2009). 
Trace element partition modeling, however, is a useful dis-
criminator in these scenarios. By taking known bulk melt 
compositions of candidate host rocks and comparing them 
to zircon REE concentrations, one can make inferences 
about their zircon growth conditions. Modeling results for 
our zircon REE concentrations show that the oldest age 
population (4330 Ma) has the best fit (r2 = 0.99) to the 
gabbronorite clast specific to our sample (14311.220) as 
well as to a “granite” clast (14303.204). We interpret this 
to mean that the oldest zircons in our dataset are inherited 
grains from pristine lunar rocks. The clast-poor impact melt 
REE patterns (14310i) have the poorest correspondence 
to the 4330 Ma population, but shows that several zircons 
from 3950 Ma population comport with the impact melt 
bulk composition (Fig. 8). Of the many lunar meteorites 
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impact temperatures (dashed gray line) generated from a lunar model 
by Wielicki et al. (2012a, b)
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that have been found, only a few have dates as old as 
4350 ± 150 Ma. For example, U–Pb ages for phosphates 
from the meteorite Kalahari 009 (Terada et al. 2007) are 
about the same age as our oldest zircon population.

Onuma modeling also shows that while many zircons 
from each age population correspond well to the pristine 
clasts and impact melt bulk compositions, a large variation in 
r2 values (0.99–0.39) for several zircons is also apparent and 
predominates in the 4240 Ma population. The variation in r2 
values in all zircon populations suggests that several zircons 
in each grouping may have been altered by heating or were 
sourced from a wider variety of bulk melt compositions (e.g., 
Timms et al. 2012). Determination of whether this observed 
spread in r2 values arose from the generation of multiple, 
compositionally distinct melt sheets induced by impacts, or 
simply reflects small-scale variability in their primary crys-
tallization environment (Nemchin et al. 2010), cannot be 
made at this time. We are limited to REE data thus far pub-
lished for lunar impact melts. Zircon 14311_60.5_1 yields 
two different 207Pb/206Pb ages (3960 ± 18, 4120 ± 23 Ma). 
The older age compositionally matches best with the impact 
melt datum (r2 = 0.99) yet has a poor fit to the pristine 
igneous clasts (r2 ~0.8). It also yields a Tixln temperature 
(1008 ± 25 °C) consistent with modeled lunar impact tem-
peratures of Wielicki et al. (2012a, b). Our preferred inter-
pretation based on multiple lines of evidence is that least 
many if not all zircons from the 4240 Ma population were 
strongly modulated by a large impact.

“Picket fence”-like multiple cataclysms to the Moon

Evidence for an ancient bombardment phase was recognized 
early in the research performed on returned rocks from the 
Moon and was later extended to lunar meteorites. The young-
est U–Pb zircon ages reported here and elsewhere are within 
range of reported U–Pb, K–Ar and Rb–Sr isochrons (3800–
3900 Ma) from lunar highland breccias first used to define 
the LHB (Turner et al. 1973; Tera et al. 1974). An increasing 
number studies have shown, however, that lunar rocks also 
record impact ages that substantially predate the LHB. For 
example, lunar breccia 73235 yielded a zircon that registered 
two ages: 4310 Ma, restricted to zircon crystal fragments 
associated with original crystallization, and 4180 Ma age 
for the surrounding zircon matrix interpreted to have formed 
by intense shock from a later impact event (Pidgeon et al. 
2007). The U–Pb isotopic compositions of the accessory 
minerals zirconolite and apatite in lunar melt rock 67955 
were used by Norman and Nemchin (2014) to suggest that 
a basin-scale impact melting event occurred on the Moon at 
about 4200 Ma (with large uncertainties). Lunar age distribu-
tion peaks at ca. 3950, 4240 and 4330 Ma from the Apollo 
14 breccias reported here and elsewhere could, in princi-
ple, be associated with magmatic pulses triggered by large 

meteorite impacts (cf Ivanov and Melosh 2003) and thence 
were the source for impact-generated melt sheets capable of 
producing zircons (e.g., Nemchin et al. 2008). Geochemi-
cal, geochronological and textural impact signatures in our 
ca. 4240 Ma zircons (see above) are in agreement with these 
other older impact ages and underscore the growing realiza-
tion that heavy bombardment started earlier than previously 
envisioned in the classical lunar cataclysm scenario; this idea 
is not new (e.g., Husain and Schaeffer 1975; Maurer et al. 
1978; Fernandes et al. 2013). Recent Re–Os geochronology 
on lunar rocks has also contributed evidence for the start of 
an earlier punctuated bombardment epoch (Fischer-Göde 
and Becker 2012). We adopt the term “Picket fence” (Mojz-
sis et al. 1999; Zahnle et al. 2007) to describe this mode 
of protracted and intermittent bombardment.

While the timing of heavy bombardment extends further 
back as more lunar samples are being evaluated, impact sig-
natures from the LHB era are still the most obvious late alter-
ation signature preserved in lunar zircons. Arai et al. (2010) 
reported a 100-µm zircon grain in the matrix breccia with an 
average 207Pb/206Pb core age of 4211 ± 7 Ma and an over-
growth age of 3927 ± 23 Ma. Smaller zircons and 1 badde-
leyite (ZrO2) grain within the matrix in the same sample also 
yielded 207Pb/206Pb ages of about 3900 Ma. The younger 
ages probably represent the timing of reset U–Pb ages either 
due to shock metamorphism or due to contact metamor-
phism by mantling by impact melt sheets. Lunar melt breccia 
73217 investigated by Grange et al. (2009) contains zircons 
with secondary microstructures generated by impact pro-
cesses. A polycrystalline zircon aggregate from this sample 
formed as a reaction of baddeleyite with the surrounding sil-
ica-rich melt, yielded an LHB-era age of 3929 ± 10 Ma sim-
ilar to the ages of apatite grains (ca. 3950 Ma). These LHB-
era ages are consistent with our youngest zircon population 
(ca. 3950 Ma) and with the ages of specific grains we have 
identified to have Tixln temperatures and zircons textures 
interpreted to be associated with impact processes.

Conclusions

A collective suite of analytical criteria were used to dis-
tinguish crystal-chemical signatures in lunar zircons from 
Apollo 14 impact melt breccia sample 14311. These were 
used to discriminate between zircons formed in a pri-
mary magmatic environment and those originating from 
impact-generated processes. Evaluation of internal zircon 
structures, textural relationships to their host rock, crystal-
lization temperature and trace element chemistry provide 
separate and independent records of events that affected 
lunar zircons.

Lunar zircons from 14311 show three distinct 207Pb/206Pb 
age peaks at ca. 4330, 4240 and 3950 Ma. These results 
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are consistent with previously reported age distributions 
for Apollo 14 impact melt breccia zircons (Nemchin et al. 
2008). Concordant U–Pb ages, Pb–Pb age distributions, 
igneous Th/U values, igneous internal structures (e.g., sec-
tor zoning and/or oscillatory zoning) and REE partition 
modeling for ca. 4330 Ma zircons show that they formed 
from primary lunar crustal processes and represent mag-
matic crystallization ages from an extended era of magma-
tism on the Moon (e.g., Nemchin et al. 2009a, b). Several 
lunar zircons yield temperatures consistent with modeled 
impact temperatures (Wielicki et al. 2012b) and have r2 val-
ues from REE partition modeling that do not comport with 
pristine highland rock clasts. We conclude that many if not 
all lunar zircons that are younger than about 4300 Ma from 
our sample set are either impact-generated, or were substan-
tially modified by impacts to partially or wholly reset their 
U–Pb systematics. The variability in both Th and U concen-
trations and partition model r2 values from the ca. 4240 Ma 
age group implies these zircons are a combination of impact 
modified-inherited and impact melt-generated grains.

Combined records of impact-related ages between ca. 
4240 and 3950 Ma recorded in lunar rocks (e.g., Norman 
and Nemchin 2014; Grange et al. 2009; Schuster et al. 
2010), asteroidal meteorites (e.g., Zhou et al. 2013; Hopkins 
et al. 2015) and the oldest terrestrial zircons (Abbott et al. 
2012; Trail et al. 2007) lend support to the emerging suite 
of dynamic models for a protracted period of heavy bom-
bardment. Morbidelli et al. (2012) modeled the early evolu-
tion of the Moon’s bombardment with constraints from the 
lunar crater record and radiometric ages of lunar samples, 
and deduced that there were probably two major phases of 
early lunar bombardment. A primordial phase dominated by 
leftover planetesimals (see also Bottke et al. 2007; Walsh 
et al. 2011), and a second phase induced at about 4100 Ma 
purportedly by late giant planet migration (e.g., Morbidelli 
et al. 2012; Gomes et al. 2005; Tsiganis et al. 2005). Con-
cerning this second phase, dynamical models that explain 
the current orbital architecture of the outer planets (Nes-
vorný 2011; Nesvorný and Morbidelli 2012) contend that 
the LHB uptick arose from giant planet migration where 
comets and asteroids were expelled from previously stable 
small-body reservoirs. In this scenario, big basin-forming 
impacts capable of affecting/modifying zircons would occur 
from time-to-time between the origin of the lunar crust, 
perhaps near 4400–4500 Ma. Based on our analysis, the 
beginning of the post LV bombardment began at or before 
ca. 4240 Ma, culminated in the LHB at ca. 3950 Ma and 
continued intermittently for long after. The geochronologi-
cal and geochemical record of impacts in lunar rocks shows 
that “Picket fence”-like multiple cataclysms, rather than a 
simple unimodal LHB, exponential decline, or a “Sawtooth” 
event at about 4100 Ma, best describes the early intense 
epoch of early bombardments that affected the Moon.

Acknowledgments We thank the Apollo 14 crew and the Lunar 
Curatorial Facility, Johnson Space Center (NASA) for the provision 
of these samples. This work benefitted from discussions and debates 
with O. Abramov, W. F. Bottke, R. Brasser, T. M. Harrison, N. M. 
Kelly, D. A. Kring, K. D. McKeegan, A. Morbidelli, M. M. Wielicki 
and K. J. Zahnle. The manuscript was improved by constructive com-
ments from three anonymous reviewers and editorial handling by H. 
Keppler. Support from the NASA Lunar Science Institute under Grant 
NNH08ZDA008C to the Center for Lunar Origin and Evolution, and 
the NASA Cosmochemistry Program (NNH13ZDA001N-COS) is 
gratefully acknowledged. A substantial portion of the manuscript was 
completed, while SJM held a Distinguished Research Professorship 
at the Institute for Geological and Geochemical Research, Research 
Center for Astronomy and Earth Sciences of Hungarian Academy of 
Sciences. We also wish to thank Axel Schmitt and Rita Economos for 
assistance with the Cameca ims1270 ion microprobe at UCLA, D. 
London and G. Morgan (University of Oklahoma) for CL imaging, 
and Julien Allaz for help with the electron microprobe at CU Boulder.

References

Abbott SS, Harrison TM, Schmitt AK, Mojzsis SJ (2012) A search for 
thermal excursions from ancient extraterrestrial impacts using 
Hadean zircon Ti–U–Th–Pb depth profiles. Proc Natl Acad Sci 
109:13486–13492

Abramov O, Mojzsis SJ (2009) Microbial habitability of the 
Hadean Earth during the late heavy bombardment.Nature 
459:419–422

Abramov O, Kring DA, Mojzsis SJ (2013) The impact environment 
of the Hadean Earth. Chemie der Erde - Geochem 73:227–248

Alexander EC, Davis PK (1974) 40Ar-39Ar ages and trace element 
contents of Apollo 14 breccias: an interlaboratory cross cali-
bration of 40Ar–39Ar standards. Geochim Cosmochim Acta 
38:911–928

Anders E, Grevesse N (1989) Abundances of the elements—meteor-
itic and solar. Geochim Cosmochim Acta 53:197–214

Arai T, Yoshitake M, Tomiyama T, Niihahra T, Yokoyama T, Kaiden 
H, Misawa K, Irving AJ (2010) Support for a prolonged KREEP 
magmatism: U–Pb age of zircon and baddeleyite in lunar mete-
orite NWA 4485. Lunar Planet Sci 41:2379

Baldwin RB (1963) The measure of the Moon. University of Chicago, 
Chicago, p 488 

Black LP, Kamo AL, Williams IS, Mundil R, Davis DW, Korsch RJ, 
Foudoulis C (2003) The application of SHRIMP to Phanerozoic 
geochronology; a critical appraisal of four zircon standards. 
Chem Geol 200:171–188

Blundy J, Wood B (1994) Prediction of crystal-melt partition coeffi-
cients from elastic moduli. Nature 372:452–454

Blundy J, Wood B (2003) Partitioning of trace elements between crys-
tals and melts. Earth Planet Sci Lett 210:383–397

Bottke WF, Levison HF, Nesvorný D, Dones L (2007) Can planetesi-
mals left over from terrestrial planet formation produce the 
lunar Late Heavy Bombardment? Icarus 190:203–223

Bottke WF, Walker RJ, Day JMD, Nesvorný D, Elkins-Tanton L 
(2010) Stochastic late accretion to Earth, the Moon, and Mars. 
Science 330:1527–1530

Bottke WF, Vokrouhlický D, Minton D, Nesvorný D, Morbidelli A, 
Brasser R, Simonson B, Levison HF (2012) An Archaean heavy 
bombardment from a destabilized extension of the asteroid belt. 
Nature 485:78–81

Brice JC (1975) Some thermodynamic aspects of the growth of 
strained crystals. J Cryst Growth 28:249–253

Chou C-L (1978) Fractionation of siderophile elements in the Earth’s 
upper mantle. Proc Lunar Planet Sci Conf 9:163–165



 Contrib Mineral Petrol (2015) 169:30

1 3

30 Page 16 of 18

Cohen BA, Swindle TD, Kring DA (2005) Geochemistry and 40Ar–
39Ar geochronology of impact-melt clasts in feldspathic lunar 
meteorites: implication for lunar bombardment history. Mete-
orit Planet Sci 40:755–777

Coogan LA, Hinton RW (2006) Do the trace element compositions 
of detrital zircons require Hadean continental crust? Geology 
34:633–636

Day JMD, Walker RJ, Qin L, Rumble D III (2012) Late accretion as a 
natural consequence of planetary growth. Nat Geosci 5:614–617

Fassett CI, Minton DA (2013) Impact bombardment of the terrestrial 
planets and the early history of the solar system. Nat Geosci 
6:520–524

Fernandes VA, Fritz J, Weiss BP, Garrick-Bethell I, Shuster DL 
(2013) The bombardment history of the Moon as recorded by 
40Ar–39Ar chronology. Meteorit Planet Sci 48:241–269

Ferry JM, Watson EB (2007) New thermodynamic models and revised 
calibrations for the Ti-in-zircon and Zr-in-rutile thermometers. 
Contrib Mineral Petrol 154:429–437

Fischer-Göde M, Becker H (2012) Osmium isotope and highly sidero-
phile element constraints on ages and nature of meteoritic com-
ponents in ancient lunar impact rocks. Geochim Cosmochim 
Acta 77:135–156

Fritz J, Bitsch B, Kürt E, Morbidelli A, Tornow C, Wünnemann K, 
Fernandes VA, Grenfell JL, Rauer H, Wagner R, Werner SC 
(2014) Earth-like habitats in planetary systems. Planet Space 
Sci 98:254–267

Gnos E, Hofmann BA, Al-Kathiri A, Lorenzetti S, Eugster O, White-
house MJ, Villa IM, Jull AJT, Eikenberg J, Spettel B, Krähen-
bühl U, Franchi IA, Greenwood RC (2004) Pinpointing the 
source of a lunar meteorite: implications for the evolution of the 
Moon. Science 305:657–659

Gomes R, Levison HF, Tsiganis K, Morbidelli A (2005) Origin of the 
cataclysmic Late Heavy Bombardment period of the terrestrial 
planets. Nature 435:466–469

Grange ML, Nemchin AA, Pidgeon RT, Timms N, Muhling JR, 
Kennedy AK (2009) Thermal history recorded by the Apollo 
17 impact melt breccia 73217. Geochim Cosmochim Acta 
73:3093–3107

Grange ML, Nemchin AA, Timms N, Pidgeon RT, Meyer C (2011) 
Complex magmatic and impact history prior to 4.1 Ga recorded 
in zircon from Apollo 17 South Massif aphanitic breccia 73235. 
Geochim Cosmochim Acta 75:2213–2232

Grange ML, Pidgeon RT, Nemchin AA, Timms NE, Meyer C (2013) 
Interpreting U–Pb data from primary and secondary features in 
lunar zircon. Geochim Cosmochim Acta 101:112–132

Grieve RAF, Cintala MJ (1997) Planetary differences in impact melt-
ing. Adv Space Res 20:1551–1560

Hanchar JM, Van Westrenen W (2007) Rare earth element behavior in 
zircon-melt systems. Elements 3:37–42

Harrison TM, Schmitt AK (2007) High sensitivity mapping of Ti dis-
tributions in Hadean zircons. Earth Planet Sci Lett 261:9–19

Hartmann WK (1965) Terrestrial and lunar flux of large meteorites in 
the last two billion years. Icarus 4:157–165

Hartmann WK (1966) Early lunar cratering. Icarus 5:406–418
Hartmann WK (1975) Lunar “cataclysm”: A misconception? Icarus 

24:181–187
Hartmann WK, Ryder G, Dones L, Grinspoon DH (2000) The time-

dependent intense bombardment of the primordial Earth/Moon 
system. In: Canup RM, Righter K (eds) Origin of the Earth and 
Moon. University of Arizona Press, Tucson, pp 493–512

Hiess J, Nutman AP, Bennett VC, Holden P (2008) Ti-in-zircon ther-
mometry applied to contrasting Archean metamorphic and igne-
ous systems. Chem Geol 247:323–338

Hopkins MD, Mojzsis SJ, Bottke WF, Abramov O (2015) Microm-
eter-scale U–Pb age domains in eucrite zircons, impact 

re-setting, and the thermal history of the HED parent body. 
Icarus 245:367–378

Hoskin PWO, Black LP (2001) Metamorphic zircon formation by 
solid-state recrystallization of protolith igneous zircon. J Met 
Geol 18:423–439

Hoskin PWO, Schaltegger U (2003) The composition of zircon and 
igneous and metamorphic petrogenesis. Rev Mineral Geochem 
53:27–62

Husain L, Schaeffer OA (1975) Lunar evolution: the first 600 million 
years. Geophys Res Lett 2:29–32

Ivanov BA, Melosh HJ (2003) Impacts do not initiate volcanic erup-
tions I: eruptions close to the crater. Geology 31:869–872

Jackson ED, Sutton RL, Wilshire HG (1975) Structure and petrology 
of a cumulus norite boulder sampled by Apollo 17 in Taurus–
Littrow valley, the Moon. Geol Soc Am Bull 86:433

Johnson BC, Melosh HJ (2012) Impact spherules as a record of an 
ancient heavy bombardment of Earth. Nature 485:75–77

Kirkland CL, Smithies RH, Taylor RJM, Evans N, McDon-
ald B (2015) Zircon Th/U in magmatic environs. Lithos 
212–215:397–414

Liu D, Jolliff BL, Zeigler RA, Korotev RL, Wan Y, Xie H, Zhang Y, 
Dong C, Wang W (2012) Comparative zircon U–Pb geochro-
nology of impact melt breccias from Apollo 12 and lunar mete-
orite SaU 169, and implications for the age of the Imbrium 
impact. Earth Planet Sci Lett 319–320:277–286

Ludwig KR (2003) User’s manual for Isoplot/Ex: a geochronological 
toolkit for Microsoft Excel. Berkley Geochron Cent Spec Publ 
4

Marchi S, Bottke WF, Elkins-Tanton LT, Bierhaus M, Wuennemann 
K, Morbidelli A, Kring DA (2014) Widespread mixing and 
burial of Earth’s Hadean crust by asteroid impacts. Nature 
511:578–582

Mattinson J, Graubard C, Parkinson DL, McClelland WC (1996) U–
Pb reverse discordance in zircons: the role of fine-scale oscilla-
tory zoning and sub-micron transport of Pb. In: Basu A, Hart S 
(eds) Earth processes: reading the isotopic code. American Geo-
physical Union, Washington, DC, pp 355–370

Maurer P, Eberhart P, Geiss J, Grögler N, Stettler A, Brown GM, 
Pickett A, Krähenbühl K (1978) Pre-Imbrian craters and 
basins—ages, compositions and excavation depths of Apollo 16 
breccias. Geochim Cosmochim Acta 42:1687–1720

Meyer C, Williams IS, Compston W (1996) Uranium-lead ages 
for lunar zircons: evidence for a prolonged period of grano-
phyre formation from 4.32 to 3.88 Ga. Meteorit Planet Sci 
31:370–387

Mojzsis SJ, Krishnamurthy R, Arrhenius G (1999) Before RNA and After: 
geophysical and geochemical constraints on molecular evolution. 
In: Gesteland RF, Cech TR, Atkins JF (eds) The RNA world, 2nd 
edn. Cold Spring Harbor Press, Cold Spring Harbor, pp 1–47

Mojzsis SJ, Cates NL, Caro G, Trail D, Abramov O, Guitreau M, 
Blichert-Toft J, Hopkins MD, Bleeker W (2014) Component 
geochronology in the polyphase ca. 3920 Ma Acasta Gneiss. 
Geochim Cosmochim Acta 133:68–96

Morbidelli A, Marchi S, Bottke WF, Kring DA (2012) A Sawtooth-
like timeline for the first billion years of lunar bombardment. 
Earth Planet Sci Lett 355–356:144–151

Nemchin AA, Pidgeon RT, Whitehouse MJ, Vaughan JP, Meyer C 
(2008) SIMS U–Pb study of zircon from Apollo 14 and 17 brec-
cias: implications for the evolution of lunar KREEP. Geochim 
Cosmochim Acta 72:668–689

Nemchin AA, Pidgeon RT, Healy D, Grange ML, Whitehouse MJ, 
Vaughan J (2009a) The comparative behavior of apatite–zircon 
U–Pb systems in Apollo 14 breccias: implications for the ther-
mal history of the Fra Mauro Formation. Meteorit Planet Sci 
44:1717–1734



Contrib Mineral Petrol (2015) 169:30 

1 3

Page 17 of 18 30

Nemchin AA, Timms N, Pidgeon R, Geisler T, Reddy S, Meyer C 
(2009b) Timing and crystallization of the lunar magma ocean 
constrained by the oldest zircon. Nat Geosci 2:133–136

Nemchin AA, Grange ML, Pidgeon RT (2010) Distribution of rare 
earth elements in lunar zircon. Am Mineral 95:273–283

Nemchin AA, Grange ML, Pidgeon RT, Meyer C (2012) Lunar zirco-
nology. Aust J Earth Sci 59:277–290

Nesvorný D (2011) Young solar system’s fifth giant planet? Astrophys 
J Lett 742:L22

Nesvorný D, Morbidelli A (2012) Statistical study of the early solar 
system’s instability with four, five and six giant planets. Astro-
phys J 144:117

Neukum G, Ivanov BA (1994) Crater size distributions and impact 
probabilities on Earth from lunar, terrestrial-planet, and aster-
oidal cratering data. In: Gehrels T, Matthews MS, Schumann A 
(eds) Hazards due to comets and asteroids. University of Ari-
zona Press, Tucson, pp 359–416

Neukum G, Ivanov B, Hartmann WK (2001) Cratering records in the 
inner solar system. In: Kallenbach R, Giess J, Hartmann WK (eds) 
Chronology and evolution of Mars. Kluwer, Dordrecht, pp 55–86

Newton RC, Aranovich LY, Hansen EC, Van den Heuvel BE (1998) 
Hypersaline fluids in Precambrian deep-crustal metamorphism. 
Precamb Res 91:41–63

Norman MD, Nemchin AA (2014) A 4.2 billion year old impact basin 
on the Moon: U–Pb dating of zirconolite and apatite in lunar 
melt rock 67955. Earth Planet Sci Lett 388:387–398

Norman MD, Borg LE, Nyquist LE, Bogard DD (2003) Chronology, 
geochemistry and petrology of a ferroan anorthosite clast from 
Descartes breccia 67215: clues to the age, origin, and impact 
history of the lunar crust. Meteorit Planet Sci 38:645–661

Nyquist L, Bogard D, Yamaguchi A, Shih C-Y, Karouji Y, Ebihara M, 
Reese Y, Garrison D, McKay G, Takeda H (2006) Feldspathic 
clasts in Yamato-86032: remnants of the lunar crust with impli-
cations for its formation and impact history. Geochim Cosmo-
chim Acta 70:5990–6015

Onuma N, Higuchi H, Wakita H, Nagasawa H (1968) Trace element 
partition between two pyroxenes and the host lava. Earth Planet 
Sci Lett 5:47–51

Öpik EJ (1960) The lunar surface as an impact counter. Mon Not R 
Astron Soc 120:404–411

Paces JB, Miller JD (1993) Precise U–Pb ages of Duluth Complex 
and related mafic intrusions, northeastern Minnesota: geochro-
nological insights to petrogenetic, paleomagnetic and tecton-
omagmatic processes associated with the 1.1 Ga Midcontinent 
Rift System. J Geophys Res 98:13997–14013

Papanastassiou DA, Wasserburg GJ (1971) Rb–Sr ages of igneous 
rocks from the Apollo 14 mission and the age of the Fra Mauro 
Formation. Earth Planet Sci Lett 12:36–48

Pearce NJG, Westgate JA, Perkins WT (1996) Developments in the 
analysis of volcanic glass shards by laser ablation ICP-MS: 
quantitative and single internal standard—multi-element meth-
ods. Quat Int 34–36:213–227

Pidgeon RT, Nemchin AA, van Bronswijk W, Geisler T, Meyer C, 
Compston W, Williams IS (2007) Complex history of a zircon 
aggregate from lunar breccia 73235. Geochim Cosmochim Acta 
71:1370–1381

Pidgeon RT, Nemchin AA, Grange ML, Meyer C (2010) Evidence for 
a lunar “cataclysm” at 4.34 Ga from zircon U–Pb systems. Proc 
Lunar Sci Conf 411126

Reid MR, Vazquez JA, Schmitt AK (2011) Zircon-scale insights into 
the history of a Supervolcano, Bishop Tuff, Long Valley, Cali-
fornia, with implications for the Ti-in-zircon geothermometer. 
Contrib Mineral Petrol 161:293–311

Righter K, Humayun M, Danielson L (2008) Partitioning of palla-
dium at high pressures and temperatures during core formation. 
Nat Geosci 1:321–323

Ryder G (1990) Lunar samples, lunar accretion and the early bom-
bardment of the Moon. Eos 71:313–323

Ryder G (2002) Mass flux in the ancient Earth–Moon system and 
benign implications for the origin of life on Earth. J Geophys 
Res. doi:10.1029/2001JE001583

Ryder G, Koeberl C, Mojzsis SJ (2000) Heavy bombardment of the 
Earth at ∼3.85 Ga: the search for petrographic and geochemical 
evidence. In: Canup RM, Righter K (eds) Origin of the Earth 
and Moon. The University of Arizona Press, Tucson, AZ, pp 
475–492

Schmitt AK, Vazquez JA (2006) Alteration and remelting of nascent 
oceanic crust during continental rupture: evidence from zircon 
geochemistry of rhyolites and xenoliths from the Salton Trough, 
California. Earth Planet Sci Lett 252:260–274

Schmitz MD, Bowring SA, Ireland TR (2003) Evaluation of Duluth 
Complex anorthositic series (AS3) zircon as a U–Pb geochro-
nological standard: new high-precision isotope dilution thermal 
ionization mass spectrometry results. Geochim Cosmochim 
Acta 67:3665–3672

Schonfeld E, Meyer C (1972) The abundance of components of the 
lunar soils by a least-squares mixing model and the formation 
age of KREEP. Proc Lunar Sci Conf 4:1397–1420

Schuhmacher M, de Chambost E, McKeegan KD, Harrison TM, 
Migeon H (1994) Dating of zircon with the CAMECA IMS 
1270. In: Benninghoven A, Nihei Y, Shimizu R, Werner HW 
(eds) Secondary ion mass spectrometry SIMS IX. Wiley, New 
York, pp 912–922

Schuster DL, Balco G, Cassata WS, Fernandes VA, Garrick-Bethell 
I, Weiss BP (2010) A record of impacts preserved in the lunar 
regolith. Earth Planet Sci Lett 290:155–165

Scoates JS, Chamberlain KR (1995) Baddeleyite (ZrO2) and zircon 
(ZrSiO4) from anorthositic rocks of the Laramie anorthosite 
complex, Wyoming: petrological consequences and U–Pb ages. 
Am Mineral 80:1317–1327

Simonds CH, Phinney WC, Warner JL, McGee P, Geeslin J, Brown R, 
Rhodes J (1977) Apollo 14 revisited, or breccias aren’t so bad 
after all. Proc Lunar Sci Conf 81869–1893

Taylor SR (1982) Planetary science: a lunar perspective. Lunar and 
Planetary Institute, Houston

Taylor GJ, Warren PH, Ryder G, Delano J, Pieters C (1991) Lunar 
rocks. In: Heiken GH, Vaniman D, French B (eds) Lunar sour-
cebook: a user’s guide to the Moon. Cambridge University 
Press, New York, pp 183–284

Taylor DJ, McKeegan KD, Harrison TM (2009) Lu–Hf zircon evi-
dence for rapid lunar differentiation. Earth Planet Sci Lett 
279:157–164

Taylor RJM, Harley SL, Hinton RW, Elphick S, Clark C, Kelly NM 
(2014) Experimental determination of REE partition coef-
ficients between zircon, garnet and melt: a key to understand-
ing high-T crustal processes. J Metamorph Geol. doi:10.1111/
jmg.12118

Tera F, Papanastassiou DA, Wasserburg GJ (1974) Isotopic evidence 
for a terminal lunar cataclysm. Earth Planet Sci Lett 22:1–21

Terada K, Anand M, Sokol AK, Bischoff A, Sano Y (2007) Crypto-
mare magmatism 4.35 Gyr ago recorded in lunar meteorite 
Kalahari 009. Nature 450:849–852

Timms NE, Reddy SM, Healy D, Nemchin AA, Grange ML, Pidgeon 
RT, Hart R (2012) Resolution of impact-related microstructures 
in lunar zircon: a shock-deformation mechanism map. Meteorit 
Planet Sci 47:120–141

Touboul M, Puchtel IS, Walker RJ (2012) 182W evidence for long-
term preservation of early mantle differentiation products. Sci-
ence 335:1065–1069

Trail D, Mojzsis SJ, Harrison TM (2007) Thermal events documented 
in Hadean zircons by ion microprobe depth profiles. Geochim 
Cosmochim Acta 71:4044–4065

http://dx.doi.org/10.1029/2001JE001583
http://dx.doi.org/10.1111/jmg.12118
http://dx.doi.org/10.1111/jmg.12118


 Contrib Mineral Petrol (2015) 169:30

1 3

30 Page 18 of 18

Tsiganis K, Gomes R, Morbidelli A, Levison HF (2005) Origin of 
the orbital architecture of the giant planets of the Solar System. 
Nature 435:459–461

Turner G, Cadogan PH, Yonge CJ (1973) Argon selenochronology. 
Proc Lunar Planet Sci Conf 2:1889–1914

Turner G, Enright MC, Hennessey J (1979) Dating heavenly bod-
ies and Monte Carlo models. Proc Lunar Planet Sci Conf 
10:1247–1249

Valley JW, Spicuzza MJ, Ushikubo T (2014) Correlated δ18O and [Ti] 
in lunar zircons: a terrestrial perspective for magma tempera-
tures and water content on the Moon. Contrib Mineral Petrol 
167:956

Walker RJ (2009) Highly siderophile elements in the Earth, Moon and 
Mars: update and implications for planetary accretion and dif-
ferentiation. Chemie der Erde-– geochemistry 69:101–125

Walsh KJ, Morbidelli A, Raymond SN, O’Brien DP, Mandell AM 
(2011) A low mass for Mars from Jupiter’s early gas-driven 
migration. Nature 475:206–209

Watson EB, Harrison TM (2005) Zircon thermometer reveals mini-
mum melting conditions on earliest Earth. Science 308:841–844

Watson EB, Wark DA, Thomas JB (2006) Crystallization thermom-
eters for zircon and rutile. Contrib Mineral Petrol 151:413–433

Werner S (2014) Moon, Mars, Mercury: basin formation ages and 
implications for the maximum surface age and the migration of 
gaseous planets. Earth Planet Sci Lett 400:54–65

White W (2013) Trace elements in igneous processes. Geochemistry. 
Wiley, Hoboken, pp 268–318

Wiedenbeck M, Allé P, Corfu F, Griffin WL, Meier M, Oberli F, von 
Quadt A, Roddick JC, Spiegel W (1995) Three natural zircon 

standards for U–Th–Pb, Lu–Hf, trace element and REE analy-
ses. Geostand Newsl 19:1–23

Wiedenbeck M, Hanchar JM, Peck WH, Sylvester P, Valley J, White-
house M, Kronz A, Morishita Y, Nasdala L, Fiebig J, Franchi I, 
Girard JP, Greenwood RC, Hinton R, Kita N, Mason PRD, Nor-
man M, Ogasawara M, Piccoli PM, Rhede D, Satoh H, Schulz-
Dobrick B, Skår Ø, Spicuzza MJ, Terada K, Tindle A, Togashi 
S, Vennemann T, Xie Q, Zheng Y (2004) Further characteriza-
tion of the 91500 zircon crystal. Geostand Geoanal Res 28:9–39

Wielicki M, Harrison TM, Boehnke P, Sciences S, Angeles L (2012a) 
Modeling zircon saturation within simulated impact events: 
implication on impact histories of planetary bodies. Lunar 
Planet Sci Conf 43:2912

Wielicki MM, Harrison TM, Schmitt AK (2012b) Geochemical sig-
natures and magmatic stability of terrestrial impact produced 
zircon. Earth Planet Sci Lett 321–322:20–31

Wilhelms DE (1987) The geological history of the Moon. United 
States geological survey professional paper 1348, p 302

Willbold M, Elliot T, Moorbath S (2011) The tungsten isotopic com-
position of the Earth’s mantle before the terminal bombard-
ment. Nature 477:195–198

Zahnle KJ, Arndt J, Cockell C, Halliday A, Nisbet E, Selsis F, Sleep 
NH (2007) Emergence of a habitable planet. Space Sci Rev 
129:35–78

Zhou Q, Yin Q, Young ED, Li X-H, Wu F-Y, Li Q-L, Liu Y, Tang G-Q 
(2013) SIMS Pb–Pb and U–Pb age determination of eucrite zir-
cons at <5 μm scale at the first 50 Ma of the thermal history of 
Vesta. Geochim Cosmochim Acta 110:152–175


	A protracted timeline for lunar bombardment from mineral chemistry, Ti thermometry and U–Pb geochronology of Apollo 14 melt breccia zircons
	Abstract 
	Introduction
	Sample description and analytical procedures
	Apollo 14 and the pre-Imbrium Moon
	Impact melt breccia 14311
	Zircon extraction and U–Th–Pb analysis
	Ti-in-zircon thermometry
	Zircon trace element geochemistry

	Results
	Lunar zircon U–Pb geochronology versus [ThU]zircon values
	Oldest (ca. 4330 Ma) lunar zircon age group
	An intermediate morphology 4300 Ma zircon age group
	The 4240 Ma zircon age group
	The LHB-era 3950 Ma zircon age group
	Zircon Tixln thermometry
	REEs in lunar zircon
	Zircon-melt REE partition modeling

	Discussion
	Petrogenetic inferences for different lunar zircon age populations
	U–Pb age groupings related to ThU variability
	Impact melt-generated textures
	Tixln temperatures
	Apollo 14311 age populations versus bulk melt compositions
	“Picket fence”-like multiple cataclysms to the Moon

	Conclusions
	Acknowledgments 
	References


